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Nothing in life is to be feared.
It is only to be understood.

Marie Curie
Scientist (1867-1934)

We work to encourage vision and creativity that extends well beyond the short-term. Shimadzu believes in the value of science to
transform society for the better. For more than a century, we have led the way in the development of cutting-edge technology to help
measure, analyze, diagnose and solve problems. The solutions we develop find applications in areas ranging from life sciences and
medicine to flat-panel displays. We have learned much in the past hundred years. Expect a lot more.
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APPLED PHYSICS
Wireless Power Transfer via Strongly Coupled Magnetic Resonances
A Kurs et al.
The magnetic resonance between two induction coils can be used to power a
remole device through space over a distance of 2 meters.
10.1126/science. 1143254

CELL BIOLOGY

Parallels Between Cytokinesis and Retroviral Budding—

A Role for the ESCRT Machinery

1. G. Carlton and | Martin-Serrano

Cytokinesis, the process by which daughter cells are physically separated during cell

division, uses the same machinery as viruses like HIV use to bud from infected cells.
10.1126/science. 1143422

NEUROSCIENCE

Dentate Gyrus NMDA Receptors Mediate Rapid Pattern Separation
in the Hippocampal Network

I J. McHugh et al.

Rats are able to distinguish a new environment from a similar one because of

distinct patterns of synaptic strengthening in the dentate gyrus.
10.1126f5cence. 1140263
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Rapid Formation of Supermassive Black Hole Binaries in
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L. Mayer et al.
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10.1126/5cience, 1141858
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Ultrafast X-ray Scattering

K. J. Gaffney and H. N. Chapman
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Expansion of Industrial Logging in Central Africa

N. T Laparte et al.

Satellite images from 1973 to 2003 document the expansion
of logging in tropical Alrican forests and show that lagging
road construction i accelerating.

RESEARCH ARTICLES

EVOLUTION

Evolution and Development of Inflorescence
Architectures

P Prusinkiewicz et al.

A combination of modeling and experiments explains why certain
types of flower clusiers are likely to be found in nature while others
are absent.
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Marine Radiocarbon Evidence for the Mechanism 14546
of Deglacial Atmospheric CO, Rise

. M. Marchitto el al.

Carbon-14 dates from a sediment core imply that Pacific deep waters
stored 0, during glacial times and then vented it as deglaciation
started, accelerating the temperature rise.
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APPLIED PHYSICS

Monochromatic Electron Photoemission from
Diamondoid Monolayers

W. L Yang et al.

Self-assembled layers of diamondoids, clusters of nanadiamaonds
with exposed hydrogens, efficiently emit electrons at one particular
energy.
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CHEMISTRY

Coherence Dynamics in Photosynthesis: Protein 14462
Protection of Excitonic Coherence

H. Lee, Y.-C. Cheng, G. R. Fleming

Spectroscopy reveals that two electronically excited domains

ina bacterial photosynthetic reaction center are keptin phase

by the pratein o promote efficient enargy transfer.

== Peripective p, 1438

CHEMISTRY

Stepwise Quenching of Exciton Fluorescence in 1445
Carbon Nanotubes by Single-Molecule Reactions

L. Cognet et al,

Electron-hole pairs diffuse across semiconducting carbon

nanotubes, visiting thousands of sites before they are

quenched in a light-producing reaction,

GEOPHYSICS

Seismic Evidence for Deep-Water Transportation 1448
in the Mantle

H. Kawokatsu and S. Watada

Seismic images show how water flows on the surface of a

subducting slab into the deep mantle beneath northeastern

lapan.

GEOPHYSICS

Global Prevalence of Double Benioff Zones 1472
M. R. Brudzinski et al.

In all 15 of Earth's subd uction zones—not just a few, as

previously thought—earthquakes eccur in two parallel

regions, on top of the descending plate and within it.
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PLANT SCIENCE

A Meta-Analysis of Effects of Bt Cotton and Maize 1475
on Nontarget Invertebrates

M. Marvier, C. McCreedy, ]. Regelz, P, Kareiva

A meta-analysis of 41 studies shows that fields of cotton

or corn containing a transgenic insecticide harbor lower

populations of certain invertebrates compared to untreated fields.

EVOLUTION

An Ancient Mechanism Controls the Development 1477
of Cells with a Rooting Function in Land Plants

B. Menand et al.

Atranscription factor that controls formation of hair-like organs

in haploid mosses was co-opted to form a nonhomologous

bt functionally similar organ in diploid land plants.
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MEDICINE

Polony Multiplex Analysis of Gene Expression 1481
(PMAGE) in Mouse Hypertrophic Cardiomyopathy

1. B. Kim et al.

Covering beads with multiple copies of a sequence tag allows
precise measurement of RNA expression and can detect

as little as one molecule of messenger RNAs in three cells.

GEMETICS

RNA Maps Reveal New RNA Classes and a Possible 1484
Function for Pervasive Transcription

F. Kapranow et al,

Analysis of all the RNA transcribed from the human genome

reveals three new classes of RNA that may be functionally

impaortant.

GENETICS

A Common Allele on Chromosome 9 Associated 1488
with Coronary Heart Disease

R. McPherson et al.

A Common Variant on Chromosome 9p21 Affects 1491
the Risk of Myocardial Infarction

A. Helgadottir et al.

About one of every four Caucasians carry a sequence

variation at a requlatery region of chromosome 9 that canfers

an elevated risk of heart disease.

IMMUNOLOGY

Attenuation of Allergic Contact Dermatitis Through 1494
the Endocannabinoid System

M. Karsak el al.

Endogenous cannabinoids released from neurons usually

inhibit allergic skin responses; in mice in which they are absent,
allergic reactions are exacerbated.

MOLECULAR BIOLOGY

Genome-Wide Mapping of in Vivo Protein-DNA 1497
System Interactions

D. 5. Johnson, A. Mortazavi, R. M. Myers, B. Wold

Chromatin immunoprecipitation and high-throughput

sequencing identify the nearly 2000 specific DNA binding sites

for a neuranal transcription factor.
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Circadian biology.
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PERSPECTIVE: In SYNC—The Ins and Quts of Circadian
Oscillations in Calcium

T tmaizumy, J. 1 Schroeder, 5. A Kay

A slow oscillation in cytoplasmic calcium may function in circadian
signaling.

PERSPECTIVE: IL-33—A Sheep in Wolf's Clothing?

M. Gading and C. A. Jefferies

IL-33 joins the exclusive group of cytokines with nuclear as well as
receptor-mediated functions.

FORUM: Zinc Signals 2007
E. M. Adler
Read the reports of this meeting devoted to zinc signaling.
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Flu-Fighting Fetuses
Babies have complex immune systems, even before they are born.

Rumble, Rumble. Wha's There?
Elephants can distinguish friend from stranger by paying atlention to
around vibrations.

Through a Lens, Darkly
Astronomers weigh some dark matter in the fringe of the Milky Way.
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UK: Hidden Talents, Hungry Markets—

Ph.D.s Have Many Skills to Offer Industry

K. Zala

You will need a number of business-related skills to land a job
outside academia.

US: Opportunities—Postdoc to PO, One Young Scientist’s
Entrepreneurial Journey

P Fiske

As a postdoc, Avi Speer had a great idea that he took all the way
1o an initial public offering.

US: Living the Issue

B. Benderly

A family health crisis led lab scientist Adil Shamoo to a new passion
and a new career in bioethics,

NETHERLANDS: From the Archives—

So It's a Small World, So What?

D. van Vleoten

How can the six degrees of separation help you find a job
or funding?
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<< Electron Emits with Ease

CREDITS (TOP TO BOTTOME YAMG ET AL COGNET ET AL

X-ray Visions
The success of x-ray diffraction for determining
atomic structures has inspired further efforts to
extend its use to materials that are less crys-
talline in nature and to determine structural
changes on the time scales characteristic of
changes in electronic structure and bonding.
Gaffney and Chapman (p. 1444) discuss a new
generation of x-ray facilities whose incident
beams start out as electron bunches from a lin-
ear accelerator and are then converted to coher-
ent pulses of x-rays. The pulsed nature of the
x-ray beam allows characterization of ultra-
fast dynamics, and the beam’s coherence will
allow imaging of noncrystalline materials
with atomic resolution,

Harvesting Light
Coherently

Photosynthesis relies on the remarkable effi-
ciency of energy transfer among the complex
protein domains that absorb sunlight and
channel energy into chemical reactions. Lee
et al. (p. 1462; see the Perspective by Parson)
used a two-color photon-echo spectroscopic
technique to explore the early dynamics of
energy transfer between two components of the
photosynthetic reaction center from purple bac-
teria. Upon photoexcitation, a bacteriophytin
and accessory bacteriochlorophyll stay coher-
ently in phase within each protein for signifi-
cantly longer times than do the individual com-
ponents across the ensemble. Modeling of the
data implicates vibrational coupling through

www.sciencemag.org SCIENCE VOL316 8 JUNE 2007

emitted electrons.

the protein structure in maintaining this coher-
ent state and thereby facilitating eflficient
energy migration.

Stepwise Quenching

When excited by visible light, semiconducting
single-walled carbon nanotubes (SWNTs) gener-
ate highly mobile excitons, and processes
that annihilate these excitons lead to
characteristic fluorescence in the near
infrared. Chemical reactions at the
sidewalls of the nanotube, such as
protonation, can quench this
photoluminescence. Cognet et al.
{p. 1465) have used the quenching
process o follow side-wall reactions
by placing SWNTs in agarose gels
and diffusing in reversible reac-
tants (acids or bases) or irreversible
reagents (diazonium salts). Step-
wise changes in luminescence cor-
respond to quenching of excitons at
localized sidewall sites. An analysis
of these stepwise changes reveals
that the excitons move in a diffusional manner
and explore ~10,000 sites during their lifetimes.

Earthquakes Zones
in Parallel

Benioff zones are strips of descending plates in
subduction zones that host earthquakes. Some
areas are known to host double Benioff zones
(parallel strips where earthquakes occur), but it

Negative electron affinity materials readily emit elec-
trons, which make them potentially useful in field-
emission displays and electron microscopes. Bulk dia-
mond is known to be one such material, but issues with
emission uniformity and electronic transport have led to
a search for other candidates. Diamondoids (C,, and
higher polymantanes) are molecules that have been
extracted from petroleum, which contain 4 to 11 dia-
mond-crystal cages terminated by hydrogen atoms. A
photoemission study by Yang et al. (p. 1460) of function-
alized self-assembled monolayers of diamondoids shows
that they are also negative electron affinity materials and
can provide a nearly monochromatic source of photo-

has been thought that most of these zones occur
as single swaths. Brudzinski et al. (p. 1472; sep
the Perspective by Rietbrock) analyzed databases
of earthquakes and localed earthguakes within
the descending slabs of lithosphere. Two parallel
seismic stripes, rather than a single broad zone,
were found in most cases. The widespread occur-
rence of double Benioff zones sets limits on the
formation mechanisms of earthguakes.

From Variety to Variation

Flowers and groupings of flowers (inflorescences)
come in an astonishing variety of shapes and
sizes; however, theoretically many more possibili-
ties could have evolved. To explain why the bio-
logical forms we see in nature represent such a
small part of theoretical possibilities,
Prusinkiewicz et al. (p. 1452, published online
24 May; see the cover) combine genetic and theo-
retical studies on inflorescence architecture. By
showing how interactions between development
and selection operate within higher-dimensional
fitness spaces, the authors reveal likely routes and
constraints on the evolution of biological forms.
Furthermore, the study tests this model by exam-
ining the expression of two genes that influence
architecture in the model plant, Arabidopsis.

Transcriptional
Profiling of Tissue

The progression of a tissue from a healthy to a
diseased state is typically accompanied by
Continued on page 1391
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This Week in Science

Contfnued from page 1389

changes in the expression of hundreds to thousands of genes. A number of existing methods allow
these transcriptional changes o be monitored, each method with its own strengths and weak-
nesses. Kim et al. (p. 1481) describe polony multiplex analysis of gene expression, or PMAGE, that

allows for maore pre_tisequantifin:atiun of transcripts and detection of low-abundance transcripts.
Application of PMAGE to a mouse model of hypertrophic cardiomyopathy revealed changes in the
expression of many low-abundance transcripts even before the appearance of pathological changes
in the heart,

The Root of the Problem

Mosses exhibit a relatively primitive life-style with only a haploid
gametophyte phase, compared with flowering plants, which have
two distinct phases in their life cycle—a brief haploid gameto-
phyte phase employed during reproduction, and the diploid
sporophyle phase, which makes up the physical bulk of the plant.

Menand et al. (p. 1477) analyzed angiosperm root hairs and their

moss counterparls, rhizoids. Root hairs in the diploid angiosperm

plants bury themselves in the soil and absorb nutrients. In the haploid

mosses, rhizoids or caulonema perform a similar nutrient absorption and
anchering function, but are not related to root hairs at the cellular level. However, it now seems that
related transcription factors direct the development of both cell types, indicating a closer relation
ship than previously assumed.

Importance of Non-Gene Transcription

Much larger proportions of many eukaryotic genomes are transcribed into RNA than can be accounted
for by their protein coding potential. The function of this “non-gene” transcription is unclear.
Kapranov et al. (p. 1484, published online 17 May) analyzed both long and short unannotated
RMNAs in human cells and found that a significant fraction of the longer transcripls may serve as
precursors for the shorter RNAs. The short RNAs tend to cluster at the 5" and 3° ends of genes, and
their numbers are often correlated with the expression of the underlying gene. Many of the 5' RNAs
are found in conserved regions, suggesting that they may play important roles in gene or genome-
related functions.

Probing the Genetics of
Heart Disease

Certain life-style factors, such as smoking, greatly increase the risk of developing heart disease,
but genetic factors also contribute. In independent studies, McPherson et al. (p. 1488, published
online 3 May) and Helgadottir et al. (p. 1491, published online 3 May) used genome-wide associa-
tion scanning Lo identify DNA sequence variants al chromosome 9p21 that increase the risk of
heart disease in Caucasian populations, The 20 to 25% of Caucasians with two copies of the
so-called “risk allele” had a 30 to 40% higher risk of heart disease compared with individuals with
no copies of this allele, The genomic region of interest falls outside the boundaries of annotated
protein-coding genes, so the mechanism by which it influences heart disease remains mysterious.
Intriguingly, DNA sequence variants within the same general region of chromosome 9p21 have
recently been shown to increase the risk of type 2 diabetes.,

Allergy-Blocking Transmitters

The endocannabinoid system performs various regulatory functions and has been implicated in a
growing number of physiological roles, both in the central and peripheral nervous systems and in
peripheral organs. Karsak et al. (p. 1494) now find that this influence extends to regulation of aller-
gic response. Mice lacking the two known cannabinoid receptors showed a strong tendency toward
developing cutaneous conlacl sensitivity in response to distinct allergens. Blocking the receplors with
antagonists had a similar effect, while absence of the gene encoding an enzyme responsible for
breaking down cannabinoids increased resistance of mice to contact sensitivity, The regulation of the
endocannabinoids or their receptors might be useful in treating allergies, although their role in the
wider context of human allergy needs to be explored.
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New Cooperation in East Asia

THIS YEAR MARKS A NEW ERA FOR SHARED SCIENTIFIC PURSUITS AMONG CHINA, JAPAN,
and Korea, The three nations have embarked on a new cooperative venture to support and
manage science and technology. Preliminary meetings of agency officials and nongovernmental
associations over the pastseveral years culminated in a ministerial meeting earlier this year that
resulted in a joint statement.* The consensus is an epoch-making event for these countries,
given that although each continues 1o reach out to assume a larger role in world affairs, the
three have tended to bump up against one another over such matters as ownership and control
of natural resources, immigration, and commerce.

Nations have long used collaboration in seience to advance knowledge and enhance diplomatic
relationships. As neighbors in East Asia. these three ancient nations share many aspects of history
and culture, In recent decades, China, Japan, and Korea have enjoved
remarkable economic and social progress, although they were in pro-
toundly dilferent economic, political, and diplomatic circumstances
when they began their rise to new prominence. Today. the three coun-
tries face a host of common challenges in health, ecological, and
enenzy-related matiers. The tnlateral siatement was forged 1o specity
cooperative efforts across a broad range of disciplines, in approaches
that anticipate both fundamental and problem-=driven research. The
work will affect the interface of modern and traditional medicine,
energy technology (including the peaceful use of nuclear energy),
and disaster prevention and mitigation (to limit environmental
deterioration). OF particular interest is the planned Trilateral Bioinformatics Network. which
will facilitate communication among scientists working in life sciences. Moreover, the tripartite
statement s not limited to cooperation in R&D programs, The three countries have agreed to
cooperate in following imternational standards for protecting intellecal propeny and to explore
warys of enhancing scientfic integrity.

Ths is all good news. particulardy considering that each country is also currently undergoing
dramatic change, expansion, and reform in its scientific and technological institutions. China and
Korea are building new universities. Japan has extensively mtroduced competitive processes for
rescarch evaluation, Corporate investments are expanding i all three countries, Thus, although
each nanon s developing an independent strategy of its own to bolster science and technology,
there is clear intent to build and support collaboration among their remarkably strong scientific and
technological activities. That is a weleome development that deserves international recognition,

A key element of the trilateral statement is a series of planned meetings of leaders of the
agencies that oversee science and technology policy. planning. and evaluation. The meetings
are intended to assess progress made at each evaluation peint, including the exchange of young
seientists among the three countries, The joint statement envisions meetings at levels ranging from
Joint workshops for researchers 1o ministerial meetings in 2009 and 2011, and expects to hold
meetings of agency officials in 2008 and 2010, And although it is far o early to expect accom-
plishments, there are already strong indications of progress. At the annual meeting of the American
Association for the Advancement of Science in February, agency leaders and researchers from
China, Japan, and Korea discussed their knest work on policy 1ssues of common interest, such as
the mobility of buman resources and evaluation of research programs. The work of these agencies
should be of interest in Morth America. Europe. and elsewhere. because each 1s engaged in imagi-
native analyses of nutional wends in scientific and technological performance and outcomes.

The challenge for China, Japan, and Korea will be to sustain the spint of the joint statement
through inevitable changes in national leadership and priorities. as well as developments in the
world political situation. The hope 15 to transform that new collaborative spint into meaningful
advances in science and technology; leading 1o real solutions for imponant shared problems. With
anew determination to cooperate, the East Asian region 1s strengthening its status as a region com-
mitted to making science a driverof global societal and economic development in the 2 1 st century.

- Hiroshi Nagano and Christopher T. Hill

*Joint Statement of the First Trilateral Korea-Japan-China Ministerial Meeting on Science and Technology Cooperation,
Seoul, 12 January 2007 (www.mext.qo.jp/englishikagaku 07012314 hm),

10.1126/science, 1145929
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and research is the best way to satisfy my
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How do cells react to changed conditions? Which molecular processes control the regulation mecha-
nisms? What genetic changes take place? Conver-sely; what is the effect on organisms when their
genomes are transformed? Answering questions like these creates the foundation for breakthroughs in
medicine, industry, and agriculture. Finding these answers requires sharp cell images and accurate
micromanipulation, now unified in a single system. With the Leica AMB00D, it is possible to view and
manipulate cells simultaneously —with absolute reproducibility and minimum effort.
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SUN1 {purple) resides at
the ends of chromosomes
at various stages of syn-
pasis (SYCP3, green;
SYCP1, red).

APPLIED PHYSICS

Quantum Dots Heated
into Harmony

The cavity quantum electrodynamics framework,
in which an atom in a cavily is coupled to the
cavity's optical modes, is being explored as a
potential building block for guantum informa
tion-processing architectures. However, atom
mobility within the cavity can hinder control of
the process. The use of artificial atoms, or quan
tum dots, confined to a high-guality optical cav-
ity is one possible solid-state solution to the
dynamics issue. Despite being designed to be
identical, though, the dots can differ slightly
from one another in size and atomic composi-
tion, thereby giving rise to distinct excitation
spectra for each dot. This spectral variability is
expected to cause a problem for communication
between dots in an ensemble, By heating indi-
vidual quantum dots through the laser excitation
of a nearby connected heat pad, Faraon et al,
show that the spectra of individual dots can be
tweaked by up to 1.8 nm, thus providing the
possibility of tuning the excitation spectra of an
ensemble of quantum dots. — 150

Appl. Phys. Lett. 90, 213110 (2007).

SURFALCE 5CIENCE

Long Intervals in the Islands

Interactions between absorbates on metal sur
faces are often direct and short-range in nature;
repulsions, for example, can lead to lower cover

EDITED BY GILBERT CHIN AND JAKE YESTON

DEVELOPMENT

Starting at the End

As sex cells divide during meiosis, homologous chromosomes pair up,
form a synaptonemal complex with the aid of the lateral element SYCP3
and the transverse element SYCP1, and exchange genetic material.
This recombination takes place before chromosome segregation and
results in increased genetic diversity. Before pairing, however, the telom-
eric regions (the ends) of chromosomes can be observed to localize and
cluster at the nuclear envelope. By generating knockout mice, Ding et al.
show that the protein SUN1 participates in attaching telomeres to the
nuclear membrane. When SUN1 is eliminated, telomeres no longer
adhere to the nuclear envelope, and chromosomes are defective in synap-
sis and recombination. This results in mice that are infertile because of a
failure to produce male and female gametes. Hence, telomeric clustering
is necessary for successful meiosis in mice and is required for proper
spermatogenesis and oogenesis, — BAP

Dew. Cell 12, 10.10146/).deveel.2007.03.018 (2007).

ages than steric packing would predict. Longer
range interactions can arise indirectly, such as
through interactions with the surface states of
the metal. Nanayakkara ef al. explored

these longer-range effects for
adsorbed Br atoms on the
close-packed Cu(111) sur
face. They deposited
phenyl bromide on the
surface and heated it

to 600 K in vacuum.
Biphenyl molecules
desorbed and the Br
atoms had sufficient
maobility to form islands on
the surface (shown at right).
Scanning tunneling microscopy at 4 K

revealed that the nearest-neighbor island sepa
rations were half-multiples of the Fermi wave-
length of this surface. The strong interaction of
the Br atoms with the surface potential affected
the island spacing even at distances of more
than 50 A. — PD5

Phys. Rev. Lent. 98, 206108 (2007).

GEDCHEMISTRY
Mantle Melting Mechanisms

During Earth’s history, heavy metals gradually
decoupled from silicate rocks and sank toward
the core, which became differentiated from the
overlying mantle. Signatures of this process can
be traced in the distribution of highly siderophile
elements (Re and the platinum group elements
Os, Ir, Ru, Pt, and Pd) that are chemically associ

ated with iron. These elements tend to concen-
trate in base metal sulfides rather than in sili-
cate-based minerals. Over time, they then frac
tionate and particular elements become
sequestered in different types of sulfides,
depending an the ways in which they
B melt. In low-sulfur rocks, their distribu-
tions are less well understood.
Luguet et al. have analyzed the
distribution of highly siderophile ele

¥ low-sulfur harzburgite lenses in the

Lherz massif in the French Pyrenees.
The platinum group elements were
found to concentrale in rare, micrometer-
sized minerals (sulfides and alloys) in the
intergranular spaces. These are thought to be the
residues of base metal sulfides that were lost
fram these rocks after a high degree (up to 25%}
of partial melting. Because of their high melting
temperatures and high Os content, these miner
als may preserve 0s isotope compositions alter
several rounds of mantle melting, possibly
explaining the patchy Os distribution of the con-
vecling upper mantle. — ]B

Geochim, Cosmochim. Acla

10.1014/).gca.2007.04.011 (2007).

MICROBIOLOGY

Form Follows Function

Strains of Prochlorococcus cyanobacteria con

tribute nearly half of the photosynthesis in the

open ocean, Different ecolypes have distinct
Continued on page 1397
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Continued from page 1395

morphologies. The tiny and spherical MED4
strain holds a 1.66-Mb genome and appears to
prefer surface waters. In contrast, the larger
(2.41-Mb genome) and ovoid MIT9313 ecolype
is abundant in deeper (=50 m) subtropical and
tropical waters.

By rapid freezing of hydrated cultured cells
and cryoelectron microscopy, Ting ef al. were
able to document a substantially divergent cellu
lar organization and structure in these bacterial
strains. The MED4 strain possesses a thinner cell
wall and a less extensive intracytoplasmic (pho-
tosynthetic) membrane system in comparison lo
MIT9313. The authors also find differences in key
genes required for the biosynthesis of the cell
wall peplidoglycan, where the greater similarity
of these genes in MIT9313 and Synechococcus
WH8102 correlates with their much thicker pep
tidoglycan layers. Overall, it seems that MIT9313
cells are better adapted for photosynthetic
growth at low irradiance levels in deeper waters,
although nutrient transport could also influence
cell size and shape. — CA

J. Bacteriol 189, 10.1128]B.01948-06 (2007).

BIDCHEMISTRY
Tinkering with Protein Structure

A few years ago, a new protein (Top7) was made
from scratch. A computational algorithm pro
vided a sequence of amino acids that had been
designed to fold into a stable structure unlike
any previously deposited in the public data

EDITORS CHOICE

| bases; lo and behold, it did. Top7 consists of

three substructures: a pair of two [i-strand-one
ci-helix modules (A and C) separated in the
sequence by a single 3 strand (module B), with
the five [ strands forming a hydrogen-bonded
[} sheet,

Using atomic force microscopy and steered
molecular dynamics, Sharma et al. have
assessed the mechanical resistance of Top7 to
being pulled apart and compared these parame-
ters to those of the canonical elastomeric mod
ule 127 of titin. They find that theory and experi-
ment fit well, providing an average unfolding
force of 155 pN that acts to strip off module A
from B-C by breaking the hydrogen (and other)
bonds between these substructures. Welding

feee= = ea

Top7 (green) construct used in measuring
unfolding forces.

[B-strands 1 and 3 with a disulfide revealed that
170 pN was needed to lever module C away
from the A-B assembly, whereas interrupting
one of the hydrogen bonds linking [§-strands 3
and 5 was sufficient to lower the unfolding force
to 125 pN. These results together illustrate the
power of combining computational and bio
chemical approaches to the design and refine-
ment of protein structure. — GJC

Proc. Natl, Acad. Sci. U.5.A 104, 9278 (2007).

<< NEMO: An Adaptive Regulator

Nuclear factor kB (NF-kB), a transcription factor critical in the

AVAAAS
www.stke.org

immune response to pathogens, is maintained in the inactive state by
an inhibitory protein (IkB). The IkB kinase (IKK) complex activates
NF-xB by dissociating IxB, and NEMO, also known as IKKy, is a requ-
latory subunit of this complex. Zhao ef al. show that in addition to

this role in NF-xB activation, NEMO helps to activate the interferon regulatory factors IRF3 and
IRF?, which, in combination with NF-xB and activator protein 1, stimulate the transcription of
type | interferons (IFN-ce and -[3) in virally infected cells. Experiments with mouse embryo
fibroblasts deficient in the gene encoding NEMO showed that the efficient production of IFN-c
and the subsequent expression of signal transducer and activator of transcription 1 (STAT1)
required NEMO, but not IKK[} (a subunil required for NF-xB activation), suggesting that NEMO
was not acting through the NF-xB pathway. Reporter gene assays also demonstrated the
dependence of IRF3- and IRF7-mediated gene expression on NEMO. In the NEMO knockout
cells, overexpression of TBK1 (an IKK-related kinase that is upstream of IRF3 and IRFT activa-
tion) restored reporter gene aclivation, and NEMO was also required for aclivation of the kinase
activity of TBK1, placing NEMO upstream of TBK1 in the path to IRF3 and IRF7 activation.
However, NEMO did not interact directly with TBK1 (or the related kinase IKKe); instead,
immunoprecipitation studies with transfected cells showed that TANK (TRAF family member—
associated NF-xB activalor) was required for the formation of a trimeric complex of TANK,
NEMO, and either IKKe or TBK1. Mutational and deletion analyses suggest that different
regions of NEMO participate in NF-xB versus IRF activation. — NRG

Nat, immunol. 8, 592 (2007).
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Get published in Science, win a trip
to Stockholm. $25.000 - and earn
the respect of Nobel laureates
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A panel of distinguished scientist: cts one Grand Prize winner

i L TN =t : Grand Prize winner Irene Chen presents her research
and four regional winners, Deadline extended to August 1. g B
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Life Science Re-imagined
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EDITED BY CONSTANCE HOLDEN

Wartime Memories

RECENTLY UNSEALED DOCUMENTS FROM WORLD WAR 11 ILLUSTRATE that French physicists
had an early lead in the race to produce a nuclear reactor, The papers were given to Britain's
Royal Society for salekeeping in 1940 and 1941 by James Chadwick, discoverer of the
neutron and leader of Britain's wartime nuclear research. The sodety opened them to honor
the 75th anniversary of Chadwick's Nobel Prize-winning discavery.
In the papers, French citizens Hans von Halban and Lew Kowarski discuss how o make
a nuclear reactor and generate plutonium. Before fleeing to Britain, the pair worked in
: Paris with Fréderic Joliot-Curie. After German scientists discovered
g t. 2wty nuclear fission in 1939, the three realized it should be possible to make
a reactor to generate power and patented the idea.
Halban and Kowarski likely gave the papers to Chadwick to establish
the priority of their findings, says Chadwick biographer Andrew Brown,
a research fellow at Harvard's John F. Kennedy School of Government,
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Sino-Scientific Literacy

The first-ever survey of the scientific knowledge
of county-level bureaucrats in China indicates
that if the Asian giant is going Lo take over the
world, a little more homework is called for.

Last year, 945 civil servants in 17 provinces
and municipalities took the test. Only 12.2%
passed. Respondents were required to choose the
right definitions for seven scientific terms, cor-
rectly judge the truth of at least 10 of 22 scien
tific statements, and not hold any superstitions,

Almost two-thirds were able to choose comect
definitions for terms such as “molecule,”

“DNA," and “Internet” and to correctly rate 10 of
22 statements (such as "the father determines a
child’s sex”) as true or false. But only 36% picked
correct definitions for “probability,” "controlled
experiment,” and “scientific research.” The survey
also showed that more than half believed in

that put molecules in mation,

PMG starts with files from the Protein Data Bank or trajectories from
molecular simulations. Users can then script simple scenarios, such as an
enzyme pirouetting to display its active site, or more complex maneuvers,
such as a ligand gliding in to dock with its receptor. If you prefer stills, you
can use PMG to craft molecular graphics. This illustration, for instance,
bares some of the internal structure of triosephosphate isomerase,
one of the sugar-slicing enzymes of glycolysis, ==
bioserv.rpbs.jussiew. fr/~autin/hel pPMGLuto.himl
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MOLECULAR HOME MOVIES

The new Protein Movie Generator (PMG) provides
an online studio for budding scientific Walt
Disneys. Produced by two researchers at the
University of Paris, the site makes it easy to create animations

WWW.SCIENCemag.org
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superstitions, such as fortune-telling by reading
the face (held by 28%0).

“Civil servants should take the lead in
promoting national scientific literary, " says
Cheng Ping of the China National School of
Administration, which announced the results
of the survey last month. Civil servants, along
with young people, farmers, and urban laborers,
are targets of China’s new National Scheme
for Scientific Literacy. In a similar survey of the
general population in 2003, only 2% passed.

Saving the Coelacanth

The coelacanth, a rare fish that hasn't changed
significantly in 300 million years, seems to be
popping up all over. So much, in fact, thatit’s
in danger of being overfished. On 11 June in
Dar es Salaam, scientists and officials will meet
Lo discuss creating a Coelacanth Marine

During the war, researchers couldn't publish results for fear of revealing
secrets, and many looked to Chadwick, known for his integrily, lo keep
tabs on their work. Ironically, Brown says, Chadwick took a dim view of
priority squabbles: “He thought that people shouldn't be concerned
with their reputations when the survival of the country was at stake,”

Protected Area near Tanga in northern Tanzania.
Equipped with an oil-filled spine and limb-
like fins, the coelacanth can weigh more than
100 kilograms. It was thought to be extinct until
a live one was discovered off South Africa in
1938. Although specimens have been found up
and down the East
African coast and
even in Indonesia,
the main population
was thought to be in
the Comoros Islands.
But in the past 3
j'l':‘dlS. I'I'tﬂﬂ]." Imiofe—
32 so far—have
been caught off
Tanzania, most of
them in Tanga,
800 km north of
the Comoros.
“It looks like more
coelacanths have
survived than people initially thought,” says
marine biologist Eric Verhei], acting director
of the Nature Conservancy’s Palau office, who
was the first to identify a Tanga coelacanth.
The ancient fish started showing up in
wide-mesh gill nets that were laid to catch
sharks at depths of 40 to 200 meters when
shrimp trawlers were operating nearby.
Anthony Ribbink, head of the African
Coelacanth Ecosystem Programme in
Grahamstown, South Africa, says they are
now being killed at a “quite frightening”
rate. Al the meeting in Dar es Salaam,
the discussions will center on how to get the
fishermen to lay their shark nets elsewhere.

Coelacanth A
caught in ﬁtpl‘il.
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2006 WINNER:

DR. CRAIG MELLO

FOR HIS ROLE IN THE DISCOVERY OF RNA INTERFERENCE (RNAJ)
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BEATING A KILLER. Developing an affordable malaria vaceine for
Africa, where a million children die from the disease every year, is
the tall challenge awaiting French physician Chrsuan Loueq, who

last week was named director of the PATH Malaria
MDVEFS Vaccine Initiative (MV]) in Bethesda, Maryland.

Loucq had been interim director of MV, which
has received 5265 milhon from the Bill and Melinda Gates
Foundaton, since February,

Loucq has worked primarily in marketing and sales positions for
half a dozen vaccine companies—including Pasteur Merieux
Connaught and SmithKline Beecham—in India, Thailand, China,
Belgium, the United Kingdom. and elsewhere. His ability to lead,
listen, and network will make up for his inexperience in vaccine
development and malaria science, predicts Thomas Monath, a
former chief sciennfic officer at vaccine producer Acambis, where
Loucqg was vice president from 2002 unul 2006. “He's a great
choice,” Monath adds.

POLITICS degrading experience,” says Trivers, Dershowitz says he had
POLITICAL PRO. The man chosen by who had to call several friends and nothing to do with the disinvitation
President George W. Bush to be the next relatives to ask them not to come. from Martin Nowak, who heads
LS. surgeon general knows his way around Trivers (right), a professor Harvard’s Program for Evolutionary
Washington, D.C. Cardiologist James W. at Rutgers University in New Dynamics. But Dershowitz admits
Holsinger Jr. served for 26 years in senior Brunswick, New Jersey, had sent a he was planning to hand out copies
posts throughout the Department of Veterans | letter on departmental stationery of Trivers's letter at the event
Affairs before becoming its chief medical to Dershowitz a few weeks earlier “in an exercise of my right to free
director and then undersecretary of health saying that “if there is a repeat of speech.” Dershowitz has also filed
during the early 1990s. An M.D.-Ph.D. Israeli butchery toward Lebanon, a complaint with Rutgers adminis-
graduate of Duke and if you decide once again to trators. Nowak couldn’t be reached
University, Holsinger | rationalize it publicly, look forward to a visit for comment, and a Harvard spokesperson
is a professar of from me. Nazis—and Nazi-like apologists such | was unable to confirm or deny Trivers's version
preventive medicine as yourself—need to be confronted directly.” of the story.

at the University of

Kentucky in Lexington Three Q’S e -~

and a former chan-

CREDITS (TOR TO BOTTOME PATH/MIKE WAMNG: SOURCE: RUTGERS: UNIVERSITY OF KEMTUCKY: MARC STUDERAUMNIVERSITY OF WASHINGTOMN, BOTHELL, CAMPUIS MEDIA CEMNTER

cellor of the medical By day, Clark Olson is a professor of database systems and computer

center. Halsinger has vision at the University of Washington, Bothell. By night, he’s a king of

declined comment fantasy sports, a hobby in which individuals create and manage imaginary

while his nomination teams of real players that compete with one another based on their season’s

is pending before the statistics. Olson’s computational and algorithmic skills have earned him
Senate, but the White House said he will five straight top-three finishes in an international rating system of online
focus on combating childhood obesity. fantasy players, plus about $5000 in winnings every year.
ON CAMPUS Q: How well do you know the games themselves?
WAR OF WORDS. Evolutionary biologist Spons knowledge isn’t crucial to doing well at Fantasy sports. More important are knowing
Robert Trivers was 6 hours away from deliver- where to get good information., being able to analyee stats. and developing successful
ing a talk at Harvard University on seli- strategies for building a strong team.
deception and the role it played in Israel’s
2006 invasion of Lebanon when organizers Q: How much of your decision-making is art and how much is science?
cancelled the 27 May event. Trivers claims I'm not sure there 1s any art at all. I try to make every decision based upon principled
that the cancellation was payback for his recent analysis, For some moves, new information makes analysis trivial,
letter in The Wall Street Journal attacking an
op-ed piece by Harvard law professor Alan Q: Who will be more successful this season: your fantasy picks or your favorite baseball
Dershowitz, a well-known defender of many of team, the Seattle Mariners?
Israel’s policies. “It was a very humiliating and It is extremely unlikely that the Mariners will finish as well in their league as | do in the

ESPN Uber contest. where [ am in fourth place overall. However, if success is measured

Got a tip for this page? E-mail people@aaas.org in revenue, then I can’t compete with the Mariners.

www.sciencemag.org SCIENCE VOL 316 8 JUNE 2007 1403




1404

STEM CELLS

Teams Reprogram Differentiated
Cells—Without Eggs

Scientisis this week reported major advances
toward a central goal of stem cell research:
directly reprogramming fetal mouse cells so
that they are indistinguishable from embryonic
stem (ES) eells. The technique, which they say
should also work on adult cells, could one day
enable researchers 1o generate cell lines tai-

lored to individual patients without the use of

e s or embryos.

“The papers are stunning,” says Harvard
stem cell researcher Chad Cowan. “Amazing, ...
very exciting.” adds Stephen Duncan of the
Medical College of Wisconsin in Milwaukee.
The advances, which are sure 0 have political
implications as well, are reported in two
papers in Matire—written by groups headed
by Shinya Yamanaka of Kyoto University in
Japan and by Rudolf Jaenisch at the Massa-
chusetts Institute of Technology—and in
another paper by Konrad Hochedlinger at
Harvard, which was published in the inaugural
issue of Cell Stem Cedl,

The three reports extend a finding made
kast vear by Yamanaka's team. By inserting var-
ious combinations of genes related w plur-
potency active in mouse ES cells. the
researchers discovered a combination of four
genes that, when introduced into skin cells
from mice’s tails, conferred ES-like properties
upon them {Science, 7 July 2006, p. 27).

But the tail cells did not completely mimic
ES cells, and many scientists were skeptical.

Reprogramming, Take Two

Neat trick. A normal embryo developed by
Jaenisch’s group entirely from reprogrammed fetal
mouse cells.

“When Shinya first claimed this, | would say
that 90% of the field said “No way.” It seemed
so stunning that it could happen like that.” says
Cowan. Now it’s clear not only that it happened
but also that with an alteration in the original
tormula, scientists have generated what they
believe are fully pluripotent cell populations
trom both fetal and adult mouse fibroblasts.

In the same issue of Nature, Harvard's Kevin Eggan reported another reprogramming advance: nuclear
transfer (also called research cloning) using a fertilized mouse ego, or rygote. Early attempts in the
1980s to cdlone animals by transferring the nucleus of a somatic cell into a zygote failed, leading to a
focus on doing the procedure with unfertilized oocytes. Human eggs, however, are difficult to obtain.
Now Eggan and colleagues have shown that if nuclear DNA is removed from the dividing
mouse zygole at just the right moment, it will successfully reprogram an introduced nucleus from
a somatic cell. In this experiment, the researchers succeeded in creating both new lines of ES cells

and apparently healthy cloned mice.

This work, says Cowan, suggests that to create patient-specific human ES cell lines, researchers
could make use of fertilized eggs that would otherwise be discarded at fertility clinics, sidestepping
the problematic issue of egg donation. “It's an exciting paper,” says cloning researcher Robert

Lanza of Advanced Cell Technology Inc. in Worcester, Massachusetts,
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The big

deal on
whaling

The three teams all began by following
Yamanaka's procedure, using a viral vector to
introduce copies of genes for four transcrip-
tion factors active in ES cells: Octd, Sox2.
c-Mye, and K1, Because the reprogramming
works for only one in every 1000 cells, the
researchers needed to weed out the non-
starters. Yamanaka did this by looking for the
activity ofa gene that, as it turmed out. selected
for cells that were incompletely repro-
grammed. In the new studies. the scientists
used the expression of Oct4 and Nanog
well-known pluripotency markers,

The cells selected using these markers
appearto have all the same trans as ES cells. To
test this hypothesis, the researchers tagged the
reprogrammed cells, called induced pluri-
potent stem (iPS) cells, with a fluorescent dye
and injected them imo early-stage mouse
embryvos. Some of the resulting chimeric animalks
had descendents of the iPS cells throughout their
bodies. The researchers confirmed this by
successfully breeding the chimeras to normal
mice. This showed that 1P'S cells had made it to
the germ line in the chimems,

Together. the three papers give aconvineing
picture of the reprogramming phenomenon,
says Cowan. Jaenisch says his iPS cells passed
the “most stringent™ test of pluripotency, which
involves being injected into tetraploid
embryos. Created by fusing two normal

embryvos, tetraploid embrvos are incapable of

development bevond forming a placenta. But
when they are injected with normal pluripotent
cells, the embryos develop into mice that are
entirely the products of the introduced cells. In
Jaemisch’s experiment, the 1PS cells came from
reprogrammed fetal cells, but the researchers
are confident that the strategy will work with
cells generated from adult fibroblasts, says
Hochedlinger, a co-author,

In the study led by Hochedlinger, the ieam
thoroughly explored the epigenetics—changes
that modify chromosomes and control gene
expression—ol 1IPS cells, demonstrating that
the epigenetic signatures of their genes are the
same as those in ES cells,

But the Yamanaka study showed a big
downside to the strategy. The only author to
study the offspring of the chimeras after birth,
he observed that 20% of the 121 mice devel-
oped tumors, That fimding, Yamanaka notes,
shows the danger of using retroviral vectors,
which can tum on cancer-causing genes,

This highlights what Jaenisch calls »
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“major, major problems which need to be
resolved™ if this work is 1o be applied to
humans. Once the appropriate human tran-
scription factors are identified, scientists will
have to find ways to introduce the factors
without retroviruses or to safely activate the
relevant genes within the cell.

A likely alternative would be the use of
small molecules to penetrate cell walls and turn
on production of the necessary transcription
factors, “Mow that we know there’s a mecha-
nism by which this [reprogramming | can hap-
pen, there will be an aggressive search to find
small molecules that can activate these path-
ways.” predicts Duncan., Tt will take a lot of

ACADEMIC TENURE

|-\

Climate
scaremongers?

work, but the fact that the pathways exist gives
you a [place] wo stan. ... Thisis huge”

It%s still a long road to potential therapies
with reprogrammed adult cells, But Cowan is
optimistic: “The most amazing thing ahout
these papers is you now take this whole idea

of reprogramming out of the hands of

cloning specialists and put it into the hands
of anyone who can do molecular and cell
biology.” In some ways, he says, “its a much
simpler system than we thought.” As a result,
he predicts. “we're really going to see this
process accelerate.”

Coincidentally, the advances were
announced the day before the House was

MIT Colleague Quits to Protest Sherley

The head of a biomedical innovation center at
the Massachusetts Institute of Technology
(MIT) in Cambridge has resigned to protest
the school’s treatment of an Affican-Amencn
colleague in the biological engineering
department. Frank Douglas, who is also black,
savs he will leave MIT on 30 June—the termi-
nation date tor his colleague, James Sherley.
An MIT spokesperson says that Douglas’s
decision would have no impact on the institu-
tion’s stance regarding Sherley, who wentona
1 2-day hunger sirike in February atter being
dented tenure ( Seience, 16 February, p. 920).

A stem cell researcher and the winner of
a 2006 Director’s Pioneer Award from the
MNational Institutes of Health (NTH), Sherley
began a fast on 3 February to fight what he
claims was a racist decision by MIT to reject
his bid for tenure. MIT says that race played
no role in the decision. When Sherley ended
his strike. MIT put out a statement express-
ing a commitment o address his concerns
about fairness and to “continue to work
toward resolution of our differences with
Professor Sherley.” In the weeks that fol-
lowed, however, MIT administrators made it
clear that they would neither reopen Sherley’s
tenure case nor review how his grievances
had been handled.

Douglas is a chemist and pharmaceutical
industry veteran who was hired in 2005 to
establish MIT's Center for Biomedical
Innovation. He holds faculty appointments
in the science, engineering, and management

schools, In a | June letter to MIT Associate
Provest Claude Canizares, Douglas expressed
dismay that MIT. “after having agreed to
arbitration, which led to Prof. Sherley end-
ing his hunger stnike. now, has negated that

¢

On principle. Frank Douglas says MIT's handling
of James Sherley’s protest reflects an environment
that 15 hostile to Afncan Amernicans.

agreement and insists on his departure on
June 30th, 2007, ... 1 leave because [ would
neither be able to advise young Blacks
about their prospects of flounishing n the
current environment, nor about avenues
avatlable to effect change when agreements
Or promises are transgressed,”

Deconstructing a
yutbreak

scheduled o vote on a Senate-passed bill loos-
ening restrictions on ES cell lines available o
federally funded researchers. The measure was
expected to pass but to be vetoed by President
CGieorge W Bush ina replay of the events of'last
summer (| Science, 28 July 2006, p. 420,

In this environment. the reprogramming
studies are likely o be seized on by critics of
ES cell research as turther evidence that there
15 no need for the contentious practice of
destroving early embryos to obtain stem cells.
Hochedlinger and others hasten to point out
that research needs to progress on all fronts
because all systems “have their imitations.”

—CONSTANCE HOLDEN

Dismissal

Douglas says he has no opinion on
whether Sherley deserved tenure but is frus-
trated by MITs “lack of desire” to resolve
the issue. “Does the institution really believe
that Prof. Sherley would have ended his
hunger strike if he really understood that
*continuel ing) to work towards resolution of
ditferences’” meant no arbitration process
and a pre-agreement that he should leave
regardless of the outcome of the resolution
ofthose differences?,” he asks, saving that as
a minority, he felt obligated 1o speak out.

In a 3 June reply to Douglas, Camzares
wrote, "1 can state categorically that MIT
did not agree, implicitly or explicitly. to
arbitration or to extend Professor Sherley’s
faculty appointment bevond June 307 The
next day, MIT 1ssued a statement saying that
Douglas’s decision was based on inaccurate
information, and that it hoped he would
reconsider his resignation,

Outsiders familiar with MIT’s environ-
ment do not think Douglas’s departure will
have much impact, “The admimstration 1s
inclined to take the same approach that gov-
ernments take while dealing with terrorists:
They won’t negotiate,” says Philip Phillips,
an African-American solid state physicist at
the University of Tllinois, Urbana-Champaign,
whao was denied tenure at MIT 16 years
ago. Instead, he predicts, MIT will treat
Douglas as it did Sherley—"as just another
irrational person.”

=YUDHIJIT BHATTACHAR]EE
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COSMOLOGY

Gravity Distorts Big Bang Afterglow,
Opening New Window on Cosmos

The best pictre of the infant universe is dis-
torted as it in a fun-house mirror, cosmo-
logists report. Ironically, the aberration may
lead to a clearer view of how the young uni-
verse evolved.

The observation marries two of cosmolo-
gists” more fruitful pursuits. Researchers have
analyzed the atierglow of the big bang, known
as the cosmic microwave background (CMB),
o mail down the precise age and composition
of the universe. Meanwhile. others have shud-
ied how light from distant galaxies is deflected
by the gravity from vast filaments of “dark
matter” stretching through space, a phenome-

non known as “weak lensing.” Now, a team of
young upstarts has detected weak lensing of

the CMB nself,

Researchers were certain that the CMB
would show the lensing distorton, but they
were eagerto find the effect because it could be

used o probe the evolution of the structure of

the universe, says David Spergel. a cosmolo-
gist at Princeton University. “What they saw is
what they expected” he says, “but this is
groundbreaking because this is a new tool that
could be very powerful”

To spot the effect. Kendrick Smith of the
University of Chicago in Illinois and col-
leagues started with the portrait of the CMB
produced by NASA’s orbiting Wilkinson
Microwave Anisotropy Probe (WMAP). The
temperature of the microwaves varies shightly
from point to point across the sky. By analyz-
ing the hot and cold blotches, WMAP
researchers have deduced that the universe is
13.7 billion vears old and consists of 4% ordi-
nary matter, 22% dark matter, and 74% weird
space-stretching “dark energy™ (Science,
19 December 2003, p. 2038).

With images of galaxies, lensing makes
the elliptical shapes tend to align with their
neighbors in the sky, like fish in a swirling
school (Seience, 17 March 2000, p. 1899). In
the case of the CMB. a clump of dark matter
in the foreground should magnify the
splotchy pattern behind it. In principle.
researchers could spot the effect by scrutiniz-
ing the CMB alone. In practice. that “auto-
correlation™ technique isn't vet feasible
because WMAP can’t quite bring the
microwave pattern into sharp enough focus,

S0 the team compared the CMB map to
one pinpointing 1.8 million galaxies that was

CREDITS (TOP TOBOTTOM): NASAWMAP SCIEMC E TEAM: MEE NOLTAMCITAAMNNERSITY OF TORONTD

radio telescopes in New Mexico, The galaxies
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produced by the Very Large Array (VLA of

trace the dark matter fillaments, so the spots in
the sky where galaxies are most numerous
should also line up with the patches in the
CMB that appear o be magnified. The com-
parison makes the effects of lensing clear,

much as superimposing two patterns of

seemingly random dots might reveal a picture
partially encoded in each, the researchers
reported in a paper posted last week to the
ArXiv preprint server (www.arxiv.org),

Double vision. Cosmaologists detected the gravity-
induced distortion of the cosmic microwave
background (fop) by comparing it with a galaxy map.

Lensing of the CMB could enable
researchers to probe how the dark-matter web
evolved even before galaxies formed, But that
will require autocorrelation analysis of higher
precision data from future projects such as the
South Pole Telescope: the Atacama Cosmology
Telescope at Cerro Toco, Chile; and the Euro-
pean Planck satellite, says Chnistopher Hirata,
a cosmologist at the Institute for Advanced
Study in Princeton, New Jersey. Hirata and his
colleagues will soon publish an independent
observation of the CMB lensing.

The advance was made by three of the
fields younger members, Smith and Oliver
Zahn of the Harvard-Smithsonian Center for
Astrophysics in Cambridge, Massachusetts,
are graduate students, and Olivier Doré of the
University of Toronto is a postdoc. They were
able to make their mark because the WMAP
and VLA data are opento the public. Ifthat had
not been the case. Smith says, “two graduate
students and a postdoc probably wouldn't have
been the drivers™ for the project.

-ADRIAN CHO

(\ O)x

Measuring Health Work

Using a $105 million gift from the Bill and
Melinda Gates Foundation, the University of
Washington, Seattle, has created the Institute
for Health Metrics and Evaluation (IHME),
“How do we know the investments in global
health we're making are having the impact we
wani?” asks health economist Christopher
Murray, who will head a staff of 130,

Murray is moving to Seattle from Harvard
because billionaire Larry Ellison rescinded his
pledge of 5115 million to create a similar
institute when university president Lawrence
Summers resigned. “I'm deeply unhappy that
we lost Chris,” says Barry Bloom, dean of
Harvard's School of Public Health. “One needs
health metrics to hold countries accountable
for the health of their people. That's what he
does, and he does it better than anyone else,”

Murray contends thal policymakers—
especially in developing countries—need better
data on mortality, immunization rates, and
disease burdens. IHME will train graduate
students and issue reports that evaluate specific
pragrams funded by the Gates Foundation and
other new players in the global health arena as
well as the flow of aid. -JON COHEN

Russian Double Trouble
MOSCOW—A governmental office auditing
the Russian Foundation for Basic Research
(RFER} has claimed that the funding agency
misspent about $8 million in fiscal year 2006,
RFBR manages about $150 million, or about
6% of the Russian government's basic
research budget. But the audit released last
month by the Russian Accounts Chamber
called RFBR's activities "unsatisfactory.” The
58 million in question was awarded to two
projects already funded in other ways, it said,
and last year 96 other research projects
receiving about $800,000 were halted due lo
“unsatisfactory quality” or because the proj-
ects closed down.
RFER Director Vladimir Lapshin defended
his agency, calling the audit "some kind of a
mishmash.” Grants that were occasionally
given to already-funded projects make up a
“negligible” sum, Lapshin says, adding that
terminating unsatisfactory projects was a
result of solid peer-review. Several senior
Russian scientists, who asked nol to be
named, expressed fear that the audit could be
a prelude to shutting down RFBR or allowing
state officials to take control of its budget.
-ANDREY ALLAKHVERDOV AND
VLADIMIR POKROVSKY
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Hard-nosed negotiator. Critics of Thailand's
compulsory licenses have double standards,
insists health minister Mongkol Na Songkhla,
pictured in his office.

L N P Ep—

MOMNGKOL NA SONGKHLA INTERVIEW

Thai Health Minister Defends
Controversial Drug-Patent Policy

BANGKOK—Thailands audacious moves to
break drug patents have earned it raves
from many governments and patient advo-
cates—and the ire of big pharma. Thailand
has asserted its right, under a World Trade
Organization provision for coping with
public health needs. to make or import
generic versions of two AIDS drugs
efavirenz and lopinavir/ritonavir—and
clopidogrel. a heart medication (Seience,
1 May. p. 516). Several countries say they
will follow in Thailand’s footsteps. Brazil
has already invoked a compulsory license
for Merck’s efavirenz.

Thailand has paid for its activism. In
March. Abbott Laboratories. which makes
lopinavir/ritonavir, withdrew applications
to sell seven new medications in Thailand,
And the Office of the US. Trade Represen-
tative has put Thailand on its Priority
Watch List and will reportedly decide next
month whether to slap tariffs on certain
Thai exports.

At the center of this firestorm is
Mongkol Na Songkhla. A 65-year-old
medical doctor, Mongkol was appointed
minister of public health by Thailand’s
military-installed government last Octo-
ber. Descrnibed by colleagues as a down-to-

carth workaholic with a sharp sense of

humor, Mongkol, in an interview with
Scifence last week. insisted that the com-
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pulsory licenses are mimed solely at help-
ing poor people and that Thailand has
borne “unfair™ ¢riticism. He also revealed
that his ministry has offered an olive
branch to drug companies.

-RICHARD STONE

There are reports that Thailand may
issue compulsory licenses on two more
drugs, and that you have set a limit of
five drugs.

Compulsory licensing [CL] is not a routine
action. It is a very special. exceptional one.
Ifwe want to do CL for our poor peaple, we
cannot do more than Five drugs.

Why five? How did you arrive at that limit?
Cost, We don™t want to interfere with R&D,
with imnovation, with the investment of the
companies. Twenty percent of Thai people
can pay from their own pocket and never
want to use generic drugs. Government
emplovees prefer to use the originals. And
foreigners who come to get health services
in Thailand, they never get the generic
drugs. But the majority—about 80% of our
peaple—never has a chance to use the orig-
inal product,

It's been reported that the next two
drugs that might be issued compulsory
licenses are cancer drugs.

People guess this from my critena, from the
cost of drugs to people. ... [ cannot confirm.
We have a committee to consider this. 1
never make [these] decisions by myself. I'm
only the gateway.

Some critics claim the licensing is more
of a negotiating strategy to force drug
companies to come down in price. Is that
a fair observation?

Maybe, maybe. You see, more than 2 years
ago we invited the drug companies to come
and negouiate. They never wanted to sit and
talk with our committee. And right now it is
easier for us to invite them.

You certainly got their attention.

Yes.

On balance, do you think the focus on
compulsory licensing has been positive
for Thailand?

[don’tthink it’s positive, because some peo-
ple have a double standard. Why don’t they
criticize other countries, especially devel-
oped countries that do CL?

What would you have done differently?
We did it too transparently. | don’t think the
other countries announced their intention to
do compulsory licensing. Everyone knows
the details of our negotiations, This is
may be too transparent.

As a medical doctor, you must be partic-
ularly distressed with Abbott's action to
withdraw drugs it had intended to sell
here. Have you conveyed that to them?
They want me to stop doing CL before
negotiations. That is very tough,

You will not agree to that?
Yes, [ wall not.

Do you think the rift with the drug com-
panies can be healed?

It will take time. I have proposed that they
sell another version of their original prod-
ucts of the same quality but different pack-
aging tor the poor. at a lower price.

Is it possible in Thailand to tightly con-
trol the distribution of a second version
for poor people?

Sure, because this would only be for non-
commercial use. It cannot be used in private
clinics or [private] hospitals.

How have drug companies reacted to
this idea?

[ am sull waiting [ for their reaction],

WWW.SCIeNcemag.org
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SAUDI ARABIA

Graduate University Launched
With $10 Billion Endowment

Saudi Arabia is using some of its vast oil
wealth to create what it hopes will be a
world-class graduate research institution.

The King Abdullah University of Sci-
ence and Technology (KAUST), which is
scheduled to open in the fall of 2009, will
have a 510 billion endowment—the sixth
larzest in the world. Although the university
won’t open for more than 2 years, officials
said this week that they will prime the pump
by awarding some 500 undergraduate schol-
arships this year and next to students around
the world, with the understanding that the
recipients will form KAUST s inaugural
classes. They are also launching a $ 100-million-
a-year global research partnership program
to fund work by scientists who agree to
become affiliated with the new university.

“We realized that we cannot wait until when
we open., in September 2009, to begin our
research program.” says Nadhmi
Al-Nasr, KAUST s interim
president. “We also wanted o
find researchers working on
things that have the potential to
benefit Saudi Arabia.”

The university is the
brainchild of the country’s
current ruler. It’s being built
from scratch on a tract along
the Red Sea. some 30 km
north of Jeddah. The project,
which includes constructing a
surrounding city of 15,000,
wis given to Saudi Aramco,
the government-owned oil

Engineers working in private sector (2004)
=
(=3
2

multidisciplinary research institutes. The
initial ones will encompass energy and the
environment, biosciences and engineering,
materials science and engineering. and
applied mathematics and computational sci-
ence. Accordingly. the first round of global
partnerships will lure Taculty members by
tackling challenges such as desalination,
carbon capture and hydrogen-nch tuels, and
computational linguistics,

KAUST has hired some academic
heavyweights to help it jump-start the
school, Al-Nasr says the Institute of Inter-
national Education, which runs the
U.S.~based Fulbright Program. will manage
the studemt scholarship program, while the
Washington Advisory Group { WAG) will
handle the competitive grants program
using a Matonal Science Foundation-style
merit-review sysiem. The university will

Not Enough Saudis

Grow your own. KAUST hopes
to boost the number of Saudi
engineers, who now make up a
small fraction of the engineers
working in the country.

giant, and 15 being overseen
by the Minister of Petroleum
and Mineral Resources. But
once completed, the university will be
financially and administratively independ-
ent of the Saudi government, says Al-Masr,
whao's on leave from his post as vice presi-
dent for engineering at Saudi Aramco.
“KAUST will have its own governing
board of trustees as well as its own endow-
ment,” he explains. Government officials
also decided to place it outside the
purview of the ministry of higher educa-

reassessing its entire system of higher
education.” Al-Nasr explains. “So it would
not make sense o try to build KAUST
within the existing bureaucracy.”

The university will be organized around

SOURCE: SAUDH COUMCIL OF ENGIMEERS, 2004
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tion. “The kingdom is in the midst of
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eventually have a capacity for 2000 gradu-
ate students and 600 faculty members and
researchers, and Al-Nasr hopes as many as
one-fifth of the students will be Saudis,

“I think 1t’s a potential game changer for
the region,” says WAG's Frank Rhodes, pres-
ident emeritus of Cornell University and an
adviser to the university. Adds Richard
Sykes. rector of Imperial College London
and another adviser: 1 don’t think that it’ll
be too difficult to get good people to come
for a short ume, The issue will be, *Can you
sustain the quality over time?” ™ KAUST
hopes to have a founding president on board
by January 2008,

-]EFFREY MERVIS

(\ O)x

Stem Cell Patents Defended

The Wisconsin Alumni Research Foundation
(WARF) says that its three patents covering
the derivation of human embryonic stem (ES)
cells and the cells themselves comprise work
that represents "true innovation.” The founda-
tion responded last week to a March ruling by
the LS. Patent and Trademark Office that ear-
lier work with mouse cells "anticipated” the
first-ever derivation of human cells in 1981
by James Thomson of the University of
Wisconsin, Madison. WARF disputed that
contention, citing certain unigue chemical
requirements for human cells. In a declara
tion, Colin Stewart of the Institute of Medical
Biology in Singapore said that Thomson's
achievement "managed to accomplish what
others had for years tried and failed to do.”
Nol 50, says Jeanne Loring, a molecular
biologist at the Burnham Institute in San
Diego, California, who believes Thomson
simply applied known mouse methods to
primate cells to which he had access few
others had. The patent office has 2 months to
decide whether WARF's patents are invalid.
=ELI KINTISCH

Glacial Progress

With a baseline inventory of its glaciers set in
2002, Chinese scientists now hope to oblain a
comprehensive picture of how glaciers in west-
ern China have responded to climate change in
recent years. The new glacier inventory project
will use remote sensing and field surveys to
compile data for comparison with the baseline
established by China's first survey, which began
in 1978 and took more than 20 years to com-
plete. A team of researchers this maonth will
head out to the Qilian Mountains in Qinghai
Province to begin fieldwork. Liu Shiyin, a project
leader at the Chinese Academy of Sciences’ Cold
and Arid Regions Environmental and Engineer
ing Research Institute in Lanzhou, hopes the
52.6 million project will help quantily glacier
retreat and warming impacls, such as drought
or sea-level rise. Western China's glaciers feed
10 major rivers. -HAD XIN

Ecology Lab Gets Execution Stay

After funding was cut by the Department of
Energy, officials last month planned to close the
Savannah River Ecology Lab on 31 May (Science,
18 May, p. 969). Now, the University of Georgia
has given the lab a 1-month reprieve, although
it hasn't told Director Paul Bertsch whether its
financial support will do maore than pay for
salaries and benefits. Lawmakers are investigat-
ing the situation. =ELI KINTISCH
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Whales (Mostly) Win at Whaling
Commission Meeting

ANCHORAGE, ALASKA—W hales and envi-
ronmentalists were the big winners at this
vear’s 4-day meeting of the International
Whaling Commuission (IWC) here, with a
majority of member nations reaftirming the
organization’s 2 | -year moratorium on coms-
mercial whaling. The meeting also passed a
resolution calling for Japan to “suspend
indefinitely™ its scientific whaling in the
Southern Ocean Whale Sanctuary and to
change its plans for lethal research on
endangered humpbacks and fin whales
{Science, 27 Aprnil, p. 5332).

But the meeting of 400-plus delegates
from 71 countries from 28 to 31 May was
hardly a joyful reunion. Rather, like any
unhappy family. IWC members exchanged
insults and accused each other of bad faith
and broken promises—sentiments that
added o the ever-growing divide between
those who fancy a whale steak and those
who prefer their cetaceans whole, alive, and
swimming in the ocean’s waters.

And in the final hour, Japan, which
strongly favors a resumption of commercial
whaling, announced that it was considering
a divorce, The IWC has spurned its “ongi-
nal role as a natural resource management

organization.” Akira Nakamae. one of

Japan’s deputy commissioners, said at the

meeting. *“Japan upholds the principle of

using all living marine resources.” he said,
and may form “a new organization with
other countries™ that follow that principle.
Last vears I'WC zathering had a very dif=
ferent outcome: Japan and its pro-whaling
allies narrowly passed a symbolic resolu-

tion calling for an end w the moratorium on
commercial whaling. Given the rise in
abundance of some whale species, Japan
has also asked the Convention on Interna-
tional Trade in Endangered Species to
review the status of great whales: CITES
currently prohibits trade in these cetaceans
or their products, But the I'WC voted 374
for a resolution saying that the whaling
moratorium was still needed and asking
CITES. which meets this week, to defer to
IWC on the question of whales.

Japan chose “not o participate™ in that vote

and others, underscoring the widening gulf

between pro- and antiwhaling nations, How-

ever, the IWC did throw a lifeline to the Gulf

of California’s highly endangered vagquita dol-
phin { Phococna sinus), pledging support for
Mexicos plans to save it from extinction.
Some I'WC members also strongly criti-
cized Japan’s scientific whaling. Japan kills
maore than 1000 whales each vear { prima-
rily minkes) in the Southern Ocean and
North Pacific and sells the meat. That is the
largest number of whales harpooned by any
IWC nation. A majority of the commis-
sion—with Japan and its allies not partici-
pating—approved a resolution that
expresses “deep concern at [Japan's] con-
tinuing lethal research™ and states that the
program does “not address critically impor-
tant research needs.” Delegates from sev-
eral nations delivered far harsher words;
“The practice of scientific whaling by
Japan flies in the face of the whole purpose
of this convention and demeans the IWC.”
charged Malcolm Turnbull, Australia’s

NEWS OF THE WEEK

deputy commissioner and a member of par-
liament. “Show goodwill toward the people
of Australia, and drop the humpbacks if not
the program itself,” he asked in an appeal
echoed by others.

Australia’s request was based “on emo-
tion, not science.” responded Joji Morishita,
a deputy commissioner from Japan, “We are
proud of our scientific program and its
achievements,” he said, noting that the hunts

will go ahead as planned for the winter of

2007-08. The IWC has no authority to force
Japan to curb research whale hunts, which
require only a “special permit” issued by the
Japanese government itself.

The IWC prides itself on using science w
guide its decisions, although science was
invoked in so many ways that the New
Zealand delegation finally noted that the term
had a *“very elastic meaning.” Prior to the full
meeting that ended last week. the IWCs Sci-
entific Committee gathered for 2 weeks in
Anchorage to discuss everything from the sta-
tus of the world’s whale species. to whale
deaths as a result of entanglement in fishing
nets, 1o whale-watching tours and pollution.
The resulting 100-plus-page Report of the
Scientific Connmittee then served as the basis
tor the full meeting’s discussions,

Indeed. it was because the ULS. delegation
made the case with strong scientific data that
the meeting attendees voted unamimously to
support subsistence hunts of Western Arctic
bowhead whales by certain Alaskan Eskimo
aboriginal whaling communities—a request
expected to be controversial. “The data were
compelling and show that the Western Arctic
bowhead population is healthy and recover-
ing.” said Douglas DeMaster. a deputy com-
missioner on the US, delegation. “This hunt is
also sustainable.”

Japan had hoped to persuade the IWC
commissioners to allow four coastal commu-
nities 10 restme hunting North Pacific minke
whales, a request they have made at the last
20 IWC meetings, Such a limited hunt would
not “negatively impact the abundant minkes™
and would alleviate “suffering in the villages.”
satid Nakamae. But in contrast to the Western
Arctic bowhead whales. there are few data
about these minke whale populations. which
are already killed as bycatch. says DeMaster.
And few countries agreed that Japan's village
whalers, who would sell the whale meat, are
equivalent to native subsistence hunters. Japan
has threatened to leave the IWC before but has
not. Stll, it is not clear whether it will partici-
pate in the 2008 IWC meeting. planned in
Santiago, Chile,

=VIRGINIA MORELL
Virginia Morell 15 a writer in Ashland, Oregon.
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e Scary Side
Of Glolial Warming

Greenhouse warming might be more disastrous than
therecent international assessment managed to

=N

convey, scientists are realizing. But huw_g_a_n they
get the word out withotit seeming alarmist®™ =

CLIMATE MODELER ]JAMES HANSEN
knows all about sounding the alarm. In the
summer of 1988, drought wracked the country,
fire was consuming Yellowstone National Park,
and the nation’s capital sweltered. Even the
Senate hearing room where Hansen was testity-
ing was warm and stuffy—the Democrats had
opened the windows the night before. Then
Hansen, dubbed NASA's top climate scientist
by the media, shouted “Fire!™ in the crowded
theater: “With a high degree of confidence,”
he declared. greenhouse warming had
arrived. Although many of his colleagues
agreed, none chimed in with support: they
could not share his high degree of confi-
dence. Stll, Hansen's lone authoritative voice
was enough to send the media into a years-
long brouhaha over global warming.

That uproar quieted within a few years, but
Hansen, still the director of NASAS Goddard
Institute for Space Studies (GISS) in New
York City. finds himself at the head of an
informal movement to again rouse the public

8 JUNE 2007

and policymakers. This time he worries that
sea level could nise several disastrous meters
by the end of the century, as the warming he
heralded sends the great ice sheets rumbling
toward the sea. If nothing is done to rein in
greenhouse gas emissions, he says, 1 just
can't imagine that vou could keep sea-level
rise under a meter” Then the sea would flooad
many kilometers inland along the world’s
low-=lying coasts, from Florida to Bangladesh,

That was Hansen’s warning to Congress
in late April, but it’s not the message that
came out of the U.Ns Intergovernmental
Panel on Climate Change (1PCC) in early
February. Many news reports gave the
impression that the prestigious international
assessment actually downgraded the risk
of imminent sea-level rise to a small frac-
tion of a meter.

S0 Hansen seems to be out on a himb,
again, This time, however, he's got company.
No longer reticent. other scientists are going
public about how bad things might get by the

VOL316 SCIENCE

end of the century. “The IPCC has been
overly cautious in not wanting to give any
large number to [future] sea-level rise.” says
climate researcher Stefan Rahmstorf of the
Potsdam Institute for Climate Impact
Research in Germany.

Scientists are still trying to strike a bal-
ance between their habitual caution and
Srowing concern over uncertain but disas
trous greenhouse outcomes. “Most scien-
tists don’t want to, but | think we need a way
to explore” the extreme end of the range of
possibilities. says glaciologist Robert
Thomas of NASA contractor EG&G at
Wallops Flight Facility in Virginia, Thomas
says scientists need “a better way™ than
IPCC’s consensus approach, “so we can
communicate with the public without
becoming scaremongers,”

Naturally cautious
Seldom have mainstream climate scientists
spoken out about the scary possibilities of
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global warming. “Most people [in the field)
realize this really is an extremely serious
problem we're facing™ in sea-level rise. says
Thomas. But no one understands just why the
great ice sheets of Greenland and West
Amntarctica have accelerated their slide to the

seit Inrecent years (Science. 24 March 20006,
p. 1698). Will the acceleration continue?

Speed up? Slow down? Stop? In the face of

such uncertainty. most climate scientists have
tradinionally let IPCC speak for them. When
they ve gone public, it was usually to counter
a2re enhouse contrarians dargu il'lj.' for an
inconsequential warming with trivial impacts.

In the latestreport. its fourth since 1990, the
IPCC spoke for scientists in a calm, predictably
conservative tone (Science, 9 February, p. 754).
It 15, after all, an exhaustive, many-tiered
assessment of the state of climate science
based exclusively on the published hterature.
In IPCC™s Working Group I report on the
physical science of chimate, 600 authors con-
tributed o an | l-chapter report that drew

www.sciencemag.org

A goner? Greenland's ice has been accelerating
toward the sea lately, and no one is sure why.

30,000 comments from reviewers. The report
wias in turn boiled down to a 21-page
“Summary for Policymakers™ (SPM). [ts cen-
tral projection of sea-level rise by the centurys
end—0.34 meter—came within 10% of the
2001 number. And by getting a better handle
on some uncertainties, it even brought down
the upper limit of its projected range. from
0,89 to 0,59 meter.

The SPM did add that “larger values [of

sea-level nse] cannot be excluded.” Whatever
has accelerated 1ce-sheet Now to the sea, the
report said, might really take off with further
warming—or not. “Understanding of these
effects is oo limited” o put a number on what
might happen at the highend of sea-level rise. it
concluded. Lacking such a number, the media
tended to go with the comforting 0.34-meter
projection or ignore sea level altogether.

Some scientists believe IPCC did as well
as it could in assessing the sea-level threat,
“Since 2001, nature has revealed some pretty
remarkable behavior in the ice sheets.” says
vlaciologist Waleed Abdalat of NASA's
Goddard Space Flight Center (GSFC) in
Greenbelt, Maryvland, who manages NASAS
ice-observation program. That behavior has
included the catastrophic collapse of the
Larsen B ice shelf—which mggered glacier
accelerations—and the galloping glaciers
draining the Greenland ice sheet. which have
doubled their pace. But “we just don’t have
the capaaity to quantily™ that sort of ice-sheet
behavior, he notes, so ““the best yvou can do is
point to some red flags. The language of the
SPM does that, if vou're looking for it.”

Quantifying ice-sheet behavior does
indeed have its limitations, says climate and
sea-level modeler Jonathan Gregory of the
University of Reading, UK., who coordi-
nated the production of the sea-level section
in the IPCC projections chapter. A predictive
model cited by IPCC would melt
more Greenland 1ce as the ar
warms, he says, because that is a
well-undersiood and quantifiable
process. However, the model
would not include the effect of
that glacial meltwater lubricating
the base of the Greenland ice
sheet. Although researchers have
seen signs that such lubrication
speeds the ice sliding into the sea,
they aren’t vet able o model i, “1f

No longer alone. James Hansen was a
lone woice in 1988 but has company
now in the greenhouse spotlight.

NEWSFOCUS

there are no models to give us some num-
bers,” says Gregory, “all yvou can do is make
numbers up. It wouldn't be appropriate to
make up numbers.”

Going beyond such physically based
models—for example. by extrapolating from
past trends—wouldn’t be such a good 1dea
either, Gregory says, Lessons taken from how
sea level rose as the 20th century warmed, he
says, would be useless in predicting sea-level
rise in this century if the underlying causes
change. “If you don’t know what is causing
the relationship™ between warming and sea-
level rise, he says, “is that really a good basis
for making projections?”

A bolder assessment

Scientists are well aware of the hazards of

straying far from the hard science of climate
change, but some are eager to change the
IPCC process and even move beyond it They
would begin with wording, “IPCC gets an
A+ for scientific assessment.” says climate
modeler Richard Somerville of the Scripps
Institution of Oceanography in San Diego,
California, “but a gentleman’s C for commu-
nication.” The communication problem 1s
largely a matter of structure, says geoscientist
Michael Oppenheimer of Princeton Univer-
sity. “All the facts are there in the [main-
report] chapter.” he says. “but the SPM didn’t
tie those Facts together in a coherent statement
of risk that would allow a policymaker to
make an informed decision.”

Beyond the IPCCS language. a number of

climate scientists think the report missed an

opportunity to broaden public appreciation of

the nsk of the most dangerous chmate change.
“If vou don’t understand the physics, yvour
uncertainty is larger.” says Thomas. That
greater uncertainty extends the range of possi-

ble ice losses to higher, more dangerous levels.
But IPCC didn’t capture that increased risk,
says climate modeler Michael MacCracken of
the Climate Instinne in Washington, D.C.
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A big part of IPCC’s problem. say
MacCracken and others, was its strict adher-
ence to the use of models. By IPCC standards,
“ifits not in a model, it's speculation.” says
Rahmstorf. By ignoring factors that can’t yet
be modeled. he says. IPCC came up with
deceptively reassuring numbers,

More numbers

Although forewarned. some researchers are
generating numbers for public consumption
by going bevond physics-based models. In a
paper published in Science in January, too

late for the IPCC to consider it, Rahmstorf

wok “a semiempirical approach o projecting
future sea-level rise.” He determined how
much sea level rose in the 20th century per
year per degree and projected that rate
through the 21st century, with its expected
warming. That projection produced a sea-
level rise in 2100 of (L5 1w 1.4 meters above
the 1990 level, well above the IPCC's projec-
tion of 0,18 to .59 meter.

Then, Rahmstor! and six co-authors,
including Hansen, published a paper in
Seience on the day the IPCC report was
released. They pointed out that warnung had
been running toward the high side of IPCC
projections during the past few decades,

while sea levels rose at the upper limit of

projections. “These observational data
underscore the concerns about global cli-
mate change,” the authors wrote, IPCC had
clearly not exaggerated sea-level rise, they
said, and may even have underestimated it
Reinforcing their message, news stories
published a few days before the IPCC
report’s release quoted Rahmstorf and other
scientists lamenting
the expected short-
comings on sea-level
projections.

That was more
media attention than
suited some ¢limate
researchers. “When
we speak to the public,
we should not rely on
the new result.” argues
Hans von Storch of
the GKSS Institute for Coastal Research in
Cieesthacht, Germany. “The newest results are
not necessarily the best ones. The IPCC
should represent a certain filter. That every
taxicab driver knows about [the latest result] 1s
a bit premature.”

Some scientists would have [PCC reach
even farther back o try o deal with “factors
that you don’t understand.” as MacCracken
puts it. He notes that paleoclimatologists and
geologists have extracted records of ancient

"IPCC gets an A+ for
scientific assessment,
but a gentleman’s C
for communication.”
—Richard Somerville,
Scripps Institution of
Oceanography

sea level forumes when Earth
was warmer or colder than
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g IPCC

today. .[“ the case qt the z (best estimate)
penultimate warm inter- =3

: =25
glacial 120,000 years apo, T4 et —_——
the globe was only about 1°C & Smaller Larger
warmer-—a temperature we or slower or faster
could reach by 2100—but changes changes

sea level was 4 to 6 meters
higher. Even though that z
warmth had millennia to
shrink the great ice sheets
back then. MacCracken says.
history sull suggests that the
world’s ice 15 more vulnerable
than IPCCs modeling implies.

Probability

Another way

Gregory calls projections drawing on such
studies “a scientific hunch.” Hansen
prefers “insight,” but whatever it is called,
Hansen says, you won't find much of it in
an IPCC report. IPCC “overall does a good
job,” he says, but “there are limitations on
that process. Evervbody in [sea-level]
research is much more concerned than 6 or
7 vears ago”™ when the previous report came
out, he says: yvet the latest message from
IPCC was seemingly unchanged. “There is
a role for something in addition.”

As an example of an alternative to the
IPCC report, Hansen cites the U.S,
National Academy of Sciences” climate
change report of 1979, Chaired by the late
meteorologist Jule Charney. then at the
Massachusetts Institute of Technology. the
small committee delivered. among other
things. a best estimate and range for the
sensitivity of climate to
greenhouse gases, a central
Figure in climate science.
IPCC never ranged far from
those numbers. and this year
it confirmed them. “There
were huge uncertaintics
back then.” says Hansen,
“vet the Charney report
came up with an estimate by
coming at it from different
angles. That's what you need
to do with sea level.”

Hansen practices a multuipronged
approach himself. With colleagues at GISS,
he draws on several lines of evidence—
climate modeling. recent observations,
paleoclimate records, and the basic physics
of the greenhouse—to “gain insight into
how the world works.” That approach
helped him to see greenhouse warming
under way in 19588, he says. Now it is reveal-
ing positive feedbacks in the ice-climate

Small Problems

Severe Problems

Asymmetry, The climate debate has focused on problems judged most
likely (center) or least damaging {left), but the greatest risk may be at
the extreme (right).

system that can allow modest warming to
accelerate losses from the ice sheets, The
world is on a “slippery slope.” Hansen has
written, that could lead 1o meters of sea-
level rise in the next century or two unless
people take immediate actions to cut green-
house gas emissions.

As in 1988, Hansen’s pursuit of such
insights has put him at odds with many in
the climate community. “Maybe he’s still
within the error bars.” says glaciologist
Robert Bindschadler of GSFC, but “I'm
not prepared to put centuries on [the tim-
ing] rather than millennia.” No matter.
Hansen has again taken to the bully pulpit
as NASA's top climate scientist, publishing
in peer-reviewed journals, testifying to
Congress, writing op-ed articles, and
appearing in documentaries. Only last
week ina GISS press release announcing a
new publication. Hansen warned of disas-
trous effects—including increasingly rapid
sea-level rise—if greenhouse gas emis-
sions continue apace for even a couple
more decades. And a few days later, he took
his boss, NASA Administrator Michael
Gnffin, to task for publicly questioning the
need to tackle global warming. Hansen's
take: “remarkably uninformed.”

Besides a streamlined IPCC process and
individual scientist activism. Oppenheimer
sees another approach: using expert elicita-
tions to broaden the assessment of uncertainty.
This survey technique grills selected experis in
private on the state of the science. Without the
drive to reach a consensus, the experts “give a
different view of the probability of various
outcomes,” says Princeton’s Oppenheimer.
Ultimately, these and other methods will be
needed. he says. “You really need a broad,
thorough, and comprehensive assessmenmt of
uncertainty and rsk.” he says, “There i1s no one
answer to the assessing of uncertainty.”

=RICHARD A. KERR
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ALZHEIMER'S DISEASE

A New Take on Tau

The search for drugs to combat neuron-destroying diseases is prompting researchers

to take a fresh look at a familiar suspect

When it comes to combating Alzheimer's
disease, neurobiologists need all the help
they can get. So far, efforts to develop drugs
that halt or reverse the relentless brain
degeneration caused by the disorder have
met with only modest success. The few
approved therapies slow cognitive decline,
but only temporarily, possibly because they
don’t target the root cause of the disease.

Drugs that may do that are in the
pipeline. however. They're aimed at redue-
ing production of amyloid beta (AP). a pro-
tein fragment thought to be the instigator of
the nerve cell death driving Alzheimer’s dis-
ease (Science, 3 November 2006, p. 781).
And now researchers are taking a closer
look at another possible target, a protein
called tau that is involved in the pathology of
a number of neurodegenerative diseases,
including Alzheimer’s.

Tau has taken a back seat to AP for the
past several years, but recent work with ani-
mal models and with cells in lab culture sug-
gests that focusing on tau could pay off
Treatments that reduce the formation within
the brain of certain mutant taus, or even of
the normal protein itself, can alleviate mem-
ory loss and other neurological deficits in

N

mice that have been genetically engineered
to develop brain pathology similar to that in
human Alzheimer’s brains.

Although a lot more work will be needed
betore any of these early experiments pay
off in the clinic, tau researchers are more
optimistic than before. The findings “open
up a new potential [ Alzheimers] treatment;
reducing tau might complement the anti-

amyloid strategy,” says Lennart Mucke of

the University of California, San Francisco,
School of Medicine, whose lab 1s among
those doing the work.,

And big pharma is waking note as well.
For example. Merck & Co. Inc. has just
hired Michael Hutton, a tau researcher at the
Mayo Chinic in Jacksonville, Florida, to
head up a new effort 1o develop tau-based
drugs for Alzheimer’s disease. “I'm putting
my money where my mouth is.” Hutton says.
“1 do think tau 15 a great therapeutic target.”

Tau resurgent

For more than 20 years, neurobiologists
have known that both AP and 1au are promi-
nent in the abnormal structures that stud the
brains of Alzheimer’s patients: Af is located
in the so-called plagues that form outside

Normal neuron

- WS'IK.'I.ES
~ Tau
41 Pathological tau aggregates

Diseased neuron

When tau goes bad. In a normal neuron (top), tau stabilizes the microtubules (blue lines) that transport
materials to the nerve terminals. But in Alzheimer's disease, tau loses its ability to bind to the microtubules
and forms abnormal aggregates. The microtubules degenerate, impairing neuronal function.

dead and dyving nerve cells. whereas tau
appears inside newrons in a mesh of proteins
called neurofibrillary tangles (NFTs). For a
time, a controversy raged about which pro-
tein causes the brain neurons to degenerate,
The tide began to swing in AR's favor after
the discovery about 16 years ago that muta-
tions in the APP gene, which makes the
larger protein from which AP is clipped.
cause some hereditary Alzheimer’s cases.

Indeed. no mutations in the tau gene have
ever been linked to the disease. and today even
many tau experts concede that AB-linked
abnormalities initiate brain neuron loss.
“There’s no doubt that AP [toxicity] is a fairly
early event in Alzheimer’s disease pathology
and that tau is likely downstream.” says
Christopher Eckman, also at the Mayo Clinie
in Jacksonville,

But tau researchers got a boost about
[0 years ago, when several teams found that
mutations in the gene for the tau protein cause
some cases of a less common but devastating
dementia knownas FTLD (for frontotemporal
lobar degeneration). This discovery showed
that abnormal forms of the protein can cause
nerve degeneration and as a result, memory
loss and other neurological deficits, The work
also buttressed the case that counteracting
tau’s effects might help Alzheimer’s patients.
“Focusing on tau [for Alzheimer’s therapy]
makes perfectly good sense.” says Zaven
Khachaturian, senior science adviser to the
Alzheimer’s Association in Chicago, Hlinois,

In the past few vears. researchers have
begun to test the idea of targeting tau, using
various mouse models of Alzheimer’s dis-
ease. The most recent example, described in
the 4 May issue of Science (p. 750). comes
from Mucke’s group. These researchers
used a genetically altered mouse strain that
carned a mutant human APP gene and vary-
ing numbers of the mouse tau gene—either
zero, one. or the normal complement of two
copies. Because these mice carry the mutant
APP gene, all their brains developed struc-
tures resembling the amyloid plaques of
Alzheimer’s brains. But as 1s commonly
seen in such modified mice, none had wan-
gles or neuron loss.

Mucke and his colleagues found that. as
the animals aged, those with two tau gene
copies became impaired in their ability to
learn the Morns water maze, which requires
that the ammals find an underwater platform.
Animals with one copy were less impaired.
whereas those with no tau gene learned as
readily as normal controls did—results indi-
cating that the absence of tau somehow pre-
vents the behavioral deficits that would other-
wise oceur in amimals with mutant APP.
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Yet the tau reduction had no ettect on A
deposition. The animals lacking tau “had
brains full of amyloid plagues but could
solve the water maze in a snap,” Mucke says,
Further work indicated that tau might con-
tribute to neuronal malfunction by making
brain neurons hyperexcitable, which can
ultimately lead to their death,

Other researchers have also found that
reducing tau can alleviate memory loss in
mouse models, For their experiments, a team
led by Karen Hsiao Ashe of the University of
Minnesota Medical School in Minneapolis
and the Mayo’s Hutton created a strain of
mice beanng a mutant human tau gene com-
bined with regulatory sequences that
allowed it to be turned off by the antibiotic
doxveyeline. As the researchers reported
about 2 years ago, as these mice age. they
accumulate NFTs in brain neurons where the
tau gene is active,

What's more, the animals’ brains shnnk as
aresult of nerve cell death, and the mice show
amarked detertoration in their ability to learn
the water maze. But suppressing expression
of the mutant tau gene with doxycyceline
improved the animals” memories and halted
the neuronal losses without affecting NFT
accumulation (Science, 15 July 2005, p. 476).

Last vear, Frank LaFerla and his team at
the University of California, Irvine. reported
on a mouse model that they engineered to
develop both plagues and tangles. Treaiment
with two antibodies. one directed at AP and
the other at tau, preserved the animals” abil-
ity to learn. Both antibodies were needed, “IF
we reduce AP without reducing tau, we don’t
improve | the amimals’] learning and memory
behavior,” LaFerla says.

But which tau?
In addition to showing that tau can play a
role in cognitive decline, these studies also
shed light on what Hutton calls a “massive
uncertainty™: What form of tau damages
neurons? Identifying the culprit could be
imporiant for guiding efforts to develop
therapies; those trying to stop AR buildup,
for example. continue to wrestle with
whether to target soluble or insoluble forms.
For most of the 100 years since Alois
Alzheimer described the plaques and tan-
gles in his patients” brains, researchers
focused on the tangles with their insoluble
tau as the species at fault. But Ashe and her
colleagues found that when they turned off
tau formation in their animals, NFTs con-
tinued to accumulate despite the other
improvements, Similarly, the LaFerla team’
antibodies were directed at soluble tau as
well as soluble AP and did not reduce

plagques or tangles, Some form of tau
“before the tangles [develop] is causing the
memory problems.” Ashe concludes.
Further evidence that a nontangle form
of tau causes neuronal damage comes from
Virginia Lee, John Trojanowski, and their
colleagues at the University of Pennsylva-
nia School of Medicine in Philadelphia,
When these researchers tracked the changes
in brain neurons in mice bearing a mutant

Inflammatory link. A mouse brain (bottom) bearing
a mutant human tau gene shows extensive microglial
cell activation at 9 months (yellow to red colars). The
brain at top is from a 9-month-old control.

tau gene, they found that the synapses,
which are the connections between neurons,
deteriorated at 3 months ol age—long
before NFTs appeared.

By this same early age, microglial cells,
the brain’s immune cells, became activated,
presumably due to the presence of the mutant
tau. the researchers reported in the February
1ssue of Newron, This suggests that the
microglia might be contributing to the neu-
ronal damage by causing inflammation—an
idea that got a boost when Lee, Trojanowski,
and their colleagues treated the animals with
an immunosuppressant. “We delaved every-
thing.” Lee says. “The tangles decreased. the
neuronal loss decreased, and the animals
lived longer” These results tie in with other
evidence suggesting that inflammation plays
a role in Alzheimer's etiology and that anti-
inflammatory drugs might help.

Still, tau abnormalities could contribute in
other ways to neuronal degeneration and
these, too, suggest therapeutic strategies.
MNormal tau binds to, and stabilizes, the micro-
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tubules, which run through the neuronal axon
and help transport nutrients, proteins, and
other materials back and forth between the
cell body and the svnapse. For reasons not yet
understood, tau becomes excessively phos-
phorylated in Alzheimer’s brains and as a
result no longer binds properly to the micro-
tubules. The microtubules in wm deteriorate,
ulimately leading to nerve cell death.

Some drugs, including the taxols used to
treat breast cancer. stabilize microtubules.
About 2 vears ago, Lee, Trojanowski., and
their colleagues showed that one of these
drugs, paclitaxel, improved axonal function
and ameliorated the neurelogical problems
of mice carrying a human tau gene. Lee
notes, however, that the taxols and other
microtubule-stabilizing drugs kill dividing
cells and are thus too toxie, especially for
long-term use. Her group is currently work-
ing to develop less toxic taxol derivatives,

Other researchers are taking a different
tack. aiming to inhibit the kinases that add
phosphates to tau. Some of these have shown
promise in animal models. For example,
Hutton’s team, working with that of Hanno
Raoder at Sirenade Pharmaceuticals in Mar-

tinsried. Germany, found that an inhibitor of

a kinase called ERK2 reduced the excessive
tau phosphorylation occurring in mice car-
rving a human tau gene and also reduced the
animals’ difficulties in moving,

Similarly, LaFerla and his colleagues
have evidence from their mouse model that
interventions thought to be protective
against Alzheimer’s disease, including
learning interventions and dietary intake
of omega-3 faty acids, might work partly
by decreasing levels of enzymes that phos-
phorylate tau. But at least in their model,
AR reductions also appear to be necessary
for neurological protection.

All of this work in mice raises the obvi-
ous question of whether the results are rele-
vant to Alzheimer’s disease and other so-
called tavopathies such as FTLD. But there
is at least one hint that inhibiting tau phos-
phorylation could help people afflicted by
the conditions. The drug memantine is one
ofthe few approved for treating Alzheimer’s
disease. And although it wasn't designed to
inhibit phosphorylation, Khalid Igbal and
his colleagues at the New York State Insti-
tute for Basic Research in Developmental
Disabilities on New York's Staten Island
have evidence from cell studies that the drug
decreases tau phosphorylation and inhibits
neurofibnllary degeneration. “I don’t under-
stand,” Igbal says, “how anyone can think
about Alzheimer’s and not think about taw.”

=JEAN MARX
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SMALLPOX VACCINE

A Tame Virus Runs Amok

The massive response that saved a child from a rare infection demonstrated the
strength of U.5. medicine—and the vulnerability of U.5. biodefenses

On 3 March. doctors treating a 2-year-old
boy in a Chicago hospital were alarmed by
the angry rash that covered his body. They
checked out the usual suspects—chickenpox
and herpes simplex, which can have serous
consequences for children, like this one,
with eczema. But lab tests ruled out both, As
the rash worsened days later, forming ning-
like, indented pustules on half of the boys
body. the hospital’s stafl learned that the
father, a soldier in Irag, had been vaceinated
for smallpox several weeks before. The vac-
cine—or contact with recent vaccinees-
can trigger a life-threatening rash in people
with eczema, one that looks much like
smallpox itself.

What happened next was a race
straight out of a TV medical drama. Doc-
tors and at least two dozen outside
experts. including a veteran of the small-
pox eradication campaign, worked around
the clock Tor days to diagnose and treat
the boy’s disease. known as eczema vacci-
matum. Ultimately, they made a bold deci-
sion to try an experimental drug: it may
have helped save the child’s life. Today,
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despite severe skin loss, the boy is back at
home in Indiana. healthy except for possi-
ble scarring where the pustules formed,

The incident. described in the 18 May
issue of Marbidite and Mortalitv Weekiv
Reporr (MMWR), offers a mixed view of
LS. efforts to defend against a bioweapons
attack, had this been the first in a wave of
smallpox cases. On the one hand, a half-
dozen federal and local agencies deserve
good marks for working together to diag-
nose and treat a mysterious infectious dis-
case. The experimental drug was devel-
oped with funds from the U.S. biodefense
research program. But as a test of how
quickly the system might contain a dis-
ease, the results seem not so good: If the
boy's illness had been caused by a real
smallpox release. notes poxvirus program
chief Inger Damon of the Centers for
Disease Control and Prevention (CDC) in
Adlanta, Georgia, there likely would have
been casualties,

The MMWE report also highlights the
risks of the Department of Defense’s
(DOD%) smallpox vaccination program,

‘ Mass campaign. DOD has given the smallpox

vaccine to 1.2 million U.5. soldiers.

which uses a vaceine formulation that many
consider outmoded (Seience. 20 December
2002, p. 2312). Moreover, the soldier
should not have been vaccinated, the
MMIFR report says. It does not mean the
program is broken,” because the rate of side
effiects has been very low overall, says
infectious-discase physician Luciana Borio
of the Center for Biosecurity at the Univer-
sity of Pittsburgh in Pennsylvania, but the
incident underscores the need for safer
vaccines, which are now in the works,

Live virus

The current smallpox vaccine is an old for-
mulation made with live vacecinia virus, a
relatively benign cousin of the variola virus
that causes smallpox. Serious side effects in
immunocompromised patients and children
are rare but well-known; former chancellor
of the University of Colorado Health Sci-
ences Center Vincent Fulginit, 73, an expert
on these adverse events, saw eczema vacci-
natum cases often in the 19605 through
1972, when children were routinely immu-
nized for smallpox.

Adfter wild smallpox was declared eradi-
cated in 1979, vaccinations continued only
for members of the U.S, military. They had to
be protected. the government decided.
because they might be the first to encounter
the lethal virus if secret stocks were
deploved by an enemy. That program ended
in 19490, In 2002, however, in the wake of the
post=9/1 1 anthrax attacks, the Bush Admin-
istration resumed vaccinations for soldiers,
but included screening so that people at risk
for side effects would be excluded.

Why the father of the Indiana boy was
not sereened out is not known. Before he
was vaccinated in January in anticipation of
deployment to Iraq. he had received an edu-
cational pamphlet and briefing warning
about possible side effects. He was also
given a form asking whether he had a his-
tory of eczema. which he did. People with
this skin condition or those who have house-
hold contacts with it are not supposed to
receive the smallpox vaccination. For pri-
vacy reasons, DOD declined to disclose the
soldier’s answers on the screening form.

Then. in February, when his deployment
was delayed. the soldier made a visit home.
Although a scab from the vaccination had
fallen off, he later told DOD, he kept the
site covered as instructed. In late February,
his 28-month-old son. who also had
eczema. developed a fever and rash. On
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3 March, afier his family visited an [ndiana
emergency room. the child was transferred
to Comer Children’s Hospital. part of the
University of Chicago in Hlinois,

Doctors there took skin samples from
the child and tested them for herpes and
varicella: the tests were negative. Mean-
while, the lesions had spread over about
80%% of the child’s body and had worsened:
Each pustule was circular, with a dimple in
the middle, says University of Chicago
pediatric infectious-disease physician John
Marcinak, who coordinated the bov's care.
Another viral culture tested positive for an
unidentified virus. On 7 March, Marcinak
says, he and pediatric dermatologist Sarah
Stein, who by this time had been told of the
father’s vaccination, began to suspect vac-
cinia; “From a ¢hnical standpoint, it all fir.”

Marcinak and colleague Surabhi Vora
contacted CDC. which set up conference
calls with various CDC and Army experts o
analyze digital photos, The Hlinos Depart-
ment of Public Health also supplied poly-
merase chain reaction tests of skin scrapings
from the child and his mother. who had
developed a milder rash. Those tests showed
the presence of a poxvirus. At that point,
savs Fulginiti, who was on the daily calls, he
knew it was eczema vaccinatum,”

The Chicago doctors began the standard
treatment, injecting vaccinia immune glob-
ulin, or antibodies from people given the
vaccine, which a U.S. marshal
had hand-carried on a fligh
from CDC’s biodefense stock-
pile. The boy was given nar-
cotics for pain, sedated, and pw
on a ventilator. Two davs later.
his condition worsened., “We
weren’t sure he was going to sur-
vive,” Marcinak says. Next, his
team tried a second-line drug.
cidofovir, normally stocked by
hospitals for AIDS patients with
eytomegalovirus eve infections
but approved by the U.S. Food
and Drug Administration (FDA)
off-label for complications from
smallpox vaccination. Cidofovir
seemed to be of limited help: the
boy's abdomen had filled with
fluid and his kidneys were fail-
ing. a condition that could have
been exacerbated by the second drug.

On the next conference call on Saturday,
10 March, CDC’s Damon suggested one
maore thing: an experimental smallpox

antiviral drug, 8T-246. “The condition of

the child on the weekend was just so gnm,”
Damon says, that they wanted to try any-

thing that might give him a chance,

The drug had first been discovered
through a routine small-molecule screen
for compounds that inhibit poxviruses. It
had later been improved, reducing toxicity.
With funding from the National Institutes
of Health's biodefense program, SI1GA
Technologies Inc. in Corvallis, Oregon,
reported last vear in experiments at CDC
that ST-246 protects monkeys against vari-
ola infections: it has also conducted a phase
I chinieal safety trial. Hours afier Damon
suggested using ST-246 that Saturday. FDA
approved emergency use of the drug to treat
the sick bov.

That night. SIGA Chief Scientific OfTi-
c¢er Dennis Hruby tucked a vial in his
pocket and New to Chicago from Corvallis
in a private jet paid for by billionaire
Ronald Perelman, an investor in SIGA, The
boy got an initial dose through a stomach
tube Sunday morning. “The next day, he
started to slowly zet better,” Marcinak says,
He also received skin grafis.

On 7 April. the boy moved out of the
intensive care unit into a regular bed: 12 days
later, he went home. “He looks very good
right now,” says Marcinak, The grafts are
healing well, he says, but it is oo seon to tell
whether he will have scarring.

Researchers say they may never know
exactly what saved the boy’s life because he
was receiving three drugs (cidofovir lingers

Poxvirus's mark. These lesions broke out on a 2-year-old boy after he contracted
vaccinia from his father and developed eczema vaccinatum, a rare side effect.

in the body for a week ) as well as extraordi-

nary medical care. Moreover, analyses of

daily blood samples that could reveal when
virus levels dropped have been inconclusive
s0 far, Damon savs, Stll, he adds, 1 think it
[ST-246] was certainly a component™ in the
boy’s recovery.
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SIGA received 5165 million from the
National Insttute of Allergy and Infectious
Diseases last fall to conduct further clinical
trials and scale up production of ST-246,
But whether the federal government will
eventually purchase ST-246 for the bio-
defense stockpile is not known, Borio says.

Adequate screening?

Some public health experts are now raising
questions about DOD’s procedures for
identifying soldiers for whom the smallpox
vaccine is too risky, But others say DOD,
which has excluded 116.000 of 1.3 million
potential vaccinees, has done a good job.
Overall, side effects have occurred at “a
much, much lower rate than would have
been expected.” says vaccine expert John
Modlin of Dartmouth Medical School,
including the one eczema vaccinatum case
and 61 cases of mild vaceinia rash in con-
tacts, But the Indiana case is “a very impor-
tant reminder that we can’t become lax
about screening,” he savs.

Dryvax, the old vaccine. apparently has
other side effects as well, including myoperi-
cardins., inflammation of the heart. which has
occurred in 140 soldiers so far. Most people
recover, says Modlin, but in a few, heart
muscles may be permanently weakened.

A new vaccine produced by cell cultures
was supposed to be slightly safer. But data
presented last month to the FDA vaccine
advisory panel by the manufac-
turer, Acambis in Cambridge,
LLK.. suggest a comparable rate
of myopericarditis cases, says
Modlin, a panel member. Although
the panel found the vaccine safe
and effective for the U.S. stock-
pile, “in my view, [the myoperi-
carditis risk] should™ prompt
DOD to conduct a new risk-
benefit analysis.

[tis sobering to consider
what might have happened if the
Indiana boy's rash had been the
First case in a wave of smallpox
cases from a bioterror attack.
The intense response—more
than 20 experts on daily confer-
ence calls for a month—could
not have been sustained for
dozens of patients or more,
Damon notes. The current system would
have been overwhelmed “if 10,000 people
had had an [smallpox] infection.” savs
Hruby. That’s why it is so important, he
says, to develop standard therapies that can
be tested in advance and kept on the shelf.

=]JOCELYN KAISER
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Black Holes: Galactic
Homebodies?

Rogue black holes hurtling through space
may be nothing to worry about, a new analy-
sis concludes,

When galaxies collide, the black holes at
their cores should eventually merge in a vio-
lent collision, imparting a high-velocity kick
that might shoot the newly merged black hole
out of the joined galaxies. In fact, recent sim-
ulations have suggested that the recoil veloe-
ity could occasionally reach 3000 kilometers
per second. more than enough for the black

hole to escape its galaxy’s gravity. Yet
searches do not find galaxies without central
black holes. “When we actually look around
at galaxies, all galaxies appear to have black
holes.” says Christopher Reynolds of the Uni-
versity of Maryland, College Park. “So why
aren’t there these empty-nest galaxies?”

In a new search for black holes traveling
away from their host galaxies, Erin Bonning
of the Observatoire de Paris, Meudon, and
collaborators at the University of Texas,

Austin, examined 2600 gquasars cataloged by
the Sloan Dugital Sky Survey. Quasars are
fountains of energy powered by supermassive
black holes at the centers of distant galaxies,
A black hole being ejected from its host
galaxy would drag some of the surrounding
matter with it and would retain its quasarlike
appearance, But the quasar’s extra motion
would make its redshift differ from that of the
zalaxy. The survey saw no convinging evi-
dence for such shifts, the astronomers sad at
the meeting,

“For some reason. we do not get large
kicks in quasars.” said Bonning. “This is an
mteresting nondiscovery,”

Astrophysicists at the University of
Maryland, College Park. presented a possi-
ble explanation for the lack of large Kicks.
The simulations forecasting high-velocity
ejections assume that the merging black
holes are spinning rapidly, with their spin
axes in the same plane as their galactic
orbits. According to these models, configu-
rations capable of kicking the final black
hole out of the merged galaxies should occur
in about 10% of galactic collisions,

But such a spin orientation is unlikely to
persist throughout the merger process,
Tamara Bogdanovic and her Maryland col-
leagues reported at the meeting. In gas-nich
merging galaxies, their analysis showed,
the two black holes will become embedded

Exoplanet Jackpot Shows Astronomers Are Looking for Worlds in All the Right Places

As news stories go, finding a new extrasolar planel is now about as surpris-
ing as another athlete arrest or celebrity trip to rehab. Bul recent, rapid
increases in the number of known exoplanets have begun o reveal some
noteworthy patterns, with implications for understanding the formation of
planets and the prospect for life on some of them,

Planets around distant stars typically betray their presence when
astronomers observe wobbles in stellar motion induced by the subtle tugs
of the planet’s gravity. Until recently, the search for such wobbles focused
mostly on stars similar to the sun. Now surveys of other star types, from dim
red dwarfs 1o massive subgiants, are showing that all varieties of stellar
parents produce planetary offspring.

"Every sort of star we've looked al has a planet of some sort,” says Alan
Boss of the Carnegie Institution of Washington,

Al the meeting, planet hunter Jason Wright of the University of Califor-
nia (UC), Berkeley, noted that 28 newcomers have been added to the plan-
etary roster in the past year, bringing the total to 236. Of the recent addi-
tions, four orbit "A stars,” said UC Berkeley's John A, Johnson,

In general, A stars, which are more than 1.3 times the mass of the sun,
are poor candidates for planet searches, as their high temperatures and
rapid spins make it hard to gel precise velocity measurements by measur-
ing shifts in the color of the light they emit. Bul as A stars age, they evolve

into “retired A stars,” expanded subgiants with cooler temperatures and
slower spins, making planet detection maore feasible.

Using the Keck Observatory in Hawaii and the Lick Observatory in Cali
fornia, Johnson and collaborators scanned 150 subgiants, adding the four
planets orbiting retired A stars to the six that had been discovered previ
ously. The 10 A-star planets orbit at greater distances than planets of sun-
like stars do, Johnson notes. All but one are farther from their parent
stars than Earth is from the sun, and none is closer than 80%: of the Earth-
sun distance.

“This is very intriguing,” Johnson said. “It's probably telling us some-
thing about how planets migrate from where they were bom in closer to the
star and how stellar mass affects that migration process.”

A stars also appear more likely than other stars to possess Jupiter-sized
planets. Jupiters are found in orbit around 4% lo 5% of sunlike stars;
8% to 9% of retired A stars have them, Johnson said.

Such findings hint that increased attention to A stars could further
inflate the planetary lineup. "They're twice as likely to have a planet as a
sunlike star,” says Johnson. "This means that there's probably a treasure
trove of planets waiting for us around these retired A stars.”

On the lightweight side of the solar-mass divide, smaller, dimmer stars
known as red dwarlfs, or M stars, have also begun to attract more attention
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in a spinming disk of gas that will twist their
axes until the black holes are spinning
upright. As a result. the kick velocity afier
their merger will be less than 200 km per
second. far short of the speed required o
escape the merged galaxies’ gravity.

“Ejection should not be common in such
cases,” Bogdanovic savs,

Collisions of gas-poor galaxies might still
eject black holes with high velocities, she
says. But without surrounding gas to give off
radiation, such wandermg black holes would
be extremely difficult to detect.

Another possible explanation for the miss-
ing rogue black holes is that they are not ini-
tially spinning rapidly enough to be ejected,
but that seems unlikely. said Revnolds. A sur-
vey of black hole spins, reported by Maryland
araduate student Laura Brenneman, found a
range of spin rates, some approaching the
maximum possible spin velocity,

“Sao the logical possibility,” Revnolds said
“is that something upsets the onentation of the
black holes as they are merging.”

‘Pristine’ Galaxy Gives
A Glimpse of Purity

A small but speedy dwarf galaxy hurtling
toward the Andromeda galaxy has provided
astronomers some reassurance about their
tavorite model of galaxy formation, along
with hope for improved understanding of

from planet hunters. A recent media frenzy accompanied news of a planet
orbiting the red dwarfl Gliese 581 because of its potential habitability
(Science, 27 April, p. 528). The planet's orbit may be lodked around its star
in a way that keeps one side in the sun and one side in the shade, and the

shady side’s temperature may resem
ble Hawaii's, said Edward Guinan of
Villanova University in Pennsylvania.

Guinan and collaborators have
been studying the long-term habit-
ability of M-star planets, particularly
with regard to x-ray or ultraviolet
radiation emissions that would
endanger life. The danger would be
especially high during the early days
of the star's life, they reported,
because young red dwarfs emit fre
quent stellar flares that would bathe
nearby planets with deadly radia
tion. But nascent life on planets with
atmospheres and magnetic fields
would be protected from such emis-
sions, Guinan noted.

After about 2 billion years, red
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star formation.

Andromeda XII, discovered in 2006, 15
dim even by dwarf galaxy standards, with a
brightness of only about 100,000 suns. But
new results, reported at the meeting. show that
it 15 exceptionally Fast, falling toward the
Andromeda galaxy at 281 kilometers per sec-
ond, At that speed, it may be moving too rap-
idly to be trapped by the gravity of the Local
Group of galaxies, which includes Andromeda
and our own Milky Way.

Jorge Pefarrubia of the University of

Victoria in British Columbia and s col-
leagues established the speed of Andromeda
XII using the DEIMOS spectrograph at the
Keck I telescope on Mauna Kea, Hawail, (A
paper on the new findings is to be published
in the Astrophvsical Journal.) The quickness
of Andromeda XI11 suggests that it formed
far from the Local Group and is making its
first visit, says Pefarrubia, The dwarf’s
arrival, he adds, fulfills predictions by the
standard model of galaxy formation from
cold dark matter, exotic nonluminous mate-
rial that dominates the mass of both dwarfs
and larger galaxies.

Dwart galaxies contan from 50 to 500 tmes
as much dark matter as ordinary matter,
Pefarrubia said: “According to cold dark
matter theory. the dwarfs are building blocks
of galaxies. If you understand dwarls, you
learn about how galaxies form.”

[fitis entering the Local Group for the
first ime, Andromeda XI1 should be free
from gravitational disiurbances induced by
the gravity of the group’s larger galaxies.

Prime location? Slow-burning red-dwarf stars might outperform our
sun as hosts for life-bearing planets.

NEWSFOCUS

“Andromeda XII is pristine; its properties
are those it had when it was formed.” said
Pefiarrubia. Consequently, it offers astro-
nomers an unusual opportunity to study
star formation and dark matter distribu-

tion. In dwarl galaxies that have already

Passing through. 5tars mark confirmed members
of the Andromeda XII dwarl galaxy, making its first
visit to the Local Group of galaxies,

entered the Local Group, gravitational
interactions may have altered the location

of dark matter and obscured the history of

star formation. =TOM SIEGFRIED
Tom Siegirsed is a writer in Los Angeles, Califormia.

dwarfs settle down into an exceptionally long period of stability, as they
burmn their nuclear fuel slowly and maintain a fairly constant temperature
for billions of years. That makes long-term prospects brighter for life on
M-star planets than on Earth, where the sun will become intolerably hot in

just a few billion years.

"M stars ... are suitable hosts for har-
boring life,” said Guinan. "Your habitable
zone will last for 20, 30, 40 billion years as
the star's magnetic activity dies down.”

M stars are the most numerous stars in
the galaxy, and many are close enough to
Earth to be available for detailed follow-up
study, including attempts to directly image
planets themselves.

“All these results make the case strongly
that we're on the right track” for success in
such imaging missions, said Boss.

“These studies are showing us that the
frequency of planetary systems is really
larger than what one might have guessed as
recently as 10 years or 50 ago,” he said.
“Planetary systems are not rare oddballs.
They really are quite common,” =T.5.
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LETTERS

edited by Etta Kavanagh

Adult Versus Embryonic Stem Cells: Treatments

D. A. PRENTICE AND G. TARNE USED THEIR LETTER "TREATING DISEASES WITH ADULT STEM
cells” (19 Jan., p. 328) to try 1o defend Prentice’s previous claim that “over 65 human dis-
eases” have been “effectively treated through adult stem cells™ (7). Now Prentice and Tarne
say that what he really meant was that adult stem cell treatments for 635 diseases are being
tested for possible efficacy.

Clearly, enrollment of an experimental therapy in a clinical trial does not mean that it is an
effective therapy. The purpose of clinical trmals 1s. first, to establish safety and, second, to docu-
ment efficacy. Many promising experimental therapies fail when they reach larger Phase I or
T trals. Such s the case with adult stem cell therapy for heart attacks and breast cancer—two
conditions for which Prentice and Tarne improperly claimed that adult stem cells provide effec-
tive therapy [see the Supporting Online Matenial of our Letter “Adult stem cell treatments for
diseases™, 28 July 2006, p. 439 (2)].

Prentice and Tarne’s Letter perpetuates some of the same false representations of research with
which we took issue in our original Letter. The GDNF infusion trials they referenced do not doc-
ument any contribution of stem cells to the apparent improvements in Parkinson’s patients. A care-
ful reading of the cited papers shows that stem cells were not even studied (3, 4). Further, they cite
acase report of a sngle patient as evidence that bone marrow transplantation can be used to cor-
rect hair loss—a condition that remains on their posted hst of adult stem cell treatments (3).

Inan interview published inthe Clicazo Tribune shorty afterour Lener was published online,
Prennice admitted that some of his citations were unwarranted. “We ve cleaned up that hst now.”
he said. Asked how the errors oceurred, Prentice said, 1 think things just got stuck in™ (6),

In their Letter, Prentice and Tarne further disregard scientific aceuracy by stating,
“There are currently 1238 FDA-
approved chimeal mals related 1o
adult stem cells...." They cite search
results retumed by the NIH Web site
clinicaltrials.gov o support their
assertion, However, many of the clin-
ical tnals retrieved by searching for
“stemteell”™ in the therapy category
have nothing o do with stem cell
therapy and thus overstate the num-
ber of adult stem cell tnals posted to
that database { 7). A repeat of Prentice’s search found “system.” “systemic.” “brain stem.” and the
verb “stem” (as in “which sgtem from™) in the last 10 Listings of tnals recruiting patients
(647-656), but no mention of stem cells. The first 10 all relate to the use of stem cell ransplants

“We stand by our statement
that Prentice and those who
repeat his claims mislead
laypeople and cruelly deceive
patients.”

—Smith et al.

to replace blood-forming cells destroved when chemotherapy or radiation is used as the primary
treatment of the patient’s discase (§). There are three trials for stem cell therapy in multiple
sclerosis, but none for Parkinson’s disease or spinal cord mjury.

Prentice’s erroneous claims are widely used and further embellished by opponents of

embryonic stem cell research. For example, Focus on the Fanmly set up a Web site last vear
opposing what they called “unproven. unsate, and unethical experiments™ with embryonic siem
cells, The Web site referenced Prentice’s claims and falsely asserted that patients “have access
to adult stem cell therapy which currently provides safe and successful treatments for more than
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T0 diseases and injuries.. .. These are tangible
therapies that are available today™ (%),

We stand by our statement that Prentice
and those who repeat his clums mislead
lavpeople and cruelly deceive patients.
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Response
SMITH ET AL. CRITICIZED AN EARLIER COMPI-
lation of peer-reviewed studies with results
showing benefits for patients with 63 cond-
tions from nonembryonic stem cells. In our
Letter “Treaung diseases with adult stem
cells™ (19 Jan., p. 328), we thanked them for
detecting a few technical errors in thas hist, bunt
added that these do not affect our central
in fact, such health improvements
have now been documented in patients with
over 70 conditions [ see the Supporting Online
Material that accompanied our Letter (/)]
[nnone of these studies do the authors state
merely that they are about to “test”™ whether
adult stem cells may benefit patients or that
they have begun “enrollment™ in clinical
trials. Rather, all these studies (including

claim
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“On one point we agree with

Smith et al.—lIt is gravely wrong
to mislead laypeople and cruelly

deceive patients.”

—Prentice and Tarne

those on breast cancer and hean damage) are
reports of completed trials in which patients
with these conditions benelited.

They question our reference to the use of

GDNF for Parkinson’s patients, The focus of

this therapeutic approach was improvement in
patient health, which was achieved in these
studies ( 2-<), rather than basic investigation
of GDNF s mode of action, However, the {ind-
ing that trophic factors such as GDNF act by
stimulating endogenous stem cells has existed
for vears, has been demonstrated in animal
maodels, and has been proposed by several
authors for treating neurodegenerative dis-
eases in humans [e.g.. (3-Y)]. Regarding the
patient case report they criticize, this was
hardly mere “hair loss.”” but rather complete
remission of alopecia universalis (760),

We thank them for pointing out the vagaries
of the NIH search engine, although we note
that they only looked at tnals currently recruit-
ing patients, and not the complete list of trials,
We had chosen a search term similar to that
used by D, Batey, Chiefof the NIH Stem Cell
Task Force, who reported 563 adult stem cell
clinical trials in 2004 (/7). Closer analysis
shows that currently there are only 1229 imals
listed at clinicaltrials.gov that are related o the
use of adultstem cells (7.2). Will all these mals
automatically translate into safe, reliable, and
widely available treatments” We do not know,
That does not mean we should deny or belittle
the tangible benefits that published approaches
have already provided o some patients—ben-
efits that remain lacking from any approach
using embryonic stem cells. To suppress the
evidence would be a disservice to patients.

In this context. we note that Neaves and
Teitelbaum were very prominent in the well-
funded political coalinon designed to amend
the Missouri constitution in 2006 to authorize
human embryo clomng and embryomce stem
cell research, The Web site of this coalition,
Missour Coalition for Life-Saving Cures (/.3),
continues to list “more than 70 diseases and

injuries that could benefit from
stem cell research.” despite the
lack of evidence regarding em-
bryonic stem cells for such a
claim and the widespread con-
sensus that some of these condi-
tions, such as Alzheimer’s dis-
ease, are extremely unlikely candidates for a
stem cell treatment in the future. On one point
we agree with Smith er af—I is gravely
wrong 1o mislead laypeople and cruelly
deceive patients.

DAVID A. PRENTICE™* AND GENE TARNE?

‘Family Research Council, 801 G Street, NW, Washington,
0C 20001, USA. Do No Harm; The Coalition of Americans
for Research Ethics, 1100 H Sireet, NW, Suile 700,
Washington, DC 20005, USA.

*To whom correspondence should be addressed. E-mail:
dap@frc.orng
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Making Singapore a
Research Hub
AS A SCIENCE POLICY ANALYST WHO WORKED

in Sigapore for several vears, | witnessed the
Singaporean government’s ambitions to tum
the city-state into a world-class hub of bio-
medical research, ranging from basic rescarch
o manufacturing (“An Asian tger’s bold
experiment,” D Normile, News Focus, 6 Apr.,
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p. 38). Inaddition o the skepticism expressed
in the article by Lee Wei Ling.
Singapore’s top biomedical scientists, about
the dependence ol the nation on the intema-
tional talent pool for leaders of its biotech
effort, Singapore faces other challenges.

First, biotech research is uncertain and it
can take many years to achieve a break-
through. Furthermore, advances in under-
standing pathways operating in human beings
are not automatically translatable into com-
mercialized, profitable products. 1t 15 not
unusual for a pharmaceutical company to
spend 10 years and billions of dollars develop-
ing a new drug. Although improvements in
drug-screening technologies, automation
of the screening process. and advances in
genomics may change the “hit-or-miss™ drug
discovery process and shorten the develop-
ment cyele, pharmaceutical companies will
continue 1o see high rates of failure and enor-
mous development costs. It remains to be seen
whether Singaporeans are ready 1o embrace
uncertainties and tolerate failures.

Second the talent challenge may not be eas-
ily resolved. Singapore has started using a gov-
ernment fellowship program to send students

one of

abroad. Bun it will take at least 10 vears—the
normal ame tor a doctoral degree plus postdoc-
toral research experience—for them to become
mdependent researchers and longer to become
internationally renow ned.
the United States, where the biotech imdustry
has benefited from strong entreprencurial

Also, in contrast to

efforts by academic scientists, their counter-
parts in Singapore. as civil servants, operate in
a highly rgid, hierarchical system where moves
between academia and industry are rare. Also,
Singaporean yvoungsters may not be willing to
stick to tedious benchwork that may or may not
lead w financial rewards.

Finally, research in Singapore profied
from the ethical debates that mired stem cell
and cloning research in the United States.
Less restrictive rules may have been an
inducement to some foreign biotech compa-

nies o set up operations in Singapore, OF

course, that does not mean Singapore has no
regulatory framework to review research and
entorce any recommended ethical code, But
Singapore’s advantage may not last if the
research environment becomes more open
in other countries. More importantly, there
should be better opportunities for civil society

in Singapore o debate the issues related to
biotech research. Citizens have the nght to
know much more about the risks and benefits
assoctated with the biomedical sciences con-
ducted in Singapore than they do now. Public
understanding 15 at least as important as deep
pockets and a deep talent pool.

CONG CAD

Neil D. Levin Graduate Institute of International Relations
and Commerce, Slate University of New York, 33 West 42nd
Gtreel, New York, NY 10036, USA

Making Data on Iraqi
Mortality Rates Available

FOLLOWING OUR 2004 IRAQ MORTALITY SUR-
vey (1, 2), we made the data avaulable to inter-
ested parties, and it has been our intent from
the beginning to make the data from our 2006
study available so that our mortality estima-
tons could be assessed by other sciennsts
(“Iraq mortality study authors release data, bui
only to some.” J. Kaiser, News of the Week, 20
Apr.. p. 335). Atthe tume the study was pub-
lished, Iragi colleagues requested that we delay
release, as they were very fearful that some-
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how streets, houses, and neighborhoods might
be idenutied through the data with severe con-
sequences. We agreed to wait for 6 months and
have now made the data available,

From the beginning, we have taken the
position that protecting participants is para-
mount, and thus we will not be releasing any
ilentifiers below the level of governorate, The
demand by some for street names seems o
arise from the erroneous belief that only main
streets were sampled, when in fact, where
there were residential streets that did not inter-
sect with the selected commercial street, these
too were included in the sampling frame for
identificaton of the start house. In any event,
our interviewers reported that most, although
not all. violent deaths occurred away from the
location of residence.

The Iraq war continues to be a highly
polarizing event, Following the release of the
2004 data set. we saw the distortion and
manipulation of data by some to support pre-
established positions. For the 2006 data. we
decided on a more cautious approach, not
releasing data to persons or groups with con-
NECtions [0 Pro-wiar or antl-war organizations,
We continue to encouragze others o pursue the
collection of population-based data on mortal-
ity to further strengthen the measurement
methods for the consequences of contlict on
the host populations. It is our hope that accu-
rate data will lead to a stronger intermational
commitment to the protection of those unwill-
ingly caught up in conflict.

GILBERT BURNHAM,® SHANNON DOOCY,!

LES ROBERTS?

IDepartment of Internaticnal Health, Johns Hopkins
Bleomberg School of Public Health, 615 North Wolfe Street,

Baltimore, MD 21205, USA *Mailman School of Public

Health, Columbia University, 3209 Country Route 2,
Cincinnatus, NY 13040, USA.
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CORRECTIONS AND CLARIFICATIONS

Policy Forum: “Environmental monitoring network for
India” by P. V. Sundareshwar ef al (13 Apr., p. 204). On
page 204, in the first column, first paragraph, the next-to-
last sentence, the reference citation (3 should be (2} and
“not” should read “ne.” The corrected sentence is,
“Although FLUXNET and other observation natworks cover
diverse vegelation types within a 70°% to 30°N latitude
band () and different oceans (5, &), there are no compre-
hensive and reliable data from African and Asian regions.”
The authors were members of an Indo-U.5. bilateral work-
shap on INDOFLUX. In the legend 1o the first figure, refer-
ence citations (24-26) should be (22-24). In the credit
line, the word "(SOURCE)” should be removed.

Perspectives: "High bond orders in metal-metal bonding™
by F. Weinhold and C. R. Landis (6 Apr., p. 61). In the second

www.sciencemag.org

LETTERS

sentence of the secand paragraph, the phrase “As was the
case following Colton’s report in 1973" is incorrecl. The
report appeared in 1964,

TECHNICAL COMMENT ABSTRACTS

Comment oN “From Plant Traits to
Plant Communities: A Statistical
Mechanistic Approach to Biodiversity”

Stephen H. Roxburgh and Karel Mokany

Shipley et ol. (Reports, 3 November 2006, p. 812) devel-
oped a quantitative method for predicting the relative
abundance of species from measured traits. We show that
the method can have high explanatory power even when all
trait and abundance data are randomly and independently
generated, because of a mathematical dependence
between the absernvations and predictions. We also suggest
a potential solution to this problem.

Full text at www.sciencemag.ongfcgi/oontentfull/ 31658300
1425b

CommenT oN “From Plant Traits to
Plant Communities: A Statistical
Mechanistic Approach to Biodiversity”

Christian 0. Marks and Helene C, Muller-Landau

Shipley et al. (Repaorts, 3 November 2006, p. 812) predicted
plant community composition and relative abundances with
a high level of accuracy by maximizing Shannon's index of
information entropy (species diversity), subject to con-
straints on plant trait averages. We show that the entrogy
maximization assumption is relatively unimpartant and that
the high accuracy is due largely 1o a statistical effect

Full text at wew.sciencemag.ongicgifoontentfull/' 31658300
1425¢

Response To CoMMENTS ON “From
Plant Traits to Plant Communities:

A Statistical Mechanistic Approach
to Biodiversity”

Bill Shipley, Denis Vile, Eric Garnier

We maintain that there i no circularity or structural bras in
our model that inflates its predictive ability beyond the
sampling bias inherent in the r* statistic. When replacing
ohserved average traits by environmental variables, the
generality and predictive ability depends on one’s empiri-
cal ability to predict these average values. Finally, maxi-
mizing rather than minimizing entropy given constrainis is
justified by axioms of information theory and is not an
ecological assumption,

Full text at waw.sciencemag.ongicgi‘contentfull 3165830
1425d
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EVOLUTION

God as Genetic Engineer

Sean B. Carrall

“The Lord hath delivered him into mine
hands.”

hose are the words that Thomas Hux-

ley. Darwin’ confidant and staunchest

ally, purportedly murmured 1o a col-
league as he rose to wrn Bishop Samuel
Wilberforces own words 1o his advantage and
rebut the bishop’s critique of Darwin’s theory
at their legendary 1860 Oxford debate, They
are also the first words that popped into my
head as | read Michael 1. Behes The Edee
aof Evelution: The Search for the Limits of
Darwinism. In it, Behe makes a new set of
explicit claims about the limits of Darwinian
evolution, claims that are so poorly conceved
and readily dispatched that he has unwittingly
done his critics a great favor in stating them.

In Darwins Black Box: The Biochemical
Challenge ro Evolurion (1), Behe had for-
warded the notion that certain biochemical
systems were “irreducibly com-
plex.” could not have evolved | 'I'
stepwise by Darwinian mecha-
nisms, and thus were intelligently
designed. Since that earlier book,
Behe has played a key role in the
mtelligent design (1D) movement,
including a star tum as a defense
witness in the 2005 Dover school
board case. Despite his testimony
or, | should say, partly because of
what he said ( 2)—1D was ruled to
be a religious concept and its
teaching in public schools uncon-
stitutional,

Behe, a professor of biochem-
istry at Lehigh University, has
ﬁ!llll[l an :!l]dlL‘l'Il...'L‘ :!I'I.'IHH_':: Vilmonls
Navors of creationists who find
DLIT“’IIH.LII'I L"'n.'tflil.l'l.i”ﬂ II'I:I...‘i]I'I'iPE![I-
ble with their religious views and
see scientific validation in Behe's
claims. Clearly. this book’s main audience
would be that constituency, although they
will find some parts very discomfiting. For
instance, Behe explicitly accepts the ability of
random mutation and selection to account for
the variation within and differences between
closely related species (but not higher taxa

The reviewer, the authar of The Making of the Fittest, is at
the Laboratory of Molecular Biology, Howard Hughes
Medical Institute, University of Wisconsin, Madison, Wi

53706, USA. E-mail: sbearrol @wisc.edu

suchas vertebrate classes ). He also accepts (as
he has before) the 4.5-billion-year age of
Earth and that we share a common ancestor
with chimpanzees. That certainly won't go
over well in some camps,

Behe also explores some ex-
amples of Darwinian evolution
at the molecular level, including
an extensive treatment of the
evolutionary “trench warfare”

The

fought between humans and
malarial parasites over the mil-
lennia—all in the context of
what Darwinian evolution “can
do.” So what’s the problem?!

The problem 1s what Behe asserts Dar-
winian evolution can’t do; produce more
“complex™ changes than those that have
enabled humans to battle malana or allowed
malarial parasites to evade the drugs we throw
at them. Behes main argument rests on the

assertion that two or more simultaneous muta-

tions are required for inereases in biochemical
complexity and that such changes are. except
in rare circumstances, beyond the limit of evo-
lution. He concludes that *most mutations
that built the great structures of life must have
been nonrandom.” In short, God 15 a genetic
engineer, somehow designing changes in
DNA to make biochemical machines and
higher taxa,

But to arrive at this conclusion, Behe relies
on invalid assertions about how genes and

The Edge of Evolution

Limits of Dar

by Michael J. Behe

Z ‘TISBUT A
a3 —  SCRATCH..

BOOK

proteins evolve and how proteins interact, and
he completely ignores a huge amount of
experimental data that directly contradicts his
faulty premises. Unfortunately, these errors
are of a technical nature and will be difficult
for lay readers, and even some scientists
ithose unfamiliar with molecular biology and
evolutionary genetics ), todetect. Some peaple
will be hoodwinked. My goal here is 1o point
out the critical flaws in Behe's key argumenis
and to guide readers toward
some references that illus-
trate why what he alleges to
be beyond the limits of
Darwinian evolution falls
well within its demonstrated
JARNCTS.

Behe'’s chiel error is min-
imizing the power of natural
selection o act cumulatively
as traits or molecules evolve
stepwise from one state to another via inter-
mediates. Behe states correctly that in most
species two adaptive mutations occurring
instantaneously at two specific sites in one
gene are very unlikely and that functional
changes in proteins often involve two or more

sites, Butit 1s a non sequitur to leap
to the conclusion, as Behe does.

finism

that such multiple—amino acid
replacements therefore can™t hap-
pen. Multiple replacements can
accumulate when each single
amimoe acid replacement atfects
performance, however slightly, be-
cause selection can act on each
replacement individually and the
changes can be made sequentially.

Behe begrudaingly allows that
only “rarely, several mutations can
sequentially add to each other to
improve an organism’s chances of
survival,™ Rarely™ This, of course,
is the evervday stuff of evolution,
Examples of cumulative selection
changing muluple sites in evolv-
ing proteins include tetrodotoxin
resistance in snakes ( 3). the tuning
of color vision in animals (4),
cefotaxime antibiotic resistance n bacteria
{3), and pyrimethamine resistance in malarial
parasites (6)}—a notable omission given
Behe's extensive discussion of malarial drug-
resistance.

Behe seems to lack any appreciation of the
quantitative dimensions of molecular and trant
evolution, He appears to think of the func-
tonal features of proteins in qualitative terms,
as 1If binding or catalysis were all or nothing
rather than a broad spectrum of affinities or
raies. Therefore. he does not grasp the funda-
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mental reality of a mutational path that pro-
teins follow in evolving new properties.

This lack of quantitative thinking underlies
a second fatal blunder resulting from the mis-
taken assumptions Behe makes about protein
interactions. The author has long been con-
cerned about protein complexes and how they
could or, rather, could not evolve, He argues
that the generation of a single new protein-
protein binding site is extremely improbable
and that complexes of just three different pro-
teins “are beyond the edge of evolution.” But
Behe bases his arguments on unfounded
requirements for protein interactions. He
insists, based on consideration of just one type
of protein structure (the combining sites of
antibodies). that five or six positions must
change at once in order to make a good fit
between proteins—and, therefore, good fits
are impossible to evolve, An immense body of
experimental data directly refutes this claim,
There are dozens of well-studied families
of cellular proteins (kinases, phosphatases,
proteases, adaptor proteins, sumoylation
enzymes, etc. ) that recognize short linear pep-
tide motifs in which only two or three amino
acid residues are eritical for functional activity
[reviewed in (7-9)]. Thousands of such re-
versible interactions establish the protein
networks that govern cellular physiology.

Very simple caleulations indicate how eas-
ily such motifs evolve at random. If one
assumes an average length of 400 amino acids
for proteins and equal abundance of all amino
acids, any given two—amino acid motif is
likely o occur at random n every protein in
a cell. (There are 399 dipeptide motifs in a
400-amino acid protein and 200= 20 = 400
possible dipepude moufs.) Any specific
three—amino acid motifwill ocour once at ran-
dom in every 20 proteins and any four-amino
acid motif will occur once in every 400 pro-
teins, That means that, without any new muta-
tions or natural selection, many sequences that
are identical or ¢lose matches to many interac-
tionmaotits already exist. New motifs can arise
readily at mndom, and any weak interaction
can easily evolve. via random mutation and
natural selection. to become a strong interac-
tion (¥). Furthermore, any pair of interacting
proteins can readily recruit a third protein, and
so forth, to form larger complexes. Indeed. it
has been demonstrated that new protein inter-
actions (/) and protein networks (/1) can
evolve fairly rapidly and are thus well within
the limits of evolution,

Is it possible that Behe does not know this
body of data” Or does he just choose to ignore
it? Behe has quite a record of declaring what is
impossible and of disregarding the scienuific
literature. and he has clearlv not learned any

8 JUNE 2007

lessons from some earlier gaffes. He has again
cone “public” with assertions without the
benefit {or wisdom) of first testing their
strength before qualified experts,

For instance, Behe once wrote, “if random
evolution is true, there must have been a large
number of transitional forms between the
Mesonvehid [a whale ancestor] and the
ancient whale. Where are they?” (/2). He
asstimed such forms would not or could not be
found, but three transitional species were
identified by palcontologists within a year of
that statement. In Darwins Black Box, he
posited that genes for modern complex bio-
chemical systems. such as blood clotting,
might have been “designed billions of years
ago and have been passed down to the present
... but not *turned on”." This is known to be
genetically impossible because genes that
aren’t used will degenerate, but there it was in
print, And Behe's angument against the evolu-
tion of {lagella and the immune system have
been dismantled in detail (3, /4) and new
evidence continues to emerge (/5). vet the
same old assertions for design reappear here
as i they were uncontested,

The continuing futile attacks by evolu-
tion’s opponents reminds me of another
legendary confrontation, that between Arthur
and the Black Knight in the
movie Monty Pvthon and the
Holv Grail. The Black Knight,
like evolution’s challengers,
continues to fight even as each
of his limbs is hacked off, one
by one. The “no transitional
argument and the
“designed genes” model have
been cut clean off. the courts
have debunked the “ID is science™ claim, and
the nonsense here about the edge of evolution
is quickly sliced to pieces by well-established
biochemistry. The knights of 1D may profess
these blows are “but a scratch™ or “just a flesh
wound.” but the argument for design has no
scieniific leg to stand on,

Evolution
of Selection

fossils™
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EVOLUTION

A Multilevel
Exploration

David Jablonski

n the natural world, as in human societies,
complexity is almost always organized
hierarchically, From the nested structures
of armies and corporations to the classical
biological progression from molecule to cell
to tissue to body to species. the “particles™ at
cach level end to be grouped into ever more
inclusive units. However, despite the ubiquity
of natural hierarchies, their
evolutionary implications have
been anything but clear.
Evolition and the Levels of
Selection 1s a major contribu-
tion toward putting this contro-
versial area on a coherent con-
ceptual and philosophical foot-
ing. Samir Okasha’s argument
hinges on two components,
netther of them new but here powerfully and
creatively integrated and extended. First is the
fundamental distinction between two dis-
parate kinds of multilevel selection ( MLS),
ofien conflated despite their formal introduc-
tion 20 years ago (1), with even earlier prece-
dents. The failure to appreciate this distinction
has generated an enormous amount of confu-
sion, at times bordering on fury, and Okasha’s
use of this conceptual framework brings
exceptional clanty and precision to a wide
range of issues. In essence, for MLSI the sole
focal level is the individual (at any level), but
its fitmess depends partly on the group to
which it belongs. The classic example is the
seeming paradox of altmusm: how can selec-
tion drive behavior that aids others at the

The reviewer is in the Department of Geophysical Sciences
and Committee on Evolutionary Biology, University of
Chicago, 5734 South Ellis Avenue, Chicago, IL 60637,
sA. E-mail: djabloms @uchicago.edu
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actor’s expense” Under MLS 1, altruists have
lower fitnesses within their groups than self-
ish individuals, but groups containing a higher
proportion of more altruists contribute more
individuals to the global population. Okasha

{a philosopher of science at the University of

Bristol) greatly clarifies this process and
shows how its logic can apply to many evolu-
tionary problems, from the operation of self-
ish intracellular elements to the origin of com-
plex cells.

In contrast, MLS2 involves multiple focal
levels. with selection operating on units at each
of those levels simultaneously and with effects
cascading both upward and downward. The
classic example is species selection, where

ness that can provide a formal separation of
levels of selection. One of the real pleasures of
this book is watching Okasha view a succes-
sion of problems in multilevel selection
through the lens of the Price equation in its
different forms. It proves a powerful concep-
tual tool. although it does not always perform
ideally. For example. Okasha linds the Price
equation to be theorencally inferior to an
alternative called contextual analysis as an
approach to detecting MLS1.

Okasha is not quite as precise on the notion
of emergent properties, another highly con-
tentious area in the multilevel selection
debates. Okasha recognizes the existence of
such properties, irreducible to characters at

From unicell to multicell. Evolutionary transitions to multi-
cellular animals required two kinds of multilevel selection, as
tormerly independent units were subordinated into a large whale.

both organisms within populations and species
within lineages are subject to differential sur-
vival and reproduction according to heritable
varation. Varations in speciation rates, extine-
tion rates, or both can thus drive large-scale
evolutionary changes independent of the fit-
nesses of the organisms within those species
and can indirectly shift the mean phenotypes
of lingages. Okasha notes that such indirect
effects. often termed “upward and downward
causation.” are the essence of multlevel selec-
ton, When is the differential proliferation of a
given biological property on some level the
result of direct selection at that level, and when
is it a by-product of processes at a lower or
higher level? (As Okasha makes clear for the
first time, these cross-level processes are fun-
damentally different under MLS1 and MLS2.)

To address this problem. Okasha applies
the second major element of his argument: the
Price equation. a general statistical statement
of the covanance between a character and fit-

8 JUNE 2007 VOL316 SCIENCE

lower hierarchical levels, but does not see
them as required for the operation of multi-
level selection. For him, the essence of the
problem is the emergent relation between a
character and Niness ata given level, This isa
reasonable stance, although not the only one
possible. In fact, in several places Okasha
skates very close to treating emergent species
properties as integral to the operation of
species selection, as did Stephen Jay Gould in
his magnum opus (7). For example, Okasha
accepts that the increased frequency over
time of gastropod species having larvae that
do not feed in the plankton should be classi-
fied as species selection because “[d]iffer-
ences in species’ fitness were not caused by
differences in the fitnesses of their con-
stitwent organisms, but by differences in the
extent of within-species gene flow.” [Such
vene flow, with the associated genetic
population structure. is arguably a
species-level property: for a lucid analysis

of opposing concepts of emergence, see (3).]

The final chapter derives fresh insights
from Okasha’s integrative framework lor
some of the most profound evolutionary
events in the history of life. The evolutionary
transitions to new kinds of individuals—{from
prokarvote to eukaryote, unicell to multicellu-
lar organism—must have entailed the subor-
dination of lower-level units imo a larger
whole. Okasha makes a strong argument that
such transitions involve both types of multi-
level selection, operating in succession. His
deep understanding of the evolutionary mod-
els and his integration of the philosophical
issues really pay oftf here, This chapter alone is
waorth the price of the book.
Elsewhere in the book, however, MLS2
seems to get short shrift. This is a shame,
because that 1s another growth area that
could benefit from closer philosophical
attention. As Okasha notes, most work-
ers concede the plausibility of MLS2:
the wncertainty lies in the efficacy of
processes above and below the tradi-
tional dynamics of bodies within popu-
lations. But species selection receives
the shortest chapter in the book. and the
burgeoning macroecological literature
on the size, position, phylogenetic distri-
bution, and erganismic correlates of geo-
graphic range {accepted by Okasha as a
potential factor in strict-sense species
se¢lection) is not mentioned. Mor is the
even larger paleontological and neonto-
lozical literature on comparative analyses of
clades. where organismic and species proper-
ties are tested for their statistical associations
with differential diversification rates. [ was
eager to see Okasha bring his conceptual arse-
nal more fully to bear on these and other
nearly unexplored potential sources of data
and theory. [(4) offers an entry into these
aspects of the debate.|

A hierarchical view of the evolutionary
process, with potentially opposing. reinfore-
ing. or orthogonal forces in play at multiple
levels. may be harder to grapple with than the
more traditional view, but Okasha has greatly
clarified many of the central issues. T can’t
imagine anyone working on multilevel selec-
ton—or attempting to dismiss it—without
reading this book.
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SCIENCE AND SECURITY

Practical Experiences in

Dual-Use Review

E. Megan Davidson,' Richard Frothingham,? Robert Cook-Deegan®*

iscience s under increased scrutiny
for “dual-use™ concerns. Dual-use in
this sense refers tw research with the
potential both to generate valuable scienufic
knowledge and to be used for nefanous pur-
poses, with serious consequences for public
health or the environment (/). In April 2007,
the ULS. Natonal Science Advisory Board for
Biosecunty (NSABB) released draft guidance
for local and federal oversight of such
research (2). NSABB proposed that individ-
ual researchers identify substantive dual-use
concens in their work and conter with local
institutional bodies in managing risks. Since
2004, the Southeast Regional Cemter of
Excellence for Emerging Infections and
Biodetense (SERCEB) has reviewed research
project applications for dual-use potential. OF
27 proposals for internal SERCEB funding.
10 contained “dual-use research of concern”™
as defined by the NSABB, some prompting
further action (3). This high “hit rate”
mainly anributable 10 SERCEBS rescarch
focus on pathogens and host defenses. The rate
wiould not be nearly as high for biomedical and
bioengineering rescarch more broadly.
SERCEB' experience is relevant 1o cur-
rent debates on identificanon and manage-
ment of dual-use research risks. Formal dual-
use review with analysis of risk management
options might enable some valuable research
to move forward. which would otherwise be
forgone because of biosecurity concerns.

%

SERCEB Dual-Use Review (2004-07)
SERCEB has been funded since 2003 by the
National Institute of Allergy and Infectious
Dhseases to develop drugs, vaccines, and diag-
nostics for biodefense and emerging infec-
tions. In addition to research programs,
SERCEB has a Policy, Ethies, and Law (PEL)
Core (4).

SERCEB first encountered dual-use con-
cerns in 2004 when its Steering Commatiee
reviewed project proposals for intemal fund-
ing. One application proposed creating a

*Duke University Medical Center, Durham, NC 27710,
USA. “Duke Human Vaccine Institute, Duke University
Medical Center, Durham, NC 27710, USA. *institute for
Genome Sciences and Policy, Duke University, Durham,
HC 27708, USA. *Author for correspondence. E-mail:
bob. cd @duke.edu
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Microneedle Technology for Vaccine Delivery (2006)

Research objectives

Design and characterize microneedbe sysiems 1o deliver vaccines

and 1o evaluale immune nesponses,

Questions posed to Pl
Could the technology in question be used covertly to deliver
pathogens or toxins?

b wall thie v
5, particularly if the delivery method proves

What is the potential for developing such technologies that could be
disguised or imperceptible 1o users?

be taken to limit ac
other ways to monitor the potenti
mveried lor nelariouws use?

Do technical barriers exist that would prevent mioroneedle
being misused for nefariows purposes? If so, what are they?

How will information and publications containing potentially dual-use
information be handled among research stalf and collaboraiors?

reverse genetic system to study a viral hemor-
rthagic fever { VHF y—a high scientfic priorty
but also a serous dual-use concern. Having
read the Fink Report (5), the Steering
Commuittee asked the PEL Core to review this
and other proposals for dual-use concerns.
Little guidance for dual-use review existed
then. The sparse literature available addressed
review of publications on completed research,
rather than prospective review for funding and
oversight (6). The NSABB had vet to be
formed. and two reports from the LS,
MNational Academies addressing dual-use con-
cerns had not vet been released (7, &)
SERCEBS review of the VHF proposal is
summarized as example | in the supporting
online material (SOM) (¥).

This case illustrates a common theme in
the dual-use cases reviewed by SERCEB. Any
genetic manipulation of a pathogen has some
potential 1o enhance virulence. although
attenuation 15 the more likely result, This prin-
cipal investigator (Pl) considered discovery of
a hypervirulent mutant to be unlikely, bur not
impossible, and noted the difficulty of identi-

% think |_|1||_'||._u:jl| |'_||_|h|||:.]1||_'|r| ol thieir
to be successul?

5 from

The U.5. government is debating how to handle
national security risks posed by bioscience
research. Aresearch consortium shares lessons
learned from their research oversight scheme,

Fving hypervirulence in a patho-
gen that 1s nearly 100% fatal in the
animal model. The Pl proposed
methods o manage the risk by
attenuating the virus. Although
the Pl proposed to deal with pub-
lication issues raised by a dual-use
discovery by suppression and
reporting to “an appropriate gov-
ernmental institution,” the PEL
Core recommended that plans for
publication be deferred until and
unless a dual-use concern actually
resulted. at which time the
Pl would discuss publication
strategies and content with the
SERCEB Steenng Committee.
Generally, we would favor modi-
fication of publications when fea-
sible rather than the suppression
of scientific results,

In a second case from 2004 (V).
the objective was to enhance effi-
cacy of vaccines by blocking acti-
5 vation of T cells responsible for
limiting immune response. The
dual-use concern was that experi-
mental mterventions might result in discovery
of methods for suppressing immunity and
overwhelming the host response to a
pathogen. The SERCEB queries and investi-
gator responses suggested destruction of
rescarch  materials and  suppression  of
rescarch results, both drastic responses to
dual-use concerns. Today, SERCEB would be
maore likely to recommend other management
approaches, such as placing stocks in physi-
cally secure spaces, training all personnel
involved in dual-use issues before beginning
research, and modifyving publications to report
results but linmting details about methods that
could enable misuse, rather than suppressing
publication completely.

Two issues became apparent during
SERCEB dual-use review: few investigators
were aware of the dual-use dilemma, and ech-
nical expertise was entical in assessing dual-
use risk. SERCEB addressed the first problem
through education and awareness training, as
recommended by the Fink Report and under-
scored by the NSABB. In September 2003,
the PEL Core released an online education

WWW.SCIeNcemag.org
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module w introduce researchers w dual-use
1ssues, o present prominent cases, o describe
relevant laws and regulatons, and w highlight
scientists” responsibilities to promote biosecu-
rity (/1) By May 2007, more than 450 indi-
viduals had completed this module (17).

The need for technical expertise was
addressed by engaging investigators in the
dual-use review. They were asked to con-
sider the likelihood that their work would
increase the dangerousness of an agent
through increased pathogenicity or broad-
ened host range or would enhance its dis-
persal and, thus, its potential as a biological
weapon and to consider the magnitude of
possible harm. This model of posing ques-
tions directly to potential Pls resembles the
“points-to-consider” process used by NIH
for some chinical research (/2). Examples
of questions posed in a recent proposal
evaluation are shown in the figure on page
1432 (9).

Reviewers and investigators have jointly
developed plans to minimize and manage
dual-use rnisks. Strategies have included train-
ing. laboratory security, experimental design,
sponsor notification, and prepublication
review. Tramning has included requinng lab
members to take the online module and facili-
tating lab group discussions. Expenmental
design changes to mitigate dual-use risk
include substituting a marker protein for a
toxin in a proof-of-principle experiment and
replacing a virulent microbe with an attenu-
ated strain to obtain information of equal sci-
entific value through safer means. During
publication, authors could often reduce dual-
use potential by limiung details on production
methods while conveving key scientific
results. For projects with significant dual-use
concern. investigators were also asked to
develop response plans for dual-use discover-
ies by determming to whom such discovenes
would be reported and how to communicate
results. These risk-management strategies
enhance foresight and allow investigators to
share responsibility with relevant stakehold-
ers. SERCEB review has resulted in modifi-
cations to proposed research, but no projects
have been halied or publications stopped
because of dual-use concerns,

Discussion

The NSABB draft gmidance of Apnl 2007 re-
commends making education on dual-use
issues a required component of research
ethics training. The SERCEDB experience sup-
ports this recommendation, as many invesi-
gators were unaware of dual-use 1ssues i their
own research, NSABB draft guidance also
calls for individual investigators 1o determine

whether their research poses dual-use risks of
concern. 1 so, it recommends they be consid-
ered by an institutional committee. As
suggested by the Fink Report, Institutional
Biosafety Committees (IBCs) are one pos-
sibility. Dual-use research poses potential
biosatety hazards about which 1BCs are legit-
imately concerned. For example, enhanced
biosafety procedures would be required for a
pathogen with enhanced virulence, increased
infectivity, or a broadened host range. One
problem with delegating risk identification
entirely o investigators is that, in our experi-
ence, sensitivity to dual-use concerns is highly
subjective. Indeed. those most sensitive to risk
are also more likely 1o have thought through
risk reduction and avoidance. The least-sensi-
tive investigators may be the greatest risk.
Although formal regulations have vet to be
devised. three of six SERCER IBCs have
assumed responsibility for dual-use review. In
2006, Duke University and the University of
Flonda revised their recombinant DNA regis-
tration forms to include questions identify-
ing dual-use potential (/3. /4). Emory Uni-
versity's Institutional Health and Biosafety
Committee established a Biosecurity Sub-
committee to consider dual-use concems. The
three other SERCEB universities are consid-
ering their options and awaitmg more specific
guidance from NSABB and NIH. As noted by
the NSABB, some dual-use research (such as
research to enhance pathogen dispersal or
delivery) would not normally come to IBCs,
because their primary responsibility s the
review of recombinant DNA research. It may
prove worthwhile tw create regional or
national review bodies to which novel or com-
plex dual-use cases can be referred.
Responsibility to recognize and address
dual-use discoveries begins with investiga-
tors, but it cannot end there, Policy-makers
and admimistrators should provide researchers
with information that will enable them to
identify dual-use concerns. as well as institu-
tional resources to assist in their management,
Institutions and funding organizations need to
develop mechanisms 1o assist investigators in
conducting dual-use review and in devising
plans of action when dual-use materials and
information are discovered, Some scientists
have expressed legitimate concern that atten-
tion to dual-use issues will stymie their
research. At institutions with significant com-
mitments to research on pathogens and toxins,
benelits of raising awareness and devising
contingency plans are likely to outweigh
costs. Scientists and research oversight bodies
will need to make modest investments in dual-
use education. review. and reporting. Our hope
15 that our cxperience and the experience of other

POLICYFORUM

institutions will contribute to development of

effecuve and balanced local review approaches
and will avoid extreme policies that could im-
pede research.

SERCEB's dual-use review policies have
changed with growing experience from 2004
to 2007, This has been a leaming process that
we expect will become more clearly defined
over time,
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PHYSICS

Cracking the Supersolid

Philip Phillips and Alexander V. Balatsky

e routinely teach physics stu-
dents that the rotational
motion of a rigid body is
strongly determined by 1ts moment of
inertia. However, calculating this basic
property in the usual way would be
futile in the case of a supersolid (/). A
supersolid 1s one of the truly enigmatic
quantum states of matwer, whereby
atoms that remain locked in ervstalline
order can also resist rotation if the erys-
tal is rotated (see the figure). Indeed, it
i5 the richness of quantum mechanics
that permits this seemingly paradoxical
behavior. Experiments on solid helium-
4 show that anywhere from 0,14 1o 2006
26y of the atoms remain still while the
rest rotate with the container, In this situation,
the nonrotating atoms are detected as a “miss-
ing moment of mertia”™ (MMI). The current
debate regarding the observation of MMI in
solid helium-4 centers on whether superflow
{and hence supersolidity) 15 the root cause or
whether some other, perhaps nonequilibrium,
phase is responsible. Several groups have
recently reported results that may help narrow
down the underlying mechanisms.

The phenomenon of MM is well knownin
superfluids. At sufficiently low temperature,
the angular momentum of’ a rotating container
of liquid helivm-4 disappears if' the rotation is
so slow that vortices are not excited. This
effect is a benchmark test of equilibrium
superfluidity. MMI in a superfluid requires
that (i) the single-atom wave functions extend
over the entire sample. and (1) some fraction
of atoms Bose-condense. For a perfect crys-
talling solid—that 15, one in which the number
of atoms equals the number of lattice sites:
neither of these conditions can be satstied.

To obtain both crystallinity and MMI,
Andreev and Lifshitz (7) and others ([, &)
focused on the quantum mechanical motion
associated with vacancy (missing atom) or
interstitial (atom between lattice sites ) defects.
Such defects occur, in principle, in any solid,
and they can Bose-condense at sulticiently
low temperature. In such a scenario, the

P. Phillips is at the Loomis Laboratory of Physics, University
of Winois, Urbana, IL 61801, USA. E-mail: dimer
wiuc.edu A. V. Balatsky i in the Theoretical Division an
Center for Integrated Manotechnology, Los Alamos
Mational Laboratory, Los Alamos, NM 87545, USA. E-mail:

avb@lanl.gov

Spinning a cup of tea

Car

defects are the superfluid while the helium-4
atoms maintun long-range crystal order,

Although the vacancy scenario has been
adopted (V) to explain the MMI in the 2004
experiments of Kim and Chan (2) on solid
helium-4, such explanations leave a residue.
First, accurate calculations indicate that
vacancy-type defects separate nto distinct
phases in pure solid helium-=4 rather than form
a supersolid (/).

Second, the expenmental bounds on the
number of defects determined by Simmons
and colleagues (/1) 1s far lower (0. 3%) than the
maodest superfluid fraction of 2% seen in the
early experiments of Kim and Chan. In fact. on
the basis of the expression for the Bose con-
densation temperature in the dilute regime, itis
straight forward to show that vacancy defects
witha density of 0.3% already condense at 200
mk. the onset temperature for the MMI in the
Kim and Chan experiments—a further indica-
tion that the defect scenano cannot quantita-
tively explain the data,

Third Blackburn er al. (12) have observed
no low-temperature anomaly in the Debye-
Waller factor (the reduction of x-ray or neu-
tron scattering intensity because of thermal
atomic motion) below the onset temperature
of the MM in the Kim and Chan experiment.
Absence of such an anomaly casts doubt on
the MMI being associated with a true phase
transition driven by defects.

Fourth, Ritner and Reppy (6) have shown
that the MMI signal is acutely sensitive to the
quench ome for soliditying the liquid. In one
extreme, they found the MMI to be absent in
fully annealed samples. This experiment 1s

Oscillating a supersalid crystal

Recent experimental and theoretical work
shows that frozen helium must have atomic
disorder rather than perfect crystallinity for it
to become a supersalid,
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Super strangeness. (Left) A normal liguid rotates with its container. (Center) Superfluids and supersolids, on the other
hand, include atoms that remain stationary while the rest of the material oscillates. (Right) Rittner and Reppy (6)
noticed that all of the experimental values for the MM (the ratio of supersolid density p, to total density p) fall onto a
universal curve as a function of the surface-to-volume ratio. [Graph adapted from (5)]

still in dispute, as not all groups (/3-/5) have
been able to eliminate the MMI by sample
annealing. In the other extreme, the MMI
increased to an astounding 20%% (see the hg-
ure) in samples in which the solidification
from the liquid occurred in less than 2 min (6).
A narrow annular region that maximized the
surface-to-volume ratio enabled such rapid
cooling of the sample and ensured a high
degree of frozen-in disorder. This striking fea-
ture suggests that supersolidity 15 not intrinsic

o pure solid helium-4, Rather, some kind of

disorder. dislocation-induced plasucity, or
olassy ordering ( /6-/8) is the efficient cause.

Ultimately, the sharp test of supersolidity
is persistent mass Tow, much the way a per-
sistent electrical current flows in a supercon-

ductor. The key success thus far is that of

Sasaki er al. (1Y), who observed mass flow
only in samples conaining grain boundaries.
However, the precise relationship between
this experiment and the torsional oscillator
measurements ]'-u IIIIEIL‘LIT hl...'l.f;l!.l!il.: MELsS H{'I"l.'u'
was observed at temperatures (1.1 K. not far
from the bulk superfluid ransition tempera-
ture) vastly exceeding the onset temperature
for MMI in the wrsional oscillator experi-
ments (5), namely 7_=0.2 K.

The team led by Beamish (20) has looked
specifically for pressure-induced mass flow
through two parts of the sample separated by a
set of micrometer-sized capillaries, and they
have seen no telltale signature. Relying on the
tact that true superflow should exhibit a ther-
modvnamic signature, Todoshchenko er al,
(27 measured the melung curve of helium-4
between 10 and 320 mk. They observed no
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deviation from the expected behavior in ulira-

pure samples with a helium-3 concentration of

(1.3 parts per billion. Such an expeniment is not
sufficient to rule ow superflow in the highly
polyerystalline samples. but itis a clear indica-
tion that superflow is not intrinsic to the pure
helium-4 but rather is an extrinsic disorder-
driven effect. In fact, the dramatic effect that
helium-3 impurities have on enhancing 7_ ()
is @ further indicator that disorder is pivotal,

Hence, the question remains: Is the obser-
vation of MMI in the torsional oscillator
experiments now seen by numerous groups
around the world an example of true super-
flow? Short of a direct observation of persist-
ent mass flow, it is essential that thermody-
namic measurements (27) be carnied out on
the polyerystalline samples of Rittner and
Reppy (6). In addition, neutron scattering and
x-ray tomography measurements below 200
mkK on the polyerystalline samples could offer
unprecedented insight into the defect struc-
ture that enables the observed MMIL

Ultimately. if disorder is key, then several
questions arise. Why is the signal () for helium
in vyeor (silica glass) so anomalously low?
Vyeor has a surface-to-volume ratio that
exceeds any of the samples shown in the figure
by four orders of magninde, whereas its MMI
s only 0.4%. Can grain boundaries account for
a 20% MMI? Cana system in which 200 of the
atoms flow along grain boundaries be properly
thought ofas a crystal? What is the quantitative
theory behind the helium-3 enhancement of T,
seen by Clark and Chan (4)?

In light of the disorder data. there are two
classes of theoretical proposals lefi standing.
First, there are the theories ( /6, {7) that rely on
some sort of disordered supercomponent
present in solid helium-4. In fact, one of us
(P.P) has collaborated on calculations { /7)
that provide a quantitative explanation of the
enhancement of T, caused by helium-3 impu-
rities on the basis of this model. Within such a
maodel, one can argue that the absence of MMI
in the pure system arises because helium-4
atoms in a hexagonal close-packed lattice
form a Mot insulator (which prevents flow).
Disorder 1s expected to destroy a bosonic Mott
state and give rise to a superfluid.

Then there are proposals from a collabora-
tion involving one of us ( AVB.) for bosonic
glassy states in which MMI is obtained with-
out ever invoking superflow ( /8). Torsional
oscillator experiments ultimately measure the
changes in mechanical properties, so the con-
nection to MMI is indirect and requires inter-
pretation. The idea here 1s that the mechanical
response of the solid, and hence the torsional
oscillator properties, are changing at the onset
ofthe glass state, The challenge for theory and

8 JUNE 2007 VOL316 SCIENCE

experiment is to characterize bulk heliuvm-4
samples with enough precision to decide on
such nonsuperflow scenarios.

All of these recent experiments plainly
show that the standard textbook supersolid
falls short as an adequate explanation of the
experiments. What is clear is that the true
answer is hidden in the disorder.
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Sister Act

David D. Moore

Particular fibroblast growth factors function as metabolic hormones and act through a certain
signaling cascade design to control specific states of homeostasis.

Il biologists know that the myriad

enzyvmatic pathways that extract

energy from metabaolites and convert
them to essential products are literally the bio-
chemical basis for life, Many also view these
reactions as an indigestible list of obtuse facts,
which makes it all the more impressive that
the late Dr. Robert Atkins. creator of the pop-
ular high-protein, high-fat, low-carbohydrate
diet. was able to pass on a relatively obscure
aspect of this process o a substantial fraction
of the public—namely, that ketone bodies.
produced from metabolizing fat, accumulate
when vou fast, allowing the body to use fat
instead of carbohydrates for energy. Like all
metabolic processes, the production of ketone
bodies from fat (a process called ketogenesis)

is regulated. As Atkins stressed, “burning” of

fat 15 blocked by insulin in response to eating
carbohydrates but is activated by starvation
and also by a low-carbohydrate “ketogenic”
diet. Two recent papers in Cell Metabolism
(/. 2) have identified a remarkable and unex-
pected role for an obscure growth factor in

The author isin the Department of Molecular and Cellular
Biology, Baylor College of Medicine, Houston, TX 77030,

USA. E-mail: mooreg bem.edu

this process. A third paper in the Proceedings
of the Narional Academy of Sciences (3)
reveals how another protein facilitates this
growth factor’s effect on metabolism.

The human genome encodes 22 members
of the fibroblast growth factor (FGF) family
(4). Most function in diverse processes such
as development and wound healing. But three
members—FGF 19 (FGF15 in the mouse),
FGF21. and FGF23—have recently emerged
as metabolic hormones. FGF19 modulates
hile acid biosynthesis. and itself is regulated
by farnesoid X receptor (FXR), a nuclear
receptor that is activated by bile acids (3).
FGF23 regulates phosphate and calcium
homeostasis, and its expression is controlled
by the vitamin D receptor (6. 7). FGF21 has a
variety of beneficial effects on undesirable
metabolic parameters. For example, treating
obese mice (genetically engineered to lack
leptin, a hormone that controls appetite) with
FGF21 decreases the concentrations of serum
glucose and triglycerides and increases
insulin sensitvity (¥). Similar results were
observed in obese rhesus monkeys (9). Inagki
ef af. (1) and Badman er af. (2) now show that
FGF21 expression in the liver of fasted mice is
activated by the nuclear hormone receptor
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peroxisome proliferator-actuvated Fatty acids Bile acids Vitamin D locomotor activity ceased. Decreased
receptor o ( PPAR«, also known as # body temperature was also observed in
Nle_ 1) PPARGRXR EXBAR DRE !';mung WIM.—I}'p-L} mice when they were
Like other nuclear hormone infected with an FGF21-expressing
receptors, PPARet directly regulates  nuclear adenovirus or treated with a synthetic
gene expression in response to low  receptor PPARw agonist. These observations
maolecular weight signaling mole- clearly link the FGF21-PPARa path-
cules. But unlike the well-known * l. ¢ way to torpor, but the specific relation-
nuclear receptors that respond to FGF21 FGF15/19 FGF23 ship with 3-AMP signaling remains to
endocrine hommones, PPAR« belongs E;:::‘;iﬁ'f“f o O be explored. More broadly, in combin-
to a new group of metabolic recep- ing the current results on fasting and
tors that respond 1o common meta- ketogenic response with previous re-
bolites ({1, £ 7). Inthe case of PPAR o FGF receptor  piotho BKlotho/KLPH(?) Klatho sults on glucose metabolism. it is evi-
fatty acids can function as endoge- ~ co-receptor dent that FGF21 1s emerging as a regu-
nous signaling ligands. and it is well lator of overall energy balance.
{Iiucum;lenlr:d I!mt PPAR I'unuliq.:m:‘. Growth factor  ¢eepae rorma e i . 11! 15 Intriguing th.:n the link hcm'gcn
in the liver to induce the expression  receptor FGF21 and PPARa completes a tidy
of enzymes that promote fatty acid l, l L pattern. Each of the three metabolic
oxidation. This represents an ele- el i FGFs is now closely tied to a function-
: . : . A Physiological Cnergy Gile acld. Phosghate allv ¢ . v ron
gantly simple regulatory ¢ircuit in response hameostasis homemstasis and calcium ally complementary nuclear receptor
which the presence of the energy homeostasis signaling pathway, Determining whether

source activates an enzymatic path-
way that causes its own combustion,

In fauy acid oxidation, the
straight carbon chains are chopped
into two-carbon bits in the form of
acetyl-coenzyme A (CoA). Among
the many potential fates of acetyl-
CoMis conversion into four-carbon
ketone bodies that are released by the liver
and used by other tissues, particularly the
brain, as an energy source. As Inagaki er al.
and Badman er al. show, FGF21 promotes
fauy acid oxidation and diverts its output to
ketone body production.

Both groups show that the dramatic induc-
tion of FGF21 expression in the livers of
fasted mice is absent in transgenic mice lack-
ing PPARct. Badman er al, used RNA interfer-
ence to decrease endogenous FGF21 expres-
sion, which resulted m markedly increased
triglyceride levels in both the liver and serum
of mice fed a ketogenie (low carbohydrate,
high fat) diet. This was associated with
decreased expression of fatty acid-oxidizing
enzyvmes and also 3-hvdroxy-3-methylglu-
taryl (HMG)-CoA synthase 2 (HMGCS2)
and camitine palmitovitransferase La (CPTla).
key enzyvmes in ketone body production that
are both gene targets of PPAR«. Inagaki eral.
extended previous reports on the effects of
both FGF21 treatment and transgenic overex-
pression of FGF21 in the mouse liver to
demonstrate increased ketogenesis, Thus, in
transgenic mice genetically engineered to
overexpress FGF21, the normally low ketone
body concentration in serum was increased
severalfold, though the transgene did not fur-
ther augment the elevated levels in fasted
mice. Acute FGF21 wreatment partially res-
cued the defective ketome body production

Patterns in metabolic pathways. Three different signaling pathways that
regulate homeostasis may share a common design, involving a nuclear
receptor, a fibroblast growth factor (FGF), an FGF receptor, and a member
of the Klatho family of proteins. Each nuclear receptor forms a dimer with
the retinoid X receptor (RXR); the Klotho proteins interact with distinet FGF
receplor isoforms, Each pathway contributes to the broader mechanisms
by which each nuclear receplor influences homeostasis.

observed in fasted mice lacking PPAR.
Surprisingly, increased ketogenesis in the fed
FGF21-overexpressing transgenic mice was
not associated with elevated messenger RNA
expression of HMGUS2 or CPT la in the liver,
although an increase in protein expression
suggests possible postranscriptional alter-
ation in enzyme actvity.

A bigger surprise seen with the FGF21-
overexpressing transgenic mice wias a dra-
matic increase in hepatic expression of several
lipases usually found only in the pancreas.
This was coupled with increased expression
of more conventional lipases (and thus, lypo-
lysis) in white adipose tissue. Inagaki er al,
suggest that these increases in lipase activity
may promoie ketogenesis by augmenting the
supply of fatty acids in the liver.

Here the story takes a bizarre turn, Mice
maintained in constant darkness also express
the same pancreatic enzymes in the liver and
other peripheral ussues (/2). Li and col-
leagues ascribe this phenomenon to ncreased
concentration of 5 —adenosine monophos-
phate (5°-AMP) and showed that treatment
with 3"-AMP induces torpor in mice (/2).
Torpor is an extreme example of decreased
energy output that is associated with drasti-
cally reduced body temperature. Inagaki et al.
show that when FGE2 l-overexpressing trans-
genic mice were fasted for 24 hours, their
body temperature declined dramatically and

this pattern extends to downstream sig-
naling molecules is complicated by the
responses of the relatively limited
number of FGF receptors to multiple
FGFs (4). A major advance in this area
was recently provided by vet another
unexpected connection. Klothe was
initially identified as a mouse locus
that, when mutated, causes progeria, or pre-
mature aging ( /3). Remarkably, interaction
with Klotho protein converts two specific iso-
forms of FGF receptor 1 from general FGF
receptors to specific FGF23 receptors (/4), a
role that is nicely supported by striking sim-
tlarities in the phenotypes of mice lack-
ing either Klotho or FGF23. In Greek myth-
ology, Klotho, along with Lakhesis and
Atropos, was one of three sisters responsible
for spinning, measuring, and cutting the
thread representing the fate of each individ-
ual. And just as might be predicted, Klotho's
awkwardly named sister PKlotho was very
recently found to combine with either of two
FGF receptor isoforms to confer a specific
response to FGEF21 (7). The possibility of a sim-
ple three-way nuclear receptor-FGF-Klotho
sister pattern (see the figure) is supported
by the existence of another close relative,
Klotho-LPH related protein (KLPH) (/5).
But as Macbeth learmned, the pronouncements
of the three weird sisters must be interpreted
with caution. Thus, mice lacking BKlotho
{ /6) show bile acid defects similar to those in
mice lacking either FGFR4 or FGF135, rather
than the triglycende or glucose metabolic
defects that would be anticipated from
disrupting FGF21 signaling, Perhaps such
phenotypes will emerge. At this early stage,
however, the basis for downstream signal-
ing is one of a number of tangles in the
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FGF21 and FGF15/19 threads that remain to
be teased apart.
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BIOPHYSICS

Long Live Electronic Coherence!

William W. Parson

lants and photosynthetic bacteria use

pigment-protein “antennas™ 1o absorb

light and transter the energy to reaction
centers, which trap the energy in electron-
transter reactions. On page 1462 of this 1ssue,
Fleming and co-workers (/) provide new
insights into how energy flows from the
antenna pigments to the sites of photochem-
ical activity.

The authors study the reaction center of
purple photosynthetic bacteria (see the fig-
ure). If the bacteriopheophytins in this reac-
tion center are excited with light at 750 nm,
the excitation moves to the accessory bacteri-
ochlorophylls and then to the bactenochloro-
phyll dimer within 100 to 200 s (2-4). The
dimer then transfers an electron to one of the
bacteriopheophytins via the intervening bac-
teriochlorophyll.

In thinking about how energy flows
through these systems, a recurring issue is
whether excitations jump stochastically from
molecule to molecule or whether groups of
pigments act together as “supermolecules.”
The answer hinges largely on how rapidly
interactions with the surroundings destroy
electronic coherence created by excitation,

Excitation of a complex containing two
pigments leads to a combination of the ground
state and states in which one or the other mol-
ecule is excited. The dvnamical properties of
an ensemble of such complexes can be
expressed as a matrix, in which the diagonal
elements are the probabilities of linding a
complex in a given state and the off-diagonal
elements represent the electronic coherence
between pairs of states,

If the ensemble is excited with a shornt pulse
of light., one or more off-diagonal elements will
initially be nonzero, These elements oscillae at

The author is at the Department of Biochemistry, Univer-
sity of Washington, Sealtle, WA 38195, USA. E-mail:
parsonb@uwathinglon.edu
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frequencies proportional to
the energy differences between
states—much like the beats in the
sound of two bells ringing at
shightly different frequencies. The
amplitudes of these coherences
will eventually decay to zero as the
contributions from different mem-
bers of the ensemble get out of
phase. But as long as electronic
coherence remams. the ensemble
will exhibit oscillatory spectro-
scopic features, and a second or
third pulse of light can reverse
dephasing caused by static varia-
tions of the energies. resulting in
emission of a photon echo analo-
gous to a spim echo in nuclear
magnetic resonance (3, 6).

Oscillatory fluorescence in-
dicative of vibrational coherence
is well known in reaction centers
and antenna complexes and typi-
cally lasts for several picosec-
onds (7, &), Most investigators have assumed
that electronic coherence decays much more
quickly, because electronic excitation is asso-
ciated with a larger redistribution of charge
and 15 therefore more sensitive to fluctuating
fields from the surroundings. Two recent stud-
1es by Fleming and co-workers (/. 9) call this
ASSUMpPLUoN into question.

In both expeniments, two laser pulses were
focused on the sample in a spatially and tem-
porally controlled manner, and a photon echo
after a third pulse was measured. Engel er al.
{¥) studied an antenna complex from green
sulfur bacteria that has seven bacteriochloro-
phylls per protein subunit. They found that a
pulse resonant with one of the absorption
bands of the complex could bring oscillations
initiated earlier by hight resonant with a differ-
ent band back into phase. The resulting echo
was seen even when the delay between the

Bacteriopheophiytin

Synchronized excitations may be key to
energy transfer in photosynthetic bacteria.

Bacteriochlorophyll dimer

Correlated effects. In the reaction center of purple photosynthetic
bacteria, energy is transferred from a bacteriopheaphytin (blue) via
an accessory bacteriochlorophyll (yellow) to the adjacent bacterio-
chlorophyll dimer {red); part of the surrounding protein is shown in
black (11). Fleming and co-workers (1, 9) suggest that some of the
protein’s vibrational modes could have correlated effects on the
excilation energies of mulliple pigments.

second and third pulses was 660 f5, indicating
that the complex retained electronic coher-
ence forat least this long.

Lee er al. (/) have now used separate
pulses of 750- and 800-nm light to generate
coherence between excited states of the bacte-
riopheophytins and bacteriochlorophylls in
bacterial reaction centers. Photon echoes after
a third pulse showed that electronic coherence
between the two excited states persisted for
hundreds of fermtoseconds.

The authors suggest that electronic coher-
ence is preserved In pigment-protein com-
plexes because some of the protein’s vibra-
tional modes have correlated effects on the
transition energies of multiple pigments.
These vibrational modes thus affect the
energy differences between pigments less
than their absolute energies—allowing elec-
tronic coherence to be preserved. For exam-
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ple, motions of an a-helix might cause similar
changes in the electrical fields acting on sev-
eral pigments bound to that helix.

Electronic coherence could facilitate en-
ergy migration by allowing excitations to be
sensed simultancously at multple sites within
the protein. These ideas remain to be explored
by detailed molecular-dynamics simulations
and quantum calculations, It seems clear, how-
ever, that a complete description of energy
migration in photosynthetic complexes will
have to include electronic coherence.

Recent work by Woodbury and co-workers
{ 111} addresses how motions of the reaction

center proiein affect the rate of electron trans-
fer from the bacteriochlorophyll dimer to the
initial electron acceptors. Their results suggest
that the energies of the electron-transter states
may be more strongly coupled to protein
motions than are the shorter-lived excited
states probed in the photon-echo experiments
by Fleming and co-workers (f, ¥),
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GEOPHYSICS

Listening to the Crackle of
Subducting Oceanic Plates

Andreas Rietbrock

reas called subduction zones occur

under the ocean where one section of

Euarth’s crust (the lithosphere) collides
with another and descends into the mantle
{see the figure). Although these zones are of
substantial scientific interest, they also have
great social and economic importance, Most
of the world’s disastrous carthquakes and vol-
canoes take place at subduction zones, as well
as geological processes that generate many of
the ore deposits on Earth.

We can map the path of the descending
lithospheres by measuring the abundant seis-
mie activity in the subduction zone. Since it
was first observed in the early 19305, however,
the precise nature and cause of this seismicity
has been debated. On page 1472, Brudeinski et
al. report a major step forward i our under-
standing of the geophysical and geochemical
processes at work in these seismic regions (/).

The deep layers of seismic activity i sub-
ducting regions are called Wadati-Benioft
zones (WBZs) and can be found as deep as
700 km. Originally. WBZs were believed to
be single layers of seismic activity, but they
have turned out o be more complex. The
First convincing observation of a double
WBZ beneath northern Honshu, Japan,
was made by Hasegawa et al. (2), and
they reported a separation distance between
the two layers of about 30 to 40 km. Since
then, the geoscience community has been

The author is in the Department of Earth and Ocean
Sciences, Liverpool University, Liverpool L6S 3GP, UK.
E-mail: ARietbrock@liverpool.ac.uk

puzzled by the relative rarity of double WBZs.

Recently. as a result of a huge increase in
seismological data collected and the availabil-
ity ol new data-processing tools, hints of dou-
ble WBZs with much smaller separation dis-
tances (< 10 km) have been found in many dif-
ferent subduction zones (3). Brudzinski et al.
have taken these observations further and pro-
pose that double layering of seismicity is an
inherent feature of WBZs in the depth range
between 50and 300 km (which they refer to as
double Bemofl zones. or DBZs).

The origin of WBZ seismicity has been
controversial for several reasons. Brittle failure
or, more precisely, sudden slip along a pre-
existing fault or plate mterface is the cause for
most of the earthquakes in Earth's crust
(=50 km depth). However, due to the high tem-
perature and pressure at the depth level of WBZ
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Double seismicity. Al subduction zanes, one leclonic

Double zones of seismic activity now appear to
be a general feature of tectonic plates pushed
deep into Earth, providing new clues to the
sources of deep earthquakes,

seismicity the material will instead undergo
ductile deformaton, which mhibits earthquake
faulting. Therefore, different processes are nec-
essary for the generation of WBZ scismicity.
A commonly accepted model for this
deeper activity 15 dehydration embrittlement,
in which fluids released by hydrous minerals
of the crust and mantle of the slab can lead 10
high pore pressures, reduce the effective stress
on preexisting faulis, and hence promote the
occurrence of earthquakes (4). In the upper
layer of seismicity. researchers believe that a
mineral ransformation from basal 1w eclogite
in the oceanic crust is the main reaction pro-
moting earthquakes and causing an increase of
seismicity in this depth range. As yet, there 15
no such consensus about which of the numer-
ous possible hydrous minerals might explain
the lower band of seismicity in double WBZs,

L-_ Wadati-Benioff zones

C— ,
"y
&

.

plate descends under anather. Earthquakes occur

along surfaces called Wadati-Benioff zones (WBZs) to depths of mare than 700 km. Brudzinski ef al. have
now found that double WBZs may be a general feature of subduction zones. From these observations,
detailed geophysical and geochemical processes inside them can be deduced.
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Brudzinski er af. have now found a direct
correlation whereby older oceanmic plates

show a greater distance between regions of

seismicity. They conclude, based on thermal-
petrological models developed by Hacker ef
al. (3). that dehydration of the mineral antig-
orite is responsible for the seismicity in the
lower laver of double WBZs.

Although the detailed geophysical expla-
nation presented by Brudzinski er af. for the
double seismic zone might be debatable, they
observe that double WBZs are the rule and not
the exception during subduction of oceanic
lithosphere. This provides an important new
constraint for all models developed to explain
the occurrence of WBZ seismicity. However,

further work on the stress accumulation and
dissipation in the lithosphere during subduc-
tion is necessary to understand the faulting
mechanism causing seismicity in double WBZ
or even triple WBZ, as proposed for some
regions beneath Japan (6).

Brudzinski et al. show that, as the number
of seismological stations and the availability
of digital seismic traces increases, the global
carthquake catalog will become accurate
enough to delineate the fine structure of seis-
micity (on the order of a few kilometers) on a
global scale. This accuracy will increase in the
near future as a result of large seismological
observation mitiatives like EarthScope in
the United States or the NERIES program

{Network of Research Infrastructures for
European Seismology) in Europe. which will
make more high-quality digital data readily
available for seismologists worldwide.
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ATMOSPHERE

Deglaciation Mysteries

Ralph F. Keeling

etween 19,000 and 11,000
vears ago, the Earth em-
erged from the last glacial
period. During this deglaciation,
the carbon dioxide (CO,) concen-
tration in the atmosphere rose from
180 w0 263 parts per million (ppm).
Over the same period. the radio-
carbon content of the CO, fell by
~33%. A simple but unproven ex-
planation for both changes i1s an
increase in the rate at which the
ocean’s subsurface waters were
renewed by exchange with aerated
surface waters—a process known
as ventlation. A ventilation in-
crease could increase atmospheric
CO, concentration by releasing
excess CO, that had accumulated
in subsurface waters by the decom-
position of sinking detritus. On
page 1436 in this issue, Marchito
etal. (1) bolster the case for such
a ventilation increase and offer in-
sight mto how the imerease may have occurred,
To track changes in past ventilation, most

researchers have wrned o measurements of
the radiocarbon ("C) content of shells of

foramimifera. a ubiquitous manne microor-
ganism. Radiocarbon is produced naturally in
the upper atmosphere by cosmic rays and
spreads through the ocean as part of the pool

The author is at the Scripps Institution of Oceanography,
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Glacial state

Early deglacial state

Foarly venlilaied deg

Deep-water ventilation. This cross section of the Pacific Ocean shows how poorly
ventilated water may have been delivered to intermediate depths during deglacia-
tion, as suggested by Marchitto et al. (Top) Ventilation of the deep ocean by sink-
ing around Antarclica was partially suppressed by a cap formed by sea ice or a layer
of low-salinity water. (Bottom) This cap was removed during early deglacial warm-
ing, exposing upwelled deep waters to the atmosphere, releasing radiocarbon-
depleted CO,. The density of the poorly ventilated waters was reduced by freshen-
ing and warming. With reduced density, the water could spread widely at interme-
diate depths, displacing waters of similar density.

of dissolved carbon. Because of radioactive
decay, waters that are more isolated from the
atmosphere (that is, more poorly ventilated)
have lower "C/"C ratios, as do the shells that
grow in these waters, The radiocarbon age ofa
fossil shell therefore reflects the age of the
shell plus the age of the water in which it lived.
By subtracting the radiocarbon ages of sur-
face-dwelling (planktonic) and bottom-
dwelling (benthic) foraminifera, picked from
the same layer of a sediment core, it 15 possible
o estimate age difference of surface and deep

Results from a sediment core provide insights
into ocean circulation changes during the Last
deglaciation.

waters, which 15 a2 measure of

0m  the deep-water ventilation rate.
This technique, applied to
sopm | umerous :.“:d inllq:nt cores, has
thus far mainly yielded the unre-
—so00m  markable result that the ventila-
ton rate of the glacial ocean was
very similar to that of today’s
om  ocean, at least down to a depth
of ~2800 m (2). Thus. if there
was a major change n ocean
—2800m  ventilation during deglaciation,
_agoom  'Mis change must have occurred

in ocean waters below that depth.
However, despite some tan-
talizing results (3). no general
picture has emerged for waters
below 2800 m, because of meth-
odological difficulues related
to the low sedimentation rates
that typically characterize cores
from these depths.

Marchitto er al. focus on a
sediment core recently hauled
up off Baja Califorma from a depth of 700 m.
seemingly wo shallow for studying deep ven-
tilation. The core contains bands correspond-
ing to a set of millennial climate oscillations
first discovered in ice cores from Greenland,
allowing absolute dates to be fixed within the
core. Using these dates, the authors correct the
BCAC ratios of benthic foraminifera for
radioactive decay, thus establishing the ongi-
nal “C/"C ratio of the water in which the
foraminifera lived. The technigue does not
require "C/"C measurements on planktonic

www.sCiencemag.ong




foraminifera, which are subject to potentially
large systematic errors.

The results show two periods during
deglaciation when the bottom water at their site
had unexpectedly low "C/'C ratios, The water
was so old that it must have been delivered 1o
the site by upwelling from greater depth, pre-
sumably from below 2800 m, The oldest waters
found by Marchitto er al. have an age of ~4000
years, For comparison, the oldest waters in the
modern ocean have an age of ~2300 vears,

The study provides the strongest evidence
to date that the glacial ocean conained some
very poorly ventilated water somewhere in its
depths. The low-"C periods coincide with
the periods when atmospheric radiocarbon
decreased and atmospheric CO, increased
most rapidly during deglaciation. The results
are thus a convincing fingerprint of a process
that flushed excess carbon from an isolated
deep reservoir toward the surface. thereby
driving the atmospheric changes.

Today, waters below 2800 m are ventilated
by two routes. One involves the sinking of aer-
ated surface waters in the North Atlantic. the
other sinking of such waters near Antarctica.
During the last glacial period, both routes
probably weakened, with the southern route
possibly influenced by sea we or surface
freshening (see the figure, top panel). During
glacial times, the deep ocean would thus have
been less ventilated than it is today.

But how could low-"C waters get to
Marchittoer af. s core site during deglaciation?
Much of the upwelling of deep water occurs

today around Antarctica, resulting in the for-
mation of Antarcue Intermediate Water, a bow-
salinity water mass that spreads northward at
intermediate depths, Marchitto ef . hypothe-
size that a similar process occurred during
deglaciation, allowing upwelled water to
spread northward to their site (see the figure,
bottom panel), However, the evidence for this
southern pathway is circumstantial,

The results help to reconcile the recon-
structed trends in atmospherie radiocarbon
with the estimated trends in the production of
radiocarbon by cosmic rayvs—a comparison
that seems to demand an increase m ocean
ventilation during deglaciation (4). They sup-
port theories that attribute the bulk of the gla-
cial-interglacial CO, change to changes in
ocean ventilation (5, 6).

The study also provides support for a the-
ory for how the glacial ocean differed from
today's ocean as a result of the cooling of
deep waters to nearly the freezing point.
Cooling o this extent is expected o allow the
salty brine that is released during sea ice for-
mation to accumulate more easily in the deep
ocean ( 7). This idea is supported by sediment
pore-water studies (8). By blocking the input
of fresh water from precipitation, sea ice
could also reduce the conversion of upwelled
deep water into low-salinity Antarctic Inter-
mediate Water (7). A strengthening ol inter-
mediate-water formation during deglaciation
i5 consistent with a breakdown of this state
caused by warming,

The study nevertheless leaves the skeptics

PERSPECTIVES

with arrows in their quiver. Marchitto er al.’s
low-"4C waters are so old that they start to
stretch credibility, especially considering that
the deep reservoir from which the water was
drawn must have been even older. {This fol-
lows because some mixing with younger
water would unavoidably have occurred dur-
ing upwelling and transit to the site.) How
could prior studies have overlooked deep
waters this old?

If Marchitto er al.’s interpretation is cor-
rect, evidence for old water at intermediate
depths should be presentthroughout the South
Pacific in sediments of the appropriate age
and depth, If subsequent work supports the
findings, we may look back at this study as a
key turning point in the quest to understand
glacial and interglacial CO, changes.
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MOLECULAR BIOLOGY

Site-Seeing by Sequencing

Stanley Fields

very few vears, a new technology comes

along that dramatically changes how

fundamental questions in biology are
addressed. The impact of the technology is not
always appreciated at first—when 1t 15 used
only by those involved in its development—but
becomes clear once the technology begins to
spread to the broader scientific community. A
well-known example is the DNA microarray,
which became widely available to biologists
about a decade ago and has since been applied
to an ever-expanding set of questions such as

The author is in the Depanments of Genome Sciences and
Medicine, Howard Hughes Medical Institute, University of
Washington, Seaitle, WA 98195-5065, USA. E-mail:
fields@u.washington.edu

determining the profile of genes expressed ina
specific cell type. Now it is ultrahigh-through-
put DNA sequencing that is making the ransi-
tion from development to widespread use.
Johnson and colleagues are m the vanguard of
this movement. On page 1497 of this issue (/).
they report that an advanced DNA sequencing
technology (from Solexa lllumina) can be used
to identify all the locations in the human
genome where a specilic protein binds, They
do this with a speed and precision that goes
beyond what has been achieved with previous
technologies.

DN A-binding proteins control transcrip-
non, replication. DNA repair, and chromo-
some segregation. Given the importance of
these proteins, identifying their binding sites

An advance in DNA sequencing is a crucial
component of a rapid, precise, and relatively
inexpensive way to identify transcription
factor binding sites at a whole-genome level.

throughout the genome has occupied much
attention in recent years, The most common
method of locating these sites within a living
cell 1s known as chromatin immunoprecipita-
tion (ChIP). In this approach, cells are treated
with a reagent, typically formaldehyde, that
crosslinks protein and DNA. and then the cells
are lysed. Chromatin (the complex of proteins
and DNA in chromosomes) is isolated, the
DNA is sheared into small fragments, and an
antibody 1s added to precipitate the protein
and its associated DNA. The DNA that is
liberated after reversal of the protein-DNA
crosslinks is then analyzed. In the initial uses
of'this method, researchers analvzed the DNA
0 determine whether single genes were
enriched by the immunoprecipitation.
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The classic genomic ap-
plication of this approach-
which began about 5 years
ago—analyzes not single genes
but all precipitated DNA
fragments by using them as
probes on a DNA microarray,
giving rise to the pithy

MRRCLELIS —

Crosslink proteins to

Protein binding, across the genome. The ChiP5Seq method described by Johnson et al,
- identifies binding sites across the whole human genome for a specitic protein. The contral

a protein binding site.

“read” at 25 nucleotides per
read. They then used an algo-

: Wit ; DNA and lyse cells :
(albeit repetitive) moniker: z rithm they developed to map
ChIP-chip. A microarray is these reads to the genome and
an ordered arrangement of  PROTEN g’) . identify regions where reads
defined DNA  fragments Y A\Y/ f00) cluster together. They found
= o [ S - - i, 1Y v i o . , ,
||n_|m1.bllr.ai.dlun a ::urt‘u.e. AT I, all locations n th'.' genome
It is used o identify DNA 5::. : that met two criteria: at least
sequences present in a sam- NYAYAYS 13 independent sequence
ple through the hybridization [N AN TN reads and an enrichment of at

of complementary strands.
Pioneered in the veast Sac-
charomyees cerevisiae (2, 3),
ChIP-chip was quickly ap-
phied to mammalian cells 1o
wentity binding sites for 4

transcription factors (4, 5), / J
More recently. it has found
new applications in the analy-
sis of the distribution across

!

Isalate chromatin and fragment it
ANTIBODY
.rqi i/ ‘(

Add a protein-specific antibody
and purify protein-DNA complexes

least fivetold relative to the
control. The largest cluster
contained 6718 reads: in
other words. a single NRSF
binding site was found 67 18
times in the sequence data.
What does this study
reveal about NRSF binding
sites? NRSF binding was
detected at nearly all of its

ANV AN S

the genome of modified his- LA\ / canonical motifs in  the
tones and histone binding e genome. mdicating that all
proteins (6, 7). To improve SAVAVAY S sites are accessible o the pro-

this technique, Johnson ef el
dispense with the “chip”
of ChIP-chip and identity
protein-bound DNA  frag-

Reverse crosslinks and isolate DNA

tein in the cell type analyzed
(a human T cell line). Most
sites bound by the factor were
also identified. indicating that

A7,
ments by direct DNA se- Size select DNA the sequencing approach is
quencing {see the figure), a comprehensive. As befits a
method they call ChlPSeq. repressor, binding of NRSF

The focus of their study AN near promoters {DNA regions
is a protein called neuron- G where transcription factors
restrictive silencer factor or Sequence DNA bind to control their target
repressor element-1 silenc- genes) correlated with low
ing ranscription factor (indi- levels of transenption of the

i CHROMOSOMAL DNA
cated here as NRSF), a mam- CT :

malian transcriptional re-
pressor that silences the ex-
pression of neuronal genes in
nonneuronal cell types and in
neuronal progenitor cells
(4. ¥). Many NRSF binding
sites have been well charac-
terized and comprise a 21-base pair DNA
sequence motif containing two nonidentical
halt-sites of 10 base pairs each. Johnson ef al
recovered DNA samples from chromatin
treated with a monoclonal antibody against
NRSF and mapped the DNAs to the human
genome by determining their nucleotide se-
quences (see the Nigure), Control DNA sam-
ples were denved from chromatin not treated
with the antibody, For this approach to work,
they needed to sequence many fragments. and
they did: Two w0 3 million sequences were

8 JUNE

Map sequence to genome

associated genes. New bind-
ing motifs were also discov-
ered including those having
two half=sites with noncanon-
ical spacing between them,
and those composed of only
individual halt=sites. Finally,
genes bound to NRSF are high-
Iv enriched for functions involved in synaptic
transmission and nervous system development.

What are the advantages of ChlPSeq over
ChIP-chip? Forone, the whole genome can be
assayed by a sequencing approach, rather
than only those DNA regions captured on a
microarray. However, this advantage dimin-
ishes as genome tiling arrays, which present
the whole genome in an arrangement of over-
lapping DNA frazments, approach the reso-
lution of just a few nucleonde bases, ChlPSeq
also avoids the complications of array hvbrid-

Each red box
denotes a
sequence read

2007 WVOL316 SCIENCE

for this procedure omits the antibody step. The final panel shows a cluster of individual
sequence reads (red boxes) that map back to the same region of the genome and locate

1zation, such as probes with different optimal
temperatures for binding to their complemen-
tary strands, probes that hybridize to more
than one DNA sequence, and interference of
hybridization by DNA secondary structure.
Furthermore. ChIPSeq, as currently per-
formed. is only halfthe cost of human whole-
wenome tling arrays. Perhaps most usefully—
given the increasing number of genome
sequences now available—ChIPSeq can
immediately be applied 1o any of those ge-
nomes, rather than only those for which
microarrys are available.

With the success of this study, the localiza-
tion of binding sites for many other proteins—
inchuding transcription factors, strucural com-
ponents of chromatn, modified histone pro-
teins. and the enzymes that modify them-—wall
likely be mapped by ultrahigh-throughput
DNA sequencing. However, current high-
throughput sequencing approaches (Solexa/
Ilumina and the 454 Life Sciences platforms)
are not limited to identifving the sites in the
genome visited by DNA binding proteins, They
will find considerable use in resequencing
genomes: a recent well-publicized example is
the genome of James D. Wason. They will be
used to discover new genes, such as those
encoding small RNAs and microRNAs, And as
Johnson er af, poimt out, the large number of
mdividual sequence reads provides a direct
count of the sequences present in any sample.
Thus, gene expression profiles of cells and ts-
sues, comparative genome  hybridization
between, for example, DNA from normal ver-
sus tumor cells, the messenger RNAs that are
present on polysomes and being translated
to proteins, and numerous other nucleic acid
measurements can be accomplished easily,
cheaply. and accurately by a sequencing
approach. The technology that is most threat-
ened by the widespread adoption of ulirahigh-
throughput sequencing? The DNA microarray.
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Imaging Atomic Structure and
Dynamics with Ultrafast

X-ray Scattering

K. . Gaffney" and H. N. Chapman®

Measuring atomic-resolution images of materials with x-ray photons during chemical reactions
or physical transformations resides at the lechnological forefront of x-ray science. New x-ray—based
experimental capabilities have been closely linked with advances in x-ray sources, a trend that
will continue with the impending arrival of x-ray—free electron lasers driven by electron
accelerators. We discuss recent advances in ultrafast x-ray science and coherent imaging made
possible by linear-accelerator—based light sources. These studies highlight the promise of ultrafast
x-ray lasers, as well as the technical challenges and potential range of applications that will
accompany these transformative x-ray light sources.

any seminal advances in the natural

scicnces can be linked 1o the measure-

ment of eritical structures with atomic
resolution. X-ray diffraction has proven o be
among the most powerlul wols for determining
the atomic structures that entalyvee fundamental
advances in sciemtific disciplines ranging from
biology 1o solid state physics. Although all ob-
Jects seatter x-rays, erystal formation has been an
essential step i the measurement of atomie-
resolution structures for the majority of matenals,
Because of the regular amangement of atoms in a
crystal as opposed to an amomphous matenal, the
x-ray scattenng from the repeating structural unit
adds coheremly at perodically amanged Bragp
peaks. This amplification greatly reduces the
=y (uence reguired 1o measure a high-resolution
diffraction patiern, but away from the Bragg peaks
the scattered intensity remains too weak 10 mea-
sure, losing much of the information comained in
the continuous molecular transform of the under-
Iving structural unit. Even so, crvstallography has
remizned the only method o measure diffimction
at the large scattering angles required for the
determination of high-resolution structures. The
mability 1o cryvstallize important samples, how-
cever, has impeded progress in matenals science
and structural biology (£,

Measuring the continuous x-ray scatlering
pattern dircetly from a nonperiodic object, a
lensless imaging technique inspired by erystal-
lography, provides an aliermative method for
structure determination (). This imaging tech-
nique requires the illuminating x-ray beam to
maintain  phase coherence across the entire
width of the object, or across many repeating
structural units in crystallography, in order 1o
retrieve structural information, To coherently

YPULSE Center, Stanford Linear Accelerator Center, Stanford
University, Stanford, CA 94305, USA. E-mail: kgatfney@slac.
stanford.edu *Lawrence Livermore National Laboratory, Liver-
more, CA 94550, USA E-mail: henry.chapman@linLgoy
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illuminate an objeet with the full fluence of an
x-ray beam requires the source to possess laser-
like properties.

For coherent imaging. as with crystallogra-
phy. s-ray exposure determines the achievable
resolution, and radiation damage sets the maxi-
mum dose. The necessity of limiting the dose
without the benelit of Bragg amplification inhib-
its coherent imaging from achieving atomistic
resolution at synchrotrons designed o produce
high average, but low peak, Nux and has limited
the technigque to relatively large objects (3, 4),
such as cells (5) Delivenng the mdiation dose 1o
the sample in an extremely intense single x-ray
pulse betore the onset of mdiation degradation
provides a strategy for high-resolution x-ray
imaging without crysiallization (6, 7). Sponta-
neous synchrotron radiation cannot generaie the
peak coherent iniensities necessary for imaging
with a single pulse of light, but free eleciron
lasers operting in the extreme ultmviolet have
demonstrated that “instantancous imaging”™ can
be achieved (&) and x-ray-free electron lasers
(XFEL) (%) have the promise of making atomic-
resolution imaging possible (7).

More than sample preparation and radiation
damage limit the utility of x-ray crystallography.
An additional limitation has been the mability 1o
observe atomic-level structure on the time scale
of atomic motion, Direct visualization of these
dyvnamics with x-ray scatiering would greatly en-
hance our ahility to siudy the nonequilibrivm
propentics of materials and the pathways fol-
lowed during infrequent equilibrium events, such
as chemical reactions. Although timesresolved
measurements have been made with wse of the
nominally 100-ps svnchrotron pulses (10, 1),
these sources are insuflicient for single-shot
diffmctive imaging and for most measurcments
of structural dynamics, Single-shot x-ray imag-
ing requires an extremely high per-pulse coher-
ent Nux, which can only be achieved with an
x-ray laser, and both methodologics requine 5

duration x-ray pulses to image matenals before
the onset of x-my damage and to wemporally re-
solve atomic and molecular motions, Synchrotron
pulses would need 1o be roughly a thousand times
shoner than their typical duration o achieve this
temporal resolution, which cannot be accom-
plished at standard beam curments,

Lincar clectron accelerators provide an
aliemative approach to gencrating x-rays that
bypass the dominant limitations of synchrotrons,
In @ linear accelemtor, the electrons do not re-
circulate, making it possible to generate a much
brighter clectron beam. Brghtness represents the
prodduct of trnsverse spot siee, divergence, on-
ergy spread, and pulse durtion ofa panicle beam.
The shont electron pulse durations make it pos-
sible to generate fs x-ray pulses with per-pulse
seray Nuences comparable o those of svncwotrons,
The Stantord Linear Accelerator Center (SLAC)
built just such a faciliy, the Sub-Preosccond
Pulse Source (SPPS). demonstrating the unique
opportunity linear aceclerators provide as ultm-
[ast x-ray sources.

Whereas the SPPS generated spontancous
x-rays like a synchrotron, the tremendous bright-
ness of linear accelerator electron beams makes
lasing at x-ray wavelengths possible (/2), The
FLASH facility (£3) at the Deusches Elekironen
Synchrotron cumently generates extreme ulte-
violet (UWV) laser light with photon encrzies rang-
ing from 20 to 200 V. The Linac Coherent Light
Source (LCLS) (740 at SLAC will be the world's
first XFEL starting in 2009, with other XFEL
facilies scheduled w llow (75, fo). These fa-
cilinies will generate x-ray photons with energics
ranging from 800 ¢V 10 12 keV.

The wavelength of the radiation a1 FLASH
limits the spatial resolution © tens of nanometers.
With the amival of the LCLS and future facili-
ties, X-ray beams with peak brightness 10° times
brighter than that of current svnchrotrons will be
produced (/7). This combination of high peak
brighiness, A wavelengths, and {5 pulse durations
provide the necessary ingredienis for pursuing
atomic-resolution imaging and ulirafist science.

Femtosecond X-ray Scattering Studies

of Structural Dynamics

Ulratast laser spectroscopy has transformed
our undemstanding of dynamics in the natural
seiences. A few canonical measurements, cou-
pled with theory and simulation, have provided
obust atomicscale descriptions of  imponan
structural transformations. However, lor many
Important processes our inlempretations remain
largely speculative. This has drven the develop-
ment of shor-pulse x-ray (f5-20) and electron
{24) sources for probing dynamics.

For the majorny of experimental studies of
dvnamics, a laser pulse iniates the transient
phenomena by promoting electrons inlo non-
cquilibrium excited states. For ulrashon laser
pulses, this clectronic excitation impulsively mod-
ifics the potential energy surface of the atomic
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nuclel. This excited-state potential-cnergy  sur-
face detenmines the structural pathway followed
alter laser exctation. Determiming the shape of
the potential energy surface represents the crit-
ical, but generally difficult, objective of exper-
imental swdics of nonequilibrium structural
dynamics.

The laser disordenng and melting of sami-
conductors represent a classic demonstration of
the limitations of optical studies and the po-
tential of ultrafast x-ray sources for studving
structural dynamics. Early experimental work
demonstrated that intense 5 pulse excitation of
a silicon crystal led 10 a sub-ps increase in the
reflectivity (229, Although absorption of the laser
generates an mereased reflectivity because of
the direct excitation of carners, the magniude of
the observed change could not be explamed by
this elfect alone and led to the conclusion that
mtense laser excitation causes a semiconductor
to metal transition. Because Si forms a metallic
higquid, metal fomation was atinbuted 1o erystal
melting,

The rte of this purported phase trnsition
exceeds the mte of eperngy transter from the ex-
cited electrons to the crystal vibrations, leading 1o
the supposition that the meliing occurs nonther-
mally, Theoretical studics have supported this
supposition by predicting that excitation of ough-
Iy half an clectron per atom genemtes a crystal
instability that spontancously leads o crystal melt-
ing (230 Although ultrafiast changes in the visible
reflectivity led 1o this hypothetical nonthermal
melting mechanism, these optical studies cannot
unambiguously conlinn the conjecture,

This puzeling siluation made nonthermal
melting a natural phenomenon for illustrating
the viability of {3 x-ray scattering (24). Studics
of laser-cxcited InSh erystals with laser plasma
generated 15 x-ray pulses observed a large am-
plitude decay of the (111) Bragg peak intensity
in less than a ps (24). These measurements pro-
vided the first direet experimental evidence that
large-seale atomic disordering proceeded con-
currently with the large increase m oplical re-
flectivity, but they could not identify the melting

Bond softening excitation

Energy

Interatomic distance

Distribution of atomic positions

Displacive excitation

Energy

Interatomic distance

Distribution of atomic positions

Fig. 1. (A} Schematic representation of photogenerated softening of the interatomic potential in

InSb (25). (B) Time-dependent distribution of atomic positions following bond softening. The initial

Gaussian distribution broadens linearly with time and with a velocity determined by the root mean
square atomic velocities before laser excitation. (€) Schematic representation of a photogenerated
shift in the equilibrium bond length in a bismuth crystal (30, 34). (D) Time-dependent distribution
of atomic positions after displacive vibrational excitation. The frequency of the coherently excited
vibration determines the period of the oscillation in average atomic position, whereas the mag-
nitude of the shift in equilibrium position determines the amplitude of the oscillation.
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mechanism because of the limited source
intensity.

The higher x-ray Muence and shorter pulse
duration of the SPPS x-ray source provided a
new opportunity 1o determine the mechanism for
nonthermal melting of InSh (23273, Initial mea-
surements demonstrated that, for the first hall ps
after laser excitation, the atons disorder inertially.
The constant velocity dynamics of the jonic cores
observed in the experiment occur with a thermal
velocity distribution unchanged by laser excita-
tion and generate large-scale increases in crystal
dizorder, Only at substantially higher camrier den-
sities was aceelerated disordenng observed s
predicted by theory (2.3, 27), Inertial dynamics do
not, however, eliminaute the ionic memory of the
cryvstallographie lattice. The average atomic posi-
tons m the erystal have not changed, only the
widih of the distribution for the nuclei (Fig. 1, A
and B). This demonstrates that the formation of
a liguid requires collisions that randomize jonic
momenta. The observation of diffusive atomic
motion on the ps time scale suggests the emer-
gence of liquid dynamics (26), but observing
the formation and structure of the nascent liquid
phase cannot be achieved with ervstallography.
Observing the shon-range order ol the liquid phise
requires the measurement of diffuse scattering, as
has been achieved with ultrfast electron diffac-
tion measurements of laser melting o aluminum
(2%) and which could be carred out with an
XFEL source.

Although lincar accelerator-based ulirafast
x-ray sources have higher per-pulse Mux than
altemative ultrafast x-ray sources (J8-20), they
lack the inherent time synchronization between
the x-ray probe and the laser excimtion pulse of
these aliemative sources. Ina laser pump linear
accelerator-derived x-ray probe measurcment, the
loser pulses must be synchronized 0 the x-ray
pulses. Svnchronizing the laser to the radio fre-
quency field that acoelerates the electrons nomi-
nally achieves this goal bul does not ensure
high-quality synchronization. The residual timing
Jitter between the x-ray and laser pulses resulis
in shot-to-shot variations in their relative times off
arrival that, when averaged over multiple pulse
pairs, has a standard deviation of roughly 1 ps for
the SLAC lincar aceclerator (29). Any cxperi-
ment that averaged the signal from muliple
pulscs without accounting for this jitter would
have ps time resolution, even with 100-£5 pulscs.

Sceing time synchronization as the primary
technical challenge to studying ulimiast dynam-
ics with x-rav laser sources, the SPPS collabora-
tion developed an electro-optic sampling (EOS)
technique for measuring timing jiter on a shot-
to-shot basis by cross-comelating the laser pulses
used for sample excitation with the electric
field from the electron bunch used 1w produce
the x-ray pulses (29), Ideally, the cross correlation
would be botween laser and x-ray pulses, but the
weak x-ray-matier imeraction makes this much
more challenging. A laser pump x-ray probe in-
vestigation of coherent vibrational motion in a
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bismuth crystal confinmed the ability of the EOS
mcasurement o accurtely detemmine the shot-1o-
shot tme delay (30)

In this study, §5 laser pulse exciation of
bismuth changes the equilibrum structure of the
unit cell and leads 10 coherent vibrational motion
(3733 (Fig. 1, Cand D), This coherent motion
generates lage-amplitude oscllations, in partic-
ular Bragg peaks such as the (111 reflection (34),
This experimental obsenvation of strong 30015
penod oscillations in the (111) Bragg diffraction
intensity rigorously demonstrated the wility of EOS
as a timing diagnostic (29, 30). These measure-
ments also provided a detailed charmctenization of
the excited state potential, funher demonstrating
the unlity of ultmfast x-ray scattering for the

A
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Averaging
Fig. 2. Schematic depiction of single-particle coherent diffractive imaging with an XFEL pulse. (A} The intensity pattern
formed from the intense x-ray pulse {incident from left) scattering off the object is recorded on a pixellated detector. The pulse
also photo-ionizes the sample, This leads to plasma formation and Coulomb explosion of the highly ionized particle, so only
one diffraction pattern [a single two-dimensional (2D} view] can be recorded from the particle. Many individual diffraction
patterns are recorded from single particles in a jet (traveling from top to bottom). The particles travel fast enough to clear the
beam by the time the next pulse (and particle) arrives. The data must be read out from the detector just as quickly. (B) The full
3D diffraction data set is assembled from noisy diffraction patterns of identical particles in random and unknown orientations,
Patterns are classified to group patterns of like orientation, averaged within the groups to increase signal to noise, oriented
with respect to one another, and combined into a 3D reciprocal space. The image is then obtained by phase retrieval.

study of structural dynamics, Coherent vibration-
al motion in a femroclectric crystal has also been
observed with ultratast x-ray dilfraction by using
liser-shced x-ray pulses from a synchrotron (33),
Xermy shcing sources represent an important
development in ulimbast x-my science with per-
fomuamce atnbutes distinet from XFEL sources. A
complementary discussion of nonthenmal melting
and displacive excitations, as well as a discussion
ol data analysis, can be found in the Supporting
Online Material (SOM) 1ext.

Coherent X-ray Imaging with

Atomic Resolution

Electromagnetic radimion can be used w0 im-
age objects with a spatial resolution ulumaiely

Oriantation

Pulse monitor

Reconstruction

limited by the wavelength, A, of the radiation. -
age formation can be simply described as inter-
ferometry; the light scattered by an obyject must
be recombined so that it interferes at the image
plane, Performing this reimterference dircatly
with an abenation-free lens makes dilfmction-
limited imaging possible with visible radiation,
In the simple case of illumination with a coherent
plane wave, the achievable resolution equals o =
& /sin B, where 0 represents the highest scattering
angle collected by a lens or detecton AL x-ray wave-
lengths, however, manufaciuring lenses that ac-
cept and redirect light scattered at high angles
becomes increasingly difficult, Focal siees oltens
of nanometers can be achieved (36), but atomic-
resolution fenses do not appear feasible,

Imaging at near-alomic res-
olution can be achieved without
lenses by conducting the rein-
terference of the scattered light
computationally. The numen-
cal determination of the image
from the measured x-ray scat-
tering pattern requires that the
phase of the diffracted light be
determined in order o apply
the correct phase shill 1o cach
reinterfering spatial frequency.
Because the detection of the
scattering pattem only mea-
sures the intensity of the scat-
tering radiation rather than the
amplitude, no phase informa-
tion can be directly measured.
Avvariety of methods have been
developed for alleviating the
information deficit in crystal-
lography, such as examining
the wavelength dependence of
the diffraction patiem near an
atomic absorption edge or by
knowing part of the structure
or a similar structure. With co-
heremt diffractive imaging, an
altemative route 1o reconstiuct-
ing the scaltered x-rays ino an
image can be used.

Sayre has noted that the
continuous diffmction pattem
of a coberently illuminated unin
cell contains twice the infonma-
tion obtained from the diffrac-
tion patiern of a crystalline
amangement of identical copies
of that unit cell (2. 37). If ade-
quately sampled, this pattem
provides the exact amount of
information needed 10 solve the
phase problem and determinis-
tically invert the x-my scatter
et into an image of the scat-
tering ohject, The past several
decades have seen substantial
advances in the experimental
and numerical techniques ne-
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quired for coherent diltractive imaging (7).
Coherent diftiactive x-ray imaging experiments
have primanly used terative algonthms for im-
age reconstruction, with resolutions approaching
10 nm having been achieved (4, 5)

Radiation damage limits the highest resolu-
tion achicvable with coherent diffractive imag-
ing, When using 8-keV x-ray photons to image
low atomic number matenals such as a bio-
molecule, for every scattered photon that con-
tributes 1o the diffraction pattern there are about
L0 x-ray photons absorbed. This absorption de-
posits enerey into the sample and leads 1o sam-
ple degradation, When exposcd to high average
brightness  synchrotrons, biological materials
can withstand doses of roughly 200 photons/ A’
with ervogenic cooling. For a noncrystalline
protem sumounded by vitreous 1ce, the number
of scattered photons varies as 110, An exposure
of 200 photons/ A gives statistically significant
signal only for feature sizes Larger than o = 10 nm,
much too coarse for imaging moleoular or atomic
structures, which have angstrom scale features,

Dielivering the radiation dose to the sample
before radiation-induced structural degradation
provides a strategy to exceed the exposure limil
sel by the mdiation damage threshold at synchro-
tron facilities, Solem and Baldwin (6) lirst pro-
posed x-ray laser flash imaging  microscopy,

Neutze ¢f af. extended this concept to the use of

XFEL pulses o image single nanoscopic par-
ticles at near-atomic resolution ( 7). They used a
molecular dyvnamics simulation 1o model the
imteraction ol a focused XFEL pulse on asingle

biomolecule. They simulated the influence of

x-ray photo-ionezation, electronic relaxation, il-
luminated particle charging, and the resultant
Coulomb explosion while simultancously cal-
culating the x-ray scatering patiem (Fig. 2). They
predict that x-ray lasers will allow fluences 10°
times larger for biological imaging than present-
v achievable with synchrotron radiation i'the
x-rays are delivered o the sample before the
Coulomb explosion. This simulation indicates
that the pulse will need to be tens of 5 in
duration or shorter for the explosion to have a
minimal influence on the x-ray scattering pat-
tern. For biological objects, the increased x-ray
dose should allow single-pulse images 10 be
acquircd with about 1-nm resolution. Higher-
resolution images will be achievable with more
stromgly scattering high-atomic-number mate-
rials. In additon w0 these molecular dynamics
simulations, hydrodynamic calculations have mod-
cled the influence of an imense uliralist x-ay pulse
on the atomic stucture of a macromolecule or
cluster (38, 39).

Despite the enormous inercase in allowed
Muence, atomic-resolution imaging of single par-
tickes will require avemging of multiple images
i 7, 4, This will need w be done serially, with a
new, identical panicle being delivened on every
x-ray shot ldeally, the panicle should be the only
scattenng object in the beam path, requiring them
to be introduced into vacuum and eflicicmly

REAVIEWS
'-.|_ viEvy

Fig. 3. (A) Diffraction pattern recorded with a single FEL pulse from a test object placed in the 20-um
focus of the beam (8). (B) The diffraction pattern recorded with a second FEL pulse selected with a fast
shutter, showing diffraction from the hole in the sample created by the first pulse. (C) Scanning electron
microscope image of the test object, which was fabricated by fon-beam milling a 20-nm-thick silicon
nitride membrane. The scale bar denctes 1 um. (D) The image reconstructed from the single-shot
diffraction pattern shown in (4.

transponied 1o the interaction volume. For ran-

domly oriented particles, the requiremem of

orienting each single-pulse single-particle diflrac-
tion pattem sets the minimum scaltenng intensity,
By following strategics similar 1o those used in
single-particle crvoelectron microscopy (47, it

will be possible 1o classify data ino groups of

similar orientation and vastly increase the signal-
to-noise miio by averaging. These classes must
then be assembled into a three-dimensional
coherent diffraction pattern (409, which will be
phased (Fig. 23 Allernatively, the gas-phasc par-
ticles could be aligned by a nonresonant laser
pulse (42), greatly casing the single-pulse signal
1o noise required for compuiational alignment
and averaging.

The single-pulse diffractive image of a
micrometer-siacd test object recorded at FLASH
provides a dramatic illustation of the “fash™
imaging technigue (5 (Fig. 3 ). This demonsirates
that an interpretable coherent diffraction pattem
with excellent signal 1o noise can be collecied
from a small solated object in a single FEL
pulse. The focused pulse can destroy all material
in its path, including the detector, and it was nit
previously obvious whether a difftaction pattem
could be recorded without a large background

resulting from scattering [rom a beam siop, from
the focusing optics, or from plasma mdiation
from the sample. These effects were prevented by
using a novel praded multilaver mirror that only
rellects the clastically scatiered light from the
sample omo a charee-coupled device (CCD)
detector located in the optical far field and
hammlessly passcs the strong undilfracied beam
through a hole in the mimor The pulse that
recorded the diffmction pattern heated the sample
up to about GO000 K, which ablaed and melied.
Nevertheless, the image 15 recorded to the 62-nm
diffracuion it of the detector aperiure, showing
no cflects of damage. Compared with diffractive
imaging at synchrotrons, which is difficult
because of the low coherent (lux available and
the need to filter a single coherent mode from an
incohierent source, imaging with the FEL is
straightforward and requires no spatial or
spectral filtering of the illuminating pulse.

Future Prospects

The importance of ultmiast x-ray scattering and
imaging measurements extends beyond the par-
ticular phenomena and matenals studied w date.
Excited state potential encrgy surfaces govem the
evolution of noneguilibrium systems and also the

www.sciencemag.org SCIENCE VOL 316 8 JUNE 2007

1447



REVIEW

1448

dynamics and kinctics of rare events in equilib-
rium systems, such as themal phase transitions
and chemical reactions. The SPPS collabortion
has demonstrated that (5 x-ray scattering can de-
termine the topography of the excited state po-
tential energy surface with unprecedented detail,
Despite the success ol the SPPS collaboration,
the low Mux of the source detarmined the scope
of the scientific program, At the LCLS, the in-
tegrted s-ray production in 10 s of lasing will
exceed the total x-ray photon production at the
SPPS during its 3-year lifetime.

The increased Nux will make possible dil
fuse scattering measurements for a wide va-
ricty of materials, For the vast majonty of ultmiast
phenomena, the transformations i struclure
will be localized i space and occur on the ang-
strom length scale. These changes in shont mnge
order will be manifest in the diffuse scatiening,
Femtosecond-resolution diffuse scatiering mea-
surements will be particulary important for studics
of solution phase chemical dynamics (/) and
order-disorder phase tmnsition studics (285). Leam-
ing how 1o exploit the coherence of the x-ry
pulses for studies of dyvnamics will also be an
important aspect ol the initial science programs
at XFEL facilitics. With coherent imaging tech-
niques, the absolute structure, not just the av-
erage structure, can be measured, This should
prove to be an important atribute for the inves-
tigation of lirst-order phase trmnsitions, where
deviations from the average structure, such as
defects and imperfections, nucleaie phase trans-
formations. Time-resolved FEL imaging with an
ultrafast optical pump will follow from practices
developed at synchrotron slicing sources and the
SPPS. Technigques for pumping samples with
FEL pulses and probing the resultant dynamics
with time-delayed FEL pulses will require fur-
ther experimental development. One promising
approach involves splitting the FEL pulse at or
near the sample with use of a section of an op-
tical element destroved by the FEL pulse, along
with the sample (43). Despite the many experi-
mental and technical challenges that will exist
at x-ray-free cleciron laser sources, the un-
precedented peak brighiness of XFEL radiation
should open the field of ultmfast x-my scionce

8 JUNE 2007 VOL 316 SCIENCE

1o a rmnge of applications and phenomena ap-
proaching those studicd with ultrafast lasers and
s=ray synchrotrons,

The ficld of coherent x-ray diffmctive mmag-
ing will benefit temendously from the construc-
tion of x-ray laser sources, The FLASH [ree
clectron laser has demonstrmted the feasibility of
“instantancous” imaging and provided a unigue
opporunity o prepare for the enormous peak
brightness and power needed for atomic-resolution
imaging. Major technical and experimental ad-
vances have been achieved in the past 2 vears,
although many challenges remain, These ad-
vanees, in conjunction with the expected Nux
and time resolution of x-ray laser sources, will
cnable x-ray imaging with unprecedented spa-
tial resolution, With XFEL sources, the dream
of atomic-resolution imaging may become
reality.
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Expansion of Industrial Logging

in Central Africa

Nadine T. Laporte,* Jared A. Stabach, Robert Grosch, Tiffany 5. Lin, Scott ]. Goelz

entral Alnca’s dense humid forests have
‘ long been reganded as among the most

pristine on Earth, but in recent decades
industrial bogging has become the most exiensive
form of land use in the region. Cumemly more
than 600000 knt® (30%) of forest are under
logging concessions, whereas just 12% 15 pro-
tecicd. Logging-relaied disturbance in the region
alters ccosystem composition and biodiversity (1),
opens remole arcas o poaching (2, and modilics
numerous Tunctional atinbules of the ccosystem
{3) Laws and regulations are in place o mprove
forest management at national and regional scales,
but limited resources ane available 10 enforee
regulations or to provide technical suppont ().
Here, we report on the use of over 300 Landsat
satellite images, covering 4 million knv’, to track
the progression of logging roads lor three decades
preceding 2003 (5. We document accelermting
rates of logging road construction in much of the
region and show that monitoring with satellite
remiole sensing provides a practical approach 1o
map changes associated with logging activities.

We mapped 51,916 km of logging moads with-
in the forested region (Fig. 1) This is a conserv-
ative estimate, because not all ancas had recent
cloud-free satellie images (5) and logging roads
are converted to public roads where population
density is lugh, Logging roads accounted for 38%,
of the length of all oads, ranging from 13% in the
Democratic Republic of Congo (DRU) to =60, in
Gabon and the Republic of Congo (ROC), The
combincd mad density (public and logging) was
0.07 kmkm = and, considering logeing roads only,
0.03 km km . The highest logging road densitics
(0.09 km km™®) were in Cameroon and Equatorial
Guinea (EG), where most of the forest was cut al
least once. Logging in these two countrics and in
Gabon has extended inland in recent decades after
the carlier harvesting of coastal forest.

The most rapidly changing arca was in north-
crn ROC, where the mite of road construction in-
cressed fiom 156 km v for the period 19761990
to over 660 km year ' afier 2000. Evidence for a
new lrontier of logging expansion wis documented
within the DRC, which curmmently contains 63% of

Fig. 1. Logging concessions and road distribution in Central Africa; Cameroon (labeled on the map as 1),
Central African Republic (2), Equatorial Guinea (3), Gabon (4), Republic of Congo (5), and Democratic Republic
of Congo (6). A more detailed graphic of logging roads for a portion of the region & provided in fig. 51.

the total remaiming forest of the region and has the
bwest measured logging road density (001 km
km™) of all Centml Affican nations. Ratcs of
bogging road construction increased within DRC,
particularly in a 50,000-km* region of north-central
DRC, where the mte of mad development pro-
gressed fiom 336 km year ' (1986 1990) 10 456 km
year ! (2000-2002), We expect industrial logging
concessions 1o expand, with commensurate in-
creases in the rates of logging and road building
associated with foreign investment (6),

With the exception of the Okoumé lorests of
Cabon (7), most of the industrial logging is schec-
tive and focused on high-value troe species for
cxpont (for example, Afnican mahoganies), We esti-
meted 3% (89,715 k™ yof the wtal lorested anca as
disturbed and 297 (567,782 km®) as more likely 1o
bave increased wildlife hunting pressure bocause of
casier aceess and local market opporunitics offened
by new logeing wwns (3 The greatest amount of
forest distwrbance (153%) occuned in Cameroon
and EG, compared with just 1% within the DRC. In
addinon, we used finer resolution (4-m) satelliie
imagery 1o document disturbance created by log-
ging skid trils and tree felling These locally dis-
turbed arcas had canopy gaps that were five to six
times larger than these in adjacent unlogeed forests,
Gaps created by tree fall ranged from 200 1o 600 m™
m size and, together with skid trils, accounted for
9% of the arca in which logging occurred.

To date, few reliable data sets have been avail-
able to monitor the changes aking place in remole
arcas of the Congo Basin, but regular monitoring
with satellite remote sensimg provides a consistent
approach o monitor both legal and illegal logging
activitics. In the context of the rapid frontier cx-
pansion, the conservation ol forested landscapes
and sustainable timber production is crucial for
Central Adrican nations and their inhabitanis.
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Evolution and Development of
Inflorescence Architectures

Przemyslaw Prusinkiewicz, Yvette Erasmus,®* Brendan Lane,!

Lawrence D. Harder,® Enrico Coen’t

To understand the constraints on biological diversity, we analyzed how selection and development
interact to control the evolution of inflorescences, the branching structures that bear flowers. We
show that a single developmental model accounts for the restricted range of inflorescence types
observed in nature and that this model is supported by molecular genetic studies. The model
predicts associations between inflorescence architecture, climate, and life history, which we
validated empirically. Paths, or evolutionary wormholes, link different architectures in a
multidimensional fitness space, but the rate of evolution along these paths is constrained by
genetic and environmental factors, which explains why some evelutionary transitions are rare

between closely related plant taxa.

rpanisms display great diversity in shape

and architecture, but the mnge of ob-

served forms represents only a small
fraction of what is theorctically possible ([, 2).
For example, when patterns of shell coiling are
considered within a mathematically defined
space of possible forms (morphospace), the ob-
served forms are restricted to only a subregion
of this space (3). One explanation lor such re-
stnctions is selecton (4). However, it is likely
that developmental and genctic mechanisms also
play a role. For example, the absence of vor-
tebrates with more than four limbs s thought o
reflect an mterplay betwaen both developmental
and selective consirainis (3, ). Developmenial
mechanisms resirict the range of genetic and
phenotypic variation available for selection,

whereas selection influences the evolution of

developmental processes. Such two-way inter-
actions can be unmvelled using momphospaces
based on developmental genetic mechanisms,
We take this approach for the evolution of in-
florescences, which has a history of both theo-
retical and molecular genctic analysis,

The arangement of Mlowers on a plant reflects
an iterative pattern of developmental decisions at
the growing tips, or menstems. Each iiemtion
occurs over a time interval known as a plasio-
chron (7), during which a menstem may either
switch 10 loml identity or continue 10 produce
further meristems and, henee, branches. As the
number of iterations nises, the number of the-
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oretically possible structures increases  rapidly
(&), However, only a small subset of these strue-
tures corresponds to inllorescences observed in
nature (Fig. 1) They are grouped into three broad
architectural types: (i) panicles, which com-
prise a branching series ol axes that tenminate in
Nowers: (ii) racemes, which comprise axes
bearing flowers in lateral positions or lateral
axes that reiterate this pattern; and (i) evmes,
which comprise axes that terminate m Nowers
and lateral axes that reiterate this pattern (9 11)
(Fig. 1, D 1o 1) The appearance of cach
inflorescence type vanes according to the
arrangement of lateral merstems around  the
stem (phyllotaxy), the pattern ol intemode
lengths, and additional variations on the three
architecwrl themes. Although panicles, race-
mes, and cymes are all found among Nowering
plants, a restricied range of tvpes is evident at
local 1axonomic levels: Genera seldom include
species with both racemes and cyvimes.

¥
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These observations raise two related questions.
First, what detenmines the extent of momphospace
occupted by inflorescences in nature; Why do we
find these three main architectural types and not
more or fewer? Second, what constrains evolution
within the occupicd morphospace, Imposing a
local bamier between racemes and cymes?

A unifying inflorescence model. Previously,
distinct developmental models have been postu-
lated for different inflorescence types (12, 13),
leading 1o a fractured view of phenotypic space.
From an evolutionary perspective, however, in-
florescence types should be related w each other
through genetic changes. A developmental mod-
¢ that encompasses differem architectural types
within a single pamameter space is thus needed.
To construet 1, we considercd menstems giving
nse o shoots or Mowers as two extremes of a
continuum. The vanable that chametenzes this
continuum 15 called vegeativeness (veg), with
high levels of veg corresponding 1o shoot meri-
stem identity and low levels to flower menstem

identity. The veg level may be related to many
lactors such as plant age, merstem position, in-
temal state of a meristem, and the environment
(14-17). For simplicity, we identify the factors
influencing veg as plant age 1, measured from the
beginning of inflorescence development, andior
the intemal state of the meristem.

Il vee is high and does not change with time,
an indeterminate vezetative branching structure
is generated (Fig., 2A) For the plant 1o produce
fowers, wee must decline in some or all meri-
stems during growth. The simplest assumption
is that veg deercases in all meristems equally.
The resulting architecture is a panicle of Mlowers,
which form at ime T when low levels of veg
are reached (Fig. 2B).

To generate further architeciural types, we
assume that merstems can be in one of two
iniernal states, A and B, such that meristems in
these states attain bow levels of ver at dilterem

Fig. 1. Hypothetical and observed inflorescence structures. Arrows, meristems; circles, flowers. (A
to €) Inflorescence structures not observed in nature. (D to F) Three main classes of inflorescence
architectures: panicle (D), raceme (E), and cyme (F). (G to 1) Species illustrating inflorescence types:
(G} fruiting panicle of Sorbus oucuparia, (H) flowering raceme of Antirrhinum majus, (1) flowering

cyme of Myosotis arvensis,
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times, Fa and Tu. Supposce that the apical
meristem of the main axis s in state A, whereas
all lateral menstems are m o state B, IF Tg < Ta.
lateral menstems will attain florml identity more
quickly than does the apical merstem, yielding a
raceme in the upper part of the plant (red path in
Fig. 2C). However, lacral apices in the lower
part of the inflorcscence will also rapidly pro-
ercss toward (Toral identity, producing a graded
serics of panicles (omnge path in Fig, 2C) This

result is inconsistent with the structure of laterl
branches of compound racemes, which typically
do not tenminate m lowers (Fig. 1EL

To resolve this discrepancy, we postulate that
state B s transient. All lateral merstems are
formed in state B, but they have two possible
fates afterwards, I veg is sulliciently low, the
meristem becomes a lower (red path, Fig. 2D),
Otherwise, the meristem revents 1o state A and
produces a branch (erange path, Fig. 2D). The

A ‘;. B q’ Cc qi}
- gci\‘ 2 "
& | \
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Fig. 2. Architectures and time course of veg decline for various inflorescence models, Small filled
circles, meristems; white circles, flowers. Colors highlight paths of representative meristems: main
meristem, blue; lowest lateral meristem, orange; third lateral meristem from bottom, red. Plots
show the time course of veg decline in selected meristems after their initiation. (A) Level of veg
does not change with time; an indeterminate vegetative branching structure results. (B) Veg
declines at a similar rate in all meristems and yields flowers upon reaching threshold V. at time T;
a panicle results. (C} Veg in apical meristems (state A} reaches threshold Vy at time T, > Tg for
lateral meristems (state B), The resulting structure is a compound raceme, with lower branches
terminating in flowers. (D) Transient model in which lateral meristems are initially in state B but
revert to state A if veg does not reach the threshold Vy; a raceme with indeterminate branches is
produced for Ty < Ty. (E} Transient maodel in which Tg = T, yields a cyme.

Fig. 3. Morphospace for the transient model. Different phenotypes are generated by varying the
times Ta and Ty at which flowers begin to form. Values along each axis range from 0 to 10
plastochrans. Black arrows, pointing away from the wild-type architecture of Arabidopsis, indicate
the effect of tfi1 and Ify mutations [under inductive conditions (20)]. Inflorescences are shown at
six plastochrons.
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rationale for this reversion is that a newly created
meristem (state B) changes its idemity once it
brecomes the termunal meristem of the next-order
branch (state A). Biologically, state B represents
the stage when a meristem is newly formed (im-
mature), whereas state A represents a more ad-
vaneed stage of menstem development (maturc),
Wi call the resulting model the transient model.

A key feature of the transient model is that it
can generate evimes as well & racemes and
panicles, thus accounting for these inflorescence
types within a single famework. In cymes,
lateral meristems repetitively creale meristems
in two different states: a terminal menistem giving
rise o a lower, and a lateral menstem giving rise
to a branch (Fig. 1F). This can be captured with
the ransicnt model by setting Ty < T, Immature
lateral menstems then ke longer 1o attam ol
identity than do mature menstems, creating the
reverse of the siluation for racemes (Fig. 2E).

The region of morphospace generated by the
transient model is illustrated in Fig, 3. The main
diagonal (T, = Ty) corresponds 1o panicles,
fanked by mecemes on one side (T, = Tyl and
evmes on the other (T, < T). This planar region
represents only a slice of the entire morphospace.
For example, the hypothetical forms shown in
Fig. 1. Ao C, do not lie in this region and could
only be generated with more complex mecha-
nisms, The trmsient mechanism may therefore
account for the restriction of observed inflores-
cence types 1o a small region of morphospace.
Potenuially adaptive architeetures may not be at-
tained in nature because they cannot be produced
by developmental processes captured by the tran-
sient mechanism.

Integration of models with developmental
and molecular genetics. To assess the plausibility
of the transient model, we related i o underlving
genetic mechanisms. We focused on two archi-
tectural genes from Arabidopsis, TERMINAL
FLOWER I{TFLIy and LEAFY (LFY) (I5-23),
as they produce phenotypes that displace the
wild-type plant in orthogonal directions in mor-
phospace (Fig. 3). Compared to wild-ype Ara-
hidopsis, which produces branched racemes.
mutants lacking TFL/! activity produce in-
florcscences with short axes that tenminate in
Nowers, wherecas mutants lacking LFY produce
highly branched inflorescences bearing shootlike
Howers,

We incorporated genes into the transicm
model by postulating that 7FL1 increases veg
and LFY reduces veg in menstems (Fig. 4A) The
wild-type Arabidopsiz architecture results from
high TFLI and low LFY activity in stale A

meristems (vielding high veg) and high LFY

and low TFLT activity in state B meristeims (vield-
ing low veg). This pattem of gene expression is
prodduced by assuming that: (1) LFY and TFLS
inhibit cach other (/8, 20, 22, () TFLI ex-
pression is inhibited in stae B, (i) LFY is less
sensitive 1o TFLY inhibition in state B [this en-
hances LFY in B menstems and allows LFY 10
attain high activity even in plants overexpressing
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TFLT(24)]. and (iv) the levels of TFLT and LFY
merease with plant age (24, 25). The shoothke
owers observed i M mutants (20) and plants
overexpressing TELL (22, 24) are capturcd by
assiming that they comrespond o intermediate
veg levels, lving between the levels Tor nomal
shoots and Nowers,

With these assumptions, the transient model
largely accounts for mutant and overexpression
phenotypes of Arabidopsis (Fig, 4, B w H, and

Fig. 4. Incorporating LFY and
TFL1 genes into the transient
model for Arabidopsis. (A) Inter-
actions between genes, time,
veg, and growth underlying the
model. Growth increases the
number of modules and hence
influences the spatial pattern of
gene expression. Gene activity
affects veg and hence influences
whether a meristem will contin-
ue to generate more modules or
whether it will cease growing. Ar-
rowheads indicate up-regulation;

bars, down-regulation. Growth promotes production of meristems in state A or
B, with state B reverting to A unless the floral threshold is reached. (B to H)
Wild-type, mutant, and transgenic phenotypes generated by the model with the

Fig. 5. (A to E) Two-dimen-
sional fitness landscapes. Fitness
levels are indicated by height
and color. For each genotype,
fitness is calculated over seasons
with an average duration 7y and
standard deviation o, assuming
that fraction © of mature plants
survives from one season to the
next. Plants illustrate the ar-
chitecture generated at time
Tg (A} For annuals with fixed
growth duration, the optimal
inflorescence is a panicle, rep-
resented by a single adaptive
peak. (B} If Ty is reduced, the
optimal architecture is a less
highly branched panicle. (C)
When = is increased, two peaks
arise corresponding to com-
pound racemes and cymes. (D)
With a further increase in a, the
peaks diverge. Optimal architec-
tures are simple racemes and
cymes. (E) Increased longevity O a
shifts the peaks toward panicles,

(F and G) Regions of high fit- '
ness in 3D fitness spaces. Hor-

izontal sections correspond to

the high-fitness regions in 2D

fitness landscapes. (F) Path

capturing the relation between

architecture and . Colored

sections comespond to Figures

(C) {top) and (D) (bottom). (G}

Wormhole capturing the rela-

SOM text) and for observed pattems of gene
expression. According 0 the model, a lateral
meristem that gives rise to a branch is mially in
state B, wlhich corresponds to relatively  low
TFL1 and high LFY, This pattem reverses when
the meristem switches back to stale A, These
leatres agree with expenimental daae TFLT ex-
pression is low in newly formed lateml primordia
and only increases later (22). Funhermore, LFY
is expressed carly in primordia that will give nse

F 3ss-ury
LFY TFL!

C ey E vtrvrrLs

Ta

to lateral branches but is absent from mature
lateral shoot meristems (25, 26). The transient
model thus provides a functional explanation for
observed expression patlems.

Evolutionary origins and implications of the
transient mechanism. Both the mnge of archi-
tectural types observed m flowenng plants and
milecular gencetic data lend suppont 1o the tran-
stent mechanism, but the evolutionary orgin of
this mechanism is unclear, To clucidate i, we

H 3ss trLr
Hy TFL1

G 385 TARLY
LEY TELY

interactions shown in (A}, assuming inductive conditions (20). Circles indicate
flowers, color-coded according to veg levels. White, normal flower; yellow/green,
shootlike flower). Arrows indicate branches, (For detailed explanation, see SOM.)

tion between architectures and longevity 0. Colored sections correspond to figures (D} {bottom) and (E) (top).
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considered the fimess of differemt architectures
in the region of momphospace generated by the
transwemt model (SOM text).

With unlimited pollination and a growing sei-
son of fixed length, the optimal inflorescence
architecture is a panicle, This is because the plant
can delay lowering by keeping its meristems in a
vegetative state until the latest time needed for
fruit production, thus maximizing branching and
the number of fruits (Fig. 5, A and B). However,
il the length of the growth seasons varies from
year to year, a plam than delays flowering oo
long may 1ail to produce any fruits by the end of a
shon season, This would reduce fiiness, panicu-
larly if annual seed production s cssential for
genotype survival. The best strategy may thus
be for a plant 10 “hedge its bets™ (27-32) and
generate lTowers sequentially during a season,
s0 that some lowers are produced carly if the
season s short but more Howars can still be
produced later il the season is long. Racemes and
cymes, in which only a fraction of merstems
switch to floral identity at any time, may then
have higher fitness values than panicles. This is
illustrated in Fig. 5, C and D, in which racemes
and cymes lorm separate adaptive peaks in the
fitness landscape for annual plants, with the po-
sitions of the peaks depending on the standard
deviation of growth duration.

To the extent that the impact of variable
season length increases from tropical 10 more
temperate conditions, our model predicts higher
frequencies of racemes and cymes In lemperte
comparcd with tropical climates, and the opposite
trend tor panieles. To test these predictions, we
extracted the incidence ol cach architectural type
in different climatic zones from the Watson and
Dallwitz database of angiosperm families (33)
(fig. S1A). Although this database 1s not ideal for
our purposes. as it ageregates characters for all
species in the same family, it reveals significant
trends. Consistent with our predictions, cymes
are relatively more frequent in more wmperie
conditions (/< 0,01}, whereas panicles show the
opposite rend (< 0L001). Racemes are also
more frequent in femperate than tropical con-
ditions, but not significantly (7> 0.2),

In addition 1w the environmental influcnces,
positions of peaks in the theoretical Niness
landscapes depend on factors under genetic
control, such as plant longevity, I a plant 15
perennial (1.c., lives more than 1 vear), the neg-
ative impact of short scasons in an uncertain
environment is reduced by spreading the risk
over multiple vears (Fig. SE). We found no
significant associations of raceme or panicle
architectures with longevity, but cymes are
significantly less common in families with only
woody perennials and more common in familics
with annuals, as predicted (Gig. S1B) (< 0.03),
Furthermore, this wrend is observed in temperate
but not tropical Gmilies, Although we have fo-
cused on the effects of environmental uncertainty,
similar theoretical finess landscapes involving
interactions between intermal and extenal factors

www.sciencemag.org SCIENCE VOL 316 8 JUNE 2007

could also be generated by considering the effects
of imitations on pollination rate.

Aldthough these results provide a mtionale tor
sequential patterns of Tower production, they do
not explain why the transient mechanism evolved
rather than other developmental mechanisms,
One possibility is that the tmansient mechanism
arose more readily because it built on the pre-
existing developmental process of menstem estab-
lishment, Establishing a new lateral meristem
requires a perod of time durng which genes
needed for merstem mainienance become acti-
vated (34). The ransient mechanism could have
arisen by coupling veg levels 1w this basic ran-
sition of menstems from a newly initiated (im-
mature) 1o an established (maturc) state. Thus,
the evolution of the mnsient mechanism may
reflect an cadier developmental genetic con-
straint that biased the vanants available for se-
lection toward this mechanism (4).

Evolution between racemes and cymes. In
unceriain or pollinator-limited  ¢nvironments,
racemes and cymes can represent equivalent
adaptive solutions separated by a valley in the
fitness landscape (Fig. 5, C 1o E). Such low-
fitness vallevs may have been circumvented in
various ways during evolution. One is through
changes in the environment. Figure 5F shows
fness landscapes that have been caleulated for
different degrees of envirommental uncerainty
and combined to form a three-dimensional (3D)
fitness space, with the vertical axis representing
the standard deviation in growth duration. An
inverted U-shaped high-ftness region connects
racemes, panicles, and eymes. Connecting paths
may also occur through variation in genetically
controlled factors. For example, a path emierges
when plant longevity is vared along the vertical
axis (Fig. 5G). Conneeting paths of this type are
commaon features of higher dimensional geno-
typic spaces (35, 36). We propose the general
term “evolutionary wonmhole™ for such high-
dimensional connections.

Movement along evolutionary  wormholes
that connect rmacemes and cyvmes appears limited,
as individual genera seldom include both archi-
tectures, This constraint may arise because
moving along wonmholes requires coordinated
changes of several parameters, involving mul-
tiple genctic steps, Large jumps between regions
of high fitness are thus unlikely; morcover, gene
segrezation would generate low-fitness pheno-
types. In addition, mutations required 10 move
along some sreiches of a wormbole, such as
crossing between racemes and cymes, involve
changes in regulatory interactions rather than
simple loss or reduction of function. For ex-
ample, creating a cyme in Avabidopsis would
require changing the LFY and TFLI promoters
or other genes that imteract with LFY, TFL] or
veg, such that wye becomes high in stme 5 and
low in state A (the reverse of wild typeh. Such
mutations are likely o be mre. Thus, evolution of
inflorescences is constrained by the nature of
the developmental genetic mechanism, as well

RESEARCH ARTICLES

as by the interaction between organism and
cnvirpmment.

Conclusion. The diversity of inflorescence

architectures reflects an interplay between de-
velopment and selection at several levels, We
propose that a relatively simple developmental

mechanism-—the tmansient model

underlics the

restriction of inflorescence types to a small re-
gion of momphospace. This mechanism offers a
selective advamage in dealing with environ-
mental limitations and uncenainty over a simpler
mechanism that can generate only panicles. Al-
though similar advantages might also be achieved
through other developmenal mechanisms, the
transicnt moechanism may have evolved because
it co-opled a previously available developmenial
transiion from the mmature © mature stae of
apices. Within the confines ol the morphospace
spanned by the transient model, inflorescence
architectures cannot evolve frecly but are re-
sincted w0 ollowing paths of lugh fness or
evolutionary wormholes. The combination of
theoretical and experimental approaches de-
seribed here shows how development and se-
lection can interact during evolution to carve oult
biological forms from the vast space of theoret-
ical possibilities.
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Marine Radiocarbon Evidence
for the Mechanism of Deglacial
Atmospheric CO, Rise

Thomas M. Marchitto,*?*+ Scott ). Lehman,*** Joseph D. Ortiz,?

Jacqueline Fliickiger,?t Alexander van Geen®

We reconstructed the radiocarbon activity of intermediate waters in the eastern North Pacific over
the past 38,000 years. Radiocarbon activity paralleled that of the atmosphere, except during
deglaciation, when intermediate-water values fell by more than 300 per mil. Such a large decrease
requires a deglacial injection of very old waters from a deep-ocean carbon reservoir that was
previously well isolated from the atmosphere. The timing of intermediate-water radiocarbon
depletion closely matches that of atmospheric carbon dioxide rise and effectively traces the
redistribution of carbon from the deep ocean to the atmosphere during deglaciation.

adiocarbon measurements ol calendri-
Rc:nlly dated hermatypic corals (/) and

planktonic foraminitera (2, F) indicate
that the radiocarbon activity (A™C) of the at-
mosphere dunng the latter pant of the last glacial
penod [=20,000 w 40,000 years betore the pre-
sent (yr B.P)] ranged from =300 10 800 per mil
(%e) higher than it was during the prenuclear
modem cra (Fig. 1C). Although reconstructions
ol Eanh’s geomagnetic-ficld intensity  predict
higher cosmogenic "C production rates during
the glacial period, production was apparently not
high cnough 1o explain the observed aumospheric

enrichment (. 2-5). Rather, a substamtial fraction of

the atmosphere’s A™C buildup must have been
due to decreased uplake of M by the deep
ocean, This requires a concomitant "*C depletion
in a deep-occan dissolved inorganic C reservoir
that was relatively well isolated from the
atmosphere. Renewed ventilation of this res-
ervorr could theoretically explain the drop in
atmospheric A™C (Fig. 10) and the rise in at-
mospheric CO5 (6) across the last deglaciation,
Most workers point to the Southern Ocean as a
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locus of deglacial COs release, based on the sim-
ilarity between atmospheric OO, and Antarctic
temperature records () and on numerous concep-
tual and numencal models (79, 17 comect, we
would expect some signature of the low-"*C deep-
ooean C reservoir 10 be spread to other hasins via
Antarctic Intermediate Water (AAIW). Here, we
report a strong radiocarbon signal ol the deglacial
release of old C, recorded in an intlermediate-

depth sediment core from the northem edge of

the castemn tropical North Pacilic.
Intermediate water A™C reconstruction.

Marine sediment multi-core/ gravity-core piston-

core triplet from sediment layer MV9S-MCT%

GOCI/PCOR was mised from a water depth of

TO5 m on the open margin off the westem coast
of southern Baja Califomia (23.5°N, 111.6°W)
(fi), The site is today situated within the regional
O munmimum zone that exists because of a
combmation of high expon production and poor
intermediate-water ventilation. Various sediment
propenties n MCI9GC31/PCOS vary in concert
with the se-called Dansgaand-Ocschger (D-0)
cycles that characterized the Northern Hemi-
sphere climate during the last glacial period (/7).
Originally discovened in Greenland ice cones,
D-0 eveles also exist in a number of Tower-laitude
locations that were probably teleconnecied to the
North Atlantic region through the simosphere
2,12, 13), O the coast of Baja California, the
sedimentary concentrations of organic O, Cd, Mo,
and bemthic foraminifera all decreased shamly
during D-0 stadials (cold periods in Greenland)
(1, 14). Together, these proxies are consisient
with reduced productivity during stadials, caused

by either decreased coastal upwelling or a
deepening of the regional nutricline related to the
mmean state of the tropical Pacific (/7).

Diffuse spectral rellectance (DSR) provides a
l-cm resolution stmtigraphy  for GC3LPCOS.
Alter R-mode Factor analysis, the thied factor of
DSR iFig. 1A} exhibits the strongest comelation
to the productivity proxics and 10 Greenland cli-
mate (£7). We used this DSR record 1o apply a
calendar-age model o MO 19/GC3 1/PCOS, based
on correlation to 3'%0 (an air-temperature proxy)
in Greenland ice core GISP2 (Greenland [ee
Sheet Project 2) (£5). Resulting calendar ages
were then combined with 30 benthic foraminif-
eral radiocarbon ages |19 of which were pub-
lished previously (/)] to caleulate age-corrected
intermediate-water AMC (16). To evaluate the
partitioning of "*C between the atmosphere and
the ocean, we compared intermediate-water A™C
o that of the atmosphere (Fig, 1C), as recon-
structed from tree nngs (/7). U-Th-dated corals
(1, 17y, and planktonie foraminifer from Canaco
Basin off Venceucla (). Calendar ages for
Cariaco Basim were originally based on the cor-
relation of lithologic climae proxies to the
GISP2 6"™0 record (2), which has been layer-
counted with visual and chemical technigues
(/3). However, Hughen e al. (3) recently
demonstrated that the Cariaco Basin "C calibra-
tion viclds much beter agreement with coral
results older than ~22,000 yr B.P. when an
aliemaie age mode] is used, based on correlation
to the U-Th-dated Hulu Cave spelecthem 80
record from eastem China (/.3). Because DSR in
GOIUPCOS 15 more similar to the Greenland
isotope record than to the lower-resolution Hulu
Cave record, we continued to use the GISP2
comelation but applicd simple provisional age
adjustments o GISP2 older than 23,400 vr BB,
using four tie points o Holu Cave (Fig. 1B and
fig. S1). We do not suggest that this age model is
necessarily superior o the onginal one (1.5), but
this exercise is necessary for companng our data
to the most recent (and most consistent) aumo-
spheric A™C reconstructions (/, 3, /7). The
resulting age model for MCI9GC31/PCOS,
based on 21 tie points, yields a very constant
sedimentation rate (fig. S2) and gives us
confidence that our calendiwr-age assignments
for "C samples between tie points are reliable
to within a few hundred years (table S1),

Baja Califormia intermediate-water radiocar-
bon activities are plotied in red in Fig. 1C. The
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modem activity, based on a local scawater mea-
surement of ~13 1% at 445 m and the nearest
Cicochemical Ocean Section Study profile (18),
15 ostimated 1o be —170%w, in good agrocment
with the core wp value. Comparable offsets
from the comemporancous atmosphere were
maintained throughout the Holocene (typically
~100%s between O and 10,000 yr B.P) and
during the latter pant of the glacial period
(roughly 200% between 20,000 and 30,000 yr
B.P) (19, Radiocarbon activities before 30,000
yr B.P. show increased scatter that may be
related 1o the greater influence of slight con-
taminations on older samples.

Overll, it is clear that nermediate walers
mainly followed atmospheric A™C over the past
40,000 yr, except during the last deglaciation,
Activities dropped shamply ust after 18,000 yr
B.P. reaching minimum values of ~-180%.
between 15,7000 and 14,600 yr B.P, roughly
450 lower than that of the conemporineous
atmosphere. For comparison, the lowest AYC
values found in the modem ocean (in the North
Pacilic near 2-km water depth) are depleted by
=240%, relative 1o the preindustrial atmosphere
(/&) A second comparably large depletion
event bezan sometime between 13,500 and
12,900 yvr B.P. and ended botween 12,100 and
11,600 yr BP. The magnitude of "*C depletion

Fig. 1. Intermediate-water and atmo-
spheric A™C records. (A) Diffuse spectral
reflectance factor 3 from Baja California
composite sediment core MV99-GC31/
PCO8, plotted versus depth (top axis)
(11). Gray lines show tie points to the
Greenland record that were used to derive
the calendar-age model. (B) &'*0 of
Greenland ice core GISP2 (15) on a
provisional revised time scale (black,
bottom axish. The new time scale deviates
from the original time scale (green) for
calendar ages older than 23,400 yr B.P.
(vertical line labeled G). The new time
scale is based on linear interpolation
between point G and three tie points
whose ages are derived from U-Th—dated
Hulu Cave (vertical lines labeled H) (13).
(C) Atmospheric radiocarbon activities
based on tree rings, planktonic foramini-
fera from Cariaco Basin varve-counted
sediments, and U-Th—dated corals (dark
green) (17); additional recent coral mea-
surements (light blue) (2); and planktonic
feraminifera from Cariaco Basin, based on
an age model derived from the correlation
ol sediment reflectance to Hulu Cave
idark blue) (3). Red circles show
intermediate-water activities from benthic
foraminifera in MC19/GC3IL/PCO8. The
yellow circle is an estimate for modern
bottom waters at this site. Error bars are
based on compounded uncertainties in
radiocarbon ages and calendar ages.

DSR Factor 3

AYC (per mil)

we reconstructed during these two  deglacial
events is much oo great 1o attnbute to changes
m dynamics of the North Pacitic thenmocline
(2t and must instead record a large change in
the initial ™C activity of waters adveeted to the
sitc. Such depleted waters could have boen
sourced only from the deepest, most isolated
regions of the glacial ocean (21).

Link to atmospheric history. In Fig. 2, we
compare the timing of reconstructed intermediate-
water and atmospheric A™C changes with the
deglacial record of atmospheric COy from the
East Antarctic Dome C ice core (6), The latter is
shown on a GISP2 laver-counted ume scale
based on a simple synchromzation of CHy
varations between the Dome C and GISP2 ice
cores (supporting online material wext and able
S2) It is immediately apparent that the atmo-
spheric AMC decline and CO, rise occurred in
parallel, with a synchronous, intervening plateau
appeanng in both records. There 1s a shight (and
still unreconciled) difference in the timing of the
start of the deglacial atmospheric A'*C decline
between the Canaco Basin (3) and ImCaltd (77)
reconstructions, but we take the deglacial onset
ol the atmospheric CO3 rise and the atmospheric
M decline 0 be essentially synchronous, We
now also find that these changes were associated
with a prominent decline in A™C of intermediate

RESEARCH ARTICLES

water in the castern North Pacific that must
record the redistribution of aged C from the
deep occan to the surface. Alier 14,600 vr B.P.
intermediate-water activitics rehounded o higher
values, coincident with the platcau in both the
atmospheric CO, rise and the atmospheric A™C
drop. The leveling of the atmosphene records
and the increase in "C activity of intermediate
waters are all indicative of a reduction in the flux
of aged C w0 the upper occan and atmosphere
from below. After 12,800 vr B.P, the atmo-
spheric CO; rise and AMC drop resumed, and
inermediate-water activitics again reached min-
i values of ~— 180, indicating a resump-
tion of C redisribution from the deep ocean o
the surface, By 11500 vr B.P, the large deglacial
atmosphence shifis were mostly completed, and
intermediate-water activities finally reached mod-
em values,

As pointed out by Monnin e af. (6), the
deglacial rise of atmosphenic OO, doscly fol-
lowed the rise in East Antarctic temperatures
(Fig. 3A), implying that the occan’s release of C
tor the atmosphere was associated with changes in
the Southem Occan. Deep convection of the
Southem Ocean both ventilates much ol the
ocean interior and returns 1o the atmosphere
much of the C extmcted by photosynthesis in the
sunlit surface of the global ocean. During the last

GC21/PCO8 composite depth (m)
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glacial penoed, density stratification of the South-
e Ocean surface and/or extensive sca-ice
coverage are suggested to have isolated deep
waters from the atmosphere (7-9), pernutting the
buildup of a larger deep-occan C reservoir and a
conscquent drawdown of atmospheric CO,,
Sediment pore water chlorinity and 80 mea-
surcments, combined with benthic oraminifenl
8"80, indicate that deep Southem Ocean waters
wene the saltiest and densest waters in the glacial
ocean (22). Such high salinities point o brine
formation beneath sea ice as an imporant mode of
formation. At deglaciation, a progressive renewal
of deep convection or upwelling in sssociation
with documented sea-ice retreat (2.3) [and possibly
with poleward-shifiing westerlies (8] would have
provided for the simulancous delivery of occan
heat and sequestered C to the atmosphere. This
trnsition occumed in two major steps. beginning
with relatively carly (=18.000 years ago) and
grdual mereases m wmperature and CO5 that
were temporarily interrupted by the Antarctic Cold
Reversal (ACR). Major transients in our record of
AMC in intermediate-depth waters of the castem
Nonh Pacilic conform to this Antarctic schedule,
consistent with the redistribution of C from the
abyss 1o the upper ocem and atmosphere in
connection with changes in deep convection of
the Southern Ocean,

- c prowides a tracer that s complementary
o A"™C, though with a far smaller dynamic
range in seawater. Dunng the last glacial period,
the deep Southern Ocean contained the ocean’s
lowest &'C values, suggesting a local accumu-
lation of remineralized C and'or poor vemtilation
{24). Spero and Lea (25) argued that dunng the
carly pan of the last deglaciation, Southem
Ogcean sea-ice retreat (23), combined with in-
creased deep convection and northward Ekman
transport, imparted transient low 8"C values 1o
AAIW and Subantarctic Mode Waters and that
this signal was recorded by deep-dwelling
plankionic foraminifera in various occan basins,
including the casiem tropical Norih Pacific.
These waters should also have carried a low
AlC signature, and we suggest that this is the
signal we observe off the coast of Baja Cal-
iformia. Today, AAIW is barcly traccable as a
distinet water mass north of the equator i the
castern ropical Pacilic (26). We argue that the
northward penctration of AAIW dunng  de-
slaciation was greater than i is oday (27) and
was at times fed by extremely C-depleted
walers sourced from the abyss by decp over-
tuming in the Southem Ocean. Sea-ice retreal
could have allowed the upwelled deep waters 1o
gain buovancy Trom precipitation, converting
some fraction of these waters into AAIW with-
out substantial mixing with warmer thermocline
waters (28, which would otherwise dampen the
AMC signal. There s evidence that vertical
strtilication of the Nonh Pacific also varied on
an Antarctic chmate schedule (29, 50 nothem
deep waters may have supplemented the supply
of aged C o the Baja California site, However,
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Fig. 2. Baja California intermediate-water aYc during the last deglaciation (red), compared with
atmospheric AMC (dark green, light blue, and dark blue) (1, 3, 17), and atmospheric CO; from Antarctica
Dome C (6) placed on the GISP2 time scale (black), as discussed in the text. Vertical dashed gray lines
show the ages of Bolling-Allerod (B-A) and Younger Dryas (YD) boundaries, based on the GISP2 5*°0
record, and the start of Heinrich event 1 (H1), based on the 2**Pa”®*Th record from Bermuda Rise (34).
The ACR is contemporaneous with the Balling-Allered. ppmv, parts per million by volume,

the interaction of strong circumpolar winds with
bathymetry in the Southem Occan provides for
much more effective vertical pumping (340 than
do conditions in the North Pacitic, and theretore
southern sources probably dominated the AMC
changes in our record.

North-south teleconnections. Numcrous ob-
servational and modeling swidies indicate an
inverse relationship between Antarctic and
North Atlantic tempemture vanations that may
be due to aliered imerhemispheric ocean-heat
transport and/or opposing local deep-water
formation histories (28, 3/-33). Insofar as
AMC of the intermediate-depth Pacific provides
an inverse proxy for the strength of deep con-
vection in the Southem Ocean, our results pro-
vide strong evidence for tight, inverse coupling
of deep-water formation between hemispheres,
This is clearly demonsirated by the covanation
of intermediate-depth Pacific A"™C and the
formation history of North Atlantic Deep Water
(NADW) Jor its glacial analog, Glacial North
Atlantic Intermediate Water (GNAIW)), based
on measurements of 7 'Pa/ ™" Th from sediments
in the western Nonth Atlantic (34) (Fig. 3C). The
near-cessation of 2'Pa export beginning just
after 18.000 yr B.P. records a collapse of
GNAIW that has been linked 10 a massive dis-
charge of glacial ice and [resh water 1o the North
Adantic, known as Heinnich event 1. Alffier a
recovery during the Bolling-Allerod warm
phase, another marked weakening of NADW/
GNAIW s documented during the Younger

Drvas cold period, probably also tnggered by a
discharge of glacial melvwater (34). Both penods
of NADWIGNAIW reduction were times of
intermediate-depth  Pacific A™C decline and
atmosphenc OO0, rise.

It is often difficult w0 idemify riggers in a
tightly coupled sysicm. but the relationships
descnbed above suggest that the Amtarctic cli-
mate schedule may have been paced by ice sheet
and mehwater forcing around the North Atlamtic.
Support for this conclusion comes from  our
observation that alihough major inflections in the
A¥C and 2'Pa®*Th records in Fig. 3 were
almost exactly svnchronous, the large Ac
decrease (e, Southem Occan wventilation in-
crease) during Hemnch event 1 occurmed maore
erdually than did the associsted decrease i
GNAIW cxport. This relationship s consistent
with relatively slow circum-Antarctic wanming
due w anomalous occan-heat transport (35),
leading to sea-ioc wetreat (23) [and  possibly
poleward-shifting westedies ()] and, conse-
quently, a progressive increase in deep over-
tuming of the Southem Ocean. Allematively,
Southern Ocean overtuming may  have been
instigated by NADW/GNAIW reductions
through the requirement (35) thae global rates
of deep-water formation balance global deep
upwelling, which is forced mainly by winds and
tides. The abrupt rise in atmospheric A™C at the
start of the Younger Drvas [+80%0 in ust 180
years (36)] (Fig, 2) may recond the time clapsed
before the Southem Ocean could begin respond-
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Fig. 3. Southern and north-
ern ocean-atmasphere changes
during the last deglaciation,
compared with intermediate-
water AYC. (A) Atmospheric
CO, iblack) and ice core
deuterium (5D) temperature
proxy (light blue) from Ant-
arctica Dome C(6), placed on
the GISP2 time scale. (B) Baja
Califormia intermediate-water
AY¥C. (€) Inverted decay-
corrected excess Z*Pa™®Th
in Bermuda Rise sediments,
based on two methods to
calculate excess {green and
purple) (34). The horizontal
dashed line shows the water-
column production ratio
for these isotopes (0.093);
lower values are primarily
due to Pa export by vigor-
ous NADW. Vertical dashed
lines show the ages of cli-
matic boundaries, as in Fig.
2. Error bars are based on
compound uncertainties in
radiocarbon ages and cal-
endar ages.
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ing 1o reduced NADW formation. leading to the
briel absence of deep-ocean sinks for "C (32).

Recent work shows that deep North Adlantic
radiocarbon  activities also  increased  abrupaly
during the Bolling-Adlerad because of enewed
formation of NADW and tha they wemporanly
decreased during the Younger Drvas, when
NADW formation was again briefly restricted
(37, 38} In light of our new record, this patiem
of decp-ocean clange was probably limited to
the Nonth Atantic (arising from deep circulation
changes within the basin), whereas the
intenmediate-depth Nonth Pacific recond wacks
the overall redisinbution of ¢ from the deep
occan to the aimosphene,

Implications for the deep C reservoir. Finally,
our results bear on recent questions. concerning
reconstructed rates of atmospheric AYC decline
during deglaciation and implied "C aging of
glacial deep waters. Although subject o uncer-
tainties (/9), decay projection of owr [irst
deglacial A™C minimum back 10 the surface
occan (FY) gives an apparent ventilmion age of
~4000 years, implying that the inferred deep
Southem Ocean source waters were at least that
old. This is broadly consistemt with the
minimum deep-ocean age estimated from the

calendar age BP

atmospheric record, assuming that the old
reservoir filled half of the ocean’s volume (40).
Ages of up to 300 years have been reponed for
glacial deep waters near New Zealand (47), but
maore northerly sites in the Pacific show linle dif
ference from today, at least ot depihs shallower
than ~2 km (40). We infer that the greatest "C de-
pletion of the glacial deep ocean was probably
concentrated in the Southem Ocean region {and
deepest Pacilic), coincident with the highest den-
sities (27) and lowest n':':”{' values ( 24),
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Monochromatic Electron
Photoemission from Diamondoid

Monolayers

W. L. Yang,™* ]. D. Fabbri, T. M. Willey,? ]. R. I. Lee,* ). E. Dahl,* R. M. K. Carlson,*
P. R. Schreiner,® A. A. Fokin,®® B. A. Tkachenke,® N. A. Fokina,® W. Meevasana,’
N. Mannella,? K. Tanaka, ™ X. ]. Zhou,™® T. van Buuren,® M. A. Kelly,? Z. Hussain,?

N. A. Melosh,? Z.-X. Shen®

We found monochromatic electron photoemission from large-area self-assembled monolayers of a
functionalized diamondoid, [121]tetramantane-é-thiol. Photoelectron spectra of the diamondoid
monolayers exhibited a peak at the low—kinetic energy threshold; up to 68% of all emitted
electrons were emitted within this single energy peak. The intensity of the emission peak is
indicative of diamondoids being negative electron affinity materials. With an energy distribution
width of less than 0.5 electron volts, this source of monochromatic electrons may find application
in technologies such as electron microscopy, electron beam lithography, and field-emission flat-

panel displays.

iamondoids are molecules with cage
Dﬁlt‘ll-ﬂllt'ch that can be superimposed upon
bulk diamond, These diamond-cryvsial
cages are fused wogether and terminated by hy-
drogen. Adamantane is the smallest member, con-
sisting of a single dianmond cage: wetramantane,
a higher dinmondoid, is constructed by four cages.
Since the discovery of higher dinmondoids in pe-
troleum, wogether with seleetive functionalization
techmiques (7-3), these materials have attracted
mterest because of their potential 1o combine
the properties of dimmond and nanomaterials,
In addition to the optical, mechanical, and thermal
propertics of bulk diamond, hydrogen-terminated
diamond surfaces have negative clectron affinity
(NEA), an imponam consideration in the devel-
opment of electron emitters [reviewed in (4)].
However, difficultics in emission  unifonmity,
clectron injection, and cleciron transport have
hindered the use of bulk diamond for this pupose
(). The pamary challenge for electron emillers
therefore remains to find a material that would
realize uniformly large, highly efficient, and highly
monochromatic electron emission. Diamondoids
are an interesting candidate for electron erission,
bocause they are essentially fully hydrogen-
terminated diamond clusters. Indeed, recent
quantum Monte Cardo calculations predict NEA
tor diamondoids up to | nm in size (3),
Large-arca self~assembled monolavers (SAMs)
of a functionalized diamondoid, [ 121 letrmmantane-

'Geballe Laboratory for Advanced Materials, Stanford Uni-
versity, Stanford, CA 94305, USA “Advanced Light Source,
Lawrence Berkeley National Laboratory, Berkeley CA 94720,
USA. *Lawrence Livermore National Laboratory, Livermore,
CA 94550, USA. "MolecularDiamond Technologies, Chev-
ron Technu{u?' Ventures, 100 Chevron Way, Richmand, CA
94802, USA. *Institut fir Organische Chemie, Justus-Liebig
University Giessen, Heinrich-Buff-Ring 58, 35392 Giessen,
Germany, *Kiev Palytechnic Institue, pr. Pobedy 37, 03056
Kiev, Ukraine.
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G-thiol (2. 3) were assembled on Ag or Au
substrates (6, 7). Thin lilms of unsubstituted
[121 retramantane were also abricated by evap-
orating tetramantane powder at 30° o 80°C onto
cleaned Au substrates in situ, Photoemission
spectroscopy (PES) and near-edge x-my absom-
ton fine structure (NEXAFS) measurcments
were perfommed (6) 10 analyze cdectron-cmission
propertics and the molecular orientation of the
SAMs. Several differemt samples with different
bias voliages (0 to 9 V) were measured 10 check
reproducibility. We observed obvious changes in
the spectra alier cenain periods of beam exposure,
All PES data shown here were collected a 30 K
will less than 30 min of x-ray exposure.

The molecular orientation of the [121]
tetramantane-6G-thiol SAMs was chamcterized
by polarzation-dependent NEXAFS, a technique
used extensively 10 study alkancthiolate SAMs
(8- 1M, Figure 1A shows the wotal electron
yicld NEXAFS spectra of [121 Jretramantanc-6-
thiolate on Au, The NEXAFS spectm resemble
those from bulk and gas-phase | 121 ictramantane
(1, 12). indicating a high-purity film of
tetramantanethiol adsorbed on the surface. The
angular dependence seen in the NEXAFS spectra
implics that the weirmmantancthiol forms well-
ordered monolayers with a preferential onenta-
tion. Absorption imensity of a NEXAFS
resonance ffom a O 1s orbital depends directly
on alignment between the hinearly  polarized
incident x-rays and the transition dipole moment
into a particular unoccupied orbital (8, 9. The
angular dependence s simulated by summing
over cach atomie center with mnsition dipole
moments onented along the bonds (8, 9). These
simulations agree with the expenmental data
(Fig. 1B} when the tetmmantancthiol. with the =
axis of the molecule defined by the S-C bond, is
tilted by 30 + [0° from the surface normal (Fig.
1C) (6 ) Additionally, the aflinity ol the thiol for
the metal leads to thiolate-bound monolayers
(7, 13-13), as confinmed by S 2p core-level x-ray
photoclectron spoectroscopy (16) (lig. 82).

The key resulis of this work are seen in the
PES spectra of [121 ietmmantane-G-thiol SAMs
grown on Ag (Fig. 2A) and Au (Fig. 3A) sub-
strates. An emission peak appears Tor both sur-
faces at about 1-¢V kinetic encray, the onset of
the spectra at low Kinetic encrgy. The miensity ol
the peak exceeds all the valence band feares.
For SAMs grown on Ag and Auw, the sharp peak
comprises about 68% and 17% of the 1otal
clecion yield, respectively. This peak intensity
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Fig. 1. (A) Polarization-dependent total
electron yield NEXAFS spectra collected
on [121]tetramantane-6-thiol SAMs
prepared on Au. Total electron yield
(TEY} is plotled against photon energy
at different beam incident angles. The
leading-edge peak at 287.6 eV (red ovall
is assigned to transitions from the C 1s
core level to the unoccupied (C-H) o*
orbitals, and the peak at about 292.5 eV
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is assigned to (C-C) o orbitals (8, 10,
11), The second gap indicated by the
arrow is the characteristic signature of
diamondoids (11, 12). (B} Comparison
between experiments and theoretical
simulations. Red squares represent the
experimental ratio of (C-H) o* spectral
weight between data at different angles
and that at 20°. The black line is the
calculated ratio based on the molecular
geometry as shown in (C), with a polar
angle of 36.5° (6).
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Fig. 2. (A} Fhoto- = is several times as strong as that found for
electron spectra of hydrogen-termiunated diamond surfaces |eg..
I1_21]'tetramantan:~6~ (4, 17-19)]. Even with a logarithm plot (insets).
thiol SAMs grown on l_ﬂ"Ei = o : one can still see a sharp Rature instead of the
substrates, collected with = = Ag 4 typical exponential decay of secondary electrons
55-eV photon energy. = in this energy mnge.
T!“? strong peak at 1‘:‘-‘” el : To ensure that this unusual electron emission
km:h': lenerg!f m"}:mns < originates [rom the diamondoid monolayers,
68% of the total photo- =2 we applied two different technigues 1o cover
electrons. The dotted '@ PR e i
i : = or remove the monolayer in sitw. Coating the
line is a 50-times en- @ . S i g
= diamondoid SAM with one monolaver of Cgg.
rgement. of valonce, 2 which was evaporated onto the SAM surface
band features. The inset 1' L‘I I‘“‘_"_]'{'W '{"._‘. ; L gz i IMI
shows the same spectra -.-I_L:lw._r; the = I-.Il:rl n.rmz-:-lmn r:.:mm.lm ‘~..m1.-1
in a double logarithm | ; y v — . (Fig. 2B). The valence band of the Cey coverad
plot. (B} Photoelectron o 10

10 40 w0 1w 20 W a0 so Sulace is neither from tetramantanethiol nor
spectrum  collected on ) Kinetic Energy (eV) from Cag (20, but the ongin of these eatures 1s
[121]tetramantane-6- not clear at present. The diamondord SAM was
thiol SAM covered by Cep sublimed in situ. The strong electron-emission peak disappears after Cgq  @lso removed by anncaling a SAM sample 1o
coverage. (C) Photoelectron spectrum collected on an annealed [121]tetramantane-6-thiol SAM. Asin (B),  S50°C in situ, Given that the thermal stability of
the peak observed for the pristine SAM vanishes after the in situ annealing to 550°C. The difference  conventional alkane thiol SAMs s ~70°C (21).
between the spectrum in (€} and a pure Ag PES spectrum could be partially due to residual 5 atoms still  this treatment should remove the diamondoid,

20
Kinetic Energy (eV

bound to the surface after annealing.

and as shown m Fig. 2C, the low - kinetic encrgy
peak completely disappears after annealing (22

Fig. 3. (A) Photo- A To investigate the imponance of a monolayer
electron spectra of of functionalized diamondoid versus a thin film
[121]tetramantane-6- )m_ of dinmondoid. we compared [12 1 Jietramantane-
thiol SAMs grownon Au = [} 2 i G-thiol SAMs with [121] [tetramantane films.
substrates. The shqrp 5 = Au . Figure 3B shows the PES spectum of the
gebitta;?};; ;_?:E;Esl E’ [121 ictramantane [[llm. The spectrum shows a
photoelectrons. The inset & :I'I.1:l]| peak at kow 1Lunu1|;: cnergy, in shamp contrast
shows a double logarithm :&:' 0 1L1 10 -.:.-Llh t]nf_ data for |112 | |1clr:l|‘|w|1|:nrm:--.‘1-ll1tul
plot. (B) Photoelectron 5 09 .‘-._-".?‘ds- i I-u_.':_'.. Ef_\. and 3A), Tw_u factors may con-
spectra of unsubstituted = tnbute to this dilference. One is the poaor clectron
[121]tetramantane conductivity within the thicker lfilms versus
films prepared in situ on %3 that through the monolavers, and the other is the
Au substrates. The inset role that the thiol groups play m the SAM sam-
is an enlargement of the 1 1 - — ! | - ples. Notably, this result indicates that the strong
low—kinetic energy part ° W A N 49 D0 w0 21& N W w0 clectron emission does not occur solely from the
of the spectrum showing Kinetic Energy (eV) Kinetic Energy (eV) diamondoid surface, but that the metal substrate
only a small peak. is also intimately involved in the process.

We furher confimed that the shap peak
Fig. 4. Schematic of the electron- EA remains al the same energy position with varying

photon excitation encrzy (fig. S3). This rules out
1 the possibility of core-level excitations and sug-
Y gesis that this sharp feature is not from clecirons
gw directly excited by photons, but from clectrons

emission process on  diamondoid
SAM surfaces. Eg is the Fermi level
of the metal substrate, sitting in the
energy gap of diamondoid. The

vacuum iE‘-':-’-l fEn.rnwrn]" 5_5 below LD accumulaied &l an intnnsic energy level of the
the conduction-band minimum of molocules,

the diamondoid, a Chﬂﬁ.‘llﬂi‘ﬂsufl of D e vt aeesesmeEe : PES has been used widely for studying NEA
NEA. The dotted red line depicts TN B muicrials, and a sharp feawre at a low-kinctic

the high-probability electron emis-

sion. First, electrons in metal substrates are excited
by photons into unoccupied states abowe Ep
Second, the excited electrons effectively thermalize
in the metal, producing more electrons with lower
energy. Third, electrons with energy above the
conduction band minimum are transferred to
diamondoid moieties. These electrons further lower
their energies by exciting phonons in the mole-
cules, and they accumulate at the bottom of the :
conduction band. Finally, because of NEA, electrons 1w & eV (25). As further evidence of NEA, we
accumulated at the bottom of the conduction band evaporated slightly potassium (K) metal onto the
emit into vacuum spontaneously and generate a peak at the low—kinetic energy threshold. Electron  SAM sample, In the PES specium of a Kcoverad
emission takes place also at high—kinetic energy levels, but with much lower photoelectron yield. [ 121 jietmmantane-G-thiol SAM ona Ag substrate,
Although this scenario roughly explains the existence of the electron-emission peak, more theoretical  the shamp peak retains its high intensity and occurs
understanding is needed to fully explain the results. at the same energy position @ in the PES spectrum

energy threshold s often evident in the spectra of
NEA (4, 714, 23, 24). Thus, the crission peak
preseoted i this work provides direet evidence
that cenain functionalized diamondoids are NEA
materials, consisient with the recent diffusion
Monte Carlo (DMC) calculations (5). Moreover.
the calculated DMC band gap, abowt 7 ¢V for
tetramantane (5}, is also consistent with the band
gap estimated from our photoamission specim, 6

Diamondoid SAM "
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without K (fig. S4). This is another indication of
NEA because K deposition onto a positive clec-
tron aflinity seniconductor will lead 1o a shili of
the low -Kinetic encrgy cutoff and strong enhance-
ment of the sccondary clectron background,

On a typical NEA surface, electrons excited
into unoccupicd states relax to the botom of the
conduction band as a result of inclastic scatter-
ing, a process nomally referred 1o as the second-
ary cascade. A number of sccondary electrons
will then accumulate at the bottom of the con-
duction band. For a surface with positive elec-
tron aflinity (as occurs in almost all untreated
semiconductor surfaces), these accumulated elec-
trons cannot escape. For an NEA surface, these
accumulated electrons can be emitied directly be-
cause the vacuum level lies below the bottom of
conduction band. As a result, a peak will be ob-
served at the low - Kinetic energy threshold in PES
(4, 17-19, 23, 24).

However, on diamondoid SAM surfaces, there
is only a single layer of diamondoid molecules.
The detailed mechanism responsible for the high-
Iy monochromatic emission is unknown at this
stage. Najvely, one may consider that photoex-
cited electrons lose energy by creating phonons in
the molecules, but this would likely lead 1 the
destruction of the molecules. A plausible scenario
is that most ol the photoexcited electrons come
froum the substrate. These electrons first themalize
in the metal, producing many more Jow-energy
electrons, Electrons with energies above the
diamondoid conduction-band minimum may get
transtemred to diamondoid molecules, reach the
bottom of the conduction band by creating
phonons, and get emitted. This proposal 15 shown
schomatically in Fig. 4. Another difference be-
tween our results and those of other typical NEA
sysiems (, £7-79, 23, 24y is that our data show a
spike in the spectra mther an exponential rise of
the secondary tail toward the threshold, suggesting
that a single energy level, resulting from the mo-
lecular nature of nanometer-sized diamondoids,
and/or a strong resonance process are involved.

Our results suggest that diamondoid mono-
lavers may have promising utility. Mot only can
functionalized diamondoids be casily grown into
large arca SAMs with NEA propertics, they also
naturally cireumyvent the long-standing clectron-
conductivity issucs cncountered for wide-gap bulk
NEA sermiconductors (4, 26). On a diamondoid
SAM surface, clectron conduction from the clec-
tron reservoir (metal subsirates) to the emission
surface is through a single molecule, which suc-
cesslully avoids the low-conductivity prohlem
and enhances the clectron emission. Additional-
Iy, the possibility of different functionalizations
(3, ) allows one 1o optimize the NEA and other
properties of diamondoids. Although many techni-
cal issues need 1o be addressed before diamondoid
SAMSs can be used s clectron emitters, diamond-
oids provide intrinsic advamtages over bulk
materials because of their special molecular
charcteristics—lor example, narow cnergy dis-
tribution of the clectronic states,

8 JUNE 2007 VOL 316 SCIENCE
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Coherence Dynamics in
Photosynthesis: Protein Protection
of Excitonic Coherence

Hohjai Lee, Yuan-Chung Cheng, Graham R. Fleming*

The role of quantum coherence in promoting the efficiency of the initial stages of photosynthesis
is an open and intriguing question. We performed a two-color photon echo experiment on a
bacterial reaction center that enabled direct visualization of the coherence dynamics in the
reaction center. The data revealed long-lasting coherence between two electronic states that are
formed by mixing of the bacteriopheophytin and accessory bacteriochlorophyll excited states,
This coherence can only be explained by strong correlation between the protein-induced
fluctuations in the transition energy of neighboring chromophores. Qur results suggest that
correlated protein environments preserve electronic coherence in photosynthetic complexes and
allow the excitation to move coherently in space, enabling highly efficient energy harvesting and

trapping in photosynthesis.

ighly efficient solar cnergy harvesting
and trapping in photosynthesis relies on
sophisticated molecular machinery built

from pigment-protein complexes (/. 23 Although
the pathways and time scales of excilation energy

Department of Chemistry and QB3 Institute, University
of Califernia, Berkeley and Physical Bioscience Division,
Lawrence Berkeley Mational Laboratory, Berkeley, CA
94720, USA.

*To whom correspondence should be addressed. E-mail:
GRFleming g bl.gov

transfiers within and among these photosynthetic
complexes are well studied, less is known abowu
the precise mechanism responsible for the energy
transfer. In particular, o what extent quantum
coherence contributes 1o the efficiency ol energy
trnsier is largely unknown, Only recently have
nonlincar optical spectroscopy and  theoretical
modeling started o reveal that coherences
between electonic excitonic states can have a
substantial impact on excitation cnergy transfer
in photosynthetic svstems (2-4), For example,

WWW.SCiencemag.org




Engel er al. have demonsirated using two-
dimensional (2D) electronic spectroscopy  that
surprisingly long-lived (=660 15) quantum coher-
ences between excitonic states play an important
role in the dynamics of energy transfer in pho-
tosynthetic complexes—ie., the encrgy transler
15 deseribed by wavelike coberent motion instead
of incoherent hopping (4).

To understand the origins of such long-lived
coherences and the role of the protein matrix in
its proservation, an experiment specilically de-
signed 10 monitor electronic coherences between
excited states s required. Here, we deseribe a
two-color electronic coherence photon echo ex-
periment ( 2CECPE) that produces a direct probe
of clectronic coherences between two exciton
states, We applicd the method 1w the coberence
between bactenopheophytin and accessory bac-
teriochlorophyll in the purple bacteria reaction
center (RC). The measurement quantifics
dephasing dyvnamics in the system and provides
strong evidence that the collective long-range
clectrostatic response of the protein environment
to the electronic excitations is responsible for the
long-lasting quantum coherence. In other words,
the protein environment protects electronic
coherences and plays a role in the optimization
of excitation energy transfer in photosvathetic
complexes.

The RC from the photosymthetic purple bac-
terium Rhodobacter sphacroides includes a
bacteriochlorophyll dimer called the special pair
(P} in the center, an accessory  bacieniochlo-
rophyll Nanking P on ecach side (BChl; By and
By, for the L and M peptides, respectively), and
a bactenopheophytin (BPhy: Hy and Hy, for the
L and M peptides, respectively) next o each
BCHI (3). (We use H and B 10 denote excitonic
states whose major contributions are from
monomeric BPhy and accessory BChl in the
RC, respectively.) In addition 1o eleciron trans-
fer with near-unity efliciency (4}, energy trans-
fer occurs between the excitonically coupled
chromophores—for example, from H w B in
about 100 5 and from B to I in about 150 f5-—in
the isolaied RC (7-70), In our expenmenis, the
pramary electron donor () is chemically oxidized
by KaFelON D (17), which blocks electron trans-
fer from P to Hy, but docs not affect the dy-
namics of encrgy transfer (4), This modification
climinates mterference from the charge-transior
dynamics. The absorption spectrum of the P-
oxidized RC at 77 K (Fig. 1 A) shows the H band
at 730 nm and the B band at 800 nm.

In our 2CECPE (//) (Fig. 1B}, three ~40-fs
laser pulses interact with the sample and generate
a signal field in the phase-matched direction &,
The first two pulses have different colors and are
respectively wined for resonant excitation of the
H transition at 750 nm and the B tmnsition ol
8O0 nm (Fig. 1A) This is different from
comventional two-color three-pulse photon echo
technigque in which the first two pulses have the
same color (/2). In our experiment, the first
pulse (750 nm) creates an optical coherence

(electronic superposition) between the ground
state and the H excitonic state (g H coherence).
The coherenee evolves for time delay # until the
sceond pulse (800 nm) interacts with the sample
1o form a coherence between B and H (BYH
coherence) that evolves Tor atime f2. Finally, the
third pulse (750 nm) interacts with the system 1o
genemte a photon echo signal if, and only if, B
and H are mixed. The imegrated imensity of the
echo signal is recorded at ditferent delay times ¢
and . The central idea of the experiment is that if
two chromophores are coupled and create two
exciton bands (H and B in this case) in the ab-
somption spectrum, then excitation resonant with
one transition ((g— ), followed by excitation
resonant with the other (jg)—(B}) converts the
mitial coherence (X H) into a coherence of the
two exciton bands (BYH ). This experiment is
distinet from conventional two-color three-pulse
photon echo measurements because  different
colors n the st two pulses are used W optically
select the contributions 1o the third-order re-
sponse lunction that arise from coherence path-
ways involving clectronic supemosition between
two exciton states in the & period. Because the
system is in a coherence stale in Ume f, popu-
lation dynamics only contribute to dephasing and
do not generate additional echo signals; therefore,
this technique is specifically sensitive 1o the co-
herence dynamics and provides a probe lor the
protein environment of the chromophores. A
similar pulse ordering was applied in duoal-
frequency 2D infrared spectroscopy 1o study
vibrational coherence transfer and mode cou-
plings (3, 14).

The 2CECPE signals for the RC as a function
of 1, and ¢ measured ot 77 K and 180 K are
shown in Fig. 2. A and B, respectively. These
figures provide a 2D representation of the sys-
tem, which propagates as a g)(H| coherence dur-
ing the £y period and as a |[B)(H coherence during
the f3 period. The result is a map showing the
dephasing dyvnamics of the gyl coherence
along the ry axis and the dynamics of the B)H
coherence along the > axis. Clearly, the decay of
the [gxH coherence is much fasier than the de-
cay of the BXH coherence. Moreover, following
the black curve that connects the maximum of
integrated echo signal at fixed f, we sec that the
signals exhubi a sawtooth-shaped beating pattem
that persiss for longer than = 400 5. This
oscillatory behavior is not [rom excitonic beating,
given that we detect signal iniensities in which
the oscillatory phase factor vanishes; instead. this
beating indicates electronic coupling 10 vibim-
tional modes. Notably, the pattermn s also pe-
culiarly slanted along the antidiagonal direction;
this slant arises because the vibrational coher-
ence is induced by the first laser pulse and prop-
agates in me #y + fh, making the peaks of the
beats parallel wo the anidiagonal (¢, + 5 15 fixed).
The signals show substantial peak shifl [ie.,
shili from £y = 0 (1 2)], indicating comelation of
the excitation encrgics between the H and B
transitions (/2),

REPORTS

To analyze the BHH colerence dynamics,
we plotted the integrated signal at 1y = 30 15
{across the maxima of the Hirst beat) as a lunction
of t2 (Fig. 3). Clearly, the dephasing is enhanced
at higher wemperature, as expected. The decay of
the echo signal as a function of 12 is not de-
scribed by a single exponential decay because of
its highly non-Markovian nature and the vibration-
al modulation. A Gaussian-cosine (it of the signal
shows that the main component of the cohercnee
signal decays with a Gaussian decay time (1) of
0 and 310 & at 77 and 180 K., respectively
feq. 81 and fig. S1). These dephasing times are
substamially longer than the experimentally
cstimated excitation energy transfer time scale
of about 250 5 from H w B to P (¥). The
surprisingly long-lived BXH| coherence indi-
cates that the exciation energy transfer in the
RC cannot be deseribed by Farster theory, which
neglects the coherence between donor and aceep-
tor states (75). In addinion, the decay of the (g H
coherence is much faster than the decay of the

WH coherence. Considering that the dephasing
of the g)(H coherence is caused by the transition
energy Nuctuations on [ whereas the dephasing
of the [BXH coherence is due o the Nuctuations
on the gap between H and B tmnsition energies.
the tansition energy Nuctuations on B and 1
must be strongly correlated, because in-phase
energy Mucations do not destroy  coberence.
Such a strong comelation can arise for two
possible reasons: strong electronic coupling
between B and H and'or strong comrelation be-
tween nuclear modes that modulate transition
frequency  Nuetuations of localized BChl and

A

3 14 B
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=
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Zos H

=
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Fig. 1. The 2CECPE experiment. (A) The 77 K
absorption spectrum (black) of the P-oxidized
RC from the photosynthetic purple bacterium
R sphaeroides and the spectral profiles of the
~40-fs laser pulses (blue, 750 nm; red, 800 nm}
used in the experiment. (B} The pulse sequence
for the 2CECPE experiment. We detect the in-
tegrated intensity in the phase-matched direc-
tion ks = —ky + kz + k3. a.u., arbitrary units,
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BPhy excitations. Our theoretical analysis found
that strong clectronic coupling alone cannot re-
produce the sawtooth pattern and a dephasing
time as long as that observed (1), Instead, cross-
comelation between nuclear modes modulating
the energy levels of localized BChl and BPhy
excitations is requircd,

We modeled the 2CECPE signals using im-
pulsive limit thind-order response functions for a
coupled heterodimer based on the trnsition re-
quency comelation functions for cach localized
excitation (//, 16). The model comelmion func-
tions contain a sum of a Gaussian component
rt.l'l‘l'l.:\l.‘rllll'lb solvent o migtion and a con-
stant tenm I'l.lﬂL"thlll'lj_. the II'I!H"II'I‘-'@L!U.‘I“.L\ static
contribution:

Cilt) = (Awiexp( 13/ )+ A2 (1)
where (Aw®™)'? is the fluctuation amplitude that is
determined h-x the reorganization energy 2, Tis
the bath relaxation time, A s the standard de-
viation of Gaussian static distabution, and ¢ = /i,
b, and &b denote the localized BPhy, BChl exci-
tations, and the cross-correlation between them,
respectively. For Cylt) and Cyir), we adopted
parameters established by previous photon echo
experiments on the neutral RC and by quantum
chemistry caleulations (/7-20), For h|-|“|'-|]|L“j'.
we used a single coeflicient ¢ to deseribe the
cross-cormelation and mssume Ay, = ¢« Ay Ay and
A7, = e+ A8y, The cross-correlation coeflicient
o represents the extent 1o which nuclear motions
miodulating the transition frequencies ol localizad
BPhy and BChI excitations are comelated with

180K \ "

100 150

50
11{fs)

cach other, With ¢ = 0.9 and the addition of a
vibrational mode coupled 10 the lecalieod BPhy
excitation (o =250 em ; Huang-Rhws factor § =
O.4; dampmg time = (L6 ps: phase sholi .28 rud),
the modd semiquantitatively  reproduces  the
measurements at 77 and 180 K simultaincously;
a ¢ value of (L6 substantially diminishes agree-
ment with experiment (Figs, 2 and 3} Adding
more tenns 1o the model comelaion lunctions
improves the {1t o experiments, but does not
change any conclusions,

A ¢ value near unity implies that nuclear
modes coupled 1o H oand B exhibit almost iden-
tical motions immediately afier exciation, In
other words, the two chromophores, Hoand B, are
cllectively embedded in the same protein envi-
rommient and feel a similar shon-ume Gaussian
componem of ther energy-level Nuctuations.
Most likely, this shor-time component is the
clectosiatic response of the protein environment
1o the electromic exeitations, Molecular dynamics
simulations of the RC support this conclusion
and show that interactions with the solvent cn-
vironment (protein and water), rather than the
intramolecular contnbutions, dominate the ran-
sition encrgy Nuctuations of the I dimer excited
state (2/1).

Theorics for excitation encrgy tmnsfer in
pigment-protein complexes usually assume an
independent bath for each of the individual chro-
mophores (/-3, 15, 22, 23). However, our result
suggests that in densely packed pigment-prolein
complexes, the assumption of independent bath
environments for each site s not correel. Indeed,
a previous molecular dynamies simulation on the

s
3

l1 (fs)

§§§§§§§

=
(=]

50

100K,

150

Fig. 2. Two-dimensional maps of experimental {A and B} and simulated (C and D) integrated echo
signals as a function of the two delay times, fy and t3, from the RC. The black lines follow the
maximum of the echo signal at a given t,. The data at t; < 75 fs are not shown because the
conventional two-color three-pulse photon echo signal (750-750-800 nm} overwhelms the 2CECPE
signal in this region, due to the pulse overlap effect.
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RO of Rledepseudomonas viridis also showed
that nuclear motions of adjacent chromophores
are strongly comelated (24). Given that closely
packed pigment-protein complexes are a ubiqui-
tous configuration for efficient energy harvesting
and trapping in photosynthetic onganisms, the
lomg-range comelated uctuations indicated by
our resulis are unlikely o be unigue.

What are the likely conscquences of long-
lived electronic coherence in the RC? First, such
coherence enables the excitation 1o move mpidly
and reversibly in space, allowing a very efficiem
search for the energetic wap, in this case the
primary electron donor, P The almost complete
correlation of the H and B Muctuations (on the few
bundred- femtosecond tme scale) and the likely
significant comrelation of the Muctuations of both
exciton states of P owith those of B will also aonable
bath-induced  coherence transfers between the
various pairs of excitons (25-27). We suggest that
the overall effea of the protection of electromic
coherence 15 10 substantially enhance the energy
transfer efficiency for a given set of electronic
couplings over that obtainable when electronic
dephasing is fast compared with transfer times.

It will be important o confinm this proposal
by carrving out experiments similar to the one
described here, but with excitation wavelengths

resonant with B and P and with H and P The
A = Experiment

= # —c=09

o —c=0.6
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Fig. 3. Integrated echo signals as a function of
t> at ty = 30 fs. Because the system evolves as a
coherence between the H and B excitons during
the t; period, this plot represents the dephasing
dynamics of the IBXHI coherence. Measurements
at 77 K (A) and 180 K (B} are shown in solid circles,
and the theoretical curves are shown in red (c =
0.9) or blue {c = 0.6) lines. a.u., arbitrary units.
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recent resulis of Engel o al. on the Fenna-
Matthew-Olson complex of green sullur bactena
also suggest strong comelations between the
Muctuations of the neighbonng onc-exciton stales
of the complex (), Clearly, further sudies are
required before it can be stated tha comelated

Muctwations and the conscquent protection of

clectronic coherence is a general feature of photo-
synthetic pigment-protein complexes, but it
seems clear that any accurae description of the
dynamics (and design principles) of these sys-
tems will require proper consideration of both
quantum coherences and long-range system-bath
interactions (3, 22, 23).

We close by bricfly comparing the present
technigue with existing experimental meth-
ods, In principle, 2D electronic spectroscopy
(4. 285, 29) and pump-probe anisolropy  spec-
troscopy (M0, 23, 3 both contain information
about coherence dynamics in the fomm of quanium
beatngs, However, interferences (rom other co-
herence states and population relaxation can
create a complicated beating pattem that makes
a quantitative analysis ol coherence dynamics in
the 2D spectrum or an anisotropy decay dillicult.
In this regard, the 2CECPE technique provides a
unique ool that can resonantly select third-order
response contributions from a specific coherence
pathway and should lead o a much-improved
understanding of coherence dynamics and the
protein Muctuations that govem these dynamics.
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Stepwise Quenching of Exciton
Fluorescence in Carbon Nanotubes
by Single-Molecule Reactions

Laurent Cognet,™** Dmitri A. Tsyboulski,®t John-David R. Rocha,®t Condell D. Doyle,?

James M. Tour,® R. Bruce Weisman®*

Single-molecule chemical reactions with individual single-walled carbon nanotubes were observed
through near-infrared photoluminescence microscopy. The emission intensity within distinct
submicrometer segments of single nanotubes changed in discrete steps after exposure to acid,
base, or diazonium reactants. The steps were uncorrelated in space and time and reflected the
quenching of mobile excitons at localized sites of reversible or irreversible chemical attack.
Analysis of step amplitudes revealed an exciton diffusional range of about 90 nanometers,
independent of nanotube structure. Each exciton visited about 10,000 atomic sites during its
lifetime, providing highly efficient sensing of local chemical and physical perturbations.

piical excitation ol semiconducting single-
walled carbon nanotubes (SWNTS) gen-
crites relatively strongly bound excitons
whose spatial dimensions are predicted 10 be a

few nanometers (-3). Experimental evidence of

efficient exciton-exciton annihilation in nano-
tubes indicates that SWNT excitons have sub-
stntial mobility along the wbe axis (46,
However, the extent of this mobility is still
expenmentally and theorctiically uncertain. A

notable related oflect is the strong suppression of

photoluminescence (PL) when SWNT sidewalls

are perturbed by chemical reactions (7-9), This

quenching phenomenon has hampered the use of

covalently  denivatized SWNTS as ncar-infrared
(ncar-IR) Mluorophores.

We report the use of single-nanotube micros-
copy 1o detect stepwise changes in SWNT PL
intensity within segments of individual nano-
tubes while they are exposed o chemical neac-
tants, These stepwise changes in PL intensity arc
causcd by reactions of single molecules with one
nanodube. Since the pioncenng  low-temperature
experiments of Omitand Mocmer, single-molecule

spectroscopy hus proven 1o be a powerful wol tha
bypasses ensemble averaging in the study of statie
and dynamic nano-obpecls i vanous Cnviron-
mients (J0, 17) Simgle-molecule approaches are
cspecially appealing for SWNT  fundamental
studics and  applications (/2-14) because the
bulk samples are highly heterogencous. In the
present work, the magnitudes of PL intensity
steps caused by single-molecule reactions reveals
that the exciton excursion range in highly
luminescent SWNTSs is -90 nm and is essentially
independent of nanotube structure, This oom-
temperature excitonic motion is deduced o be
diffusional. Because cach nanotube exciton visits
a very large number of atomic sites dunng its
lifctime, PL quenching provides an ultrasensitive

method for sensimg and studving certain types of

chemical reactions with nanotube sidewalls at the
single-molecule level.

Owr studies required highly luminescent and
relatively long nanotubes that were immobilized
vel accessible to added reactant solutions. We
therefore wsed very brief tip ulirasonication 1o
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disperse raw high-pressure CO (HiPeo) SWNTs
m aqueous sodivm dodecylbenzenesulfonate
(SDBS) surfactamt before nuxing the diluie
suspension with a melted agarose gel prepamtion
(15). Aqueous gels are commonly used in
molecular biology 1o provide an inert immobiliz-
ing environment and have previously been
applicd in single-molecule optical measurcments
(16). We captured near-IR fluorescence images
ol single nanotubes with a wide-ficld inverted
mictoscope modilied 1o include laser excitation
and a low-noise InGaAs camera (/4). Individual
SWNTs a fow micrometers in length were easily
identified in these images, and some of them
displayved uniform and high PL imtensity (Fig,
IA) The (nan) structurml assignment of cach
studied wbe was deduced from the peak
wavelength of its narrow Lorentsian emission
spectrum  (£7), as measuned with a dedicated
spectrograph and multichanne] near-lR detector
{Fig. 1B). In this study, we selected the brightest
nanoubes present i the weakly somicated sam-
ples. We believe that these selected nanotubes
have low defect densitics and nonradiative
relaxation rates that are dominated by intrinsic
processes. Most of these nanotubes displayed PL
that varied lincarly at the excitmlion intensitics
used here and remained stable for tens ol minutes
under continuous illumination (Fig, 1, B and ),
We used low laser intensitics (—100 Wiem®) 1o
avold exciton-exciton annihilation effects that
would shorten the exciton lifetime and reduce the
exciton’s excursion mnge (4-7), Furhermore, we
verilied that the nanotubes studied here showed

A B

-

O
o
Tirme (s}

0 300

Excitation intensity (W/cm®)

1200
i [mem)

1250

Fig. 1. Fluorescence measurements on an indi-
vidual SWNT immobilized in agarose gel. (A} Im-
age of an (11,3) SWNT excited at 100 Wicm?.
Scale bar, 1 pm; the intensity scale is linear from 0
(black) to 45,000 camera counts (white). (B) Spec-
trum of the same nanotube (top) and color-coded
contour plot (bottom) showing the stability of spec-
tra taken at 5-s intervals for 300 s. (C) Lumines-
cence intensity from the same nanotube as a
function of excitation intensity. Linearity up to
500 Wiam? indicates that no multiexciton pro-
cesses occur at 100 Wiem?, which is the excitation
intensity used in this study.
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no detectable spectral shifis, spectral broadening,
or change in emission intensity dunng the typical
duration of ourexperimentsd Fig. 1B). Fmally, we
confimed that the emssion spectta of SWNTs
cmbedded in agarose gels matched those of
SWNTs in uid surfactant suspension.,

To initiate chemical reactions, we placed a
10-ul drop of reactant solution on the edge of the
20 mm by 20 mm sample gel while recording
fluorescence images of a specilic nanotube with
stable and spatially uniform emission (fig. S1).
Two reactants were used. One was sulluric acid
(0L03 M), which cavses pH-dependent, reversible
quenching of SWNT fluorescence (7.8, /8), The
other was d-chlombenzenediazonium ietrafluo-
robore (1 mg/ml in water), which 1s known 1o
give imeversible covalent denvatrzation of carbon
atoms on the nanolube sidewall (/9) We re-
corded Muornescence image scquences al an 18-
He frame rate and plotted the wtal intensity
within selected 2 = 2 pixel regions 1o obtan PL
mtensity traces. The chosen spatial binning region
(4 prels) comesponded 1o 670 nm by 670 nm,
which is essentially the diffraction limit at the
near-IR wavelengths,

The PL intensity tace fom a 670-nm seg-
ment of an individual (8,6) nanowbe afer ex-
posure o sulluric acid is shown in Fig. 2A, That
nanolube’s Juminescence spectmam is plotted in
Fig. 2B. Coarscly, the PL time trace displavs an
exponential decay form. Howevar, closer exam-
ination reveals a series of sinkingly distingt steps
between well-delined intensity levels, rather than
a continuous decrease (Fig, 2A, inset), Morcover,
the luminescence shows upward as well as
downward steps. To analyee the distribution of

step amplitudes, we compiled a histogram for the
first 1085 period, showing signal ditferences (6/)
between successive image fmmes (Fig. 200
Apan from the large main peak near 2ero, whose
width anses mainly from signal noise, there are
four distinet side bands distributed symmetrically
around zcro, These side bands are the signature
of specific step amplitudes, The inner two (la-
beled +1 and —1) correspond 1o positive and
negative steps of the same unit intensity, whereas
the outer two (42 and -2) correspond 1o double-
amplitude steps, The presence of discrete (quantized)
inensity changes is confimmed by the precisely
Iincar relation linking the amplides of these
intensity steps (Fig, 2D),

We attribute the observed discrate intensity
steps o individual protonation reactions at the
manotube surfice. The -1 and -2 steps would
arise, respectively, from one or two independent
sidewall reactions occurmring within the 34-ms
sampling imerval, whereas the 41 and +2 steps
would anse from the reverse chenucal processes.
The mechanism through which acids quench
nanotube luminescence has been described as
a protonation at the sidewall of the nanotubes
i 7, 8. 18). In this scheme, a hole is injected ino
the nanotube m-syvstem near the protonation site, 11
an exciton encounters such a chemically induced
hole before it radiatively recombines, the exci-
on’s Juminescence will be efficiently quenched
through nonradiative Auger processes ().

Because the excitons have a limited excursion
range, only a fraction of those generated within
an observed 670-nm segment will be quenched
by a single protonation-induced hole. 1Tthe den-
sity of such holes 15 low, then each one causes the
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Fig. 2. Reversible stepwise quenching of individual SWNTs by acid. (A) Luminescence intensity of a
diffraction-limited segment of an individual {8,5) SWNT after addition of acid. Inset shows an expansion
of the first 100-5 period, revealing well-defined reversible steps. (B) Near-IR emission spectrum of this
SWNT, showing a single Lorentzian peak. (C) Histogram constructed from the data in the inset of (A),
showing the distribution of changes in luminescence signal (&) between successive 50-ms frames. Four
symmetrically located side bands are evident at well-defined &/ values. (D) Sideband peak positions as a
function of sideband label. The linear relationship indicates that the side bands correspond to discrete
protonation and deprotonation steps (see text), (E) Luminescence signal of a diffraction-limited segment
of an individual (7,6) SWNT upon successive addition of acid (W) and base (&), Luminescence recovery is
observed after base addition. (F) Expanded inset from (E) showing reversible steps in the recovery period.
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same amount of quenching (corresponding o the
observed -1 step amplitude), and cach deproton-
ation restores the same amount of luminescence
(the observed +1 step ampliude) However,
when the typical distance between quenching
sites becomes shorter or compamble 10 the ex-
citon excursion range, the quenching impact of
additional sites is reduced, giving smaller and
eventually unresolved steps, as seen at later times
in Fig. 2A,

To confirm that the observed stochastic
stepwise quenching arises from reversible pro-
tonation, we added ~10 pl of 1 M NaOll w
nanotube samples that had previously been
quenched by acid addition, The invened mangle
in Fig. 2E marks the point of acd addition, and
the standard riangle marks the poimt of base
addition. The perod of luminescence restoration
is expanded in Fig. 2F, which shows the expected
stochastic stepwise intensity changes. Statistical
analysis of upwarnd and downward steps inoa
medium of known pHl can in principle provide
the p&, of the protonated nanotube. However, we
could not pedonn this analysis on our data
because of time-dependem pHl gradients in the
sample. Large intensity Nueluations were obseryved
alter luminescence was restored by base addition.
W attribute this behavior 1o local pH luctuations
near the nanotube within the agarse pores afier
the successive addition of acid and base without
active mixing. Finally, the higher intensilies seen
in Fig. 2E after restoration likely reflect a higher
final pH level at the nanotube (/8),

To compare these exciton-quenching effects
with those caused by mn ireversible chemical

reaction, we perfommed similar measurements on
samples exposed o diazonium salts (Fig, 33 (200
These traces also display distinet steps i lumi-
nescence intensity, but the great majonity of the
steps are negative (>95%), indicating a mainly
imeversible process (9), Adjacent diffraction-
limited scgments within a single mnotube ex-
hibited very different dynamics, with litthe or no
comrclation between the time positions of the
steps (compare cach set ol red and black traces in
Fig. 3. A 1w C). Similar spatially uncorrelated
behavior in acid quenching is vividly illustrued
in movie S1. This observation demonsirates that
the mean excursion range of excitons must be
smaller than our optical resolution of 670 nm,
The same conclusion can be dmwn from the
localized PL in bent nanotubes exened by lin-
carly polanzed light (14) (g, S2),

Comparison of the PL time traces within each
frame of Fig. 3, A 1o C, reveals that for different
segments of one nanotube, the first fow step
heights are integer multiples of the same unit
intensity change A (regions marked by single
asterisks). This stepwise quenching pattem leads
to emission intensity plateaus that match between
distinet segments ol the same wbe. As was ob-
served for acid quenching. the steps have iden-
tical amplitudes at low densitics of quenching
sites, and they have gradually smaller amplinudes
al bonger times when the typical distance between
quenching sites becomes shorter than or compa-
rable o the exciton excursion mnge. However, in

contrast to the reversible protonation reaction of

acid quenching, the single-maolecule dinzonium
salt reactions are essentially imeversible. Here,

Fig. 3. Irreversible local-
ized quenching of individual
SWNTs with 4-chlorobenzene-
diazonium tetrafluorcborate.
Luminescence quenching of
diffraction-limited segments
of individual SWNTs is shown
for (8,3) (A), (8,6) (B), and
{11,1) (C) species upon addi-
tion of the diazonium salt

Lumingscence (au.)

solution. Irreversible intersity ~ ©
steps are observed. Each as-
terisk marks an elementary

0 Time (s)

unit step. In each frame, the red (lower) and black (upper) traces correspond to adjacent segments (each
670 nm in length) of the same nanotube. The black traces have been shifted upward by one unit step

250

Time (s) Time {s)

for clarity.
Fig. 4. Exciton excursion range (A) 50 00— y ¥ g y
measured for various SWNTs. (A) Dis- A B
tribution (n = 19) of A values deduced 7
from elementary step amplitudes (see |
text). (B) Plot of A values as a function o0l * ]
of SWNT diameter. = | e i P +
k
[
3
0 - . L . L .
0 90 10 07 08 08 10 1
A (nim) SWNT diameted (nim)

100
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the chloroberpenediazonium ion (or its dineotate
dimenic product) is thought to first adsorb onto
the surtace of a nanotwbe, formung a charge
transfer complex, The complex then imeversibly
decomposes o form a covalent bond with the
nanotube surface (9, 2/

We presume that cither of these nanotube
perurbations can cause ellicient exciton non-
radiative decay. A mechanism {or luminescence
quenching by sidewall dervatization is suggesied
by scanning tunneling spectroscopy results on
nanotubes covalently functionalized with amido
groups, obtained with 10-pm resolution. The
semiconducting energy gap was locally filled m
the derivatization site (22, Excilons encounter-
ing such electronic penurbations should undergo
cfficient nonradiative recombination,

For cach nanotube studied, repeatable values
of A are obtained at early stages of the reac-
tion when only a few independent sites have
been dervatized within the observed diffraction-
limited segment. We found that A values matched
lor separate segments in a single nanotube (Fig.
3, Ao Ch As for the minor vaniations in intensity
step heights found at early stages of the reaction.
we altribute these 1o the finite length of the
diffraction-limited segment, because quenching
cvents near the edge of the region produce
smaller steps. Soveral simultancous sieps some-
times occurred within a single 34-ms frame (Fig.
3, Acand B). This behavior probably results from
nonuniform dilution of reactants in the submi-
crometer pores ol the agarose gels, exposing the
nanotube sepments o large local concentration
Nuctuations.

Normalizing A by the imitial luminescence
iniensity J pives a mtio representing the proba-
bility that a mobile exciton within the nanowbe
segment encouniers 4 chemical reaction site
during its litetime. This probability also repre-
senis the fraction of the nanotube length explored
bv an exciton. The average exciton excursion
range A is therefore simply given by (Ad) = £,
where L is the observed segment lengih. For L
670 nm. we measured A values for 19 different
highly lumincscent SWNTs, The resulting dis-
tribution is strikingly warow, with a mean value
of 91 nm (Fig. 4A). The small dispersion found
for A values suggests that A docs not depend
arongly on panotube structure, We plotied A
values measured for 11 dilferent (nm) specics
(23) as a function of SWNT diameter (Fig. 43)
and found no systematic vanation of exciton cx-
cursion mnge with diameter (for the range
studied, 0.7 to 1.1 nm) or with chiral angle.

As mentioned above, our detenmination of A
assumes that the local penurbation induced by a
reaction sulliciently modifies the clectronic
structure of these bright wibes (22) 10 completely
quench excitons at that site. [F this quenching
probability P is in fact less than 1, then A would
be given by 90 nm/P (but could not excoed 670
nm) However, several observations support the

estimate of P= 1, The results are independent of

nanotube structure, the nommalized initial step
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amplitudes are consistent for acid quenching and
diazonium salt quenching, and Auger quenching
of excitons 15 known to be elficient.

Is the exciton moton ballistic or difTusional?
For the bright emissive SWNTs studied here, we
assume an exciton recombination lifeume t =
LO0 ps, which 15 among the larger values
reported from ume-resolved spectroscopy (24, 25),
11 the motion is ballistic, then the exciton’s Kinetic
energy would be given by

; o AN
Epaltisic = 5 Mexgin ==

()

where mg . 15 the exciton effective mass. Using
an estimated i, g OF <0 1w (1, 26), we obtain
Eratisse = 1077 V. Thus value is orders of mag-
nitude lower than the 0,012 eV (YT expected
Trom rapid themalization induced by the exciton-
phonon couplg evident in SWNT spectroscopy
(271, We conclude that the excitonic motion s
instead diffusional, in agreement with a recent
investigation on bulk samples (28). The come-
sponding ditfusion coeflicient for the exciton one-
dimensional random walk is then given as D
A2t~ 04em’ s,

This value lics more than two orders of mag-
nitude below a prior entmive estimate that was
indircetly deduced from transient absomtion
experiments on ensembles of short SWNTs in
annealed dried Gilms (29). The exciton diffusion
coellicient measured here for highly lumines-
cent individual SWNTs may be used to inmterpret
the =150 em™ Lorentzian line widths observed
N enission spectroscopy of rosm-temperaiure
SWNTs (sce Figs. 1B and 2B). These widihs
arise from dephasing that is far more rapid ( 70 (5)
than the ~100-ps exciton population lifetime 1.

I dephasing instead occurs by diffusional
hopping of the exciton along the whbe axis, then

the hopping step length dhep can be estimated
from the relation [ = nth,z {2, Whare Thy
represents the interval between hops, identificd as
the T0-I5 dephasing time. This approach gives a
hopping step length of =2 nm, which closcly
matches theoretical estimates of the exciton size
(1-3) We propose that the emission linewidih
may onginate from thermally assisted short-range
hopping of excitons along the nanotube axis. At
cryogenic lemperatures, suppression of this hop-
ping would then remove the major source of line
broadening and would account for markedly nar-
rower spectral features (30,

T ethicient exciton quenching ocours not only
al chemical derivatization sites but also at the
ends of cut nanotubes, our value of the exciton
diffusion mnge A naturally explains the strong
reduction in PL repontad for SWNTs shorter than
~ 100 nm (31). More generally, the measured dif-
fusion mnge implics that one exciton will visit
~10* carbon atoms during its lifetime. Thus, PL
becomes remarkably sensitive to certain sidewall
clectronic perturbations, which may include chem-
ical dervatizations and defects introduced during
naolube processing. PL may then prove uselul
for detecting local pH gradients in restricted en-
vionments, such as microfluidic channels or
organclles inside biological cells,
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Seismic Evidence for Deep-Water
Transportation in the Mantle

Hitoshi Kawakatsu® and Shingo Watada

We report seismic evidence for the transportation of water into the deep mantle in the subduction

zone beneath northeastern Japan. Our data indicate that water is released from the hydrated oceanic
crust at shallow depths (=100 kilometers) and then forms a channel of hydrated mantle material on
top of the subducting plate that is the pathway for water into the deep mantle. Our result provides direct
evidence that shows how water is transported from the ocean to the deep mantle in a cold subduction

zone environment

ater in the mantle is expected 1o play
essential roles in various notable prob-
lems of geodyvnamics, suchas the gen-
cration of arc volcanism (/). lubrication of the
subduction zone plate interface that may ngger
large canhquakes (2), and control of mantle rhe-
ology (30 How water s tmnsported nto the
mantle, however, has not been clear, except that o

8 JUNE 2007 VOL 316 SCIENCE

is generally believed that subducting hydrated
oceanic crust is the major carder, preventing
Eanh scientists from accumtely estimating the
overall water circulation budget of the Earth
system ().

Beneath nontheastem Japan, the old Pacific
plate s subducting along the Japan trench. Ow-
ing panly to the favorable subduction geometry,

as well as the dense and well-maintained scismic
network there, it is the most detail-studicd sub-
duction zone on the planet, and a number of
discoveries of subduction processes have been
mace there. In recent vears, these have included
the linding ol a double seismic zone (5); detailed
mapping of a low-vclocity arca in the mantle
wedge that possibly comesponds w a pathway of
magmatic melt migration responsible for arc
volcanism (6-&); fingerlike distribution of active
volcanoes (%, f0); and a transition from the
trench-parallel 1o trench-nonnal seismic anisol-
ropy (7). On the basis of these findings, we now
have a much better understanding of the detailed
mechanics of subduction. However, if we con-
sider a subduction zone as a place of material
consumplion (subduction of the oceanic plate)

Earthquake Research Institute, University of Tokyo, 1-1-1
Yayoi, Bunkyo-ku, Tokyo 113-0032, Japan.
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and production (generation of arc volcanism),
understanding of the essential  clement—how
waler 1s tansported mto the mantle —is sull not
resolved.

Water exists in occanic crusl as vanous hy-
drous minerals. When the occanic plate subducts
at the wrench, the hydrated crust carries water with
it in the form of hydrous meta-basal [c.g., bluc-
schist (12)). The presence of hydrous minerals in
the occanic crust reduces the scismic velocity 1o
considerably less than the velocity of the sur-
rounding mantle (13, /4), and evidence for this
has been detected in different subduction envi-
ronments & a low-velocity laver near the top
surface of the subducting plate (15, /6), I s
experimentally established that those hydrous
minerils become unstable at pressure and wemper-
ature conditions characteristic of a shallow sub-
duction zone (~50-km depth) and are dehydrated
to become anhydrous eclogitic occanic crust,
This dehydration process is expected 1o oceur al
depths of =50 10 =150 km in a cold subduction
environment such as exists beneath nonheast Ja-
pan {(J4. 17), and expelled free water should
move directly upward due 1o buovancy into the
mantle wedge. Because the presence ol waler
substantially lowers the melting temperature of
the mantle peridotite, it is generally belicved that
this water eventually triggers the manthe melting
to generate island are voleanism (/). What is not
resolved is how and where this process oceurs in
the mantle wedge.

On the basis of scismic wmography and a
numencal simulation, Iwamon and Zhao (/7)
suggested that free water in the mantle wedge
metamorphoses (or hydrates) the mantle pendo-
tite ino hydrous serpentinite, and the serpen-
tinized mantle is drageed downward parallel w
the dircction of the slab subduction, forming a
thin serpentinite layer along the wp surface of the
subducting slab. The postulated sempentinite laver
may be the pathwav by which substantial
amounts of waler are transporied into the deep
mantle (). It is, however, difficult 1o resolve the
existence of such a layer by scismic transmission
tomography, owing to the low sensitivity of this
method, The scattered seismic wavelield, by
contrast, is sensitive o local velocity changes
and thus has the potential o resolve thin layvers.

We reconstructed such a scatiered scismic
wave field o image the reflectivity profile be-
neath northeast Japan (Fig. 1) We used the re-
ceiver function (RF) technique (/8-20) and
obtained the data from the Japancse Hi-net
seismic amay (2/) |see Supporting Online Ma-
terial (SOM) ] The RF images (Fig. | and fig. S1)
show clear images of the wp part of the subduct-
ing Pacilic plate: The oceanic Moho is mapped
continuously parallel 1w the upper plane of the
double seismic zone (5) as positive RFs (red in
the figure, representing the velocity increase with
depth). Above this fcawre, a strong velocity
decrease (negative RFs, blue), due 1o the pres-
ence of the hydmous occanic crust, is observed,
The strength of the negative RFs s reduced

drastically at depths of” 30 1o 90 km (Fig. 2,
where the hyvdrous minerals are expected to de-
hydrate. The scsmic velocity of the hydmous
occanic crust s much slower than that of the
sumounding mantle, whercas that of the anhy-
drous cclogitic crust is scismically indistinguish-
able (4.3). Thus, the degree of dehydration would
strongly control the reflectivity at the top pant of
the slab, and our images are in good agreement
with existing models of the occanic crust de-
hydration (/4, 17} We therefore conclude that
this reduction of the RF ampliwdes provides
dircet evidence for the debvdration of subducied
oceanic crust at this depth mnge.

At a depth of 90 km, where strong negative
RFs disappear, positive RFs emerge parallel 10
the dip of the subducting plate (pink line in Fig.
1B). Because the positive RF comesponding 1o
the oceanic Moho (red line) continues o just
below this feature, it cannot be the occanic Moho
itself displaced upward due to the effedt of some
unmodeled structure. A positive RF is a signature

REPORTS

of a velocity increase, and thus the observed fea-
ture indicates that the scismic velocity 1s slower
above the top of the subducting plate. The simi-
larity between our RF image and the numetical-
ly predicted water content in the mantle wedge
{Fig. 3A) allows us to interpret the image as
follows (Fig. 3B The dehydration of the occanic
crusl causes its velocity o increase, whercas the
serpentinization of the mantle wedge peridotite
by the expelled water causes the velocity there to
decrease, As this process continues to deep sub-
duction, there is a depth st which the seismic
velocity of sempentinized mantle wedge becomes
slower than that of the oceanic crust underneath;
below this depth, both the wp and bottom sides
of the oceanic crust show a veloeity mercase with
depth and are imaged as positive RFs, as ob-
served in Fig. 1A, The top part of the serpentin-
teed Jow-velocity laver is not imaged in Fig. A,
possibly reflecting a more gradual boundary due
to the diffusive nature of the hyvdration/dehydm-
tion process (22,

ot

b & A B oM s o @
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e & b b o s o @

distance (km)

Fig. 1. The reflectivity profile beneath northeast Japan. (A) Rellectivities given by RFs are measures of
local S-wave velocity jumps, because a P-to-5 seismic wave conversion is sensitive to the S-wave velocity
change. Red and blue colors correspond to velocity increase and decrease with depth, respectively. The
color scale is given in terms of an equivalent S-wave velodity change (in percent) at a first-order
discontinuity. (B) Interpretation of the image is overlaid on top of the reflectivity profile in (A). The
continental Moho is not imaged well because of the frequency range used for the analysis. (Inset) A map
of northeast Japan. The red line delineates where the 100-km-wide cross section is made. Red triangles
indicate volcanoes active in the past 10,000 years (Smithsonian Institution, Global Volcanism Program)

and are also plotted on the top of the cross sections,
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Fig. 2. Amplitude variation of the
imaged reflectivity peaks. Peak values
of the reflectivities of the interpreted
images {along the red and blue lines
in Fig. 1B) of three sections (Fig. 1A
and fig. 51, D and F) are shown as a
function of depth. Open and closed
symbols correspond to the red and
blue images, respectively, in Fig. 1.
The reflectivity values are given in
terms of the equivalent S-wave veloc-
ity increase. The amplitude (or mag-
nitude) of the negative reflectivities
decreases with depth, whereas that of
the positive ones stays almost con-
stant down to a depth of <100 km
and then becomes weak. A low
velodty of ~13% is consistent with
the existence of a fully hydrated
oceanic crust (blueschist) (29},

depth (km)

Reflectivity (>3s)

Amplitude (AVs%)

sorpantinite (cBwtHa0)

down dip

70 RO %0 100 100 120 130
Depth (km)
saismic valocity
—
wedge mantle
crust {<BwifsHz20)
slab mantle

Fig. 3. Interpretation of the reflectivity profile in terms of the water transportation in the mantle
wedge. (A) A numerical simulation of the water transportation beneath northeast Japan (4). Bright
colors indicate a high concentration of water. The water in the hydrated oceanic crust [shallow (<50
km) dipping red layer] is expelled to serpentinize the mantle wedge, which is dragged downward on
top of the subducting plate to form a serpentinite layer (deeper dipping red layer). (B) & schematic
model for the effect of crustal dehydration on the seismic velodty near the top of the subducting
plate. Seismic-velocity profiles (black lines) perpendicular to the slab surface are given at different
down-dip distances. Red and blue colors show the expected reflectivities in a manner similar to that
for the reflectivity profile (Fig. 1). Light blue arrows indicate the dehydration process. The slab
surface is rotated to become horizontal.
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The accurate relative location of RF images to
seismicity and tomoegraphic images of the same
region 15 cssential for our interpretation, but
the RF mmage (Fig. 1} docs not allow such a
dircet comparison because the effeet of the
dipping interface dislocates the image, In-
stead, we use a dip-corrected RF mmage (sce
SOM) for such a comparison (Fig. 4A) Two
imporant observations may be made. First,
most of the carthquakes in the upper plane of
the double seismic zone are located above or
near the peak of the positive RFs, and thus
occur in the oceanic crust {or near the oceanic
Moho); second, the positive RFs interpreted as
the bottom of the serpentinite laver are located
substantially decper than the strong low-velocity
region in the mantle wedge, wiuch apparently
comresponds o the melt pathway lor the are
volcanism (&), and thus are unlikely 1o be directly
related 1o this feature,

The presence of a low-velocity layer near the
top part of the subducting plate has been ob-
served in some subduction zones (15, 16, 23-23)
and ofien interpreted as a subducted hvdrated
oceanic crust (13, 15). Our observation sheds
new light on how we interpret those low-velocity
sructurcs, Assuming that the amount of water
roughly determines the scismic-velocity reduc-
tion in both crust and mantle and that most ol the
expelled water sempentinizes the mantle, the depth
al which the top ol the oceanic crust loscs its
illumination may roughly comrespond to a depth
at which about hall of the water in the crust is
delvdrated [completion of blusschist dehvdra-
tion (/4). =90-km depth]. As the dehydration
continues further, the occanie Moho also loses its
illumination (~125-km depth), indicating that
most of the water in the oceanie crust 15 dehy-
drated. Below this depih, the botiom of ihe ser-
pentinite laver dominaies the reflectivity profile
until the depth an which serpentine itsell becomes
unstable, thereby releasing water upward to trig-
ger melting in the wedge () (130- 1©0 150-km
depth, Fig. 4). [T the emperaiure of this region is
cold enough, another hydrous mineral, phase-A.
may lurther bring water down o a depth greater
than 300 kim (4); this phase-A laver on the top ol
the slab should show a velocity profile similar to
that of the sempentimite laver in Fig. 3B, except
that the signature 15 weaker alter the serpentine
dehydranon. Such a structure had been observed
in the deeper portion (2 50- 10 400-km depth) be-
neath central Japan (23) as a shamp velocity in-
crease al the wp surface of the subducting slab.
This feature was originally attributed to the par-
tial melting of the wedge mantle (23) and, more
recently, to the low-velodity due 1o the oceanic
crust (L5). In the context of the present work, we
attribute it 1w the hvdrated mamle wedge as a
cominuation of the serpentinite laver, as sug-
gested above, Furumurma and Kennett (246) re-
cently showed that the suggested persistent
deep (10010 250 km) low-velocity crustal layer
(13, 24} 15 not required from scismic wavelomm
data beneath Japan. Indeed, a reflectivity profile

wWwWw.sCiencemag.org




comesponding to a velocity increase subparallel
o the deep-slab scismicity is observed down to
~400 kmi, qust above the 410-km discontinuity
breneath central Japan (2 7). The schemane model
(Fig, 4B) is qualiatively consistent with most of
the scismic observations so far made beneath
notheast and contral Japan (15, 23, 26, 28) and
may possibly cxplain the depth vanation of the
reflectivity at the slab surface (/.3), It brings many
individual obscrvations together ina single frame-
work that is consistent with petrological (/) and
geodynamical (4, 14, I7) arguments. Thus, our
result provides convineing seismic evidence 1o
delineate how water is transported into the deep
mantle within the mamle wedge in a cold sub-
duction environment.

The amplitudes of the reflectivity profile of
both sides of the oceanic crust at shallow depths
(=50 km) are large and consistent with the exis-

tence of a fully hvdmted oceanic crust (Fig. 2)
that may contain ~6 weight %o HaO (4, 14). To
preduce the RF signature comesponding 1o the
bottom of the sempentinite layer as observed (Fig 1),
a large amount of the water expelled from the
oceanic crust by debydrtion must be used 10
serpentinize the wedge mantle, Consequently, a
substantial amount (several wi %) of water must
be transported w0 depths of =130 o 150 km
through this channel. How much deeper and how
much water is ransponied through this channel
are imponant guestions that must be answered 10
quantily the water circulation budget in the sub-
duction zone, Wavelorm analyses of broadband
data of reflected and converted waves at the top
of the slab below 1 50-km depth may provide
answers o these questions, eventually allowing
us 1o cstimate the overall water circulation budget

in the Earth system ().

10y

-10
o

depth (km)

Lpwescnrire

I el ar
{54
250
] 100 200 SO0 400km
distance

Fig. 4. Integrated seismic images beneath the Tohoku subduction zone and a schematic model for the
water transportation. (A} The dip-corrected reflectivity image of Fig. 1A is compared with the tomographic
image (7) and the seismicity (magnitude larger than 3) reported by the Japan Meteorological Agency. The
S-wave tomographic image above the subducting slab & given by contours with 3% velocity-change
intervals. The thick solid contours give the average velocity. Thin contours in the mantle wedge correspond
to the low-velocity regions. Plus signs indicate earthquakes. Red triangles are the same as in Fig. 1. (B)
The pathway of water transportation postulated by Iwamori [(4); see also (30)] is schematically
illustrated by light blue and red colors for nonmagmatic and magmatic paths, respectively. Negative
percentages give the S-wave velocities of fully hydrated oceanic crust relative to those of the slab-
mantle estimated by Hacker and Abers (29) (also given are the names of the stable crustal rock facies,
and wt % H,0 in parentheses). The plate boundaries of the subducting slab are shown schematically
as blue lines. Earthquakes and contours of the low-velocity region in the mantle wedge of Fig. 4A are

also shown.
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Global Prevalence of Double

1472

Benioff Zones

Michael R. Brudzinski,* Clifford H. Thurber,? Bradley R. Hacker,? E. Robert Engdahl*

Double Benioff zones provide opportunities for insight into seismogenesis because the
underlying mechanism must explain two layers of deep earthquakes and the separation between
them. We characterize layer separation inside subducting plates with a coordinate rotation to
calculate the slab-normal distribution of earthquakes. Benchmark tests on well-established
examples confirm that layer separation is accurately quantified with global seismicity catalogs
alone. Global analysis reveals double Benioff zones in 30 segments, including all 16 subduction
zones investigated, with varying subducting plate ages and stress orientations, which implies
that they are inherent in subducting plates. Layer separation increases with age and is more
consistent with dehydration of antigorite than chlorite.

espite the passage of nearly 30 vears
Dsim‘c the discovery of double Beniolf

zones (DBZs) (F), the nature of these
parallel planes of scismicity in a subducting
plate remains cnigmatic (2-5). Benioff zones
represent internal deformation of actively sink-
ing lithosphere as inclined zones of scismicity
connecting shallow carthquakes near the trench
with carthquakes deep in the mantle. The mech-
anism for any scismicity below ~T70-km depth
is a matter of ongoing debate because ol the
need 1o overcome high confining pressure that
would otherwise prohibit the sudden release of
strain as carthquakes [c.e.. (6)]. The existence
of DBZs presents an important opporunity for
gaining insight imto carthquakes at interme-
diate depths of 70 to 300 km, because a hypoth-
esis lor such scismogenesis must explain the
presence of the two layers and the separation
between them. In general terms, canhguakes
require two conditions: the presence ol suffi-
cient deviatoric siress o generaie shear defor-
mation and an adequaie mechanism o siore
and release sirain in a seismogenic way. Proposed
mechanisms  for wriggering  intermediate-depth
scismogenesis that may account for DBZs
center around dehydration of hydrothermally
altered occanic lithosphere, with a variety of hy-
drated mocks being suggested as contributors (e,
2., serpenting, chlorite, and gabbro) (5, 7-/3).
Likewise, severml mechanisms have been pro-
poscd to explain the stress conditions in DBEZs,
including unbending of the slab [e.g., (74, 15)],
thermoelastic stress [e.z., (/6)]. and sagging of
the plaie |e.g. (4171, An open question that
would provide a key constraint on models for
seismogenesis is: Arc DBSs common in sub-
duction zones globally as a result of a ubiguitous
mechanism, or are they rare because of special
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conditions present in only a few siuations?
This study provides a preliminary answer 10
this question: DBZs are relatively widespread.

DBZs have been most suceessfully chame-
terized in regions where local seismic networks
provide adequate coverage 1o vield relatively
high-precision ecarthguake hypocenters (f8-23).
We can use such locally “calibrated”™ DBZs 10
test the ability of global seismicity catalogs 10
identify the presence of DBZs and estimate the
laver separation. Despite increased location
scatter in global catalogs compared with local-
network catalogs. a benchmark test desenbed
below indicates that global catalogs are sul-
licient for chamcterizing DBZs. In this study,
we investigated (1) whether DBZs are preva-
lent globally and (1) potential relanonships
between DBZ layver separation and subducting-
plate propertics, with special attention o ther-
mal parameters (Fig. 1), The overall prevalence
and regularity of DBZs on a global basis will

— _ﬂ. 180"

&

=

e

characterize the conditions at depth, both seismic
and petrologic, that reveal how a plate evolves
aller subduction.

We have developed a straightforward meth-
od for determining the separation between
lavers of a DBZ that can also assess the exis-
tence of a DBZ. This technique determines the
distribution of events in the slab-normal di-
rection for a given slab scgment such tha
seismic layers appear as peaks in carthquake
histograms. We use the dip test 1o establish
whether the distribution is multimodal (24);
il it is, we calculate the separation between
modes and the associated uncenainty using a
multiple Gawssian it (25). Further detmls on
data and analysis are in the Supponing Online
Material.

To evaluate the perdfomance of our method
for determining DBZ separation with the slab-
nomnal distmbution, we applicd the technique ©
what s arguably the best-charactenzed DBZ
norheastem Japan—using hypocenters relocated
with the advanced double-difference tomography
method and local network data (/9), In this case,
DBZ sepamation was casily seen before coondi-
nate rotation due to high-precision event locations
i Fig. 2A. wop pancl). and it has been established 1o
be <30 km (/. 19). Alter rotation of the events
into down-dip and slab-normal directions (Fig.
2A, botiom), we found that the distbution is
bimodal at =99.99% confidence level (P <
0.0001) and that the peak-to-peak separtion is
31 km.

Having cstablished that the technique can
reproduce a DBZ spacing with precisely located
events, we compared resulls for nonheastem
Japan using the global hypocemral caalogs of
Engdahl er al. (EHB) (26, 27, and subsequem
updates) and the Preliminary Detenmination of

120 80"

Fig. 1. Subduction-zone segments analyzed, with color scale illustrating seafloor age (28) before being
consumed at trenches (barbed lines). Black circles indicate areas with a multimedal distribution of
events in the slab-normal direction (pink circles indicate cases with confidence < 95%), demonstrating

that DBZs are globally prevalent.
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Fig. 2. Analysis of DBZ
separation using slab-
normal distributions.
{A) Results for north-
eastern Japan using re-
located, local-network
hypocenters (19). Top
panel shows events
{crosses) in typical cross-

section view (gray areas
not analyzed), and bottom

:-. c 0 v 31- '_ii-;ﬂ.n- -‘—I-'_- W
" % - Y -
I = v o - g

panel shows events after
rotation into down-dip 8 5
and slab-normal loca-

tions. This provides the

benchmark for compar- o
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Numbeor of Events
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150 200 b 5

ison with results using
global hypocentral at-

alogs of (B) EHB (26, 27)
and (O PDE. Similar esti-
mates of DBZ separation

among the three data sets
at several other subduc-
tion zones confirm that
global catalogs are suf-
ficient to characterize
DBZs. (D) Histograms
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showing slab-normal dis-
tribution of EHB events for
all segments analyzed,
sorted by subducting plate
age. DBZ separation is
estimated by multiple
Gaussian fits shown in

(wx) yideq
o

or 02

green, and dashed linear best fit highlights a significant increase with age.

Epicenters (PDE). The catlogs ane constructed
only from hypocenters determined using glob-
ally reponed armival times and do not include
hypocenter solutions from dense local net-
works. In these cases, the DBZ separation is
more difTicult 10 see in a typical cross-sectional
view hecause of the increased scatter in event
location and depth, presumably due 1w the
increased effects of subduction zone lateral
heterogeneity on global arrival-time data com-
bined with arrival-time pick inaccuracy (Fig.
2. B and C, top) Nevenheless, the slab-nonmal
distribution afler coordinate rotation  shows
two prominent peaks (Fig. 2, B and C, bot-
tom), the dip st for mulumodality 15 casily
satisfied (£ < 001y, and the separations be-
tween the Gaussian peak fits are 30 km for
EHB and 29 km for PDE.

Comparing the EHB catalog and other
available local network locations, we found
excellent agreement for the DBZ separation
(18, 20, 21, 23). For example, in the case of
New Zealand (22), we determined the slab-
nomal distribution of EHB and local catalog
dota, finding DBZ separmions of 21 km for
cach, With the successful benchmark tests in
hand, our method allows a new global invest-
gation of DBZ prevalence and patiems in the
DBZ soparation. We investigated 16 differemt sub-
duction zones (Alaska, Aleutians, Central Amer-

Fig. 3. DBZ separation

versus subducting plate o
age for each segment ana-
lyzed, including 1-5D un-
certainties from Gaussian
fits. Predictions of DBZ
separation due to the
lower zone resulting from
ulimate dehydration of £
antigorite (blue) and chio-
rite {green) are shown g
based on Hacker et al. (9).
Antigorite dehydration 5 &
consistent with all ob- °
served DBZ separations,
whereas chlorite dehy-
dration might explain
only a few cases. Separa-
tions are not correlated
with stress orientations,
shown as triangles for

£

typical down-dip compression overlying down-dip extension, circles for a different pattern, and crosses

when the pattern is unknown,

ica, Kurike-Kamchatka, Fa-Bonin Japan, Manana,
Nazca, New Britain, New Hebrides, New Zealand,
Philippines, Ryukyy, Sumatra, Sunda, and Tonga)
that account for a mnge of subducting plate agcs
|~ 10w 160 million years (My)] (Fig. 1) (25 and
slab dips (0 0 70F) jable 51,

Adter constructing istogrmms for the slab-
nomnal distibution of events in the EHB catalog
for cach region (Fig, 2D, we found 30 differemt
scgments that have a bimodal or trimodal dis-
tribution that fullills the dip test for multimodality
{table 51y When the results for slab-nomal dis-
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tribution of events are sorted by age of sub-
ducting plate (Fig. 2D), the DBZ scparmtion
reveals a significant increase with plate age, from
-8 km for a ~12-My-old slab up to 30 km for a
~160-My-old slab. A lincar estimate for the DBZ
separation versus age relationship is 0. 14 km/My,
but the dwa can also be it with a log-hincar
relationship,

Every subduction zone studied has at least
one segment with a DBZ (Fig, 1), suggesting
that DBZs are ubiquitous features. However,
our method was not able o identify a DBZ in
every section of every subduction zone, This
is mainly due o difficultics constructing cross
seclions in areas with less seismicity, where
wider cross sections raise problems with
trench curvature or changes in slab dip. Two
clear cross sections that did not meet the dip
test for multimodality in Kurile-Kamchatka
and Eastem Alcutians have been reported as
transitions from a DBZ 1o a single Bemioft
zone, mierpreted as siuations where stresses
are reduced (4, 29). Moving from northeast 1o
southwest i Kuorile-Kamechatka, the decreas-
ing compressive stiress transmitted from greater
depth is thought to control changes from sin-
gle compressive zone to DBZ 1o single exien-
sive zone,

Funther evidence for the variable siress re-
gime in DBZs globally can be seen in a survey
of reported focal mechanisms (table S1), with
several DBZs showing pattems different from
the conventional compressive upper laver and
extensive lower layer (7) (Fig. 3). This places
new constraimnts on models for the source of siress
in DBZs, which leads us 1w guestion the viability
ol cach of the proposed models (thermoclastic,
slab unbending, and sagging plate), which may
have difficulty generating sufficient levels of
stress for the wide range of slab emperatures,
configurations, and focal mechanisms. The sys-
temalic vartation in layer sepamtion with plate
age despite variations in stress onentations also
suggesis that the wrend in layer separations is
not controlled by intraplaie siresses. Instead,
the discovery of DBZs over a wide range of
ages and focal mechanisms indicates that the
conditions for scismogencsis can be met in two
separate layers within plates o imtermoediate
depths regardless of the slab thermal state and
stress orientation. Thus, the triggering mecha-
nism docs not result from an unusual set of cir-
cumstances, bul must be common in subduction
FARNN N

The triggering mechanism for DBZs has
typically been interpreted as duc 1o the thermal-
petrological evolution of the subducting plate [e.g.,
(9], One proposed mechanism for inermediate-
depth seismogenesis that may account [or DBZs
is the breakdown of hydrous phases 10 produce a
free fuid-—and therefore wemo elfective pressune
allowing batle faulting (e.g., 7, 13, 30, 31 (32)
A variety of hydous minerals have boen sug-
gested as contributors, with matamomphosaod
basalt near the top of the plate being the pri-

8 JUNE 2007 VOL 316 SCIENCE

mary candidate for the upper zone of scismicity
(5, 91, 1Y), Recently, the upper zone bencath
northem Japan has been proposed to consist
of two thin layvers of scismicity with different
focal mechanisms separated by a few kilome-
ters (33) Alhough the global database used
here s likely insulficient to see such a triple
scismic zone, there arc a few scgments in this
study (i.e., J1, TL, and T2) where a wrimodal
solution with a small scparation between peaks
in the upper layver provides a better fit than a
bimodal solution.

Petrologic candidates that might explain the
lower zone of DBZ sciamicity as the result of
dehwdration include antigorite (/2) and chlonte
(%) in hydous perdotite (34). The chlone-
delwdration reaction occurs at higher temper-
atures of 700 10 BO0°C (deeper within the plate),
s0 the dipping scismic zone associated with this
reaction would occur up 1o 10 km below that
associted with antigonte dehydmtion at 600 10
650°C, genermating a larper DBZ separation (9).
Given this difference between the two dehydra-
tion reactions, we comparad the resulls for DBZ
separation versus subducting plate age found in
this study with separations predicted for the
dehydration of amtigorite and chlorte based on
the themal-petrological models of Hacker of al,
(9) (Fig. 3). Antigorite dehydration is consistent
with all the observed DBZ separations, whercas
chlorite dehydration can explain only a few
cases, Given the variation of siress orientations
in DBZs of our study arcas, the lack of larger
separations that would indicate chlonie dehy-
dration 1s not due o stress limitations. This
implics that the lower zone of carthquakes at
intermediate depths is most likely associated
with uid released from antigorite breakdown.
Given that serpentinized pendotiic can store
several times more water than chlorite-bearing
peridotite (¥). the amount of Muid released may
be a key factor in generating carthquakes,
which could be used to evaluate the seismo-
genic poiential of other dehvdration reactions
[or perhaps phase changes that result in fuid-
like material (35)].

Regandless of whether our inference about
antigorite breakdown s comect, our finding
that DBZs are found in all subduction zoncs
worldwide requires that any tnggering mecha-
nism 1o cxplain DBZ scismicity (and hence
intermediate-depth carthquakes in general)
must be present inall subduction zones regard-
less of plate age, convergence rate, or siress
orientation.
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A Meta-Analysis of Effects of Bt Cotton
and Maize on Nontarget Invertebrates

Michelle Marvier,"* Chanel McCreedy," James Regetz,” Peter Kareiva'"

Although scores of experiments have examined the ecological consequences of transgenic Bacillus
thuringiensis (Bt} crops, debates continue regarding the nontarget impacts of this technology.
Quantitative reviews of existing studies are crucial for better gauging risks and improving future
risk assessments. To encourage evidence-based risk analyses, we constructed a searchable
database for nontarget effects of Bt crops. A meta-analysis of 42 field experiments indicates that
nontarget invertebrates are generally more abundant in Bt cotton and Bt maize fields than in
nontransgenic fields managed with insecticides. However, in comparison with insecticide-free
control fields, certain nontarget taxa are less abundant in Bt fields.

ublic debate regarding nsks and benelits
Pni' genetically modilied (GM) crops

continues unabated (/-3). One reason for
the wrelenting controversy 1s that disagree-
ments about new technologics ollen have litle
to do with scientific uncertainty but instead arise
from differing personal values and differing lev-
¢ls of trust in public instiwtions (6, 7). However,
in the case of GM crops. scientific analvses have
also been delicient (4). In particular, many ex-
periments wsed to test the environmental safety
ol GM crops were poorly replicated, were of
shon duration, and/or assessed only a few of
the possible response variables (8). Much
could be leamed and perhaps some debates
setthed ifthere were credible quantitative analyses
of the numerous experiments that have con-
trasted the ecological impact ol GM crops with
those of control treatments involving non-GM
varielics.

Here, we describe a meta-analysis of field
studics involving Bacilfus thuringiensis (Bu)
crops, which represent the predominant mod-
ilication entailing the novel production ol pes-
ticidal substances (Cry proteing) in crop plants,
The incorporation of bacterial-derived ony genes
into plants means that a wide variety of specics
are exposad, on a relatively continuous basis, to
pesticidal Cry proteins. We restricted our analy-
scs 10 lepidopieran-resisiant cofton expressing
Cry LAc protein, lepidopleran-resistant maize
cxpressing Cry lAb protein, and coleopteran-
resistant malze expressing Cry3Bb proten,
because the aggregate collection of ficld cx-
periments asscssing these Bt crops s larze
enough 1o draw some compelling conclusions
(9-11),

The standard approach to assessing non-
target elfects entails measuranents of abun-
dance, survival, or growth of nontarget species

Yenwironmental Studies Institute, Santa Clara University,
Santa Clara, CA 95053, USA. National Center for Ecological
Analysis and Synthesis (NCEAS), University of California at
Santa Barbara, 735 State Street, Suite 300, Santa Barbara,
CA 93101, USA “The Mature Conservancy, 4722 Llatona
Avenue NE, Seattle, WA 28105, USA,

*Ta whom correspondence showld be addressed. E-mail:
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when exposed to a GM vaniety versus when
exposed to the same or similar variety lack-
ing the genctic modilication. We focused on
lield studies, and the response varnable we
anmalyeed 5 the abundance of nontargel imver-
tebrates, sampled in a variety of ways. For
cach experiment, we recorded many attributes,
including locations, durations. plot sizes, and
sample sizes (/2) {table S2). Experiments re-
lied on two differemt wwpes of control treat-
ments, cach reflecting a different philosophy
ol risk assessment: (1) controls entailing non-
GM warieties grown under identical condi-
tions but treated with insecticides and (i)
controls entailing non-GM  varieties grown
under identical conditions and with no in-
secticides applied. A third type ol com-
parison, in which both Bt and control plants
were treated with insecticides, was occasion-
ally used.

We mepon a weighted mean effect size,
Hedges® o, calculated as the difference
between the means of the Bt and the control
treatments divided by the pooled sandard

deviation and weighted by the reciprocal of

sampling variance. Negative values indicate
lower abundance (whereas positive values
indicate higher abundance) in Bt plots com-
pared with abundance in control plots.

The mean abundance of all nontarget in-
veriebrate groups lumped together is significant-
Iy reduced in CryvlAc cotton ficlds compared
with mean abundance in non=-GM, mscetcide-
frec ficlds |Fig. 1A, white bars; 93% confi-
dence intervals (CL do not overap with o = 0],
However, the abundance of nontarget inverte-
brates is significantly higher in Bt cotion
compared with that of control fields sprayed
with insecticides (Fig. 1A, hatched bars),
There was no signilicant dilference in the abun-
dance of nomarget inveriebrates for studies
where both the Bt and the conrol fields were
treated with insecticides (Fig. 1A: gray bars).
Thus, the different types of experimental com-
parison revealed significantly different ef-
lects of Bt crops [Fig. 1A, left; batween-groups
heterogeneity (Oy) = 49.96; degrees ol free-
dom (dfy = 2; P < 0.001]. Results were qual-
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tatively similar when analyses were restricted
to the related transgenic events MONS31 and
MONTST (Fig. 1A, right),

For all CrylAb maize events, the overall
mean abundance of nomtarget invertebrates
was significantly lower in Bt compared with
that in control fields that lacked insecticide
applications (Fig, 1B; lefimost white bar). How-
ever, the mean abundance of nontarget in-
vertehrates was greater in Cry 1 Ab maize than
in non-GM maize spraved with pyrethroid
insecticides (Fig. 1B; lefimost hatched bar).
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Fig. 1. Meta-analysis of field studies assessing
abundance of nontarget invertebrate species for
(A) lepidopteran-resistant CrylAc cotton, (B)
lepidopteran-resistant CrylAb maize, and (C)
coleopteran-resistant Cry3Bb maize. Effect size is
Hedges' d, and error bars represent bias-corrected
95% Cl. Values below each bar indicate the
number of different papers or reports and, in
parentheses, the number of lines of data summa-
rized {each line of data represents a comparison of
agroup's average abundance in a Bt versus control
treatment). White bars compare the abundance of
nontarget invertebrates in Bt and non-GM vari-
eties, without insecticide applications. Gray bars
compare the abundance of nontarget invertebrates
in Bt and non-GM varieties, both treated with
insecticides. Hatched bars compare the abundance
of nontarget invertebrates in insecticide-free Bt
varieties versus non-GM varieties managed with
applications of [(A)] any chemical insecticide and
[(B) and (C)] pyrethroids.
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Effects measured by using these two dillerent
types of control treatments differed signifi-
cantly (e.g., Fig. 1B, left pair of bars; (4 =
19.36; df = 2; P = 0.001), Qualitatively dif-
ferent patterns emerged when analyses were
restricted 1o single wansgenic evems, For
MONELD, effect sizes measured using con-
trols with versus without insecticides did not
significantly differ (Fig. 1B, middle bars; Oy =
0.71; df = 2; P = 0.39). For Btl76, the two
control types vielded significantly  different
elfects (Fig. |B, right bars; O = 9.41; dl' = 2;
P o= 0.012) but there was no significant re-
duction in abundance observed with the
insecticide-free controls (white bar, 95% C]
overlaps with o = U).

For Cry3Bb maize, the mean abundance of
nontarzel invertchrates was not significantly
different in Bt fields compared to abundance
i non-GM maize cither with or without pyre-
throad applications (Fig. 1C; for the left pair of
bars, (), = 0.37 and P = 0.51). This same pat-
tem held when analvses were restricted to event
MONEGR3.

The general indication of our analyses is
that il agriculture with insecticide applica-
tions is the standard of comparison and il
adoption of Bt crops truly reduces insecticide
applications, then Bt crops may increase the
abundance ol nontarget invertebrates overall,
Alteratively, if the comparison is made
farming systems without insecticides, some
nontargel groups are significantly less abun-
dant in Bt than in control ficlds (Fig. 23 Not
surprisingly, the mean abundance of nontar-
wet lepidopierans is signilicantly reduced in
CrylAc cotton (Fig. 2A), which targets re-
lated lepidopteran pesis. There were insuffi-
cient data 1o test this guestion in CrylAb
maize. However, the mean abundance ofnon-
target coleopierans does not appear 1o be re-
duced in coleopteran-resistant Cry3Bh maize
(Fig. 2C).

Coleopterans and hemipterans appear 1o
be slightly less common in Cry | Ac cotton than
non-OM,  imscenicide-free cotton (Fig. 2A0).
Although these groups both include a wide
variety of functional groups (herbivores, pred-
ators, detritivores, elc.), we lound no indica-
tion that seme l(unctional groups cxhibit
stronger ¢ifect siecs than others [see Sup-
porting Online Material (SOM) text for ad-
ditional details]. Lastly, hymenopterans arc
less common on average in Cry LAb and Cry3Bb
maize compared with hymenopterans in non-
GM, insecticide-lree controls (Fig. 2. B and
C, respectively). For the Cryl Ab comparison,
data on hymenopterans mostly  comprised
parasitic wasps of the braconidac and ichneu-
monidac. For Cry3Bb maee, data included
parasitic wasps and ants. It is unclear whether
the reduced abundance ol these groups (co-
leopterans, hemipterans, and hymenopterans)
15 duce 1o dircct loxicily or 15 a response 1o
reduced availability of prey in Bt crops. A
significant reduction of collembolans in
CryvlAb maize is based on too few observa-
tions to be credible at this point (Fig. 2B).

To investigate the sensitivity of our findings
to how we designed our comparisons, we per-
formed additional malvses with use of several
dilferent subsets of experimental comparisons as
the foundation (12). For example. we used only
studies in peer-reviewed journals or only studies
that identified inveriebrate taxa to at least the
level of family, With only minor excoptions,
results wsing these altemative quenies were
qualitmtively similar o those reported here
(SOM text).

To facilitme additional syntheses, we have
created a publicly accessible, searchable data-
base, detailing methods and resulis of lab
and field studies examining nontargel inver-
tebrates and Bt crops (http:/delphi.nceas.
uesh.edwbicrops/). While assembling this
database, we found numerous studies that did

not report measures of variance to accompany
treatment means (40% of 64 reports of ficld
studies), did not clearly present the sample
size (20%), or improperly used subsamples to
calculate measures of variance (22%). By cor-
responding with authors, we were ofien able
o resolve these issucs, IF regulatory agencics
were 1o require rescarchers 1o enter details re-
garding their study methods and results into
a similar database, it would be casy 10 spot
omitted information and postpone approval of
pesticidal crops until complete records were
submitied.

Our analyses provide some suppont o the
claim that GM plants can reduce environmemal ly
undesirable aspects of agriculure, particularly
the nontarget impacts of nsecucides, However,
we examined only one tvpe ol genetic modifica-
tion, and most of the underdying studies entailed
controlled held expenments with small spatial
scales as opposed 1o actual farming  systems,
where continued insecticide use somelimes oc-
curs with Bt crops. Secondly, the conelusion that
adoption of Bt cotton or maize may entail cco-
logical benelits assumes a baseline condition of
insecticide applications. In reality, both types of
control treatment reflect fanming practices: in
2005, insecticides were applied o 23% ol maize
acreage cultivated in 19 states surveyed by the
LS. Department of Agriculiure (LISDA) (/3).
Morcover. the vast majority of Bt maize acreage
comprises variclics used for silage or processed
foods (e.g., corn syrup) for which insecticide
use has typically been limited. Insecticides are
more commonly used in colton production,
with 71% of surveyed cotton acreage treated in
2005 (13).

Studies such as those synthesized here in-
vestigate whether changes in invericbraie
abundance are statistically significant. Where-
as the lack of a difference is generally con-
sidered a signal of environmental safety, it is
harder 10 interpret whether statistically sig-
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Fig. 2. Comparison of effect sizes across orders of nontarget arthropods C cryasb maize
in (A} CrylAc cotton (Qy, = 12.41; df = 5; P = 0.014), (B) CrylAb maize ng, 7R 2% s sp2) amEm  AE )
(Qy = 19.58; df = 7; P = 0.012), and (C) Cry3Bb maize (Jy, = 5.64; df = 04
f: P = 0.146). Control treatments are restricted to non-GM varieties = oz
without insecticide application. Orders are those for which data were %
derived from a minimum of three distinct reports or publications. Effect ,E 0z
size is Hedges' d, and error bars represent bias-corrected 95% CI. Values a4

above each bar indicate the number of different papers ar reports and, in
parentheses, the number of lines of data summarized. An asterisk
indicates that the 95% Cl does not overlap with 0.
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nificant differences in abundance translate
mto ccologically important changes. Regard-
less of one’s philosophical perspective on risk
assessment tor GM crops. enough expernimen-
tal data has accumulated to begin drawing
empincally based conclusions, as opposed o
arguing on the basis of anccdote or hand-
picked examples,
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An Ancient Mechanism Controls
the Development of Cells with a
Rooting Function in Land Plants

Benoit Menand,! Keke Yi,%? Stefan Jouannic,»* Laurent Hoffmann,'t Eoin Ryan,!
Paul Linstead, Didier G. Schaefer,*+ Liam Dolan's

Root hairs and rhizoids are cells with rooting functions in land plants. We describe

two basic helix-loop-helix transcription factors that control root hair development in the
sporophyte (2n) of the angiosperm Arabidopsis thaliana and rhizoid development in the
gametophytes (n) of the bryophyte Physcomitreila patens. The phylogeny of land plants
supports the hypothesis that early land plants were bryophyte-like and possessed a dominant
gametophyte and later the sporophyte rose to dominance, If this hypothesis is correct,

our data suggest that the increase in morphological complexity of the sporophyte body in the
Paleozoic resulted at least in part from the recruitment of regulatory genes from gametophyte

to sporophyte.

he invasion of land by planis in the

I Palecozoic was accompanied by marked
changes in plant structure and life cvele

and resulted in diversification of terrestrial
ccosystems and pronounced climate change
(-3} One of the most important transforma-
tions that occurred during the st 100 million
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vears aller plants colonized the land was the
rise 1o dominance of the diploid phase (sporo-
phyte) of the life eyvele (the land-plant lite cvele
comprises independent haploid and diploid
organisms). The phylogenctic relationship among
green algae and land plants suggests that the
haploid phase (gamectophyie) was morpho-
logically more complex than the smaller dip-
loid phasce (sporophyte) in the carliest land
plants (4), This changed over a period of =100
million years o a sitwation in which the dip-
loid phasce became larger and more morpho-
logically complex (#). This rise 1o dominance
of the diploid phase of the life cycle was accom-
panied by an enormous increase in morpho-
logical diversity evident in Devonian floras
and has persisted to the present day, when the
land Noras are largely dominaed by diploid
plants (F). To date, we have linle understand-
ing of the genetic basis of such a metamor-
phosis of the land plant body. The charactenzation
of the function of regulatory genes such as
LEAFY (LFY) in both bryophytes and angio-
spenms suggests that the increase in sporophyte
diversity was brought about through the

modification of the activitics of sporophyie-
specilic genes with sporophyte-specilic lunc-
tons (3). Here we show that genes that
specilically promote the development of root
hairs i diploid sporophytes of angiosperms
also control the development of cells with
similar functions in the haploid gametophyies
of mosses. This suggests that genes with
gametophyte [unctions in ancestral land plants
were recruited o function in the sporophyie
during the metamomhosis of the land plam
body.

Root hairs are highly polanzed cells tha
merease the surface arca of the plant that 15 in
contact with the growth substrate. They play
important roles in nutrient acguisition and
anchorage in those land plants that have rools
(65, 7). The Arabidopsis thaliana root epidennis
is organized in alternate rows of hair-forming
cells (M cellsy that produce a tip-growing pro-
tuberanee (root hairs) and rows of non-hair
cells (N cells) that remain hairless. AtRADG
(ROOT HAIR DEFECTIVE 6) positively regu-
lates the developmem of H cells- Amhds mu-
tants develop few root hairs (Fig. 1A) (8). We
cloned ARADA wsing an enhancer trap line
LAdd6-2) in which the GUS reporier gene is
expressed in M cells but not in N cells (Fig. 1.,
Cand D, and fig. S1). AtRHDG encodes the
basic-helix-loop<helix (BHLH) transcription

factor Atlgh6470 (9). The dentification of

another independent allele (Aofdt-3) with a

similar phenotype and the complementation off

the Atrhd6-3 mutation with a whole gene
AtRHDp: :GFP:ARKDG translational fusion
with the GREEN FLUORESCENT PROTEIN
(GFP) confirmed that the defect in root hair
development observed in this mutant is due o
mutation of Arfea6470 (Fig. 1A). This com-
plementing ARADGp::GFP:ARHDG  Tusion
indicates that AIRHDG protein accumulates
i H-cell nuclei in the meristem and clonga-
tion zones (Fig, 1B ) but disappears belore the
emergence of the root hair (dma not shown).
The spatial pattern of N cells and H cells in
the A. thaliana root epidermis s controlled by
a transeriptional network including the posi-
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tive regulator of H-cell identity CPC and the
negative regulators of H-cell identity WER,
e, and GL2 (1), To determane if ArRHDG
15 regulated by these genes, we analyeed the
promoter aclivity of the Amhd6-2 enhancer
trap in different mutant back grounds, While
the Andudt-2 enhancer trap expresses GUS in
cells inthe H position, this expression spreads
to the cells in the N position in the wer, fg,
and g2 mutant backgrounds, indicating that
WER, TTG, and GL2 negatively regulate tran-
seription of ARADG in the N position (Fig.
1D). No expression was observed in the ope
mutant, indicating that CPC positively regulates
ARHDG expression (Fig, 1D) Thus, ARHDG
controls the development of oot hair cells and
acts downstream of the genes mvolved in epi-
demmal pattem formation.

AIRHDG is a member of subfimily Ve
of BHLH transcription factors thal comprises
live other members (9, £7). One of these genes,
A5 37800, hereafter named RHD SIN-LIKE]
(ArRSL 1Y, is very similar 1o AtRHDS, suggesting
that these two genes derve from a relatively
recent duplication event (9). This suggests that
ARHDG and AtRSLE might have redundant
functions. To determine if AtRSLT is also re-
quired for root hair development, we identified
a line (Atesl]-1) carrving a complete loss-ol-
function mutation in the ARSES gene and
created the Awhd6-3 Atestl-1 double mutant
(Mg, S1). Because no new phenotyvpes were
observed when these mutants were grown in
our standard growth conditions, we grew them
on the surface ol eellophane disks, where small
numbers of oot hairs develop in the Awrhdn-3
smgle muant (Fig. 2A). Plants homozygous
for the Agsf-F muaton had wild-type rom
hair morphology when grown on cellophane
disks (Fig. 2A). However, the Atrfid6-3
Atrxli-1 double mutant did not develop root
hairs, indicating that AtRHDG and AIRSL T have
partially redundam functions in root hair de-
velopment (Fig. 2A0). Awidt-3 Awrsdi-1 double-
mutant plants camrving the genomic construct
AtRSEL e GFP-ARRSET displaved the AtRhd6-
I-mutant phenotype, confinming that the ex-
treme  hairless phenotype of the Arehds-3
Awrs{f-] double mutant is the result of a loss
of unction of both AtRHDG and AIRSLT genes
(Fig. 2A), The complementing GFP:AIRSL
tusion protein accumulates in hair cell nuclei in
the menstem and clongation zones, indicating
that At DG and ArRSLL have similar expres-
sion patterns (Fig. 2B ). These data indicate that
AtRSLL and ArRHD act wgether o positively

regulate root hair development. To determine if

AtRHDG and ARSLT are required for the de-
velopment of the only other tip-growing cell in
Nowering plants, the pollen whbe, we charac-
terized the phenotypes of pollen tbes n
Armlidt-3, Awsli-1, and Awhdt-3 Awresfl-1 mu-
tants both m vitro and in vivo., We detecied
neither a defect in pollen ube growth norin the
scgregation of mutant alleles in the Fa progeny
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mutants. Together these data indicate that
AMBRHDG and AMRSL1 are bHLH transcription
factors that are specilically required for the

of backcrosses o wild tvpe (fig. 52). No other
detective phenotype was detected in any other
part of Aredid6-3, Atrsif-1, or Aerdndt-3 Ansti-4

A

Atrhd6-1 Le  Atrhd6-2 Col0 Atrhd6-3 , Ad6:3

C D o |

Atrhd6-2 Atrhd6-2 Alrhd6-2 Atrhd6-2 Atrhd6-2
cpc  wer Mg gl2

Fig. 1. AtRHDS is a positive regulator of root hair development in A. thaliana. (A} Roots of Atrhds-1,
Atrhdé-2, and Atrhds-3 mutants with their respective wild-type ecotype (W5, Wassilewskija; Col0,
Columbia 0; L.e., Lansburg erecta) and complementation of the Atrhdé-3 mutant with a genomic
AtRHDGp:: GFF:AIRHDS fusion. (B} Fluorescent image of the genomic AtRHD6p::GFPAtRHDG
fusion in the Atrhds-3 background showing AtRHD& protein in hair cells nuclei. (C) Expression of
the Atrhdé-2 enhancer trap GUS gene in root cross section. (D) Whole-mount longitudinal view of
the expression of the enhancer trap GUS gene in Atrhdé-2 and in different backgrounds (cpc, wer,
ttgl, and gl2). H, hair cell; N, non—hair cells; C, cortex. Scales bars, 500 um (A), 50 um (B}, 25 um (C),
and 100 pm (D).

Atrhd6-3
Atrsl1-1

AIRSL1p-GFPAIRSLY

Col0 Atrhd6-3 Atrsi1-1 Atrhd6-3 Atrhd6-3
Atrsi1-1  Atrsi1-1

AIRSL1p::GFP-AIRSLY

Fig. 2. AtR5SL1 positively regulates root hairs development in A. thaligna. (A) Roots of WT, Atrhds-
3 single mutant, Atrsi1-1 single mutant, Atrhdé-3 Atrsi1-1 double mutant, and Atrhds-3 Atrsil-
1 double mutant bearing the AfRSLIp::GFPALRSLI transgene. Plants were grown on MS media with
sucrose overlaid with a cellophane disk to increase root hair production in the Atrfidé-3 mutant. (B)
Fluorescent image of the genomic AtRSL1p:: GFP:ARSLI fusion in the Atrfhidé-3 Atrsi1-1 background
showing AWRSL1 protein in hair cells nuclei. H, hair cell; N, non=hair cells. Scale bars, 500 um (A)
and 50 um (B).
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development of root hairs and act downstream

of the genes that regulate epidermal pattern

formation in the Howering plant A, thafiana,
The most ancestral grade of land plants are

the brvophytes—the carliest microfossils of

land plants from the middle Ordovician (-475
million years ago) have bryophyte charac-
teristics (/2), Bryophytes do not have roots
but possess tip-growing cells that are mor-
phologically similar to root hairs and fulfill
rooting functions, In mosses, caulonemal cells
increase the surface arca of the filamentous
protonema tissue in contact with the substmte
and rhizoids anchor the lealy gametophore o
their growth substrate (/3, /4% both cell
types are hypothesized 1o be involved in
nutrient acquisition {f3). However, rhizoids
and caulonema develop from the gameto-
phyie of mosses, whereas root hairs develop
lrom the sporophyvte of modem vascular planis,
Thus, according 1o the current view that land
plants evolved by the intercalation of a sporo-
phytic gencration [rom a haplontic algal an-

cestor followed by the progressive increase of

stee and complexity of the sporophyie in paral-
lel to a reduction of the gametophyie (4, [5),
neither rhizoids nor caulonema are homol-
ogous to root hairs, To determine i the develop-
mental mechanisam that commols the development
of root hairs in angiosperms also controls the
development of nonhomaologous tip-growing
cells with a rooting function in bryophyies, we
identified RHDA-LIKE genes from the moss
Plivscomitella patens. We identified seven
members of the ArRHDG sublamily of bBHLH
penes from the publicly available P patens
penomic sequence (hitp:/moss.nibb.ac.jp), sug-
gesting that these genes have been conserved
through the land plam evolution. These were
designated Ployscomiella patens RHD 5IX-
LIKE 1w 7 (PpRSLI wo PpRSLT). To analvee
the relationship between P opatens and A
thafiana R5L genes, we construcied irees by
maximum parsimony. A strict consensus iree
shows that ArRHD6, AiRSLI, and the two P
pratens genes PpRSLE and PpRSL2 are closely
related and together form a monophy letic clade
(AMRHDG clade) that is sister o the clade com-
prising all the other members of the subfamily
i{sisterclade) (Fig., 3 and fig. S3), This indicates
that the AIRHD6 clade evolved before the
separation of the bryophvies and the vascular
plants from a common ancestor.

To characterize the function of the RHDG-
LIKE genes in moss, we constructed deletion
mutants that lacked the function of PpRSLY
and PpRSL2 genes and determined whether
they developed morphological defects. Three
independem RNA  null mutants with single
insertions into the PpRSL) and PpRSL2 genes
were made. Double mutants with single in-
sertions ino both genes were also generated
(hig. 54). The phenomypes of each of these mu-
tants were then analyecd, A haploid protonema
develops upon germination of a wild-type P
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Fig. 3. Relationship be-

: 100 [~ AIRHD6
tween RHD&-LIKE proteins
from A thaliana and P. a2 — AREL AtRHD6 clade
patens. The tree is a strict e PpRSL1
consensus tree of 12 most 100
parsimonious trees gener- — PpRSL2
ated with the alignment of Aldg33880 |
bHLH domains amino acids 100 &9 14760
sequences shown in fig. S3. a5 E—
The A thafiana genes used At1g27740
are the members of bHLH
subfamily Villc, except AtIND — ROYRITS
(INDEHISCENT)/At4g00120, g0 [— PpRSL3  |sister clade
which was used as out-group o3
and belongs to the bHLH  _ | 86 — PpRSL4
subfamily VIlIb (9, 11, 21). PpRSLS
P. patens PpRSL 1 to 7 se-
quences were obtained by PPRSLE
BLAST of the P. patens ge- PpRSLT
nomic sequence. PpINDL is =
a P. patens sequence similar ek
to AtIND and a putative PpiMDa

member of family Vb in
P. patens. Numbers are bootstrap values and indicates an 82% level of confidence for the occurrence
of the AtRHDS clade. The brackets indicate the AtRHDé clade and the sister clade.

WT 1 Pprsi2 Pprsi1 Col0 rhd6-3 rhd6-3
g Porsi2 355::PpRSL1

Fig. 4. PpRSLI and PpRSL2 positively control the development of caulonemal cells and rhizoids in
P. patens, and PpRSL1 and AtRHD& have a conserved molecular function. (A and B) Eighteen-day-
old protonema fram WT, Pprsi1, and Pprsi2 single mutants, and Pprsi1 Pprsi? double mutant, were
grown from spores on 0.8% agar. (A) Whole protonema growing from a single spore. (B) Dissected
filaments from protonema shown in (A). (C} lsolated 1-month-old gametophores. (D} Roots of the
A. thaliona Atrhds-3 mutant carrying the 355:PpR5L1 transgene compared to WT and Atrhdé-3
roots. ca, caulonemal cell; ch, chloronemal cell; rh, rhizoid. Scale bars, 1 mm {(A), 100 um (B),
1 mm (C), and 500 um (D).
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pratens spore ([3). This flamentous tissue
compnses two ccll types, the chloronema and
the caulonema (Fig. 4, A and B ). Chloronemal
cells contain large chloroplasts and grow by a
slow tip-growth mechanism (/6), Caulonemal
cells are more clongated, contain few smaller
chloroplasts, grow by mpid tip growth, and arc
involved in the colonization of the substrate,
Lealy gametophores usually develop from
caulonema and are anchored 1o their substrate
by tip-growing multicellular rhizoids that are
morphologically similar to caulonema (Fig.
4C). The Pprst] and Pprsi2 single mutants
have shghtly smaller and greener protonema
cultures than the wild type (WT), and this
phenotype s much stronger in the Pprsld
Prrsi2 double mutant, which produces small
dark-green protonema (Fig. 4A). Pprsd! and
Pprsl2 single mutamts produce fewer caulone-
mal cells than the WT, indicating that the
grecner protonema phenotvpe 1s the result of
a defect in the development of caulonemal
cells (Fig. 4B). No caulonemal cells develop
in the Ppest! Ppesi2 double mutant, and the
protonema of this mutant consists ol chlo-
roncimal cells only (Fig. 4B). In wild-type plants
gametophores develop from caulonema, but in
the Ppxd! Ppesl2 double mutants the gamelo-
phores develop from chloronema, as previous-
Iv observed in another caulonema-defective
mutant (/7). The gametophores ol the Pprsf]
Fprs(2 double mutant develop few very short
rhizoids (Fig, 4C). No other defective pheno-
types were detected in the chloronema, in the
leafy part of the gametophore, or in the spo-
rophyte in the single or double mutants. This
indicates thmt PpRSL! and PpRSL2 1ogether
regulate the development of caulonemal cells
and rhizoids in the moss gametophyie. The
lack of a defect in chloronemal cells, which are
the other tip-growing cells that develop in moss
(o), inthe Ppesdd Porsi2 double mutant shows
thai, as in A thafiana, these genes are not
general regulators of tip growih. Insicad it
suggesis that they function specifically o
regulate the development of cells with rooting
tunctions such as caulonemal cells and rhi-
zoids. To determine if protein function is con-
served across the land plants, we performed a
cross-species  complementation experiment.
Expression of PpRSLT under the cauliflower
mosaic virus (CaMV) 335 pomoter in the
Ahidt-3 mutant resulted in the formation of
wild-type root hairs (Fig. 40). Thus, the moss
PpRSLI gene can substituie for loss of
AtRHDG function in A. thalfana. This indicates
that the molecular function of PpRSLT and
AtRHDA has been conserved since the di-
vergence of seed plants and mosses from a
common ancestor and suggests that the same
molccular mechanism controls the develop-
ment of A, thaliana root hairs and P partens
caulonema and rhizoids,

We have shown that closely related tran-
scription {actors control the development of
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root hairs and rhizoids in the seed plamt
sporophyte and the bryophyte gametophyie,
respectively. The demonstration of the exis-
tence and function of these gencs in plants
derived from the carliest colonizers of the
land (bryophytes) indicates that an ancient
common mechanism controls the develop-
ment of these two nonhomologous cell types,
The RHDG-LIKE penes will have been impor-
tant for the invasion of land by plants because
they conwol the development of structures
required for anchorage 1o the terrestial substate
and nutrent acquisition. The observation that
rhizoids have been found on some of the oldest
land-plant lossils is consistent with this view
(8- 20,

Our demonstration that RHEDG-related
genes function in both bryophyies and angio-
sperms in the development of rhizoids and
rool hairs, respectively, suggests a mechanism
to explain the incrcased momhological and
cellular diversity of the sporophyie in the land
plants denved from bryophiyie aneestors. Our
results suggest that REHD6-LIKE genes lune-
tioned in the haploid generation (gametophyie)
of these carly land plants that had a bryophyie-
like life evele (48), where they controlled the
formation of cells with a rooting function.
Then, during the subsequent radiation of the
land plants, these genes were deploved in the
development of the diploid generation (sporo-
phyie) of the nonbryophyte land plants, where
they controlled the development of rhizoids
and root hairs. Here we propose a general mod-
¢l for the inerease in morphological diversity
of the land-plamt sporophyie based on these
lindings. We suggest that some of the genes
that controlled the development of the bryo-
phyte haploid body were recruited by the
diploid phase in their descendants, where
they provided part of the genetic mechanism
for the increased morphological and cellular
diversity of the sporophyic. Thus, the recruit-
ment of genes from haploid 1o diploid phases
of the life cyele. in concert with the mod-
ification of lunction of sporophyte-specific
genes, such as LFY (5), is a mechanism that
may account for the explosion in morpholog-
ical diversity of the diploid stage of the lile
cycle (sporophyic) that occurred i the mid-
dle Palacozoic when green plants colonized
the continental surfaces of the planct (1), The
full extent of the recruitment of genes from
the haploid to the diploid phases during the
colonization of the land will be quantified
through future comparative analysis ol genc
function in bryophyies and angiosperms. The
discovery and description of more bryophyie
fossils from the middle Paleozoic is necessary
to unequivocally define the nature ol carly
land-plam life histories. This is important be-
cause although it is likely that the carlicst
land plants had bryophyte-like life cyeles,
there is still a possibility that their life cyveles
were unlike those of modem bryophytes.

Only through the combination of paleobotan-
ical and developmenal genctic approaches
will we understand the mechanism by which
the land plam body developed over 400 mul-
lion years ago,
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Polony Multiplex Analysis of Gene
Expression (PMAGE) in Mouse
Hypertrophic Cardiomyopathy

Jae Bum Kim,»%* Gregory ]. Porreca,’” Lei St:ung..z Steven C, Greenway,z Joshua M. Gorham,?
George M. Church,® Christine E. Seidman,»®% ). G. Seidman®t

We describe a sensitive mRNA profiling technology, PMAGE (for “polony multiplex analysis of gene
expression”), which detects messenger RNAs (mRNAs) as rare as one transcript per three cells.
PMAGE incorporates an improved ligation-based method to sequence 14-nucleotide tags derived
from individual mRNA molecules. One sequence tag from each mRNA molecule is amplified onto a
separate 1-micrometer bead, denoted as a polymerase colony or polony, and about 5 million
polonies are arrayed in a flow cell for parallel sequencing. Using PMAGE, we identified early
transcriptional changes that preceded pathological manifestations of hypertrophic cardiomyopathy
in mice carrying a disease-causing mutation. PMAGE provided a comprehensive profile of cardiac
mRNAs, including low-abundance mRNAs encoding signaling molecules and transcription factors
that are likely to participate in disease pathogenesis.

ne of the central goals in cdl biology is

to define the complete repertoine of RNA

transeripts that dave essential physiolog-
ic processes and 1o understand how transeription
changes with pathology. Several powerful tech-
nologies are available o study large-scale ran-
seriptional changes, including microarmys and
serial analysis of gene expression (SAGE) (f-3).
However, these technologics have limitations
that preclude comprehensive  interrogation of
gene expression. For example, microamray-based
approaches have a limited ability o deteet low-
abundance RNAs and they can produce mis-
leading results owing 1o cross-hyvbridization (4).
Because SAGE involves dideoxy sequencing of
concatenaied ¢DNA ditags, this approach pro-
vides the statistical ngor of digital quanti fication
and addresses some of the limitations associated
with hybridization-based platforms (5) In prmc-
tice however, the cost ol SAGE experiments
limits sampling depih, which diminishes sensi-
tivity for interrogation of rare transcripis,

To obtain comprehensive mRNA profiles that
imclude rare and potentially important transcripts
expressed at levels as low as <1 copy per cell,
we developed polony multiplex analysis of genc
expression (PMAGE) (6). This method permits
accurate quantiative asscssment of mRNA ex-
pression because individual cDNA molecules are
dircetly subjected 1o sequencing without anie-
cedent library amplification, concatenation, or
subcloning, In PMAGE, individual cDNA wm-
plate molecules are clonally amplified onto cach
polony bead in millions of parallel, compartmen-
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talized droplets formed in a water-m-oil emulsion
(7). Polony sequence-by-ligation (SBL) (%) is
used 1o provide an accurale, inexpensive, and
multiplexed platform for high-throughput DNA
tag sequencing, SBL takes advantage of the high
discriminatory power of DNA ligase to iterative-
Iv label cach bead with a fluorophore encod-
ing the identity of a base within the template.
Microscopy-based detection of luorescence Ii-
gation events permits the assessment of as many
as 5 million ¢cDNA molecules per run, and digital
quanti fication of ag data sccommodates nigomus

statistical analysis over a broad dynamic range of

mRNA expression.

The eritical first siep in PMAGE s the man-
ulacture of tag libranes (Fig. 1A). Double-stranded
cDNA is synthesized from otal RNA and bound
tooligofdT) femomagnetic beads. cDNAs ane then
cleaved with an anchor endonuclease, Nla 111,
leaving a 4-base pair (bp) 3" overhang, which is
ligated 1o an adapier containing an Acu [ iype 1s
endonuclease recognition site. Digestion with
Acu | cleaves 16 bases from the nonpalindromic
recognition sequence and releases the adapier
with its 10-bp cDNA soquence tag (plus a 4-hasg
CATG anchor sequence) (Nig. S1). The tag is
subscquently ligated to a reverse adapter con-
taining a 2-bp 3" degenerate overhang. From the
total RNA, 10 pg gencrates suflicient ibrary teme-
plaie, in panciple, o perform up to 90 experi-
ments, cach with =4 million polonics |supporting
online material (SOM ), note S1]. This method
ol in vitro library construction ensures a faithful
representation of mBRNA Jevels because each
mRNA molkecule is convened into one cDNA
template and one polony.

Because PMAGE requires a highly accurate
sequencing methodology, we improved upon po-
lony SBL, which has a median mw scquencing
accuracy of 99.7% for rcads placed against a
reference genome (X). We optimized the per-
formance of polony SBL through live specilic
modifications |detailed in SOM, figs. 52 10 S5,
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and notes S1 o S4). The polony beads were
bound direetly 1o glass rather than embadded n
an acrylamide matnx (Fig. 1B and SOM, note
52}, allowmg an amaying density two or three
times that of SBL. This modification allowed
beads w coat the gel-less glass surface as a mono-
layer in a single focal plane (Fig. 1C), which
improved microscopy-based imaging, data vield,
and signal coherence (fig, 85),

To assess the wility of PMAGE for obtain-
ing comprehensive ranscrptional profiles, we
studied mouse myocardial tissues, Cardiac tissue
poses o challenge for detection ol rare tanscripts,
because of the heterogeneity of resident cell types
and the considerable abundance of mRNAs en-
coding sarcomere and mitochondrial  proteins
(fig. S6). We constructed two PMAGE hibranes
from cardiac left ventricles of B-weck-old mice;
ong library was denved from wild-type mice, the
other from aMHC* litermates that carmy an
R4030) mussense mutation {in which glutamine

replaces arginine at codon 403 in one allele of

the endogenous cardiac a-myosin heavy-chain
gene. RA030) is orthologous 1o a human muta-
tion that causes hypertrophic cardiomyopathy
(HOM). aMHC*™ mice recapitulate human
HOM (9) with development ol cardiac patholo-
gy alter 25 weeks of age, We studied young
mutant mice (denoted as prehypernmophic), o
identity cardy trmnsenptional changes involved
in trigeering hvperrophy, increased myocardial

fibrosis, and other protcan manifestations of

HCM. For comparison, we constructed SAGE
libririces ( /0) from the same RNAs.

We produced PMAGE libraries rom nonmnal
and mutant tssue wsing dilferent pamer-bound
beads, so that both librries could be loaded onio
the same armay and sequenced simultancously.
Primers bound 1o cach set of beads contained a
unique oligonucleotide sequence, which allowed
data from the two libraries i be distinguished by
hvbridization analvsis (Figs. 1, D and E, and
SOM, notes 81 and 53). The wo PMAGE li-
braries were assembled ino one army consisting
of 53.8 million beads (that included polonies and
beads without tags). About 5.5 million polony
beads (=1000) met criteria for containing clonal
and well-amplitied cDNA tags, Sequence reads
from ~4.7 million polonics (~=86%) viclded 14-
bp tags. which 15 consistent with the predicted
cleavage behavior of Acu 1 (g S1).

Sequencing crrors in abundant tags are a
source for false-positive detection of rare tran-
scripts. To minimize this eror, we implemenmed
an approach similar o the simiegy vsed 1o eval-
uate ~3.5 million human SAGE tags in a meta-
analysis of 84 publishad SAGE libraries (/1)
The sequence of cach PMAGE tag was com-
pared with all other tags in the libmry for poten-
tial enor-derved substitutions, 1T eriteria were
mict for sequencing crror (SOM, note S4), the g
wits excluded, This comection removed 278,935
tags from 4.7 million PMAGE 1ags, We also ex-
cluded single-copy PMAGE tags (39.302) from
the combined librarics, on the assumption that
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random crrors were more likely to generaie sin-
gleton tags. 17 we assume that all excluded tags
reflected sequencing errors, the maximum cal-
culated tag emor rate for PMAGE was 7.1%, a
value that compared favorably with repornted tag
error mtes (6.8 1w 24%) from dideoxy sequenc-
ing of SAGE librirics (2, 1), The final yield was
4,402,432 filiered PMAGE tags, with roughly
equal viclds for the normmal and mutant librarics
( Table 1), The full lists of differemially expressed
PMAGE 1ags (1able S1), UniGene clusters (table
S2), and trmnscription factors (able S3) are pro-
vided as SOM (descriptions in note S4)
Technical replicaes of a PMAGE libran
were highly reproducible (R = 0,9986; fig. S7),
which compared lavorably with previously
published data on SAGE (R =096, R - 0.98)
i /2). Base composition in PMAGE data did not

reveal noticcable base bias, and distabutions did
not deviate trom expected (g, S8). Comparison
of tag counts in SAGE and PMAGE hibranes
constructed from the same RNA were Tughly
comclated (R = 0.8876), which provided an inde-
pendent validation of PMAGE data (Fig. 2A).
However, data yields were markedly different
between these two technologies (Table | and g,
S6) Using PMAGE, we sequenced more total
tags by a factor of 31 than with SAGE, which
included four times as many unique tags, and
we identified twice as many genes as in SAGE.
PMAGE identilied expression ol more than 10,000
genes that were undetected by SAGE.

Analyses of =2 million PMAGE ags per
library  prowvided suflicient sampling depah 10
caplure rare transcripts (lig, 59) and w provide
redundant covermge ol the estimated 300,000

transcripts per cell (/3). PMAGE data demon-
strated a wide dynamic range in cardiac mRNA
cxpression, with trnsenpt counts ranging from
0.3 tags per cell Jeg., Vell2 (vestigal-hke-2
homaelog), ( Table 23] 1o ~29.000 tags per ecll
[e.z., eyvtochrome ¢ oxidase 11 (fig. 56)]. Among
68,762 unique tags m the wild-type PMAGE li-
brary, 447 were expressed at =60 copics per cell
and accounted for 65% of all mRNA molecules.
OF the unigue tags, 99% wene expressed at low
abundance (<60 copies per cell). Among 1337
transcription factors identified in the wild-type
left ventricle PMAGE library (SOM, note S4),
only 13 were present at =60 copics per cell; the
remainder were expressed at low abundance,
The comparison of PMAGE profiles from
wild-type and prehypentrophic aMHCY™ left
ventricles (Fig. 2B) demonstrtad a surprismgly

A mRMNA for wild-type library

mRNA for mutant library

AAAAS = o

Convert to double-stranded cDNA

1 Restrict with Nla 1l
GTAC—————— e
forward adapter

Forwarg CATG——— Forward

v Purify unitags on acrylamide gel
Forward SATG————0
* Polony emulsion PCR
using +um boads loaded with
library-specific barcodes

#*

Fig. 1. 5teps involved in PMAGE. (A) Schematic of
PMAGE library construction. Each mRNA is converted to
cDNA molecules (red orange and green bars), cleaved
with anchor endonuclease, ligated to forward adapters,
cleaved with tagging enzyme Acu |, ligated with reverse
adapters, and amplified onto beads carrying primers
with sequences that match the forward adapters. With
emulsion PCR, each polony bead carries clonal
molecules encoding one ¢DNA tag. (B) Polony bead
capping and attachment to glass slide. Polony beads
carry DNA templates (blue bars) that have terminal
3’ OH groups. 3" Termini are capped by ligation, by
using annealed bridging primers (purple bar), with
oligonucleotides that contain 3" amines (yellow orange
bars). 3' Amines on polony beads are cross-linked to
aminosilylated glass with amino-ester bridges (jagged
lines) (SOM, note S2), providing a gel-less milieu for
sequence chemistry. (€} Bright-field image of the cardiac PMAGE library
arrayed in a dense monolayer on a glass slide (each spherical object is
a 1-um polony bead). This gel-less platform enhances access to sequencing
reagents and provides a single focal plane for microscopy-based imaging
during polony sequencing. (D) Pseudofluorescence imaging of wild-type
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(red) and «MHC*™* (green) polonies in a PMAGE sequencing array hy-
bridized with library-specific fluorescence oligonucleotides (SOM, notes 52
and 53). (E} A fluorescence intensity plot of 10,000 polonies parsed into the
wild-type (Cy3) and «MHC*®** (Cy5) libraries that were simultaneously
sequenced.
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large number of differentially expressed mRENAs,
given the absence of ovent pathology in mutant
hearts. There were 1486 unigque PMAGE tags,
comespondimg o T genes, that were signili-
cantly up-regulated or down-regulated (P < 0.01)
in the prehypertrophic ventnele (SOM, note 54
and tables 51 and 52), These widespread changes
affected components in pathways involved in
myocardial excitation-contraction coupling, Ca™

homeostasis, and energy metabolism (g, S11).
The vast majority of these differentially regulated
trnscnpts escaped detection by SAGE, which
identificd only 53 genes with significantly (£ -
0.01) altered expression,

We assessed 20 genes that PMAGE iden-
tified as both low abundance (54 10 <0.3 per
celly and differentially expressed in prehyper-
trophic aMHC*™ heans. Real-time reverse

REPORTS I

transcription polymerase chain reaction (RT-
PCR) contirmed PMAGE results for 19 of 20
genes (Ng. S10 and Table 23 Some of these
genes [e.g. Nfkbic (nuclear factor Kappa
light polvpeptide gene enhancer in B cells in-
hibitor epsilon Nefh? (nuclear receptor sub-
family 1, group h, member 3), and the gene for
the retinoid-responsive nuclear homone re-
ceptor LXRa (liver X receptor «)] have un-

known roles in HCM pathogenesis, whereas
other genes encode proteins that may stimu-
late the protean manifestations of HOM: myo-
evte enlargement, increased cardine Nbrosis,
and abnormal calcium homeostasis (/). Hod
{thomeobox-only protein), Hond? (hand and

Table 1. Cardiac left ventricular PMAGE and SAGE libraries. Total tags are filtered tag counts,
PMAGE libraries were filtered to exclude tags with potential sequence errors (SOM, note 54) and
singleton tags from the combined dataset. SAGE libraries were filtered to exclude linker sequences.
Unique tags assigned to the same UniGene cluster or gene symbol were combined into one vector.

PMAGE SAGE neural crest dervatives 2), Pell2, and Egrd

wild type aMHC 203+ Wild type aMHCY?*  carly growth response-3) are transcrptional

Total tags 2,042,192 2.360,240 70,731 69,268 fl:gulnlum umpl i.L‘EI n:d.il'-‘]n}'uu?-l': .\;p:ti!i cal i:.1|11

Unique tags 68.762 72143 17,896 18.412 and growth during development (£5- 19}, Dil-
: (] P # P S e !". =3 ._..' ' II Tk [ 1 % 3

Unique genes 17,931 18,311 7,783 gpey ednnial expias. of Licke tranacrits 1n

(-Iﬂj.'*

prehypertrophic aMil hearts may indi-

Table 2. Examples of low-abundance transcripts with changed expression in
prehypertrophic aMHC*®¥* hearts. Low-abundance genes (<60 copies per cell)
are listed in order of decreasing transcript abundance in the wild-type left
ventricle. Nppa, an established hypertrophy-requlated gene that encodes atrial
natriuretic peptide (30), is the only transcript among these 12 genes that was

detected by SAGE as differentially expressed. Tag counts are followed by
calculated transcript copies per cell (provided in parentheses). PMAGE tag
counts were normalized to 2 million tags per library; actual SAGE tag counts are
presented. Differential expression of each gene was confirmed by quantitative
RT-PCR {fig. S10).

PMAGE SAGE
Gene symbol Wild type aMHC ™ P value Wild type aMHC*¥ P value
Hod 357 (54) 255 (38) 3.256-05 6 (25) 1(4) n.s.
Hand2 342 (51) 282 (42) 1.52E-02 16 (68) 21 (91) n.s.
Abeed 302 {45) 103 (15) 4.88E-24 9 (38) 4 (17) n.s.
Ctgf 233 (35) 476 (711) 4.17E-20 14 (59) 23 (100) n.s.
Nppa 183 (27) 744 (112) B.76E-B1 15 (64) 66 (286) 2.91E-09
Sin 183 (27) 39 (8) B.84E-24 2 (8 0w n.s.
Pastn LER(] 132 (20) 7.41E-12 104) 3(13) n.s.
Tgfpl 19 (3) 41 (8) 4.56E=03 0 (0 0o n.s.
Nrih3 2 (0.3) 12 (2) T.47E=03 218 1 (4} n.s.
Vgll2 2 1(0.3) 12 (2) T.47e=03 0 o (o) n.s.
Nfkbie 11(0.2) 11 (2) 3.46E-03 1(4) 00 n.s.
Egr3 0o 7 (1) 7.88E-03 0 ) o0 n.s.
Fig. 2. PMAGE acco- A . : . B 1w v - . . ~
rately detects mRNA
abundance and differ- A
entially expressed tran- wr 1
scripts. (A) Scatter plot 10° z
(logarithmic scale) of = § 't
tags in wild-type left § g 7
ventricular SAGE (total =
tag count, 70,731 and  § 10%} : Ewt
PMAGE (normalized to w : i
a total count of 70,731) g o
libraries derived from & il w't
the same RNA. All tags 10"} M ]
with counts =1 copy d
were compared. R = : 1 _
0.8858. (B) Scatter plot -
(logarithmic scale) of 10°L R ; i 1" A i A ; i
PMAGE tag abundances 10° 10" 10° 107 10 ' 10’ 10" 1’ 10" w'
(normalized to total SAGE (tag count) PMAGE wild type (tag count)
count of 2 million tags
per library) from wild-type and «MHC*™* hearts (blue dots P = 0.01, red dots P < 0.01). R = 0.9950.
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cate that these molecules also function in early
growth responses o sarcomere dyslunction,

Myocardial ibrosis 15 charactenstic of ad-
vanced HCM pathology and contnbutes o im-
paired cardiac relaxation, heart failure, arhythimias,
and sudden death (20, 27, The increased expres-
sion of Teihd (tansforming growth factor 1),
Crgf (connective tssue growth lactor) and Posm
(periosting, potent regulators of fibrosis and col-
lagen deposition (22-24), in prehypertrophic
ventricles indicates carly activation of this path-
way, which maises the possibility that librosis is
not an advanced secondary phenomenon, but a
primary contributor w myocirdial dysiunction,

Impaired relaxation is the fundamenmtal phys-
wlogic abnormality in HOM (25, Cardiace re-
laxation and contraction reflects Ca™ eyeling
between the sarcoplasmic reticulum and the sar-
comere in cardiomyocyies, Ca™ uptake into the
sarcoplasmic reticulum occurs via sarcoplasmic
reticulum Ca™" tmnspont adenosine triphosphatasce
(AT Pase) (SERCAZa/Ap2al ), wiuch 15 regulated
by phospholamban (Pln) and sarcolipin {S1n)
(26). Transeripts encoding cach of these proteins
were signilicantly decreased in prehypertrophic
heans (fig. ST, which may directly accoum for
the carly impairment in cardiac relaxation pre-
viously observed in this model (27). Down-
regulation of Abece? [adenosine triphosphate
(ATP} binding cassette subfamily C member 9),
which encodes SUR2, suggested another mech-
anism for Ca™" imbalance in prehvpenrophic
hearts. SUR2 is the AT Pase-regulatory subunit of
the mwardly rectifving cardiac Kapp channel,
which balances Ca™ homeostasis with energetic
demands (285 Abec@-null mice develop artvih-
mias and myocardial caleium overdoad (29).

Notably, PMAGE also revealed significam
(7= 0.01) differences in the expression of genes
encoding 2% transcription factors beiween wild-
type and prehypertrophic aMHC*™" hearts
(table S3. The biologic processes cvoked by
these molecules are likely 1o be considerable. By
intermogating the temporal and spatial expression
of these transcription factors, we can potentially
dissect the networks activated in this cardiomy-
opathy, which, in tum, should help identify new
molecular targets for therapeutic mitervention,

In summary, PMAGE profiling provided ne-
producible, large-scale transcript identification,
with scquence accuracy comparmble 10 SAGE,
and greater sensitivity for quaniification of mre
imnscripis, We estimate that sampling -2 mil-
lion 1ags provides comprehensive assessment of
most mENAs (fiz. 59 nevertheless, the current
PMAGE platform has the capacity 1o read more
than 4 million wgs per expenment. Thus, PMAGE
can be used for very deep sampling of one li-
brary or analyses of muliiple librmries simulia-
neously by adapiing polony beads that contain
unigque sequence wentilicrs. PMAGE offers sev-
el advanages over other currently available trman-
scrption profiling methods at a potentially lower
cost (fig. S12) We anticipate that PMAGE
studies will help further define mRNA regula-
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tory networks that orchestrate entical cellular
processes in healthy and diseased tissues.
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RNA Maps Reveal New RNA
Classes and a Possible Function for
Pervasive Transcription
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Significant fractions of eukaryotic genomes give rise to RNA, much of which is unannotated and has
reduced protein-coding potential. The genomic origins and the associations of human nuclear and
cytosolic polyadenylated RNAs longer than 200 nucleotides (nt) and whole-cell RNAs less than 200 nt
were investigated in this genome-wide study. Subcellular addresses for nucleotides present in detected
RNAs were assigned, and their potential processing into short RNAs was investigated. Taken together,
these observations suggest a novel role for some unannotated RNAs as primary transcripts for the
production of short RNAs. Three potentially functional dasses of RNAs have been identified, two of
which are syntenically conserved and correlate with the expression state of protein-coding genes. These
data support a highly interleaved organization of the human transcriptome.

large fraction of the noncoding pant of a
Acukar;.'nlit genome is used o make RNA
that is sulliciently stable in a cell 10 be
dewcied by different technological approaches
(f-4). The biological significance of this perva-
sive transcription is unclear and controversial,

One possibility is that only very short regions of

such unannotated RNA are biologically relevanmt
(.5}, In-depah chamcterization of BNAs as 1o their
subccllular companmentalization, size, modili-
cations, and genomic origins can potentially
provide clues 1o their functions, This study
reports wo general observations derived  from

the maps of nuclear and eytosolic polyadeny lmed
[polviA)’] RNAs longer than 200 nucleotides
(nt) (long RNAs, IRNAs) and whole-cell RNAs
less than 200 ot (short RNAs, sRNAs) over the
entire nonrepetitive porion of the human pe-
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nome, First, the potential biological function of an
appreciable portion of long unannotated tran-
senpts 15 o serve s precursors for sENAs,
Sccond, these maps reveal three classes of RNAs
that have specilic genomic Jocalization al gene
boundarics. Biological relevance of these clsses
of RNAs 15 supported by strong comelation with
the expression state of genes they associate with,
as well as their synienic conservation between
human and mouse,

The complexity of steady-state RNA popula-
tions was profiled by using tiling armays a0 S-nt
resolution 1o detect tmnseribed regions in the
human genome (6, 7). Owverall, we found the
extent and generml propertics of the IRNA portion
of the human transcriptome 1o be similar o our
carlier study (7). Pattems of annotated and un-
annotated transenption were similar among cell
lines and within subecllular compariments (lig.
S A W] and able 82, A and B). About 64% of
detected poly(A)" transeription (nueleus and cy-
tosol) did not align with annotations (fig. S1N)
(7). Of the 265,237 annotated exons, 80% were
expressed in at beast one cell line (fig. 52).

Atotal of 1.1% of the interrogated genome is
covered by transeribed ragments (transfags) rep-
resenting sRNAs (summarized in table 1 and
S2C, figs. S3 and S4). sRNA ransfrags have a
nonrandom association with genomic features,
including EvoFold structure predictions (ligs, 55
and 87 and table SIB)L In addition, a tendency
for some W map antisense (o splice junctions was
also found, sRNAs were found in intronic, inter-
genie, and annotated regions (g, S4) Unanno-
tated sRNAs were venlicd by Northern blots
{table 53 and fg. S6) and real-time reverse ran-
seription polymerase chain reaction (able 83),
with an overall venlication rate of =T70% (7).

Fig. 1. Relations among the transcribed bases in the
nonrepeat portions of the human genome. (A) Distribution
of nucleotides in transfrags from long nuclear and cytosolic
RNAs and sRNAs from Hela and HepGZ2 (table 54). (B)
Genealogy of nucleotides detected in IRNAs and sRNAs
based on the association of the array-detected transcription :
shown in (A). Putative product-precursor associations between S

IRNAs and sRNAs are indicated by arrows.

Erart RNAS

Maps of sENAs and IRNAs from different
subcellular compartments can be further used 10
provide a virtual “gencalogy™ desenbing ongins
ol particular classes of RNAs (Fig, 1 and table
S4). Actotal of 12.7% of all imernogated nucleo-
tides can be dewected as composing IRNAs or
sBNAs in HeLa or HepG2 cell lines, One-third
ol this total (33.2%) is exclusively observed in
the nucleus as IRNAs and overlapping sRNAs
(Fig. 1A) Another 15.1% is exclusively found
as cylosolic IRNAs and overlapping sRNAs. A
total of 46.3% of the sequences detected are
found in both the nucleus and cvtosol (Fig. 1A).
Finally, 5.3% of the nucleotides were detected
in sRNA trnsfrags exclusively,

The ongin of 79.6% of all wanscabed bases
can be mappad back 1w the nucleus as [RNAs
with 15.1% found only n eytosol (Fig. 1B).
About 41.8% of the sequences scem 1o emain
exclusively in the nucleus; the remainder is trns-
ported into the evtosol. Furhenmore, 3.1% of the
exclusively nuclear IRNA sequences and 6.6% of
the nuclear sequences transpored into the eyvtosol
overlap sRNA sequences, which sugpests that
-4 of the latter may be processed from long
nuclear trnscripts (Fig. 1B and table S4).

About one-lilih of sSRNAs tansfrags, 2009%
(HepG2) and 18.4% (HeLa), were identified as
evolutionanly conserved. The PhastCons scores
{7) associated with sRNAs are significamly
enriched in conserved sequences (7 value 2.2 =
107", Wilcoxon nonparametric test) over ran-
dom (fig. 58, A and B), which poinis 1o the
possible biological relevance of these trmnscripls
(Fig. 2A). There 15 also a statistucally signilicant
concordance (P < 0.01, permutation test) ob-
served between the locations ol sSRNA and nu-
clear IRNA transfrags. A total of 13% (Hep(2)

REPORTS

and 9% (HelLa) nuclear IRNA transfrags overlap
sENAs, Conversely, 44% and 31% ol sRNA
transfmgs overlap with nuclear IRNA transfrags.
Such an association is potentially confounded
by the clevated G-C composition of these re-
gions ( 7). To explore this funher, we divided the
tmnsfmgs oblained from nuclear 1IRNA mio
those that do and do not overlap sRNA trans-
frags (Fig. 2B). Mean PhastCons scores for the
IRNA transfrags that do overlap with sRNAs
are signilicantly higher than such of the trans-
lrags that do not (Fig. 2C and wable 853). For
IRNA transfrags overlapping sRNAs, a total of
23.9% (HepG2y and 26.2% (HeLa) exhibit
PhastCons scores equivalent or higher than the
average score observed for annotations ( Fig, 203,
The conservation of the nuclear IRNA transfrags
often extends bevond a sERNA tmnsfrag ot over-
laps (Fig. 2B) indicating that other sequences
outside of the overdapping regions may be im-
portant, reminiscent of the extended conservation
seen in the miRNA precusorns (4),

Taken together, these data suggest a possible
product-precursor relation between overapping
transfrags derived from IRNAs and sRNAs,
underscored by the enrichment ol evolutionarily
conserved sequences in genomic regions found
transcribed in both IRNAs and sRNAs, Conserv-
atively, 3. 1% of HepG2 and 2 4% of Hela nuclear
IRNA mansfrags may be parts of precursors of
sRNAs, The full extent of transeription, which
mary serve & precursors of sSRNA, could, however,
be much larper, because IRNA trnsfrags that
dircetly overlap sRNAs are almost cenamly
comnecled W other wansfrags i a precursor
transenpl. Thus, any given IRNA tanslrag can
be an order of magnitude smaller than the IRNA
transcrpl il represents.

B Interrogated Partion of Genome
(41%-1, 255,271,164 nts)
e
Nonredundart Union of Transcribed Nucleotides Observed in Long and Short RNAs in Two Cell Lines
(158,750,835 nts, 12.7 % of Interrogated Genome)
1.0% Short RNAs i+l v Cytosolic RHA
L] Ta6% N
% 15.1%
Long Exchusively .r v 1+ Nuclgar and
Nuclear BMA 113% 863% + Cytesolic RNA
§ — & ¥
' l l
ﬁq,‘ [} ¥ i
3% 0% 0%
v
% \ * + il
W v
B SN © faa w
; ’ 1- /lﬂ
v
Total Short RNAS § e—
|1n.t 'i.
a9
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sENA mapping and sequence conservation
analysis (fig. S8C) indicate that sRNAs cluster at
the 5" and 3" of genes (Fig. 3). We denote these
classes of sSRNAs “promoter-associated sRNAST
(PASRs) and “terminmi-associated sRNAs"
{TASRs), The occumrence of sRNAs centers
around 3 or ¥ wrnuni and s statistically sig-
nifican compared with G-C-matched mndom re-
gions (Fig. 3. B and C, and table S1). Nothem
hybridization analysis revealod that PASRs and
TASREs can vary in lengith (22 10 200 nt), with
one prominent class of PASRs with lengths of
~ 26, 38, and 50 nt(Fig. 3, B and C, and figs. 59
and 512 and wbles 56 and 57). PASRs were
expressed at levels similar to those of the protein-
coding genes they overlap (7).

Several chamacerisues of both PASRs and
TASRs support the biological significance of
these sBNAs, As explained below, gene expres-
sion correlates with the density of PASRs, and
PASRs associate with other IRNAs at the &
boundaries of genes. Also, expressed PASRs are
syritenie with mouse,

The comrelation of gene expression with the
density of PASEs (Fig. 3D) is similar 1o a trend
scen lor antisense TASRs (g S10, A and B).
Overall, 4.6 and 43.8% of genes found 10 be
expressed in evtosol or nucleus have PASR as-
sociation, Another 118 and 18.1% of genes had
signal only in the st exon in ovtosolic or
nuclear RNAs, respectively. Almost half of those
arc observed o have PASRs (fig, S10, C and D).

Conversely, for 80 of silent genes (<10%% of

exons detected), no PASRs were observed.

A third class of RNAs is the long tanscripls
that ovedap ' boundares of protein-coding
genes but do not include most of the other exons,
This is exemplified by genes that show signal
only in their first exons (Fig. 3A) To chamcterize
these promoter-associated IRNAs (PALRs), we
perfonmed 5 and 3" RACE analysis (rapad ampli-
fication of cDNA ends) followed by hybridiza-
tion o tiling amrays (fig. S11). These experiments
revealed that transcripts overlapping  the
promoter and the list exon and intron regions,
ranging in length from hundreds of base pairs 10

more than | kb, are made and map to the same
genomic regions as PASRs,

We constructed sENA maps in two synlenic
regions of the human and mouse genomes (IL4R
eytokine cluster and four Hox loci) using mouse
STO and BRI and human HepG2 and Hela cell
lines (7). Both specics-specilic and conserved
PASRs and TASRs were found, with =39% of
PASR sequences and 35% of TASR sequences
mapping into symenically conserved regions
(Fig. 4A). Genomic regions shared by the PASR
(HMSY19) a the 5° boundaries of the Hox D9
and the TASR (HMSY5) in the 3" termini of
HoxD 10 genes of both species are illustrated in
Fig 4. The sizes of PASRs and TASEs are similar
lor mouse and human cell lines (fig. S13 and
table S8},

We have found that ~10% of detected trn-
scription is present in sSRNA sequences (ranging
from 22 to 200 nt in length). The distribution
of these sRNAs is nol umiform across the
genome, because sRNAs are more frequent
among genes than in imergenic regions. Further-
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PhastCons scores of long RNAs that overlap short RMAs

Fig. 2. Sequence conservation analysis of short and long nuclear RNA (7). (A)
Conserved sRNAs surrounding the first exon of RYR3 gene. (B) Long nuclear
transfrag that overlaps sRNA is more conserved than adjacent IRNA transfrag
that does not. (€} Quantile-quantile plot of PhastCons scores of long nuclear
transfrags that do (x axis) and do not (y axis) overlap sRNAs. For any given
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PhastCons scores (Bins)

point on the curve, an equal proportion of each “quantile distribution” occurs
at this juncture. (D) Distribution of PhastCons scores of long nuclear transfrags
that overlap sRNAs, binned on the basis of PhastCons scores (x axis), versus
percentage of transfrags in each bin (y axis). Highly conserved transfrags
(scores = 0.4) are indicated.
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morne, sSRNA transtrags overlap a collection of
IRNA ranstrags that are significantly enriched in
consenved sequences, Taken together, these data
sugpest that these IBNA tmnstrags potentially
represent pars of nuclear primary tanscripts that
encode conserved functional sSRNAs,

Several other observations are also derivied
from these mapping data, First, an appreciable
fraction of protein-coding genes have expression
only in the first exon and intron, This suggests
that trmnscriplion may have two different states
that are characterized by the lengths of transcripts
made rom the transcriptional stan site of gene
locus. Second, the fate of the ranscripts derived
froam & panticu far detected ransenbed region could
be predicted on the basis of their retention m the

nucheus, tansport into cvtosol, or processing ino
sRNAs. Overmll, these RNA maps provide a vir-
tual gencalogy of RNAs (Fig. 1B). Third, PASRs
often align within the boundaries of some of the
PALRs, The genomic loci and boundaries of
PASRs appear to be well conserved in two human
cell lings and, in some cases, between mouse and
human cells; this may indicate that there could be
comimon processing signals used 1o create them,
Fourth, the ends of almost half of human protein-
coding genes were found 1o be bracketed by
PASRs and TASRs. Given that large regions (i.e..
=1 kb) are contained in the sequences covered by
the sENAs, the functional roles of these sRNAs
may involve broad domains consistem with
imvolvement in chronatin alierations.

REPORTS

Other recent studics also report the presence
of multiple transcripts at the 3° boundaries of genes
(9, mcluding unstable IRNAs postulated o0 be
mvolved in regulation of gene expression (10, 11).
Thus, these results suggest a moded of ganome
organizition where protein-coding genes are al the
center of a complex network of overlapping sensc
and antisense IRNA transcaption, with interleaved
sEMAs often marking their boundaries and cor-
relating with their expression state (lig. S14). Our
studics also highlight a possible imporant biolog-
ical function for a portion of unannotated nuckear
trnscription as possible precursors for sRNAs.
Such interleaved trmmscription produces a varicty of’
non-profein coding sRNA and IRNA species that
offer cis- and mans-regulatory potential (/2 14).

. '}
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Fig. 4. (A} Distribution of syntenically conserved sRNAs. The
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location in both species are shown as percentages of the total
number of sSRNAs in the class, (B and €) Characterization of syntenically conserved PASRs (B) and TASRs (C). Combined maps of
syntenic sRNAs from Hela and HepG2 human cell lines (black) and RImES and MEF mouse cell lines (gray) are shown. Syntenic
PASR HMSY19 and TASR HMSYS are shown on either top (+) or bottom () strands. Northern blots show HMSY19 and HMSYS in both species with

comparable sizes.
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A Common Allele on Chromosome 9
Associated with Coronary

Heart Disease

Ruth McPherson, ™1 Alexander Pertsemlidis,z' Mihan Kavaslar,® Alexandre Stewart,‘

Robert Roberts,* David R. Cox,? David A. Hinds,?

Len A. Pennacchio,** Anne Tybjaerg-Hansen,®

Aaron R. Folsom,” Eric Boerwinkle,® Helen H. Hobbs,®* Jonathan C. Cohen®%¢

Coronary heart disease (CHD) is a major cause of death in Western countries. We used genome-
wide association scanning to identify a 58-kilobase interval on chromosome 9p21 that was
consistently associated with CHD in six independent samples (more than 23,000 participants)
from four Caucasian populations. This interval, which is located near the CDKN2A and CDKN2B
genes, contains no annotated genes and is not associated with established CHD risk factors such as
plasma lipoproteins, hypertension, or diabetes. Homozygotes for the risk allele make up 20 to
25% of Caucasians and have a ~30 to 40% increased risk of CHD.

oronary heart disease (CHDY is the single
‘ greatest cause of death worldwide (/. 2).

Although CHD is highly heriable, the
DNA sequence vanations that confer cardiovas-
cular risk remain largely unknown. To identify
soquence varants associaled with CHD, we
undertook a genome-wide association study
using 100,000 single-nucleotide polymorphisms

8 JUNE 2007

(SNPs). To minimize false positive associations
withowt unduly sacrificing statistical power, we
designed the study w0 comprise three sequential
case-control comparisons perfonmed at a nominal
significance threshold of P < 00025 (Fig. 1), For
the mitial genome-wide scan, cases and contmols
were Caucasian men and women from Ottawa,
Canada who participated in the Otawa Hean

VOL 316 SCIENCE

Study (OHS). Cases had severe, premature CHD
with a documented onset before the age of 60
years and culminating in coronary anery revas-
culanzation (table S1). To limit confounding by
factors that strongly predispose 10 premature
CHD, we excluded individuals with diabetes or
plasma cholesicrol levels consistent with mono-
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genic hypercholesterolemia (=280 mg/dL). Con-
trols were healthy Caucasian men (=65 vears)
and women (=70 vears) from Ottawa who had no
symptoms or history of CHD {table S1),
Custom oligonucleotide armys (3) were used
to assay 100000 SNPs armanged ar <30-kh in-
tervals throughout the genome in 322 cases and
312 controls (data sct designated as OHS-1), OF
these, 9636 SNPs deviated strongly from Hardy-
Weinberg equilibium (7 < 0,001) or did not
mieet quality-control eriteria ( 3), and 17,500 were
subpolymorphic (minor allele frequency < 1%)
in the sample. The remaining 72,864 SNPs were
entered into the analysis, and 2386 were associ-
ated with CHD at a nominal significance thresh-
old of 0,025 (able 52). These 2586 SMNPs were
genotyped in an independent sample of 311
cases and 326 controls from Ottawa (OHS-2)
using the same enteria as OHS-1 (table S1). OF
these, 50 were associated with CHD at a nominal

significance threshold of 0,023, with the same
dircction of effect (table 52)

To limnt attrition of true positive associalions
due to madequate statistical power, we performed
the third case-control companson ina much lanzer
prospective study ol CHD risk, the Atherosclerosis
Risk i Communitics (ARIC) study, which ¢n-
rolled and followed 11,478 Caucasians (4), Only 2
of the 50 SNPs idenificd in the Ouawa cohorts
were significantly associated with incident CHD in
the ARIC population (1able 52). These two SNPs,
rs10757274 and 2383206, were located within
200 kb of each other on chromosome 9p2 1 and
were in strong linkage disequilibrium (= 0.89),

To validate the association between s10737274
and 23832060 and CHD, we assaved both SNPs
m three addmional independent cohorts: the
Copenhagen Ciy Heart Study (CCHS), a pro-
spective study ol ischemic hean discase in
10,578 Damsh men and women (5); the Dallas

322 Cases : 312 controls

|
Replicate Association Study 1: SNPs with P <0.025
Ottawa Heart Study-2 (OHS-2)
311 cases : 326 controls

Replicate Association Study 2: SNPs with P <0.025
Atherosclerosis Risk in Communities Study (ARIC)
1,347 cases : 9,054 controls

rs10757274 and rs2383206

4

Fig. 1. Study design for identification and validation of sequence variants associated with CHD. Assuming
independence, the probability of any single SNP achieving a nominal significance level of 0.025 in all
three studies with the associations being in the same direction was 3.9 x 107® (0.025” x 0.5%); thus, none
of the 100,000 SNPs would be expected by chance to replicate consistently in all three comparisons.

REPORTS

Heart Study (DHS), a population-based proba-
bility sample of Dallas County residents (6); and
athird sample of 647 cases and 847 controls [rom
the Omawa Hean Swdy population (OHS-3), In
the CCHS, cascs were participants who expe-
ricnced an ischemic cardiovascular event during
the 20-year follow-up period, whereas controls
were those who did not develop CHD over the
same time interval, In the DHS, cases and con-
trols were defined by using electron-beam com-
puter tomography 10 measure coronary  artery
calcium, an index of coronary atherosclerosis
(71 In OHS-3, cases were pamicipants that had
documented CHD before the age of 535 (men) or
63 (women) years, whereas conirols were men
aged > 63 vears and women aged = 70 years who
did not have symptoms of CHD (able 513 In all
three validation studics. both SNPs were sigmi-
icanily associated with CHD { Table 1),

The magmitude of CHD nsk associated with the
sk allele was determmed by Cox proportional-

= hazards modeling in the ARIC and CCHS co-

screen,ﬂg hons. The hazand ratios associated with the nsk

Genome-wide Association Scan (75,000 SNPs/person) alleles were comparable in the two populations
Ottawa Heart Study-1 (OHS-1) and indicated a graded inercase in risk lrom

noncarriers o heterozygoles 1o homoey goles
(Table 2). The two SNPs (510757274 and
r2383206) define an allele that was associated

with an ~15 o 20% increase in risk in the 530% of

individuals who were heteroeygous for the allele
and an ~3(0 1o 40% increase in CHD in the 23%
ol Caucasians who were homozyeous for the
allele. The populmtion attribuiable nsk associated
with the risk allele was 12,5 10 15% in the ARIC
population and 10 1w 13% in the CCHS cohon.
The mechamistic basis for the association
between the risk allele defined by rs10737274
and 2383206 and CHD is not known. The

i = allele may increase the development ol athero-

Vaﬂdatmn sclerotic plagues, promote thrombogenesis, or in-

crease the tendency of atherosclerotic plagques 1o

Copenhagen City Heart  Dallas Heart Study  Ottawa Heart Study-3 rupdure. The linding that the risk allele was as-
Study (CCHS) (DHS) (OHS-3) sociated with coronary anery caleification in the
1,525 cases 154 cases 64T cases DHS and with severe premature atherosclerosis

9,053 controls 527controls 847 controls in OHS-1 suggesis that it promotes CHD by in-

creasing the atherosclerotic burden. The risk al-
lele was not associated with any of the major nsk
factors for athcrosclerosis i ARIC or CCHS
(tahles 53 and 54, and the association remamed
significant in models that considered multiple

Table 1. Association between SNPs rs10757274 and rs2383206 and CHD. Values are numbers of individuals in each genotype group, P values were
calculated by % tests on allele counts. HW, Hardy-Weinberg equilibrium.

rs10757274 rs2383206
Controls Cases Controls Cases
AR AG GG AA  AG GG 2 P ":'" MM AG GG AA  AG GG 2P ":':"
0OHS-1 85 149 78 49 148 125 3.7 x10°% 0.08 7 147 B3 45 140 137 6.7 x 10°° 0.19
QHS5-2 85 161 a0 56 140 108 0.0009 0.4 80 1460 i) 50 141 113 0.0008 0.34
ARIC £063 3822 1858 230 525 282 0.004 0.11 2140 4161 2231 £30 600 324 0.0007 0.21
CCHS 2752 4543 1758 393 792 340 0.0004 0.56 2489 4583 1981 EYrd 782 371 0.016 0.58
DHs 147 258 122 27 85 42 0.025 0.99 131 258 138 24 84 46 0.045 0.95
0OH5-3 228 418 201 121 333 193 0.0003 0.96 197 416 229 115 327 209 0.011 0.98
www.sciencemag.org SCIENCE VOL 316 8 JUNE 2007 1489
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Table 2. Risk of CHD as a function of rs10757274 and rs2383206 in the ARIC study and the CCHS. ARIC expected event values are based on the log-rank
test. ARIC incidence rates are measured in number of events per 10,000 person years of followup. Ranges in parentheses indicate 95% confidence interval.

ARIC study CCHS
Number of events Number of events
n (%) Observed  Expected Incidence Hazard ratio n (%) Observed  Expected  Incidence Hazard ratio
510757274
AA 2293 (26) 255 295 79 (70-89) 1 3145 (30) 393t 473 61 (55-68) 1
AG 4347 (50) 564 553 93 (B6-101)  1.18 (1.02-1.37) 5335 (50) 792 755 73 (68-79) 126 (1.12-1.42)
GG 2140 (24) 298 269 101 (90-114) 1.29 (1.09-1.52) 2098 (20) 340 296 BO (72-89)  1.38 (1.19-1.60)
rs2383206
AA 2370 (25) 259t 310 78 (69-88) 1 2,861 (27) 3725 425 64 (58-71) 1
AG 4761 (49) 643 610 97 (90-105)  1.26 (1.09-1.46) 5,365 (51) Ja2 72 72 (67-77) 116 (1.02-1.31)
GG 2555 (26) 345 327 97 (BB-108) 1.26 (1.07-1.48) 2,352 (22) 3N 327 78 (71-87) 1.29 (1.12-1.50)
P 00111 1P < 0.0041. §P < 0.00001 4P < 0.005.
S8-kbrisk locus were associated with CHD at the
A 58 kb nominal significance threshold, bat neither was in
strong linkage diseguilibrivm with 10757274 and
0,000 fy--osesresmmmmsresmsens VB il cooeeesenciniiicaas, — L eitissenss bt 178 el e nsnrrnssnsesiiirnen m:}ﬂ}:!"‘ 'nk___\c dl“a i“dic:“u “ml t]": ri_\h H”L-]u
comprises a smgle haplotvpe that spans =358 kb,
P 0.00% Inspection of the UCSC Genome Browser
Value * (hipe/genomeueseedu) and BLAST searches
oo omw against the National Center for Biotechnology
- Information (NCBI) (www.nebinih.gov/blast) nr
0.4 (nonredundant) nucleotide sequence database
I revealed no annotated genes or microRNAs
Hannlal.. within the 38-kb interval. A number ol spliced
expressed soquence tags (ESTs) map within the
interval, but none comained an open reading
2 frame that extends more than a few amino acids.
N ”fi\'; / 4 Resequencing of the 538-kb interval in two
v, # ré homoezyeotes for the risk allele and one homo-
[ zyaole for the reference allele revealed 66
g 05 1 polvmorphisms (SNPs plus small insertions or
B 28 kb deletions ), of which 35 were specific w the risk
— * Y ] allele (able S3). Only one of these variants, a
mu&al—h L TERTIT f Ll copy number vadation in a run ol nine con-

-4— COKNZA -%— CDKNIB

WS

-— ARF

Fig. 2. Fine mapping of the genomic interval on
chromosome 9 assodated with CHD. (A} SNPs spaced
=5 kb apart in the interval extending 175 kb up-
stream and downstream of rs10757274 and rs2383206 were assayed in 500 cases and 500 controls
from the OHS population with GeneChip Human Mapping 500K Array Sets (Affymetrix, Santa Clara, CA).
Bars represent P values (determined with xz tests) for differences in allele frequency between cases and
controls. Arrowheads indicate rs10757274 and rs2383206. The asterisk represents rs518394. The risk
interval is indicated with a gray box. The linkage disequilibrium map indicates painwise r? values. Blocks
are shaded on a continuous scale, where white represents an r* of 0 and black represents an r® of 1. (B)
Physical map of the region showing the location of the risk interval (gray box) relative to the noncoding
RNA DQ485453 and adjacent genes COKN2A, ARF, and COKNZ2B. Arrowheads indicate rs10757274 and

rs2383206, and the asterisk represents rs518394 [see (A}

possible confounding covariates (including age,
gender, plasma lipid levels, blood pressure, dia-
betes, and plasma C-reactive protein concentra-
tions; table 53) These analyses suggest that the
effect of the chromosome 9 risk allele on CHD
was not mediated by any of the established risk
factors for cardiovascular discase,

To line-map the locus associated with
CHD, we assayed SNPs spaced at ~5-kb inter-
vals across the region extending 175 kb up-
stream and downstream of 10757274 and

8 JUNE 2007 VOL 316 SCIENCE

rs2383206 in 500 cases and 300 controls from
OHS-2 and OHS-3. Eight additional SNPs at the
locus spanning a 58-kb region (extending from
22,062,300 1o 22,120,389 were signilicantly as-
sociated with CHD (Fig. 2. All cight were in
strong linkage disequilibrium with cach other and
with s10737274 and rs2383206, The region de-
marcated by these SNPs was flanked on both
sides by =50-kb regions in which none of the 30
SNPs tested were associated with CHD. Two of
65 SNPs in the 350-kb region surrounding the

secutive CAT repeats (exiending from nucleo-
tide 22110787 to 22110814, NCBI build 36.1)
mapped to a spliced tmnscript (BI7653435) tha
appears 1o be pan of a large noncoding RNA of
unknown function (&), Polymerase chain reac-
tion {PCR) amplification of ¢DNAs continmed
expression of the transcript in placenta and trans-
formed lvmphocyies (fig. S1). It is possible tha
varmation i the expression or function of this
transcript may be associted with risk of CHD.
Alternatively the nsk allele may alier a
regulatory element than affects the expression of
a gene (or genes) located ouside of the 538-kb
inicrval. Cross-species sequence alignments ne-
vealed several conserved segments within the
58-kb inierval that may contain such regulatory
elements (g, 520, [Uis also possible that the nsk
allele exends beyond the 38-kb interval defined
in this study and that the functional sequence
variants that confier risk of CHD are located out-
side of the merval, Resequencing the coding
regions of the two genes most proximal 1o the
risk locus, CORNN2A and CDRN2E, revealed
only a single variamnt | Ala"® =S in CDKN2A)
that was present in 6 of the 96 individuals cxam-
ined and is thus unlikely 1o explain the CHD sk

WWW.SCiencemag.org




associated with the locus, The localization of the
risk locus to a region devoid of known genes im-
pheates a previously unrecognizad gene or regu-
latory clement that can substantally affect CHD
independently of wstablished sk factors. Funther
studics will be required 1w clucidme the mecha-
nism by which the locus modulates CHD nisk,
Companson of the Yoruba and Centre d' Ewde
du Polymorphisme Humain (CEPH) data from

the International HapMap Project (www,

hapmap.org) revealed notable ethnic differences
inallele frequencics in the risk interval (table 56),
OF the 10 alleles that were significantly asso-
ciated with CHD in whites, 3 were virtually ab-
sent from the Yoruba population, and 6 others
were much less common. Both rs10757274
and 2383206 were present at appreciable fre-
quencies among  Afncan-Amencans m ARIC
and DHS, but neither SNP was associated with
CHD in cither population {table S7) The
apparent ethnie differences in association be-
tween these SNPs and CHD in ARIC may reflect
differences in statistical power in ARIC but
cannol explain the ethnie differences observed
in DHS, where African-Americans are the largest
group. Accordingly, it seems more likely that the
functional sequence vanants associated with the
risk allele in whites are less common in African-
Americans, This notion is consistent with our
finding that the frequencies of several alleles
associated with CHD sk faclors differ widely
among ¢thnic groups (9-1/). Comprehensive
analysis of the locus in Alfcan-Africins may
allow further refinement of the risk interval.

The results of this study illusirate both the
penls and the promise of whole-genome asso-
clation. The miual scan and the fisst replicate
screcn both generated substantially more SNPs
that achieved the prespecilicd signilicance thresh-
old than would be predicted by chance alone, as
indicated by permutation testing (table S2). Yet
only two of these SNPs (comprising one allele)
survived lurther replication, despite the use of a
large sample (e, ARIC) with high statistical
power. This linding highlights the necessity for
adequate replication 1o protect against anifacts
that may occur because of population stratifica-
tion, multiple testing, or other factors 10 which
whole-genome association studics are particular-
Iy susceptible. The consistent replication of the
chromosome 9 nisk allele m six independent study
samples ndicates that the approach can be produc-
tively applicd 10 conditions as complex as CHD,

which is known 1o be influenced by a vancty of

environmental and genctic factors (12). Further-

maore, analysis of 50 mndomly selectad regions of

500 kb cach indicated that the 72,864 nformative
SNPs used in the initial scan provided 30 1o 4005
of the power that would be obtained by assaying
all phase 11 Hapmap SNPs. Therefore, scans with
denser SNP panels and larger sample sizes may
reveal funther loci associated with CHID risk,
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The global endemic of cardiovascular diseases calls for improved risk assessment and treatment.
Here, we describe an association between myocardial infarction (M1} and a common sequence
variant on chromosome 9p21. This study included a total of 4587 cases and 12,767 controls, The
identified variant, adjacent to the tumor suppressor genes COKN2A and CDKNZB, was associated
with the disease with high significance. Approximately 21% of individuals in the population are
homozygous for this variant, and their estimated risk of suffering myocardial infarction is 1.64
times as great as that of noncarriers. The corresponding risk is 2.02 times as great for early-onset
cases. The population attributable risk is 21% for Ml in general and 31% for early-onset cases.

oronary anery discase (CAD), including
‘ acute myocardial mbarction (MI), s the

lcading cause of death worldwide (/). [den-

tification of the underlyving genctic architectiure of

heant discase may provide improved nsk assessmeant
and better measuns for prevention and treatment,

REPORTS

5. P, Schnohe, G, jensen, H, Scharling M. Appleyard,
Eur. Heart ] 3 (suppl. H), H1 (2001),

. R G, Victor ef ol., Am. L Cardiol. 93, 1473 (2004).

. A5, Agatsion ef oL, | Am. Coll. Cardiol, 15, B27 (1990).

. E. Pasmant f ol, Cancer Res. 67, 1 (2007).

. 1. €. Cohen ef al., Proc. Notl Acad, 50, U.SA 103, 1810

(2006).

10. ). C. Cohen, E. Boerwinkle, T. H, Mosley, H. H. Hobbs,
N. Engl ] Med. 354, 34 {2006),

11. 5 Romeo et ol, Not. Genet. 39, 513 (2007).

12, Mational Cholesterol Education Program (NCEF) Expert
Pamel on Detection, Evaluation, and Treatment of High
Blood Cholesterol in Adults (Adult Treatment Pamel I,
Circulation 106, 3143 (2002).

13. Wethank T. Hyatt, H. Doelle, T. Nxing L. Nie, K. Moller
Rasmussen, M. Refstrup, W, 5. Schackwitz, ). Martin, and
A Ustaszewska for excellent techical assistance and
]. Schageman, C. Lee, K. Lawson, and K. Williams for
siatistical analyses. We are indebted to the staii and
participants of the OHS, the DHS, the ARIC study, and the
CCHS for ther important contributions. Supported by
grants Trom Foundation Le Ducg, the Donald W, Reynolds
Foundation, NIH (HL-0B2B96), the National Heart, Lung,
and Blood Institute Program for Genomic Applications
ino, HL-0666 810, the 1.5, Depariment of Energy (contract
na, DE-ACOZ-05CH11231), the Canadian Institutes of
Health Research (no. 443600, the Canadian Foundation far
Innovation, the Heart and Stroke Foundation of Ontario
{no. NA-5413) the Danish Medscal Research Council, the
Danish Heart Foundation, and the Research Fund 3
Rigshospitaled, Copenhagen University Hospital, D.R.C.
and DA H. have equity interest in Perlegen Sciences.

Supperting Online Material
wwLsCiEncemag.orglegifcontentfulli1142447/DCL
Materials and Methods

Figs. 51 and 52

Tables 51 1o 57

12 March 2007; accepted 24 April 2007
Published onlne 3 May 2007;

10,1126/ schence, 1142447

Inclide this information when citing this paper.

O 00 =4 0%

To this end, we conducied a penome-wide
association siudy on leelandic patiems with MI,
using the Mumina Hap3t) chip. Afier quality
filtiering. 303,933 single-nucleotide polvmor-
phisms (SNPs) were tested for association with
MI in a sample of 1607 cases, with age a1 onsct
betore 70 in males and before 75 in females:
6728 patients without a history of CAD were
used as controls (21, The results were adjusied for
relatedness between individuals and  potential
population stratification with the use of a meth-

od of genomic control (3). Although none of

the SNPs were significant aller adjusting for
the number of tests perlormed, more signals
with P values of less than 107 were observed
than expecied by chance (fig. S1). Henee, we
further explored the SNPs with 2 values that
were closest 1o genome-wide significance.
The strongest association with Ml was ob-
served with three correlated SNPs—rs 1333040,
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rs2383207, and rs10116277. Each had an odds
ratio (OR) around 1.22 for the nsk allele and a P
value of approximately 1 = 10 ® (table S1). All
three SNPs are located within a 190-Kb linkage
disequilibrivm (LD) block on chromosome 9p2 1
(fig. S2). Apart from these 3 SNPs, 11 other
SNPs in the same LD block showed nominally
significant association with ML The associations
with these SNPs wended 0 become weaker aller
accounting for the association with the three
SNPs mentioned above (table S1). After adjust-
ment, @ few remained nominally significant (P <
(1,05}, but none had a P < 0,01,

Toreplicate the observed associations, we geno-
typed the three SNPs-rs 1333040, 2383207
and 10116277 —in an addimonal 665 leclandic
MI cases and 3333 conwols, and m three case-
control sample sets of European descent from
three cities from the United Staies: Philadelphia,
Atlama, and Durham (2). For consistency, we
used the same age-at-onsel cnlena i the asso-
ciation analysis as for the discovery group. The
association with MI was replicated with signifi-
cance in all four groups (lable 52). When we
combined the replication sets using a Mantel-
Haenszel model (), all three SNPs showed
highly significant association with MI{P < | =
10°%), with ORs comparable to those observed in
the leelandic discovery samples. When all groups
were combined, rs2383207 showed the most-
significant association (P = 2.0 = 107'"), with an
OR of 1.25 [95% confidence interval (C1) 118 1o
1.31] for the ask allele G. Notably, rs2383207
and rs1 0116277 are highly corelated (2 = 0.90)
and their effects could not be rediably distin-
guished from each other in these data. The SNP
rs 13330400 5 also :aul:m"lun:iullt'.‘ comclated with
32383207 and rs10116277 (" = (.57 and 0.67,
respectively). In an attlempt 1o refine this
association signal, we identified the SNPs that
are substantially correlated with rs2383207 (r* =
(1.5) based on the Hapmap CEU data and that are
not part of the Mumina Hap3 00 chip. Among the
36 such SNPs, we selecied 8 10 be genotyped.
Each of the 36 SNPs was cither one of the cig,ht
or had a very good surrogate among them (7~ =
0,909 (table S7). With data from all case-control
groups combined, allele G olhe relinement SNP
rs107TST278 showed the strongest association
with the disease (OR = 128, P= 1.2 = 107,
Table 1 and table 52), Furnthermore, whereas
rs2383207 was no longer significant afier adjust-
ing for rslO757278 (P = 0.25), s10757278 re-
mained significant with adjustment for 2383207
(P=20x% 1079, Among the SNPs in this region
that showed very significam association with the
discase when tested individually, none was
signilicant alter adjustment for 10757278 with
the exception of the refinement SNP rsl 333046,
which was marginally significant (7 = 0.044)
with adjustment (1able S8). Henceforth, for
simplicity ol presentation, we focused on the
most significant SNP, 10757278, Additional
results for other SNPs in the region ane provided
in tables 52 o 86,
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Table 1. Assodation results for 52383207 (G} and rs10757278 (G), in 9p21 in Iceland and the United
States. Results are shown for the initial lcelandic discovery MI case-control group (lceland A), an
independent lcelandic replication group (lceland B), and for the three U.S. replication groups of
European descent. Also included are the results for the MI case-control groups combined. Study
population includes the number of MI cases (n) and controls {m). To combine the lcelandic cohorts, we
analyzed them together and adjusted the results for relatedness in the combined group. For the
combined groups, we calculated OR and P value using a Mantel-Haenszel model, and the frequency in
cases and controls is a simple average over the frequency in the individual groups. When combining
lcelandic and U.5. groups, the frequency in cases and controls is the average over the two populations.

Study population (n/m) Frequency
Variant Ea“.E'I.E:' c“ntrnls Casgs nR {95% c” i
Iceland A (1607/6728)
rs2383207 (G) 0.455 0.506 1.22 (1.13-1.33) 1.4 x 107*
rs10757278 (G) 0.434 0.489 1.25 (1.15-1.36) 1.5 x 10”7
Iceland B (665/3533)
rs2383207 (G) 0.462 0,525 1.29 (1.15-1.45) 2.6 x10°®
rs10757278 (G) 0.436 0.503 1,31 (1.16-1.47) 1.4 x 107°
Atlanta (596/1284)
rs2383207 (G) 0.541 0.593 1.23 (1.07-1.42) 3.0 x 107
1510757278 (G) 0.484 0.551 1.31 (1.14-1.50) 1.5 x 1074
Philadelphia (582/504)
rs2383207 (G) 0.524 0.602 1.37 (1.16-1.63) 2.6 x 107
1510757278 (G) 0.470 0.550 1.38 (1.17-1.64) 1.9 x 10~
Durham (1137/718)
152383207 (G) 0.513 0.559 1.20 (1.05-1.37) 6.0 x 107
rs10757278 (G) 0.460 0.521 1.28 (1.12-1.46) 2.7 x 107"
Combined
lceland (2272/10,261)
rs2383207 (G) 0.458 0.511 1.24 (1.16-1.33) 33x10°®
rs10757278 (G) 0.435 0.493 1.26 (1.18-1.35) 53x10°12
U.5. groups (2315/2506)
rs2383207 (G) 0.526 0.585 1.25 (1.15-1.36) 1.1 %1077
1510757278 (G) 0.471 0.541 1.31 (1.21-1.43) 1.5 x 10°W®
Replication groups (2980V6039)
52383207 (G) 0.494 0.555 1.27 (1.18-1.38) 14 x 10712
1510757278 (G) 0.454 0.522 1.31 (1.22-1.40) 1.0 x 1074
All groups (4587/12,767)
52383207 (G) 0.492 0.548 1.25 (1.18-1.31) 2.0 x 107
r510757278 (G) 0.453 0.517 1.28 (1.22-1.35) 12 x107%

Table 2. Genotype-specific OR for the risk allele of rs10757278. The risk for heterozygous carriers (0X)
and homozygous carriers (XX) is compared with the risk for noncarriers (00), together with 95% Cland

the population attributable risk (PAR). The lower part of the table includes the corresponding values
when the analysis is restricted to early-onset MI cases. Study population includes the number of MI
cases (n) and controls (m). For the Icelandic groups, P values and OR were adjusted for relatedness
using simulations.

Study population (n/m) Genotype-specific OR

Variant (allele) 00 0X (95% CI) XX (95% CI) PAR
lceland (2272/10,261)
rs10757278 (G) 1 1.25 (1.12=1.39) 1.58 (1.38-1.81) 0.19
W.5. groups (2315/2506)
rs10757278 (G) 1 1.28 (1.14-1.45) 1.72 (1.45-2.03) 0.23
All groups (4587/12,767)
rs10757278 (G) 1 1.26 (1.16-1.368) 1.64 (1.47-1.82) 0.21
Early-onset MI (<50 for males; <60 for females)
lceland (621/10,261)
rsl0757278 (G) 1 1.38 (1.13-1.69) 1.94 (1.53-2.48) 0.27
U.5. groups (1080/2506)
rs10757278 (G) 1 1.56 {1.32-1.85) 2.08 (1.69-2.58) 0.34
All groups (1701/12,767)
rsl0757278 (G) 1 1.49 (1.31-1.6%9) 2.02 (1.72-2.36) 0.31
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Table 3. Association of the G allele of rs10757278 with CAD. The
assodation results are shown for CAD, both including and excluding known
MI cases. Results are shown for the Icelandic case-control group {except for
the initial discovery group individuals, which have been excluded both from
cases and controls), for two ofthe U.S. groups, and for the groups combined.

controls (m).

REPORTS

For the combined groups, the allelic frequency in cases and controls is a
simple average over the individual groups or, when combining Icelandic
and U.5. groups, the average over the two populations. Study population
includes the number of all cases {(n1), cases excluding Ml patients (n2), and

; All CAD cases Excluding MI cases
Study population (n1/n2im) Control
Variant (allele} frequency Case OR (95% C1) P Case OR (95% CI) P
frequency frequency
leeland (1563/773/3533)
rs10757278 (G) 0.439 0.496 1.26 (1.15-1.37) 1.9 x 1077 0.490 1.22 (1.09-1.37) 50 x 107!
Atlanta (724/128/12384)
rs10757278 (G) 0.484 0.552 1.31 (1.15-1.500 3.6 x 107° 0.557 1.34 (1.04-1.73) 26x 1077
Philadelphia (709/126/504)
rs10757278 (G) 0.470 0.547 1.36 (1.16=1.60) 1.9 x 107 0.528 1.26 (0.96=1.66) 1.0 x 107"
Combined
U.S5. groups (1433/254/1788)
rsl0757278 (G) 0.477 0.550 1.33 (1.20=1.47) 2.7 x 10t 0.542 1.30 (1.08-1.57) 5.9x 107%
All groups (2996/1027/5321)
1510757278 (G) 0.458 0.523 1.29 (1.21-1.38) 3.6 % 107 0.525 1.24 (1.13-1.37) 1.1x 107

To investigate the mode of inhertance in more
detail, we computed genotype-specific ORs for
rs1O73T278. With results from all groups com-
bined. relative 1o noncarriers, the ORs for
heterozygous and homozygous camicrs of the
risk allele G were 1.26 and 164, respectively
(Table 2). Assuming a frequency of 45.3% for the
allele, the average of the frequencies in leclnd
and the United States, the corresponding popula-
tion attributable nsk is 21%.,

Because the impact of genctic [ctors on
CAD has been shown to be greater at carly ages
{5}, we investigated the correlation of allele G
ol 10757278 1o age ot onset of ML In this anal-
wais, we used all cases with a known age at onset,
including those who had onset afier the age of 70
or 75 for males and fomales, respectively. This
added a ol of Y73 cases 1o the sindy groups
compared with the number of cases used in the
case-control amalvses, Regressing the age al onsal
on the number of risk alleles showed that, for each
copy of the risk allele, the age at onset of Ml was
on avernge reduced by approximately 1 year (P
2.9 % 1077 (table S4). Alternatively, restricting the
casc-control analysis to carly-onsct ML, defined as
an M1 before the age of 30 for nules and before the
age of 60 for females, the allelic OR for
rs10737278 G oin all groups combined increased
o 142 (95% C1 131 1o 1.53) {1able S5). Relatve
o noncamicrs, genolype-specific OR for carly-
onset ML is 149 and 202 for heteroeygous and
homozygous camiers of the risk allele, respectively
({Tablc 2).

Having established that allele G ol 10757278
is associated with M1, we explored its impact on
the broader phenotype of CAD (Table 3). To
climinaie bias that could have arsen from the
selection of the most-significant variams in the
imitial genome-wide sudy, the cases and controls
from the leclandic discovery group (lecland A)
were not included here, 1he leelandic group had
been included, there would have been litlle change
to the estimated effects, but the results would have

become more signilicant due to the larger sam-
ple sizes. Also, the group from Durham did not
have CAD cases without M. As expected,
sl 0757278 was associated with CAD with
high significance (OR = 1.29, P = 3.6 = 107"
for the groups combined). Afer removal of M|
cases from the analyses, the associations remained
signilicam forthe groups from lecland and Atlanta
but not for the Philadelphia group. Combining
results from the three groups gave an OR ol 1.24
(P = 0000011 )

The variants on chromosome 9p2 1 associted
with MI are located in an LD block that con-
tains the CORN2A and COKN2E genes. The pro-
teins encoded by these genes—called pla™™,
ARF, and plﬁmmh play a critical role in
regulating cell prolifertion, cell aging and
senescence, and apoptosis in many cell wpes
(). These are all imporant features of athero-
genesis, the underdying cause of MI and CAD
(7, ). Sequencing of 93 carly-onset MI paticnis
ACTOSS CXONS, CXON-intron junctions, and regu-
latory regions of CORNZA and COKN2E did not
reveal obvious candidates for functional variants
or other vanants that could account for the
observed association with rsI07537278 (wables
S and S12). In addition to COKNZA and
COKNIB genes, the LD block contains two
cxons of the mRNA wanscript AF 109294, g
hypothetical methylthioadenosine phosphory lase
fusion protein mRNA, and several expressed
sequence tags that are expressed in varous
tissues (Jh The functional relevance of the
vardants of this genomic region o MI and CAD
remains 1o be elucidated.

We show that a common genelic variant
located in the vicinity of the wmor suppressor
genes COKN2A and CDAN2E on chromosome
Op2 | associaes with ML This is the first common
variant discoverad to consistently confier substan-
tial nsk (OR = L20) of Ml in multiple case-
control groups of European descent. Due 1o its

high frequency. the population attributable risk of

the wvariant is approximately 21% for Ml in
general and approximately 31% for carly-onset
cases, which is substantial from a public health
point of view. However, as the relative risks are
not extremely high, it explains only a small
fraction of the familial clustering of the discase
and would not genemic large linkage scores.
Henee, other susceptibility vanants remain Lo be
identified and some could be located in candidate
regions identified by genome-wide link age scans
(@-11), There is evidence w0 sugpest that the

varints identified here could merease the rnisk ol

CAD in general in addition to their impact on MI,
an observation that wamanis funher investigation.
The mechanism whereby the genctic variants
exert their effects in the pathogencsis of M
remains o be elucidated.
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Attenuation of Allergic Contact
Dermatitis Through the
Endocannabinoid System

Meliha Karsak,™ Evelyn Gaffal,®* Rahul Date,” Lihua Wang-Eckhardt,” Jennifer Rehnelt,”
Stefania Petrosino,® Katarzyna Starowicz,* Regina Steuder,? Eberhard Schlicker,’
Benjamin Cravatt,® Raphael Mechoulam,” Reinhard Buettner,® Sabine Wemer,”

Vincenzo Di Marzo,* Thomas Tiiting,?t Andreas Zimmer't

Allergic contact dermatitis affects about 5% of men and 11% of women in industrialized countries
and is one of the leading causes for occupational diseases. In an animal model for cutaneous
contact hypersensitivity, we show that mice lacking both known cannabinoid receptors display
exacerbated allergic inflammation. In contrast, fatty acid amide hydrolase=deficient mice, which
have increased levels of the endocannabinoid anandamide, displayed reduced allergic responses in
the skin. Cannabinoid receptor antagonists exacerbated allergic inflammation, whereas receptor
agonists attenuated inflammation. These results demonstrate a protective role of the
endocannabinoid system in contact allergy in the skin and suggest a target for therapeutic

intervention.

Nergic contact dermmatitis is charaetenzed
Ah:,' a loss of immunological wleranee

toward small allergenic molecules (hap-
tens). The allerzen or hapten lirst penetmtes the
epidermis and is taken up by skin dendntic cells,
which migrate 1o the draining lymph nodes and
present haptenated peptide or major histocom-
patibility complexes (MHC) w0 maive antigen-
specilic T lymphocyies. Upon repeaied allergen
contact, an inflammatory response is elicited by
the recruitment ol antigen-specific effector Teells

to the skin and the subsequent production of

inflammatory  cvtokines and chemokines (/).
Cannabinoid receplors CB1 and CB2 are hetero-
trimeric GTP-binding protein (G protein)

coupled receptors, which are activated by the
cannabinoid .-_'“."'-n:u*.lh:.'drm:mmhirml (A"THC),
as well as by endocamnabinoids such as arachi-
donoylethanolamide (anandamide or AEA) or
2-arachidonoy lglycerol (2-A0) (2). Both can-
nabinoid recepiors are present on keralinocytes
in the epidenmis, which also express eneymes

involved in the synthesis and degmdation of

endocannabinoids (3, 4).
Although nickel-comaining car tags are gen-
erally well wlerated by individuals in our mouse
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colony (5), we observed that mice lacking both
camnabinoid CBl1 and CB2 receptors [CBI
receptor-deficient (Corl ) and CB2 receptor

deficient (Cnr2 "y mice| (6, 7) frequently seratch
their ear tags, leading 1o severe ulcerations in
the head and neck regions (Fig. 1. A and B, and
fig. 513 Because localized necrotic lesions ini-
tinlly developed around the car tag, we [ist
considered that impaired wound healing might be
the poiential primary cause for the skin lesions.

Fig. 1. Histological views of Cnr1~"~/
Cnr2™"" mouse ears. Clips with high nickel
content cause chronic ear ulceration in
Crrl ™ iCnr2 ™ mice (fig. S1). (A) Hematox-
ylin and eosin (H&E}-stained sections of ear
tissue from healthy Cnrl™ /Cnr2™ mice
with normal size and histology. Ct, cartilage;
D, dermis; E, epidermis; HF, hair follicle. (B)
HE E—stained sections of ulcerated ear tissue
from Cnr1™/Cnr2™ mice carrying nickel
ear tags. Arrowheads point to keratinocytes
on the re-epithelized body of the wound, The
eschar (Es), the strong hyperproliferative
epithelium (H), and the granulation tissue
(G} are indicated. (C) Toluidine blue—stained
sections of ear tissue from healthy Cnrl ™/
Cw2™ mice showing few metachromatic
mast cells (arrowheads). (D) Toluidine blue—
stained sections of ulcerated ear tissue from
Crl ™ iCnr2 ™ mice carrying nickel tags
with intense infiltration of mast cells (armow-
heads). (E} H&E-stained sections of lymph
nades from healthy Cnrl ™ /Cnr2 ™ mice. ln,
lymph node; sg, salivary gland. (F} H&E-
stained sections of lymph nodes from Cnr1 ™/
Cnr2™ mice carrying nickel ear tags with
reactive enlargement and lymphadenitis of
preauricular lymph nodes. The preauricular
salivary glands located next to the lymph
nodes are the same size in Cnrl ™ Cnr2™

However, experiments 1o test the wound healing
ahility revealed no measurable difference be-
tween wild-type (WT) and Cnrl™ /Cnr2 i
double-knockout (DKO)Y mice (5, &) (g, 52).
We also noted that skin ulecrations appearcd 1o
be panticularly prominent in mice with tags con-
taining high nickel content (65 1o 70%%), In these
cases, skinuleerations were observed in 88 out of
304 Corl /02" DKO mice (29%), but were
not observed in single Corl™ or Cni2™ knock-
ouls or in any other mouse strain. Funthenmore, no
uleerations were noted in mice with pure brass
tags (g S1) Subsequent histopathological analy-
ses of uleerated car tissue revealed intense
infilration of mast cells in close proximity to the
ulcers (Fig. 1, C and D), suggestung that an allergic
reaction might be imvolved m the pathology seen
in Corl ™ /Cnr2”" DKO mice, Consistently, the
regional preauricular and submental lvmph nodes
(Fig. 1, E and F) were swollen, reaching a diam-
cer of 51 = 2.4 mm in companson with 2005 =
1.9 mm in healthy Carl ™ /Cnr2 ™ mice, as ane-
sult of mixed follicular and nterdollicular lym-
phatic hyperplasia.

We therefore considered the possibility that
an increase in allergic responses might exist in
knockout (KO) mice. To test this hypothesis, we
evaluated cutancous contact hypersensitivity
(CHS) in Crrel ™ /Cor2”™" animals using the ob-
lizame contact allergen 2 4-dinitrofluorobenzcne
(DNFB}, which generates a specilic cutancous T
cell-mediated allergic response upon  repeated
allergen contact (¥). A marked increase in allergic

- —

mice without (E) and with (F) ear ulceration and serve as an internal standard.
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responses was apparent in Cnrl ™ /Crr2” mice
as compared with WT controls (Fig. 2A) The
difference was particularly promment 48 hours
after the sccond and the thind DNFB challenge,
Infiltration of the skin with Gr=1" granulocytes
was incrcased i the cars of DNFB-cxposed
Corl™/Cor2™ mice, as compared with WT ani-
mials (fig. 53), and correlated with a lugher mycelo-
peroxidase activity, which is indicative of enhanced
neutrophil recruitment (10, 1), Furthemmore, we
found an increased number of MHC 117 antigen-
presenting cells in Corl ™ /Cnr2™ mice. Upon
examination of mice with a single deletion ol either
CBI or CB2 receptors, we observed a similarly
propounced merease of allergic carswelling (Fig,
2B), suggesting a ponredundant mle for each
cammabinowd receptor in the allergic response w
DNFB. This finding would also suggest that the

response 1o the milder stimulus onginating from
the nickel car tag was only detectable i mice
lacking both receptors,

In order to obtain independent evidence for a
role of the CBI and CB2 receptors in the reg-
ulation of CHS, we examined WT mice after
adminigration of the CBl receplor antagonist
SRI41716A (Rimonabant ) and the CB2 receptor
antagonist SRI44528, respectively, Afier the in-
duction of CHS, animals received three injections
ol the corresponding antagonist 30 min before
and after cach challenge, In these Gises, ear swell-
ing wis significantly increased in treated mice as
comparcd with control mice (Fig. 2C), further
supporting the role of both receptors in CHS. In
contrast, however, acute oral or topical adminis-
tration of the CB2 receplor anagonists appearad 1o
ameliorate inflammatory skin resporses (12, 13),

REPO

thus suggesting that CB2 antagonism may be
initially benelicial but detnmental upon chronic
blockade.

To explore this 1ssue more carclully, we mvis-
tigated the synthesis ol endogenous cannabinoids
and the expression of cannabinoid receplors
during expenmental contact allergy studies. After
DNFB treatment, the levels of 2-A0 inercased
the DNFB-treated cars of WT controls and to an
even larger extent in the cars of Corl ™ /Cni2™
mice (Fig. 3A) whereas AEA production was
stromgly induced in both genotypes. Endocanna-
binoids may have been ovemproduced in KO
animals as a result of the lack of communication
between receptors and ligands ( /4) or as a further
consequence of the exacerbated allergie responsc.
Keratinocytes are known o express CBI recep-
tors (), although the expression of CB2 on these

Fig. 2. Contact allergy in canna- A B

binoid receptor—deficient mice. = - . =

(A) Cnrl™/Cnr2 ™" and Crl**  E05) = CnriCne’ gus N
Cnr2*™ mice were sensitized (indi-  £04 S e Upe g“-“ -
cated by “s) with DNFB on the 303 s

shaved abdomen. On day 5, mice 502 5 0.2

were challenged (indicated by “c”) 0.1 0.1

with DNFE on the right ear. A second g 0.0 - g 0.9

and third challenge was performed TR 4 4 oL HE
on day 13 and 21 Shown is the 88 C c B

mean ear swelling over time + SEM

of a representative experiment with nine mice per group. Statistical significance
was evaluated with the Wilcoxon-Mann-Whitney two-ample test (**P < 0.01). This
experiment was independently repeated four times with similar results. (B)
Corl ™ /Cnr2™*, Cnrt™1Cnr2™, and Cnrl*™*/Cnr2*"™ mice were sensitized as
described in (A). Ear swelling 48 hours after the third challenge of a rep-
resentative experiment with eight mice per group is shown. Similar results were
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obtained in four independent experiments with a total of 23 mice (**P < 0.01).
(C) Contact allergic response in CS57BL/S] mice after treatment with the
indicated CB receptor antagonists, Ear swelling 48 hours after the second
challenge of a representative experiment with 10 mice per group is shown.
Similar results were obtained in four independent experiments with a total of 25
mice (***P < 0.001). Error bars in (B) and (C) indicate SEM.
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Fig. 3. The endogenous cannabinoid system in CHS. (A) Endocannabinoid levels in
ear samples of Car1™*/Cnr2*™ and Carl ™ /Cnr2™~ mice treated with DNFB after
the second challenge (indicated by "D”), in comparison with the control sides of the
same animals (indicated by “C"), were measured by means of liquid chromatography-—
mass spectrometry, Data represent mean values = SEM. (B} CB1 and CBZ2 mRNA
expression levels in ear samples of Crr1**/Cnr2*"™ mice treated with DNFB after the
second challenge ("D"), in comparison with the control sides of the same animals
(“C"). Relative expression units were determined by quantitative real-time PCR. Data
represent mean values £ SEM. (€ and D) Contact allergic responses in C57BL /&) mice
after subcutaneous (C) or topical (D) treatment with the agonists A*-THC and HU-308
or with vehicle alone. Error bars indicate SEM. (E) Contact allergic responses in
FAAH™™ and FAAH** mice. Shown is the mean ear swelling over time + SEM of
representative experiments with 10 mice per group (*P = 0.05, **P < 0.01, ***P <
0.001).
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cells has been debated (3, (2, [5). We could
wdentify both receptor mRNAs in human HaCat
keratinocytes (fig. 54 CB1 receptor mRNA
was down-regulated in HaCat cells that had
been stimulated for 24 hours with polyinosinic-
polyeytidylic acid and also in DNFB-cxposed
cars, whereas CB2 mRNA and protein expres-
sion was up-regulated in both cases (Fig, 3B and
fig. S4). Taken together, these findings indicate
that DNFB-induced CHS caused an activation of
the endocannabinoid system in the skin and im-
balanced expression of both receplors,

Because our data indicate that activation of
the endocannabinoid system may  function 1
dampen the CHS response, we considerad the
possibility that administmtion of cannabinoids
such as A"-THC might anenuate CHS in WT
ammals, Therefore, after CHS was induced, we
injected mice with A-THC (5 mg per kilogram
of body weight, administered subcutancously)
30 min before, a5 well as 24 and 48 hours alier,
DNFB challenge. Indeed. A™-THC significantly
decreased car swelling (Fig. 3C) and reducad the
recruitment of Gr-1" granulocytes in comparison
with swelling and granulocyte recruitment in
untreated mice [vehicle: 483 = 62 Gr-17 cells per
high power ficld (HPF) versus 200 = 50 Gr-1"
cells per HPF in subcutancous THC treatment].
A similar therpeutic effect of A-THC was
observed after topical application of 30 pg of
AP-THC 30 min before, as well as 24 and 48
hours afier, DNFB administration (Fig. 3D}, In
contrast, the CB2-specific agonist HU-30% cither
showed no ellicacy or ¢ven increased the allergie
response afier subcutancous or topical applica-
tion (Fig. 3, C and D) (/3). It has recemly been
shown that leukocyie chomotaxis is inhibated by
the CB2 recopior inverse agonist N-| 1{5)-[4-][4-

>
:

MNumber ol transcripts
g
1

Fig. 4. Gene expression analysis. (A) Microarray analysis of ear samples of
Cnrd**/Cnr2*™* and Cnrl™/Cnr2™" mice treated with DNFB 48 hours
after the second challenge ("D") in comparison with the control sides of
the same anmimals ("C") revealed 674 up-regulated and 156 down-
regulated probe sets in response to the treatment. Grouping was performed
by GO annotation. Chemokine C-C motif and C-X-C maotif ligands and
receptors in the up-requlated group are presented in light gray in the
column of immune-related genes. (B) Transcripts for the chemokine MCP-
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methoxy-2-] (4-methoxyphenyl isulfonyl|phenyl |-
sulfonyl |phenyl|ethyl jmethancsulfonamide
{Sch. 336) and, thus, HU-308 admimnistration 1o
the mflamed car may have lurther mcreascd
leukoeyte infiltration (/46),

Becase endocannabinoid levels were reg-
ulated in DNFB-treated cars and A-THC had a
beneticial effect on CHS, we asked whether mice
having higher cndocannabinoid levels would
show altered allergic responses alter DNFB treat-
ment, Therefore, we analyzed the allergic neac-
tion in mice lacking the enisyme ity acid amide
hydrolase (FAALL, which have avgmented anan-
damide levels (17). As shown in Fig. 3E, we
found a significantly decreased allergic response
in FAAH KO mice afier the second and thind
DNFB challenge when compared with the re-
sponse in WT mice. Similar to our results, mice
with only penpherally clevated Ity acid amides
showed a reduced inflammation in the carr-
geenan foot-pad model (78). All data indicate that
the anti-inflammatory responses were periph-
cral, rather than central, and that FAAH inlab-
itors arc a potential therapeutic appoach for
inflammation (and a potentially useful alterna-
tive to direct CB1L/CB2 agonists).

In order o gain insight into the molecular
mechanism thal may contribute to the increased
magnitude of CHS in cannabinoid receplor
deficient mice, we perdommed a series ol microamy
experimems with RNA isolated from DNFB-
treated ears of Corl ™ /Cnr2 ™ and Crrl ™ Crr2 ™
mice, as well as from the untreated cars of control
mice. In all, 830 probe scts were differentially
expressed between control and DNFB-treated
cars, of which 674 were up-regulated and only
1536 were downeregulated. We grouped the probe
sels by using gene ontology (GO) annotation

relalive level

(19, 20 (Fig. 4A) Immune-related probe scts
represented the largest group of differentially
expressed gencs (40 down-regulated and 117
up-regulited probe sets) Notably, large num-
bers of chemokine C-C and C-X-C motif ligands
(24 and receprors were found in the up-regulated
group (table 51y and represented 22% of the
immune-related probe sets (able 52). Filty-four
genes were differentially expressed in DNFB-
treated whole-car specimens of Cnrl ™ /Cnr2 ™
mice versus those of Corl ™ /Cnr2™ mice (fig.
531 The only chemokine gene transcript in this
group was monocyie chemotactic protein 2
(MCOP-2)chemokine (C-C motil) ligand 8
(CCLR). Using realtime reverse transcription
polymerase chain reaction (RT-PCR) and i situ
hybridezanon, we confirmed the dufTerential
expression of MCP-2CCLS mRNA in keratino-
cvies (Fig. 4. B and C). Furiher in vitro
expenments showed dynamic regulation of
MCOP-2ICCLS production in activated keratino-
cyles through cannabinoid asonists (lig. 56).
MCP-2/CCLSR is a member of the MCP family,
which has been shown to play a major role in the
recruitment of macrophages, activated lympho-
evies, and mast cells into inflammatory sites
(22, 23). Taken together, our results suggest that
the cndocannabinoid svstem regulates allergic
inflammation through a modulation of the chemo-
kine system.

The observation that the endocannabinoid
svstem is activated in a model of CHS, wecther
with the fact that genctic deletion or pharmaco-
logic blockade of CB receptors enhanced con-
et allerzie inflammation, whereas stimulation
of CB meceptors reduced such inflammation,
strongly suggests that the endocannabinoid sys-
iem serves o altenuate the inflammatory  ne-
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Cnr1*/CGnrz” sense control

2/CCL8 in DNFB-treated ears of Cnrl*™/Cnr2*™ and Cnrl™/Cnr2™ mice
resulting from microarray expression study (left panel) and real-time RT-
PCR quantification (right panel). Shown are representative results of three
independent experiments (**F < 0.01, ##F < 0,01, ***F < 0.001). Error
bars indicate SEM. (C) In situ hybridization with the use of a
digoxigenin-labeled probe for MCP-2/CCL8 in ear tissue of DNFB-treated
and control ears from Cnr1**/Car2*™* and Cnrl™/Cnr2™ mice. The sense
prabe showed no staining.
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sponse in cutancous CHS. The finding that
topical application of A™-THC reduced allergic
mflammation points to the promising potential of
developing pharmacological treatments (24 with
the use of sclective CB receptor agonists or
FAAH inhibitors,
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Genome-Wide Mapping of in Vivo
Protein-DNA Interactions

David S. Johnson, Ali Mortazavi,?* Richard M. Myers,'t Barbara Wold**t

In vivo protein-DNA interactions connect each transcription factor with its direct targets to form a
gene network scaffold. To map these protein-DNA interactions comprehensively across entire
mammalian genomes, we developed a large-scale chromatin immunoprecipitation assay (ChiPSeq)
based on direct ultrahigh-throughput DNA sequencing. This sequence census method was then
used to map in vivo binding of the neuron-restrictive silencer factor (NRSF; also known as REST, for
repressor element—1 silencing transcription factor) to 1946 locations in the human genome. The
data display sharp resolution of binding position [+50 base pairs (bp)], which facilitated our
finding motifs and allowed us to identify noncanonical NRSF-binding motifs. These ChiPSeq

data also have high sensitivity and specificity [ROC (receiver operator characteristic)

area = 0.96] and statistical confidence (P < 10~%), properties that were important for inferring new
candidate interactions. These include key transcription factors in the gene network that regulates

pancreatic islet cell development.

Ihough much is known about tmnserip-
Alil:[l factor binding and action at specific

oenes, far less is known about the com-
position and function of entire factor-DNA
interactomes, especially for organisms with large
genomes, Now that human, mouse, and other
large genomes have been sequenced, 1tois
possible, in pnnciple, to measure how any
tmnscription factor is deploved across the entire
wenome for a given cell tvpe and physiological
condition. Such measurements are imporant for
sysiems-level studies because they provide a
global map of candidate gene network input
connections. These direct physical interactions
between transeription factors or cofactors and the
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woldb@its.caltech.edu (B.W.); myers@shgc.stanford.edu
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chromosome can be detected by chromatin
immunoprecipitation (ChiPy (7). In ChiP ex-
perimenis, an immune reagent specific for a
DNA binding Factor is used to enrich target DINA
sites o which the factor was bound in the living
cell. The ennchod DNA sites are then identificd
and quantificd.

For the gigabasc-size genomes of verichrates,
it has been difficult to make ChlP measurements
that combine high accuracy, whole-genome come-
pleteness, and high binding-site resolution. These
data-quality and depth 1ssucs dictate whether pn-
mary gene network structure can be infered with
reasonmable certainty and comprehensiveness, and
how effectively the data can be used w0 discover
binding-site motis by computational methods,
For these pumoses, statistical robustness, sam-
pling depth across the genome, absolute signal
and signal-o-noise mto must be good enough
to detect nearly all in vivo binding locations for
a regulator with minimal inclusion of false-
positives. A further challenge m genomes large
or small 15 to map factor-binding sites with high
posttional resolution, In additon to making com-

putational discovery of binding mouls leasible,
this dictates the quality of regulatory site anno-
tation relative o other gene matomy landmarks,
such as transeripltion stan sites, enhancers, introns
and exons, and conserved noncoding features
129, Finally, it high-quality protein-DNA inter-
actome measurements can be performed rou-
tinely and ot reasonable cost, it will open the
way to detailed studies of interactome dynam-
ics in response o specific signaling stimuli or
genetic mutations. To address these issues, we
tumed to ultrahigh-throughput DNA sequenc-
ing to gain sampling power and applied size
selection on immuno-ennched DNA o enhance
positional resolution.

The ChIPSeq assay shown here differs
from other larpe-scale ChiP methods such as
ChiPAmay, also called ChlPchip (f ) ChIPSAGE
(SACO)Y (3); or ChiPPet (#) in design, data
produced. and cost. The design s simple (Fig.
LAand, unlike SACO or ChIPPet, itinvolves no
plasmid library construction. Unlike microamay
assays, the vast majority of single-copy sites in
the genome is accessible for ChiPSeq mssay (F),
rather than a subsct selecied o be amay features,
For example, o sample with similar complete-
ness by an Affvmetrix-style microarray design, a
nucleotide-byv-nuclootide sliding window design
of oughly 1 billion features per amay would be
necded for the nonrepeat portion of the human
genome. In addition, ChIPSeq counts sequences
and so avoids constraints imposed by army
hybrdization chemisiry, such as base composition
constraints related o 7, the temperature at which
StPa of doublestanded DNA or DNA-RNA
hybrids is denatured: cross-hvbridization; and
secondary structure interference. Finally, ChlPSeq
is feasible for any sequenced genome, rather than
being restricted o species for which whole-
genome tling amays have been produced.,

ChiPSeq illustrates the power of new se-
quencing platforms, such as those from Solexa
Mumina and 4534, 10 pedorm sequence census
counting assays. The generic task in these appli-
cations is 1o identily and quamify the molecular
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contents of a nucleic acid sample whose genome
of ongin has been sequenced. The very luge nuim-
bers of short individual soequence reads produced
by these instruments (currently 400,000 reads

of 200 nucleonudes (nt), or ~40 million reads of

25 m, per instrument run, depending on the
platfomm used) are extremely well suited 10 mak-
ing dircet digital meisurements of the sequence
content of a nucleic acid sample. By detenmin-
ing a shor sequence read from cach of many
(10% 10 10") andomly selected molecules from
the sample and then informatically mapping
each sequence read onto the relerence genome,
the identity of each stanting molecule is leamed,
and its frequency in the sample is caleulated,
Desired levels ol sensitivity and  statistical
certaimty needed 1o deteet mre molecular specics
can be achieved in pnnciple, by adjusting the
total number of sequence reads. Sequence con-
sus assays do not require knowing in advance
that a sequence s of mlerest as a promoler, en-
hancer, or RNA-coding domain, as most cur-
rent microarray designs do. Below, we use the
Solexa/lllumina platform, because  high-read
numbers contribute to high sensitivity and com-
prehensiveness in large genomes.

We used ChIPSeq 1o build a high-resolution
interactome map for human  nearon-restrictive
silencer factor (NRSF: also known as REST, for
repressor clement-1 silencing  transcription
factor). This zinc linger repressor negatively reg-
ulates many neuronal genes in stem and progen-
itor cells and in nonneuronal cell types, such as
the Jurkat T cell line studied here (6). A primary
reason for selecting NRSF as a test case 15 that
prior studies provide a lange set of known “gold-
standard”™ tanget genes, including more than 80
in vivo binding sites defined by ChIP-QPCR
(quantitative  real-ime  fluorcscence polvinerase
chain reaction) (7). A subset of these genes has
also heen tested Tor regulatory function by trans-

fection assavs (8. In addiion, the DNA motil

bound by NRSF, called NRSE (also called RED),
is long (21 bp) and well-specified (¥). This has
led 10 a rich group of compatational models for
the site and for all s occurences in the human
genome (7, 9000, These sites provide a frame-
work of explicit predictions  that can now  be
tested by measunng repressor binding globally,
Finally, there 15 a high-guality monoclonal
antibody (/2) that recognizes NRSF efficiemly
in ChiP experniments (7),

We prepared two DNA samples lor cach
ChiPSeq experiment: an NESF/REST-enriched
Chil* sample and a companion control sample
of the same fixed chromatin, but without immuno-
entchment. In an effon 1o increase positional
precision and 10 provide optimal subsirie for
the Solexa/lumina sequencing plaform, we
introduced a size-selection step alier cross-link
reversal (Fig. 1A and fig. S2) (5). DNA se-
quencing of caich sample was performed by the

human genome (table S1) Sequence reads that
map o multiple sites in the genome were re-
moved from subsequent analysis, This eliminates
sequences In simple repeats, some complex re-
peats, and also 25-n segments that are not unique
by chance, The location of cach remaining unique
sequence read in the genome was recorded, To
accommodate  polymorphisms relative o the
reference genome, up 1o two mismatches were
allowed. The resulling sequence read distribu-
tion was processed with a ChlPSeq peak locator
algorithm developed for this purpose (3). The
algorithm finds a local concentrmtion of sequence
hits (a location cluster) and, within that loca-
tion, calls a peak. We then required of these a
munimum Ivefold ennchment of sequence reads
in the ChIP sample relative to the cormesponding
location m the control, Fivefold enrichment 1s a

Fig. 1. ChiPSeq discovers NRSF/REST A
protein-DNA binding events with high
resolution on a genome-wide scale, (A)
Generalized scheme of ChiPSeq begins
with ChIP, followed by size selection for
recovered material (5), followed by
standard preparation for Solexa/lllumina
sequencing. An optional preamplification
step after immuno-enrichment and
before size selection can be inserted to
work from smaller cell number input
{(used in experiment 2 below) (5). (B)
Close-up view of ChIPSeq data mapped B

consenvative choice among enrichment thresh-
olds commonly used in contemporary  large-
scale ChIP studies. A location that passed these
critenia and also had 13 or more independent
sequence reads (a threshold value selected based
on the sensitivity and specificity analysis de-
scribed below) was called an NRSF-positive
binding cvent,

An example of primary ChIPSeq data from
two independent experiments is shown in Fig.
IB for the NEURCD locus. This positive
signal, which has intermediate signal intensity
and statistical certainty (P = & = 10°°), identifies
a novel NRSF-binding targat. The NRSF/REST
sequence-tag distribution centers dircetly  over
the only canonical NRSE mouf in a 4-kb region,
which is located in the open reading frame of
the NEUROD! pene. This sile was called a

-

Size selection

Ultra-high-throughput sequencing (Solexa/Illumina platform)

Mapping onto genome

NeuroD1

to a novel NRSF-binding site (NRSE; black
arrowhead) located in the NEURODI
gene. Experiment 1 (no preamplification)
and experiment 2 (with preamplification).
Output from the peak-call algorithm is
shown for this locus (red arrowhead), and
corresponds closely with the sole NRSE
in the NEUROD locus (black arrowhead).
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ChiPSeg peak by the locator algonthim [open
soiree available at (/4] A previous study had
mplicated NRSF m repression of NEURODY,
but had failed 10 find a local site computation-
ally, The authors theonzed long-distance repres-
sion o explain the effeet (/3), bul our results
suggest a simpler explanation of a degenerate
site within the NEUROD! gene uscll. Over the
entire primary data sct (tables 52 and S3), the
distribution of sequence-tag number per location
ranged from the threshold value of 13 sequence
tags 1o a maximum of 6718 tags at the highest
signal (Fig, 2A and fig. 53). The wo ChiPSeq
experiments produced similar results (g, S2),
mapping 1946 shared enriched locations, most
of which occur i or near 1020 genes.
NRSF-binding sites previously dentfied by

QPCR or ransfection assays (7, 8) plus a set of

known negatives (5) were used 10 measure sen-
sitivity (successful detection ol true positives)
and speciticity (successful rejection of true neg-

A ChiPSeq signal distribution
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atives) of the ChiPSeq assay. A ROC (receiver
opertor charactenstic) analysis provides a way
of measunng and graphically ponrmaying sensi-
ity [ Iraction true positive on the v axs) versus
specificity (1 — the fraction of false-positives,
displayed on the v axis) (Fig, 2B). Perfect sensi-
tivity and specificity would produce an ROC
curve that traces the v axis o a value of 1.0,
which would extend across all possible x valucs
to produce an arca under the curve of 1.0, In
contrast, entirely random clssitication by chance
would produce an ROC arca of ~0.5, The ob-
served ROC arcas are high at 0.96 (shown) and
0,97 for the two independemt experiments, The
selected threshold of 13 sequence reads per
region required for inclusion m the ChlPSeq
mteractome corresponds w a sensitivity of 87%
and a specilicny of 98%. We conclude tha the
ChiPSeq NRSF interactome measuremenls arc
accurale and, as suggested by P ovalues (able
52}, statistically robust. For mugh comparison, a

B Sensitivity and specificity
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=
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Fig. 2. (A) Histogram of all ChIPSeq-positive regions, as a function of sequence read number, that
map within that region; zero (white), one (blue), or two or more (red} canonical motif instances
defined as those scoring =70% match to the position-specific frequency matrix (PSFM) model of
the NRSF-binding site (7). (B} ROC analysis with area under the curve =0.96 for experiment 2
(shown) and =0.97 for experiment 1. This measures the performance of ChIPSeq in detecting
previously validated true positives (83) and true negatives (130), as described in the text and (5).
The threshold used for subsequent analysis corresponds to 87% and specificity 98%, as indicated
by the arrowhead. ChiPSeq false-negatives corresponded to the lowest QPCR-positive validation
values. (C) Distribution of the distance from the center of 771 high-scoring canonical NRSE motifs
[84% or higher match to the PSFM motif model (7)] in ChiPSeq-enriched regions (experiment 1).
In this example, 46% of peaks fall within the boundaries of NRSE (here, +10 to —10 bp), and 94%
of the canonical NRSEs fall within 50 bp of the called experimental peak. (D) Site occupancy
detected by ChIPSeq for NRSE motifs in Jurkat cells as a function of PSFM score (7).
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recent ChIPPet study of the p33 interactome did
not measure these pammeters, but investigators
catimated that less than 35% of the largest group
ol positive signals (Pei2 sites, which were de-
fined by two pared end tags) are true sites,
whereas the much more cenain and  smaller
class (Pet3-and-above sites) likely misses more
than hall’ of true positives (), In general, we
expect that differences in immune reagent qual-

ity, cpitope availability, and other aspects of

design that afteet all ChlP experiments, as well
as interactome structure jtsell, will comribute w
differences between studics.

We next assessed the precision of ChiPSeq
site Jocation relative w771 computationally
high-scoring NRSE motils in the genome tha
also have positive ChiPSeq signals, by measur-
g the distance from the experimental ChiPSeq
peak o the center of the computational NRSE
sequence motifl In s group, 754 sites were
ChIPSceg-positive in both experniments, and the
center of a 21-bp NRSE motil was within -
50 bp of the called ChlPSeq peak (5) for 94%
of these (Fig. 2C). The resolution, which de-
pends in part on size selection of sheared chro-
matin after immuno-enrichment (5), is much
higher than is typical for ChiPchip or ChIPSAGE
(500 w 1000 bp) (3, [6),

How comprehensive are the NRSF ChlPSeq
mezsurements? Several lines of evidence ad-
dress this question. First, & shown in Fig. 2D,
virtually all strong canonical NRSF motif in-
stances across the human genome were detect-
ably occupied. We delined strong sites as those
having =90%% match 1o a previously developed
moll model (a positon-specific frequency
matnx), which is based on evolutionarily con-
served site instances across multiple mammalian
genomes (5, 7). This high representation of de-
tectable binding sugpesis that no strong siles
were missed by undersampling. It also implies
that all sites are accessible for NRSF/REST-
binding in Jurkat cells, at least pan-time in spme
individual cells, although the degree of accessi-
bility might vary and may account for wide
differences in the number of tags per site (Fig.
2A) Second, we observed ChiPSeg-positive sig-
mals for sites previously studicd in daaill by
transfection analysis (&), and they comespond 1o
a wide mnge of ChiPScq signals, with all bu
one scoring positive in both ChlPSeq experi-
menis. Taken together with the sensitivity resulis
(Fig. 2B), these observations suggest that the
NRSF/REST interactome measurements are
genome-comprehensive and have been sampled
deeply enough o include most sites known by
any other criteria 1o be biologically active, even
il relatively weakly, This level of genome com-
pletencss is attributable o the depth of Solexa
Mlumina sequence sampling and is substantially
greater than m prior studies of the adenosine
375 -monophosphate (cAMP) response element
binding protein (CREB} micractome measured
by SACO (3) and the p33 meractome measured
by ChiPPet (4).
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We next asked whether NRSF binding in or
near promoters s correlated with low levels of
transcrplion, as expected for a transenplional
repressor. To answer this question, we looked
for high-confidence promoter  predictions ()
that occur within | kb of a ChiPSeg peak. We
then assessed genome-wide tanscript levels in
Jurkat cells by hybndizing labeled RNA 10
Mlumina RefSeqs Sentnx arays, The subset of
230 transcripts comresponding 1o promolers near
MNRSF-binding sites had significantly lower (P =
1= 107"y transeript signals than the full set of
20,589 wranseripts (fig. 55) This angues that
MNRSF binding near promoters is signilicantly
associated with tanscriptional  repression in
these cells.

The positional resolution and low number of
false-positives in these experiments can greatly
facilitate motif-finding algorithms. The effect is
to elevate the frequency of occurrence ol true
molifs within the mput DNA relatve w0 back-
ground sequences. This can improve signal-to-
noise and also greatly reduce the run times for
many algorithms. Much is known about the
canonical NRSF-binding site (NRSE motil)
(7, 40, 17}, and this allowed us to ask if that site
emerges when a sample of the experimental in-
teractome peak domains are used. We st ap-
plicd the motil<linding algorithm MEME (/&) to
all sites in the top 109 of signal intensity ( [0-bp
segments from 198 regions having 500 reads or
more), MEME retumed the full previously known
medil(table 41 Single or multiple matches wthis
canonmical motil, using a T0% muich threshold,
account for 75% ol all ChiPSeq regions mappod
in this study.

Fig. 3. (A} Canonical NRSF-binding motif
Weblogo (26). Its left and right half sites
have a center-to-center distance of 11 bp.
(B} Histogram of half-site distances in
ChIPSeqg-enriched regions, showing the 2
observed (blue) and expected (white) counts
(based on frequency in the genome). In
addition to the expected canonical peak at
distance 11 bp, there & also significant
enrichment of half sites with noncanonical
distances of 16 to 20 bp. (C) Weblogo of
noncanonical NRSE with half-site distance of
17, showing the lack of conservation in the
spacer nucleotides. (D) The 2214 NRSF-
binding motifs predicted in the 1946
ChIPSeq-positive regions that contain canon-
ical, noncanonical, or only half-site motifs.
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We next focused atiention on those remain-
ing ChiPSeg-positive regions that have 30 or
more ChiPSeq reads, vet have no canonical
motif’ match. There are 22 such locations, and
when they were un in MEME, only two can-
didate motifs stood out (able 55) By inspee-
tion, the large canonical NRSF-binding moul of
21 bp s naturally subdivided into two promi-
nent, nonidentical, nonpalindromic hall’ sites
(Fig. 3A). The two motifs from the MEME scarch
comespond directly 1o the separate left and right
sides of the canonical motl, We nexi asked if
these motils occur at other ChlPSeq-binding lo-
cations and i they are organized in any discer-
nible pattemn. A distinctive pattem was discoverad
within 50 bp of many ChiPScq peaks, m which
left and rght half=site motils are separmted by
additional “spacer” sequence that increases the
center-to-center distance from the canonical
11 bpto 16 o 19 bp, or decreases it by 1 bp 1o
10 bp (Fig. 3B and fig. S6), Thus, the cmomical
sitle has two central posiions that have no
sequence specificity, and the noncanonical
group is similady orented but has increased
the separation distance by an additional 5 10 9
bp (Fig. 3C). These linked half sites, orented
with respect to each other in the same way as
in the canonical site, occur in NRSF ChlPSeq
binding domains in a siatistically  signiticant
manner relative w random sequence windows in
the genome (3% = 1309 for the half=site distance
of 17, P value of 0) and account for 197 regions
lacking a canonical motl (Fig. 3B and fig. 54).
We also found that some binding locations have
multiple clustercd occurmences ol noncanonical
motifis) along with a canonical one.

Canonical NRSE motif

left half-site right half-site
'——A——‘ '—_ﬂ_—‘
il 3 LS4 A1 0.5

11 bp half-site distance

Novel noncanonical NRSE motil

left half-site right half-site
—— ——
L E A RS ARG L EEE R s R E A AR RT
- '-ﬂhnu-ht-pu\
17 bp half-site distance

There are no structural data available for
NRSFE so we cannot relate this new lamily of
binding-site motls w0 a known DNA binding
structure, However, the protein has cight #ine
fingers in its DNA binding domain, and other
C2H2 zinc finger proteins such as Zif268 bind
DNA with three fingers per 10-bp wum, but they
show considerable stmin when binding with six
fingers (/). This makes simultancous binding
ol one molecule of NRSF 10 these noncanonical
half=site configurations plavsible, but it is also
possible that the prowin is bound 10 only one
half site at a time by using a subset ol its fingers
in these cases, U will be interesting o leam il
there are other functional and molecular charme-
tenstics that set these sites apart. For example,
do the different NRSF co-repressors differ n
their interactions al noncanonical sies compared
with cainonical ones (200 211!

We ako asked whether half sites are sig-
nificantly enriched m our ChiPSeq neighbor-
hoods, without regard 1o orientation or spacing,
relative 1o expectations based on their occur-
rence in the genomes, and found that these
regions are greatly enriched for lefi-side hall
sites (¢ = 3070) and right-side half sites (3*
11.674). This range ol configurations, from
concentrated hall” sites 10 the noncanonical 16-
to 19-bp-spaced left and right sites, o the co-
nomical 11-bp-spaced full site, is quite striking.
Significant NRSF binding occurs in vivo, ac-
cording 1o our data, at all theee kinds ol loci.
Because the hall sites are much shorter than the
full 21-bp NRSE mouf, they also ocour widely
over the genomi, presumably mainly by chance.
This would mean that there is a rich pool of

1653,
—
—~

Histogram of half-site spacing

A

—
—t

150}

count

1004

o = F_FAI i LI
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possible binding sites fom which higher af-
{inity canonical sites could be gradually made
and tested in evolution, as suggested previous-
Iy (J1, However, these sites were considered
unlikely o interact with NRSF specifically
(fthy, whercas, within the noncanonical moaifl
family we define here, sites bind on their own,
especially when clustered (fig, S6), This sug-
gests a plausible mulistep path by which the

A

synaptic transmission

ion transport

nervous system development
ion channel activity
posisynaptic membrane
membrane

synapse

calcium ion binding
transporter activity
glutamate-gated ion channel activity
sodium ion transport

signal transduction

sodium ion binding
potassium lon transport
integral to membrane
potassium ion binding
neurctransmitter transport
plasma membrane

receplor activity
voltage-gated potassium channel activity
calcium ion transport

Computational

target-site  repertoire could evolve, beginning
with clustered panial sites, passing through an
mtermediate and more specitic onentation and
spacing (the 10- or 16- to 19-bp-spaced Tamily
here), and eventually becoming refined into the
canonical site (the 11-bp-spaced classic binding
motl) Because there are more than 500 muln

zine finger tanscription factors encoded in the
genome (22) many of which are cvolving

Chifseq

= 3.28e-24
46

60
o 8

1.59¢-06

B precursor cells
—o 03~ LB R o
e ' ] ;‘ rh.-
== s L = | |

Fig. 4. (A) Gene ontology (GO) analysis of the computationally predicted cohort of NRSF target

hes1 ngnd
Ngn3+ to fi-cell - 1 =
ficats 1 v v
m—:ﬂ%’ ryr [* __i"_il_;' v v
fi-cell
- > “lwrer e
hnfdo i
: Yy y[™ "Leyy v [
SCG10/Stmn2

genes [genes scoring as =84% match to the previously developed computational model for the
NRSE motif (7)] compared with ChiPSeq-positive genes (right). P values for enrichment of GO terms
above the significance threshald of 1.59 x 107, which accounts for multiple hypothesis testing (7),
are indicated by the color scale; GO terms below the significance threshold are in white boxes.
ChIPSeq NRSE target genes are most enriched in synmaptic transmission, nervous system
development, and ion channel-activity functions (tables 51 and 52). (B} ChIFSeq data identified

new candidate connections (blue) between NRSF and members of the pancreatic islet § cell—

specification gene regulatory network [adapted from (23)]. Key transcription factors bound by
NRSF, including ngn3 and neuroD1, occupy positions high in the network that govern network

activation and progression. ChiPSeq data also confirmed previously known NRSF targets (cyan) that

include terminal differentiation genes such as SCG10/5tmn2 (25).

REPORTS

rmpidly i humans and mice, this strmtcgy might
be used by other members of the zinc finger
famuly.

We found that genes encoding 110 transcrip-
tion factors, 22 microRNAs, and five splicing
regulators were occupicd by NRSF, NRSEs
occur prominently in introns (able S6), includ-
ing a noncanonical site (2 = 4 = 107%) located
about 500 bp downstream of the transcription
start site of the NRSF gene itselll, which suggests
the possibility of negative autoregulatory feed-
back. We also found, as expected, that NRSF-
bound loci are highly enriched in gene ontology
(GO) terms related o neurons and their de-
velopment (Fig. 4A). The enrichment for the
expenmentally determined sites exceeded that
achieved for any computationally predicted tar-
gel gene cohort. Synaplic transmission  and
nervous system development mnk in the top
three GO terms among GO0, with P values for

ovemrepresemation of the NRSF warpet genes of

1072* and 1077 (5) (Fig. 4A). This group in-
cludes a set of ransenption fctors that have not
previously boen suggested as NRSF wargets. but
are known to be critical in the gene network that
drives islet cell development in the pancreas.
The transeription factors NEURODIBETAZ,
hepatocvie nuclear actors HNF4a and HNFG
Onecut], and Hesl were all detected here for
the first time as in vivo binding targets of NRSF,
and together with Newrogenin3, which is a
previously identified target (7), they are posi-
tioned cntically in the regulatory network that
controls pancreatic B ecll development (Fig. 4B)
(23). Although in vivo binding does not en-
sure WRSF repression activity, these regula-
tors are known to function as positive drivers

of pancreatic newroendocrine development. IF

NRSF repression is active at all these sites, as
might be the case in progenitor cells, the cir-
cuit would be effectively blocked. In this hy-
pothesis, NRSF acts as o permissivity {acior
gating eniry into and progress through the de-
velopmental pathway,

These pancreatic network siles are among
the more modest ChiPSeq signals, anging from
55 sequence reads Tor HINFG to 202 sequence
reands for NeuroDd], values that are comfortably
above the significance threshold of 13 (sct on
the basis of sensitivity/specificity considerations
and known regulatory targets of Fig, 2, A and
B), wet they fall in the bottom quartile. Thus,
these ChiPSeq data were statistically  robust
cenough 10 map paris of this gene network that
might otherwise have gone undetected or been
highly uncertain (Fig. 2A and fig. S3). There are
precedents in other systems that show  than
relatively weak siles are biologically important,
specifically because they are, in the biochemical
binding sense, suboptimal. For example, in
Caenerfabdins elegans, the Phad/Fox A factor
is the key activator of a large imeractome, and
a subsct of target genes has subopumal se-
quences and numbers of sites (24). In that sys-
tem, when binding is suboptimal, it is believed
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o help program the temporal order of action dur-
ing development, with poor binders turning on at
later tumes m the developmental progression,
when Phad levels are highest. By analogy, the
regulators that govern the pancreatic network
may be mleased from NRSF mepression rela-
tively carly in down-regulation of the repressor
o create a permissive state that must be estab-
lished before the neuroendocrine development
progrm is launched. Also following this logic,
SCGHV 2 is a classic NRSF tanget gene that
is expressed later in development in dilfer-
entiated islet cells, and it displayed relmively
higher ChiPSeq tag scores than most of the
trmnscripion factors that are positioned higher
and carlier in the network. Independent evidence
suggests that SCGHV S0 expression depends
on reliel from NRSF-mediated repression in
islet cells (25) Targets of the regulatory class
highlighted here (Fig. 4B) can also participate in
positive autorcgulatory and  cross-regulatory
interactions that we expect would stabilize and
push forward the circuit once it begins (23).
This makes a “protective” repressor, aclive in
nonpancreatic cell tyvpes or progenitor cells, an
altractive picce of regulatory logic.

The initial picture we have of the experi-
mentally determined NRSF/REST interactome
has been drawn for one cell type (Jurkat T ecll
line), and T cells express this factor at relatively
high levels. In this cell environment, the inter-
actome is composed of three broad classes of
target loci with respect o binding motifs. First
are loci defined by near-optimal canonical mio-
tits, and virtwally all of these bound the actor
detectably in vivo, This suggests that for bio-
chemically optimal sies, there is suflicient chro-
matin access and high enough DNA alfinity 1w
establish measurable occupancy, although the
sirength of the ChiPSeq signal among these
sites varied over wide range. Second are loci
containing instances of the noncanonical motil
family (Fig. 3) or sites that are weaker matches
to the canonical 21-bp site. Binding of siics in
this class could not be predicted solely on the
basis of their motif sequence. Several hundred
instances showed significant binding, whercas
thousands of others in this group had no de-
tectable ChlPSeq signal. Binding-mouf{ prop-
eriics we do not yel appreciate, differential

8 JUNE 2007 VOL 316 SCIENCE

chromatin access, of epitope exposure for subset
of NRSF-containing complexes might discrim-
mate the minonty ChiP-positives in this group
from the majority that are nonbinding. These
observations argue that global experimental data
are peeded 1o discriminate molil’ instances
occupicd In vive from many others that appear
similar in motil quality, but are not similarly
occupicd, even for a factor like NRSF/REST,
which has a well-specified binding-motit family.
Finally, there is a third small, but imeresting,
class that binds NRSFREST reproducibly, and
in some cases quite robustly, but lacks any
identifiable NRSE motl except for the presence
of half sites (tables S2 and S7h It is uncertain if
these are explained by their half=site content, be-
cause they make up a tiny minority of loct with
superficially similar half=site content. This raiscs
the possibility that NRSFREST might associate
indircctly, rather than directly, with a linuted
numbcer of specilic chromosomal locations.

ChiPSeq, as pedomed here, is relatively
cost-clloctive; Solexallluming platform sequenc-
ing costs per experiment are currently about half
that of the most comprehensive human whole-
genome tiling arays. ChiPSeq sampling that is
10 10 200 times deeper than was used here is
plausible now, within the general range of mi-
croarmay costs, and this capacity may be needed
for interactomes having nmany more sites per
genome than NRSF. For example, it is possible
that soame widely used transcription colactors or
chromatin remodeling complexes might have
on the order of 10* 10 10* true-positive sites dis-
tributed over a wide dynamic range of occu-
pancy levels, and such interactome structures
will require cormespondingly  deeper sequence
sampling. Other ulirahigh-throughput sequene-
ing platforms, such as the one from 454 Lile
Sciences, could also be used to assay ChiP
products, but whatever sequencing platform
is used, our results indicate that read num-
ber capacity and input ChlP DNA size are key
paramelers.
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EUV Light Source

Model 642 is an extreme ultraviolet (EUV) light source similar to sealed x-ray
tubes. It makes use of a filament to produce electrons that are accelerated loward
a target by high voltage. The interaction of the elecirons as they impact the solid
target lanode) causes excitation of the atomic inner shells with subsequent decay
and emission. The output emission spectrum of the source follows the target
anode material valence band structure. The model 642 source is not a sealed
tube so users can exchange anodes in order to produce desired wavelengths, for
example, boron for 6.7 nm, silicon for 13.5 nm, and aluminum for 17.1 nm.
Many different anodes have been characterized and are available for purchase as
accessonies. The 642 also features two symmetrical output beams. Itis uselul for
sample/reference comparison in a variety of test setups. The model 642 is stable,
the output is debris-free, and the source is compact and controllable.
McPherson Forinformation 800-255-1055 www.McPhersoning.com
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Neural Progenitor Cell Lines

The Rehcell product line of human immortalized
neural somatic stem cell lines offers a convenient
solution for scientists needing reproducible
results with neurons easily derived from human
cells. These progenitor cells are particularly use-
ful in drug discovery applications, where the
development of these pathways can be moni-
tored during screening. The product line consists
of two cell lines of immortalized human neural
progenitor cells and media for the maintenance,
expansion, and freezing of the cells. The cell
lines and media are available either individually
or as a kit.

Millipore For information 800-548-7853
www.millipore.com

Electronic Pipettors

Mew Excel Electronic Pipettors require little force
for operation and offer various options for fast
completion of pipetting tasks. Designed with
ergonomics and efficiency in mind, they are
available in single-channel, eight-channel, and
12-channel versions. In addition lo standard
mode for pipetting single volumes, the Excel
pipettors can be set for repeal pipetting, sequen-
tial pipetting, automatic mixing, and serial dilu-
tions. Each pipettor is supplied with a recharge-
able lithium ion battery and charger.

Labnet International.

For information 888-522-6381

www.labnetlink.com

Protein Modification Software

Maodiro, The PTM-Explorer, automates the identi-
fication of posttranslational modifications
(PTMs) of proteins to provide more comprehen-
sive infarmation while reducing the time for
analysis. PTMs modulate the activity of most pro-
teins, and analysis of these modifications has
become increasingly important for drug discov-
ery and development, Modiro analyzes thou-

sands of mass spectromeltry profiles in parallel to
identify unknown mass shifts, sequence errors,
and unspecific enzymatic cleavage of amino
acids in high throughput. In a single step,
Modiro enables these variances to be clearly
visualized and evaluated via a unique interface.
The analysis of many spectra in parallel, together
with Modiro's analysis interface, provides a
faster, more complete characterization of the
protein than previously possible.

Protagen.

For information +49 (0} 231 9742 6300
www.prolagen.de

Labeled Secondary Antibodies
High-quality, labeled secondary antibodies are
available for use in single-labeling and double-
labeling experiments, fluorescence-activated
cell sorting, enzyme-linked immunoadsorbent
assays, detection assays, and protein immuno-
blatting applications. This series of antibodies is
available either unconjugated or conjugated Lo
an enzyme, biotin, or fluorophore,

Millipore.

For information 800-548-7853

www.millipore.com

Stem Cell Identification Tool

The Aldefluor fluorescent reagent system offers a
novel approach to the identification, evaluation,
and isolation of stem and progenitor cells based
on their expression of the engyme, aldehyde
dehydrogenase (ALDH), rather than cell surface
phenotype. The system identifies only viable
cells with an intact cellular membrane. There is
no need for antibody staining and it is nontoxic
both in vive and in vitro. It can be used with cryo-
preserved or fresh samples, and is optimized for
human bone marrow, umbilical cord blood,
apheresis, and peripheral blood. It is adaptable
for use with other species and cell types, includ-
ing tumor cells. It detects stem and progenitor

cells in multiple lineages, including hematopoi
etic, mesenchymal, endothelial, and neural.
StemCell Technologies.

For information 800-667-0322

www.stemcell.com

Agarose Coupling Kits

The Hook Agarose Coupling Kits are available for
the coupling of proteins and peptides to agarose
resin for diverse research applications. Re-
searchers have the option of obtaining individual
reagents or complete kits with all the necessary
reagents. The kits are suitable for preparing
affinity columns and resins for the purification of
antibodies or interacting proteins.
G-Biosciences/Genotech.

For information 800-628-7730
wew.GBiosciences.com

Sterile Plates for Cell Growth
BactiGrowth plates offer a contamination-free
deep-well microplate optimized for high-yield
growth of bacteria, yeast, and mammalian or
insect cell lines. Produced under class 10,000
clean-room conditions from ultra-pure grade
polypropylene, Bactirowth plates contain no con-
taminants to leach out and affect bacterial or cell
growth. BactiGrowth plates are available in a
choice of well formats (24-, 96-, and 384-well)
and well volumes from 300 ul to 10 pl per well
to suit most cellular growth applications.
Porvair Sciences.

For information +44 1932 240255
WAW.DOTVAIr-SCIeNCes.com

Newly offered instrumentation, apparates, and labaratary
materials of interest to researchers in all discipbines in aca-
demic, industrial, and government organizations are featured
in this space. Emphasis is given to purpose, chiel characteris-
tics, and availability of products and materials. Endarsement
by Science or AAAS of any products or materials mentianed is
not implied. Additional information may be obtained from the
manufacturer or supplier.
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POSITIONS OPEN

GROUP LEADER POSITION, BREAST
CANCER/MOLECULAR ONCOLOGY
British Columbia Cancer Agency Research Centre
Vancouver, British Columbia, Canada

A junior Group Leader position is available im-
mediarely for an investigator to join the Molecular
Oncology /Breast Program at the Batish Columbia
Cancer Ageney Rescarch Centre (website: htip://

www.becre.ca). The Molecular Oncology Depart-

ment 15 howused within a recently opened 250,000
squarc-foot rescarch facility that howses 50 pancipal
investigators and state-of-the-art fcilides for mouse
genetics, imaging, flow cytometry, genomics, moleou-
lar pathology, and high throughput screening,

The Department is secking a voung investigator
with rescarch interests in any aspect of quantitative
biclogy applicable to breast cancer, to complement
existing strengths in molecular pathology, cell biology,
mmour genctics, mouse genetics, and high through-
put siBNA screening. Applicants will have cxcellent
commumcation skills and wall be cxpeced 1o con-
tribute towards teaching medical students and for
graduate students,

Initial salary support for up to five vears and a
startup package will be available, and qualified
candidares will be cligible for an ASSISTANT
PROFESSOR level appointment at the Universaty
of Britsh Columbia. Applicants should submit
curriculum vitae, three lemers of reference, and a
threc-page summary of a rescarch proposal to Jenny
Cromarty (e-mail: jeromarty@beere.ca). Informal
enquires may be direcred to the Department Head,
Dir, Samuel Aparicio (e-mail: saparicio@beerc.ca).

Unirersity of British Colwnbva and BOCRC ure on e
hasis of merit and are comnmitied 10 emplopment equary. W
emcormage all qualified pewons fo apply; Towerer Camnadians
and persarent restdents of Camada will be given poioniy.

Closing, date for applications: August 2007,

ANTICIPATED ASSISTANT or
ASS0CIATE PROFESSOR
{Tenure Track)
Comparative Biomedical Sciences

Department with numcerous funded investigators
in cell and molecular biology (including cancer biol-
ogy) secks a faculty person in cancer-related re-
search. Required qualifications: Ph.D. or equivalent
degree in biological /biomedical sciences or related
field; postdocroral experience; research background
in the cell/molecular biology of cancer; ability 1o
reach in the graduare and professional program; have
for will have) extramural funding. Addinonal qual-
ihications desired: gene or stem cell therapy rescarch
expericnee.  Responsibilities: establishes and main-
tamns an extramurally funded rescarch program in
cancer-related rescarch; participates in the graduvate
program and i tcaching, Salary and rnk will be com-
mensurate with qualifications. An ofter of cnployvment
is contingent on a satisfciory pre-emplovment back-
ground check, Application deadline is July 31, 2007,
or untl candidare is selected. Submir letrer of applica-
ton and resume (induding e-mail address) ro:

Dir. Shulin Li, Associate Professor
Department of Comparative Biomedical Sciences
School of Veterinary Medicine
Louisiana State University
Reference: #02736(0
Baton Rouge, LA 70803
Telephone: 225-578-9758
E-mail: sli@vetmed.lsu.edu

LU i i Equeal Chpportimity /Equal Aess Enployer.

RESEARCH HEALTH SCIENTIST, Saint
Louis VA Medical Center. Three-vear term position
focusing on malaria. Review published scienrific
livcrarure, prepare rescarch protocols, design exper-
iments, independently collear and evaluate rescarch
data, and prepare manuscripts and grant applications
for submission to appropriate journals and natnonal
granting agencies. To apply, contact Alice Tavlor,
telephone: 314-894-6620, For addinional informa-
tion about the position, contact Dr. Coy Fitch,
tdl:phl;ll‘“,: 314-289-7030. Bjud Olpportursty Emiployer,

POSITIONS OPEN

VISITING ASSISTANT PROFESSOR
Ecology and Evolutionary Biology
Tulane University

The Department of Ecology and Evolution-
ary Biology at Tulane University s accepring
applications for the position of Visinng Assist-
ant Professor (two appointments) during the
2007-2008 academic vear. Each appointment
will involve the equivalent of a three-course
load each semester. Teaching assignments will
include lecrure courses and freshman labora-
tories. The salary is competitive and benefits are
included. Applications should include a seane-
ment of mterest (including teaching philosophy
and courses one could teach ), cormeulum vite,
and three letrers of recommendation that specit-
ically address weaching experience and capabil-
ities, Scnd application marerials via e-mail:
jbartis@ulane.edu and by mail o Visiting,
Assistant Professor Search, Department of
Ecology and Evolutionary Bielogy, Tulane
University, New Orleans, LA 70118, Review
of applications will begin 15 June 2007, and the
scarch will remain open until the positions arc
filled. Tukene Uniivrsity is an Affimmative Advon/ Equl
Enplojanent Cyyomtunnity Enployer.

The Department of Veterinary Physiology and Fhar-
macology, College of Vetennary Medicine and  Bio-
medical Sacnces, Texas AfM University, announces
the avalabality of 2 TENURE-TRACK FACULTY
POSITION (open rank ), We seck an individual whose
arca of rescarch focuses on endocrine regulation of
the cardiovascular system or processes/discase con-
ditions that dircctly involve both endocrine funcoon
and the cardiovascular svstem, Preference will be
given 1o applicants whose research questions exhibit
bench-to-bedsde relevance and the ability 1o po-
tentially collaborate with departmental faculty with
related rescarch interests, Opportunites exist o col-
laborate wath faculty in the Colleges of Agriculture
and Life Science, Engincering, Medidne, Science
and Vetenmary Medicine and the DeBakey Institure
for Comparative Cardicvascular Science and Biomed-
ical Devices. A strong reseanch program and evidence
of a commitment to excellence in teaching are re-
quired. Deparmmental faculty and their interests can
be idenrificd ar website: http:/ Swww.cvm.tamu,
eduvepp. Evaluarion of applicarions will begin July 1,
2007, and continue until the position i filled. Can-
didares should send curdculum vitae, leteer :rr'appﬁ-
cation, and names and addresses of three references to:

Dr. Timothy A, Cudd
Department of Veterinary Physiology and
Pharmacology
Texas ASM University
College Station, TX 77843 -4466
Telephone: 979-862-1972, fax: 979-845-6544
E-muail: teudd@cvm. tamu.edu

Texas AGM Unieriiry 68 an Equal  Opportsmiry
,‘."illj'n'u]'rr.-"f.'-ni'ln.'ar.l:.

The Appalachian Laboratory, University of Mary-
land Center for Environmental Science (UMCES)
mwites apphcations tor a tenure-track posinon to
collaborate with UMCES faculty on issucs con-
cerned with the impact of dimate change on ter-
restrial and for aguatic coosystems. Applicants must
have completed a Ph.D. and have demonstrated
an ability to generate external rescarch funding,
This appointment will be ar the ASSISTANT or
ASSOCIATE PROFESSOR level depending on
applicant’s qualifications. Send application marerials
(see website: hips S Swww.al.umees.edu fabout /
emplovment.htm for detuls) o: Climate Search
Chair, Appalachian Laboratory, University of
Maryland Center for Environmental Science, 301
Braddock Road, Frostburg, MID 21532, Review of
applications will begin Seprember 1, 2007, and wall
continue until the position s filled, UMCES i oo
Affematree Action/ Egual Opportinnty Employer,
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Regional Focus: North Carolina

North Carolina:
Opportunity and Community

By Emma Hitt

rees, tees, and Ph.D.s" is the phrase locals use to portray North Carolina's Research

Triangle Park (RTP), an 8-mile by 2-mile area bordered by Chapel Hill, Raleigh, and

Durham. The area does, in fact, boast one of the highest per capita concentrations of

Ph.D.s. Only the street-level concrete signs reveal the region’s foremost function; the
peacelul, tree-lined roads winding through rolling hills are more in keeping with the scenery
of a nature reserve than that of a hotbed of scientific research.

One should not underestimate the area, however, The entire state of Morth Carolina ranks
third in the nation, behind Boston and California, forits number of biotechnology companies,
according to Ernst and Young's 2006 Industry Survey, and nearly 400 bioscience companies
albeit hidden behind pine trees —are headquartered or have operations in the state. The RTP
itselfis the largest planned research park in the world and contains more than 150 companies
(132 R&D-related), employing about 40,000 people, and continues to expand, unbounded by
geographical limits.

Research Focus

The effort to transform the Raleigh-Durham region— and also the entire state of Morth Caro-
lina—into a technology and research leader began in the 1950s. RTP, the focal point of that
effort, opened in 1959, with its first tenant, Research Triangle International, now the nation's
second largest independent nonprofit research organization. The region is also home o sev-
eral biomanufacturing and pharmaceutical plants including Merck, GlaxoSmithKline (GSK),
Wyeth, and Novartis as well as one of the largest concentrations of contract research organi-
zations in the world.

Pharmaceutical and biopharmaceutical R&D is the leading industry in the area. In addition,
three of the world's largest agribusiness companies— Bayer CropScience, Syngenta Biotech-
nology, and BASF Corp.—have headquarters in the region. Other clusters of industry include
biological agents and infectious diseases, analytical instrumentation, nanoscale technolo-
gies, and informatics. The area also accommodates a smattering of high-tech companies,
including IBM, SAS, Cisco, and Nortel,

“We conduct our fair share of true academic and industrial research, but an area of sci-
ence that is focused on here perhaps more than in other research-intensive areas is biopro-
cess science—the actual production and manufacture of biological therapeutics,” says Maria
Rapoza,vice president of science and technology for the Narth Carolina Biotechnology Center,
a government-sponsored organization dedicated o developing the biotechnology industry
here. “It's an exciting and lucrative area of opportunity for Ph.D.-level scientists,” she adds.

Growth in Industry

Opportunities for scientists in industry, at companies both small and large, abound. Biolex
Therapeutics, a small company (just over 100 employees), is developing and commercializing
therapeultic proteins based on its proprietary LEX System, an expression system that enables
the production of hard-to-make proteins and the optimization of monoclonal antibodies. *We
are not only researching but also developing drugs,” says Jan Turek, CEO of Biolex, “and the
development of these drugs requires people who have experience in both clinical drug devel-
opment as well as the manufacturing of those drugs.”

On a larger scale, GlaxoSmithKline (GSK), which has about 5,000 employees, is hiring sci-
entists with expertise in a number of different disciplines, including medicinal chemistry, bio-
statistics and bioinformatics, toxicology, pharmaceutical development, medical genetics, and
clinical pharmacology, says GSK spokesperson Robert P. Sutton. Likewise, Talecris Biothera-
peutics is hiring in all areas of the organization, “from science and R&D to continued #
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“We have a number of different
mechanisms available to continue to
keep this as an exciting and dynamic

environment for research.”
— Larry Reiter

finance and manufacturing,” notes spokesperson Lacy McMahon.
The growth at Talecris shows no signs of slowing down, says McMa-
hon, “We added over 900 employees last year through an acquisition
and hired several more on top of that, and we will be hiring more
people next year as well."

By all accounts, the growth of the region is extensive. Within the
last three years, 90,000 new jobs have been added to the 13-county
region surrounding RTP, according to the Research Triangle Regional
Partnership. Recent biopharmaceutical additions to the area include
a 5100 million expansion of the operations of Quintiles Transnational.
In addition, both Movartis and Merck are building vaccine manufac-
turing plants costing upwards of $200 million. Major planned expan-
sions have also been announced by Wyeth, Novo Mordisk, GSK, and
ather companies. Fueling some of the growth are tax credits available
for the purposes of job creation and property purchases as well as
state-funded industrial training for workers at local community col-
leges, which make the area an attractive destination for companies.

Local Government Agencies

RTP is also home to two major US government health and environ-
mental agencies: the Mational Institute of Environmental Health
Sciences (NIEHS) and the Environmental Protection Agency (EPA),
making the area the largest concentration of environmental sciences
research in the waorld.

The EPA, perched on the side of a lake, directly opposite the
MIEHS, has an army of over 2,000 scientists strongly focused on sci-
entific research. “Many people and businesses attribute policy-mak-
ing and regulation of pollution to the EPA,” notes EPA spokesperson
Cynthia Yu. “But our focus here is more on improving the environ-
ment through scientific research so that informed, evidence-based
decisions can be made.”

Across the lake, the NIEHS is planning its first outpatient clinical
research unit to help bridge the gap between bench science and pa-
tient care and which will provide training opportunities, especially
for physician scientists. According to Perry Blackshear, director of
clinical research at NIEHS, the unit will include a modular building
of around 11,000 square feet where patients can have blood, urine,
and other samples taken and can be assessed for a variety of envi-
ronmental exposures. He says the agency is actively seeking tenure-
track M.D./Ph.D. scientists to work in the clinical research unit.

Wotably, the EPA and the NIEHS ranked third and seventh, respec-
tively, in a 2007 survey of best places to work for postdocs, conduct-
ad by The Scientist. The rankings took into account several factors,
including training and access to state-of-the-art technology, avail-
ability of benefits such as health care, and starting salary. Starting
salaries at the NIEHS and EPA are $42,000 to $65,000 and $45,106
to $85,037, respectively, while the average annual salary of RTP em-
ployees overall is about $56,000.
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Collaborative Efforts

A strong collaboration exists between industry, government, and the
local universities in the area. “Having the opportunity to collaborate
with a community of scientists is a real advantage,” says postdoctor-
al trainee Jamie DeWitt, with the EPA's Mational Health and Environ-
mental Effects Research Laboratory (NHEERL). “There's a scientist
doing something of everything down here —you can explore any type
of science you want." DeWitt also points out that the scientists at
EPA communicate regularly with scientists at NIEHS and work closely
with industry.,

The immediate area surrounding RTP is home to three major uni-
versities: Duke, University of North Carolina (UNC) at Chapel Hill,
and MNorth Carolina State University, NC State is the largest school
in the region, with an enrollment of nearly 30,000 students, and was
ranked by MIT Technology Review as Mo. 12 in a national survey of
technology-transfer strength, a measure, among other things, of the
number of patents issued.

RTP becomes the logical home to much of the technology spawned
at local universities. The technology produced by Biolex, for example,
was initiated at NC State. “Obviously since our technology came from
one of the major universities here, it made sense for the company
to establish its business nearby.” notes Turek. “This region is well
known for its universities, so the ability o attract strong, research-
oriented people has not been a challenge,” he adds.

According to Marcia Harris, director of University Career Services
with UNC-Chapel Hill, a number of advantages exist for UNC students
due to the presence of multiple employers as well as professional
associations and other universities. “The students here have a lot of
resources available to them."” Harris estimates that about a third of
graduating Master's and Ph.D. students from UNC remain in the im-
mediate area after graduating.

Talecris and GSK both say the universities provide an important
resource in terms of conducting research and as a source of quali-
fied people. The proximity of research universities ranked as the
Triangle's greatest strength while the availability and retention of top
technical, nontechnical, and management talent registered as the
most significant concern, according to one 2007 survey of RTP bio-
science entrepreneurs.,

Larry Reiter, director of the Mational Exposure Research Laborato-
ry (MERL) al the EPA, also points out that in addition to federal post-
doctoral research programs at his institution, the EPA has developed
cooperative training agreements with UNC, Duke, and others, allow-
ing predoctoral students to do their thesis research under scientists
at EPA. “We also bring in faculty members from universities that are
interested in doing a sabbatical and working in our labs for up to
lwo years. So, we have a number of different mechanisms available
to continue to keep this as an exciting and dynamic environment for
research,” he says,

Likewise, the NIEHS offers its Summers of Discovery Program, a
full-time, 8- to 12-week program during May to September, open to
teachers and college faculty, graduate, undergraduate, and high-
school students, which according to Blackshear, is a “good way to
test out working at the institution.”

Seeding Science
While the RTP remains the focal point of scientific research in
the area, smaller annexes are beginning to colonize continued »
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2008 Clinical Scientist Awards in Translational Reserach
Deadline: August 15, 2007
$750,000 over five years for established physician-scientists

Candidates must have an M.D. or M.D.-Ph.D. degree, hold an appointment or
joint appointment in a subspecialty of clinical medidine, and hold a curent
license to practice medicine in the U.S. or Canada.

Candidates must be academic investigators at the assistant professor or early
associate professor level, holding a tenure-track or equivalent position at the
time of application.

BWF is interested particularly in supporting investigators who will bring novel
ideas and new approaches to translational research.

Degree-granting institutions in the United 5tates and Canada may nominate
from two to four candidates.

Career Awards for Medical Scientists
Deadline: October 1, 2007
$700,000 over five years for established physician-scientists

Candidates should have an M.D., D.D.5.,, D.V.M., Phamm.D., or equivalent
dinical degree.

Proposals must be in the area of basic biomedical, disease oriented, translational,
or molecular, genetic, or pharmacological epidemiology research. Proposals that
are in the area of epidemiology should contact BWF to determine the eligibility
of the proposal. Proposals in health services research or involving large-scale
clinical trials are ineligible.

BWF encourages proposals in reproductive science.

Candidates must have at least two years of research experience and be in a
mentored position at the time of application.

The award must be taken at a degree-granting institution in the United States
or Canada.

During the award period, at least 75 percent of the awardee's time must be
devoted to research-related activities.

Complete program information, eligibility guidelines,
and application forms are available on BWF's website
at www.bwfund.org.
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around the state. Another emerging area, about 100 miles to the west of RTP. is the Piedmant
Triad (Greensboro, Winston-Salem, and High Point). “The activity in the RTPregion is the fruit
of over 20 years of investments,” says Kathleen Kennedy, vice president of education and
training with the North Carolina Biotechnology Center. “We hope to start that again and clone
this type of development in other regions around Morth Carolina,” she says.

An intriguing story is the Morth Carolina Research Campus (NCRC) in Kannapolis, a small
town just north of Charlotte, on Interstate 85 and a few miles south of the Piedmont Triad. In
July 2003, the town of Kannapolis became the epicenter of the largest mass layoff in Morth
Carolina's history, when a Fillowtex Corporation plant was affected by a general slowdown of
the state's textile industry; 4,800 workers lost their livelihood, But in December 2005, Rupert
Murdock, owner of Dole Food Company, donated $1 billion to establish the research campus
there. The NCRC, now under construction, will be devoted to the study of nutrition, crop devel-
opment, produce development, and the genomics of nutrition, and will include 350-acres of
state-of-the-art laboratory space. Duke, UNC, NC State, and others all will have laboratories
on the planned multibuilding campus.

“Extensive opportunities for the training of residents, including laid off workers, will con-
tinue to be available so that they can prepare for employment at the NCRC; the NC Communilty
College System will have a training center on the Kannapolis NCRC campus for precisely this
purpose,” notes NC Biotech's Kennedy. “My guess is that the NCRC will change the shape of
economic development in that region north of Charlotte and will help stimulate the develop-
ment of research areas along the |-85 corridor,” she adds,

Another research focus of the area is marine biology, scattered along the state's 300-mile-
long coastline. “Many people are unaware of the wealth of marine research that is here in
North Carolina,” says NC Biotech's Rapoza. "We really have the equivalent of Woods Hole
here —it's just spread over a number of different marine labs and institutes.” Duke Universi-
ty's marine lab, for example, is located in coastal Beaufort and offers a year-round curriculum
for undergraduates as well as research facilities for postdocs and faculty.

An Agreeable Life

A number of lifestyle factors make the area attractive to many people seeking to relocate, and
the region has ranked high on a number of “best-of " lists, Raleigh-Cary was ranked as the Mo,
1 Best US City for Jobs by Forbes in February 2007, and Raleigh was ranked No. 4 among the
Best Places to Live by Money in 2006. The cost of living relative to other biotechnology hubs
is particularly attractive, with an index score of 97.1 for Lhe area, compared with 100 for the
nation as a whole, 138 for Boston, and 173 for San Francisco.

“The housing prices are much more moderate as compared to the Northeast or the West
Coast, and it's a great place to raise families; the beaches are beautiful and only two hours
away,"” Turek says. “Everyone that we've brought to Biolex—from San Diego, from the Narth-
east —really loves it."

“Employees here tend to like the fact that we're not a big cosmopaolitan area,” says G5K's
Sutton. "On the way to work you see trees and vegetation, not skyscrapers, and this tends to
be a drawing card for the colleagues | work with." Blackshear with the NIEHS agrees that the
area is a “fantastic™ place for raising families, and provides numerous job opportunities for
spouses. “Those of us who have lived here for a while love living here,” he says.

However, the same qualities that make the area a great place to live, also give rise to an
important potential negative that could make or break the living experience for some, That
quality is an undeniable smaller-town feel. While the community is, by all accounts, a cosmo-
politan area replete with most of the offerings of a big city, the cities are, in fact, small. The
most populous city in the state is Charlotte, with about 700,000 people, and the numbers
decline from there, Blackshear relayed the story of a potential recruit to the NIEHS who came
from a major East Coast city and spent the entire day looking at real estate with his wife. At
dinner, the recruit’s wife asked, “This place is fine, but is there a city anywhere around here?”
To which the most accurate response might be “maybe —have you tried looking behind the
trees?”

Emma Hitt is a freelance medical and science writer residing in Marietta, Georgia,
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Appalachfanm

STATE UNIVERSITY

FOUNDING DIRECTOR
Research Institute for Environment,
Energy, and Economics

Appalachian State University invites applications and nomina-
tons for the position of Founding Dircetor of the Research
Institute for Environment, Encrgy, and Economics, with a
starting date as early as 1 January 2008, The Founding Director
will report w the Provost, and work with various constituencics
in all colleges and schools at Appalachian. Qualifications [or
this position include:
= Significant academic and rescarch eredentials in one or
more of the Institute’s core arcas or i a closely related
discipline.
Semor-level admmistrative experience, preferably inan
academic seiting or research center or institute.
Success in managing rescarch by multidisciplinary weams
in the relevant areas.
Signilicant track record of external funding from state,
federal and private sources for research in environment,
energy, and’or ecconomics. Success in assisting others to
secure lunding for multidisciplinary rescarch,
Effective interaction with public, political and academic
audicnces.

Appalachian faculty have built a reputation for solid basic
and applicd rescarch, education, and public programming in
environment, energy, and economies. In addition, Appalachian
oflers related graduate programs in biology, physics. public
administration, and technology, and undergraduate programs
in chemistry, economics, geology, sustainable development,
appropriate technology, and building science. The University
15 committed to strengthening these arcas of excellence by
developing the Rescarch Institute for Environment, Energy,
and Economics to encourage and coordinate basic and applied
research, emphasize the University's commitment 1o energy
and environmental studics, and facilitate educational and
community outreach programs. With a formal focus on envi-
romment, energy, and economics, the Institute will facilitate
rescarch that brings together faculty and students whose inter-
ests lie at the intersections between and among these areas.

Appalachian State University (www.appstate.edu) is a
member institution of the University of North Carolina
Svystem. Located in Boone, North Carolina, Appalachian has
approximately 15,000 students in undergraduate and graduate
programs at the Boone campus and several distance education
sites. Information about the proposed Institute and about Uni-
versity activities in energy and the environment is available at
www.weh.appstate.cdu/rescarch/,

Applicants are invited to send a letter of application, a
current ¢.v,, and contact information of live references,
Completed applications in pdl or paper should be sent to
resdirectori appstate.cdu with *Institute Director Scarch™
n the :-mhj&'t_linu, or W Institute Divector Search, Cratis D,
Williams Graduate School, Box 312068, Appalachian State
University, Boone, NC 28608, Applicaton review begins on
2 July 2007, continuing until the position is filled.

Appalachian Sere University is an Egual Opprorianin
Emplover. Women and minorities are strongly
encenraged o appiv,

nlsashing st Pire of Boswris ar NCCL

Morth Carolina Central University (NCCLU) has established the Bio-
manufaciuring Research Institute and Technology Enterprise (BRITE)
Center of Excellence. BRITE will provide the pharmaceutical and
biomanufacturing industry with skilled sciemtists who are prepared
o pursue caneers i biopharmaceutical seience and management. The
Golden Leal Foundation Inc, has provided a grant of 32001 million for
the construction of the BRITE facility. The 52,000 sgquare foot state-
of-art facility is currently under construction, and scheduled to be
completed by March, 2008, In 2005, the Golden Leal Foundation Inc
awarded BRITE for additional 51,5 million for laboratory equipment.,
In 2005-2006, BRITE has purchased 54.6 million dollars laboratory
cquipment including 300 MH:z NMR, Imaging station for high content
screens, FACS, TOF-MS.

As a component of the Norh Caroling Biomanufactunng and Pharma-
ceutical Traming Consortium, BRITE will offer education program in
biotechnology and biomanufacturing at the B.S.. M.S. and Ph.12. levels
in Phammaceutical Sciences, This new degree program associated with
BRITE at NCCU will enroll students in B.S. and M.5. degrees in fall.
2007 and followed by a Ph.D. degree program currently in preparation.
The graduate program will consist faculty members from BRITE, Biol-
oy, Chemistry and other science related departments at NCCLL

Department Chair: Phamaceutical Sciences currently seeks an inter-
nationally recognized scientific leader as Professor and Chair of the
Department of Pharmaceutical Sciences. This new mstitute has research
programs related to drug discovery and dreg manufacturing process, The
detail research strength can be viewed at hupe/brite.neccu.edu. NOCU
is one of the 16 state funded universities.

The mew chair will have the opportunity to lead and expand this new
department. Applicant must have a distmguished record of extramural
fimding, strong leadership, and administrative skills and should promote
alliances with other institutes within and outside NCCU to stimulate
research with translational implications in vanous therapeutic arcas.
The successtul candidate must also be committed to undergraduate
and graduate education, supporting the wse of nnovative educational
technologies.

Other tenure-track Taculty positions are available at all levels: The
suceessiul candidate will be expected to direct an independent research
program supporied by extramural funding, participate in graduate train-
ing, teach graduate and undergraduate students and provide service to
the community, Candidates with rescarch interests in molecular aspects
of signal transduction and model organisms in discase status that leads
o drug discovery are especially encouraged 1o apply.

Tenure-track positions at NCCUs Kannapolis Campus, Kannapolis,
NC: Applications are invited for tenure-track Assistant or Associate
Professor positions at North Caroling Central University s newly cre-
ated research programs located in the UNC Human Nutrition Institute
on the North Carolina Research Campus (NCRC ) at Kannapolis, NC., To
learn more about NCRC, please visit www.neresearchcampus.net. The
suceessiul candidates will be appointed to faculty positions in NCCLU's
Pharmaceutical Sciences at BRITE in the following arcas:

I, Medicinal Chenstry involves in organic synthesis, structure activity
relationship (SAR) analysis and chemical library design, Experience
of working in the drug design is a plus.

Transgenic plant usmg molecular biology to create functional foods
will be the focus of research.

b

Other instructer and research asseciate positions are avaloble at Ph.D.
M.S. and B.S, levels,

All tenure track faculty positions arel2-month appointments starting
on July 1 academic year. Review of applicants will begin immediately
and will continue untl the position 15 Alled. Apphicants should submit
by mail or email crrricwdum vitge, a desenption of research interests,
and contact information for three references to: Search Commit-
tee, oo Administrative Officer, BRITE, North Carolina Central
University, 1801 Fayetteville Street, Durham, NC 27707: Email:
sjordania necuedu.

NOCU is are Affirmative Action/Egual Gpporianity Emplover:
Minowities and women are encouraged fo apply.

ScienceCareers.org
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FOCUS ON NORTH CAROLINA

POSITIONS OPEN

RESEARCH PROFESSOR
DRUG DISCOVERY

North l_""ﬁ{'m"hm A&T
State University

[ R
i TGREENSBORO

Founding Dean. Joint School of Nanoscience and Nanoengineering

The University of Morth Carolina at Greensboro and Morth Carolina Agricultural &
Technical State University invite applications and nominations for the position of Dean
of a new Joint School of Nanoscience and Nanoengineering (JSNN). The JSNN is a
collaborative enterprise between the two Universilies and will be housed in a new
state-of-the-art facility at the Gateway University Research Park in Greensboro.

We seek a visionary scientist with strong research credentials, a history of success in
attracling oulside funding, experience with technology transfer, and a record of
accomplishment in developing and managing complex interdisciplinary programs. A
Ph.D. in a scientific, mathematical, or engineering discipline with significant research
contributions in nanoscience or nanoengineering is required. At least five years of
administrative experience in an academic research environment is preferred,
although exceptional candidates with non-academic backgrounds will be given
serious consideration,

Please submit nominations and applications electronically to the Search Commitiee
for Dean of the JSNN al maplater@ncal.edu. Applications (which will be kept
confidential on request) must include an Administrative and Facully Employment
Application (found at http:/ffacultypages.ncat.edu/hrf), letter of interest, cumiculum
vitae, and names and contact information for five references. Inquires may be
directed to either of the Co-Chairs of the Search Committee: Michael A. Plater, Dean,
College of Arts & Sciences, NCAT (maplater@ncat.edu) or Timothy D. Johnston,
Dean, College of Arts & Sciences, UNCG (johnston@uncg.edu).

Screening of applications begins July 10, 2007, and continues until the position is filled.

For more information visit: hitp://facultypages.ncat.edu/hr/

Morth Coroling AR T Stale University and The Unaversity of Norh Carcling Greensboro are AAEED employers.

UNIVERSITY OF
| IPENNSYLVANIA
2 SCHOOL OF MEDICINE

The Depariment of Pathology and Laboratory
ledicing at the University of Pennsylvania's
School of Medicine seeks candidates for
a Full Professor position in the non-enure
research track. Applicants must have a PhD.
or equivalent gegree and have demonsirated
excallent qualifications in Research,

Candidates must  have  biolechnologyf
pharmaceutical research experence in drug
discovery, especially relaled lo targets for
neurcdegenerative diseases, as well as the
abiity to dewelop an independent research
program in this area,

The University of Pennsybvania is an equal
opporunity, affirmabive action employer. Women
and minority candidates ane strongly encouraged
to apply.

Pleass submil curriculum vitae, a letier of interast,
3 reference letters, and a statement of research
inferests o)

Cyndi MacLeon

University of Pennsylvania

Sch. Med., Dept. of Path. and Lab. Med.
Maloney 3, HUP, 3600 Spruce Street
Phila,, PA 19104-4283. fax 215-349-5909
macleon@mail. med.upenn.edu

http://pathology.uphs.upenn.edu/

Facultyfaculty jobs.aspx

FOCUS ON NORTH CAROLINA

ASSISTANT/ASSOCIATE
PROFESSOR
NCCU Program in Human Nutrition

Applications are invited for tenure-track Assistant or

|

OTOLARYNGOLOGIST

Associate Professor positions at Morth Carolina Cen-
tral University’s newly created research programs
located in the UNC Human Nutrition Institute on the
Morth Carohina Research Campus (NCRC) ot Kannapolis, NC. To leam
maore about NCRC. please visit www.neresearcheampus.net. The suc-
cessful candidates will be appointed to faculty positions in NOCUs Julius
L. Chambers Biomedical’ Bioiechnolo gy Research Institute { BBRI) in the
following two areas:

1. Transgenic zebrafish modeling to study the effects of natural products
ar drugs on organ development, Preference wall be given to individu-
als whose research focuses on nervous system, cardiovascular, or Gl
function.

Mechanism-based cancer prevention using dietary or pharmaceutical
agents. Preference will be given to individuals whose research focuses
on oro-esophageal cancer using genetically modified animal models,

b

The successful candidates will be expected 1o; establish extramurally funded
research programs; collaborate with other Morth Carolinag Research Campus
imvestigators studying nutrgenomics; and train graduate students in their
fields of expertise. Applicants must hold a Ph.D. and'or M.D., and have a
record of research productivity,

Review of applicants will begin immediately and will continue until the
position is filled. Applicants should submit by mml or email crricufum
vitae, o description of research interests, and contact information for three
references to; Connie Key, Julius L. Chambers Biomedical/Biotechnol-
ogy Rescarch Institute, North Carolina Central University, 700 George
Street, Durham, NC 27707, Email: chkevianeew.edu, For more informa-
tion about the BBRI and NCCU visit http://www.neen.edu/BBRIL

Navth Caroliia Central University Is a constitient bistitution of the
University af Narth Caroling Svstem and an Equal Opportumity,
Affirmative Action Emplover: NCCU complies with the Immigration
Refarm arnd Comtrol Act of 1986,

The Section of Orolaryngology - Head and Neck Surgery at
Dartmouth-Hitchcock Medical Center seeks a board certified
or board eligible Otolaryngologist for a full-time faculty posi-
tion.The candidate should possess an interest in an academic
career and in the education of medical students and resi-
dents.This position will combine a general otolaryngelogy
with a subspecialty practice in otology or pediatric otolaryn-
gology. Fellowship training in otology/ neurotology or pedi-
atric otolaryngology is desirable. Research interests will be
encouraged. Academic rank will be commensurate with qual-
ifications and experience,

Interested applicants are encouraged to send letters
of inquiry and CV to:

Daniel Morrison, MD, Chairman
Section of Otolaryngology - Head & MNeck Surgery
Dartmouth-Hitchcock Medical Center
One Medical Center Drive
Lebanon, NH 03756
Telephone: 603-650-8123

m DArRTMOUTH-HITCHCOCK
MEebDicAL CENTER

Dartmeouth-Hitcheock Medical Center s an affirmative action/equal opportunicy
employer and is especially interested in identifying female and minority candidates.

www.DHMC.org




e NATIONAL INSTITUTES OF HEALTH

Tenure-Track Positions

NIDDK (5) Liver Diseases Branch

New Research Initiative = Fatty Liver Disease & Obesity - Tenure Track Position:

The Liver Diseases Branch of the National Institute of Diabetes and Digestive and Kidney Discases (WIDDK), National Institutes of Health
{NIH) invites applications for one tenure track position from scientists interested in basic and/or clinical research involving non-alcoholic fatty
liver disease and metabolic syndrome. Specific arcas of rescarch interest include pathogenesis and mechanism of metabolic derangement in non-
alcoholic fatty liver discase and its pathophysiological link to insulin resistance and obesity. Priority will be given to applicants at the Assistant
Professor level in traditional universities or those finishing their post-doctoral/fellowship positions.

New Research Initiative = Liver Stem Cells - Tenure Track Position:

The Liver Diseases Branch of the National Institute of Diabetes and Digestive and Kidney Discases (NIDDK). National Institutes of Health
{NIH) invites applications for one tenure track position from scientists interested in basic and/or clinical research involving mammalian adult
stem cells. Specific arcas of rescarch interest include functional differentiation and mechanism of development of adult tissue-derived stem cells,
especially those of the liver, and potential clinical application of stem cell therapy in liver discases. Priority will be given to applicants at the
Assistant Professor level in traditional universitics or those finishing their post-doctoral/fellowship positions.

The applicant must have a proven record of accomplishments and will be expected to propose and pursue an independent rescarch program in one
of these fields. The position offers unparalleled opportunitics for interdisciplinary collaboration within NIDDK and throughout NIH. The Liver
Discases Branch of NIDDK is located on the main intramural campus of the NIH in Bethesda, Maryland, a suburb of Washington, D.C.

Interested applicants should send a Curniculum Vitae and list of publications, copies of three major publications, a summary of research accom-
plishments, a plan for future research, and three ketters of recommendation to Ms Michelle Brown, Search Committee, Liver Diseases Branch,
NIDDK, Building 10-9B16, NIH, Bethesda, MD. 20892-1800. Application deadline: September 15, 2007.

Postdoctoral, Research

component of the Mational Instimtes of Health (NIH) and the Department of Health

and Human Services, is recruiting for an independent, temuire-track scientist to head a n d CI i ni cal Fel I DWShi ps
at the National

the Section on Neuronal Structure within the Laboratory for Integrative Neurosci-
ence of NIAAA,

Applicants should hold a PhD. and‘or M.D. degree and have at least 3 years of post-
doctoral research experience. This wall be a tenure-tmek position. Rescarch in this -

section will focus nnl::umnul marphology, structuml p]asli:lzfynnd newronal function I n S't | t u t es o f H ea I t h
in relation 1o development, addiction and neurological disorders. 1t is envisioned that
the Section Chiel will carry out studies measunng neunonal and synaptic morphology,
intracellular neurophvsiology, and intrancuronal calcium transicnis, using animal
models of addiction, meluding alcohol addiction, and hereditary nevrological disorders.
Criteria for selection will include documented expertise inmultiphoton microscopy and www.training.nih.gov/pdopenings
lnser-based uncaging. guantitative measurement of subcellular momphology, intracel- |
[ular calcium measurement and patch-clamp electrophysiology in brain slices, as well |

as an oulstanding publication record, Facility in the use oftechniques for manipulation | www.training.nih.gov/clinopenings
of protem expression such os RMNA mierference and transgenic/gene-targeted mice is
also o highly desirable component of the rescarch in this section. Areas of prefemed . :
research emphasis nclude leaming and memory'synapiic plasticity, nevronal develop- Train at the ben Ch, the bedsi dE, or both
ment, neural mechanisms of addiction, and the morphological basis of neurological |

disorders, A joint appointment with the National Institute of Neuralogical Disorders
and Stroke is available for suitable candidates. Interested candidates should subimit a
C.W., list of publications, abricf research proposal that reflects the applicant s research
interests and proposal for esiablishing an independent rescarch program, and names
of three individuals who could be contacted for reference to: Dr. Stephen B 1keda,

Chair of Search Committes, NIAA A, 5625 Fishers Lane, Rm, TS-11A, MSC-9411, Office of Intramural Training and Education
Bethesda, MD 20892-0411; (301) 443-2807; Fax (301) 480-1466, Bethesda, Maryland 20892-0240
Applications must be recerved by June 22, 2007, 800.445.8283

THE NIH 15 DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS



University of Bergen

15 a city university. Parts of the campus are in fact situated in the town centre. We have abowt 17.000
students and n y 3000 employees. LB is renowned for its research which holds a high European
standard and we have three Centres of Excellence (CoE). The Uniw of Bergen has a strong international

profle which entails dose co-operation with universities all over the world,

Professor in Marine Organismal Biology
at the Department of Biology

The professor will work on marine invertebrates bridging the fields of
evolutionary and developmental processes, systematics, phylogeny and
evolutionary history using a combined approach accumulating data from
many different fields. Start-up funding will be made available to help the
successful candidate quickly becoming established in the position.

More at www.uib.no/stilling and http:/www.bio.wib.no/pages/home.php.

Submit application in 5 copies, sorted into 5 bundles,
to the Department of Biology, University of Bergen,
PO Box 7803, NO-5020 Bergen, Norway,

by 18 June 2007.

CICERD sb

SLU (che Swedish University of Agricaliral

Sciences) develops learming and expertise in areas concerming
onr planet’s living natural resowrces. www.slise

The Faculty of Namral Resonrees and Agricaliural Sciences
is the fargest of the four faewlties of SLU. Our area of activity
covers @ wide range of disciplines, spanning over agriculire,
Sfood and biotechnology to nataral resources, environment
and landscape planning, Owr 18 departments are orgarmised
in four clusrers.

The facalty office and most of owr departments are located
in Uppsala, 65 km march of Stockiolm,

SLU (The Swedish University of Agricultural Sciences) hereby announces
the vacancy ofa

PROFESSORSHIP IN STRUCTURAL MOLECULAR BIOLOGY
at the Department of Molecular Biology, Uppsala, Sweden.

Rel no 165307

More detailed information concerning this position can be obtained from Professor
Inger Andersson phone no +46 18 - 471 42 88, cell phone +46 ()70 - 520 101, fax no
+46 18-3360971, e-mail Inger. Andersson@molbio.slu.se The mission and activities of the
department are found at hitp://www.molbio.sluse

The complete announcement can be found w http://personal.slu.se/job as well as
Appointment Procedures for SLU and a set of procedural dircctives pertaining to the
application process. The outline used in these documents should be followed in the
personal record/list of qualifications and publications.

An application, marked with the ref no should be submitted o the Regstrar of SLU,
PO, Box 7070, SE-T50 07 Uppsala, Sweden, no later than July 06, 2007, The application
should be in English,

Associate Laboratory Director
for Basic Energy Sciences

Brookhaven Mational Laboratory (BNL) is
seeking candidates for the position of
Assodate Laboratory Director of its Basic
Energy Science Directorate (BES). This
Directorate is one of five sdence Directorates at
the Laboratory and contains both major
research and facility sectors, including
Chernical Scences, Condensed Matter Physics

& Materials Sciences and the Center for
Functional Nanomateral (CFN) user research
facility. The annual budget of the Directorate
is about $50 M with a staff of over 160.

The Associate Laboratory Director (ALD) is
responsible for the scientific and managerial
leadership of the Directorate. He/she reports
to the Laboratory Director. The successful
candidate must have a Ph.D. degree and a
distinguished research career in the physical
sciences accompanied by proven experience
in the management of a mid-sized research
effort. BNL is interested in candidates who
will develop internationally leading programs
that are aligred with the mission of the
Depantment of Energy,and who will maintain
and enhance a world-class scientific and
technical staff, The ALD is the primary contact
with BNL'S programs and facility sponsors,
principally the US, Department of Energy,

The ALD participates at the Director’s level in
the Laboratory-wide planning for new
programs and user facilities and has line
responsibility for safe and ervironmentally
sound operation of hisher program. Recent
areas of BES scientific focus include nanosdence,
catalysis, strongly comelated and complex
systems, interface of ife and physical scences,
and photo/radiation chemistry & chemical
dynamics. New programs are developing at
the Laboratory level in enewable energy
and energy effidency. In the fadlities sector,
the focus will be on start up and transition to
aperations of the Center for Functional
Manomaterials as a major research and wser
faclity wath scientific thrusts in nanacatalysis,
biological & soft nanomaterials and
electronic materials, among others. The BES
Directorate has,and will continue to play an
important role in the development and use
of BMNL's Mational Synchrotron Light Source
Il. Empthasis will ako be applied o coupling
BES programs to those in the other BNL
Directorates, induding the Life Scences and
Energy, Enwironment and Mational Security.

BN & o ol licdpdiasrey aibormuory cugaged (g brood
oy af workdelo Ao amd appiiod reseoecl in o figivfy
Al g aad « AT IV BT CT Tt Ir ix
meanaged by Smakioven Scwmoe A ssoctanes under contracy?
wiral gy 5, fl]’l’.’!m'lln’u,l’fm'l'u‘ Appfwationn ohonld e
semi ekeetrwabeallh o inm!.rm = el R, o v el
s o RN ki jﬂ?ﬂlr.\lﬁi.lx_ FHurman Revomrres NG,
Brosldsoven Srtiomal Lotowaror; Stdy, J008 PO Bax
L0, Ui, NY JT97 15000, BNT. wiloomics divers iy and
emcoirages applvations from el gualfiod foadfvidarhs

NATIONAL LABORATORY

o peaiiion for discovery

www.bnlgov




EMBL .

The European Molecular Biology Laboratory (EMBL) is an international research organisation with ifs
Headguarters Laboratory in Heidelberg, Germany and four additional Units in Hinxton {the European
Bioinformatics Institute, EBI), Grenoble, Hamburg, and Monterofondo. For our Outstation in Grenoble

we liave a vacancy for a

Team Leader

Synchrotron Methods for Structural Biology at EMBL, France

We are looking for a structural biclogist who has a focus on advanced crystallographic
methods and instrumentation, particularly with relation to synchrotron radiation. The appainted

Team Leader will manage, together with the Head of Outstation, the long-term collaboration
between the EMBL Grenoble Outstation and the European Synchrotron Radiation Facility
(ESRF) conceming the development and operation of the automated protein crystallography
beamlines. He/she will oversee the activities of the three existing EMBL beamline scientists
currently responsible for the dedicated microfocus beamline 1D23-2, the MAD beamline
ID14-EH4 and the CRG beamline BM14 (co-operated with MRC-France) as well as a SAXS

EMBL is an inclusive, equal
opportunity employer offering
attractive conditions and
benefits appropriate to an
international research
organisation.

beamline scientist currently under recruitment. He/she will collaborate in particular with the

Outstation Diffraction Instrumentation team led by Florent Cipriani, which has developed
state-of-the-art sample handling equipment currently installed on all ESAF MX beamlines
(microdiffractometer, sample changer, minikappa) and with the ESRF MX group led by Sean

To apply, please email a
curriculum vitae, three

references and a concise

McSweeney. He/she will develop a research programme focused on advanced crystallographic  description of research

methods and instrumentation coupled to structural biological problems or more generally on
new synchrotron technigues that might have an impact in bioclogy and which take advantage
of the unigue environment at the world-leading 3rd generation synchrotron site in Grenoble.

interests and future plans
quoting ref. no. S/07/065 in
the subject line, to:
application@embl.de

Further information on the position can be obtained from the Head of Grenoble Outstation

Stephen Cusack (cusack@embl-grenoble.fr).

www.embl.org

PN Maine Medical Center
RESEARCH INSTITUTE

Scientist/Postdoctoral
Position(s) in Progenitor
Cell Biology

Opportunities exist to assume 2 lead role in Institute-, NIH- and
corporate-sponsored investigations of. |/ erythroid progenitor
cell development (including novel Epo action medes and
response factors); 2/ newly discovered tyrosine and ST kinases
with hematopoietic suppressor activites; and 3/ the nature (and
action mechanisms) of niche-specific cell migration and adhesion
facrors involved in hematopoietic cell development.

Approaches indude unigue transgenic and knockout mouse
models; systems for primary cell development ex vivo; transcrip-
tome analyses and bisirformatics; and human CD34 cell & lent-
viral RMAI systems. Opportunities also exist for participation in:
studies of small molecule inhibitors & cytokine mimetics; human
patient samples/studies; and graduate & undergraduate instrue-
tion. Resources indude subsidized cores in: Progenitor Cell
Separation and Analysis; Genomics & Bioinformatics: Transgenic
mouse construction; Lent- and retro-virus production: Confocal
microscopy and cell imaging: DINA & protein sequencing,
Histopathology: and high resclution MR,

Benefits, salary and resources are nationally competitive
and positions are within the laboratory of DM
Wojchowski at the Maine Medical Center Research
Institute (www.mmacri.org). Please provide CV, state-
ment of research interests, and professional reference
contact information via your online application at

WWW.MMC.Org.
Fle MaineHealth Family, EOE

B R AT LSRR

MNational Health Research Institutes

¥

The Director of Medical Engineering Division
National Health Research Institutes (NHRI1), Taiwan

Applicants and nominations are invited for the position of the Director of
Medical Engimeering Division ot the National Health Research Institutes,
Taiwan, The Director is responsible for supervision of all research programs
within the Division, as well as research collaborations with other Divisions
and instimutions, The prospective candidate should have strong organizational,
communicative, amd interpersonal skills and ability to interact effectively
with others at all levels inside and owtside of NHRL Applicants should have
adoctoral degree in bicmmedical engineering or a closely related discipline,
and have demonstrated a successful record in conducting a vigorous and
independent research program in any of the broadly defined ansas of biomedical
engineermg, include: biofluid mechanics, cellulir and molecular biomechanics,
biomaterials and functional tissee engineering. biological system modeling,
molecular imaging, medical imaging and image gnded surgery, robot-
assisted surgery, and bioMEMS.

Applicants should also be familiar with the scientific and medical commun ity
in Taiwan, proficient in the Chinese language, and capable of working
effectively i the research environment under cument circumistances in Tawan,

Applicants should send a complete curriculum vitse, three reprints of selected
publications. a statement of rescarch interests (fwo A4 pages or less), and
names/addresses of five references to:

Search Committee for the Director of MED/NHRI, Department of
Research Planning and Development. National Health Hesearch
Institutes, 35 Keyan Road, £huMNan Town, Miaoli County 35053, Taiwan

The search will remain open until the position is filled. NHRI is an equal
opporunity emplover. Women and non-Taiwan citizens are encouraged (o
apply.
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Situated in Belgium in the heart of Europe, the Katholicke Universiteit
Lewven (hitp:/iwww. kuleuven.be/english) has a rich tradition of research
ancl learmng of almost six centunes, with a ¢lear international orientation.
The annual research budget is around 230 million euro, and the scientific
staff counts over 5,300 rescarchers,

The Group of Science, Engineering and Technology an K.U. Leuven invites
applications for 15 vacani academic positions ai the level of professor or

Assistant, Associate or Full Professor
Department of Dermatology
University of California, Davis

The Department of Dermatology at UC Davis 15 seeking an expen-
enced researcher for a state-funded enured position, Candidotes are
expecied 1o engage in research and teaching activities. The candidate
should have an MD, PhD, or MD/PRD degree and a background that
includes substantial time spent at an academic medical center with a
strong extramurally funded research program. Preferential consideration
will be given to those with a rescarch background wm inflammation,

associate professor in:

® Differential Geometry cancer, or Lissue regeneration. 1fru._'l’cr|:_miul consideration will also be
® Experimental Semiconductor Physics given to those with clinical training in dermatology. The successtul
*  Structural Inorganic Chemistry candidate will have demonstrated academic scholarship in l‘|I|: form of
*  Conformational Analysis publications in major peer-reviewed journals and record of continued
® Plant Sysiematics extramural research funding.
*  Rational Use of Electrical Energy
®*  Mathematical Enginecring For full consideration, applications must be received by July 31,
*  Industrial Biotechnology 2007. The position will remain open until filled through December
*  Process Intensification 1, 2007,
* Energy in Buildings
: Building Materials and Construction Technigues Ifinterested, please respond by sending a curriculum vitae and letter
® Deslgir Gt wid ool R oo -
- Et'i.'lrt::'lﬂlil.'h '|I1|.i'I.P1.r|il.'}' of N{llﬂ'll .Ri."“'l.;l.ll‘l.'l.“- in Developing 1, Bihney
e bty i ’ Department of Dermatology

B c“?“'""’“ ) University of California, Davis

Secure Software

33010 C Street, Suite #1400

In addition a limited number of research professorships is open for Sacramento, CA 95816

excellent candidates with a high-gquality research programme.
e University of California prohibits discrimination agrainst or
harassmrent of any person emploved by or seeking coplovment with
the University on the basix of race, color; national origin, religion,
sex, pinvsical or mental disabifity, medical condition (cancer-nelated)
ancestry, marital stats, aee, sexmal arientation, citizenship or statis

Detailed descriptions of these profiles and information on how to apply
can be found at hitp: fgexacte kuleoven.be/vacancies/vacancics. him
The deadline for applications is 28 September 2007

For further information comact: Els Lemmens, director of management
Group Science, Engineering and Technology, K.U. Leoven, telephone

ax a Vietnam-cra veleran or special disabled veteran.
+32 16 32 81 51, e-mail elslemmens@ gexactekuleuven.be

CENTRAL DRUG RESEARCH INSTITUTE

{Council of Scientific & Industrial Research)
Chattar Manzil Palace, P.0. Box 173, Lucknow-226 001 (India)

ADVERTISEMENT NO. 2/2007

Applications on the prescribed forms are invited from the persons
of Indian naticnality for the following posts in Central Drug Research
Instututa Lu::knuw lru:lla

MOREHOUSE

SCHOOL OF MEDICINE

The Morchouse School of Medicine 15 sceking a Chair for its Depan-
ment of Pharmacology. The successful candidate will be an outstanding
nationally recognized sciemist and academician, who will be responsible
for continued development of the depaniment and will guide its research
and education missions. Candidates (PhD, or M.D. b with astrong record
of rescarch in any area of the pharmacological sciences will be consid-
cred. Excellent interpersonal skills, scientific leadership, and commit-
ment to mentoring junior faculty are essential. Credentials appropriate
for the rank of Professor are required. Areas of ongoing research foei
within the department include cancer biology, cardiovascular phanma-
cology and neuroscience, Additional mformation 15 available at hitps:
Hweb.msmaeduw/Pharmacology/. Opporunities for collaboration and
program development within the institution are available through the
Cardiovascular Research Institute, Center for Reproductive Science,
MNeuroscience Institute, Clinical Research Center, Cancer Biology
Program, and sher basic and elinical departments. The Department of
Pharmacology contributes to the curriculum of the medical education
program and to the training of graduate students through the imterdis-
ciplinary Ph.D. program in Biomedical Sciences.

CDRI

Fur Paruitoioqy Divlalon] Emnuul uunllﬂcaﬂon Isl Claﬁs M E‘-c ar
equivalent in any branch of science with Ph.D. in Biochemistry and
Molacular Biology of Parasites and atleast 4 years research experience in
the area of Malaria Biochemistry and/or Immunology as evidenced by
high quality of publications in high impact national/intemational joumals.
This is an independent group leader pesition where the candidate is
required to underake studies on development of newer drug targets and
or novel therapeutic methods in the area of malaria.

Scilentist Gr. IV(2) : Fifteen posts: Scale of Pay : Rs. 10000-325-15200/-)
Post Mo. 1 (for Pharmacology in the area of Biochemistry and Molecular
Biology of Diabetes); Post Ne. 2 (for Pharmacology in the area of
Biochemistry and Molecular Biology of Lipid disorders); Post No. 3 (for
Pharmacology in the area of Cardio-vascular Pharmacology); Post No. 4
(for Parasitology in the area of Biochemistry and Molecular Bislogy of
Malaria); Post No. 5(for Microbiology in the area of Molecular Immunalogy);
Post No. 6 (for Microbiology in the area of virology); Post No. 7 (for
Pharmacokinetics in the area of drug metabolism & pharmacokinetics
including developmant of bio-analytical methods as per regulatory
requirements); Post No. B&9 (for Medicinal & Process Chemistry in the
area of synthetic chemistry); Post No. 10&11 (for Medicinal & Process
Chemistry in the area of Natural Product Chemistry); Post No. 12 [for Protein
NMR (MSB)]; Post No. 13 [for NMR (SAIF)|; Post No. 14 [for Bioinformatics
(MSB) in the area of Bicinformatics and computational biology] & Post
No.15: {FﬂrTuxmiugynﬂmbmﬂdm&nllmtmhgyﬂmﬂmgnrmm

Interested applicamts should submit a curriculum vitae, names and con-
tact mformation for at least three references, a statement of rescarch
interests and academic vision, and a summary of adminisirative
experience cither electromcally (gwavmon(@msm.edu) or by mail:
Dr. David R, Mann, Chair, Pharmacology Chair Scarch Commit-
tce. Room 317 Medical Education Building, Morchouse School of
Medicine, 720 Westview Drive, SW, Atlanta, GA 30310, Review of
candidates will begin as applications are received and continue until
the position 15 filled.

The Movehowse School of Medicine ix an Affirmative At fon

Equal Opportunity Emplover




E WestVirginiaUniversity
ROBERT C. BYRD HEALTH SCIENCES CENTER

Wyeth Research Scholar
Associate Professor or Professor
Director of Stroke/Cerebrovascular Research

West Virginia University imvites applications and nominations for the position of Wyeth Rescarch Scholar and Director of Stroke/Cerchrovascular
Research. The successful recruit will be expected to build a vigorous rescarch program into the causes and prevention of stroke, including epidemiology.
tremment of stroke and/or molecular mechanisms for repair of the damaged bran tissue. This research effort will complement an existing comprehensive
chimical stroke program and help anchor a new Clinical and Translatonal Neuroscience Initiative orgamezed through the Center for Neuroscience (htup:
fwww.hseowva.edw'swvuen/). which is an imegral part of a new Health Sciences Cemer Strtegic Research Plan (SRIP; Science 09408806, 313:1461).
The SEP includes faculty recruitment and expansion of research traiming for doctoral students and clinical fellows, The Director will be a member of the
Center for Neuroscience and have an appoiniment as Associate Professor or Professor in the Department of Neurology (hitp://www.hse.wvu.edu/

and Anatomy 15 encouraged, pending trmining and rescarch interests, The Director will receive rescarch space, start-up funds, and a competitive salary.
Recruitment of additional faculty s envisioned to develop a rescarch team.

Condidates should have an MD and'or PhD degree, a strong record of funded rescarch, transferable NIH RO1 funding, and a commitment to mentoning
graduate students and jumor faculty. Translational and basic research is supponted by existing core facihities that include the Center for Advanced Imagng
{structural and functional MR and PET/CT imaging ) and Molecular Geneties Core umits {Gene Array and Transgenic Rodent Facilities). Collaborative
opportunitics also exist with faculty in the Center for Cardiovascular Rescarch (httpe/fwww. hse.wviedufeires).

West Virginia University 1s a land gramt Camegie-designated Doctornl Research-Extensive institution with approximately 22,000 undergraduate and
5.500 graduste professional students. The Health Sciences Center includes the Schools of Medicine, Pharmacy, Dentistry, and Nursing, each with health
professional and graduate programs. Two new research buildings wialing 200,000 sq ft are currently under construction on the Health Sciences campus 1o
accommaodate our aggressive agenda for research growth. Relevant patient care facilities include a 460-bed University Hospital (Ruby Memaorial ) with a
new, B0-bed addition, and an adjacent T0-bed psychiatnie hospital {Chestnut Ridge). Morgantown is rated as one of the best snall eaties in the U5, with
affordoble housing, excellent schools, a picturesgue countryside, and many outdoor activities (hitp:fwww.morgantown.com),

Candidates should send a letter summarizing rescarch interests and career goals, curriculum vitae and the names of three references, in confidence, either
clectromicallv (¢/o sfinnegand hscowvu edu ) or by mail e D, George Spiron, Stroke/Cercbrovascular Research Scarch Committee, WVU Health
Sciences, PO Box 9304, Morgantown, WY 26506, Review of applications will continue until the position is flled.

Wewy Vivginia University is an Affirmative Action/Egual Opporiunite Emplover,

Faculty Position in Ocean Sensors
Scripps Institution of Oceanography
University of California, San Diego

The Scripps Institution of Oceanography (S10) (http://seripps.ucsd.edu) at the University of California. San Diego (UCSD)
invites applications to fill one or more positions at the Assistant (tenure-track), Associate or Full Professor (tenured) levels in
fields related to the research on, and development of, ocean sensors, with particular emphasis on sensors for biological and
chemical variables. We seek an innovative individual who will establish a vigorous independent research program that comple-
ments established capabilities at Scripps.

The successtul candidate will be expected to teach graduate level courses, and will be encouraged to participate in undergradu-
ate teaching at UCSD, The position requires a Ph.D. degree and a competitive record of publication as well as evidence of
the ability to conduct and fund an active research program and, for more semor candidates, of the ability to mentor graduate
students and junior colleagues. The salary will depend on the expenence of the successful applicant and will be based on the
University of California pay scale.

Review of applications will begin July 16, 2007, and will continue until position(s) are filled. Applicants should submit their
CV, a letter including descriptions of research inlerests and teaching interests/experience, a list of publications. immigration
status, and the names of at least five potential referces. along with their complete institution address. email address. phone and
fax numbers, w: Chair, Ocean Sensors Search Committee, 0208, Seripps Institution of Oceanography, University of Cali-
fornia at San Dicgo, La Jolla, CA 92093-0208. USA. Please cleariy label applications ~Ocean Sensors Searvch ™. Applicants
are welcome to mclude in their cover letler a personal statement summarizing their contributions to diversity.

UCSD is an Equal Opportunity Emplover with a strong institutional commitment to excellence throngh diversin:

ScienceCareers.org




PostDoctoral Fellowship in Molecular
Neurobiology

l..  ENDOCYTE Training Network

ENDOCYTE is a multidisciplinary Research and
Training Network (RTN) funded by the 6™
Framework Programme of the European Union.
Members of the ENDOCYTE network are
investigating the relevance of the intracellular routes
of growth factor signalling for the regulation and
diversification of ;rmxlh factor function.

To complete this Network, the Consortium is seeking
an enthusiastic and highly motivated PostDoctoral
fellow to join the laboratory of M. Fainzilber at the
Weizmann Instityte of Science (Rehovot, Israehe
For further mfnrm'mnn on research lines in the host
laboratory please see http://www.weizmann.ac.il/
Biological_Chemistry/scientist/Fainzilber/
Fainzilber.html

For a full description of the project and further
details of ENDOCYTE aims and training, please
see http://www.endocyte.ki.se

Applications should be addressed to
mike.fainzilber@ weizmann.ac.il

CASE

CALE WLATENN BLELAVL UNIVERSITY
SCMOOL QF WEDRCING

University Hospitals
Case Medical Center

Chief, Endocrinology and
Director, of the Diabetes Center

The Depanment of Medicine at Case Western Reserve University School
of Medicine and University Hospitals Case Medical Center 15 seeking
apphicamts for Chief, Division of Endocrinology and Director of the Dia-
betes and Obesity Cemter. The Davision has 15 full-time faculty members
providing patiemt care at University Hospitals Case Medical Center, the
Cleveland Wade Park Veterans Administeation Hospital, and outpatient
satellite centers. The Division has current, robust basic, rans lational and
chimical rescarch programs. s educational program mcludes Umversity
Hospitals Case Medical Center and the Wade Park Veterans Admin-
istration Hospital, with 5 fellows, The successful candidate will have
an outstanding record of scholarly achievements, sustained extramural
research funding, along with proven leadership, mentoring and admin-
istrative abialities, He/'she should qualify for the mank of Professor with
tenure at Case, A strong commitment to contmuing to lead the Division
in national prominence through building interdisciplinary programs as
Diabetes and Obesity Center Director is expected

Interested candidates should submit their curriculum vitae and 2 letter
describing their rescarch, teaching, service and administrative experience
to: Rohert A, Salata, MD, Chair, Endoecrinology Division and Direc-
tor of the Diabetes and Obesity Center Chiel Scarch Committee,
Chief, Infeetions Discases, Department of Medicine, Case Western
Reserve University, University Hospitals Case Medical Center, 11100
Euclid Ave,, Cleveland, OH, 44106-5083, Elecironic format prefermed
to: robert.salata@ case.edu.

Cave Western Reserve University/University Hospivals Case Medical
Center are Egual Opportunite/Affirmative Action Emplovers,

www.cardiff.ac.uk/jobs CA RD | FF

UNIVERSITY

PRIFYSGOL

(AFRDYD

Positions in Microbiology (2 posts)
Cardiff School of Biosciences

Candiff School of Bioscenoes, one of the lamgest bioscience departments in the UK,
with an ouistanding reputation for teaching and research, seeks 1o appont up 1o 2
fuly tenured positions in Microbiclogy within the full mnge from Lecturer to Professoc
We am o recruit reseanch active staff of the highest calbre who can contribute o
the School's strategic amibitons and facilitate nerdsciplinany collaboration within the:
reseanch aeas reated to Micrabiclogy withn the Schoal (see htpawwaocandilac.uk’
biosiresearch) and across the University.

Further details of the School's leaming and teaching can be found at

It Pwwwoca rhiilac. ubybiosithindec html

Sakny:

Lecturer: £337949 - £39160 per annum (Grade 7) - Vacancy no. 369

Sanior Lecturer: £40335 - E46T58 par annum (Grade B - Vacancy no. 370

Professorial: Negotiable and nationally competitive within the Candiff
Professorial range — Vacancy no. 371

HmIﬂMMMMnMMHHdﬂEﬂIM Professor John
MHM'WMWWHML
To work for an employer that values and promotes equality of opportunity,
visit www.cardiff.ac.uljobs telephone + 44 (0) 29 2087 4017 or email
vacanciesmeardifiacuk for an application form quoting the relevant

vacancy numbser,

Please include full detaills of publications and research grant income

(as relevant) and an indication of your research plans. A covering letter of
application, setting out personal career aspirations and the post currently
held by the applicant must be attached,

Closing date: 27 July 2007

Waseda Institute for Advanced Study
Tenure Track Program

Waseda Institute for Advanced Study B cumently recruiting researchears
(fixed-term faculty) for the tenure track program outlined below.

B Research Figlds to be invited:
Computer Science :
Intamcton, Parallel & Distributed Processing, Robolics
Meodern Mechanical Engineering.
System Inlegration, Salety. Depandability, Robotics, Bioanginaating, Envircnmant
Civil and Environmental Engineering:

Sustainable Infrastruciure, Disasier Prevention and Miligation, Life Span System,
Infrastructur and Ama Managemenl

Physics & Applied Physics:
Condensed Maltier Physics, Photonics and Information Engine-ering. Mathematical
and Statistical Physics, Astrophysics, Nuclear and Particle Physics, Biophysics
Applied Chemistry:
Energy Chamistry, Functional Materials Chamistry, Functional Materials
Enginearing

B Perod of appointment:

From Mowvember 1, 2007 (planned) to March 31, 2010
It can be renewed annually jup io a March 31, 2012 al the longest) de panding
upon the results of performance reviews, In FY 2011, il the researcher is judged 1o
be aligible follwing final appraisal, they will be employed as tenured (lulldima)
faculty from Mgl 2012,

Applicants must have a doctorate or equivalent. However, it is desirable
for the doctorate to have been obtained within 10 years of November 1,
2007. Further details and application forms can bo obtained from our
website: www.waseda jpiwiasienglish

Contact wias-info@list waseda.jp

Applications should be sent to the following address:
Waseda Institute for Advanced Study
attention: Researcher Employment
1-6-1 Nishiwaseda, Shinjuku-ku, Closing Date: July 24, 2007
Tokyo 169-8050, Japan S5pm (Japan time)

www.waseda.jp/wias




The European

Commission

The closing date
for application is
5 July 2007,
Cn-fine application
will not be possible
after 12.00 noon
Brussels Lime.

The European Commission, Directorate General Jont Research Centre (JRC), is seeking to recruit {m/f):

DIRECTOR (grace ao14)

INSTITUTE FOR ENVIRONMENT AND SUSTAINABILITY IN ISPRA (JRC.H) (COM ~2007/10050)
Official Journal n° C 126 A - 7 June 2007

We are the Joint Research Centre; our mission is to provide customer-driven scientific and technical support for the conception,
development, implementation and monitoring of EU policies. JRC comprises 7 research institutes spread across 5 sites in Europe.
We have a staff of 2,700 and an operating budget of € 300 M per annum; our core competence areas are food, chemical
products and health; environment and sustainability; nucear satety and security; and horizontal activities such as reference
materials and measurements, techno-economic foresight, public security and anti-fraud.

We propose: a post of Director of the Institute for Environment and Sustainability (JRC.H - ISPRA). The mission of the Institute
for Envirenment and Sustainability (IES, hitp://ies jrc cec.ew.int/) & to provide scientific and technical support to EU policies for
the protection of the environment contributing to a sustainable development in Europe. Its core acfivities are; Sustainable Lise of
Matural Resources, Sustainable Agriculture and Rural Development; Climate Change Mitigation and Adaptation; Emironmental
Rigks and Natural Hazards; Sustanable Transport and Air Quality, Renewable Energies; Environmen tal Dimension of Development
Cooperation; Environmental Information and Monitoring Systems.

The Director & responsible for the overall management of the Institute and has delegated financial and recruitment responsibilites
for the complete budget and staff of their Institute, The institute has some 450 staff and an annual budget of ca. € 40 million
The Director will be member of the JRC senior management team and contribute to the overall development and implementation of
the JRC mission. He/she will in addition be expected to provide strategic onentation for and coordination of activities across
the whole of the IRC related to environment and sustainability ssues.

//ec.europa.eu

http

Applicants must: » be a national of one of the European Union Member States; » hold a university degree that gives access to
undertake doctoral studies; = have at least 15 years’ postgraduate professional experience at a level to which the qualifications
referred to above give admission; at least 5 years of that professional experience must have been gained at high level management
experience; » have a thorough knowledge of one of the EU official languages and an adequate knowledge of
another of these languages. Candidates should note that the selection procedures will be carried out
in English, French or German only

The Director will be selected and appointed by the Commission according o its selection and recruitment
procedures. Salaries and conditions of employment are those laid down in the Staff Regulations for AD 74
grade officials of the European Communities. The Commission applies an equal opporfunities policy.
The link to the an-line application at which you can find full job description and the selection

critena is: httpofec europa.ewdgs/personnel_administrationfseniormanagementvacancies/
CV_Encadextindex.cfm. If you encounter technical problems, please send an e-mail to:
ADMIN-MANAGEMENT-ONLINE@ ec euvopa eu.

Office of Naval Research
HEAD, WARFIGHTER PERFORMANCE

CELL & DEVELOPMENTAL

5&T DEPARTMENT

The Office of Naval Research (ONR) is seeking an outstanding individual to sere
in this Chil Service pasition in the Senior Executive Service (SES). Salary range
is %111 676 to $168,000 par year, dapending on qualifications. In addition 1o
salary, career 5ES appointees are eligible to compete for performance awards
and bonuses.

As a Department Head, the incumbent participates with other top management
afficials in advising on matters concerning the palicies and personnel of the science
and technalogy program and in recommending ta the Chiel of Naval Research the
scientific and technical contents of an integrated science and technobogy program.
In support of the approved program and overall Office of Naval Research mission
requirements, the incumbent manages an extensive Deparimental research

and development program focused on the integralion of basic research, applied
research, and advanced technology development in the fields of science and
technology such as comgutational neuroscience, cognitive science, manpower,
parsonnel, training, human tactors, occupational and environmental heatth, medicing
of naval operations (undersea, Marine Corps, surface, aerospace) and combat/
contingency medicing. The incumbant is responsible and accountable for planning
and exacuting the Department’s program. The incumbent: prowides leadership 1o
and establishes the broad direction of the program; establishes the objectives,
policies, and priceities pertinent fo the program; oversees and ensures the effective
accomplishment of the extensive activities of the Department's Divisions; and
coordinates and cooperales with other Departments in working to achieve a fully
integrated science and technology program in the Office of Naval Ressarch.

For detailed information on qualifications and how t apply, applicants may
download a copy of Announcement & NE7-XX-4HETI666-SES from the ONR web
site hitp/Awww.onrnavy.milhr. Applications must be received in the ONR Human
Resources Office by the close of business Friday 15 June 2007. Applications will
not be accepted that are emailed, faxed, or postmarked after the closing date.

U.S. CITIZENSHIP REQUIRED = AN EQUAL OPPORTUNITY EMPLOYER AND
PROMOTES DIVERSITY IN THE WORKPLACE. » WOMEN AND MINORITIES
ARE ENCOURAGED TO APPLY.

BIOLOGIST

The Samuel Lunenfeld Research Institute invites applications for a
Research Investigator position (assistant to full professor equivalent,
according to experience). We are secking a biologist investigating
fundamental questions of cell and developmental biology (areas of
interest include neurobiology, stem cell biology, and classic
developmental biology).

Research programs utilizing cutting-edge imaging technology or
addressing cellular function in the context of development are akso
sought, The successful candidate will have a PhD and/or MD degree
with postdoctoral experience and a strong publication record. You will
be expected to develop innovative and highly competitive independent
research programs.

The institute is affiliated with the Mount Sinai Hospital and University
of Toronto and has diverse strengths in cell biology, developmental
biology, biochemistry, and integrative biology. For more information
about the institute, please refer to httpe/fiwww.mshri.on.ca. This
position will include cross-appointment with the University of Toronto,

We offer competitive salary and sta rtuap packages commensurate with experience and
sualifications. Applications should indude 2 current OV, susnmary of rescanch imtenoa and
poals, most relevant publications, and three references. Applcations and referenoes should be
submited, preferably by e-mail, by Seplember |5, 2007, tioc

Chair of the Cell and Developmental Search
Samuel Lunenfeld Research Institute

e=mail: CellDevSearchi@mshrion.ca

E}EEINT Samuel Lunenfeld

HOSPITAL ' Research Institute
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(& ] Director of Microscopy
% Neuroscience Institute

\ / Stanford University
Post-Doctoral Scientist The Mewroscience Institute a1 Stanford University (NIS) s secking
Applications are invited for a Post-Doctoral position in the group a director for their new Imaging Center at the Arastradero facility.
of Dr Phil Holliger. Our research focuses on the synthetic biclogy The ideal candidate would have a PhD in Cell biology or electrical
of nucleic add replication (see PMAS (2001}, 99, 8530; Mawre Biotechnol Engineering with an emphasis on Optical analysis.
(2004), 22, 755), The aim of the project is 1o apply compartmentlization
and selection strategies developed in the laboratory to the evelution Candidates must have extensive experience in 3 of the 4 following arcas:
of an effident, general RNA polymerase ribozyme, ultimately capable 2 photon and confocal microscopy including time-lapse live imaging,
of true self-replication. TEM and SEM microscopy on biological tissues, Computational Image
Applicants must have a PhD degree, and experience in recombinant acquisition, processing and deconvolution, Storage and Acquisition of
DA technology. Experience in working with RMNA, and in particular large datasets. The candidate would be responsible for the day to day
with aptamers, ribozymes and SELEX, will be considered a bonus. aperations of the center, the center’s operating budgel, selecting and
For further information about the post, please contact Dr Phil Holliger, purchasing equipment for the center and interfacing with an optical
email: phi@mre-lmb.cam.ac.uk project engineer responsible for assembling microscope equipment. The
This is a three-year appointment with a sabry ranpe of £24.993 - £28.214 candidate must be able o work both mde pendently and in collaboration
per annum, depending upan qualifications and experience, This is with diverse users, ranging from those secking microscopy services o
supparted by a flexible pay and reward policy. 30 days annual leave those needing training; students, post-docs, and technicians, Practical
entitlement, an optional MRC final salary pension scheme and excellent experience and knowledge in sample preparations, TEM and confocal
on site sports and social facilities. microscopy and applications are important. Excellent verbal, written
For further information and an application pack, and imerpersenal communication skills in English are essential. Some
please contact the Recruitment Team by email: grant wnling and preparation 15 reéquired,
cambridge.recruitment@ssc.mrc.ac.uk or telephone
01793 301154 quoting reference CAM 2007-329. Applicants should ask three references to send letters directly to the
Please include with your application a copy of your CV and search commitiee; email: jsv 1@ stanford.edu
names and addresses of two referees who can be contacted
priar So- e erview. Dr. Mark Schnitzer, Dr. Stephen Smith and Dr. William Mobley
Closing date: | July 2007, 1201 Weleh Road
For further information about MRC visit www.mrec.ac.uk P.O. Box 5489
The Medical Research Council is an Equal Opportunicies Employer. Stanford, Ca 94305-5489
‘Leading Science for Better Hedlth P

FACULTY POSITION ANNOUNCEMENT
Pollination Biologist
University of California, Davis

The Entomology Department seeks applicants for a Pollination Biologist at
the Assistant Professor level (209 AES research and outreach, 80% instruc-
tion and research), We seek an outstanding applicant with a Ph.D. degree
in entomology or related disciplines with experience and interest related to
basic and applied entomology. The appointes will develop an extramurally
funded research program on insect pollinators with emphasis on California
agricultural systems pertinent to the AES mission. The appointee is required
to teach core curriculum courses, supervise graduate students, participate
inoutreach progrums, and perform University service, This position is part
of an gight-position recruitment under the new Agriculture Sustaimability
Institute Initiative, and the appointee will be expected 1o contribute to the
development ofand teach in the planned undergraduate major in sustamakble
agriculture. This appointment is available on or about January 1, 2008,

Applicants must submit online at htpsfsecure.entomologv.ucdavis,
cdw/fae_recruitMogin.elm: curriculum vitae: statement of research and
teaching interests; official transcripts, publication hist, and reprints of key
publications {up to three), and the names and addresses of at least three
references, Inquiries should be addressed 1o;
James Carey, Prolessor
Entomalogy Search Committee Chair
Entomology Department
367 Briggs Hall
One Shiclds Avenue, Davis, CA 95616
(530) 752-6217
jrearevia uedavis.edu

Open until filled but to ensure consideration, applications must be received
by August 15, 2007. A more detailed job description can be obtained from
the above address.

LUC Davis is an Affirmaiive Action/Equal Emplovment Opportunity
Enmplover and is dedicated to recriiting a diverse foculty
compunitv. We welcome all qualificd applicants to apply, including
wenren, minarities, veterans, and individials with dixabilinies.

COURSES & TRAINING

UNIVERSITAT

FRANKFURT AM MalN
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2% CMP-Summerschool on
“Analysing Membrane Proteins: Methods and
Approaches™

24% . 29" of September 2007

The Evropean Membrane Biology Network (EMBN) presents its
broad know-how in analysing membrane proteins (o young scien-
tists froom abroad organized by the Center for Membrane Proteomics
(CMP) of the Johann Wollgang Goethe-University. The summer
school takes place from 24" - 29% of September 2007 at the Biocenter
of the Johann Wolfgang Goethe -University Frankfurt. Germany.

The event focuses on methods to analyse the biological, biophysi-
cal. biochemical and structural properties of membrane proteins.
Highly quahfied MSc. students and PhD students are invited to
register for participation. A limited number of fellowships covering
travel and lodging expenses will be available.
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Further informations and online registration ol Www.cmp.uni-

frankfurt.de

Contact:

Dr. Bermd Maertens Coordinator CMP
Center lor Membrane Proteomics University of Frankfun
Max-von-der-Lave-5ar. 11 =604 349 Frank furt

Tel. +459-((N6S-THE-2941 8
B.Macrtens® em.uni-
Meankfurt.de

Fax +49-(0169-795-204 19
www.emp.uni-frankfurt.de




AWARDS

Fundacion DBVA

2007 BBVA FOUNDATION
AWARD FOR SCIENTIFIC
RESEARCH IN ECOLOGY AND
CONSERVATION BIOLOGY

Fundacion BBVA
Gran Via, 12

e L el T T R I I e L o

Recognizing particularly significant scientific advances of a theoretical,
methodological andfor empirical nature achieved by researchers of any
country in the fields of Ecology and/or Conservation Biology.

One award will be given, consisting of a €500,000 cash prize, a diploma
and a commemorative artwork.

The BBVA Foundation Awards include two other categories, for innovative
projects and knowledge dissemination in biodiversity conservation.

48001 Bilbao
Spain

Fax: (34) 94 424 46 21
Paseo de Recoletos, 10

Spain
Fax: (34) 91 374 34 44

Call conditions, a
convocatorias@ fbbva.es are available on t

28001 Madrid Deadline for entry submission: July 12, 2007

ication forms anc[ additional information
Foundation website: www.fbbva.es

WORKSHOPS

TN\
(EMBO EMBL

EMBO Workshop on Common Regulatory
Mechanisms in Haemopoiesis and
Neurogenesis
EMBL Heidelberg, Oct 3 - 5, 2007

Ligands and Receptors during Organogenesis
Signalling Mechanisms in Development and
Function

Chromosomes and Gene Expression
Communication between Haemopoietic and
MNervous System

Confirmed Speakers:

Ralf Adams George Kollias
Facundo Batista Reina Mebius
Patrick Charnay Ira Meliman

Mark Coles Jeff Milbrandt
Anne Eichmann Freddy Radtke
Laura Feltri Mart Saarma
Richard Flavell Kirsi Sainio

Rudi Grosschedl Victor Tybulewicz
Frank Grosveld David Wilkinson
Carlos |banez George Yancopoulos
Ridiger Klein

Registration and further info:
http:/cwp.embo.org/wi7-13/

AWARDS

Sheikh Hamban Bin Bashid AL HMaktoum
- Aimard (or Flebical Sciences

Hamdan Award
for Medical Research Excellence

In the field of
THERAPY IN MALIGNANCY

MOLECULAR THERAPY IN
DRUG TARGETING (PHARMACOGENOMICS)

ORGAN & TISSUE TRANSPLANTATION

The prize amount is AED three hundred thousand (AED 300,000) (Approx
US4 B2,000) to be awarded equally to 3 winners,

The general secretariar is plecsed fo invite doctors, researchers, unfversities,
redeanch centres and medical sceniific 1ocketies throughout the world 1o submit
thew research work for the awards 2007-2008

Closing Date: November 30, 2007

For Yty enforaon

Thee Dol SC ntarat

Sheikh Hamdan Bin Rashid Al Maktoum
Award for Medical Sdences

P Bow 23252, Duba, Ulsited A Ermieaties

Tel 571 4 3938777

Fax 571 4 3534575 / 3500999

€ ma: sthovardiperrhoscs et oe

Websng: MITE Favery hrraveand e a0
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BASIC SCIENCE FACULTY
POSITIONS AVAILABLE

Institute of Human Virology
University of Maryland
School of Medicine
Baltimore, Maryland

The Institute of Human Virology at the Univer-
sity of Maryland, Baltimore School of Med:-
cine (http:ifwww.ihv.org) is recruiting highly
qualified indiiduals with estabhshed research
programs ot ranks of tenure-track Assistant,
Associate and Full Professor. Candidates with
MIH (K01 and/or PO1) funded rescarch programs
with expertise in one or more of the following
are encouraged 1o apply: cell biology, structural
biology, basic immunology, or systems biology
with intenest in chromic human viral diseases such
as HIV-1. These programs will complement the
existing institute progroms in molecular patho-
Zenesis, innate immunity, veceine development,
and translational elmical research that focus on
chronic viral discascs. The Institute of Human
Virology offers excellent laboratory facilities,
competitive salary and startup packages, and
access 1o numerous core facilitics including
stale-of-the-art BSL3 and ABSL3 facilities in
a rapidly growing academic environment., The
level of appointment will be commensurate with
the candidaie’s expenience.

Imerested applicants are requested to forward a
CV in.pdf format to: Chairperson, IHY Fac-

ulty Search Committee, Institute of Human
Virology, 725 W, Lombard Sireel, Baltimore,

Maryland, 21201,
The Uniiversity of Marvland, Baltimore is
an Egual Qppartunity, Affirmative Action
Emplover.

INSTITUTE OF
HUMAN VIROLOGY

University of Maryland
School of Medicine
Baltimore, Maryland

The Institute of Human Virology at the Uni-
versity of Maryland, Baltimore School of
Medicine (http:/iwww.ihvaorg) is secking
Lo [l o tenure-track faculty position with
an investigator with the ability to establish
an independent research program centering
o the molecular biology ‘virology of human
papilloma virus and its interactions with
host eell factors, especially those relevant
tocancer. The suceessful candidate will have
a demonstrable track record of relevant pub-
lications in peer-reviewed journals and of
attracting peer-reviewed lunding, preferably
related to cancer. The level of appointment
will be commensurate with the candidate’s
expenence.

Interested applicants are requested to for-
ward a CV in . pdf fornat 1o:
Chairperson
IHY Faculty Search Committee
Institute of Human Virology
725 W. Lombard Street
Baltimore, Marviand., 21201

The University of Maryland, Baltimore is
an Egral Opportunity, Affinmative Action
Emplover,

POSITIONS OPEN

The new School of Phamacy at Loma Linda
University (LLU) joins a proud herimge of neardy a
century of health professions education. The Univer-
sy moato: To Make Man Whaole, combined with the
mission of contnuing the waching and healing min-
istry of Jesus Chirst, is the foundaton of all programs.

The Department of Pharmaceutical Scienees is com-
mitted o educating competent pharmacises who are
entical thinkers and understand and ermploy founda-
tional biomedical knowledge in rational, therapeutic
deasion making informed by Chnstian values of cining
service.

CHAIR, DEPARTMENT of
PHARMACEUTICAL SCIENCES

The successful applicant will be responsible for
starting a graduate program; recruiting, developing,
and mentoring, fculty; providing oversight of de-
partmental activitics; and managing Department re-
sources. The Char will provide vision and leadership
in the factlitation of scholarship, integration within
the pharmaceurical scienoes curriculum, and faculty
service, The Chair will also work closely with other
School and University leaders” implementation and
assessment of the Pharm. D, curriculum. Qualifica-
tons include a Ph.D3. in the pharmaceurical sciences
or a related chemistry /biology field and current ap-
pointment at the PROFESSOR or ASSOCIATE
PROFESSOR level. Candidates should have a rack
record of excellence in teaching, leadership, rescarch,
and academic service,

FACULTY, MEDICINAL CHEMISTRY

Full-time (12-month) facolty position in medici-
nal chenustry 15 available at the ASSISTANT or
ASSOCIATE PROFESSOR level A P'ho. in the
respective disapline is required. Preference will be
given o candidates having a pharmacy background
and two or more vears of cxperience in academics
and pharmaceurtical rescarch, Successful candidanes will
develop appropriate pharmaceutical science lectures,
guide and mentor both Pharm. D, and graduare stu-
dents, initiare research programs, and develop cal-
laboration where possible within and ourside LLLUL

Loma Linda Umiversity s located in a quaet
suburban neighborhood in the Inland Empire cast
of Los Angeles. The vast resources of the area pro-
vide a wide varicty of cuttural, education, shopping,
and recreational opportunitics.

E-mail vour curriculum vitae in PDF or M.A.
Ward formar to e-mail: dyacger@llu.edu,

URBAN INSECT ECOLOGIST
Minois Namral History Survey

Urban Inscet Ecologst, at the level of ASSIST-
ANT PROFESSIONAL SCIENTIST. Develop
and conduct rescarch program that focuses on in-
sects in terrestrial urban ecosystems, Requires Ph.D,
in entomology or related discipline, Responsibilitics:
develop vigorous, externally funded rescarch pro-
gram; publish rescarch findings in scienrific journals;
work with cities, state and federal agencies, and Uni-
versity of Hllinois. Ilinois Nartural History Survey is
part of the Hinois Department of Natural Resources
and an affiliaved agency of the University of Illinais
at Urbana-Champaign, To apply send cover letter,
curnculum vitae, statement of rescarch interests,
and contact information for three references o our
Human Resources Office, e-mail: hroffice@®inhs.
uinc.edu (electronic applications required), Posi-
non reference #1495, telephone: 217-244-4592,
fax: 217-333-4949, Deadling: Juby 31, 2007, For ap-
plicaton requirements and complene position descrip-
won vist our website: hop:/ /www.inhs.uinc.edu,/

opportunities/index.phpfaction=fulltimeScid=131.
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The Beckman Institute Biological Imaging Center
at Calitornia Institute of Technology has a SENTOR
SCIENTIST position availlable to investigate appli-
cations of advanced maging methodologics in
developmental biology and newrodegeneranive dis-
case studics, Individuals with at least four vears of
experience in small animal model svstems are en-
couraged to apply. Send curriculum vitae o Ms. K.
Hilands ar: M/AC 139-74, 1200 E. California
Boulevard, Pasadena, CA 91125,

POSITIONS OPEN

ASSISTANT/ASSOCIATE PROFESSOR
Meuraphysiology

The College of Veterinary Medicine at
MNorth Carolina State University in Ralagh, North
Carolina, announces a tenure-track faculty posi-
tion in neurophysiology with an inital appaoine-
ment at 70 percent research, 20 to 30 percent
{8 ﬂl;I1i|1E.1 and rero 1o ten pPercent scrvice
depending upon entering rank. A Ph.D. in
newrophysiology or a relevant newroscience
ficld is required. Candidares also having a
D.V.M. or teaching expercence in a veterinary
professonal cumiculum are encouraged to ap-
plv. To view the full vacancy announcement,
with position responsibilities and addinonal
ruu.]gli.rcmcnrs, and to apply, please visit our
website: hit obs.nesu.edu and scarch by
position #E-96-0708. Applications are cur-
rently being accepred and the position will be
open until August 15, 2007, or until a suitable
candidare is identfied. Questions abour the
position can be directed to: Dr. Lola Hudson,
Search Committee Chair, College of Vet-
crinary Medidne, North Carolina State Uni-
versity, 4700 Hillsborough Street, Raleigh,
NC 27606, c-mail: lola_hudson@ncsu.edu.
.-!rﬁrmueur .'!rrl.m-'f,'.'._rjr.d' {J]'.!Iuruuur}' .f.:r.u']-fpj'rr In
addition, NC Swre University welionnes all percons
it rogrd 1 sexial orestation. For dlrose individ-
s with disohifities vequinng acosmodiion please
cowtadt felephone: 919-515-3 148,

BRESEARCH ASSISTANT PROFESSOR

Pasition available August 16, 2007, in the Depart-
ment of Surgical Oncology at the University of Blinois
at Chicago to work on anticancer activity of bacrerial
redox proteins. Experience required in gene cloning,
protein punfication, animal handling, mammalian cell
genetics, prechinical ﬂhnnmcnlug.v_.- and pharmaco ki-
netics, and cancer cell biology, evidenced by publica-
tion in intemational journals, Required MhD. degree
in microbiology, molecular biology, or biochemistry.
Salary commensurate with qualiicatons and expen-
ence. Only sclected applicants will be contacted for
further correspondence. IF interested, send curriculum
vitae with names of three references by July 2, 2007,
to Tanya Eitzenhocfer, University of [llinois at
Chicago-Department of Surgical Oncology at e-mail:
tanya@uic.edu. Afionarice Aotion) Equal Cpportuicy
Eanpheyer.

BRESEARCH ASSISTANT PROFESSOR
Lung and Vascular Biology

Rescarch Assistant  Professor positon o study
mechanisms of endothelial repair, vasoudar inflaimma-
tion, and pulmonary diseases, Candidares must have
Ph.I» ML with extensive expericnce in studyving
the pathophysiology of lung and for vascular discases
with genetically modified mouse models or in endo-
thelial progenitor cells/stem cell research. Suceessful
candidare with an excellent publication record mrese
be w UL cotizen or permancut resident. Send cur-
riculum vitae to: Dr. Youvang Zhao, Department
of Pharmacology, University of Illinois at Chica-
go, 835 5. Wolcort, Chicago, IL 60612, E-mail:
rﬂv_.’.hﬂll@'t_l_i.f;ﬂ. LTE & an .']_rﬁmnlillr Astior "lijur.d'
Cypartinty Enployer

POSTDOCTORAL POSITION is available to
study malaria parasite cvtoadherence and host cell
signaling, Skills requircd include protein expression
arud purification, RNA interference (RNAIQ) studies
with retroviral short hairpin ENAG, clearophoretic
maobility shift assays, Chromatin Immunopreapi-
tation assays, of cetera. Send curnculum vitae to;
Dr. DLC. Gowda, Biochemistry and Molecular
Binlogy, Pennsylvania State University College
of Medicine, Hershey, Pennsylvania, ar e-mail:
Mm, Penmsylvania State Ulniversity s
conpidtied to .-1_fﬁr;ru.'nr ,"l']]ﬂlll. quumf l’.l‘|r||l|nrr|mrl:|'. and 1o
the diversiy of its work fore,

WWW.SClencecareers. org




POSITIONS OPEN

VICE PRESIDENT /CHIEF, RESEARCH
Centre for Addiction and Mental Health {CAMH)

As a world-leading rescarch facility, commumniny-
based organization, and education Training instimne,
Centre for Addietion and Mental Health (CAMH)
provides a unique combination of programs in clinical
care, rescarch, pohcy, education, and health promo-
tion. Fully affihated with the University of Toroneo,
Canada’s largest and most prestigious rescarch-
intensive universaty, CAMH is one of the fow inst-
tutions worldwide with deep expertise in all four
major arcas of mental health and addictions rescarch:
biomedical, clinical, health systems and services, and
population /public health,

In addition to assuming responsibility for the ex-
ccurive oversight of the Program and irs ream of 700
(including pancipal investigators, rescarch support
araff, students, and volunteers), the Viee President/
Chief, Research will lead in developing a strategy
tor address the positioning of CAMH BResearch with-
in the changing landscape of the provincal health
system.

As an international leader, CAMH secks, for this
posttion, an cutstanding scientist of considerable stat-
ure. A unigque combination of qualifications is re-
quired: scienrific leadership abiliny, an exceprional
track record of sciendfic achievement and inrer-
national recognition, a rescarch philosophy that 1s
rooted in clinical /community practice, and the ability
to work in a complex environment. The successful
candidate will demonstrate dm.tpltn.!n breadth, a
record of accomplishments in trmshnun‘ll,frml
ndisciplinary  rescarch, and experience in leading
change. 5/he will possess an M., or equivalent,
substantial dinical experience, and for a Ph.D. in a
relevant arca. 8 /he will be qualified for appointment
at the ASSOCIATE or FULL PROFESSOR level.

Applications will be accepred immediately and will
be reviewed on a continuing basis, with the Scarch
Committee™s consideration of candidates beginning,
in mid July. Information requests and applications,
which must include a letter of interest, curriculum
vitac, and the names of and contact |nl'|:m:|1 ation for
three referces, should be e-mailed to e-mail: helen.
xuc ravberndison.ca,

CAMH and the Unmversity of Toromto ane strangly com-
mitted o dieersity within their connmities and | especially
welcome applications from visihle mivority  group mnembers,
woneen, Abonginal persons, persons wirh disabilines, nembers
of sexcnal nninosity groups, and athers wlio may comtribute fo the
Suertheer diversificarion of ideas, AN qualified persons are en-
coatraged ro apply; howerer, Camadions and perusanent resi-
dents of Canadar will be giiren pfoniny.

POSTDOCTORAL RESEARCH POSITION

BioProtection Systems Corporation has an imme-
diate opening for a Postdoctoral scientist to develop
new vaceines, and implement cell-based and mouse
muoxdel efficacy assavs. Applicants are required to hold
a PhD. degree and one to two vears of nelated
cxpericnee in virclogy  immunology or a related ficld.
Experience with vacane development | pseudovirus /
virus-like partides) would be a plus, Competitive

candidare will be U5 citizens or citizens of one of

te 20 permanenr NATQ member conntries. Bio-
Protection Svstems Corporation s located in the
Towa Stare University Rescarch Park in Ames, Towa,
We are focused on the development of prophylactic
and therapeutic vaccines for high-priority agents and
emerging mfectious pathogens, Please send curncu-
lum vitae to e-mail: credentials@bpsys.net.

CAREER OPPORTUNITY

This unique program offers the candidare with an
carned Doctorare in the life sciences the opportunity
te abain the Doctor of Oprtomerry (0.0, ) degree in
27 months (beginning in March of cach year).
Employvment opportunitics exist in rescarch, educa-
tion, industry, and prvate practice. Contact the
Admissions Office, telephone: 800-824-5526 ar
the Mew England College of Optometry, 424
Beacon Strect, Boston, MA 02115, Addinonal infor-
mation ar website: http:/ /www.neco.edu, e-mail:
admissions@neco.edu.
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POSITIONS OPEMN

CLINICAL PATHOLOGIST
MICROBIOLOGIST
or CLINICAL LABORATORY SCIENTIST
The Clinical Laborarory Sciences (CLS) Program
{website: hrep:/ Swww.iswedu fels /) of the De-
partment of Biologial Saomces (websive: hop:/
www.BiLedu,//bios/) ar Idaho State University IS

has an opcning, for a full-time tenure-track faculty
position at the levd of ASSISTANT PROFESSOR,
with mesearch and teaching interests in the arca of
clinical microbiology- bactenal pathogenesis and CLS
and will begin with the fall 2007 semester, The po-
sition will join an established bacienal pathogencesis
rescarch group ar the Boise Vercrans Administration
Medical Center in Boise, The 18U CLS Program fac-
uley offer coursework and rascarch-related  courses
both on campus and online ar the undergraduare
and graduate levels, interact with faculry ar affiliaved
clinical sites, and have a strong comnutment to stu-
dent mentonng. The successful candidate will con-
tribute to nescarch//scholady activiey resulong in
grants and publications in the anca of bactenial host-
pathogen nteractions; teach CLS-relared courses; and
prowide  professional and I.'"un'q:niit!.' service, The
position requires a PhD). or MDD, in clinical pathol-
Ogy, |11i|.:mhiulufw. or relared fidd. In addition, s/he
must have Medical Technology (American Sociery
for Clinical Fathology) or CLS (National C “reden
tialing Agency for Laboratory Personnel) or L
alent certification, or acquire such certification prior
to tenure, The l'iu.p.srtm-,nr of Bological Sciences s
committed to aggressive expansion of the CLS Pro-
gram. Salary, rank, and tenure status are commen-
surare with qualifications and expericnce.

Candidares should submir curficulum vitae, no
more than three reprints, a statement of research
interests and goals, a reaching philosophy statement,
and contact information for three references for-
warded to: CLS Search Committee, Department of
Biological Sdences, Idaho State University, 921
South 8th Avenue, Mail Stop 8007, Pocatello, [D
B3209-8007,

Scareening of applicanes will begin June 1, 2007,
and continue until the position is filled. [ISU is oo
Egual Opportinity Engloyer and weloomes applicifions from
wanren aned inimonitics

HIV TRANSMISSION and PROPHYLAXIS

POSTDOCTORAL POSITION (DV.M., Ph.D.,
and/or M.} in the Laboratory of Dr. J. Vicor
Garcia to study natural routes of HIV tmansmission,
microbicddes and pre-exposure prophylxis using
state-of-the-art humanized mouse models (Nat.
Med, 12:136-22, 2006, fowrnal of Experimental
Medicine 204(4):705-14, 2007), Experience with
human stem cells, immunodeficient mouse models
of human hemaropaiesis and for molecular biology
of HIV is cssential for this pesiion. Flow eytometry
experience and expericnce with bone marrow trans-
plantation is highly desirable. Strong written and
verbal communication skills in English are required.

Send letwer of interest, curriculum vitae, and
names of three references to: Ms, Deborah Solomon,
e-mail: deborah.solomon@utsouthwestern.edu,
University of Texas Southwestern, Division of
Infectious Diseases, 5323 Harry Hines Boule-
vard, Dallas, TX 75390-9113. 70 Univeriy of Tevas
Sonitfavesternr Meddiaad Cewter an Dhallas & i Equial Olppontnniry,
.'ifﬁﬂr.'.u'fh' Activne Employer.

POSTDOCTORAL POSITION s avalable ar
the University of Nebraska, Lincoln, in the area of
redox  biology /biochemistry,/bicinformartics with
emphasis on mechanisms of redox regulaton, func-
tional characterization of sclenium-containing pro-
teins, bioinformarics and funcrional genomics of
thiol-dependent redox proteins and processes, and
thar roles in cancer and aging. Addinonal information
15 at website: hetp:/ Sgenomics. unl.edu/gladyshey.
Ta apply send curnculum vitac, cover letter of
mterest, and names of three references to Vadim
Gladyshey ot e-mail: Fﬂeﬁx&h‘:}‘l?ﬂ!ﬂ!ﬂ_yrT]'ir
Ulnivwrsity aof Nebrasha, Limooli, &0 an g Chysorteniity,
Affratioe

Ationr Enployer,

A POSTDOCTORAL RESEARCHER POSI-
TIOM is avmlable immediately at the Lowmsiana State
University Health Scienoe Center, School of Medicne,
New Ordeans, Lowsaana, A Ph.D), in the held of bio-
chemistry, molecular or cellular biology, or a related
saience ficld is required. The research goal indudes
dissceting  ubiquitin-mediated regulation of cell
division. The candidare will urilize multdisciplinary
approaches including biophysical and genetical tech-
migues and :IPPL‘HF‘I’IJ{L blulu}uul systems to artack
this NIH-funded project. Experience with a classical
genetics system, such as Drosaplala, is desirable, but
not required. The successful candidate will join a
new laboratory in the Department of Biochemistry
and Molecular Biology thar offers strong mentoring
and competitive salaries commensurate with research
cxpericnce. Mease ¢-mail vour curriculum virae,
along with contact information for three references,
vo: Dr. Bdward Wojclk (e-mail: ewojci@lsuhsc.
edu), Department of Biochemistry and Molecular
Biology, Louisiana State University Health Sci-
ences Center, 1901 Perdido Street, New Orleans,
LA 7OLY2. LSUHSC i an Egual Cpywrmimity/ A finmanie
Awion Engplayer,

POSTDOCTORAL POSITION available imme-
diately to join a molecular cardiology laboratory at
the Ohio State Univ ersity in Columbuos, Ohio, Re-
scarch is focused on understanding calcium transport
in cardine muscle using genetically alered mouse mod-
cls (website: hup://medicine.osuedu/physiclogy,/
3484.cfm). A Ph.D. with minimum of two vears of
experience in molecular biology, biochemistry, and
cardiac electroplyvsiology is preferred. Please send
curriculum vitac to Muthu Perasamy, h.D., e-mail:
periasamy. 1@ osuedw. The Chio Stae Ulnivesity s an
.|!;'|ilu..lr Oppovtuirriry .'I_ffnr.'.rlfu' Amion  Engprlryer. Cvdified
BAWIRCH, ]r]rlllﬂ'l.fl:f.‘. [T IR, iz iwlad PelcTabid, il
individuels with disataifics ane enouraped to apply,

MARKETPLACE

MEETINGS

MicroRNAs EUROPE 2007
November 1-2, 2007
University of Cambridge, Cambridge, UK
Inaugural:

Nobel Laureate Aaron Klug (MRC)
Keynotes: David Baulcombe (UCambridge)
Keith McCullagh (Santaris Pharma)

EPIGENOMICS and SEQUENCING
July 9-10, 2007
MNRB-Harvard Medical, Boslon, USA
Keynotes: Manuel Esteller (CNIO, Spain)
Thomas Jarvie (454 Life Sclences/Roche)

Organized by:
GeneExpression Systems, Inc of USA
For details: call: 001-781-891-8181 or
Visit: http://lwww.expressgenes.com

¥ Specialty CPG Supports
L Linkers, Spacers, & Modifiers
'L Bulk Reagent Pricing Available

BIOSEARCH  +1,800.GENOME.1
TECHNOLOGIES  www.btisynthesis.com

T E————
LS Pt #5436, 149  e-mail: obpeps@msen com
Coll: Ab Peptides IiBDDlJﬁ -5355
Fox: 311499688788 www.obpeps.com

1521

g
¢
-
7
:
3




"2
—
=
=
=)
T
&
v
o
<<
Y
=
il
o
¥y

NEw PRODUCTS, SERVICES, AND SOLUTIONS

LEADING PROVIDER OF HBY AND HCV
REAGENTS FOR RESEARCH
AND DIAGNOSTIC APPLICATIONS

v

VIROGEN

IMMUNOHISTOCHEMICAL DETECTION OF GLUTATHIONE

Whaole blood cells stained with
anti-Glutathione monoclenal
antibody, 101-A.

DETECT CYSTEINYLATION OF PROTEINS WITH
102-A MONOCLONAL ANTIBODY!

Red Blood Cells stained with anti-Cysteine
monoclomal antibody, 102-A.

Heart staining with anti-Glutathione
manoclonal antibody, 101-A,

Red Blood Cells stained with anti-Cysteine
manoclonal antibody, 102-A plus DTT,

200 Dexter Avenue, Watertown MA 02472 USA
tel: (617) 926-9167 | fax:(617) 926-9157
order online for fast delivery: www.virogen.com

microRNA
Microarray Service

Comprehensive Service
From your sample to fully analyzed microarray data.

The Most Current Sequence Content
All species, Sanger miRBase Versigh9.2 (May 2007)

LC Sciences

www.lcsciences.com

Anyone can freeze mouse sperm.
We can actually recover it.

JAX® Sperm Cryopreservation
Dramatically improved Fertilizatian Rales

’: 71 @ Traditional Method

so 4 [ JAX*® Method

Percent of oocytes fertilized
[2-cell embryos)

C57BL/&) BALB/c) FVB/N|
Strain

.'1'|Ik' :l'ULI l[JUL..i[!!L I;.JF il |.!l.'1|.k'1' 'W'.'I‘If Loy Jl1ilh"1.‘ .Jlltl '|.'|‘I.‘l'.|t1.‘<.[ ':.L'llll' NI LS
colonies? Our scientists have developed innovative methods which
make the \'..'[:L'H]TI.'L'!‘SI.‘T\'.LllHI'l and recover b of mouse sporm

a practical, reliable and cost-effective colony '
I'o learn mone:

management tool.
1-800-422-MICE, 1-207-288-5845 or jaxservices@jax.org

JAX" Sperm Cryopreservation & Recovery Sorvices ~ !
—
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_.Guatnm Services

mm synthesis

—o mmm Isolation & Purification
——=® Restriction Endonucleases
———®DNA Molecular Weight Markers
——o8PCR- Related Products
—O@RNA-Related Pru:imts
—‘-Pmlah—ﬂela!&d F’rnmuts

———a SBS PreMix &
Elq‘-ﬂn"'n'rm i

—thI:Maw‘" Nuﬂlain Stain
alternative to Aﬁ

HO313N3ID S9S

—GBmhmnieals. Microtubes s Tips

Tel:+86-10-62969345,+86-10-62960346 Fax:+86-10-82784290

Enﬂm_bs@mhhnum M




What if staying up to date with the
latest technology published in journals
and patents were as easy
as pushing a button?

It 1s.

With the “Keep Me Posted” alerting feature, SciFinder sends you
automatic updates on areas you—and your competitors—are interested in.

You can monitor specific research topics, companies, authors, substances, or sequences, and choose
how frequently you receive notifications: daily, monthly, or weekly.

The service isn't just convenient, it’s incredibly current. Journal article records often appear in
SciFinder before they're even in print. New references, substances, and sequences are added daily.
Patents from all the major offices are added within two days of issuance.

As with all SciFinder features, Keep Me Posted is integrated with vour worktlow. Arany pointin a
search (including the beginning), simply click on the Keep Me Posted button. SciFinder tracks your
steps and will generate the appropriate alert—even for complex topies. When you receive a
notification, vou can follow each reference as vou would in a search: find citing or cited articles (with
links to the electronic full text), and follow referenced substances and reactions for further informaton.

Comprehensive, intuitive, seamless—5SciFinder doesn’t just alert vou, it's part of the process. To
find out more, call us at 800-753-4227 (North America) or 614-447-3700 (worldwide) or visit
www.cas.org/SCIFINDER.

SciFinder:

Part of the process.”

@ A division of the American Chemical Society. Scifinder is a registered trademark
of the American Chemical Scciety. “Part of the process” is a trademark of the American Chemical Society.



Go the Distance

UltratHi En=Ed ety SynthesiSior ol E0S P oZUUWHSES

WIthiVIasSiISpecie!

IDT continues to push the boundaries of DNA synthesis quality and performance. By leveraging

our industry-leading synthesis platform and chemistry, we now offer the custom synthesis of

Ultramers™; 60-200 base DNA oligos suitable for demanding applications such as cloning and gene construction
for use as synthetic template. Save time and trouble with direct synthesis of the entire target fragment!

To maintain our commitment to high quality, a proprietary LC-MS method has also been developed to
provide accurate mass assessment for Utramers™. As always, this service is offered free of
charge for each oligo with all data accessible online.

Ultramers specifications:

« 60 to 200 DNA bases

e Delivered normalized (3 nanomoles) and lyophilized In tubes
« Ideal for gene construction, cloning and ddRNAI

s PAGE purification and plate synthesis options also avallable

Go to www.idtdna.com/ultramers for more information.

T IDT Innovation and Precision in Nucleic Adt;

INTEGRATED DNA .
TECHNOLOGIES www.idtdna.com 800.328.2657 b
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