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GEMETICS
A Common Allele on Chromosome 9 Associated with Coronary
Heart Disease
R. McPherson el al.
10.1126/science. 1142447

A Commeon Variant on Chromosome 9p21 AHects the Risk
of Myocardial Infarction
A Helpadottir el al.

10.1126/science. 1142342
About one of every four Caucasians carries a sequence variation at a regulatory
region of chromosome 9 that conlers an elevated risk of heart disease.

CONTENTS I

ASTROPHYSICS
Tracking Solar Gravity Modes: The Dynamics of the Solar Core
R. A. Garcia et al.

Satellite detection of deep buoyancy-driven oscillations within the Sun implies that
the salar core is spinning faster than the surrounding radiative zone,
10.1126/science, 1140598

> News sfory p. 673

CELL BIOLOGY

How Synaptotagmin Promotes Membrane Fusion

5. Martens, M. M. Kozlov, H. T McMahon

A synaptic vesicle protein completes the final steps of membrane fusion by causing

membrane curvature when triggered by a pulse of calcium,
10.1126/science. 1142614

REVIEW

PHYSICS
Ultracold Neutral Plasmas
T. C. Killian

BREVIA

CLIMATE CHANGE

Recent Climate Observations Compared to
Projections

S. Rahmstorfet al.

Sea level and global mean air temperatures have risen mare
since 1990 than climate models used in the IPCC predicted,
and IPCC projections may underestimate future sea levels.
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Large Longitude Libration of Mercury Reveals
a Molten Core

] L Margot, 5. ], Peale, R. E Jurgens, M. A. Slade, 1. V. Holin
Radar measurements of Mercury's spin state and the oscillation of its
orbit imply that the planet has a partially molten iron core that is
decoupled from the manile.

== Perspective p. 702

PLANT SCIENCE

Signals from Chloroplasts Converge to Regulate
Nuclear Gene Expression

S. Koussevitzky el al,

In a critical regulatory loop Tor plants, damaged chloroplasts
signal their status to the nucleus via a single signaling pathway
and its key component, GUN1.

== Peripaciive p. J00

DEVELOPMENTAL BIOLOGY

Blastocyst Axis Is Specified Independently of
Early Cell Lineage But Aligns with the ZP Shape
Y. Kurotaki, K. Hatta, K. Nakao, Y. Nabeshima, T. Fufimon
Time-lapse imaging shows that the axis of the mouse embryo is not
specified intrinsically but is influenced by the shape of the overlying
zona pellucida.

> Perspective [r8 697
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PHYSICS

Quantum Coherent Tunable Coupling of
Superconducting Qubits

A. 0. Niskanen et al.

The temporal coupling of two optimally biased qubits can be switched
on and off with a third intermediate qubit.

PHYSICS

Beating the Standard Quantum Limit with
Four-Entangled Photons

I. Nagata, R. Okamoto, ]. L O'Brien, K. Sasaki, 5. Takeuchi
Sets of four-entangled photons and their interference patterns can be
used to yield precise measurements beyond the assumed limit.
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MATERIALS SCIENCE

Germanium Nanowire Growth Below the 729
Eutectic Temperature

5. Kodambaka, ]. Tersoff, M. C. Reuter, F. M. Ross
Semiconductor nanowires can be grown using liquid or solid catalysts
at temperatures below that of a stable liquid.

= Perspective p. 698

CHEMISTRY

Synthesis of Tetrahexahedral Platinum 732
Manocrystals with High-Index Facets and High
Electro-Oxidation Activity

N. Tign, £.-Y. Zhow, 5.-G. Sun, ¥. Ding, Z. L. Wang
Electrachemical synthesis converts larger platinum nanospheres on
glassy carbon electrodes into nanocrystals with up to 24 faces,
providing a higher catalytic activity.

== Peripective p. 699

GEOGRAPHY

Roadless Space of the Conterminous United States 7136
R. D. Watts et al.

Conwerting the average distance to any road within a landscape into a
volume metric yields a measure of roadless space lor use in ecology
and urban planning,

PLAMETARY SCIENCE

Pyroclastic Activity at Home Plate in 738
Gusev Crater, Mars

5 W, Sguyres et al,

Thie Mars Exploration Rover Spifit has mapped rocks in an exposed
impact crater that formed from a volcanic explosion, perhaps when
basaltic magma met subsurlace water,

ECOLOGY

Local Replenishment of Coral Reef Fish Populations 742
in a Marine Reserve

G. R. Almany et al.

Asurprisingly large fraction (~60%) of larvae from coral reel fish
return to their home reef after dispersal.

MOLECULAR BIOLOGY

Developmentally Regulated piRNA Clusters Implicate 744
MiLl in Transposon Contral

A A Aravin et al,

A small class of RNA found only in the germ line helps to

suppress transposons— parasitic DNA elements—in mice,

as they do in Drosop i,

BIOCHEMISTRY

Protein Dynamics Control the Kinetics of Initial 747
Electron Transfer in Photosynthesis

H. Wang el al.

The initial charge separation in photosynthesis is limited by protein
motion, rather than by a static electron transfer rate.

= Perspective p, 703

BIOMEDICINE

Reducing Endogenous Tau Ameliorates 750
Amyloid [i=Induced Deficits in an Alzheimer's Disease
Mouse Model

E. D. Roberson et al.

Mice with cognitive deficits resembling Alzheimer's disease show
improvement when levels of a pratein found in neurafibrillary tangles
are transgenically reduced,

IMMUNOLOGY

Regulation of NF-wB Activation in T Cells via 754
Association of the Adapter Proteins ADAP and CARMAL

R. B. Medeiros et al.

An adapter protein that links antigen activation of immune cells to
cell adhesion also acts through a signaling protein complex o induce
immune response genes,

NEUROSCIENCE

Specialized Inhibitory Synaptic Actions Between 758
Nearby Neocortical Pyramidal Neurons

M. Ren, Y. Yoshimura, N. Tokada, 5. Horibe, Y. Komatsu
Unexpectedly, the main excitatory nedrons in the mouse

eartex strongly inhibit each other via axon-to-axon activation of
inhibitory interneurans.
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L M. Karnilz and 5. . Fells
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the protein kinases in yeast.
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The Cold Side of Plasmas

lonized gases, or plasmas, are present through
oul the universe over a wide range of densities
and temperatures. Some are extremely hot, such
as in the Sun’s corona; others are very dense
plasmas found within white dwarfs. Killian

{p. 705) reviews recent work on an exotic class of
plasmas in which the jons move in a neutralizing
background of electrons at low temperatures.
The ions undergo a rich variety of collective
motions that provide challenges to compulta
tional efforts, but may answer some of the cur-
rent questions about planetary interiors and
laser-compressed materials.

Mercury's Molten Core

Mercury is expecled to have a metal core and
silicate manile, but thermal models make a wide
range of predictions about the physical state of
its core, Although the existence of a magnetic
lield is suggestive of a molten core dynamao, the
field could be caused by remnant magnetization.
Margot et al. (p. 710; see the cover and the
Perspective by Solomon) have used a novel
technique of radar speckle interferometry to
probe Mercury's rotation dynamics, The planet
wobbles in longitude in synchrony with its 88
day orbital period. Couplings between the
planet’s spin axis, wobble, and orbit suggest thal
the mantle of Mercury is decoupled from a core
that is at least partially molten.

Dynamic Qubit Coupling
Large-scale quantum information processing will
require that the interactions between individual
qubits be controlled while retaining quantum

coherence. Dynamic coupling of the qubits would
simplify the circuitry and allow the system to be
broken up into smaller units, Niskanen et al.
(p. 723) demonstrate dynamic switching of the
coupling of two superconducting flux qubits via a
third intermediate qubit, and illustrate the coher
ence retention by running a quantum algornithm

that detects hackers trying Lo infilirate the system,

Entangled Quantum
Metrology

The use of entangled quantum-mechanical
systems is expected Lo lead to improvements in
precision measurements beyond what can be
achieved with classical physics technigues.
Nagata et al. (p.726) used sets of four entan-
gled photons to demonstrate how interference
measurements can reveal patterns expected ol
light one-quarter the wavelength of the photon
used. Their results open the way for applications
to high-precision measurements and the devel
opment of guantum metrology with multiple
entangled states.

Platinum Nanocrystals with
High-Index Facets

For catalytic applications, metals are often used
as nanoparticles to increase their surface area
and lo create a high density of sleps and defects
that can act as active sites for reactions.
Nonetheless, most of @ metal nanocrystal's sur
face is made up of “low index” surfaces such as
[111] facets that are flat and relatively free of
defects. Tian et al. (p. 732; see the Perspective

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

<< Plastid Distress Signal

Plastids, including plant chloroplasts, are built and
operated largely under the control of the nuclear
genome. Largely, but not exclusively, plastids
carry their own residual genome and can talk back
when things go awry. Koussevitzky et al. (p. 715,

published online 29 March; see the Perspective by
Zhang) now show that several signaling pathways
that carry news of disaster from the plastid to the
nucleus actually converge into one signaling path-
way before the news emerges from the chloroplast.
Thus, the nucleus receives a coherent report that inte-
grates several aspects of chloroplast function, Gunl pro-
tein is identified as a key integrator within the chloroplast,
and ABI4 as a key transcription factor within the nucleus that
responds to the news by altering gene transcription.

by Feldheim} report on an electrochemical
route that creates tetrahexahedral (THH) plat
inum nanoparticles (with a diameter of ~100
nanometers) from larger Pt nanospheres that
had been deposited on glass carbon electrodes.
A series of square-wave redox pulses create
these smaller nanocrystals that exhibit 24 high-
index facets such as the highly stepped [730] or
[530] facets. Relative to the rounded PL nano-
spheres, the THH particles exhibit much higher
aclivity for the electro-oxidation of formic acid
and ethanol for the same surface area.

Going Off Road

The density and distribution of roads is at the
center of major questions in ecology, use of nat
ural resources, and urban and transportation
planning. A useful measure for comparison and
analysis of change over time needs to be rela-
tively scale inde-

pendent and

sensitive to both

the number of

roads within an -

area and their
distribution. 4
Watts et al.
(p. 736} devel
oped a melric
based on the

distance Lo a At
road in a defined
area, which essentially represents a volume,
They have applied this metric, and the per
capita equivalent, to all of the counties in the
United States.

Continued on page 659
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CREDIT WANG ET AL

This Week in Science
Continued from page 657 N5 VWEEK 1N ocience

Extrinsic Developmental Patterning

Fly, worm, and frog embryos sport maternal factors to specily early asymmetry and axis development,
but opinions differ whether asymmetry in the mammalian embryo is prepatterned or if the axis is
specified later in development. Kurotaki et al. (p. 719, published online 19 March; see the Perspec
tive by Behringer)} used real-time whole-cell tracing and a transgenic mouse line with labeled chro
mosomes 1o follow cell lineages in vitro and in vivo, No lineage dependency was observed up to the
four-cell stage with regard to the embryo axis; however, cell lineage and the embryonic axis were
allected by physical restriction via the zona pellucida. Thus, axis positioning of the early mouse
embryo is specified by factors outside the embryo and not by factors within the blastomeres.

Modeling Photosynthetic
Energy Conversion

The initial energy conversion step in the photo
synthetic reaction center transfers an electron
from an excited donor to a neighboring accep-
tor. The rate of this eleciron transfer has been
difficult to model based on a static barrier
between initial and charge-separated slates.
Wang et al, (p. 747; see the Perspective by
Skourtis and Beratan} show that protein
dynamics dictates the kinetics. They measured
protein relaxation dynamics during electron
transfer and could quantitatively fit the elec
tron transfer rates of wild-type and several mutant bacterial reaction centers with a reaction diffusion
model for electron transfer that incorporates the dynamics.

Tau Reduction and Cognitive Decline

The brain pathology in Alzheimer’s disease involves both neurofibrillary tangles rich in the protein
tau and plaques containing amyloid- 3 peptide (A[3), but the relative contribution of each to cognitive
impairment is unclear. Roberson et al. (p. 750} find that cognitive and neuronal deficits in two
transgenic mouse models of Alzheimer’s disease are prevented when endogenous tau production is
eliminated or reduced by 50%. The effect of tau reduction was robust, despite the absence of tau
mutations, hyperphosphorylation, overexpression, or aggregation into neurafibrillary tangles in these
models. Tau reduction did not block plague-associated neuritic dystrophy, indicating that neuritic dys
traphy can be dissociated both from tau and from Af-induced cognitive impairments,

Adapting the Adapter

Adapter proteins connect the proteins involved in multiple cell signaling pathways. In T cells, the
adapter protein ADAP regulates certain signals from the T cell receptor (TCR) that influence the func-
tion of integrin adhesion receptors. Medeiros et al. (p. 754) found that ADAP also associates directly
with another adapter, CARMAL, a membrane-associated protein that couples TCR signaling to the
activation of the core transcription factor NF-kB. This association involved the assembly of a multi
protein complex that failed to form in the absence of ADAP and corresponded with impaired NF-xB
activity. The study introduces a key new step in regulating the pathway that connects TCR activation
with the transcriptional response to infection.

Synaptic Communication

The traditional view of pyramidal neurons, which are excitatory, is that they can only excite their
downsiream targel cells, However, Ren et al, (p. 758) report that cortical pyramidal neurons can
elicit an inhibitory synaptic current in another neighboring pyramidal neuron, These unusual
responses were caused by axo-axonic disynaptic connections onto y-aminobutyric acid (GABA}-Teleasing
terminals localed on or near the soma of the postsynaptic pyramidal cell. These so-called inter
pyramidal inhibitory postsynaptic currents were remarkably large and frequent, which suggests that
they play an important role.
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Donald Kennedy is the
Editor-in-Chiel of Scence.

Turning the Tables with Mary Jane

SOME OF THIS IS ABOUT—MARIJUANA. JUST SO YOU'LL KNOW, THERE'S NOTHING IN HERE
about what we were all doing back in the day (though of course, we never inhaled), The reason
to give marijuana some attention here is a legal case that has wedged open an important chapter
in the relationship between law and science. It pits some health activisis against a law in the
United States called the Data Quality Act (DOA). The turnaround is that DOA has usually
helped industry fight off regulation. Not this time; here’s the backg round.

Many basic scientists would be uneasy 1fthenr primary data—not what's in their publications,
but what's in the lab notebooks—would be available for others to fiddle around with and then
publish a different conclusion. But in another scientific culture, that's routine. In the ULS. Food
amd Drug Administration, where science has regulatory outcomes, inspectors go
regularly into labs wo look at the books,

Well. these cultures occasionally menge to generate political acton, Back in
the "90s when the ULS. Environmental Protection Agency was revising the
National Ambient Air Quality Standards for ozone and small particles. its
stafT used the Six Cities Study, a Harvard School of Public Health analysis
demonstrating a correlation between particulate concentranions and mortality.
Recognizing that Six Cities could escalate the rnisk of particulate regulation,
industry demanded the primary data tapes so that they could reanalyze them.
Harvard said no, but soon Congress took over.

First, Senator Richard Shelby (R-AL) mtroduced an Amendment to the
1999 Omnibus Appropriation Bill charging the Office of Management and
Budget (OMB) to guarantee access, under the Freedom of Information Act. to
data produced with the use of federally funded research. After two rounds
of rule-making. OMB issued a final order putting the Shelby Amendment
in regulatory form. That opened the door to the DOQA, an amendment 1o
the Paperwork Reduction Act of 1980, OMB, in response, required each
agency to establish guidelines ensuring the “quality. objectivity. utility, and
integrity” of information it disseminates. DOQA's legislative history is sparse,
because like the Shelby Amendment. 1t was tacked onto an appropriations bill in the dark.
Its real author was an industry lobbyist named Jim Tozz, who had also worked on the Shelby
Amendment. Thus, the DOA s often called “Son of Shelby.”

It should not surprise us that the DOA has seen heavy use. The ink on the OMB regulation
had scarcely dried when the Center for Regulatory Eftectiveness, headed by none other than Jim
Tozzi, urged its constituents to use DOA to challenge the “junk science™ oftered to suppon
health and environmental regulation. Naturally. the Center for Progressive Reform exhorted its
troops to get active on the other side. Who won?? It wasn't even close. By 2004, the Washington
Past had counted 39 serious challenges under the DOA, of which 32 had been filed by industry
or industry organizations.

MNow, back to marijuana, Americans for Safe Access (ASA) a group advocating marijuana
availability for severely ill patients needing pain or nausea rehief, petitioned the Depariment of
Health and Human Services (HHS) under the DOA in 2004, They alleged that HHS made false
statements in its publications and 1ts Web site, in particular that marijuana “has no currently
aceepted medical use i treatment inthe United States” ASA cited an Institute of Medicine study
that acknowledged benetits from the use of marijuana and cannabinowd derivatives and referenced
double-blind elinical trials demonstrating relief from pain and vomiting. HHS delayed a response
tor months beyvond its own deadline. rejected the petition. and then rejected the appeal.

ASA finally brought its case to federal court, asking it to substitute for the agency’s false
statement one that says. “Adequate and well-recognized studies show the efficacy of manjuana
in the treatment of nausea, loss of appetite, pain and spasticiy.”™ Will the judge make HHS
change, giving ASA the injunctive reliel it seeks? We'll have to wait to see whether this case
tuns the tables on DOA, but its already clear that HHS has violated its own DOA guidelines
eoing, vou might say, one toke over the line,

-Don Kennedy

10.1126/science, 1143936

www.sciencemag.org SCIENCE VOL316 4 MAY 2007 661




662

EDITED BY GILBERT CHIN AND JAKE YESTON

EVoLurion

Survival Aids

Agarics—fungi that include the common mushroom—are diverse in morpholoegy and in ecological niche: puffballs, gilled
mushrooms, decomposers of wood, and mutualistic partners to ants. Alas, tracing their evolutionary radiations has been
hampered by the dearth of fossil samples.
Garmica et al. have performed a molecular analysis of nuclear genes and a microscopic analysis of agaric spore structures in
order to better understand the organization of this group. Using these two features, they rearranged relationships, such that
some species were flung apart and others recognized as more closely related than previously thought. It appears that one major
evolutionary innovation led to the acquisition of thicker walls and darker pigmentation of the spores. The authors
suggest that these sturdier spores were better able to tolerate the relatively harsher conditions on dry land (and, in some cases,
in herbivore digestive tracts), where water conservation and resistance to ultraviolet radiation can be a great help. — PJH
Mycol. Res. 111, 10,1014/, mycres.2007.03.01% (2007).

CELL BIDLOGY
Outside Inside

In macrophages that have been infected by HIV-
1, the newly synthesized virions bud into an
intracellular compartment, which has been
thought to be derived from endosomes because
it contains the endosomal membrane protein
CD6&3. However, there currently is some contro
versy about the site of viral budding because a
variety of viral components are directly targeted
to the plasma membrane and because virus
assembly has clearly been observed on the sur
face of infected T cells.

Deneka et al. show thal, although the bud
ding compartment in macrophages appears at
first glance to be intracellular, it is in fact still
connected to the cell surface and can be
accessed directly from the extracellular
milieu. The authors identify several
of the membrane proteins

“Intracellular” compartments
accessible to horseradish per-
oxide {(blue} and anti-CD8&1
(red) contain virus (green).

three members of a protein family
known as tetraspanins, CD81, CD9, and
CD53—that define this unanticipated plasma
membrane domain, and confirm that a similar
compartment exists in uninfected cells. These
membrane-delimited structures were accessible

to two membrane-impermeant molecules (horse-

4 MAY 2007 WVOL 316 SCIENCE

radish peroxidase and ruthenium red) added to
the external medium and also to antibodies (as
long as the cells were kept at 4°C to prevent
active uptake). These findings are consistent with
recent work by Welsch et al. and by Jouvenet ef
af. that together support the notion that HIV
normally buds from the plasma membrane dur
ing productive infection. — SMH

J. Cell Biol. 177, 329 (2007); PLoS Pathog. 3, e36

(2007); PLoS Biol. 4, e435 (2006).

CHEMISTRY
A Material Difference for DFT

The accuracy of density functional theory (DFT)
calculations, which is limited by the approximate
trealment of the exchange-correlation (XC) func
tional, can be tested for small systems by wave-

function methods. In systems too large to eas
ily apply such a test, especially those with
strong electron correlations, it has often
been hoped that the errors in total
energies would cancel out when dif
ferences were evaluated. An example
where this cancellation fails is the
low-coverage adsorption of CO on
close-packed surfaces of copper and
platinum, for which DFT calculations favor

the threefold hollow site over the experimen
tally determined “on top” site (binding to just
one melal atom} by at least 0.4 eV, Hu et al. per
formed high-level guantum chemistry calcula
tions on small metal clusters (copper and silver)
to evaluate the XC energy error of DFT. The XC

correction (the difference between the energy
from DFT and that from the higher method)
varies for different methods and continues to
change as cluster size increases. However,
because of the short-range nature of this error,
the differences in the XC correction between dif
ferent types of sites on the cluster converge to a
constant at cluster sizes as small as ~20 atoms,
By applying this correction to the DFT results, the
authors obtained the correct on-top site prefer
ence for CO on copper, as well as the correct
result for silver. This approach can also be
applied lo bulk systems and defects. — PDS
Phys. Rev. Lett. 98, 176103 (2007).

BIOCHEMISTRY
Through the Side Door

The hydrolysis of peptide bonds is a common
place biochemical reaction and is catalyzed by
innumerable proteases and peptidases, most of
which have excruciatingly well-documented
mechanisms. Because both of the reaction sub-
strates are hydrophilic, it is not surprising that
these enzymes are found and do function in
agueous compartments; a handful of proteases
are, however, integral membrane proteins.
Recent structural descriptions of the bacterial
enzyme GlpG have placed the catalytic serine
residue at a depth of about 10 A beneath the sur
face of the lipid bilayer, which fits with the pre-
dicted location of the hydrolyzed peptide bonds
in known intramembrane protease substrates.
Baker et al. have mutated carefully chosen

WWW.SCiencemag.org
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residues in GlpG and assessed the ability of the
mutants Lo cleave the Drosophila protein Spitz,
which is the substrate of the Drosophila intra-
membrane protease Rhomboid. They find that
the substrate is likely to gain access, not by lifting
the lidlike L1 loop on top of the active site, but by
entering from within the lipid bilayer via a dis-
placement of transmembrane helix 5, in a man-
ner that is reminiscent of the translocon-medi-
ated expulsion of newly synthesized membrane
proteins, — G]C
Proc. Notl. Acad. Sci. U.5.A,
10.1073/pnas.0700814 104 (2007).

CHEMISTRY
Water Lends a Hand

Although the global chirality of molecular
aggregates is strongly influenced by the
individual chirality of the building blocks,

it is not generally a simple matter o pre-
dict one from the other. In a series of careful
experiments, Johnson ef al. uncover the subtle
environmental factors that determine the helical
handedness of roselte nanotubes assembled in
solution from small organic helerocycles bearing
a chiral side chain. The heterocycles (which are

RVAAAS
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self-complementary toward hydrogen bonding)
first form hexameric supermacrocycles, which in
turn stack into a helical arrangement. Dissolu-
tion of a single enantiomer of this building block
in methanol gives rise to one helical isomer, bul
addition of as little as 1% water to the solvent
instead induces opposite helicity in the stacks.
The authors show that the water-induced product
is thermodynamically favored, but faces a larger
kinetic barrier than its counterpart to formation
in pure methanol
(though aggregation in
both senses appears lo
be accelerated in the
absence of water). They
further find that chiral
inversion of the kinetic
isomer in methanol
can be catalyzed by the
thermadynamic iso-
mer. Inversion is also
passible at an early
stage by heating,
though after 3 days the kinetic isomer becomes
stereochemically locked, a result attributed in
part to extensive solvation. — MSL

J. Am. Chem, Soc. 129, 5735 (2007),

<< miRNAs Have Big Effects in the Heart

MicroRNAs (miRNAs) are important regulators of gene expression
during development, through their ability to turn off the translation of
targeted mRNAs. Two studies describe how miRNAs contribute to heart
development and physiology [see also van Rooij et al.. Science 318,

575 (2007)). Yang et al. show that miR-1 abundance increases in

patients with coronary heart disease and in rat models of cardiac infarction (heart attack), specif-
ically in the ischemic area relative to the expression in the nonischemic area. Arrhythmias often
occur after a heart attack and, in the rat model, delivery of an antisense oligonucleotide (which
decreases the abundance of mif-1 in the myocardium) decreased postinfarct arrhythmias. Con-
versely, overexpression of miR-1 increased the occurrence of postinfarct arrhythmias and pro-
moted arrhythmia in healthy hearts, The pathophysiology appeared to result from slowed con-
duction and depolarization of the heart, which were reversed by treatment with the miR-1 anti-
sense oligonucleotide. Sequences complementary to miR-1 were present in the 3™-untranslated
regions of the transcripts for the Kir2.1 subunit of the potassium channel, which is primarily
responsibile for setting the resting membrane potential, and for the connexin 43 gap junction
protein. Indeed, these two proteins were less abundant in rats that had experienced myocardial
infarction, and this drop was eliminated if the rats were treated with the antisense oligonu-
cleotide to miR-1. To verify that these two proteins were responsible for the arrhythmias, each
was knocked down by RNA interference, and this caused arrhythmias in ischemic hearts,

Zhao et al. examined the role of mif-1-2 in heart development and found that homozygous
knockout mice showed an increased occurrence of death due to ventricular septal defects, which
may have been the result of increased abundance of the transcription factor Hand2 (a key regu-
lator of cardiac morphogenesis). Mice that survived exhibited cardiac hyperplasia due to an
increased number of postnatal cells undergoing cell division. These mice also exhibited cardiac
arrhythmias, which appeared to be due to allered potassium channel abundance as a conse-
quence of increased abundance of the transcription factor Irx5 (a repressor of the potassium
channel gene Kcnd2). — NRG

Nat. Med. 13, 486 (2007); Cell 129, 303 (2007).
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SPOTLIGHT: SINGAPORE

Dr. Judith Swain Leads the
Singapore Institute for Clinical Sciences

Professor Judith L. Swain is the founding Executive Director of the
Singapore Institute for Clinical Sciences (a research institute of the
Agency for Science, Technology and Research, A*Star). Widely
regarded as one of the world's leading molecular cardiologists, she
served as Professor of Medicine, Dean for Translational Medicine and
the Founding Director of the College of Integrated Life Sciences at
University of California San Diego. Prior to her tenure at UCSD, she
served as Arthur Bloomfield Professor and Chair of the Department
of Medicine at the Stanford University School of Medicine. Professor
Swain's research interest has been in cardiovascular system
development and now includes human performance in extreme and

complex environments.

What unique opportunities
does Singapore present for
biomedical research?

The biomedical research effort in
Singapore is unique in several ways.
First and foremost, there is a clear
and long-term commitment by the
government to the biomedical
research enterprise. Second, there

is an excellent basic research
community already in place, and the
facilities and resources to support
these investigators.

What is Singapore’s advantage?

Clinical and translational research
requires a coordinated effort
between the basic research
institutes, medical schools and
hospitals and the biotechnology
and pharmaceutical industries.
Singapore is small and nimble
enough to bring these different
components together in a way that
is difficult, if not impossible, to do
in other places.

What else about Singapore
attracted you to the country?

There is a “can do” attitude in
Singapore that is infectious.

Also, the people | work with are
wonderful and have been terrific
about introducing us to the culture
of Singapore. I've spent the last 25
years recruiting physician
investigators and building
translational and clinical research
programs. The move to Singapore
allows me to help develop
programs in a region of the world
that is rapidly growing and where
there is a strong commitment to
building and supporting the
biomedical research enterprise.

Please tell us about the
Singapore Institute for
Clinical Sciences (SICS)?

The goal of this new A*STAR
institute is to become a bridge

for research programs between the
other more basic research institutes
in A*STAR and the medical schools
and hospitals in Singapore. For
instance, a new program in our
institute will focus on metabolic
diseases such as diabetes and
obesity, and will span from
laboratory-based studies to studies
in humans.




Translational medicine is one
of today’s hot buttons. How
do you see scientists in
Singapore contributing

to its development?

| define translational medicine as a
two-way process — utilizing
knowledge gained from the
laboratory to develop new
therapies and diagnostic agents, as
well as utilizing the knowledge
gained from studying patients to
better understand disease
processes. The strong basic science
carried out in Singapore, together
with outstanding medical care
provided by clinicians and clinician
investigators and strong public
and private support for research,
provide all the ingredients
necessary for success in
translational research.
Additionally, Singapore is uniquely
suited to play a leading role in
understanding diseases that have

a high incidence in Asians and in
developing therapies to treat
these diseases.

Who are some of the
scientists you look forward to
working with in Singapore?

As | am fond of saying, clinical and
translational research is a team
sport. | have already met a
number of scientists — basic
scientists, clinician investigators,
engineers — at A*STAR and the
medical schools and very much
enjoy working with a wide range
of people here.

Are there other areas of
research in Singapore that
you feel are particularly
significant?

I'm impressed with the physical
and computer sciences in

Singapore, The students as a whole
are well versed in math and

science and there is real excitement
about undertaking quantitative
science. Young scholars in
Singapore have an advantage over
those in other places because of
the strength of math and science
education in the schools.

What role have opportunities
in stem cell research played in
your decision to move?

Singapore’s approach to stem cell
research is an excellent indication
of Singapore's approach to science
in general: study the issues,
provide a strong ethical framework
in which to work, and then get
going. It is nice to see a country
able to articulate the issues,
develop a plan and then carry out
that plan in a timely fashion.

How will Singapore’s Biopolis
complex help further your
research? What do you like
about the Biopolis?

The Biopolis is a wonderful

facility in which to do science.

The laboratories and equipment

are state of the art. But the best
thing about the Biopolis is the
people — wonderful and inquisitive
trainees, excellent staff and strong
lead scientists.

Biopolis, Singapare's biomedical sciences hub

5P ¥
L

See you in Singapore at:

Healthcare Information
& Management Systems
Society (HIMSS)

May 15-18, 2007
www.himssasiapac.org

27th Intemational

Epilepsy Conference

July 8-12, 2007
www.epilepsysingapore2007.org

AlIGS World Glaucoma Congress
July 18-21, 2007
www.globalaigs.org

18th WOMNCA World Conference,
Genomics & Family Medicine
July 24-27

www.wonca2007.com

American Association for Cancer
Research (AACR) Centennial
Conference: Translational

Cancer Medidne

MNovember 4-8, 2007
WWW.aacr.org

World Healthcare Congress Asia 2008
www.worldcongress.com

For more information, contact:

Singapore Exhibition &
Convention Bureau

1156 Avenue of the Americas
Suite 702

MNew York, NY 10036

(212) 302-4861
newyork@stb.gov.sg

5670 Wilshire Blvd.
Suite 1550

Los Angeles, CA 90036
(323) 677-0808
losangeles@stb.gov.sg

www.isitsingapore.com/businessevents
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Malaria-causing
plasmodium.

Taking Aim at Little-
Studied Diseases

Is the Achilles’ heel of the malaria parasite one
of the proteins that enable il to proliferate
prodigiously in human liver cells? Or maybe
one of the genes that activate when it takes up
residence in a female mosquito’s salivary
glands? This new database, launched by an
international team of scientists,
can help pin down potential drug
targets for malaria and other
diseases, mainly tropical ones,
that have gotten short shrift from
pharmaceutical companies.

For five killer pathogens, including the
tuberculosis bacterium and the parasite that
causes African sleeping sickness, the TDR
Targets Database compiles genomics data from
GeneDB, Tuberculist, and other sources. Users
hoping to improve their molecular marksmanship
can hunt for proteins by structural features,
including how many seqments penetrate the
cell membrane, or by whether they are essential
for survival. The entries also rank potential
targets on measures such as “druggability,”
which indicates whether small molecules are
likely to stymie them, ==
tdnargets.org

Wolf Clones in the Clear

Seoul National University announced last week
thal despite some sloppy editing of their report,
researchers have indeed cloned two wolves.
Readers questioned some statistics in the report,
published in March in the journal Cloning and
Stem Cefls, and the journal took it off its Web
site (Sciernce, 20 April, p. 347). But alter an
investigation, the university accepted researcher
Byung-Cheon Lee’s claim that he had made a
simple mistake in calculating the success rate
for woll cloning. Furthermore, it appears that a
junior researcher accidentally pasted in the
wrong table showing some DNA data. The
journal is wailing 1o receive the official reporl
befare putting the revised paper back online,

Shivering With the Sun

The sun vibrates like a ringing bell. Now
scienlists are finding that the whole Earth
and many things on and near it—even cell
phones—dance along,

wWww.sClencemag.org
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solar modes jiggling Earth's plasma-filled
magnelosphere, the ionosphere, the
geamagnetic field, the atmos
phere, and Earth itsell as
revealed in seismic records
of the planet's "hum."
While troubleshooting a
Midwestern cell-phone
system, Thomson stum
bled across solar-mode
fre{;uenmes IN UpsWings
in the rate of dropped
calls, related perhaps to
effects in the ionosphere,
Finding Earth and every-
thing around it shimmying o a
solar beat “is a little bit hard to
swallow,” says seismologist John
Orcutt of Scripps Institution of
Oceanography in 5an Diego,
California. But at least on the seismic side thal
he's looked at, "I think it's a good, strong story.”

A Long-Lost Relative

Lonesome George, a Galapagos giant tortoise locally known as Solitario Jorge, is called the
“rarest living creature” by Guinness World Records. After a futile worldwide search in zoos to
find others from his home island of Pinta and failed efforts to get him to mate—including fly-
ing in a Swiss zoologist to extract some sperm—70-year-old George seemed destined to stay
the last of his species.

Until now. A team of geneticists led by Adalgisa Caccone and Jefirey Powell at Yale University
report this week in Current Biology that, after analyzing DNA from 27 tortoises on neighboring
Isabela |sland, they've found a relative. One male turned out to be a cross between the native
species (Geochelone becki) and George's (G. abingdoni). Caccone says she plans to lead a bigger
expedition back to the |sabela Island turtle population—which may number up to 8000—1o
sample 1000 more. "Chances are guite high that there’s a pure Pinta individual out there,” says
Caccone, which means hope yel for finding George a mate or even an extended family.

“It's good o have a positive story in our world of diminishing biodiversity,” says Oliver Ryder,
a geneticist al the San Diego Zoo in California. Bul just in case no Kin turn up, the zoo hopes to
add tissue from George to their Noah's Ark of cell lines, perhaps one day to clone a twin,

What carries the tune is the thin solar wind
blowing through the solar system,
When statistician David Thamson
of Queen’s University in
Kingston, Canada, and
colleagues reported that
the wind vibrates at
the same distinchive
frequencies as the sun,
skepticism ran deep
(Science, 14 July 1995,

p. 160). Turbulence
should wipe out such

solar vibrations, or modes.
But those doubts are lifting,
and now the team has extended
its search for solar modes.

In the May Proceedings of the
IEEE, the researchers will describe
how they used mathematical
methods to unearth signals buried in the random
noise of geophysical records. They have found

The sun oscillates in and
out (reds and blues).
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VIO

AWARDS

NSF HOMNORS. Exciting, informative, possi-
bly even bubbly: These descriptions of a
chemistry demonstration also define the per-
sonality of Bassam
Shakhashiri, who

has spent a lifetime
popularizing chemistry,
On 14 May, the National
Science Foundation
(N5F) will bestow its
Public Service Award on
Shakhashir, a chemistry
professor at the
University of Wisconsin,
Madison, for raising
public understanding of science.

As head of NSF's education directorate
in the 1980s, Shakhashiri helped revive a
budget slashed during the first years of
the Reagan Administration. He has worked
tirelessly to spread science literacy at every
possible venue—from classrooms to retire-
ment homes. He's brought his "Science Is
Fun” message to radio and television, where
he's known for his annual PBS program
"Once Upon a Christmas Cheery in the Lab
of Shakhashiri.” “| urge fellow scientists to
commit themselves to promating science
literacy, " he says.

NSF is also recognizing physicist Shirley
Jackson, president of Rensselaer Polytechnic
Institute in Troy, New York, for her contribu-
tions to research, education, and policy. The
Vannevar Bush Award is the foundation’s
tribute to a lifetime of public service.

Gat a tip for this page? E-mail people@aaas.org

| _NEWSMAKERS
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STAR COMPANY. It sounds like the opening of some nerdy joke: A bil-
honaire and a cosmologist 2o for a horse-drawn carriage nde, But Texas
oil magnate George Mitchell and famed cosmologist Stephen Hawking
did qust that last month at Mitchells 2400-hectare spread outside
Houston. The unhkely bond 15 part o Mitchells effort to elevate his alma
mater, Texas A&M University in College Station, into the highest ranks
in cosmology and theoretical physics.

Since he met Hawking in 2002, Mitchell has donated slightly more
than 550 million to support cosmology research at Texas A&M, helping
to create a center for fundamental physics and endowing 10 chaired
professorships. He 1s also chippimg in 3250000 per vear to support collab-
orations between Texas A&M researchers and Hawking and colleagues at
the University of Cambridge in the LK.

“I"'ve been interested in cosmology since 1 was 13 years old, but 1 had
to find something in which [ could make a living.” says the 87-year-old
Mitchell. He became a petroleum engineer and founded Mitchell Energy
and Development Corp., which he sold in 2002, “George is a remarkable
man,” Hawking told the Houwston Chronicle last month, “He has enabled
us ... to attack some of the most challenging problems in cosmology.”

FUELING DRUG DISCOVERY. Three cules and help determine how cells behave.
researchers whose work revolutionized drug In the 1970s, when they began looking for
development have won one of medicine’s receptors, there was "tremendous skepticism
most lucrative prizes. The $500,000 Albany as to whether such things really existed,”
Medical Center Prize in Medicine and says Lefkowitz, who trained as a cardiologist
Biomedical Research, awarded last week, will before being drawn to the lab.
be shared by Robert Lefkowitz, 64, of Duke Inspired partly by President Richard
University Medical Center in Durham, North Nixon's war on heroin, Snyder discovered
Carolina; Solomon Snyder, 68, of Johns the opioid receptor, the target of this class
Hopkins University School of Medicine in of drug. Lefkowitz hit on receptors for
Baltimore, Maryland; and Ronald Evans, 58, adrenaline and noradrenaline, and Evans
of the Salk Institute for Biological Studies in found a key hormone receptor. Since then,
San Diego, California. other scientists have discovered hundreds
The three, friends but rarely collaborators, | more receptors that have helped drug
set out several decades ago to find and char- companies craft new therapies for asthma,
acterize receptors, proteins on the inside or cancer, schizophrenia, high blood pressure,
outside of a cell that bind to different mole- and other conditions.

Honors >>

HOT STREAK. A medical doctor who turned to research, Japanese immunal-
ogist Shizuo Akira chose innate immunity as a topic 10 years ago at a time
when most work in the field concentrated on acquired immunity. Today, the
Osaka University researcher’s name is on everybody's lips, to judge by the
scientific literature.

For the second year in a row, Akira has earned the title of Thomson
Scientific’s "Hottest Researcher,” thanks to authoring seven of the most
highly cited scientific papers over the last 2-year period. Akira’s work focuses
on what are called Toll-like receptors (TLRs), which play a crucial role in the early immune response
to invading pathogens. Bruce Beutler, an immunologist at Scripps Research Institute in 5an Diego,
California, says Akira not only created knockout mice for all 10 known TLRs but also determined the
function of these receptors and showed how the signaling molecules interact. “Shizuo has been
adroit in picking an emerging topic and going after it in an enviable way,” says Beutler.

Akira laughs when asked whether he can score a third time. His main area—the signaling path-
way involving TLRs—has been well explored. And he has “noidea” whether he can continue to best
the competition as the field moves on to other topics.
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Beyond
earmarks

Congress Gives Rousing Support
To Cluster of Innovation Bills

The LLS. Senate has a reputation
for looking at the big picture, the
House for attending to detmls,
Both bodies followed that pattern
last week. passing a collection of
bills that would sigmificantly
boost the government’s support
for research and traiming. The
White House opposes most of the
bills, which draw heavily from a
2005 Natonal Academies’ report.
but the lopsided margins of vie-
tory suggesi that they could
become law if the Democratic-
controlled Congress decides to
make them a priority.

The Senate bill. called the
America COMPETES Act (S, 761 ),
15 the more impressive accomplishment, The
acronym sums up its sweeping nature: Creat-
ing Opportunities to Meanmgtully Promote
Excellence in Technology, Education, and Sci-
ence. Mearly 2 vears in the making. 1t 15 a
bipartisan measure with 63 co-sponsors and

RESEARCH FUNDING

E | &0V

'\j\l

A House united. Representative Bart Gardan (D-TN) touts the Democrats’
innovation agenda after last week's votes,

the support of the chairs and ranking members
of three committees with jurisdiction over
most of ¢ivilian scence and education across
several federal agencies. “This legislation rep-
resents the best way tor our country to keep its
brampower advantage, and our brainpower

Aspace plan
for Europe

advantage is the way we keep good-paying
jobs from going overseas,” said Senator
Lamar Alexander (R-TN), after the 25 April
vote, immodestly calling it “the bigeest piece
of legislation in Congress this year”

The bull, which passed by a margin of 88 to
8. would authorize a 3=vear dou-
bling of the National Science
Foundation’s (NSFS) budget and
lesser but still substantial hikes for
the Office of Science at the
Department of Energy (DOE) and
the National Insutute of Standards
and Technology (NIST ). It would
fund new and expanded education
and training programs at NSF,
DOL, and the Depantment of Edu-
cation at all levels, from elemen-
tary through graduate schools, Ina
statement before the vote oppos-
ing passage, the White House
budget office called the authonza-
tion levels “excessive and inappro-
priate” and complained about the
“unnecessary bureaucracy and
education programs.” The Admimstration has
proposed a 10-year budget doubling for NSF,
DOE science. and NIST s in-house labs in
its American Competitiveness Initiative
(Seience, |7 February 2006, p. 929),

Meanwhile, the House i1s moving several &

European Research Council Deluged After First Call for Proposals

When the leaders of the Evropean Research
Council (ERC) started planning their first call
for proposals last vear, they expected an
enthusiastic response from scientists secking
a slice of the €290 million in research
funds—perhaps as many as 3000 applications
for the 200 vo 250 grants the ERC planned to
give out to young researchers in 2007,
Instead, when the deadline for the first round
had passed last week. 9167 proposals had
flooded in—an “astonishing™ number, says
Helga Nowotny, vice-chair of the ERC’s
scientific council,

Although a clear vote of confidence for the
new funding agency, Nowotny says, the
response by Lurope’s scientists also poses an
acute problem: how o winnow out more than
97.5% of the proposals on a very tight
timetable, “It's horrendous,” says Frank
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Gannen, the outgomg head of the European
Molecular Biology Organization in Heidel-
berg, Germany. “Numbers like that are very
hard to handle for any fimding agency.”

The ERC will give out basic research erants
to individual scientists, based only on the qual-
ity of their grant proposal. That's a novelty for
the E.LUL, which has raditionally funded large
networks of labs and companies across the
continent to do mostly applied research.

The deluge won't compromise the review

process, promises ERC Chair Fotis Katatos of

Imperial College London. The agency isenlist-
ing hundreds of extra reviewers to provide
written analyses of grants to the 20 review
panels orgmally planned.

A possible downside of the mammoth
number of proposals is that a very low success
rate may discourage future applicants. But

Nowolny points out that a scientist’s invest-
ment of time—preparing a four-page pro-
posal—is relatively small for the payofl, The
review panels will be asked to pare down the
applicants by more than 90% dunng meetings
in June, so that those who make it through have
between a 30% and 50% chance dunng the
second stage, which includes writing a more
detailed proposal and possibly interviews.
Meanwhile. the ERC 1s preparing to launch
a second funding round for advanced
researchers later this vear.

The huge interest in this First round sends a
clear message to Curopean politicians, says
Peter Nijkamp, chair of the Dutch funding
agency NWO: The ERC was sorely needed,
but its budget—&7.5 billion for 2007 to
201 3—is “absolutely nsufficient.”

-MARTIN ENSERINK

www.sciencemad.org
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bills that are part of a package the Democrats
call their Innovation Agenda: it predates the
president’s proposal and also relies heavily on
the academies” Rising Above the Gathering
Storm report (Science, 21 October 2003,
p. 423). Last week. with fewer than two dozen
dhssenters, the House passed HLR. 362, which
would boost NSF programs to train more sci-
ence and math teachers and encourage more
students to pursue rescarch careers, and
H.R. 363, which increases support for voung

ASTROPHYSICS

Deep Ringing of the

How do you peer through a star’s worth of
multmillion-degree rotling plasma w grasp
the innermost workings of the sun” Very
steadily, for a very long time, from very far
away. 1t turns out,

Researchers report online in Seicnce this
week (www.sclencemag.org/cglr/content
abstract/| 140598) their analysis of 10 years
of contimuous observation from a perch just
sunward of Earth. They believe they are the
first to reliably detect excruciatingly subtle
vibrations in the solar surface coming from
the sun’s very core. Using the newly 1denn-
tied oscillations as a probe, they
have found strong hints that the
core 1s rotating faster than the rest
of the sun. Such extra zip may be
lefi over from the sun’s formation.,

“People have been looking for
these [vibrations] for 30 vears.”
says solar physicist John Harvey
of the National Solar Observa-
tory in Tucson, Arizona, If con-
firmed, he says, the discovery 15
*going to be one of the big mile-
stones of hehoseismology™—the
field in which researchers study
the solar internior using the sun’s
bell-like ringing set off by
internal churnings.

Probing the shallow solar nte-
rior has long been routine, but
helioseismologists had never
before detected “g modes™ of
vibration. Some of these long-
sought waves pass through the tiny
solar core where fusion reactions
power our star, Little wonder

WWW.SCIENCEMag.orng

Threaten

investigators, This week, it was expected to
pass reauthorization bills for NSF and NIST,
Waiting in the wings is a bill to create a nimble
energy research entity modeled after the Penta-
gon’s Defense Advanced Research Projects
Agency. The precemeal legislation 1s consis-
tent with the philosophy of the chair of the
House Science and Technology Commitiee,
Representative Bart Gordon (D-TN). who
believes that more tghtly focused bills stand a
better chance of passage in the House,

Evolutionary
mosaics

The Senate is not expected to take up the
House bills, meaning that the next steps could
be a conference committee appointed by Sen-
ate Magonty Leader Harry Read (D-NV) and
House Speaker Nancy Pelosi (D-CA). But the
final format of such legislation 1s hazy at this
point. “Civen the overwhelming support for
these bills, if they really want to make it hap-
pen. they can do L™ says one agency lobbyist.
“But how do they craft the right package?
That’s the question.” ~JEFFREY MERVIS

Sun Hints at a Speedy Core

thev've eluded searchers. The g (for gravity)
mode vibrations probably originate when
down-rushing plumes pummel the stable deep
mtenor. Some of the resuling waves continue
downward and pass through the core but even-
tually reach the surface. By then., however,
they are feeble. rusing or lowening the surface
at only a few millimeters per second.

To detect such subtle breathing ol the

surface, helioseismologists Rafael Garcia of

the Astrophysics Service of the French
Atomic Energy Commission in Saclay and
colleagues went to the Global Oscillation at

One hot onion. The spacebo
'I‘E'.[II.I!'I'II_'III Can p I_I 1

probe the core
r vibrations.
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Low Frequencies (GOLF) instrument
onboard the Solar and Heliospheric Obser-
vatory. GOLF had been staring at the sun for
10 vears, measuring how the entire solar
disk nses and falls by examining sunlight
tor any Doppler shift. According to solar
theory, some g modes should be raising and
lowering a whole hemisphere every few
hours or so amad the far stronger, shallowly
propagating p (soundlike) modes and noise
of the turbulent sun.

Relyving on the long observational record
and the distinctive spacing of g-mode penods.
Garcia and his colleagues report that they
have detected the signature of g modes in
GOLF data, with a likelthood of 99.5% or
better. With less confidence, by comparnng
the observations with model g modes. they

see signs that the core is spinning three to five

times faster than the overlyving middle layer of

the sun, That extra spin could be lingering
from the sun’s formation, while the outer Lay-
ers have lost much of their rotational momen-
tum over the econs to the mass of solar wind
particles flung into space.

Ciarcia and s colleagues “are likely 1o

have seen an interesting pattern of

g modes.” savs Juri Toomre of the Univer-
sity of Colorado, Boulder. *The trouble is
there are not enough constraints to make
very many inferences” about the core. Many
poorly known properties of the core affect
the character of g modes, he notes. “1t's just
a very tough game.” To score more points in
the g-mode zame. researchers are looking to
replace the aging GOLF mstrument with an
even keener eve in the sky.

-RICHARD A. KERR
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U.S. SCIENCE FUNDING

DOE Cures Pork Project With Peer Review

Long dependent on the patronage ofa powertul
U.5. senator, a New Mexico neuroimaging
center has discovered a new route to govern-
ment research dollars: the front door at the
Department of Energy (DOLE). But the way it
got there has left some lawmakers with the
impression that the center 1s still benefiting
from its congressional patron.

Like other facilities with special ties to
Capitol Hill, the Mental llness and Neuro-
science Discovery (MIND) Institute at the
University of New Mexico in Albuquerque
began this vear with a daunting challenge.
The Final 2007 federal budget was largely
devoid of earmarks (see graph): money that
lawmakers designate for pet projects. bypass-
ing an agency's competitive funding proce-
dures. The MIND Institute has received
rougzhly 510 million a year from DOE since
1999 countesy of Senator Pete
Domenici (R-NM ). a longtime
chair or ranking member of the

“moving in a direction of self-sufficiency.”
Indeed, last year the mstitute won a $2.2 mil-
lion competitive grant from the Pentagon’s
Defense Advanced Research Projects
Agency to study accelerated learning: it also
hired two researchers who had funding from
the National Institutes of Health.

Staffers say the money has been put to
eood use, and ousiders generally agree. Neuro-
scientist Kent Kiehl says that distributed com-
puting tacilities worthy of “a Fortune-500
company™ helped atract him from Yale Uni-
versity. The ability to pool subjects drawn
from the MIND Institute’s network of part-
ners, he adds, will enhance his research with
magnetic resonance imaging to diagnose psy-

chotic disorders. Neuroscientist Don Rojas of

the University of Colorado, Denver, unafhili-

ated with the MIND Institute, sees “alot of

A Slowdown in Special Favors

domestic carmarks from the Final bill, MIND
Institute staffers immediately sought guidance
from DOLE staffers and Domenicis office. In
January, DOES Michael Viola visited the insti-
tute. “*He told us what the format should be.
what they expected.” says institute science
director Vincent Clark. On 30 January, says
MIND Institute Director John Rasure, his team
submitted its proposal.

That rapid response gave the institute a jump
on the competinon. On 2 February, DOE circu-
lated an internal memo explaining that the
agency would fund “meritorious proposals”
from earmark recipients and asking staff o look
out for such projects. On 14 February, Semator
John McCain {R-AZ). a critic of such pork-
barrel projects, entered the memao into the Con-
gressional Record as part of a statement trum-
peting the lack of earmarks in 2007,

After House members of
DOES spending panel learned
of the MIND Institute applica-

" 2500 A
Senate panel that oversees Commerce tion, they scolded Raymond
DOLE"s Office of Science and EFA Orbach, director of DOE’s
an outspoken advocate of men- 2000 Transportation Office of Science, fornot telling
" 5 e e [—-— | i ST g T -
tal ];;.;l]ii; researc h. —_— - = NSF th";." dm.‘;ll:. ]Lhatlt I?E)Lﬁ new
ut this spring, tor the Doest w - icy, VS0 what we re all get-
time, the ‘:-I;];IDLT:I 'liuil: sue 5 . 1= B HEdMA 2nd Hawan P:nuL:lt here 15 Ia i1'nr::~' 2 :;d
» == | i =] . = E 5!“!’ L . [ oo T £
-:um_l'u.l]:r ran tlhc gauntlet of = 000 L= p— u Agriculture Rum‘cscntmi\'ul David II-.mh:mnl
ﬂ[}l-.‘.v. peer-review :-a;.fﬁtu:ﬂ_l ;_md | Biiergy {(R-C¥H 1, ruijkmg luurnhu.Tr of
15 about to receive $7 million the House Energy and Water
tor neuroimaging studies on 500 1 = MASA spending panel. at a 14 March
schizophrenia. addiction. and W Defense hearing. Representative Mike
criminal behavior. The MIND D- - : - ; : All Other Simpson (R-1D) said the Adm-

Institute is one of only a hand-
ful of institutions to avail them-
selves ol an unusual oppor-
tunity: After Congress stripped
earmarks from the 2007 bud-
get, DOE said it would be
willing to review proposals
from institutions that were in
line to receive carmarked
funds. Even before DOE offi-
cially announced that offer.
however, the MIND [nstitute
had already submitted a 700-
page proposal. DOE spokes-
person Aimee Whitelaw savs
three others have applied and one is pending.

Created in 1999, the cemter has shared a
large fraction of each year’s earmark with 1ts
partners, including Massachusens General
Hospital n Boston. [n 2003, the MIND Insti-
tute moved into the new Pete and Nancy
Domenici Hall, and 2 vears later, Domenici
said he hoped that the MIND Institute was

4 MAY 2007 VOL 316 SCIENCE
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Funding squeeze. Last year's decision to tighten the spigot on the flow of congressional
earmarks in annual spending bills forced the MIND Institute (above) to seek another way
to obtain federal support,

potential” in the institute’s solid infrastructure
and personnel. “But they don’t have a measur-
able scientific product vet.” he says.

Despite the institute’s positive steps toward
independence. Domenici sought $12 million
for it in the 2007 spending bill moving through
Congress last yvear. When the new Democratic
majority decided in December o remove all

mistration’s “unwilling[ness]
to hawve transparency” on DOES
earmarks was “hypocrisy”
given the White House's stated
aversion to pork. Six days afier
the hearing, Orbach sent a letter
to the roughly 125 institutions
that received carmarked DOE
funds in 2006 mforning them
of the memo. “Evervone was

cated the same.” says Whitelinw
of the process.

It’s not elear how many ear-
marks will make it into the
2008 budget wending its way
through Congress. A House appropriations
aide says that there's been an avalanche of
requests, and House Appropriations Chair
David Obey (D-WT) is considering omitting
them again. But few expect Domenici and Sen-
ator Robert Byrd {D-WV), chair of the Senate
spending panel and a prodigious earmarker, to
wive up without a fight, =ELI KINTISCH

WWW.SCIencemag.org
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SPACE SCIENCE

Hitching a ride. The
European Union endorses

ESA's successful launcher
program.

-

European Union Qutlines Vision
For Unifying Space Policy

The European Union (E.LL) doesn™t have
its own astronauts, operate any satellites,
or launch any rockets. The E.U. doesn™t
even have a space research center, but last
week, after 2 years of deliberation, it
revealed s much-heralded space policy,
The aim is to bring more coordination and
coherence to Europe’s space programs,
which are currently spread among national
agencies and the European Space Agency
(ESA). European space scientists, how-
ever, are underwhelmed. “This will change
very little for space science in Europe
because there is no more money,” says
Roger Bonnet, director of the International
Space Science Institute in Bern, Switzer-
land. and former head of science at ESA.

The E.LL 15 a major consumer of earth-
observation data and sees space industry as
a strategic arena in which European com-
panies can compete worldwide, Yet it has
had little direct influence on ESA's pro-
grams or the activities of countries such as
France, Germany, and Ttaly that maintain
active national space agencies, ESA's
modus operandi doesn’t necessanly take
into account the E.U.s wider political,
!'iﬂi..'l.'ll. ."I.I]ILI coonomile _'_-_"H.'il!i. ?ﬁii!fl:i!‘l.'l.:l',
ESA’S 17 members include some that are
not part of the E.U.. whereas the E.U.
has 27 member states.

Despite this difterence, E.U. officials
and ESA Director General Jean-Jacques
Dordain agreed in 2005 to develop a
Europe-wide space policy. The document
revealed last week—which must still be
ratified by ESA’s Council and E.U. minis-
ters during May—calls for greater coordi-
nation to meet shared objectives and avod
duplication, [t also encourages synergy
between civil and military space efforts
and mandates the E.U., ESA, and national

agencies to find funding for two key pro-
grams: the Galileo navigation satellites.
and an earth-observing system called
Global Monitoring for Environment and
Security (GMES).

GMES aims to provide European
policymakers and other civil users with
continuous data on, for example, land use,
pollution, floods, forest fires, and earth-
quake damage. Ginter Verheugen,
E.U. vice-president responsible for enter-
prise and industry, has said that this sys-
tem will hkely cost €2.4 billion. Galileo
will be a commercial rival to the U.S.
Global Positioning System (Science.
23 December 20035, p. 1893). The E.U. is
asking industry to pay for two-thirds of the
€2.1 billion cost of building the system
and all of the operating costs.

Bonnet calls these two projects test
cases for the new E.LL space policy. “Until
we see success in these projects. the policy
is no more than a piece of paper.” he says.
Challenges await. The consortium of eight
companies that the E.U. chose 1o build and
operate the system has bickered long and
hard over the division of work and missed
deadlines. Meanwhile, Russia s rejuvenat-
ing its Glonass navigation system, and
China appears to be building one as well
all unwanted competition for Galileo.

Some space researchers are concerned
about the increasingly close relationship
between ESA and the E.U. According to
ESA rules, science spending 15 ring-
fenced, and all members must contribute to

it. That wouldn’t necessarily be the case if

ESA became an E UL institution, says Alan
sSmith, director of the ULK.s Mullard Space
Science Laboratory, “A lot depends on how
ESA sees its future.” he says,

-DANIEL CLERY

(\ 0)x

Expert Panel Faults Expert Panels

Scienlists increasingly set the long-lerm
research agenda for NASA through decadal
studies conducted by the National Academies’
Mational Research Council (NRC) in fields
from earth sciences to astrophysics. But those
studies have come under fire recently from
MASA chief Michael Griffin, who argues that
the NRC routinely—and dramatically—
underestimates the cost of fulure missions
and then complains when the cash-strapped
agency must scale back or cancel projects.
This week, an NRC study acknowledged
that the surveys, although largely successful,
are saddled with “notable problems” such as
overly rosy cost estimates and an inability Lo
lake inte account changing budgelts and
agency planning cycles. For example, the
panel notes, skyrocketing costs lor large mis-
sions from the Mars Viking to the Hubble
Space Telescope ended up penalizing a host of
smaller research missions. The study proposes
adding cost experts to future panels and
obtaining independent cost estimates of NASA
missions. It also advises pulting international
or interagency projects under special scrutiny.
Meanwhile, last week AAAS (which pub
lishes Science) joined the growing chorus call-
ing for NASA and the National Oceanic and
Atmospheric Administration to restore funding
for planned earth science missions—a crisis
outlined by the earth sciences decadal survey
released earlier this year. —ANDREW LAWLER

Paper Cloned

A Korean fertility expert, Sook-Hwan Lee, has
been banned from publishing in the U.S. jour-
nal Fertility and Sterlity for 3 years. The ban
follows revelations about a 2005 paper that
editors learned had previously been published
in a Korean journal. Lee, director of the
Human Genelics Laboratory at CHA General
Hospitalin Seoul, was listed as corresponding
author on both papers.

The paper, which involved examining milo
chondrial DNA in patients with ovarian failure,
was first published in 2004 in the Korean
foumal of Obstetrics and Gynecology by Jeong
Hwan Kim, who had worked with Lee as a
doctoral student. The English version appeared
in the December 2005 issue of Fertility and
Sterility. Although the paper has been
retracted, the retraction "does not reflect on
the scientific validity of the paper,” said the
journal’s publisher, the American Society for
Reproductive Medicine, which adds that none
of Lee"s co-authors knew about the duplication.

=CONSTANCE HOLDEN
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STEM EDUCATION

Report Urges More Coordination
To Improve Science and Math

Many ULS, educators and policy
experts believe that the coun-
try’s decentralized management
of education by state and local
government bodies is hamper-
ing nationwide efforts 1o
improve science, technology,
engineering. and math (STEM)
education, But a new drali plan,
drawn up by the board that over-
sees the National Science Foun-
dation, suggests a way o gel
around that problem without
abandoning 2 centunies of local
control over schools.

The proposal from the Matonal Science
Board. requested by the previous Congress.,
recommends creanng a federally chartered

GEMETIC DISCRIMINATION

In harmony. Beering (left) and Lederman believe that a national
coordinating body is needed to reform U.S. STEM education.

body with representatives from the states,
the federal government, and the education
and business communities. The Natonal

Council on STEM Education would coordi-
nate initiatives across federal agencies and
work with the states to help them adopt a
core set ol content standards, link state
assessments to those national standards, and
create a system of national certification for
STEM teachers.

The proposal has come from a blue-
ribbon commission, co-chaired by physics
Mobelist Leon Lederman, which the board
set up last vear to tackle the 1ssue (Science,
7 April 20006, p. 45). “There is a serious dis-

connect between the different elements of

the school system in this country, with each
of 15.000 school boards doing their own
thing.” savs Steve Beering, chair of the
board. *The commission felt that there was
a clear need for a nationally coordinated
effort to bring about some standardization
in content and teaching,”

The idea has drawn mixed reactions.
“Anything at the federal level that would
help the states improve science and math
education is a good idea,” sayvs Jodi Peterson
of the Natonal Science Teachers Associanon »

Long-Awaited Genetic Nondiscrimination Bill Headed for Easy Passage

Twelve vears after it was First introduced in
the LLS. House of Representatives, a genetic
nondiscrimination bill finally appears 10 be
on its way to becoming law.

The House passed H.R. 493, the
Genenic Information Nondiscrnimination

Act (GINA), on 25 April by a vote of

420 o 3. Although action on a Senate ver-
sion of the bill has not vet been sched-
uled. the Senate unanimously passed
versions of GINA in 2003 and 2005, and
President George W, Bush has announced
his support of the measure, The sticking
point had always been in the House, where
the Republican leadership, reflecting
opposition from some business groups,
blocked the bill from coming to a vote,
With the Republicans swept out of power
in the 2006 elections, the bill moved
quickly to the floor and is expected (o pass
the Senate this month.

GINA bans group health plans and
insurance companies from denving cover-
age or charging higher premiums to healthy
individuals based on genetic information, It
also applies to employers, preventing the
use of genetic information in hiring, firing,
or Jjob-placement decisions.

In public opinion polls over the vears, a
growing majority of respondents have indi-
cated a desire for the legislation, Now,

4 MAY 2007 VOL 316 SCIENCE

said Representative Louise M. Slaughter
(D-NY), chiel sponsor of the ill, GINA
“will allow us to realize the tremendous
potential of genetic research without jeop-
ardizing one of the most fundamental priva-
cles that can be imagined.”
Advocates of the bill
claim that many people are
afraid to undergo genetic
tests—for instance, 1w detect
4 mutation that increases risk
of breast cancer—for fear
that insurers or emplovers
will discriminate against
them based on that informa-
tion. And a 2000 survey of
genetic counselors indicated
that. for the same reason,
more than halt would not
submit charges for genetic
tests to Insurance companies.
Supporters of the legisla-
tion cite instances of dis-
crimination based on confu-
sion about genetic information, such as
denial of jobs to healthy African Ameri-
cans who carried one copy of the sickle
cell anemia gene. In a recent case. Slaugh-
ter reported. a mother who has o, anti-
trypsin disease was denied health insur-
ance for her two children based on their

Advocate, Francis Collins of
the National Human Genome
Research Institute has long
supported the bill.

carrier status, even though they were not
affected by the disease.

The threat of genetic discrimination has
also hindered research, said Francis Collins,
director of the National Human Genome
Rescarch Institute in Bethesda,
Marvland. at a House heanng
in March. “Unless Americans
are convinced that the infor-
mation will not be used against
them. the era of personalized
medicine will never come to
pass, he said,

genetic information has
been protected by “a largely
untested patchwork™ of fed-
eral and state regulations,
according to the Genetics and
Public Policy Center (GPPC)
at Johns Hopkins University
in Baltimore, Maryland.
GPPC head Kathy Hudson
savs that the main resistance
to GINA has come from groups such as the
Chamber of Commerce concerned with
infringements on employers” decision-
making freedom. But in the end, advocates
prevailed. As Hudson notes, “it's pretty
hard to vote tor discnmination.”

~CONSTANCE HOLDEN

WWW.SCIencemag.org
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(NSTA). But others worry that the new
organization will simply increase the current
welter of agencies and organizations active
on the issue. "It will lead to more bureau-
cracy. more meetings, and more alk.” pre-
dicts Chester Finn Jr., president of the Ford-
ham Institute, an education nonprofit based
in Washington, D.C,

“"We're not talking about establishing a
new federal agency,” responds Jo Anne
Vasquez, a University of Arizona, Tucson,
education professor and board member who
15 2 former MSTA president. “And we are
well aware that the states and local school

RESEARCH SAFETY

districts are ultimately responsible for edu-
cation.” The proposed body would be a
nerve center for activity at the state level. she
says, providing expertise and guidance in
the same way that the National Academies
provide advice to the federal government.
Selling the idea to state officials will also
be tough because of Tears that it could under-
mine their authority. “We are in favor of bet-
ter coordination between federal agencies
and better coordination of educational activ-
ities within each state.” says Joan Wodiska
of the National Governors Association
INGA) in Washington, D.C. But states are

NEWS OF THE WEEK

wary of anything that smacks of a wp-down
approach. including a national curriculum.
Besides, states are already working together
to improve STEM education and economic
competitiveness, Wodiska says. pointing to
an ongoing NGA mitiative known as Inno-
vation America that is aimed at getting states
to share best practices,

Proponents admit that it will take time
for everyone to zet comfortable with the
concept. “We expect many to say: “Oh, it'sso
difficult” [to reform education nationally].”
savs Lederman. “We know its difficult, but
it’s needed.” ~YUDHIJIT BHATTACHAR]EE

Inquest Flags Little-Known Danger of High-Containment Labs

MELBOURNE, AUSTRALIA—A coroner issued a
stern rebuke 1o Australia’s national science
agency last week, accusing the Common-
wealth Scientific and Industrial Research
Oreanisation (CSIRO) of “complacency™ in
the death of a senior technician in 2001,
CSIRO officials say they have tightened labo-
ratory safety since the accident and hope that
the researcher’s death will serve as a waming to
high-security biology labs around the world.

The tragedy unfolded on the afternoon of
10 December 2001, when Set Van Nguyen,
44, entered a containment room at CSIROS
Australian Animal Health Laboratory (AAHL)
in Geelong, Victoria. The chamber houses
lethal pathogens such as bat-bormne lyvssavirus
and is kept under low pressure to ensure that air
flows inward. In the days leading up to
Nguven's death. the containment room had
been malfunctioning. according to findings
from an inguest released last week by Geelong
coroner Audrey Jamieson. For roughly 4 days,
sensors registered dimimishing levels of oxyvgen
in the room, and a liquid-nitrogen tank inside
wis leaking. the inguest found. AAHL made
wo dnnouncements over il!'i P.‘L ﬁ_‘g.':i-'l.l.!['lfl ilhﬂlll
the breakdown and posted warning signs out-
side the airlock. says AAHL biosafety officer
Gordon Abraham. Adds AAHL Director
Martyn Jeggo. “We thought we had a truly ful-
safe system with bells, fMashing alarms, and
meters giving oxyzen readings.”

Nouven was no novice: A 13-yvear CSIRO
veteran, part of his job was to truin other staff
members how to use the airlock system,
Jeggo says. Around 4:15 p.m., Nguyen
entered the chamber, apparently imending o
collect a specimen from the cooler and to post
more waming signs, savs Abraham. A digial
readout outside the chamber indicated that
oxyveen levels inside were 0.03%. Afer

Nguyen’s alarmed wife showed up at the lab
carly the next morning. AAHL stafl found his
body in the airlock. According to the coro-
ner’s report, he was stll clutching the empty
vial in his nght hand with the warning signs
on the floor next to him.

Jamieson ruled that Neuven died of acute
oxyeen deficiency. He may have passed out
instantly, savs Jeggo, adding that “most peo-
ple including myselt™ may not have been
aware of the risk of rapid loss of conscious-

Lab tragedy. The Australian Animal Health Laboratory has
tightened safety since the accidental death of a technician in one
of its high-security rooms for dangerous pathogens.

ness. I remember the adage: You can Live
without oxygen for 3 minutes, without water
for 3 days, and without food for 3 weeks,
['d change that.” says Abraham. “Without
DXYLEN, YOU 20 unconscious in 3 seconds
and die within 3 minutes.”

In her report on the inguest, held last vear,
Jamieson said that Nguyen’s death “can only
be attributed to a level of complaceney™ at
CSIRO. Although not singling out any individ-
ual for blame, she eriticized AAHL for, among

about the risks of nirogen and not
keeping better track of staff,

The findings are “probably an
accurate reflection of the lab at that
tme.” says CSIRO Chiel Execu-
tive Creofl Garrett. Since Neuven's
death. he notes. CSIRO has
“tmplemented serious inter-
ventions in health and safety™ at
AAHL and 50 other facilities. “We

human error,” says Jegeo, Now at
AAHL. containment doors lock
down if oxyveen levels fall below
19.5%, and electronic cards ensure
that every emplovee can be located
while at work.,

after the coroner’s report, Garrett
expressed “deep condolences™ to
Nguven's family and sought to
draw a line under the affair. *We
have learned several important les-
sons from this tragedy o help us
ensure that a similar event should
never happen again,” he saud.
=ELIZABETH FINKEL

Elizabeth Finkel is a writer in Melbourne,
Pustralia,
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Besieged by pathogens, predatnrs and people, the
“rainforests.of the sea” may soon face their ultimate
foe: rising ocean acidity driven by CO, emissions

KHURA BURI, THAILAND—In the shallow
waters off Lan Island in the Andaman Sea,
Kim Obermever kicks his Mippers and glides
over a silent graveyard. Scattered below are
shards of staghorn and other branching
corals, shattered in fragments that look like
detached finger bones. The conservauon biol-
ogist swims larther out to sea, darts to the bot-
tom, and peers under an overturned Porires
coral head the size of a Volkswagen Beetle.
Obermeyver points to a brown ribbon under-
neath: a ragged colony soaking up just
enough sun to have survived the tsunami that
struck on 26 December 2004,

Asa hormfic tragedy unfolded on shore that
day. ecosystems below the ocean’s surf:
were getting hammered. Across Southeast
Asia. the titanic waves ripped apart shallow
reets and buried others in silt. But tsunamuis are
not the worst threat. The main menaces are
largely human-wrought: from divers clumsily
breaking off chunks of coral to mass die-ofts
and bleaching of coral triggered by spikes in

ocean temperatures. Last month, the Inter-
governmental Panel on Climate Change
(IPCC ) forecast “more frequent coral bleaching
events and widespread mortahiy™ with average
olobal temperature increases of 17w 3°C.

Surve x5t that 20% of the reefs on
Earth. the largest living structures on the

4 MAY 2007 VOL 316 SCIENCE
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planet. have been destroved i the past few
decades. Another 50% are ailing or verging
on collapse. “Reefs are likely to witness a
significant ecological crisis in the coming
halt-century—because of us.” says coral spe-
clalist Camilo Mora of Dalhousie University
in Halifax, Canada,

The decline of coral reefs may have stag
gering consequences, Globally, reefs
ate about 330 billion per year in [is
tourism, and protection to coasts from storm
surges, says Mora. Although reefs cover a
minuscule fraction (0. 1%) of scabed, they are
second only to rainforests in biodiversity,
sheltering or nourishing up to 9 million
species—a third of all known marine life
forms—including 4000 kinds of fish. “To
predict that reefs will change dramatically
across the globe in the matter of a single gen-
eration should keep people up at might,” says
Ove Hoegh-Guldberg, director of the Centre

CIEr=

for Marine Studies at the University of

Cueensland in St Lucia, Australia,

There are a few rays of light in this bleak
seascape. Attempts to rehabilitate sunami-
damaged reefs are showing promising results,
Some reefs blighted by bleaching have
mounted spectacular comebacks. And elfons
to limit Fishing and human activity have paid
dividends in healthier reets and revived local

-
-

fishe
marine protected areas have been established
to safeguard reefs, including innovative MPAs
in Palau designed to help corals bounce back
after bleaching (see sidebar, p. 680).

Yet these gains could be erased by what's
shaping up as the gravest threat of all. As the
oceans soak up more and more of the
dioxide that humans pump into the atmos-
phere. marine chemistry is changi
€0, emissions “have the potential to create
chemical condinons m the ocean that have not
occurred since the dinosaurs became extinet”
says ecologist Kenneth Caldeira of the
Carnegie Institution of Washington in
Palo Alto, California, Dissolved in water,
€0, becomes carbonic acid. Caldeira coined a
term for this process ina paper in 2003: “ocean
acidification.” By mideentury, ocean pH could
dip so low that corals would be unable to form
their caleium carbonate skeletons.

“Acidification is the big elephant in the
room.” says Terence Hughes, director of the

Australian Research Council’s Centre of

Excellence for Coral Reel Studies at James
Cook University in Townsville, Australia,
Reef building would grind to a halt, with
erievous implicatons, If CO, emissions are
not curtailed, Hughes predicts, “we’ll eveniu-
ally see reefs dominated by sea anemones and

WWW.SCIENCemad.

1es. Over the past decade, hundreds of
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Artificial limbs. Thai researchers attempt to save
tsunami-damaged coral in January 2005; robust
growth 2 years later (befow, mght).

algae” Put another way. “soon we'll be having
jellyhish and chips.” says biologist Michael
Kendall of the Plymouth Marine Laboratory in
the United Kingdom. In the darkest scenarios,
maost corals will be toast,

A multiheaded monster

As coral reefs slip toward chronic frailty, a pic-
ture of what this means to the world has begun
to emerge. Coral scientists, backed by an army
of snorkeling and diving volunteers, have put a
watch on critical reefs among the nearly
300,000 square kilometers charted to date.
Hidden gems continue to come to light, includ-

ing a giant deep-water reef in turbid waters off

northern Australia. “Not much is known about
the reef because nobody wants to swim i that
area, It's infested with crocodiles.” says
oceanographer Alan Strong, senior consultant
to the LLS. Natonal Oceanic and Atmospheric
Admimstranon’s (NOAAY) Coral Reel Waich.

A recurring theme of this heightened
scrutiny is that reefs are vulnerable on many
fronts. A March 2005 earthquake of T Indonesia,
tor example. was as brutal as the 2004 tsunami,
lifting some reefs clear out of the water
{Science, 20 October 2006, p. 406). Corals are
susceptible to pathogens and predators, too,
The crown-of-thorns starfish, a periodic
invader, denudes coral outcroppings with the
efhiciency of a slash-and-burn farmer. Mean-
while, corals are perpetually besieged by fila-
mentous algae, which are held incheck by fish
that nibble at them. Overfishing can tilt the bal-
ance, as can sewage or agricultural runoff,
which infuse seawater with algae-feeding nutri-
ents. These abuses. along with coastal develop-
ment. “are having fantastically large and nega-
tive impacts on reefs around the world.” says
John Pandolfi, acoral reefexpen at the Univer-
sity of Queensland in Brishane, Australia.

The latest and perhaps biggest present dan-
zer for reefs is bleaching, When sea surface
temperatures exceed their normal summer
high by 1°C or more for a few weeks running.,
coral polyps, for reasons not entirely under-
stood, expel their zooxanthellae, the symbiotic
algae that lend corals color and provide nutn-
ents. The polyps turn pale and starve. “If they
don’t get their zooxanthellae back in 2 month
or so, they die.” says Obermeyer.

The dangers ofbleaching came to the fore in
998, when a potent one-two climate punch—
a strong El Nife warming in central tropical
Pacific waters, followed by a La Nina that
heated western Pacific regions
living corals worldwide ( Science, 27 October

2000, p, 682). Some reefs have rallied from
severe bleaching—recently and dramati-
cally, off Darwin Island in the Galipagos.
“We'd given up on the Galapagos™ after a
198283 bleaching event annihilated most
of the archipelago’s reefs, says Strong. Now,
he says, “it seems to be really coming back.”
However, many bleached reefs are still
sickly. At least half of those destroyed in
1998 have not recovered, according to the

authoritative Sraius of Coral Reels of the

Warld: 2004. compiled by the Global Coral
Reef Monitoring Network (GCRMN).

The catastrophic 1998 bleaching, and
regional occurrences since then. highlight the
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vulnerability of reel’s to global warming,
“That's when we realized that corals could be a
kind of canary in a coal mine.” says Jeremy
Goldberg, co-author of a GCRMN report on
tsunami-intlicted reef damage. Delicate
staghorn and elkhor corals, forexample, were
listed as threatened in the Caribbean in May
2006 under the ULS. Endangered Species Act.
“Branching corals that are sensitive to bleach-
ing might disappear.” warns reef ecologist
Thamasak Yeemin of Ramkhamhaeng Univer-
sity in Bangkok,

Some reefs are more tolerant to bleach-
ing. However, savs Hoegh-Guldberg, “the
movement toward hardier communities of

killed 16% of

FRACTURED PARADISE

PHUKET, THAILAND—Like thousands of tourists who flock to the chic resort island of Phuket in
southern Thailand, marine biologist Niphon Phongsuwan recently spent a weekend under the
waves, taking in the region’s breathtaking coral reefs. Unlike the tourists, Niphon had an extra
reason Lo enjoy the view: His innovative attempt to rehabilitate tsunami-damaged reefs is show-
ing remarkable progress.

Two of the most-savaged reefs lie off Phuket's Paradise Beach and Lolana Bay on nearby Phi Phi
Island. During surveys carried out a few days after the tsunami, Niphon and his colleagues at the
Phuket Marine Biological Center discovered the shallow seabed at Paradise and Lolana littered with
pieces of branching corals, particularly staghom and other members of the Acropora genus. Realiz-
ing that the polyps would be abraded to death in the rough-and-tumble waters, Niphon's group
gathered up hundreds of Acropora fragments in a bid to save them.

Aboard a research vessel, the team glued the coral fragments into holes drilled in concrete cin-
der blocks. They joined blocks with steel bars to help the structure weather strong currents and placed
them in various configurations in either shallow reef flats, less than 2 meters deep at low tide, or on
reef slopes about 7 meters deep. Blocks in the reel flats—natural Acroporo habitat—were battered
by waves, and most polyps died. But corals transplanted to reel slopes at Lolana Bay thrived and have
grown at a rate equivalent to naturally occurring Phuket corals, Niphon says. The "unexpected” find -
ings, he says, suggest that Acropora "can adapt well to a new environmental setting.” The hope is
that the growing thickets of branching coral will provide a breeding population: seed stock for polyps
that mend damaged reefs and pioneer new ones,

The coral growth over 2 years is "impressive,” says oceanographer Alan Strong, senior consultant
to the U.S, National Oceanic and Atmospheric Administration’s Coral Reefl Watch. For Acropora, he
says, the low-tech cinder blocks may offer a cheap alternative to the leading artificial reef product:
Reef Balls, molded concrete forms Lhat cost as much as several thousand dollars and range up lo
2 metersin girth.

Strong and others caution that although coral reefs can be rehabilitated, they cannot be built
from seratch. “No one has ever reconstituted a reef,” says Hughes. And some experts wonder whether
reef rehab is worth the effort at all, as it addresses a symptom of decline, not the cause. "Inevitably,
this kind of work is like treating cancer with a Band-Aid," says John Pandolfi, a coral reef expert at
the University of Queensland in Brisbane, Australia. "It makes us feel good, but our money is better
spent elsewhere.” =R.5.
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Fragile beauty. Palau’s marine
protected areas aim to safeguard
corals from bleaching.

BABELDODAB, PALAU—A giant clam’s purplish-green intake valve, big
enough to swallow a fist, snaps shut when a diver drifts close. The magnif-
icent meter-wide mollusk in Ebiil Channel is a symbol of survival, whereas
a beige, 2-meter-wide table coral nearby is a vivid example of rapid recoy-
ery. In the summer of 1998, unusually warm ocean temperatures killed a
third of the reefs ringing this tiny archipelago in the western Pacific. But
here in the Ebiil Channel Conservation Area off Babeldoab, Palau’s main
island, underwater denizens have roared back to life with exceptional vigor.

Ebiil's inspiring comeback is the basis for an
ambitious experiment. The Nature Conservancy, a
U.S. nonprolit, is helping Palau establish the
world's first national network of marine protected
areas (MPAs) aimed al thwarting bleaching, a phe-
nomenon in which warm ocean waters trigger
corals to expel symbiotic algae and starve (see
main text). Some corals can resist or recover from
bleaching. The Palau network intends to safeguard
the hardier varieties—and offer some immuniza-
tion against future bleaching events as global
temperalures rise.

“It's not a new idea, but they are the first to go
through with it, and that’s great,” says Charles
Birkeland, a coral specialist at the University of
Hawaii, Manoa. “Just limiting fishing isn’t going
to save our reefs. We need exstra protection for the
ones that are resisting bleaching, so they can
serve as a brood stock for recovery.”

Long before the nightmare of "98, Palau had
built an impressive record in marine stewardship. The country boasts one
of the highest proportions of territory set aside for MPAs in the world,
with about a third of its near-shore waters—1300 square kilometers of
reefs and lagoons—under varying fishing restrictions. Other Pacific
nations are following Palau's lead: In the past decade, the number of
MPAs grew from two to 189 in Fiji and from one to 20 in the Solomon
Islands. "One village closes fishing in an area, the fish come back after a
few years, and soon the next village wants one loo, " says Michae| Guilbeaux

fewer coral species is hardly a *win.” ™ Coral
abundance is still plummeting, and even
resistant corals may succumb in a warmer
world, he says. “As climate change acceler-
ates, we will lose an increasing number of
coral species. making ecosystems less
resilient o other pressures.”

A case in point 1s the widespread bleach-
ing in the Canbbean Sea in 2005-06. At one
reel off 51. John, part of the U.5. Virgin
[slands. “belore people knew it, a disease
infected the coral that had survived the
bleaching, What was left was totally wiped
out,” Strong says. “You can see how this gets
to be a multibeaded monster.,” NOAA and
LLS. Matonal Park Service scientists are now
searching for clues to why some corals sur-
vived whereas others perished.

In an attempt to boost reel survival, gov-
ernments have been setting up MPAs, which
range from free-for-all recreational parks to
no-take rones that bar fishing, Fewer than
3% of the world™ reefs lie inside no-take
MPAs, savs Mora, Many reefs are being
Fished out. Raising the specter of a pending
food crisis, a recent swudy found that 27 of
449 1sland countnies are explmung their reet
Fisheries in an unsustainable way, reports a
team led by Nicholas Dulvy of the Centre for
Environment, Fisheries, and Aquaculiure
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Science in Lowestoft, UK. in the 3 April
issue of Current Biology,

Lax enforcement and lack of local buy-in
have undercut many MPAs, “If communities
are not involved, they are very unhikely to
support an MPA imposed on them.” says

Morning commute. Kim Obermeyer (far right) leads Earthwatch volun-
leers on an inspection of a tsunami-damaged reef in the Andaman Sea.

Obermeyer. coordinator for Reef Check Thai-
land. With volunteers from Reel Check and a
second nonprofit. Earthwatch, Obermeyer
cndeavors o involve villagers—and here near
Khura Buri, the Ranong Coasial Resources
Rescarch Center of Kasetsart University—in

reef monitoring. “This is the only way to
succeed,” he says.

MPAs and measures such as stanching
sewage and runofl cannot prevent bleaching.
But resihence—the capacity of a reef to
absorb recurrent bleaching and sull func-
tion—ecan be
Hughes says. In 2002, more
than half of Australia’s
40.000-square-kilometer
Cireat Barrier Reef bleached.
Two years later, Australia cre-
ated the world’s largest no-
take zones, extending fshing

enhanced.

to more than 33%. “This ini-
tiative provides real insurance
cover against the inevitable
impacts of climate change.”
sayvs Hoegh-Guldberg.

To test this approach,
Hughes and colleagues caged
some reel sections and left oth-
ers open to grazing by parrot-
fish, known by their fused, beaklike teeth.
Polyps reestablished on open reef three times
faster than on caged sections, they report in
the 20 February issue of Curvent Biology. The
study shows that reef management after
bleaching “has a big effect on the recovery

WWW.SCiencemag.org
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of the Community Conservation Network in Honolulu, Hawaii.

Palau got off to a flying start thanks to a traditional culture that
frowns on overfishing and a leader who champions MPAs. "The besl way
to protect our natural heritage is to use it as a source of income,” Presi-
dent Thomas Remengesau Jr. told Science. "Tourism is the sustainable
thing for us.” Palau’s prosperity—nearly all adults are
employed—comes largely from its 50,000 tourist divers each
year. Reefs vibrant with fish are a top priority. Last Novem-
ber, Remengesau sought to export that credo by chal-
lenging the rest of Micronesia to set aside 30% of

near-shore waters for protection by 2020,

Even for conservation-minded Palau, the massive
1998 bleaching event, which decimated reefs around
the world, was a wake-up call. Three-gquarters of bar-
rier reef corals at Palau’s Rock Islands lagoon, a popu-
lar diving site, perished. Ebiil, another barrier reef, was
98% destroyed. Inshore, many reefs fared better because
they are accustomed to higher temperatures, whereas oth-
ers survived because Lurbid waters and shade limited the
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currents, called the Protected Areas Network. “The key is to protect all the
different reef types that survived bleaching or recovered exceptionally fast,
because they will provide the larvae that will help damaged areas recover,”
says Salm, “These reefs don't necessarily have the fish density that would
make fishermen want to protect them.”

The proposal resonated with Western donors. In 2005, The
Mature Conservancy pledged $2 million, and Conservation
International $1 million, o a trust, provided that Palau
raises $9 million from other sources—which should not
be a problem, says Eric Verheij, acting director of The

Nature Conservancy's Palau office. The endowment’s

interest, along with a diver tax, should yield $2.1 mil-

lion a year for monitoring and antipoaching patrols.

Idechong says he expects that the network, with one-
third more area under protection than now, will be
operational in 2 years.

Ebiil's rainbow reefs testify to the promise of that
approach. Gliding past 2-meter strands of black coral, so

prized by jewelers that it has been wiped out in many

sun’s damage, says Rod Salm, a marine scientist in the gyrnt by the sun. Bleaching Parts of the Pacific, Verheij zeroes in on what appears to

Conservancy's Honolulu office who developed the bleach-

resilience project.

A critical insight led to a bold plan. Most reefs like Ebiil that have
bounced back from bleaching are down current from reefs that suffered lit-
tle, suggesting that coral larvae and fish from healthy reefs fueled the rapid
recovery, Salm says. With that in mind, Noah Idechong (pronounced Idda-

signals severe stress.

be lifeless coral rubble. On closer inspection, the coral

skeleton has been melded together by coralline algae

ONG), founder of the Palau Conservation Society, and others proposed

weaving the nation's hodgepodge of MPAs into an ensemble, linked by

rate,” Hoegh-Guldberg says. But the strategy
works only in the short run: nations must
move rapidly to stem greenhouse gas emis-
sions, he says. It 15 next w useless not to do
the two things together”

A mortal blow?
Until bleaching reared its head many experts

viewed rising sea levels as the chief peril of

global warming for coral—and a relatively
toothless one at that, *“We thought reefs would
respond by just growing higher.” says Strong.
“Nobody was talking about changing sea
chemistry.” Then researchers came to the
creeping realization that rising ocean acidity is
likely to throw a spanner in coral physiology.
The threat is glaringly simple. Currently,
ocean pH hovers around 8.1, Carbon dioxide
absorbed into the water column lowers the pH,
and as it falls, fewer carbonate ions are avail-
able for shell-building eritters to grab. Even in
present conditions, corals are fighting an
uphill battle: Erosion removes 80% of the cal-
cium carbonate laid down, Acidification will
accelerate that process as rising carbonic acid
levels deplete carbonate, Eventually, corals,
plankton, and other organisms will fail to form
skeletons. And coral skeletons are o reefs
what girders are to skyscrapers. “You have a
potential world in which reefs and the lime-

stone frameworks they have built are in net
erosion,” says Hoegh-Guldberg.

IPCC scenarios of global emissions and
ocean circulation indicate that by mid-
century. atmospheric CO, levels could reach
more than 300 parts per million, and near
the end of the century they could be above
800 ppm. The latter figure would decrease
surface water pH by roughly 0.4 units, slash-
ing carbonate ion concentration by half,
paleocoral expert C. Mark Eakin, coordinator
of NOAAS Coral Reef Watch, testified last
month at a hearing in the ULS, House of Rep-
resemtatives. Ocean pH would be “lower than
it has been for more than 20 million vears.” he
said. And that does not factor i possible acid-
ification from carbon-sequesiration schemes
now being considered,

Some coral species facing their acid test
may become shape shifters to avoid extine-
tion, New findings indicate that corals
can survive acidic conditions in a sea
anemone-like form and resume skeleton-
building when returned to normal marine
conditions {Science. 30 March, p. 1811}.
However, by pH 7.9, says Caldeira, “there
would be a good chance reefs would be gone.”

The potential for an acid-induced coral
cataclysm has cast a pall on the tight-knit
community of reet specialists. “The reality

and is studded with young polyps: a nursery of tiny phoenixes rising from
the ashes of bleaching. Back on the boat, Verheij explains his philosophy.
“Since you can't protect everything,” he says, “you try to protect the health-
iest.” That philosophy seems to be paying off in Palau.

—CHRISTOPHER PALA

Christopher Pala is a writer based in Honolulu, Hawaii,

of coral reefs i1s very dark, and 1t 15 very easy
for people to judge coral reef scientists as
pessimists,” says Mora. “We're becoming
alarmist,” adds Strong—for good reason, he
insists, “How are reefs going to handle acidi-
fication? [t's not like sewage or runoft, where
vou may be able to just wirn off the spigot.”
Queensland’s Pandolfi. however, argues that
it's “too early to make really definitive
doom-and-gloom statements.”

No one disputes that urgent action on
greenhouse gas emissions 1s essential. “We
could still have vibrant reefs in 30 years
time.” Hughes says, But these will not be the
reefs we know today, “They will be domi-
nated by a different suite of species.” says
Hughes, who notes that the shakedown i3
already under way.

More likely. steps to rein in emissions will
be too litde, wo late—and the world will have
to brace for the loss of reefs. In Southeast Asia,
says Hoegh-Guldberg, the threat of millions of
people losing their livelihoods must be factored
into policy planning. Coastal dwellings
throughout the tropics will have o be strength-
ened against higher waves, Then there is the
intangible, aesthetic deprivation if coral reefs
wither and wink out, “Without their sheer
beauty.” Hughes says. “the world would be an
impoverished place.” =RICHARD STONE
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Thymosins: Clinical Promise
After a Decades-Long Search

From an unorthodox experiment, two proteins have emerged that could prove useful
in fighting infections and cancer and healing wounds

Thirty-three years ago, pediatric immunolo-
gists Arthur Ammann and Diane Wara of the
University of California. San Francisco
(UCSF), carried out a dramatic clinical exper-
iment. Hoping to save the life of a S-yvear-old
irl named Heather whose immune system
had failed. they gave her a mix of proteins
called thymosin fraction 5 obtained from
bovine thymus glands. The series of mjections
worked, Heather survived into her early 20s
hefore succumbing to lymphoma.

This success at the dawn of the biotech
age identified thymosins as a
promising source of new therapies.
Although other so-called biologi-
cal response modifiers (BRMs),
such as the immune-stimulating
interferons, are now widely used in
the clinic, for the most part, the thy-
mosins have remained m the background,
Mow, some individual proteins isolated
from thymosin fraction 5 may be poised to
fulfill their early promise.

In late March. leading researchers in the
thymosin field came together at George
Washington University Medical Center in
Washington, D.C., for a symposium entitled
“Thymosins in Health and Disease.” Two
came in forthe greatest attention: thymosin o,
which is already approved for treating hepati-
tis B and C in several countries, although not
in the United States, and is a potential cancer
therapy: and thymosin fi,, which might be
useful for treating hard-to-heal wounds—
including diabetic ulcers, bedsores, damaged
corneas, and possibly even heart muscle
injured by heart attacks. “1t's really a wonder-
ful molecule because it does so many things.”
says ophthalmologist Gabriel Sosne of the
Detroit Medical Center in Michigan, who has
been studying thymosin B’s effects on
corneal damage.

Immune booster
The thymosins’ origins trace back to work done
maore than 40 vears ago by Allan Goldstein,

then a postdoc at Albert Einstein College of

Medicine in New York City. Goldstein's goal
wias to jsolate the hormones assumed 1o
underlie maturation of the immune system’s
T (for thymus-dernived) cells, whose functions
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include helping the body defend mself against
viral infections. In the course of that work,
Goldstein produced thymosin fraction 3, which
tostered immune cell function both in culture
and in mice lacking thymus glands.
Subsequent work showed that fraction
5 contains at least 40 proteins. Goldsten’s lab,
now at George Washington University School

Actin binder. |n this structure, thymasin f, (red) is
attached to the protein actin, an interaction that
helps regulate actin filament formation,

of Medicine, has isolated several of them,
including thymosin c, in 1972 and thymosin i,
in 14981,

Strictly speaking, neither protein is a
thymic hormone as originally conceived:
Both are made in cells throughout the body as
well as in the thymus, They are not related
structurally, and both are small: Thymosin o,
consists of just 28 amino acids, and thymosin 3,
contains 43. But their clinical potential
could be big.

An early sign that thymosin o, might
have clinical value came in work by Enrico
Giaraci of the Istituto Supenore di Samita and
the University of Rome, “Tor Vegata,” and
his colleagues. About 20 years ago. they
found that thymosin o, cooperates with other

BRMs. including interferon and inter-
leukins, to bolster the activity of immune
cells known as natural killers, which are
thought to help the body fight off cancer.
Garaci proposed that combining thymosin o,
with chemotherapy drugs and interferon or
interleukin might therefore produce more
effective cancer therapies.

Studies in animal models seemed to bear
that out. For example, when the researchers
treated mice that had Lewis lung carcinoma
with thymosin &, interferon, and cyclophos-
phamide, they found that “this combination
totally cures the wmors,” Garaci says. Before
they disappeared the tumors became packed
with immune cells,

This good response may be due. he sug-

zests, w another immune-boosting action of

thymosin o, that his team discovered a few
years ago. The protein increases the expres-
sion of major histocompatibility proteins on
tumor cell surfaces, These proteins display
antigens for recoznition by the immune sys-
tem, thus “increasing the visibility of the
target cells.” Garaci says.
In December of last vear, SciClone
Pharmaceuticals in San Mateo, California,
and its European partner Sigma-Tau
announced the results of a large phase
IT trial of treatment regimens that
included thymosin a, in advanced
melanoma patients, The average sur-
vival time of 94 patients who got the
standard melanoma therapy consist-
ing of a dacarbazine drug (DTIC)
and mterferon o was 6.6 months,
whereas that of 98 patients treated
with DTIC plus thymosin o, was 10.6 months.
“The results were so promising that we
are embarking on a phase 11 study,” said
SciClone’s Cynthia Tuthill at the meeting.
Thymosin ¢ s ability to bolster immune
responses also caught the interest of virolo-
gists who treat hepatitis B and C. But even
though the protein 1s widely used abroad, par-
ticularly in China. which has a big hepatitis B
problem. the results of clinical trials con-
ducted so far have been mixed. SciClone has
found. for example, that adding the thymosin

Jy

Pcs—10)

o pegylated imterferon o in the reatment of

hepatitis C patients produces no statistically
significant improvement.

Still. small clinical trials have indicated that
adding thymosin of, to a drug regimen that
neludes the antiviral drug nbavinn as well as
pegylated interferon o does lead to better
responses than those produced by ribavirin and
the nterferon alone. SciClone and Sigma-Tau
are now putting that to the test in a phase [11
tral that will include more than 500 patients.
Results are expected in June 2008,
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Journals weren't interested in

“I think [thymosin ¢, | may have a role as
third drug [for hepantis treatment] but not as
a first or second”™ says Vinod Rusigl, a spe-
cialist in liver diseases at Georgetown Med-
ical Center in Washington. D.C. He also
notes that the thymosin has been given to
numerous people to date, and side effects
have been virtually nonexistent.

Mobility controller

Thymosin f,'s mode of action is very differ-

ent from that of thymosin . as a series of

serendipitous discoveries i the early 1990s
revealed. One of these came from Daniel
Safer. then working with Vivianne Nachmias

at the University of Pennsylvania School of

Medicine in Philadelphia. While looking at
how cells link together monomers of the pro-
tein actin to create polymeric filaments,
which are important for cell migration,
among other things, they found that thymosin
B, ties up the actin monomers until appropri-
ate cell signals trigger filament formation,

At roughly the same time. Hynda

Klemnman’s team at the National Institute of

Child Health and Human Development
(NICHD) in Bethesda, Mary-
land. was looking for genes
involved in new blood vessel
formation. or angilogenesis,
Amaong those the researchers
found was none other than the
gene encoding thymosin fi,.
Anglogenesis requires the
migration of the endothelial
cells that form blood-vessel
limngs. and when the NICHD
group tested thymosin B, s
effects on endothehal-cell
migration, they were “aston-
ished” Kleinman says: A very
small amount of the protein—
I nanogram—could promote
the cell movements.

Even so. Kleinman recalls,

publishing the discovery of yet
another angiogenesis factor,
50 she decided to see whether
thymosin [§, works in another
model that requires cell move-
ments. namely wound healing.
It did. promoting healing by
stimulating the migration of epidermal cell
migration into experimental skin wounds on
rodents and also stimulating collagen and
blood-vessel formation, RegeneRx Pharma-
ceuticals in Bethesda, Maryland. a company
founded by Goldstein, has begun clinical trials
to test whether thymosin B, can help treat
chromie skin wounds such as bedsores and dia-

Symposium co-organizers.
Allan Goldstein (top) and
Enrnco Garadi,
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Heart muscle protector? In the mouse heart at left, the wall of the left ventricle (Iv) is very thin, the result
of damage caused by tying off a coronary artery. But injecting thymaosin 3, into either the peritoneum
(middie) ar the heart itsell (right) largely prevents that damage.

betic uleers. (Kleinman, now retired from
NICHD. is 2 member of the RegeneRx scien-
tfie and medical advisory board. )

Recent work also suggests that thymosin
B, therapy may help heal corneal damage.
which Sosne. also a member of the RegeneRx
advisory board, describes as “a big clinical
problem.” Current treatments. he notes, can
reduce the inflammation that ofien follows a
corneal imury, but “there’s nothing an oph-
thalmologist can do to promote™ healing of
the wound iself,

In work begun while a postdoc in
Kleinman's lab, Sosne has
shown that in animals, thy-
mosin 3, both reduces inflam-
mation and promotes the heal-
ing of alkali-induced wounds
to the cornea. He has already
treated one human patient on a
compassionate basis, a dia-
betic woman who was blind in
one eye and in danger of losing
her sight in the other one after
surzery, Fourteen days of reat-
ment with drops containing
thymaosin 3, did bring about
healing. although a minor
injury caused the wound to
reappear. At the end of March,
RegeneRx announced that it
was beginning a phase 1 tral
to assess the safety and effi-
cacy of thymosin eve drops in
diabetic patients who had eve
repair surgeries.

RegeneRx also plans a
phase [ trial aimed at assess-
ing the safety of thymosin fi,
injections as a possible ther-
apy for heart attack victims. In late 2004,
lldiko Bock-Marquette, Deepak Srivastava,
and their colleagues at the University of
Texas Southwestern Medical Center in
Dallas found that the protein is involved
both in heart development and the mainte-
nance of the adult heart. “Thymosin [3,
appears to regulate the migration, survival,

and perhaps even the beating frequency™
of cardiac muscle cells, savs Srivastava,
who is now gt UCSF and also a RegeneRx
advisory board member.

In addition, the researchers found that
the protein protects against the damage
caused by heart attacks induced in mice by
tying off their coronary arteries. Treated
mice have less heart-muscle scarring and

their hearts beat more strongly than those of

controls, “All this happens with a single car-
diac dose at the ume of [arterial] ligation,”
Srivastava says,

The idea that thymosin 3, can aid heart
function got a further boost in January when
Paul Riley of the UCL Institute of Child
Health in London and colleagues reported
the results of experiments in which they
used RNA interference to block thymosin 3,
production in the hearts of developing
mouse embryos. In the absence of the thy-
mosin, the researchers found disruptions in
all aspects of the development of the coro-
nary blood vessels and a consequent disrup-
tion of the development of the heart itself.
The finding suggests that thymosin 3, might
promote blood-vessel regrowth following a
heart attack.

Still, there are concerns about administer-
ing thymosin 3, to human patients. Several
inviestigators have evidence suggesting that it
promotes the growth of cancerous tumors.
possibly by enhancing new blood-vessel for-
mation. Sosne says, however. that he never
saw angiogenesis in the eves of mice reated
with thymosin f3, for 30 days. And Kleinman
says she and her colleagues “saw no increase
in spontaneous tumors and also none in the
number of chemically induced tumors™ in a
transgenic strain of mice that overproduces
the protein. Even so, patients who have ever
received a cancer diagnosis will be barred
from the clinical trials,

More than a quarter-century after that first
medical experniment with thymosins at UCSE
the clinical prospects tor at least two thymosin
proteins are finally looking brighter.

-JEAN MARX
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Frozen. Construction of an ambitious new university
library in Bulawayo has been in limbo for years.

LT
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SCIENCE IN ZIMBABWE

Researchers Struggle to Adapt
To Economic, Political Turmoil

With minimal government support, soaring prices, and a steady exodus of talent,
Zimbabwe's scientists must be inventive to keep labs going

BULAWAYOD, ZIMBABWE—Lccwurers were on
strike, computers were down, and labs were
still dark when Peter Mundy parked his bike
and unlocked his office at the National Umni-
versity of Science and Technology (NUST)
here. Although the latest power outage threat-
ened o defrost the owl, cobra, and other spec-
imens in s lab freezer, the ornithologist was
maore concerned by the news that inflation
had spiked to nearly 2000%—further eroding
his salary and grants,

Those distrctions would have frzzled most
scientists around the world but for Mundy they
were all ina typical day’s work, Like the African
wildlife he studies. Mundy has adapted to sur-
¥ h.'l...' 1 ik h.;!.l'?'qh environment. TI'lLFI..‘} no inter=-
nal research funding to speak of, and 1 have no
budget for buying lab equipment.” says Mundy.
“But we're rying o carry on.”

Down the hallway, ecotoxicologist
Yogeshkumar Naik has taped a motto above
his desk: “The impossible we do at once;
miracles take a little longer.” These days,
beleaguered researchers in Zimbabwe are in
need ol miracles. Their ranks are thinned by
mass emigration. their budgets decimated
by hyperinflation. and thewr international
collaborations hurt by sanctions imposed
against President Robert Mugabe’s regime,
which has unleashed police violence
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against s growing political opposition,
The contrasts are striking: Zimbabwe now
has one of the world's lowest life expectancies,
yet a massive investment in education during
the 19805 and 905 gave the country Africa’s
highest literacy rate. Talented students and
eraduates are attractive to outside universities,
With many doctors and medical lecturers
leaving the country, the University of Zim-
babwe (UZ) in Harare recently asked one of'the
nation’s best-known scientists—biochemist

Christopher J. Chetsanga, a former member of

Getting by. Lack of funds hasn't stopped
ecoloxicology studies at the National University
of Science and Technology.

UNESCO executive board and until recently
chair of Zimbabwe’s National Council on
Higher Education—to come out of retirement
to teach biochemistry to medical students,
“This country is in a terrible financial situation,
but scientists have to find ways to carry on,”

says Chetsanga. who is also president of

the Zimbabwe Acadeny of Sciences. He told
Scierce thatmany of those talented students tell
him that “they plan to leave the country soon
after they graduate.”

Conditions are “extremely difficult,”
acknowledges biomathematician John
Hargrove, who left Zimbabwe last vear to
head a South African Centre of Excellence
that develops mathematical models w wrack
the HIV/AIDS and tuberculosis epidemics
in southern Africa. But Hargrove has main-
tained his Zimbabwe ties and research inter-
ests, helping arrange for a grant to NUSTs
applied math department to model epi-
demics in Zimbabwe, *We aim to become
one of Africa’s strongest groups in modeling
infectious diseases.” says Winston Garira,
whose NUST group has authored several
recent papers in international journals.

Garira 1s one of a cadre of dedicated
researchers who have opted. despite all the
hardships, to stay put in Zimbabwe. Others at
NUST include his colleague Mundy. who 15
trying to attract funding for a wildlife
research unit: Naik. whose lab, with Swedish
support, is investigating biomarkers for pesti-
cide pollution; biochemist John 8. Read. who
is building an alternative-energy rescarch
group: and the dean of NUSTs applied sci-
ence faculty, Eddie Mwenje. who is studying
sene flow between wild-type and genetically
maodified sorghum.

In what may be another sign that science is
still hanging on, Zimbabwe founded an Acad-
enmy of Sciences 2 vears ago that has grown to
58 members and garnered international sup-
port, Its president, Chetsanga, says the academy
helped convince the government last year to
tike steps to monitor bird Qu and will spansora
forum in June on the potenual impact of global
climate change in Africa, The academy is also
trving to persuade the government w reconsider
restrictive rules that ban planting genetically
maodified crops,

Universal chancellor

The chancellor of all public Zimbabwean uni-
versities, by decree, is President Mugabe,
whose photo hangs in administrative offices.
When he first came to power in 1980, the
Unmiversity of Rhodesia (now UZ) was the
lone public institution of higher learning;
today, there are a dozen universities and three
more planned. But that rapid growth, critics
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sav, has come ar the expense of academic and
research quality.

Although UZ remains influential, one of the
most ambitious new universities 15 Bulawayo's
MUST. which opened a dozen years ago and
now has about 3000 students. At first glance,
the campus seems to be growing, with attractive
buildings and an imposing row of unfinished
structures bristling with construction cranes.
But there are no workmen in the empty shells.
Construction has been virtually frozen for
years, prompting one scientist to describe the
campus as “a parking lot for unused cranes.”

“We still hope to finish these buildings,”
says the optimustic vice chancellor, veterinary
scientist Lindela R, Ndlovu, His deputy, organic
chemist Samson Sibanda. is confident that the
university can thrive despite its budget crunch
by reaching out to Zimbabwe’s “science dias-
pora,” especially in neighboring countries such
as South Afnica, o “create research pariner-
ships” MUST’ aim is to tap foreign sources o
help equip the rows of laboratories that stand
empty, devoid of instruments or even reagents.
“We 've got the labs, but we need the hardware.”
savs Mundy. The strategy has worked in a few
cases; Maik was able to equip his NUST lab
with hard-currency grants from Sweden’s Inter-
national Foundation for Science,

Last fall, the university hired Moses
J. Chimbari, a former Fulbright student in
public health at Johns Hopkins University in
Baltimore, Maryland, to help other
researchers land foreign grants, Chimbari is
systematizing the process and educating the
university staff. One of the biggest problems,
he says. 1s “the great disparity between the
sovernment’s ofTicial exchange rate and the
unofticial rate” A large share of many grants
HOCS o B armment curreney traders.

Some foreign donors and their Zimbabwean
grantees have been able to get around the off-
cral requirements, which at one point
exchanged dollars an 80 times less than market
value, by purchasing lab equipment and
reagents through foreign accounts and then

shipping them mto Zimbabwe. But even af

donors beat the exchange problem. inflation
takes a toll. Says Hargrove: “When vou give
grants to Zim scientists, it's extremely difficult
to get that money to the researchers without it
being diluted.”

Inflation’s impact is insidious. Over the last
couple of years, the Education Ministry has
been in a constant battle over the wages it sets.
University lecturers have gone on strike several
times because their meager salaries have not
kept up with mflanon, which the International
Monetary Fund predicts could reach S000M%% by
vear'’s end. “T'm barely able to pay the rent and
feed my family,” lamenmted lecturer Donald

WWW.SCIENCEMmaq.org
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Mlambo, who says prices increase so rapidly
that “we would need a weekly salary adjust-
mient o keep up.” Students, unable w pay mod-
est tuition costs. are angry, too. Last vear, rioters
at Bindura University of Science Education in
northern Zimbabwe burned down a computer
science labomtory,

“Hyperinflation affects evervthing.” says
medical researcher David Katzenstein of
Stanford University in Palo Alto, California,
who has worked with colleagues in Zim-
babwe over 2 decades. “The economics are
crazy, but the researchers have admurable tal-
ent and dedication.”

Help from abroad

Although Mugabe harshly criticizes Western
“imperialists” the zovernment does not turn
away help from an array of foreign sources,
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UZ pharmacologist Chiedza Maponga, who
helped plan the 2002 rollout of Zimbabwe's free
antiretroviral therapy program: with support
from foreign donors, it now reaches an esu-
mated 10% of'the infected population.

“We need more bndge-building programs
like this.” says Maponga, His UZ department
has devised ways to monitor the quality of
generic antiretroviral drugs and conduct ¢lini-
cal studies of drug interactions with African
herbal medicines that are sometimes used to
treat HIV/AIDS, He is also developing a moni-
toring system “to help show international
donors that their money is being put o good
use” In particular, it 1s important to reassure
Amencan and European biomedical assistance
programs that sanctions aimed mainly against
Mugabe and high-ranking members ofhis gov-
ermnment are being observed,

Lab without walls. Wildlife expert Peter Mundy (right) discusses mopane tree leaves with students.

including the US. Natonal Institutes of Health
(NIH) in Bethesda, Maryland, and the Centers
for Disease Control and Prevention in Atlanta,
Georgia. “In medical research, most of the
resources are coming from North America and
Europe.” says Kazenstein, whois workingon a
project with Peter Mason ofthe Biomedical and
Research Traming Insttute in Harare to provide
laboratory, clinical. and epidemiological wain-
ing o Zimbabwean researchers,

That initiative, directed at the HIV/AIDS
and uberculosis epidemics, s funded by NIHs
Fogarty International Center. Another NIH
grant helps fund a collaborative research pro-
gram between UZ and the University of Cali-
fornia. San Francisco, on ways to reduce the
vulnerability of women to HIWV and other sexu-
ally transmitted diseases. Yet another N1H-
tunded program. which involves the University
of Bultalo’s School of Pharmacy, helps Zim-
babwe monitor drugs to treat HIV and wbercu-
losis infections, The man partner in Harare is

The exodus of Zimbabwean physicians is
another factor limiting the country’s participa-
tion in research, The number of doctors remain-
ing may have dropped some observers sy, 1o
less than half the official level of about 2000,
Rampant emigration and AIDS deaths have had
a substantial impact; some demographers and
epidemiologists suspect that the nation’s popus
lation may have fallen more than 20%% below
the official level of 13 million.

Yet there is no dearth of young people who

want to study scrence, researchers say. Even il

the equipment 15 missing and labs are some-
times dark. the students are bright. The real
challenge will be to persuade the best of them
not to ILII.,."FI.'!TI rﬂl.‘ grecner ]‘l';l:\il.ll'l..‘:\' ds 3000 ids
they get an opporiunity. Says biochemist Read,
who returned to teach in Zimbabwe after vears
of study abroad: “Our greatest assets are the
bright voung Zimbabweans weare privileged 1o
teach and do research with.™”

-ROBERT KOENIG
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EVOLUTIONARY ECOLOGY

Variable Evolution

Researchers are discovering the intricacies of relationships in which one organism
sometimes influences the evolution of another and sometimes doesn’t

Coevolution is a tale of intimacy. Two
species—a parasite and 1ts host: a pollinator
and its plant—evolve in lockstep, adapting
ways to deal with willing, and sometimes
unwilling, partners. But occasionally, evolu-
tion gets off track.

In north-central Nevada, for example, the
Clark’s nutcracker has a cozy relationship

with certain pine trees: The birds carry off

seeds and cache some of them for future use,
helping new seedlings pet started. For its part,
the pine tree has made extracting seeds child’s
play by evolving short cones bursting with
seeds that are covered by thin, easy-to-
remove scales. Butin the Rocky Mountains, a
ménage a trois has developed, in which the
pine trees are torn between defending their
seeds against squirrels and helping out the
nutcracker. As a result, the birds must make
do with long, heavy cones with thick scales
and relatively few seeds. Coevolution has
practically stalled out.

When biologists first started thinking
about coevolution some 40 years ago, they
didn't appreciate this complexity. Over the
vears, they have marveled at bird bills
exquisitely shaped for feeding elficiently
on products of specific plants, and they 've
learned about arms races in which snakes,
msects, and other predators develop ways
to outwit the ever-better defenses of their
prey. But there have been nagging inconsis-
tencies in many of these observations:
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Some species pairs don't have the same
adaptations everywhere.

Ecologists have found that, in organisms
from birds to bacteria. coevolution is not a
sure thing. "The interactions between pairs of
species have different intensities in different
ccological settings.” sayvs May Berenbaum,
an entomologist at the University of [llinois,
Urbana-Champaign. A decade ago, evolu-
tionary ecologist John Thompson of the Uni-
versity of California, Santa Cruz, came up
with a theory to explain these geographical
variations in coevolution and coined the term
“peographic mosaics.” And in the past few
yeirs, because ol its relevance to understand-
ing evolution, biodiversity, and species inva-
sion, there has been “a surge ininterest™ in the
theory, says Richard Gomulkiewice, an evo-
lutionary biologist at Washington Swute Uni-
versity in Pullman.

Coevolution's mosaics

Thompson proposed that the survival advan-
tage provided by coevolution was inconsis-
tent because environmental conditions, and
hence the forces of natural selecuon, differ
from place to place. In retrospect, this idea
seems self-evident. but at the time “people
generalized [what they found] from one loca-
tion and extrapolated to everywhere else for
that species,” says Craiz Benkman, an evolu-
tionary ecologist at the University of
Wyoming in Laramie.

For the birds. The Clark's nut-
cracker prefers pinecones with
thinner scales (inset, right), but
with squirrels around, the cone’s
scales are thicker (nset, left).

If researchers looked more
broadly at different popula-
tions of interacting species.
Thompson predicted, they should discover
“hot spots”™—with intense interactions
between partner species and rapid coevolu-
tonary change—and “cold spots™—areas
where the two species have little influence on
each other’s evolutionary trajectories. Envi-

ronmental factors, including the presence of

other species. should affect hot-spot distribu-
tion by making coevolution more or less

advantageous to the partners, The mobility of

the partners should matter as well: Gene flow
from one set of coevolving populations to
another should speed or impede the evolution
of specializations,

Thompson’s fellow ecologisis were skepii-
cal at first, “Many of us were left wondering

ow to address such a ¢« ex set of
how to address such a complex set ol
processes and were frustrated with the lack of

very spectilic, testable predictions.” says
Edmund Brodie 111, an evolutionary biologist
at the University of Virginia, Charlottesville.
Recalls Thompson, “The criticism | got was
*Show me the data,”™

Today, however. the theory is much more
palatable. In 2005, Thompson published a
book, The Geographic Mosaic of Coevalu-
rion. He and other theoretical biologists
have come up with more detailed models to
predict how species might change over
space and time. helping feld researchers

focus their studies. In 2006, the number of

publications was expected to be double that
of 6 vears ago. “We're suddenly seeing the
data for a whole vanety of interactions.”
Thompson says,

Third-party interference

Even as Thompson was first formulanng his
geographic-mosaic theory, Benkman was
coming to similar conclusions based on his
long-term studies of crosshills and other
birds that feed on pme seeds. In the 19905,

his work suggested that the presence of

squirrels in certain pine forests of the Rocky
Mountains influences cone shape and scale
size. Now he and Adam Siepielski have
extended that work with a careful look at the
ecological and evolutionary crosstalk
between squirrels. Clarks nutcrackers, and
pine trees in western North America, They
find the geographic mosaic and the cold and
hot spots Thompson envisioned.

WWW.SCiencemag.org
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The squirrels and birds both eat seeds, but
only the nutcrackers help the ree by dispers-
ing some seeds: A single bird can carry off
up to 98,000 seeds aseason, sometimes as far
as 22 kilometers. When squirrels harvest
cones, few seeds ever germinate. In 2004 and
2005, Siepielski and Benkman looked at lim-
ber pine or whitebark pine forests with or
without squirrels and assessed cone and seed
characteristics as well as bird and squirrel
consumption of seeds.

The results were similar rrespective of
the pine species. Nutcrackers preferred
cones with thinner scales and more seeds,
characteristics of the squirrel-free stands.
But forests with squirrels had wider, heavier
cones with thicker scales and fewer seeds
that were harder for the birds to retrieve,
Siepielski and Benkman report in the May
issue of Ecological Monographs, Thus,
squirrel-infested forests represented cold
spots. “The presence orabsence of the squir-
rel drives the interaction between the pines
and the nutcrackers,” says Benkman.

Sometimes three-way nteractions can lead
o new species. Benkman and Julie Smith of
Pacific Lutheran University in Tacoma, Wash-
ington, reported in the Apnl issue of nerican
Natwralisi. The newcomer, the South Hills
crossbill, lives in pockets of Idaho forest
where squirrels are absent, There, unusually
thick scales have resulted in bigger bills,
which in turn eventually led o changes in
birds” calls. With that change. the birds” attrac-
tiveness to crossbills from elsewhere dimin-
ished. “The selection 1s so different with and
without squirrels, 1t’s causing one population
to speciate from the others,” says Benkman.

Arms races

Berenbaum has also found that a third species
can throw a wrench in the works ol coevolu-
tion, Ower the past 15 vears, she and entomol-
ogist Arthur Zangerl, also from the University
of lllinois, had found a tight correspondence
between the types of toxins produced by wild
parsnip and the detoxifving capabilities of
parsnip webworms found in the United States.
Both plant and caterpillar are native to
Europe, with the parsnip arriving in North
America about 400 vears ago, followed by the
webworm about 250 years later.

What's striking, notes Berenbaum, is how
quickly the webworm and the parsnip estab-
lished a tight correspondence once the two met
up in North America. Zanger] has analyzed the
toxin profiles of herbarium specimens of wild
parsnips from collections that date from 1836
to the present. His 2005 analysis shows that
within 20 years of the webworm's arrival. the
toxin content increased. And, judging from the

LS. ~based webworm’s current ability o chow
down on parsnip with impunity, the webworm
has rapidly improved its ability to break down
parsnip toxins, “Thats something we don’t see
happening in the European samples.” Zangerl
notes. The reason is the presence of a third
player in Europe: Webworms there olten
munch on hogweed, a less toxic plant that’s not
present in North America. Berenbaum and
Zangerl reported in the December 2006 issue
of Feafozy,

At the University of Virginia. Brodie is
examining another coevolutionary tale. that
between toxic newts and their snake predators.
He and his colleagues have found hot spots
where garter snakes are rapidly evolving

Chemical warfare. Wild parsnip battles the
parsnip webworm by evelving ever-more-patent
Loxins in ils tissues,

resistance to ill effects from snacking on
newts—and cold spots, where resistance to
the newt poisons has not evolved. They are
now looking to see whether other predatory
snakes have the same hot and cold spots. “If
50, it is pretty strong evidence that there are
major geographic or biogeographic patterns
that influence the mosaic and not simply some
stochastic process,.” Brodie says.

Brodie hopes to investigate how gene flow
affects these geographic mosaics, When
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resistant snakes move nto an area populated
by vulnerable individuals, for example, they
should have the advantage and “warm up™ a
cold spot. Brodie knows that mutations in a
gene for a sodium channel in muscle confer
resistance to the newt poisons, and he and his
colleagues are sequencing this gene with the
hope of using single-base differences between
individuals as a way 10 monitor gene Now
throughout the mosaic.

To date, though, the most solid evidence
that gene flow plays a major role in geo-
graphic mosaics comes from an experiment in
which Thompson and his colleagues moni-
tored how quickly bacteria evolved resistance
to bacterial viruses (which in turn develop
ways to evade this resistance). In 2004, he,
Samantha Forde in his lab, and Brendan
Bohannan of the University of Oregon,
Eugene, first showed that the imensity of this
arms race depended on how nutrient-rich the
environment was, with resistant bacteria
evolving faster in richer media. But when the
researchers put bactena from rich media in
with bacteria with suboptimal nutrients, the
evolution of resistance sped up in those com-
munities, thereby changing the coevolution-
ary dynamics.

Working out how geographic mosaics
arise, and why, has important ramifica-
tions, Agencies charged with protecting
borders against invasive species are strug-
eling to predict the worst offenders. "The
geographic-mosaic theory can be a tool for
improving predictions,” sayvs Berenbaum.
And Benkman thinks the data to date on
the effects of a third-party species suggest
caution to wildlife biologists thinking
about reintroducing species. particularly
mammals, into areas where they have not
lived for centuries. Finally, conservation
policies need to consider how species
might differ genetically across space. and
how the coevolutionary paths they travel
might vary. “If in conserving biodiversity
we aim to represent the full array of the
species, then we need to cover a broad
sweep of these areas,” says Jeremy Burdon,
an evolutionary biologist at the Common-
wealth Scientific and Industrial Research
Organisation Division of Plant Industry in
Canberra, Australia,

For these reasons and others, testing the
geographic-mosaic theory has increasing
appeal. “People are motivated to see if these
different processes are present and il they
are important,” notes Gomulkiewicz, And
Paul Rainey. an evolutionary geneticist at
the University of Auckland, Mew Zealand,
agrees: “There is a huge opportunity here
for research.” —ELIZABETH PENNISI
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LETTERS

edited by Etta Kavanagh

An Intelligent Crow Beats a Lab

| READ WITH INTEREST THE PROFILE OF NICOLA CLAYTON AND HER WORK ON COGNITION IN
birds (“Nicky and the jays.” News Focus, V. Morell, 23 Feb., p. 1074). As an amusing
aside to bird intelligence and food hiding. 1 contribute this photograph taken in 1955, My
father owned a seafood market on the central Oregon coast and was very fond of crows as pets,

which he valued haghly for their intelligence. The attached picture represents a regular nitwal of

food hiding and searching between our labrador retriever and pet crow,
Adter the crow ate his fill. he would hide surplus food in the market’s backvard. which

Ly

Jocko the labradot and

SR

afforded many niches under wood chips and
other detritus. Our dog, Jocko, was always
interested in an extral morsel and would scour
the yvard using his nose as his prime detector.
The crow followed alongside him and when
Jocko came too close to the concealed prize,
Jimmy the crow would hop ahead of him,
knock the wood chips aside, grab his food, and
move it to another location. The crow relied on
his memaory of has stashed tood to beat the dog
to the prize nearly every time.

ARTHUR 5TRAUB
Rena, NV, USA,

Prototype Resilient,
Self-Modeling Robots

THE MAIN CONTRIBUTION DESCRIEED IN THE
Report “Resilient machines through continu-
ous selfF-modeling™ (0, Bongard eral.. 17 Now,
2006, p. 1118, and the accompanying Per-
spective, “What do robots dream of?”, C,
Adami, p. 1093} 15 a robot that can auto-
nomously recover from certain tvpes of un-
expected damage. through an adaptive self-
model derved from sctuation-sensation relation-
ships, used o generate forwand locomotion.
Meither the Report nor the Perspective
mention that the first resilient. self-modeling
machines of this type were built by Alexander
Glove-Farster ef af., who won the 2004 Robo-
Cup in the very fast, small-size league (where
human adversaries with a joystuck have no
chance). Gloye-Forster ef af. equipped the
RoboCup robots with self-models based on
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artificial neural networks, w model current
properties of their four-wheel omni-direc-
tional drives. They showed that when a robot
gets damaged and 15 no longer able w execute
a precise driving pattern, it can heal itself by
quickly adapting 1ts model of the relation
between motor commands and sensory mputs,
and using the modified model o plan and opuo-
mize Future driving trajectories (/. 7).

JURGEN SCHMIDHUBER
Director, IDSIA, Galleria 2, 6928 Manna, Switzerland,
and Institut fir Informatik, Robotics and Embedded
Systems, Technische Universital Mdnchen, Boltzmann-
strasse 3k, D-B85748 Garching bei Miinchen, Germany,
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Response

INDEED, MANY EXISTING APPROACHES SUCH
as robust control (/. 2) and reinforcement
learning {3) allow artificial systems to sustain

functionality despite variation and uncer-
tainty in their internal structure. by adjust-
ing controllers and estimating model param-
eters from data. Our self-modeling ap-
proach differs from these approaches in two
key aspects, concerning both the way the
data are collected and the properties of the
resulting model.

First, our approach actively determines
which data to collect in order to improve the
model. This is in contrast o Gloyve er al. (4),
whose learning algonthm requires driving the
robot through all possible combinations of
drving situations “to cover all the regions of
the input space™ of the predefined neural net-
work (5). Such an exhaustive approach does
not scale o complex situations with many sen-
s0rs, actuators, and complex environments,
while the active learning method we use
scales more favorably (6).

Second, our self-models are explicit body
schemas useful in scenarios other than those
they were trained in. This 15 1n contrast
to Gloye et al, (4), whose model implicitly
maps inputs to outputs but has linle predic-
tive ability outside its training scenarno [e.g.,
bumping mto an obstacle would require
retraining ( 3)]. Our robot could use the same
explicit internal body schema to determine
how to balance on an inclined plane or tackle
an obstacle. The ability of a selt-model 1o be
useful beyond its training scope is critical to
scaling the cognitive ability of machines and
may underlay humans™ remarkable ability to
perform reasonably well in new and unfore-
seen situations,

HOD LIPSON,* VICTOR ZYKOV,

JO5H BONGARD*

1Department of Mechanical and Aerospace Engineering,
Comell University, thaca, NY 14853, USA. *Department of

Computer Science, University of Vermont, Burlington, VT
05405, USA,
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Can a Nuclear Weapon
Really Be “Safer”?

IN HIS ARTICLE OM THE COMPETITION SPON-
sored by the LS. Department of Energy to
design a Rehable Replacement Warhead
{ RRW ) (“Livermore Lab dips into the past to
win weapons design contest,” News of the
Week, 9 Mar.. p. 1348), Eh Kimusch meludes
the following sentence: “Although the focus
is rehiabilicy, RRW is also intended 1o create
safer. more secure, and greener weapons,” |
can understand more secure, even though |
would argue that the best security would be
universal elimmation, an achievable target 1l
the will is there. But, although I sympathize
with the author’s need 1o cover the new armi-
ments program in real-world terms. there 15

something distinetly Orwellian about the
use without comment of the words “safer”
and “greener” to describe atomic bombs, At
the very least, a phrase like “relatively speak-
ing” would be inorder, to remind us of what we
are really talking about. Or is it 1984 already?

MICHAEL NEUSCHATZ
Riverdale, MD, UISA,

Using Radiocarbon
Dating in Jerusalem

THE ARTICLE "JUDGING JERUSALEM™ (A.
Lawler. News Focus, 2 Feb., p. 388) presents
the diverse points of view of many archaeolo-
wists on the chronologieal and polineal impli-
cations of the lNindings from the City of David

Julius Axelrod Prize

excavation. Most of these archaeologists

agree that the relative chronology based on

cermmic typology cannot determine the age of

this site in relation to other sites. There is
almost a consensus that radiocarbon datung 15
the only way to solve this problem. [ would
have expected the article to provide an evalua-
tion of whether radiocarbon dating can solve
this problem by consulting with experts in the
field, rather than publishing a quote by an
archaeologist comparnng radiocarbon dating
L0 3 prosutute,

The problem translates into whether two
events that occurred within a century can be
differentiated. Bearing in mind the analytical
uncertainty (=30 vears) and that the calibra-
Lon Can someiimees :~]1'_‘|1I| Il..'.'1iH|f'- increase the
probable rmange of the date, such precise datng
is a major scientific challenge.

With llan Sharon (Hebrew University).
Ayelet Gilboa ( Haifa University), and Tim Jull
{ Artzona University ), 1 addressed this issue by
dating the transition from Iron Age I to Iron
Age [, We compared samples prepared in three
laboratories ( Welzmann Institute of Science,

University of Artzona, and the University of

Crromingen), No bias was detected, disproving
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misconcepions that radiocarbon labs have spe-
cific agendas besides doing scientific research
i, 2). We paid careful attention to the archaeo-
logieal contexts of all samples, charmctenzed
their states of preservation, and analyzed more
than 130 samples, The radiocarbon dates men-
tioned in the article by Eilat Mazar were per-
formed by me on samples that were chosen
afier careful discussion with her. Radiocarbon
analysis 15 not i routine technical operation.
Our Iron Age study proves that two events
can be differennated within a century, Much
depends upon the reliability of the archaeo-
logical context from which the sample is
taken and upon a deep understanding of the
science ivolved with radiocarbon dating,
ELISABETTA BOARETTO

Radiocarbon Dating and Cosmogenic lsolopes Laboratory,
Kimmel Center for Archaeological Science, Weizmann
Instilute of Science, Rehovot 76100, Israel, and
Depariment of Land of lsrael Studies and Archaeology, Bar
llan University, Ramat Gan, lsrael.
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Oops, That's Not Really
a Diamond

THE ILLUSTRATION FOR THE INTERESTING
Editors’ Choice item "Diamond diversity™
{23 Mar. p. 1638) appears. even to this biolo-
gist, not 1o be of diamonds at all. Rather than
being rough and tetrahedral in form as diamond
crystals tvpically present, these crysials are
hexagonal, very clean surfaced, and optically
clear. just as certain quartz crystals can be,
Furthermore, they appear to be doubly wer-
minated, suggesting that they formed free-
foating in a fluid-filled cavity rather than
attached w0 a mmeral mamx, They appear to
be Herkimer diamonds, named for the town in
upstate New York where they are found
in cavities, or vugs, in the surrounding stoney
mainx. They are very attractive, and 1t 1s
entertamning to spend a Saturday picking these

Letters to the Editor
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“diamonds™ from cavities in the rock, but they

are not true diamonds, which are of course not

crystrallized silica but ervstalline carbon.
ANDREW P. WHIPPLE

Department of Biology, Taylor University, Upland, IN
46989, USA.

Editor’s Nore: The letter writer is correct,

The image that was chosen by Science stall

to run with this item was not a diamond. The
image shown here 1s diamonds,

Coal’s Future: Clearing
the Air

AS REPORTED BY ELI KINTISCH ("REPORT
backs more projects to sequester CO, from
coal.” News of the Week. 16 Mar., p. 1481).
the recent Massachusetts Institute of Tech-
nology (MIT) study (/) on the future of coal
stresses the need for reducing the carbon
intensity of coal use. More than two coal-tired
power plants are projected o be built each
week over the next 23 vears, adding 1800 GW
of electneity production {2) and at least dou-
bling current coal-based CO, emissions un-
less CO, mitigation technologies are rapidly
deployed. Although these technologies are
stilll in the R&D phase, the report’s authors

rightly caution that we “not fall into the trap of

picking a technology winner” Paradoxically,
the report then goes on to discuss in great

detail the capture and geologic storage of
maolecular CO, (CCS). to the exclusion of

other options.

Current mitigation alternatives include
the postcombustion chemical or biological
umuku of CO, from waste streams or from
air [e.g.. (3-5)]. often converting CO, into
stable. benign chemical forms that need not
be stored deep within the Earth. In certain
settings, such approaches could avoid poten-
tial obstacles to widespread CCS use (/).
including (1) the energy cost of capturing,
concentrating, and compressing CO,: (i1)
risks associated with transporting and stor-
ing CO, under high pressure: and (iii) the

LETTERS

inability w cost-eflectively mitigate existing
conventional coal-tired plants. Alternative
technologies that can address this last point
are cntical since, according to the report,
CCS only appears practical for new coal
combustion technologies that will take
decades to penetrate the power industry, time
that we can 1l atford.

As in the case of CCS. much work is
needed to determine the safety, economics,
capacity, and tumeliness of these alternative
CO, mitigation approaches. Yet this will
never happen if industry and government
decision-makers and R&D funders continue
to treat conventional CCS as “the only game
in town,” At this early stage, it is imperative
that our CO, mitigation strategy be broad in
scope, acknowledging that multiple tech-
nologies are likely to be needed and that they
may bear little resemblance to those cur-
rently favored. Given the magnitude and
urgency of the CO,/energy problem, it is
unwise to plan the fate of both coal and our
environment based on an unnecessarily nar-
row vision of the future,

GREG H. RAU® AND KEN CALDEIRA®
Unstitute of Marine Sciences, University of California, Santa

Cruz, CA 95064, USA. *Department of Global Ecology,
Camegie Institution, Stanford, CA 94305, USA.
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CORRECTIONS AND CLARIFICATIONS

ScienceScope: “Bignami back in orbit” by F. De Prestis
(23 Mar., p. 1649). Giovanni Bignami has been nominated
as president, not director, of Naly’s space agency, ASL. He is
na longer chair of the Space Science Advisary Committee of
the European Space Agency, as was reported. Bignami says
he left his position as scientific director of ASin 2002 when
his contract expired, and that his departure was not con-
nected lo uncertainty at that time over government support
for an Italian radar instrument on a NASA mission to Mars,
as the ScienceScope item implied.

Perspectives: "Water from first principles” by A. |. Stone
(2 Mar., p. 1228). The dotted lines indicating the hydrogen
bonds between the water molecules were inadvertently
remaved (rom the top configuration.

Reports: "Water catalysis of a radical-molecule gas-phase
reaction” by E. Vohringer-Martinez et af. (26 Jan.,
p. 497). The third author is identified incorrectly; the
correct name is H. Hernandez-Soto.

www.sciencemag.org SCIENCE VOL3146 4 MAY 2007
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The Golden Weed,

America’s Most Deadly Drug

Robert N. Proctor

obacco is the world’s largest single
cause of preventable death. Five mil-
lion people die every vear from smaok-
ing, a number that will grow to circa ten mil-
lion over the next two decades. A
hundred million died from smok-
ing in the 20th century, and ten
times that will die in the present
century if current trends continue,

The tobacco industry is notori-
ous for its decades-long campaign
to manulacture ignorance, to dis-
tract from harzards. w filibuster s
way past inconvenient facts and
the crushing weight of medical
indiciments. Theirs may well be
the longest-running campaign of
deception ever organized by an industry, and it
was not until the 19905 that manufacturers
admitted any real harms caused by smoking.
Part of this about-face was dictated by a
change in legal strategy. which by this time
had recentered around the argument that
“everyone has always known™ that smoking is
bad for yvou—so people have only themselves
to blame tor whatever diseases they contract
from the habit.

Ulnnil recemt years, much of the historiozra-
phy of tobacco has been dominated by indus-
try apologists. The industry has been training
historians for yvears. using them either as con-
sultants for litigation or as expert witnesses o
delver industry-friendly testimony in court.
As of 2005, at least 35 historians had testified
i court for the industry. versus only three for
its opponents. Dozens of others have worked
more secretively as consultants. That asym-
metry helps explain why the industry has mosi
often managed 1o come up victorous in court:
Following decades of eftorts tomanipulate the
science, they 've tumed to efforts to manipu-
late the history (/). And ther power 1s not to
be underestimated.

With Allan Brandts Cigarene Centry,
however, a new era is dawning in tobacco his-
toriography. A medical historian at Harvard
University, Brandt has been working on the
history of the cigarette for more than two
decades. The book has been long in coming

The reviewer is at the Department of History, Building 200,
Stanford University, Stanford, CA 94305-2024, USA.
E-mail: rproctor@staniond. edu
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The Cigarette Century
se, Fall, and

v Pe

[T cited it as forthcoming inmy 1995 Cancer

Hars (2], but the wat has been worth at, [he
Cioarente Ceninry presents the most compre-
hensive account to date of how we came into
this odd siuanon, where
the burning of little sticks
of leaves (with myrad fla-
vorings and chemical mod-
ifiers) is the most deadly
addiction on the planet.
Brandts 1s principally a
history of changing atti-
tudes oward smoking in the
United States. along with
the science that led to the
indictment of smoking and
the myriad obstacles w ns
effective regulation. Buck Duke’s consohda-
ton of the early industry is covered, along with
the rise of Camel in 1913 as the world’s first
“standard brand.” Opposition to the cigaretie

1ce of

uct That

astutely wdentities as part of an effort w sub-
vert the growing evidence of hazards. The
industry has always been adept ar neutralizing
threats: The “health scare™ of the early 1950s,
for example, was effectively countered by a
campaign to foment doubt and reassurance.
And in the 19805, following demonstrations
of a lung cancer hazard from secondhand
smoke, the industry blitzed the airwaves with
acampaign identifving smoking as essentially
a form of free speech.

Brandt devotes a great deal of attention to
the recent history of litigation, with a major
theme agaun bemg the industry’s mmbleness
at escaping threats. He is rightly critical of the
1998 Master Settlement Agreement between
the companies and 47 states, which basically
'.lI'I'.Il.FLlI'I.II..'d 10 a lax on l..‘]';_lllﬁ_‘“;.‘?'- { I..‘il'i.".l 45 cents
per pack). The agreement led to a kind of gov-
ernment-industry co-dependency, insofar
as Master Seuitlement Agreement payments
depend on the cigarette companies remaining
solvent—which helps explain why so many
states have submitted briefs on behalf of the
companies opposing high punitive damages,

There are some weaknesses in the book.
Some PFH!'I.'IiI.]L‘I'i[ uurlj. Critics are COnspIcu-
ously absent. including the great journalist
Creorge Seldes, a kind of Nadente avant la let-

Undermining an icon. This 1990s anti-smoking ad subwverts the imagery of the classic Marlboro cigarette
marketing campaign.

collapsed following the First World War, when
soldiers got cizarettes with their rations and the
bans on the sale of cigarettes (enacted in more
than adozen states) began to lapse. Brandt does
a fme job of racing the epidemiclogy and ani-
mal experiments that led British and American
sclentists to recognize cigarettes as i cause
of lung cancer and other maladies, although
research traditions in other parts of the world
notably Germany—are slighted.

The book also does a fine job exposing the
industry’s use of medical authority 1o sell cig-
arettes—via R. 1. Reynolds's “More Doctors
Smoke Camels™ campaign, for example, but
also through advertisements urging smokers
o “make vour own test.” which Brandt

tre, who in the 19405 publicized Raymond
Pearl’s work on the dimimished longevity of
smokers and Angel Rofto’s pioneenng work
on Cexpern mental whacco ca I'L"il'llﬂ_’l."l'll.’ﬁl.‘i.
(Roffo, an Argentine physician, showed that
cancers could be induced by painting tobacco
“tars” on the skins of laboratory rabbits.)
Seldes also denounced the inclusion of
tobacco as a part of the Marshall Plan:
Europeans had other priorities. But Senator
Willis Robertson from Virginia {father of the
televangelist Pat, interestingly ) thought other-
wise and got tobacco included as part of the
LS. effort to rebuild Europe.

Brandi does a great job, though, of show-
ing how rights language was effectively used

www.sciencemad.org
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to block restrictions on (for example) smoking

on airplanes, which for decades caused grief

{and death) to both passengers and flight
attendants, Smoking sections were a compro-
mise of the 19705, which entics compared to
“having a peeing section in a swimming pool.”
Powerful senators from tobacco-growing
states opposed a total in-Tight ban, and 1t was
not until 1990 that smoking was eliminated
from all domestic flights. The Environmental
Protection Agency declared environmental
tobacco smoke a class A human lung carcino-
gen in 1992, by which time grassroots
campaigns were under way to protect both
machines and people from this pollutant,

One reason we know a lot about the

tobacco industry stems from the millions of

pages of internal documents released in the
course of litigation, Documents now available
onling (<) contaun a vast and largely untapped
wealth of information about the indusiry,
including letters to and from consumers and
relations with foreign tobacco entities. In
2006, some 45 million pages became full-text
searchable. So anyone with an Internet con-
nection can now call up all documents con-
taining expressions like “please destroy.”
“mere statistics.” “cold hard facts.” “cigarettes
don’t cause,” or “doubt 15 our product”
Searches of this sort allow one to probe the
rhetorical microstructure of a major corpora-
tion cluster, which has never before been pos-
sible. With simple Boolean operators and
specilication of document type (press release,
consumer letter. etc. ). the possibilities are vir-
twally endless.

Brandts book 15 oddly pes-
simistic on its Final page. conclud-
ing that the cigarette industry “is
here to stay.” If recent events are
any guide, however, it could well
be that the reforms now sweeping
ltaly, France, Ireland, and even
Germany could presage a broader
rollback of the indusiry. The big-
gest threats to its continued success
could come from unanticipated
directions—if. for example. the industry’s
malfeasance could be shown to be a crime
against humanity, or if people were to start
looking more creatively at the causes ol say,
alobal warming. Tobacco growing is among
the world’s leading causes of deforestation, and
cigarettes are a leading cause of industrial and
forest fires. Cigarette butts are also one of the
world’s largest sources of litter, and in the
United States alone tobacco growers apply 23
million pounds of pesticides every vear. The
conimbution from eliminating smoking would
be equivalent to raising fuel economy standards
by several miles per gallon.

High Tech Trash

And we're not talking about a cottage
industry. Over SO0 million kilometers of ciga-
rettes are smoked every vear. enough to make
a continuous chain from Earth o the Sun and

back. with enough left over for a couple of

round-trips to Mars, Are the virtues of the
golden weed really worth these unsurpassed
health and environmental costs?
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Because Computers

Don’t Compost
Robin Nagle

cholars of matenial culture “read” objects

in an attempt to learn about variables

like social organization, technological
advances and adaptations, family structure, reli-
gious practice, and even simple habits of every-
day life. Archacology, the granddaddy of mate-
rial culture studies, grew out
of gentlemanly attempts to
enliven the past by scrutiniz-
ing and speculating about
its human-made or human-
marked lefiovers. Anthro-
pology more generally has
studied matenial culre for a
century and a halll Frane
Boas. a prominent fNgure
in anthropology's formative
vears, first made a name for
himself when he broke with common museum
practice by insisting that artifacts collected from
small-scale societies be considered within ther
cultural contexis,

Today, across disciplines as far-ranging as
American studies, folklore. sociology. cul-
tural geography, and the history of conscious-
ness (1o name only a few), students of mate-
rial culture ask questions of objects—even
secking narratives that objects might re-

The reviewer is at the Draper Program, New York
University, 14 University Place, New York, NY 10003, USA,
E-mail: rebin.nagle@nyu.edu
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veal—to better understand expressions of
humanness as old as civilization and as young
as yesterday’s trash.

The latter constitutes a particularly rich
approach. Willlam Rathje, a Harvard-tmuned
archaeologist first based in Arizona and now
Stanford, has built a career around careful inves-
tigations of comemporary household garbage,
He has alsoexcavated some of the United Statess
most infamous landfills. Heavily compressed
strata in some older landfills never decompose,
making them vast inadvertent repositories of
miaterial races of culture across the wmulwous
20th century. *The arufacts that will fully repre-
sent our lives are safely stored within mega-
time-capsules, which we call landfills,” he
writes, "Itis these anonymous, mndom remains
that will tell our story to the future...” (/).

A Jand il is liverally stuffed with goods
gone bad, things mundane and rejected, tha
suggest an infinite number of narratives. A
recent but already ubiquitous example of such
landfilled material culture, ripe with story, is
the defunct electronic device. Cyber-tools
become cyber-trash at a worldwide raie of 20
million to 50 million metric tons a vear, says
Elizabeth Grossman in her thoughttul and
disturbing book, High Tech Trash: Digital
Devices, Hidden Toxics, and Humean Health,
She notes that they contribute as much as 70%
of the heavy metals and 40% of the lead in
landfills woday. But the end point, as Gross-
man ably demonstrates. is only one of many
convoluted narratives. The stories that ani-
mate electronics have many plots, subtexts,
and contradictions.

Grossman (an environmental writer based
in Portland. Oregon) atwempts a Herculean
task when she sets out to tell these many tales
through life-cycle analyses of digital devices,
from extraction of their raw components
through therr design and manufacture to their
Final resting places. Wayne Riler, an environ-
mental consuliant she quotes. neatly sums up
the challenge. “What you measure, you man-
age.”" He is referring to ULS, Environmental
Protection Agency policies instituted in 2003
to track electronics as its own category of
refuse, but the phrase is shorthand for themes
at the heart of this book. Global links among
research, development. manubacture, distribu-
tion. consumption, and discard are almost
impenetrably complex, making them ex-
tremely difficult to measure or manage. A per-
sistent and chilling consequence weaving
throughout the book is an environmental
impact so profound and pernicious that the
word “footprint™ is too limp. The impact can
more accurately be called a trampling.

Consider silicon. Grossman proves hersell
a graceful writer in explaining the many and
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confusing processes that turn silicon mto a
chip. Much of the work relies on toxins and
immense quantities of water, putting workers
at risk and polluting heavily, The longer-term
legacy of silicon and affilisted elements is
where the human drama becomes especially
poignant. For years, the town of Mountain
View in California was proud to host compa-
nies like Fairchild Semiconductor, GTE. Intel,
and Mitsubishi. On the other side of the coun-
try, in Endicott, New York, townslolk were
equally proud of the local IBM plant. Those
same villages now host some of the nation’s
largest Superfund sites as they grapple with
vast plumes of trichloroethvlene (TCE) in
their groundwater, aquifers, and private wells,
Environmentalists and state regulators believe
that TCE, thought to be a newrotoxin, found its
way into local water supplies through persist-
ently sloppy and even illegal disposal prac-
tices used by businesses engaged in allegedly
“clean™ electronics manufacturing.

In tracing the alphabet soup of metals
commonly found in electronics (aluminum,
cadmium, gold, iron, lead. mercury, nickel,
silver, tin, and zinc are just some), Grossman
delves deepest into copper. About two-thirds
ol the world supply is obtamed from open-pit
mines. A quarter of the annual global pro-
duction 15 destined for digital devices: some
computers can include up 1o 1.8 Kilograms,
Although copper is 100% recyclable. it is
rarely retrieved. The challenge lies in the

copper being scattered across millions of

individual machines, built into components
not easily disassembled,

Recveling computers and other high-tech
trash, although technically feasible, 1s not vet
practiced on a large scale. (According to
Cirossman, 90% of discarded electronics end
up in landfills or incinerators.) Most e-junk
sent to recyelers finds its way to the develop-
g world, One of the book™ most unsetthng
sections describes families in China and in
India dismanthing computers by hand in the
open air, bumning circuit boards in makeshatt
hearths, and sluicing computer imnards in pans
of acid to retrieve trace bits of metals. The
fires foul the air. raising childhood asthma
rates. The acid baths have made local water
unpotable, so supplies arrive by truck (2).

The European Union leads worldwide
efforts to regulate e-recveling and to prevent
such abuses. Its Waste Electnical and Elec-
tronic Equipment directive requires manufic-
turers of all electronics to take back and recy-
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Dealing with digital garbage in China. Large quantities of obsolete electronics are shipped to developing
countries where labor is cheap and environmental protection lax.

cle their spent poods, a policy known as extended
producer responsibility. Consumers may
return used digital gizmos w local collection
centers or directly to manufacturers, without
charge. In addition, makers must provide
recyclers with materials lists, a novel require-
ment in the world of high tech, and nations
that would import e-waste For recycling must
have labor and environmental safeguards
equal to those of the exporting country. In
other words. if the nation that wants to recycle
electronics allows conditions that would not
be legal in Paris or Prague, expont from Pans
or Prague (or from anywhere else in the EU)
15 prohibited,

Similar national legislaton in the United
States does not exist. Grossman points to a
thick collection of competing interests that
will probably guarantee a continued stalemate
at the federal level, one of many discouraging
details that makes fligh Tech Trash a sobenng
read. The author strays occasionally toward
the grim tradition of environmental journal-
ism that catalogs crises so far gone as to pre-
clude any real solutions, but she avoids a
descent into pure gloom with accounts of indi-
viduals and orzanizanons working hard for
cures to a host of electronic ills.

Among those 1lls are literal physical ail-
ments. A class of brominated Mame retar-
dants called polybrominated dipheny] ethers

(PBDESs), used in the hard plasuc casing of

many electronics, have achieved thorough
global distribution, an especially insidious
fact because they accumulate in organisms,
PBDEs are becoming the polychlorinated
biphenyls (PCBs) of the 21st century—but
are not to be confused with tetrabromo-

bisphenol A (TBBPA). a different kind of

Hame retardant used in circuit board plastics

and considered highly toxic w organisms liv-
ing in water. Had Grossman included a glos-
sary. it would have provided a quick refer-
ence and thus an easy way to recall specific
details about the many substances she dis-
cusses. The book would also have benefited
from lists of organizations, laws, and direc-
tives, because those, too, are shorthanded
with a clutter of acronyms,

But that's a small quibble. Iigh Teeh Tiasih
adds an important voice to a body of literature
that dissects material culture to reveal “the
politics of knowledge and of ignorance; the
politics of expertise and of sumptuary con-

trol; the politics of connoisseurship and of

deliberately mobilized demand™ ( 3), forces
that, in the life stonies of electronics, can

obscure real risks hidden within the tangles of

acomplex story.

Remember when the computer age was
touted as a nostrum for the accumulated sins
of the Industrial Revolution”? In thorough
detail, Grossman reveals how dangerously
delusional this notion has become. The once
liberaung story of electronic devices has
found a sequel as Grossman details concomi-
tant narranves of waste, environmental degra-
dation, and political weakness. The chips may
be tiny, but their impact 15 vast and alarming.
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Environmental Biology and
Human Disease

David Schwartz® and Francis Collins

he etiology of most chronic human dis-
eases (such as asthma, atherosclerosis,
and cancer) is complex, imvolving a mix
of genetic and environmental factors mteract-
ing with each other over hours, days, months, or

vears, Until recently. however, the disciplinesof

environmental sciences and genetics have pro-
ceeded independently: investigators in the
former discipline have focused primarily on
adverse conditions and diseases that are etio-
logically driven by emvironmental factors (such
as benzene-induced leukemia), and those in
the latter field have been finding genetic fac-
tors for highly henitable conditions (such as

cystic fibrosis), Progress is now
being made in idenofyving common
senetic variations that contribute

to complex diseases such as age-
related macular degeneration (1, 2),
type 2 diabetes (3, 4), and prostate can-
cer (3), However, the best opportunity to reduce
risk in genetically suscepuible people for the
foreseeable future will not be to re-engineer
their gzenes, but to modify their environment.
The successful dietary treatment of phenyl-
ketonuria s a clear example.

We need 1o understand how genetic factors
and environmental exposures interact in indi-
viduals to alter normal biological function and
to affect the risk of disease development. This
basic information is entical to understanding
why and under what circumstances certain
individuals develop disease and others remain
healthy, Defining environmental contribu-
tions is also crtical in identifying how and
under what circumstances DNA sequence
variations aftect disease pathogenesis. For
example. polymorphisms in CD14 and

Toll-like receptor 4 are relevant in endotoxin-
induced asthma but not in ether more com-
mon types of asthma (6, 7).

Progress in identifyving genetic vanations
that contribute to common disease has been
rapid in the last few vears. Building on the
foundation provided by the Human Genome
Project, the International HapMap Con-
sortium provided a public map (8} of human
genetic vaniaton. Dramatic advances in geno-
typing technology have led w a drop in
cost of more than two orders of magnitude in
Just 3 years,

The same rapid rate of progress
has not been achieved for precise,
? qll;!l‘l[jl;ll IVE ds5dYs Loy meas-

ure  cmv II'I.'II‘.II'I'II..']'IHI.] II[IL'H.WH
that contribute to adverse
health outcomes. Certainly,
assessment of envi-
ronmental contribu-
tons 15 much more
difficult than for genetic
ones, The genome of an individual represents a
bounded set of information. remains basically
stable over tme, and 15 very well suited 1o
multiple analytical approaches. The potential
universe of medically significant environ-
mental exposures is much less well defined,
and disease may appear several yvears after the
exposure has ended. However, another expla-
nation is apparent by contrasting the exten-
sive investments in new genetic and genomic
technologies over the past two decades with
the much more modest expenditures in expo-
sure sciences,

Traditional methods of assessing human
exposure to chemical, dietary, physical, and
psychosocial factors involve measuring the
potentially toxic agent or exposure in environ-

Wik

Biological response to environmental exposures
{ I

/|

Better environmental biosensars are needed
to study gene-environment interactions
associated with disease.

mental samples (air, water, or food) or biologi-
cal specimens of blood and urine or. more
commonly, characterizing the exposure event
isell with regard to frequency, duration, and
severity through questionnaires and other
methods of recall. For example, the Centers for
Disease Control and Prevention (%) have
developed an extensive array of precise assays
for toxins (natural source ) and toxicants (syn-
thetie source) that can be measured in various
human specimens, However, these assays are
not intended to provide information on the
extent of the environmental exposure,
the individual biological response, or the
temporal relation between exposure and

biological response. Existing methods of

exposure assessment
fail to capture the in-
dividual and dynamie
extent of the exposure
and 1ts 1mpact on
fundamental biologi-
cil processes,
Imagine that you
could visit vour family
physician and be in-
formed, by way of a
personal sensor., that vou
have been exposed to a

ﬂP{)E 1
A‘Uc-
H"Q r
PO

S
1 = harmful substance that
would explain why you
Field-deployable are sick and inform you
device

and vour physician about
how you should be treat-
ed. Imagine that vou could wear a specialized
wristband or a “smart shirt™ that could alert
you to the fact that your environment contains
levels of air pollution that may increase vour
nsk of having an asthma anack. Imagine that
vou had a hand-held device that could be used
o determine whether the food yvou are eating
contains harmful levels of trans fats, given
vour genetic predisposition to heart disease.
Recent advances in environmental and bio-
logical sensors sugpest that the echnologies are
athand, or can be readily engineered, 1o provide
precise measures of chemical and biological
hazards at the point of contact orto characterize

the “biological fingerprint™ lefi by a class of

environmental stressors, Sensor technologies
hold exceptional promise for providing critical
information for continuous (real-nme) data
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collection and simultaneous measurement of
multiple agents (multiplexing) within a single
device. New sensing modalites have emerped
from nanotechnology and nanoengineering,
medical diagnostics, and biodefense arenas that
could be adapted and developed for the expo-
sure sciences. Artificial receptors such as
molecularly imprinted polymers (MIPs) have
potential as stable surrogates for biological
recognition agents such as antibodies. en-
zymes, tissues, orcells (10).

In addition to being self-contained, these
sensors should be capable of quantitative,
continuous data capture in the field, withow
the need for sample processing and analysis at
4 laboratory. These devices must be easy-to-
use: portable; minimally inconvenient (wrist-
band, watch, phone. or lightweight purse);
rugged: and mexpensive to deploy. This will
require sophisticated computer systems and
analytic approaches that can handle the im-
mense volume and complexity of data gener-
ated for each individual and, also, would allow
for integration of data on environmental ex-
posures with genetic factors for the individual
and the population.

Multiple molecular changes can result
from environmental stressors, but not all of
these changes are linked to increased disease
risk. Thus, biosensors will need to record inter-
nal. molecular events that signify increased
risk of disease from exposures to different
forms of environmental stress, such as patterns
of gene or protein expression (/ /), as well as to
measure response indicators such as DNA or
protein adducts (/2 that persist even after the
exposure has ended.

The importance of this opportunity has
been recently highlighted at the National
Institutes of Health by the launching
of the Genes. Environment. and Health Tnitia-
tive (GEL) ([3), with strong support from
ULS. Health and Human Services Secretary
Michael Leavit and NIH Director Elias
Zerhouni. This $40 million-a-vear interdisci-
plinary imitative, managed by a coordinating
committee that we cochair, includes an Ex-
posure Biology Program. The near-term goal
of the program is to develop new nonimvasive
tools and biomarkers for assessing individual
exposures o environmental stressors that
interact with genetic vanation to result in
human disease. However, to fully appreciate
the predictive importance of these measures of
exposure, this technology needs o be deploved
in large-scale case-control and population-
based genetic studies of health and disease,
some of which will include genome-wide
association analysis through support from the
Genetics Program of GEI and the National
Children’s Study (/4).
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Establishing partnerships in the scien-
tific, technical. engineering, and business
communities will be critical Lo our success.
We need to define collectively appropriate
milestones and deliverables for what can be
achieved with this new technology, focus-
ing on the types of environmental expo-
sures and response indicators to be meas-
ured. the type of applications, and the level
of temporal and spatial resolution. For
example. there is a vast range of potential
applications for small-scale sensing de-
vices. such as cell-based microsystems or
lab-on-a-chip technology, from the detec-
tion of individual molecules within single
cells, to the measurement of global changes
in genes, proteins, and metabolites in
peripheral biofluids (/5. 16). We need to
define the most critical questions in expo-
sure biology up front so that scientists and
the public understand the scope of technol-
ogy that 15 required. In turn, engineers and
manufacturers must identify the technolog-
ical limitations and needs in this field.

Short-term strategies should target
specific, attainable goals and deliverable
devices that provide integrated panels of bio-
markers for prionty classes of environmental
stressors, such as pesticides and solvents, as
well as cholesterol-nch or heavy metal-con-
taminated foods. Immediately available tech-
nologies include point-of-contact environ-
mental sensors and biosensors based on
molecular assays, such as global protein or
metabolite profiling and molecular imaging,
Short-term strategies could be adapted for
future applications that provide a much
broader range of analvtes and that include
measurement of previously unknown stressors,
More long-term investments should target
high-risk, potentially high-benefit technolo-
gies, such as lab-on-a-chip or microfluidic
devices, molecular probes, and imaging sys-
tems that incorporate multiplexed sensing
capabilities for concurrent detection and
quantification of environmenial stressors
with geospatial referencing and remote, real-
time data capture.

A major hurdle is that the expertise
needed to advance the science spans so
many highly specialized fields and that
interdisciplinary training and research op-
portunities are just beginning to evolve,
In that regard, the Mational Institute for
Environmental Health Sciences and the
National Human Genome Research Institute
have initiated a training program in environ-
mental genomics (/7) to bring these disci-
plines closer wogether and w train a new gen-
eration of scientists who are equally at home
in both lelds.

Initial field deployment will need to focus
on small-scale studies and leverage. to the
extent possible, existing population studies
of environmental and genetic risk factors.
This will allow time and opportunity to
develop protocols that standardize methods
of sample collection, processing, and stor-
age: labeling molecules such as peptides
with isotope tags: developing imternal refer-
ence standards; and conducting data analy-
sis. These steps are essential to achieve suffi-
cient reproducibility and reliability of resulis
that would make large-scale studies worth-
while. Concurrently, there would also be
tremendous value to developing a biosample
and data repository to promote sharing of
scientific resources and discoveries made in
exposure biology across multiple research
programs. Of course. this would require a
bioinformatics infrastructure 1o analyze the
volumes of environmental and biomarker
data generated and to integrate these data
with the corresponding genomic information
available for each individual and/or popula-
tion, Ultimately, itis hoped that GEI will pro-
vide a way to identify subsets of individuals
with high disease risks due to particular com-
binations of genetic variants and environ-
mental exposures or stressors, as well as to
lead to targeted therapies and intervention
techniques for disease prevemion and more
effective health maintenance,
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DEVELOPMENTAL BIOLOGY

Dance of the Embryo

Richard R. Behringer

picture may be worth a thousand

words. but in biology it has become

increasingly clear that static images
are not sufficient to elucidate the complex
behaviors of cells in their natural environ-
ment. This 15 especially true n the Tield of
embrvology, where snapshots of the progres-
sion from fertilized egg to a developing organ-
ism—with distinet tissues and a defined body
axis—provide limited mformation about what
happened before the picture was taken and
offer little clue as 1o what might happen next.
Technical difficulues have hindered progress
in understanding the carliest stages of
mammalian embryonic development—betore
implantation in the ukerus, On page 719 10 this

Zona pellucida

Two cells

One cell

The mammalian blastocyst consists of a
single laver of cells called the trophoblast that
surrounds a fluid-filled cavity. An inner cell
mass of pluntpotent cells s located at one side
of the blastocyst called the embryvonic ()
pole. Opposite of this 1s the abembrvonic ( Ab)
pole. creating the embryvonic-abembryonic
(E-Ab) axis (2). The trophoblast gives rise to
placental tissues, whereas the inner cell mass
gives rise to the embryo proper and some pla-
cental tissues, Although the functional impor-
tance of the E-Ab axis has yet 1o be deter-
mined, it is the first morphological axis that
can be distinguished in the developing mouse
embryo. and researchers have concentrated on
the molecular and cellular mechanisms that

Inner cell mass

Four cells eventually. .. become a blastocyst

Imaging of early mouse embryonic
development in vitro and in vivo raises
new questions about how the embryo’s
initial axis is determined.

found that the blastomeres move exten-
sively at each stage of cell cleavage. causing
the embryos to move within the zona pellu-

cida. By following the cellular progeny of

each of the two initial blastomeres (of the
two-cell stage embryo). the authors deter-
mined their final positions within the blas-
tocyst. Each of the mitial two blastomeres
gives rise to cells in both the embryonic and
abembryonie regions.

Of course, one could argue that in vitro
conditions might alter normal embryonic
development. Therefore, the authors devel-
oped another transgenic mouse line that ubig-
uitously expresses a green fluorescent protein
but emits red luorescence after exposure

Watching every move. (Left) A schematic of four stages of early mouse embryonic development. The blastocyst-stage embryo of a transgenic mouse in
which all the nuclei are labeled with a nuclear-localized fluorescent protein; bright-field (middle) and fluorescence (right) images.

issue. Kurotaki et al. (/) report using live fluo-
rescent imaging to directly view a preimplan-
tation-stage mouse embryo as it develops
from a fertilized egge into a blastocyst, a spher-
1l structure of about 50 1o 60 cells. The cells
(blastomeres) of these embryos move much
more than previously thought, which has
obscured our understanding of how the blasto-
cyst s formed. The movies of Kurotaki er al,
provide the clearest views of early mam-
malian embryo axis formation,

So-called preimplantation embryonic
development includes fertilization of the
oocyte followed by its cleavage to produce
blastomeres. The first steps of cellular differ-
entiation occur within an acellular glycopro-
tein-rich membrane called the zona pellu-
cida (see the Figure), Kurotaki erad, find that
blastomeres move extensively, causing the
embryo to wiggle and “dance” within the
zona pellucida,

The author 15 in the Department of Molecular Genetics,
University of Texas M. D. Anderson Cancer Center, Houstaon,
TX 77030, USA. E-mail: wh@mdanderson.ong

lead to 1ts formation (3). 1t has been thought
that the E-Ab axis may presage the anterior-
postenior body axis.

The ideal way to follow the fates of cells
within a developmg embryo 15 to watch the
embryo, unperturbed, in its natural environ-
ment., Intrusive methods, such as injecting
molecules into blastomeres to mark them, or
removing or adding blastomeres, can alter
normal development. In recent years, fluores-
cent Flﬂ'llll...'i.l'IH ]'I:!\.'L' !‘.Il..'l...'l'l LTL':![I‘..‘JJ o v i.‘ill.:lllf.l...'
specific ormamelles (for example, the nucleus)
within live cells (4, 3). Kurotaki ¢r af. gener-
ated a transgenic mouse line in which the
vene for a nuclear-localized green uorescent
protein was introduced into a ublgquitously
expressed genetic locus. The fluorescent pro-
tein is thus expressed in all cells, and pre-
cisely pinpoints the position of each blas-
tomere and its cellular progeny by “painting”
chromosomes as the cells divide. The authors
could continuously image the embryos from
the two-cell siage to the blastocyst stage in
vitro by {luorescence microscopy, Consistent
with previous reporis (6). Kurotaki er af.

weak ultraviolet light (7). As such. one blas-
tomere of a two-cell-stage embryo could be
labeled red while the other remauned labeled
with green Nuorescence. These dual-labeled
embryos were then transferred into the
oviduets of female mice for in vivo develop-
ment to the blastocyst stage, and the distribu-
tion of green and red cells was determined.
These in vivo results were essentially identical
to the 1n vitro results.

The findings of Kurotak ef af, are gener-
ally consistent with other reports that each
blastomere of the two-cell embryo will give
rise to cells in both the embryonic and abem-
bryvonic regions, and with the relation of the
positions of the blastomeres in the two-cell
embryo (called the two-cell boundary or
axis) to the E-Ab axis, The study also re-
solves some discrepancies between these
previous studies by showing that when these
“dancing” embryos within the zona pellu-
cida are immobilized with alginate, there 1sa
correlation between the two-cell boundary
and that of the E-Ab axis. A controversial
recent study (&) suggests that one blas-
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omere of a two-cell embryo gives rise to the
entire trophoblast and the other to the entire
inner cell mass, and that these Fates correlate
with the localization of Cdx2 protein, a tran-

scription factor. The elegant results of

Kurotaki et al. clearly demonstrate that the
establishment of the E-Ab axis does not
depend on cell lineage: that is, each blas-
tomere at the two- and four-cell stage gives
rise to cells in the embryonic and abembry-
onic regions, These results are also consis-
tent with the notion that E-Ab axis forma-
tion does not depend on localized molecules
within the zygote (3, 6),

Although much attention has centered on
the formation of the E-Ab axis, there is still no
evidence that this axis has any functional rele-

vance for the development of subsequent axes
in the mature organism. Kurotaki er al. also
show that the zona pellucida is not spherical
but rather ellipsoidal and that the E-Ab axis of
the blastocyst aligns with the short axis of the
zona likely because of the physical constraints
exerted by this glycoprotein layer (6). The
shape of the zona pellucida and alignment of
the E-Ab axis may facilitate the movements of
the zona pellucida—enclosed blastocyst from
the oviduct into the wterus or movement
through the uterus to implantation.

Is this E-Ab axis conserved in other
mammals, including humans? Marsupial
blastocysts do not have an inner cell mass,
and ege-laying mammals do not generate a
blastocyst (9). Snapshots of these other

types of mammals still only offer a imited
view of the true picture. Their embryonic
dances remain a secret.
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How Nanowires Grow

Volker Schmidt and Ulrich Gisele

any controversies boil down to

which of two distinetly different

explanations, models, or options is
the correct one. On page 729 of this issue,
Kodambaka et af. (1) address a long-standing
controversy—whether, below a certain
temperature, the growth of semiconductor
nanowires involves a liquid droplet or a
solid particle of the catalytic material.
Unexpectedly. their elegant expeniments show
that both answers are correct: Under the same
experimental conditions, growth may occur
via a hquid droplet and via a solid particle.
The results may help to devise methods
for controlling the growth of nanowires.

Semiconductor nanowires have em-

erged alongside carbon nanotubes as a
potential building block for future nanome-
ter-scale electronic devices. Yet, in contrast to
carbon nanotubes, which may be cither semi-
conducting or metallic. the properties of semi-
conductor nanowires are always determined
by the properties of the semiconductor mate-
nal they are made of. Furthermore, a variety
of semiconductor materials—such as silicon,
germanium. gallium arsenide, and gallium
nitride—with different electronic and optical

properties may be fabricated in the form of

nanowires, All these features make semicon-
ductor nanowires especially attractive for
future electronic and photonic nanodevices,

The authors are at the Max Planck Institute of Micro-
structure Physics, Weinberg 2, 06120 Halle, Germany.
E-mail: vschmidt@mpi-halle.eu; goesele@mpi-halle.eu
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Most semiconductor nanowires are fabn-
cated by the vapor-liquid-solid { VLS) process
originally suggested and investigated more
than 40 years ago by Wagner and Ellis (2).
[n this process. the semiconductor material
{usually supplied as a gas) 1s absorbed by lig-
uid nanodroplets of an appropriate catalytic
material such as gold. These nanodroplets,
located at the nanowire tips, serve as seeds for
nanowire growth and also determine the
nanowire diameters. The semiconductor
material condenses at the interface between
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Germanium nanowires. The mechanism by which Ge nanowires grow
may depend not only on the temperature but also on the diameter of
the nanowire, as shown by Kodambaka el al. Above T; {left), the
nanowires have a liquid gold cap and grow via VLS growth. Below 7,
(right), the cap of relatively thick nanowires is liquid, whereas the cap
of relatively thin nanowires becomes a crystalline solid. The latter
nanowires grow via a different mechanism that is slower than

VLS growth.

A controversy about the way in which
semiconductor nanowires grow has been
resolved,

the droplet and the nanowire, thereby extend-
ing the length of the nanowire. Morales and
Lieber were the first to use the VLS processin
1998 in the context of nanoelectronics (3),
triggering a worldwide avalanche of research
activities into nanowire synthesis (4).

In VLS growth, the liquid droplet consists
not only of the catalytic material but also of'a
certain amount of the semiconductor material
in question. This 1s because the mixed
material has a much lower melting tempera-
ture than each of the two constituents, for

example. gold and germanium.
The lowest possible melting

g T=1T, Temperature reduction T<T, I =
o ::rdm:m - ; temperature for a specific com-
< R L8 position 15 called the eutectic
e N }’ ' temperature, 7. For the gold-

e

germanium system. this tem-
perature 1s 361°C and occursat
aGeAuratioof 718,

Above the eutectic tempera-
- ture, semiconductor nanowires
grow via the VLS mechanism.
However, nanowire growth has
also been reported to occur at
temperatures below the eutec-
tic temperature (3-9). Any
growth observed in these cases
should mvolve a solid catalytic
particle. However, errors in
the temperature measurement
could not be excluded: further-
more, the cutectic temperature
mixy shift as a result of nanome-
ter-scale size effects, It there-

-
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fore remains hotly debated whether the cat-
alvst in this case 15 a liquid droplet or a
solid partiele.

The problem with most investigations
on this subject was that detailed structural
analyses, for example, with electron dif-
Fraction methods, could only be performed
after the growth had terminated. leading
to additional uncertamties. In contrast,
Kodambaka er af. (/) investigated the
growth of gold-catalyzed germanium
nanowires in situ ina transmission electron
microscope that allows for the supply of
germanium vapor in the form of digermane
(Cre,Hy ) gas,

For the gold-germanium system, sev-
eral reports have suggested nanowire
growth below the eutectic temperature
(3, 6). A key indicator was the shape of the
gold at the up of the nanowire. A liquid
gold droplet has a smooth, almost half-
spherical shape. whereas solid gold shows
planes, edges, and corners that may casily
be identitied.

As expected. above the eutectic tempera-

CHEMISTRY

ture, nanowire growth mmvolves a liquid
droplet on wp of the germanium nanowires
{see the figure, left panel ). However, when the
authors reduced the temperature to below the
eutectic temperature while keeping the supply
of germanium constant, they observed two
distinctly different phenomena (see the figure,
right panel), Some gold nanodroplets re-
mained liquid even though the temperature
was, in one case, more than 100°C below the
I of 361°C. The authors observed this VLS-
type growth mostly for nanowires with rela-
tively large diameters.

In contrast. for nanowires with relatively
small diameters. the gold droplet became
solid as the temperature fell below T.. The
nanowires continued to grow, but did so much
more slowly than in the case of VLS growth
(see the Ngure, right panel), Further cooling
experiments showed that the tansformation
of the gold caps from liquid to solid at temper-
ature below T, could be delayed for tens of
munutes. Kodambaka ef al. show that this
delay depends on vanious parameters, such as
the vapor pressure, the temperature, and the

The New Face of Catalysis

Daniel L Feldheim

secure energy future depends heavily
on whether chemists and matenals
scientists can discover more eflicient,
stable, and economical catalysts for the pro-
duction and use of alternative fuels. Indeed a
recent report by the Department of Energy
desenbes this as a grand challenge, specifi-
cally citing the need o understand the rela-
tonship between catalyst structure and chem-
istry, and to exploit advances in the synthesis
of nanoscale matenals (7). As reported on
page 732 of this 1ssue, Tian ef af. have made a
breakthrough in the synthesis of nanoscale
catalysis (2). They describe the synthesis of
|'-|]2t'|]|1|.1|'|'l l'l:.!I'JUl'-li.IrllL'IL'ﬁ of an unusual -"ihlll'-'L'.
Remarkably, the crystals each possess 24
Faces (see the figure), which confer an en-
hanced ability to oxidize organic fuels. such as
formic acid and ethanol, compared with the
analogous spherical polyverystalline particles.
Researchers have known that a matenial’s
size and shape strongly affect 1ts properties
since the 18505, when Michael Faraday postu-

The author is in the Department of Chemistry and
Biochemisiry, University of Colorado, Boulder, CO 80309,
USA. E-mail: Daniel. Feldheim@ Colorado edu

lated that the color of ruby
glass was due w finely
divided gold particles. To

T

test his hypothesis, Fara-
day developed a method

1
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diameter of the nanowires.

The expenments of Kodambaka er al.
clearly demonstrate that—even well below the
temperature—the  gold  catalyst
droplet can remain hguid, corresponding to
VLS growth, and that solid gold particles can
also catalyze nanowire growth. Which situa-
Lion 1s lll.."l.LI'nI.“} present 1nan CN]TErjII'I.L'lH
depends on specibic parameters, mcluding the
thermal history of the samples. This opens

eutectic

new opportunities to control of the growth of

germanium and other semiconducting nano-
wires, which will bring nanowires one step
closer to real applications.
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Platinum nanocrystals with unusual shapes
show unusually high catalytic activity,
suggesting possible ways to enhance
catalysis in other materials.

¢+ b
gt

for preparing  agueous

gold collowds (3). Sus-
pended in solution, these
spherical collonds exhib-
ited the same brilliant red
colors observed in ruby
glass, Today, the con-
trolled synthesis of gold
and silver rods. cubes,
hollow shells, and trian-
gular prisms allows their colors to be tuned
across the visible spectrum and into the near-
infrared range (4).

The catalvtic properties of metal nanopar-
ticles are every bit as dramatic as their optical
properties. Long considered an inert metal,
gold nanoparticles supported on Ti0), are
highly active catalysts for the oxidation of CO
(4} Moreover, gold reactivity appears to peak
at nanoparticle diameter of 3 nn The catalytic
activities of platinum nanoparticles with tetra-
hedral. cubic, and spherical shapes also vary

Multifaceted particles. Platinum nanoparticles with 24 high-index [730]
faces (left) have an abundance of low-coordination, high-reactivity atamic
edges sites (right). [Adapted from (2}]

significantly (). These reactivity differences
can be attributed in part to the potential bind-
ing sites presented by atoms situated at the
corners and edges of a nanoparticle. Indeed
the data show that the rate ofa catalyzed reac-
tion increases exponentially with the percent-
age of these atomice sites (5). A major chal-
lenge for catalysis researchers lies in under-
standing how to control nanoparticle shape to
maximize the number of coordinatively unsat-
urated (open) surface sites.

For this reason, the results of Tian er al. are
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most compelling, Most nanoparticle synthesis
methods result in nanoparticles bounded by
low-index, low-energy faces such as the
{111} or { 100} atomie planes (6). This makes
intuitive sense, as any high-energy face
should grow itself out of existence. leaving
particles bound by more stable faces.
Unfortunately, particles with mostly low-

energy surfaces contain a low percentage of

atomic edge and corner sites. The synthetic
method of Tian et af. produces particles
capped by | 730} faces. asurface structure that
contains a relatively high density of atomic
step edaes (see the nght panel of the figure).
The authors ealculated that 43% of the total
number of surface atoms reside along steps,
which can be compared to 6%, 13%, and 35%
for S-nm-diameter platinum cubes. spheres,
and tetrabedral particles. respectively (5).
Along with the increase in edge atoms,
Tian er al. report an increase i the efficiency
of ethanol and formate oxidaton. The
enhancement factor, defined as the ratio of fuel
oxidation rates by Pt tetrahexadra (nanocrys-
tals with 24 faces) versus spheres. was 400%
for formate and 200% for ethanol. The plat-
inum tetrahexahedra were also unexpectedly
thermally stable, resisting morphological
changes evenat temperatures of 8O0°C. This is
an important consideration in fuel cell applica-

tions where temperatures of hundreds of

degrees Celsius are often emploved to maxi-
mize efficiency and reduce problems with CO,

Perhaps as surprising as the resulting shape
and catalytic activity of the platinum tetrahexa-
hedrais the method Than e al. used to fabncate
the parnicles. A muyonty of svnthetic methods

aimed at manipulating the size and shape of

nanoparticles have used molecules, surfac-
tants, or polymers to mediate particle growth,
When present in solution during particle
nucleation and growth, these mediators can
bind preferennally to certain faces of the grow-
ing particle. This can slow or speed growth
along those faces relative o others, affecting
the shape of the resulting nanoparticle.

Like Michael Faraday more than 150 years
ago, however, Tian er af. used an electrochem-
ical method w generate their nanoparticles.
electrodepositing them onto a graphite elec-

rode. Although the electrodeposition of

spherical  palladium  nanoparticles  and
nanowires at constant potential has been
demonstrated previously. those structures had
a rough and granular morphology and grew
along step edges on the graphite substrate ( 7).

Tian eral, first deposited platinum spheres
on the electrode using a constant potential but
then added a potential pulse sequence that
alternated between reducing and oxidizing
potentials at a rate of 10 Hz, The alternating

4 MAY 2007 VOL 316 SCIENCE

potential caused elecirochemical reactions on
the nanoparticle surface that may affect s
growth in much the same way that molecular
mediators manipulate the growth of nanopar-
ticles from solution. During the positive
potential steps. a monolayer of PO and PtOH
is thought to form on the high-index | 730}
faces, which increases their stability, In con-
trast, oxygen atoms may diffuse into the latice
beneaththe {1117 faces, creating an unstable,
disordered surface structure. As the electrode
potential is gradually made negative, the
oxide/hydroxide surface is removed. and fresh
platinum is deposited in place of the atoms at
the {111} face, preserving the | 730} faces.
With this electrochemical approach 1o
nanoparticle shape control, metal deposition
times and adsorption reaction rates can be con-
trolled precisely through applied potential and
potential step frequency. [t will be interesting
to leam more about the role of these parame-
ters m directing nanoparticle shape. [t will also

be exciting wo explore the elecrochemical syn-
thesis of mixed metal and metal oxide
nanoparticles. because the presence of other
atoms at edge sites in the lattice could enhance
catalytic reactivity further. while lessening the
amount of expensive precious metal used.
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PLANT SCIENCE

Signaling to the Nucleus
with a Loaded GUN

Da-Peng Zhang

Plant chloroplasts respond to environmental and developmental stress through a signaling
pathway that controls gene expression in the nucleus,

hloroplasts, the cellular organelle in

plants where photosynthesis takes

place, are responsible for capuring the
solar energy that fuels the activities ol many
organisms on Earth, The ancestors of these
plastids were cyanobacteria that were engulfed
by a eukaryotic cell. Through a process of sym-
biogenesis, most symbiont genes were trans-
ferred to the host genome, such that more than
95% of chloroplast proteins are encoded by
nuclear genes (/). This dispersal of genetic
material requires plant cells w coordinate gene
expression in both organelles. Much of this
imvolves anterograde communicaton, from the
nucleus to the chloroplast. In retum. chloro-
plasts send retrograde signals to the nucleus to
control the expression of nuclear genes that
encode chloroplast proteins. This bidrectional
signaling is necessary for plants to maintain
their photoautotrophic lifestyle and adapt to

Thie author is in the State Key Laboratory of Plant
Physiology and Biochemistry, College of Biological
Sciences, China Agricultural University, 100094 Beijing,
China. E-mail: hangdp@souhu.net

challenging environments. On page 715 of this
issue (2), Koussevitzky ef afl. begin to define a
retrograde signaling pathway that multiple
chloroplast signals use to communicate with
the nucleus.

Three independent chloroplast retrograde
signals have been idenuified in algae and
higher plamis (7). The best-defined signal is the
accumulation of Mg-protoporphyrin [X (Mg-
ProtolX), a tetrapyrole that 1s generated during
chlorophyll biosyvnthesis, Alterations inplastid
gene expression and in the photosynihetic
electron transport chain also trigger retrog rade
signals, generally in response to aberrant
chloroplast development and o stresstul envi-
ronmental conditions. However, little has been
known about how these events n the chloro-
plast impinge upon the nucleus, Koussevitzky
et al. now report that in the model plant

Arabidopsis thaliana. the chloroplast-local-

ized pentatricopeptide-repeat protein GUN|
(genomes uncoupled 1) 1s anode where differ-
ent chloroplast retrograde signals converge.
They also identify the nuclear AP2
{APETALA 2)-type transcription factor AB14

WWW.5Ciencemag.org
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[abscisic acid-insensitive 4] in  CTORASH
this chloroplast-to-nucleus sig-
naling pathway. This result not =

- pll - b MEHHR"'HE

only identifies GUNI1 as a central
signaling component, but also
establishes that one signaling
pathway 1s common to three ret-
rograde signals,

What 1s the identity of
GUNI? Despite the 1solation of

the gun/ mutant 14 vearsago (4),  CHIOROPIAST
it has only now been cloned

by Koussevitzky et al. The Aro-

hidopsis GUN loci include the i
genes GUNT, 2,3, 4. and 5(4,5). ————
The proteins GUN2, 3,4, and 5 ams

constitute the machinery that
generates Mg-ProtolX (6, 7).
Previous genctic studies sug-
gested GUNI involvement in
both Mg-ProtolX and plastid
cene expression retrograde sig-
naling (3, 4). Koussevitzky er af,
identify GUNI as a member of
pentatricopeptide-repeat super-
family, one of the largest and
most enigmatic protein families
in land plants. There are about 450 members in
Arabidopsis, Pentatricopeptide-repeat proteins
likely control gene expression by binding o
BRNA transcrpts in mitochondria (another
organelle that harbors a separate genome) and
chloroplasts (§). Only a few family members,
however, have been ascribed biological func-
tions. Koussevitzky er al. show that GUNI is a
chloroplast-localized protein that binds o
DNA, suggesting that it may regulate retro-
arade signaling by controlling plastid gene
expression, Moreover, GUNI regulates a setof
nuclear target genes in common with GUNS,
and acts downstream of the Mg-Protol X signal
generators GUN2, 3.4 and 5 (2).

What are the targets outside the chloroplast
to which GUNI relays the retrograde signals?
Kousseviteky ef al. show that the nuclear tran-
seription factor ABI4 15 acivated downsiream
of GUNL. In response to GUNI activation,
ABI4 binds o a specific regulatory element in
DNA, thereby repressing the expression of tar-
get genes. Furthermore, the GUNI-ABI4
pathway not only comveys the Mg-Protol X sig-
nal. but also the retrograde signals derived
from alterations in plastid gene expression and
in the photosynthetic electron transport chain,
It is not elear whether the three chloroplast sig-
nals lead to the production of a common signal
that is then perceived by GUNI, or whether
GUNI generates a common signal in response
to the three signals. In either case, GUNI
appears w serve as a key relaying component,
sending the pertinent message to the nucleus.

Photosynthesis machinery

Developmental impairment; environmental stress

Mg-ProtolX signal

I Unknown signal

? [ Unknown retrograde

signaling pathway

LIRS Transcription factor

Backtalk. Three chloroplast signals—Mg-ProtolX and signals derived from the
chloroplast genome and the photosynthetic machinery—generate a common sig-
nal. GUN1 may either generate this common signal or perceive il GUNI then com-
municates with the nucleus (by an unknown pathway) to control gene expression by
the transcription factor ABIA.

This 1s particularly interesting because the
identity of plastid gene expression signal
remains elusive. As well, the redox state of the
plastoquinone pool or reactive oxygen specics
generated in chloroplasts elicits a nuclear
response, but it has been unclear how redox
signals are delivered to the nucleus. It now
appears that these signals converge onto the
GLUN1-ABH pathway (see the figure).

ABI4 also regulates nuclear gene expres-
sion in response o the plant hormone abscisic
acid (9), which plays an important role in
chloroplast development and function. GUNS
also happens to be a receptor for abscisic acid
(/). In addition, abscisic acid precursor
biosynthesis oceurs in chloroplasts, and the
organelle harbors an intracellular pool of the
hormone. This raises the question of whether
the hormone signal and retrograde signals
cross-talk 10 control nuclear gene expression,
Regulatory elements that respond 1o abscisic
acid are found in promoter region of many
nuclear genes that encode chloroplast proteins,
Moreover, abscisic acid represses the expres-
sion of nuclear genes that encode chloroplast
proteins, including those involved in photosyn-
thesis and tetrapyrrole biosynthesis (/). Many
of these nuclear genes are also targets of the
GUNI-ABI4 retrograde signaling pathway.
However, Koussevitzky e al. show that GUN |-
ABI4-mediated retrograde signaling 1s inde-
pendent of hormone signaling. Shen eral. (10)
also show that abscisic acid signaling through
GLINS is distinet from plastid retrograde sig-

Plastid gene expression

NI DS
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naling through GUNS. Both
studies suggest that hormone sig-
naling shares some components
with chloroplast-to-nucleus sig-
naling. but the two pathways do
not appear to interact. But given
the important role of abscisic
acid in regulating the expression
of nuclear genes that encode
chloroplast proteins, it is worth
further investigating whether
the two signaling pathways
intersect at some  currently
unidentified nodes or in some as
— —__ yetunknown manner,

: What might be the advantage
of asingle pathway that integrates
numerous signals? Because of
their Nxed location, plants must
endure various stressful condi-
ticns, and as such, generate multi-
ple signals o ensure survival. The
diversity of signals 15 necessary o
maximize the chancesof success-
fully altering gene expression.
Integration of the multiple sig-
nals 15 essential for coordinating
gene expression to achieve appropriate physio-
logical responses. Such integration of multiple
signals is seen in phytochormone signaling
i /2y and flowering regulation (/3). It 1s not vet
clear whether GUNI functions alone, or
whether additional regulators are at work or at
least poised to function when the GUNI-
mediated step is lesioned. It seems necessary.
for example, to explore possible redundant
funcuions of GUNI homologs within the pen-
tatricopeptide-repeat family in regulating the
retrograde signaling. and to screen other
downstream transcription factors. The story is
only beginning to unfold.
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Hot News on Mercury’s Core

Sean C. Solomon

ome 30 vears ago the planetary science
community was surprised when the
Mariner 10 spacecraft flew by the
planet Mercury and detected an internal mag-
netic field (1), Earth's internal field is pro-
duced by a magnetic dynamo sustained by
convective motions in the planet’s molten,
iron-rich outer core. Although Mercury’s
high bulk density indicates that its domi-
nantly iron central core 15 the largest by frac-
tional mass among the planets (2), the detec-
tion of 1ts magnetie field
wils  surprising because
Venus has no field and
Mars and the Moon show
evidence only for ancient
global fields. With a mass
about 3% thar of Earth,
Mercury had been ex-
pected to have
internally to the point
where either the core had
solidified or core convec-
LN mo |u:|1:4|:r ocours. A
necessary  condition  for
Mercurys magnetic field
to arise from an active
Earth-like dynamo is that
at least the outer shell of its
core be molten. On page
T10 of this issue, Margot
et al. report new obser-
vations of varations n
Mercury'’s spin rate made
with Earth-based radar,
providing strong evidence that this condition
is met ( 3).
The radar measurements constitute a tn-
umph of two theoretical ideas developed

cooled

decades ago. Shortly after the Mariner 10
discovery, Peale (4) outlined a procedure o
determine whether the planet has a uid
outer core. His method was based on the
observation that Mercury is in an orbital state
in which the planet completes three rotations
about its spin axis for every two revolutions
around the Sun. The procedure requires the
measurement of the small oscillation in the
planet’s spin rate {libration)}—a few hundred
meters in amplitude—foreed by solar worques

The author s in the Department of Temestnal Magnetism,
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Solid inner core

as Mercury follows its 88-day eccentric
orbit. Additional parameters that must be
known include the tilt of the spin axis and the
componenis of the planets gravity feld
describing the degree to which the field s
Hattened at the poles and out of round along
the equator. The last two quantities have been
estimated, albeit with low precision. from
Mariner 10 tacking observations made dur-
ing the probe’s three encounters with
Mercury during 1974-75, but the libration

Maolten outer core

Mantleg ——

EARTH

amphitude and a suthciently accurate pole
position were not known before now,

The second theoretical development, by
Green (5) and Holin (6), stems from the
recognition that irregulanties, or speckles. in
the radar signal returned from a planetary tar-
et rotate in space as the planet spins, Under

suitable geometric constraints, analysis of

radar signals recorded at two stations on
Earth can detect this rotation as the speckle
pattern swieeps coherently across Earth's sur-
face. By combining many such paired mea-
surements at different times and observing
geometries, the position of the target planet’s
spin axis and periodic varations in the spin
rate may be ascertained.

Margot and his weam ( 3) applied these two
theones with spectacular results. From radar
signals bounced off Mercury and recorded at

Radar measurements show that the outer core
of Mercury is molten, providing insight into
the planet’s history and the origin of its
magnetic field.

pairs of radio antennas in California, West
Virginia, and Puerto Rico during more than
20 observation periods from 2002 through

2006, the group determined the position of

Mercurys spin axis with a precision two
orders of magnitude superior to the previous
best estimate. Equally important, they de-
tected Mercury’s forced libration and deter-
mined its amplitude for the first ume, The
amplitude 15 sufficiently large that Mercury's
solid mantle and crust must be decoupled

Molten outer core

Mantle —
Solid inner core J |

MERCURY

Core issues. The solid inner core and fluid outer core of Earth are shown to approximate scale. Mercury's outer core is now known
ta be Huid (3], but its radius and the nature and radius of any solid inner core remain to be determined.

from the planet’s core on an 88-day tume
scale. This result indicates that Mercury hasa
molien outer core at 95% confidence, a level
limited at present by uncertainty in the
knowledee of Mercury™s gravity field.

The presence of a molien outer core is
consistent with dynamo models for generat-
ing Mercury’s magnetic field but does not
prove the existence of such a dynamo or dis-

tinguish among competing models. One of

the problems with an Earth-like dynamo is
that the dipole strength of Mercury's field is
some three orders of magnitude less than that
of Earth. Explanations for the weak [ield
involving a dynamo otherwise broadly simi-
lar to Earth’s include a thin-shell dynamo ( 7)
and a dynamo that operates only deep ina
flurd outer core beneath an electncally con-
ductive but stable layer of liquid metal (&),
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Possible alternatives include a dynamo sus-
tamed by electrical currents driven by tem-
perature variations along an uneven core-
mantle boundary () or an ennirely fossil
magnetic field inan outer shell whose thick-
ness varies with insolation as functions of lat-
itude and longitude (/). Distinguishing
among models requires measurement of the
geometry of Mercury’s field. particularly the
nondipole components,

The evidence for a liquid outer core on
Mercury and the specific value of the forced
libration amplitude (3). inversely propor-
tional o the moment of inertia of Mercury’s
mantle and crust (). provide important new
constraints on models for Mercury’s thermal
history and bulk composition. From these
abservations we know that a light element
alloyed with iron 1s necessary to prevent the
outer core from freezing completely during
Mercury’s lifetime. A core sulfur content of
several percent, for instance, would maintain
a fluid ouwter core to the present and vet per-

mit the soldification of an mner core that
would release energy or chemical buoyancy
to stir a convective core dynamo ({/7).
Mercurys bulk composition had previously
been constrained only by its mean density.

The new determination of the moment of

inertia of the planet’s solid outer shell (3)
should narrow somewhat the constraints on
the average density of that shell and on core
radius, but these constraints will improve

substantially when the gravitational field of

the planet is better determined.

No spacecrafi has visited Mercury since
the Mariner 10 flybys, but that status is
about to change. NASA’s MESSENGER
spacecraft (£2) will fly by Mercury three
times, the irst next January, before achiev-
ing orbit about the planet in 201 1, About 2
years later, the European Space Agency and
the Japan Aerospace Exploration Agency
will launch the BepiColombo mission to
insert two spacecraft into coplanar Mercury
orbits in 2009 (/3). The latest discovery

PERSPECTIVES

from Earth-based radar has whetted the
appetites of the planetary science commu-
nity for these two missions,
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Photosynthesis from the
Protein’s Perspective

Spiros 5. Skourtis and David N. Beratan

ffective photosynthesis requires the

efficient ransfer of electrons across

biomembranes (f). Yet. many aspects
of how protein structure and dynamics con-
trol electron transfer—especially in the
early stages of photosynthesis—remain only
partly understood. On page 747 of this issue,
Wang et al. (2) investigate the rate of the imi-
tial photosynthetic electron-transfer reac-
tion in wild-type and mutant photosynthetic
reaction centers of Rlodobacrer sphaeroides,
By combining their data with modeling of
protein conformational changes in the pho-
tosvnthetic reaction center, the authors show
that protein motions modulate the electron-
transfer rate,

The electron donor in the initial electron-
transler reaction of bacterial photosynthesis
15 a special pair of chlorophylls. When the
latter are photoexcited. an electron transfers
through a bridging chlorophyll to a pheo-

5. 5. Skourtis is in the Department of Physics, Umversity of
Cyprus, Nicosia 1678, Cyprus. D. N. Beratan is at the
French Family Science Center, Departments of Chemistry
and Biochemistry, Duke University, Durham, NC 27708,
USA. E-mail; skourtis@ucy.ac.cy and david.beratan@
duke.edu

phytin acceptor within 2 ps (1 ps = 1072 5)
(see the figure). Experimental studies of this
process have focused on understanding the
speed and high efMiciency of the reaction (an
clectron is transferred for cach photon
absorbed) (1), Conventional electron-trans-

fer theory does not fully describe this kind of

electron-transfer reaction, because the the-
ory assumes that electron transfer is slow
compared to the relaxation of the medium
{protein and chromophore). and the medium
i5 therefore assumed to be equilibrated
beftore the electron-transfer step. The protein
motion in the mitial photosynthetic reaction,

however, cannot keep up with the pace of

charge separation.

The study of Wang er a/. indicates that a
model for electron transfer controlled by
slow atomic motion, the Sumi-Marcus
maodel (3). produces a satisfactory deserip-
tion of the initial photosynthetic electron-
transfer kinetics (2). The Sumi-Marcus
model assumes that electron transfer is

affected both by fast atomic motions q of

the medium that are equilibrated before the
clectron-transfer step. and by motions X
that are slow on the electron-transfer time

Slow motions of proteins modulate electron-
transfer rates during the early stages of
photosynthesis.

scale. X modulate the speed of electron
transfer. This model is similar in spirit to
descriptions of ligand binding 1o heme pro-
teins. which are also understood in the con-
text of the slow interchange among protein
substates ().

Wang et al. use the absorption spectra of

the protein’s 39 tryptophan residues to track
the medium’s response to photoexcitation
and minal photosynthetic electron transfer.
The spectra are essentially identical in the
wild type and in the |4 mutans, with elec-

tron-transfer times varying from 2 to tens of

ps. Therefore, the protein motion that is
tracked by the spectra is not affected by the
rate of electron flow. Further. the time evolu-
tion of the absorption spectra is multiexpo-
nential, with time constants (3, 10, and 190
ps) that are similar to or longer than the time
seales of electron transfer.

The authors find that the Sumi-Marcus
model describes the observed electron-
transfer kinetics if the diffusion constant
for the slow coordinate X in the model is
denved from the time evolution of the tryp-
tophan absorption. The fit predicts changes
in reaction free energy (AG) values that
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Iryplophan

Special pair donor

Electron transfer

Pheaphytin acceplor

Photoexcited state X,
A

\

Bridging chlormphyll

Imitial state

Photoexcited state X ‘,‘

! Charge-separated state

Light

Ground state

The initial photosynthetic electron-transfer reaction. (Left} in the photosynthetic reaction center, an electron is transferred from a special pair of chlorophylls
via a bridging chloraphyll to the pheophytin acceptor. A nearby tryptophan—1 of 39 in the protein—is also shown. Wang ef af. use the time evolution of the pro-
tein’s tryptophan absorbance to track the protein’s respense (in the Sumi-Marcus model, motion along the X coordinate) following photoexcitation of the special
pair. (Right) Application of the Sumi-Marcus model by Wang et af. (2) to the electron-transfer step shown in the left panel. The parabolas describe the energy of
the electron-transfer system as a function of the motions q for the initial state of the system before photoexcitation (black), the photoexcited state before
electron transfer (blue), and the final charge-separated state (red).The slow motion X shilts the photoexcited energy surface, thus modulating the speed of the
electron-transfer step (horizontal arrows). The colors for the pholoexciled and charge-separated energy surfaces correspond to the colors for the electron donor

and acceptor moieties in the left panel.

are consistent with independent thermo-
dyvnamic data for the mutants, a surprising
result given the wide range of electron-
transfer rates observed.

It is remarkable that changes in the ryp-
tophan absorption spectra can track reorgani-
zatons in the electron-transfer medium that
modulate the electron-transter rate. These
reorganizations are not the response of the
protein to the arrival of the electron at the
pheophytin. Rather, they are probably the
protein’s response 1o electron density changes
in the donor special pair and the bridging
chlorophyll upon photoexcitation. Indeed the
slowness of the protein dynamics on the elec-
tron-transfer time scale helps to explain the
multiexponential nature of the initial photo-
synthetic electron-transfer kinetics,

Is the nature of the protein relaxation
important for photosynthetic reaction center
function”? Wang er al. suggest that the slow
protein dyvnamics discussed above may help
to overcome reaction barriers produced by
membrane potentials or by environmental
factors that perturb the photosynthetic reac-
tion center and potentially slow down the
electron-transfer rate. Thus, protein motion
could overcome reaction barriers produced
by cellular factors that might otherwise per-
turb the electron-transfer kinetics.

The prediction by Wang er al. that slow
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protein motion modulates electron transfer
and generates multiexponential Kinetics in
the photosynthetic reaction centers should
encourage further single-protein studies of
biological electron transter similar to those
reported in (). The emerging physical pic-
ture for the photosynthetic reaction center
suggests that the temperature dependence
for electron transter should be complex.
because temperature variation will change
the diffusion among protein substates as
well as the access to the activated complex
for any given substate. The relation be-
tween tryptophan absorption changes and
protein reorganizations that affect electron
transfer suggests the use of wyprophan
transient absorption spectra as a further
probe of protein reorganizations linked to
protein function,

The experimental data reported by Wang
ef al. also encourage renewed theoretical
attention to the early events in photosynthe-
sis. Models that include quantized nuclear
dyvnamics seem particularly 1important,
because high-frequency quantum modes
influence fast electron transfer, producing
nonexponential kinetics and unusual tem-
perature dependence (6).

The influence of biomolecular dynamics
on electron-transfer rates is not limited to
the regime of ultrafast electron-transfer

reactions. Recent studies of nonadiabatic
electron transfer over long distances show
that protein motion also modulates the
donor-acceptor electronic coupling interac-
tions (7—¥). Furthermore. the internal
motions of electron-transfer macromole-
cules may also change the reaction mecha-
nism from single-step electron tunneling to
multistep hopping. a transition that 1s of
great interest and importance—and of some
mystery—in the fields of bioenergetics and
of DNA damage and repair ( 1),
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Ultracold Neutral Plasmas

Thomas C. Killian*

Ultracold neutral plasmas occupy an exotic regime of plasma physics in which electrons form a
swarming, neutralizing background for ions that sluggishly moeve in a correlated manner. Strong
interactions between the charged particles give rise to surprising dynamics such as oscillations of
the average kinetic energy during equilibration and extremely fast recombination. Such
phenomena offer stimulating and challenging problems for computational scientists, and the
physics can be applied to other environments, such as the interior of gas giant planets and plasmas
created by short-pulse laser irradiation of saolid, liquid, and cluster targets.

ost of 1he visible mai-
1er in
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or plasma, such as in stars and
mterstcllar gas clouds. Closer o
home, plasmas are found
lighining bolts, the aurora bore-
alis, and the wnosphere  sur-
rounding our planct. They also
have applications such as in
lighting, surface processing,
and the (st for fusion CICTEY,
Plasmas tend to be VT hat
because collision energies on
the order of an electron volt are
required to break neutral atoms
and molecules mto ree clec-
trons and jons (Fig. 1) New

Temperature (K)

physics 1s often discovered by
pushing the boundanes of what
15 found m nature. This rases
questions about whether funda-
mental principles limit plasmas
o high wemperatures, or 1l it is
possible 10 create neutral plas-
mas orders of magnitude colder
than this. Small thenmal enermy
violates basic assumplions un-

1o0°

derving the concepls we use o
understand plasmas, such as
kinctic equations and Debye
screening of Coulomb interac-
tions by electrons. So il one
could create such an ultracold
system, how would 1t behave?
have discovered
ways o enter and explore the
exotie regme of ultmcold neutral plasmis, and
they have learned that 1 stmddles the nommal
boundanes between plasmas, neutml gases, and
condensed matier, These studies have stretched
our undestanding ol strongly interacting many-
body svstems, espeaally regarding their ap-
progach 1o thermal equilibrivm
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Fig. 1. Sample of neutral plasmas in the laboratory and nature, Most plasmas are hot,
such as the surface of the Sun. A candle flame, with a temperature of about 1000 K, is
considered a cold plasma. Ultracold neutral plasmas oocupy a previously unexplored
region of phase space and can be strongly coupled (I” = 1). The graphic shown for
ultracold neutral plasmas is an absorption image of #ons in the plasma. One electron
volt corresponds to about 12,000 K, and room temperature is 300 K. [Adapted with
permission from the Contemporary Physics Education Project. Copyright 1996.]

plasmas, such as in the ntenor of white dward
stars or matter caught in the focus of ultra-
intense laser beams., Work on ultracold neutral
plasmas has also taken advantage of powerful

diagnostics and excellent control of inital condi-
tions, which have enabled the observation ol
|.lIIH,i:II1I|.,‘I]E'.l]|_'. THW i~|1|.'|'|u|lh.'ll;| and created close
interction between experiment and theory,

Creation of an Ultracold Neutral Plasma
lo reach the ulmcold regime, expenmenters
stant by laser-cooling neutral atoms, This tech-

SCIENCE WOL 316

Solar cone

A

nigue, which was the topic of the Nobel Prize n
Physics 1997, takes advantage of the momen-
tum camied by laser photons to slow and trap
atoms and cool them o wemperatures as low as
one-millionth of a degree above absolute oo,
15 moutine o create sphencal clouds of abowm
1 ballion ulira-
cold atoms. with peak densities approaching
10" atoms/'em®. Such samples can be held n
vacuum for many seconds, and they are the
initial stage in experiments with Bose-Einstein
condensates, high-technology applications like
:II1I|1l:i1,,' \'lli\'i‘,\, .I:II|,| schemes 1w I'ﬂllld quantum

| mm in diameter containing

computers, [For an overview, see ()] Mamy
different cloments can be used m these exper-
ments, but for echnical nea-
sons, alkaly, alkalne-carh, and
noble gas atoms are the systems
of choice, and cach experiment
typically works with a single
element.
To creare a plasma rom ultra-
" cold atoms, a 10-ns pulse from
' a narrow-bandwidth laser irm-
.
White
dhwart

diates the cloud and ionizcs a
large fraction of the aloms (2)
(This occurs in the |'|.'];|l't1.u.'].1
low-intensity regime where only
single-photon  processes  oceur
and only a single electron is lib-
HI..'-

are so light, each

erated Trom each atom.)
CAuse |.|.'|l_'}
clectron camics away any excoss
encrey available from the oniz-
ing photon, and by shightly tun-
g the laser wavelength n the
reeion just above the ionizton
threshold, one can set the cloc-
temperature in the
from a few o a few thousand
kelvin, The ions neocive only a
small momentum  Kick  during
the process, and the ion kinetic

lroan mnge

10‘!3

I|l|.'
[he size of

encrgies are initially on
order of 10 mK
the plasma and the number of
wons and electrons created are
casily controlled by varving the
mitial laser cooling pammeters
or the miensity of the photo-
wonizmnge laser,

Strong Coulomb Coupling

An imponant quantity for ultmcold plasmas is
the Coulomb couphing parameter

ST '

r=§ E -
=Enbormc Bon | F={hormal 5
4mEpa
which \'tu:Lrﬂir-h;.x I|1|; :Il.,'lilli'u,' i.ll||'l|.l1'|:I|]|.,'1.' of x,';n,'h
|'l'.l|'i.h'|g‘1.\- electrical iJL1-:t.|.L'1inn CNnergy and
[3dmn)|” is a typical
interparticle spacing and # is the plasma density.
Fis the temperture, which can be different for
wns and clectrons, o cach species can have a

thermal encrgy. Here a
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different ', e = 160 = 107" C is the magni-
tude of each particle’s clecirical charge, and g =
8.85 % 1072 F/m and kg = 1.38 = 1072 J/K arc
the clectrical pamittivity of space and Boltemanns
constant, respectively.

In conventional plasmas, thermal enengics
dominate and I’ =< 1|, This mecans that in-
dividual particles “feel” cach other very weakly
and move inan uncorrelated gascous manner,
However, in some extreme environments, such
as the core of Jupiter, the crust of a neutron star
(3, and shock waves produced by laser implo-
sion (), the density (and thus Eimeraciion) 15 50
high that 1" becomes larger than 1, and spatial
comrelations  develop as particles avoid  their
neighbors in order 1o minimize the potential en-
erzy. Such systems are called strongly coupled
or nonideal (3). Plasmas with 1 < T < 170 show
liquidlike shor-rnge spatial correlations, and
il T increases above =170, a flirst-order phasce
transition occurs o a state with long-range order
chameteristic of a solid (6). This has been
shown in beautiful laboratory experiments on
Wigner erystals in nonneutral plasmas ol posi-
tive ions (7) that have been laser-cooled deep
into the strongly coupled regime and in dusty
plasmas of highly charged microscopic spheres
in a discharge (%). I can characienze many fea-
s of plasmas differing in temperature by
more than 10 orders of magnitude.

From the initial Kinetic energies
and densitics of ions and ¢lectrons
i ultracold neutral plasmas, one
would expect that clectrons would
be a swongly coupled liguid and
ions would condense into a frozen
crysial. This neglects the (et that
ulracold plasmas are formed in o
completely disordered state for from
cquilibrium. As they equilibraie
and spatial correlations  develop,
potemial energy is convered inmo
kinetic, and the plasma compo-
nents heat. Both electrons and ions
sulter this disorder-induced heating
(%-£2), and clectrons can also heat
rapidly duc 1o recombination with
iwons, which forms neutral  atoms
(1316}, This vields electrons with
e = 0.2 and wons with I = 3. The
study of the establishment of equi-
librium in or near the strongly
coupled regime has been one of
the most notable contributions from
the ficld of ulirmcold neutral plas-
mis. This topic explones fascinating
fundamental physics and is also
important for lser-produced high-energy density
plasmas (/7).

Average kinetic energy/kg (K)

Optical Probes of Strongly Coupled lons

During the past lew years, expenments have
exploited near-resonant laser absorption (/) and
NMuorcscence (12) o study the physics of strong
coupling of jons in ultracold neutml plasmas,
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For example. Doppler broadening of the absormp-
tion spectrum serves as a measure of the won
kmetic energy, and when this ool was used o
study 1on equilibration during the first few hun-
dred nanoseconds of plasma evolution (£7). it
provided the frst experimental observation of
disorder-induced heating (Fig. 2),

This heating has a relatively simple physical
explanation. lons have very litthe kinctic enerzy
initially because of the controlled nature of the
plasma-creation process. However, there is a
tremendous amount of potential cnergy as a
result of elecirical interactions between ions in
the random spatial distribution that was inher-
ed from the original laser-cooled atoms. In a
time equal to the inverse of the jon plasna os-
cillation Irequency, iy = {g'zn Eolt) 200 ns,
ions with mass ay roll down a global potential-
energy surface as spatial correlations develop
and potential energy changes into Kinetic. This
establishment of comrelations atter rapidly chang-
ing the potential-encrey landscape is the opposile
of mpid melting recently desenbed in (18, 19).

The amount of energy released per particle
during disorder-induced heating is ~/dreg,
and it can be caleulated more accurately (/1) by
assuming complete initial disorder and modeling
the Coulomb interaction between ions in the
presence of screening clectrons as a Yukawa

tion. which vields 'y only slightly larger than
| tor the ions. Severl theorists have sug-
gested ways of alleviating  disorder-induced
heating and producing much more strongly
coupled plasmas, such as by photoionizing
ultracold moms with preset spatial comrelations
in optical lattices (20} or quantum degenerate
Fermi gases (10,

Even with the moderate coupling parameter
presently achievable, stromg coupling leads 1o
unusual effects that belic our intuition developed
from study of weakly coupled plasmas or atomic
gases, Figure 2 shows that the jon Kinetic energy
overshoots and oscillates before reaching equi-
librium o ££). This is odd behavior, Nomally, the
kinctic energy changes monotonically during
cquilibration of thermodynamic systems, such
as during the cooling of a cup of hot coflee lefi
standing for oo long,

Oscillations rellect correlated  motions  that
penodically merease and deercase the nearest-
neighbor spacings between ions. This manifests
nonequilibrium in a quantity known in the kindic
theory of gases as the two-particle distribution
function, f5, which describes spatial correlations
between any two particles” positions and veloc-
ities. The standard descriptions of plasmas based
on Viasov, Boltamann, or Fokker-Plank cqua-
tions negloct 5 or approxinate it in a simple

manner that neglects comelations.
They focus on the approach of the

1 --Ji_ ‘ . . .

0 200 400 600  BOO
Time after photolonization (ns)

Fig. 2. lon kinetic enerqy in an ultracold neutral plasma shortly after the
plasma is created. Disorder-induced heating increases the kinetic energy in
the first ~200 ns as ions equilibrate. The inset shows how heating arises from
the release of Coulomb electrical potential energy as spatial comrelations develop.
For a strongly coupled plasma, the kinetic energy will overshoot and oscillate
before equilibrating. This process can be understood as the periodic motion of
ions (yellow) in the potential wells (blue) formed by their nearest neighbors.

potential.  Disorder-induced  heating would be
unobservable i the plasma were not strongly
coupled because the potential energy would be
negligible compared 1o the Kinetic encrgy in mn-
dom thermal motion, Another way 1o say this is
that spatial comelations would never develop.
Disorder-induced heating necessanly leaves
Einerma comparable 1© Eqemcton alter cquilibr-

1000

one-particle distribution  function
i 1) to something like a Maxwell-
Bolemann distribution. This rec-
ipe normually sullices because f3
usually equilibrates much  faster
than f;. Such a hicrarchy of cquil-
ibhration time scales 15 known as
the Bogoliubov hypothesis, and it
is an underlving assumption in
traditional descriptions ol weakly
coupled plasmas. However, these
time scales both become compara-
ble 10 liwmy in swongly coupled
plasmas, which Icads 1o oscilla-
tions in the kinctic energy during
approach to equilibrium (24, 22).
Ultracold neutral plasmas provide
the first experimental observation
of this phenomenon, but simlar
behavior was predicied in the mid-
T0s {23y on the basis of molecular
dynamics calculations. It has gen-
erled recent theorctical interest
(f7. 21, 24) because ol the impor-
tance of relaxation dynamics afier
shon-pulse excitation of semicon-
ductors, gases, solids, clusters, and nuclear
matier.

There is also a simple physical picture of the
oscillations. lons in the liquidlike plasma have
approximately uniform spacing from their ncarest
ncighbors. So cach 1on moves in a potential-
energy well created by a cage of neighbors, and
all the jons’ potential-encergy wells ane roughly
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similar, lons roll down these wells during the
disorder-induced heating phase, and one would
expect cach won o roll back up the other side and
then exlubn oscillations  around  the  potential
minimum. The observed oscillations damp rap-
idly, but the exact nawre of the damping is stll
an open question.

Why have ultracold neutml plasmas provided
the first experimental evidence for disorder-
induced heating and Kinctic-cnergy oscillations
despite bong interest in the phenomena and their
probable occumence in other plasmas? Ultralow
temperature allows experiments W access strongly
coupled physics at very low densities compared 1o
high-energy density experiments, which typically
work at close 1o solid densines. At low densities,
the imponant wme scales of the problem, such as

the time between collisions and 1 g, e orekers of

miagnitude longer, which makes it casier o study
phenomena. In addition, ultrcold neutral plasmas
are “clean” systems in which the mitial density
profile, enenzy, and joniation state are accurately
known and controllable, and optical probes have
proven powerful for oblaining precise measure-
menls of plasma propertics.

Electron Dynamics

The electrons are not strongly coupled, but they
do display a rich assonment of phenomena that
characterize the ulmeold regime. One might
expect clectrons o mpidly leave the plasma
region because they are so light and thus have
extremely high velocities (<107 m/s). But the
plasma stays very close 1o neutml because ol the
low eleetron Kinetie energy and the electrical
attraction between positive and negative charges.
On a 100ps tume scale, the plasma expands into
the sumounding vacuum at the speed of an ion
sound wave in a process that is analogous o
ambipolar diffusion (14, {3, 25).

One of the most distinetive leatures of the
clectron dynamics during this time is the ex-
tremely mpid three-body recombination (TBR)
(26) that can ocour if the eleciron temperature,
T 15 on the order of 10 K or lower. In TBR,
two electrons and an ion collide to form a high-
Iy excited Rydberg atom and an energetic clec-
tron. The TBR rate varies as 1/7.°, and it can
be the fastest process in the plasma. I will heat
the remaining free electrons, which eventually
slows the recombination, but not before as much
as 30% of the wnized particles recombine ino
loosely bound atoms. In a closely relaied exper-
iment (27), laser-cooled atoms are optically
excited directly 10 weakly bound Rydberg lev-
els, and they spontancously ionize due 1o vardous
collisional processes (28) W form an ulimeold
plasma. But then as the plasma expands, recom-
bination returns much of the plasma to the
neutral state. This behavior has demonstmited
that the distinction between a cloud of highly
excited nowtral atoms and an jonizcd  gas i
blumred i the ulracold regime, These  ideas
relate 1o scarches in gascous svstems (29) for an
analog of the Mot insulator-to-conductor transi-

tion that is familiar from condensed-matter phys-
s, In addition, recombimation dyvnamics may be
stimilar o experiments that create cold ant-
hydrogen (30, 37) in trapped ulimeold plasmas
ol positrons and antiprotons.

Rescarch has also focused on collective
motions of elecuons i ultracold neutral plas-
mas, For example, a recent expenment applicd

REVIE

trajectony is calculated according 1o the nterac-
tion with all other particles in the system. This is
outside the realm of Kinctie or hydrodynamic
nethods, and the treatment becomes mtrmctably
time-intensive when modeling the entire evolu-
tion from plasma formation 1o cxpansion, Small
clectron mass  nocessitates  the use of small
numerical integration time steps, whercas the
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Fig. 3. Numerical simulations of laser-cooled ultracold neutral plasmas showing ion density (p)
versus radius (r) normalized in units of the interparticle spacing (a). (Inset) A two-dimensional slice
through the plasma showing concentric shells of ions. lons within one shell show hexagonal
ordering. [Reprinted with permission from (35). Copyright 2004, American Physical Society.)

oscillating radiofrequency cleciric ficlds 1o the
plasma and excited Tonks-Datiner resonances
(32). These are standing electron souwnd waves
that were first observed in experimenis designed
to simulate meteor tails (331 Sound waves arise
because of thermal motion that modifics the
mode structure and dispersion relation of the
familiar electron plasma oscillation. The clectron
clectron density al . = \/e2n/eqm, that does
not propagate like a sound wave, Careful mea-
surcment of the resonant frequencics of Tonks-

Dattner modes may provide a sensitive probe of

the electron wmperture, which will prove val-
uable because of the many processes—such as
TBR—tha can change the electron iemperature
on a rapid time scale.

Theory and Numerical Simulations

Ultrscold neutral plismas have generated much
imterest within the theoretical plasma and com-
putational physics communities because of the
appeal of the fundamental phenomena and be-
cause ultracold neutral plasmas pose particular
challenges to theoretical analysis, To describe the
spatial comelations mherent in strongly coupled
plasmas, theonsts must resort o molecular dy-
namics caleulations in which cach particle’s

sluggish ions extend the overall evolution time
of the system 1o tens of microseconds. Work on
this problem has broader significance because
the underlying physics and basic codes can be
used for wanmn dense matter and encrgetic laser-
produced plasmas (£3, /7). Assessing the valid-
ity of the numerical resulis for such sysiems
presenis a great challenge ez, (4], and the
cxperiments are often difficult 1o diagnose. B
ultracold neutral plasmas, with well-delined and
controllable initial conditons and  excellent
diagnostics, do not sulter from this problem.

Computational codes orginally developed o
describe dynamics in astrophysical systems such
as globular clusters have successiully described
culy eleciron dynamics and the first micro-
second of jon equilibration (%, 34) but have not
been extended o describe the plasma expansion.
Dircct numerical simulation provides valuable
information on dynamics at the single-particle
level. such as the time scale for TBR (/4) and
the distribution of bound states resulting from
this process (£3), As computational speed con-
tinues o increase, there s hope that simulation
of the entire plasma evolution may become
possible.

A hybrid approach in which ions arc treated
exactly but the electrons are desenbed with ki-
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Recent Climate Observations
Compared to Projections

stefan Rahmstorf,® Anny Cazenave,? John A. Church,? James E. Hansen,

4

Ralph F. Keeling,® David E. Parker,® Richard C. ). Somerville®

bservations of the climate system are

crucial 1o establish acual climatic rends,

whereas climate models are used 1o
project how quantities like global mean air tem-
perature and sea level may be expectad o re-
spond (o anthropogenic perturbations ol the
Earth's radiation budget. We compiled the most
recent observed climate trends for carbon diox-
ide concentration, global mean air tempera-
ture, and global sea level, and we compare these
trends 1o previous model projections as sum-
marized in the 2001 assessment report of the
Intergovemmental Panel on Climate Change
(IPCCy (f). The IPCC scenarios and projec-
tions start in the yvear 1990, which is also the
base vear of the Kyoto protocol. in which alnwost
all industrialized nations accepted a  binding
commitment 1o reduce their preenhouse pas
emissions. Although published in 2001, these
model projections are essentially  independent
from the observed climate data since 1990: Cl-
mate models are physics-based maodels devel-
opad over many years that are not “tuned™ to
reproduce  the most recent temperatures, and
global sea-level data were not yvet available at
the time. The data now available raise concerns
that the climate svstem. in particular sea level,
may be responding more quickly than climate
models indicate,

Carbon dioxide conceniration  follows  the
projections almost exactly (Fig. 1), beanng in
mind that the measurements shown from Mauna
Loa (Hawaii) bave a slight positive offset due w
the slightly higher CO; concentration in the
Norhem Hemisphere compared with the global
mean. The level of agreement is partly coinci-
dental, a result of compensating cmors in indus-
trial enmissions [based on the 1592a scenano (1))
and carbon sinks in the projections,

The global mean surface wmperature in-
crease (land and occan combined) n both the
NASA GISS data set and the Hadley Centre
Chimatic Research Unit data set s 0.33°C for
the 16 years since 1990, which is in the upper
pant of the range projected by the IPCC, Given
the relatively shon 16-vear time period con-
sidered, it will be difficult 1o establish the rea-
sons for this relatively mpid warming, although
there are only a few likely possibilities, The first
candidate reason is ntrinsic variability within the
climate system. A second candidate is climae
forcings other than COx Although the con-
centration of other greenhouse gases has fsen
more slowly than assumed i the IPCC sce-

narios, an aerosol cooling smaller than expecied
is a possible cause of the extra warming., A third
candidate 15 an undercstimation of the climate

ﬂ:TE 1860 1985 1000 1995 2000 2005
Year

Fig. 1. Changes in key global climate parameters
since 1973, compared with the scenarios of the
IPCC (shown as dashed lines and gray ranges), (Top)
Monthly carbon dioxide concentration and its trend
line at Mauna Loa, Hawaii (blue), up to January
2007, from Scripps in collaboration with NOAA
ppm, parts per milion. (Middle) Annual global-
mean land and ocean combined surface temper-
ature from GISS fred) and the Hadley Centre/
Climatic Research Unit (blue) up to 2006, with their
trends. (Bottom) Sea-level data based primarily on
tide gauges (annual, red) and from satelite
altimeter (3-month data spacing, blue, up to mid-
2006) and their trends, All trends are nonlinear
trend lines and are computed with an embedding
period of 11 years and a minimum roughness crite-
rion at the end (6], except for the satellite altimeter
where a linear trend was used because of the short-
ness of the series. For temperature and sea level,
data are shown as deviations from the trend line
value in 1990, the base year of the IPCC scenarios.

semsifivity to COq (e, model emor), The dashed
scenanos shown ane for a mediom climate sensi-
tivity of 3°C for a doubling of COs concentration,
whencas the gray band sumounding the scenarios
shows the effect of wmeenainty in climate sensi-
tivity spanning a mnge from 1,7° to 4.2°C,

Simce 1990 the observed sca level has been
Asing faster than the fse projected by models,
as shown both by a reconstruction using primari-
Iy tide gauge data (2) and, since 1993, by sal-
ellite aliimeter data (3) (both series are correcied
lor glacial sostatic adjustment). The saiellite
data show a linear trend of 3.3 + 0.4 mm/'year
(1993 2006) and the tide gauge reconstruction
trend is shightly less, whereas the IPCT projected
a best-cstimate rise of less than 2 mmiyvear.
Sea level closely tollows the upper gray dashed
line, the upper limit refemred w0 by IPCC as
“including land-ice uncertainty.” The rate of rise
for the past 20 vears of the reconstructed sea
level is 25% faster than the mie of nse in any
2-year period in the preceding 115 vears, Apgain,
we caution that the time interval of ovedap is
shor, so that internal decadal climate vanability
could cause much of the discrepancy: it would
be premature 1o conclude that sea level will con-
tinue o follow this "upper limit”™ line in fure,
The largest contributions to the rapid nse come
from occan thermal expansion () and the melt-
ing from nonpolar glaciers as a resull of the
warming mentioned above. Although the ice
sheet contribution has been small, observations
are indicating that it s rapidly inercasing, with
contributions both from Greenland and Antare-
tica e.g.. (5)].

Overall, these observational dota underscore
the concems about global climate change. Pre-
vious projections, as summarized by IPCC, have
not exageermted bul may in some respects even
have underestimaied the change, in particular
for sea level.
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Large Longitude Libration of Mercury
Reveals a Molten Core

J. L. Margot,™ 5. ). Peale,? R. F. Jurgens,® M. A. Slade,? 1. V. Holin®

Observations of radar speckle patterns tied to the rotation of Mercury establish that the planet
occupies a Cassini state with obliquity of 2.11 + 0.1 arc minutes. The measurements show that the
planet exhibits librations in longitude that are forced at the 88-day orbital period, as predicted by
theory. The large amplitude of the oscillations, 35.8 + 2 arc seconds, together with the Mariner 10
determination of the gravitational harmonic coefficient Gz, indicates that the mantle of Mercury is
decoupled from a core that is at least partially molten.

ceause Mercury is an end-member plan-

el, the charactenzation of s interior

propertics s crucial o further our under-
standing of the formation and evolution of
habitable worlds. A question that has chal-
lenged planctary seientists for more than three
decades is the state ol Mercury's core ([).
Determining the nature and extent of the core
would enable progress in Tour fundamental
arcas, First, models of the imemal structure of
the planet have so L been constmined only by
its mean density of 543 2 cm (21, with carly
{3y and recent (4) caleulations vielding a wide
range ol possible imternal configurations.  Al-
though it is generally accepted that the planct
differentiated carly into an ron core and a
silicate mantle (3), improved desenptions ol the
miass distnbution within the planet require the
measurement of core properics or moments of
ineia. Second, thermal evolution models (6)
predict a core that is fully or partially liquid, or
completely solid. The outcome is particulary
sensitive 1o the abundance of a light alloving
clement in the core, presumably sulfur, that
lowers the melting temperature and allows the
maintenance of a liquid outer core over billions
of years (7). In order 1o focus the thermal evo-
lution calculations, the extent and state of the
core must be determined. Third, a long-
standing puzzle relates to the ongin of the
magnetic eld that wis measured by Mariner
10 at a strength of roughly 1% that of Earth (&),
A dynamo mechanism involving motion in an
cleatrically  conducting molien core is the
preferred explanation (%, /), but alicrnative
theories that do not require a currently liquid
core, such as remanent magnetism in the crust,
cannot be ruled out (£, 12). Finally, the pres-
ence of a liquid core may bear on the unusual
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spin-orbit configuration of Mercury. It has been
suggested that increased energy dissipation at a
core/mantle mterface would lead 1o almost
certain capture in specilic spin-orbit esonances
(13, 14), although this capture can also occur
naturally as a result of the chaotic evolution of'the
orbital eccentricity, without the need for addi-
tional core/mantle [riction (/3).

One of us (Peale) devised an observational
procedure to characterize the size and stae of
the core of Mercury, and showed tha it is
possible w detect a molien core by measuring
subtle deviations from the mean resonant spin
rate of the planet (7). The exrly expectation was
that the experiment would require landers on the
surface of the planet. Here we deseribe how we
have uwsed Eanh-based radar instruments 1o
make high-precision measurements ol the -
stantancous spin rate, and we present observa-
tional evidence indicating that Mercury has a
molien core. We also provide observational
confimmation that Mercury occupics a Cassini
state (/6) and a measurement of the obliquity of
the planet, both of which are required for
further characterization of the core with Peale’s
formalism (/).

Since the discovery that the spin penod of
Mercury differs from its orbital period (77), it
has been hypothesized that the plana rotates on
s spin axis three tmes for every two revolu-
tions around the Sun (/8) and occupics a
Cassini state, m which s spin vector 15 nearly
perpendicular to the orbital plane and precesses
al the same mie as the orbial plane (f4). As
Mercury follows s orbit with coceniricity ¢ -
0.206, it experiences periodically  reversing
torques due 1o the gravitational infTuence of
the Sun on the asymmetric lgure of the planct.
The torques aftect the spin angular momentum
and cause small deviations of the spin rate from
its resonant value of 32 times the mean orbital
frequency, The resulting oscillations in longide
are called forced librmions, where the forcing
and the muational response occur with a period
P~ BR days, dictated by the orbital motion. The
physical librations are characterized by an angle
& (J4) mepresenting the deviations of the ori-

eniation of the planct from the exact resonan
value

—,'“f'[un.iu-:nn (1}
{
where A < B < C are the pnncipal moments of
inertia, fe) is a power serics in the eccentricity,
and n = 2r/P is the orbital (forcing) frequency.
The gravitmtional torques and resulting angular
deviations are proportional o the dilference in
eqquatorial moments of inertia (8 A}, a measure
of the asvmmetry in the mass distibution, The
polar moment of nertia O appears in the de-
nominator because it represents a measure of the
resistance 1o changes in rotational moton. If the
core of Mercury 15 solid and the entire planct
participates in the librations, € is the relevant
moment of nertia. However, i the mantle is
decoupled from a Nuid core that does not ollow
the hbmtions, the appropriate moment of menia
in the denominator of Eq. 1 is that of the mantle
alone O, or. more precisely, mantle plus crust.
Because C/C = 0.5 in all plausible interior
models (3, ), the amplitude of the librations in
the presence of a liquid core is twice as large as
it would be with a solid core, Therefore, a mea-
surement of the libration amplitude provides a
Amightforward mechanism for determining the
sate of the core remotely. The quantity (8 - )
15 known from Mariner 10 measurements of the
second-degree and -order gravitational co-
eflicient Cs5 ()
= (B~ A)
( 3y = —
= JMRZ

where A and R are the mass and radius of the
planet, respectively. The moment of inentia C/MR®
has not been measured, but interior models con-
strain it to the range from 0.325 w0 0330 (&),
where the smallest value corresponds o the
most centrally  condensed  conliguration {/9).
Using these data in Eqg. | shows that the am-
plitude of the forced librations in the case of a
solid core should be within 30% of 19 w 22 arc
sec. The amplitude that we measured is outside
this range, suggesting a liquid cone,

Method. Radar cchoes from solid planeis
cxhibit spatial rregulantics o the wavelron
caused by the constructive and destructive mier-
ference of waves scatiered by the dmegular
surface. Because of the motaton of the planct,
the comugations in the wavefroni, also called
spockles, will sweep over the receiving station
and give rise o flucwations of the cleciromag-
netic signal with tme. It is fruitful 10 evaluate
the degree of comelation between signals ne-
ceived at one station located in spacetime
X, 1) with respect 1o those received at another
station at (x + 8x, ¢ + &), The propenties of this
spacetime  correltion function were first ana-
lyeed by Green (20, 27} who showed that for
some orentation of the bascline 8x, there exists a
time delay 8¢ at which the correlation maximizes,
When the trjectory of the wavelront comuga-

=(1205) =% 107° (2)
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tions is parllel 1o the antenna bascling, the value
of the time delay that maximizes the comrelation 15
related i a simple fashion o the magnitude and
onentation of the spin vector of the planct. Green
(24) gives an expression valid 1o irst onder

»

Bx) = 2r0cos(0 )8l ma (3)

where ris the range o the planet, £2 is the sidercal
spin rate, and o is the il of the spin veetor from
pempendicularity with the line of sight

That echoes received at two reecivers can
display o high degree of correlation under ap-
propriate viewing geometry has been well known
for some time in the radar astronomy commu-
mity (22} But the power ol the technique w
measure planctary spin stawes was not fully
appreciated until one of us (Holin) brought it 1o
the attention of the rest of us in 2000, Geonge
{23 developed an expression for the cross-
correlation function of the ¢lectric field scal-
tered from a rough rotating sphere o two
observation points. His formalism shows that
speckles remain coherent over a rotation angle
given approximately by (Ma)'?, where & is the
wavelength and « is the radius of the sphere. For
Eanh-based observations of Mercury (# ~ 100
million km), it can be shown that the pattem of
speckles remains frozen over a linear distance
many times the radius of Eanh (24, 25) In
practice, one illuminates the planet with mono-
chromatic radimion and records the speckle
Pallerm s 0 Sweeps over wo recciving slations,
Because the wavelront cormugations are tied to
the rotation of the planat, and beeause decorre-
lation of the speckle pattiern can be neglected
(26), the time lag obained by cross-cormclating
the two echo time series vields a direct measure-
ment of the instantancous spin rate, as shown by
Cireen's fommula. The result holds for arbitrary
topography (27).

A substantinl requirement is that both re-
ceiving stations must record  similar speckle
patterns 1o produce a large correlation, and this
can occur only when the imjectory of ihe
speckles is aligned with the antenna baseline,
The charactenistic scale of the speckles is given
by the classic difmction Tormula Fd, where o
i5 the size of the scattering patich on the
surface, on the order of the planctary radius,
This scale 15 small compared 1o the separation
between antennas (~ 1 km versus ~ 3000 km
in our experiment), so that a small (0.02%)
misalignment of the speckle trajectory with
respect 1o the baseline orientation results in
appreciable  decorrelation. For an cast-west
baseline that oscillaws daily by 23" with
respect 1o the ecliptic, the high comelation con-
dition is maintained each day for only -20 5
This realization led one of us (Holin) o present
results (24, 25) showing that measurements of
the epochs at which the comelinion maximizes
would provide tght constramts on the spin
vector aricntation. In practice, one makes use of
the antenna spacetime Jocations that are known

with great accuracy 1o derive the spin vector
geometry, Because the time ol day ot which
large comelations are observed 1s not particularly
senstive o o n Eq. 3, the expenment must be
performed at multiple line-of=sight geometries o
tully determine the direction of the spin axis in
incrtial space,

Observations. For most of our observations
(Table 1) we wsed the NASAJe Propulsion
Laboratory (JPL) T0-m antenna (DSS-14) al
Goldstone, California (35.24°N, —116.89°E) and
trnsmitted a circularly polanzad monochromat-
ic signal at a frequency of 8560 Mz (A
35 em) and power of ~420 kKW, Transmis-
ston typically occurred [or the duration of the
round-trip light ume o the planct, and reception
followed for an equivalent amount of tme. Trans-
mit times were carclully selected so that the
daily maximum in the correlation would fall
dunng a recenve window, Radar echoes were
recorded at Goldstone and @t the Robert C. Byrd
Green Bank Telescope (GBT) in West Virginia
(35.24°N, -TOR4°E) with fast sampling systems
(24). Representative values of the signal-to-noise
ratio (SNR) in the same (SC) and opposite (OC)
circular polarizations as that transmitted were
=3 and -20, respectively, in a 200-Hz band-
width. Some of our observations made use of
the Arecibo telescope in Puerto Rico (18.23°N,

66.75°E) as the transmitter (2 = 12,6 cm) and
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DSS-14 or a smaller 34-m antenna (DSS-13) as
the recenver.

Complex cross-comclations (2¥) of the ocho
time series obtained at the receiving stations yicld
strong correlations near the predicted epochs, The
time evelution of the nse and @l in the cor-
relation is well approximated by a Gaussian curve
{Fig. 1), For laree SNRs, centroid locations can
be determined with a precision that is a small
lraction of the widths ol the comelation functions
(3, Epochs of comdation maximum and time
lags can be determined 1o a precision of —~ 0.5 &
and ~ 0.1 ms from initial widths of ~ 5 s and
~ 2.5 ms, respectively, Although the OC echo is
dominated by a specular component represent-
ative of a smaller fraction of the planetary disk
than that which produces the diffuse SC echo,
mesurements in the two receive polanzations
exhibit a high degree of consistency.

Results. We used the epochs of cormelation
maximum { Table 1) m a least-squares fit © de-

Ave the posiion of the axis of rotation of

Mercury in the J2000 equatorial frame (Fig. 2).
Our calculations include the motions of the
planets as given by the JPL Planetan: Epliem-
eris DES 14 (31), an Eanh odentation model in-
compormting up-to-date timing and polar motion
data, time delays accounting for light-travel
times, and general relativistic comections o the
time delays,

Table 1. Log of observations. Each data set identifier (ID) shows the date of observation in the
format yymmdd followed by the frequency of observation (x = 8560 MHz and s = 2380 MHz), the
observing stations involved (0 = DSS-14, 3 = DS5-13, G = GBT, and A = Arecibao), and the receive
polarization {OC = opposite sense circular polarization to that transmitted; SC = same sense, not
shown), The M]D gives the epoch of speckle correlation maximum, the centroid of a Gaussian of
standard deviation w. The time lag (1) indicates the time interval for speckles to travel from one
station to the other at the corresponding epoch. The fractional uncertainty in the time lag and spin
rate (o) is empirically determined from successive measurements, except in the first four data sets,
where it corresponds to a residual timing uncertainty of 0.2 ms. The last column indicates the
instantaneous spin rate in units of 3/2 of the mean orbital frequency.

v} mjo w (s) (s) o Spin rate
020513x00Goc 52407.889680 4.41 -12.36958 1.61 x 10° 0.999985
020522x006Goc 52416.871258 6.27 -12.69218 1.58 x 10~° 0.999893
020602x00Goc 52427.845539 5.98 -11.84078 1.69 x 1075 0.999861
020612x00Goc 52437.816052 6.35 -11.21227 1.78 x 1075 0.999945
030113x006Goc 52652.760205 10.32 —10.93565 1.37 x 10°° 1.000097
030123x006Goc 52662.725791 8.40 —11.29540 5.28 x 10°% 1.000073
030531x00Goc 52790.846925 7.76 -8.30671 8.21 x 10°% 0.999932
030601x00Goc 52791.844164 7.37 -8.36904 1.02 x 107° 0.999949
030918sA3A0c 52900.630649 26.79 ~14.67124 5.03 x 107° 1.000093
030919sA3A0c 52901.628954 28.95 ~14.70674 5.50 x 107° 1.000065
0309205A3A0c 52902.627306 26.94 -14.71705 518 x 10~° 1.000067
040331x00Goc 53095.968346 5.92 —7.41574 1.20 x 107° 1.000098
041212x00Goc 53351.866334 7.86 —7.74059 155 x 107° 1.000070
041218x00Goc 53357.848521 7.75 —7.38323 1.05 x 10 1.000067
041219x00Goc 53358.845401 8.13 -7.39330 9.67 x 107* 1.000075
050313x00Goc 53443.004320 7.04 —4.78491 3.19 x 10°° 1.000035
050314x00Goc 53444.001094 6.87 —4,98779 9,83 x 107 1.000056
0503 146x00Goc 53445.994761 6.72 —5.31606 1.45 x 10°° 1.000047
050318x00Goc 53447.988621 6.24 -5.53562 152 x 107% 1.000056
060629x00Goc 53915.735467 8.03 —11.27627 8.35 x 10°° 0.999866
060712x00Goc 53928.676641 7.94 —10.71493 6.43 x 107% 0.999882
SCIENCE VOL 316 4 MAY 2007

WWW.SCIEnCcemag.ong

711




RES

712

EARCH ARTICLES

The best spacecrall determination of the
onentation of the miation axis gives an obliquity
of =27 (with a 50% cmor cllipse of =2.6° by
£6,57) (32). The constraints obtaned from pre-
vious Eanth-based rmdar measurements are about
10 times better (33), Our measurements refine
the knowledge of the pole onentation by two
orders of magnitude. The measured obliquity is
2,11 = 0.1 are min, which is precisely within the
range ol theoretical expectations (34), Our
adopted e uncertainty exceeds the formal un-
certainties of the it to guard against undetected
systematic effects,

Mercury is expected 1o be in a Cassini state in
which its orbit pole, spin orienation, and
pempendicular 10 the Laplacian plane remain
coplanar (/4), Numencal simulations (33, 34)
support this theoretical prediction. Our spin
solution shows that, within observational errors,
Mercury occupies Cassini state 1: The conli-
dence regions for the spin onentation  fall
precisely on the locus of pole positions that
satisfy the Cassini condition (Fig. 2). The latter
condition relies on a numencal determination of
the Laplacian plane (35) that is entirely inde-
pendent of the mdar data. 1M we use this Laplacian
plane and assume that Mercury is in a Cassini
state, the best-fit constrained pole solution is al
12000 right ascension 281,0097% and declination
61.41437,

A detailed charactenzation ol the core of
Mercury in the manner described by Peale (f)
requires not only the occupancy ol the Cassing
state but also a precise knowledge of the ob-
liquity, amphitode of the librations, and second-
degree gravitational hanmonic coeflicients. We
prowide observational confinmation that the first
condition s satisficd and values tor the first two
quantities. Adthough current uncenaintics on
gravitational hamonic coeflicients (2) prevent
us [rom constrining the size of the core. it is
possible 10 determine the staie of the core by

1.0 h = ' : c
08|

R

06"

0.4

Correlation

b d ek b s

Time (seconds from 21:15 UT)

measuring the amplitude of the $8-day foroed
librations,

We determimed the amplitude of the libr-
tions of Mercury by measuring the mstanta-
neous spin rate of the planet at vanous epochs.

Our fractional uncentaintics, on the order of

I part in 107, are such that the libration signature
is rcadily apparent. In order 10 trmanslate our
time-lag measurements into values of the rota-
tional velocity of Mercury at each observing
epoch (Table 1), we fit for the spin rate value
that best satisfies the coherence condition;
namely, that the oriemtation of the planet as seen
by the fist trnsmitier-receiver pair ot ume ¢ s
similar 1o the onentation of the planat as scen by
the second transmitter-receiver pair at time £+
Oy This is accomplished by computing the
trajoctonies of light ravs between  transmitier,
bounce point, and reeciver, taking light-tmvel
times into account. A Lorentz transiormation is
used o obtam the orientation of the mcoming
and outgoing light mys in the moving frame in
which Mereury is at rest. Those orientations are
converted to planctocentric coordinates with the
use of the appropriste rotation matrices. For
cach observation epoch, the spin mie is adjusted
1o minimize the difference between the longi-
tudes comesponding 1o the fist transmitter-
receiver pair and the longitudes cormesponding
to the second ransmiller-receiver pair, ensuring
the coherence condition. Our measured angular
velocities reliably trace the phase of the
expected libmtion signature derived rom the
torque  equation, indicating that the ¥8-day
forced libmations have been detected unambigu-
ously (Fig. 3).

Resuls are very similar in the two circular
polarizations. One-parmmeter fits w the spin e
varations, adjusting in a leasi-squares sense for
the overall amplitude only, yield (8 — AVCy
(201 = 0.09) < 107 and (B ~ AVCyy = (2.08
0.07) = 107" with reduced chi-squarc (17

e rrTpraTaTE R VTR TE L ETES T T

0.6 B 3
05} 3

04
0.3
02}
0.1
0.0

sEEpEETL L e e awy

-12.39 -12.38 -12.37 -12.36 -12.35
Time lag (s)

Fig. 1. Representative correlation functions obtained on the first observing run (13 May 2002) with
integration times of 1 s (symbols) and corresponding Gaussian fits (solid lines). (A) Time evolution of
the maximum in the cross-correlation function when using echo time series with 200-Hz sampling. The
maximum in the function represents the epoch at which the speckle trajectory passes through both
antenna spacetime locations. UT, universal time. (B} Cross-correlation of echo time series with 5000-Hz
sampling at the time of the correlation maximum. Successive measurements of the Gaussian centroid
were used to produce the time-lag estimates and fractional uncertainties listed in Table 1. Correlation is
highest when the sampling rate matches about half the limb-to-limb bandwidth of the planet as in (A},

Other sampling rates yield a lower SNR.
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values of 2.3 and 1.3 for the OC and SC data,
respectively. A it to the combined OC and SC
data yields (B — A)VCow = (204 = 0.06) = 107,
with xz.,. = 1.8 The best-fit hbration amplitude
5 not sensitive to the exact spin veclor
orentation, All Cassini poles with obliquities
spanning the range 2.11 = 0.1 are min yicld
consistent resulis,

To test for the presence of a long-period
libration component superposed on the #8-day
libration signaure, we performed additional s
to the librtion equation. A fully dynamical solu-
tion admits three free parameters: the overall
amplitude, inital libration anghe o, and initial
angular velocity (a'y/di g, where we chose the
17 April 2002 penhelion passage [modified
Julian date (MID) 52381.480] as the initial
cpoch. The best-In values [;.:2\. = 09} 1w the
combined OC and SC dwa are (B - AV, =
(203 £ 004) = 1074 4= (007 = 001)°, (chyldrly =
(210 = 0,06) arc sce day™, comesponding to a
long-period libration amplitude of 300 arc see.
Because the data span less than a complete evele,
values for the long-period component need
confimation. The period of the free libration is
P (3B - AWCw)] (Te2 - 123716) 7', or
~12 vears (37).

Our adopted value ol the moment mtio is
(B~ AYCq = (203 £ 0.12) = 10°*, where the
la uncertainty captures the la range of the
OC-only and SC-only models. This corre-
sponds to an amplitude of the forced libmtions
& = (35.8 £2) arc sec. This value should be
compared o the expected amplitude for a solid
planet: ¢ within 30% of 19 to 22 are sce for
CMR® =0.32510 0380 () and Cay = (1.0 + 0.5)
107 (2).

The large libration amplitude that we observe
an be explained by a mantle that is decoupled

Declination (degreaes)
@ @
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s

k3
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B1.411

280.99 EB1I.UD 23:5.01 E;E.II.DE
Right Ascension (degrees)

Fig. 2. Orientation of the spin axis of Mercury,
based on the observed epochs of correlation max-
imum. The formal 68, 95, and 99% joint confidence
regions for the spin orientation are shown as con-
tours. The solution was not constrained to obey the
Cassini state condition, which is represented by the
straight solid line. The equatorial coordinate frame,
pole orientations, and Cassini state locations all refer
to the ]2000 epoch.
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froom the core or by a serious underestimate of the
(32 coeflicient (38). To explain the nominal 35.8
arc sec hbmtion amplitade wath a sold core
would require a Caa value at least 1.6 times larger
than that obtained from Marner 10 data. In the
absence of any other constrmind, one can eslimate
the probability of this eccuming to be about 10%,
assuming that errors are nonnally distributed. But
bocause Mercury is in a Cassini slate, an
additional relationship exists between  gravita-
tional hammonic coeflicients and obliguity (/4).
We can use this relationship with our obliquity
determination 10 show that Cx values in excess
of the nominal Mariner 10 mnge would require
the guadrupole moment J> o also be owside the
Mariner 10 range, a combination of circum-
stances with less than 10% probability.,

In order to evaluate the impact of joint errors
on the observables, we performed emor propa-
gation analysis and Monte Cardo simulations,
where trial values tor € and & were drawn
from normal distributions with mean and stan-
dard devimtions comesponding to their measurcd
villues and emor bars, We then computed the
diagnostic mtio C/C (39) for extreme values of
the moment of incrtia allowed by interior
models (). The results (Fig. 4A) show that
Co/C i smaller than unity with 90% conli-
dence, whereas a solid core requires C/C = 1.
I1 one includes the additional constraint appli-
cable in a Cassini state (Fig, 4B). the conlidence
level increases o 95%. The nominal C/C =005
value implied by our measuremens indicates
that an outer shell panicipates alone in the
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3'2_ || | |"| || 5-2f ‘.l"' |]I I'—_
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Days from perihelion passage on 17 Apr 2002

Days from perihelion passage on 17 Apr 2002

Fig. 3. Mercury spin rate deviations from the resonant rate of 3/2 times the mean orbital frequency.
Observed data points and their error bars from Table 1 are shown at their respective epochs. The
solid line is a numerical integration of the torque equation, the phase of which is dictated by the
time of pericenter passage. (A) A one-parameter fit to the OC data (allowing for 88-day forced
librations only). (B} A three-parameter fit to the OC data (allowing for an additional 12-year free
libration component).

[ A <C./C> = 0.81£0.31 (C/MR® = 0.325) T B
i <0 /C> = 0.5210.28 (C/MR® = 0.380) 7 i

400 7T
«C_/fC> = 0.53:0.28 (C/MR* = 0.325) 7
<C_/C> = 0.49:0.25 (C/MR® = 0.380) 7

B s s o a 1| 4 & &

ia_a o N 3 5 s o b & 5 5 s 1 & o

P v

1 1.5

Fig. 4. Histograms of the diagnostic quantity C,/C, where values less than unity indicate a liquid
core, obtained by using 10° draws from normal distributions of o and C3; values. Both extremes in
the range of plausible interior models C/MR® = 0.325 (red) and C/MR® = 0.380 (blue) are
considered. (A} shows the results without invoking the Cassini state, whereas (B) includes the
additional constraint that exists between gravitational harmonic coefficients and obliquity in a
Cassini state (14).
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librations, @ opposed 10 the entire planet, and
requires that the core of Mercury be at lcast
partially molten.

Implications. The prescnce of a magnetic
ficld at Mercury () cannot be taken as ob-
servational evidence of a liquid core, because
a cumrently active dynamo s not the only via-
ble mechanism for producing the ficld (71, 12).
Our observations strengthen the dynamo hypoth-
esis, in that a liquid core is a necessary condition
lor dynamo action. Although the sullicient condi-
tions for a dynamo are not known, Stevenson
(40 has shown that the existence of convection
in a pantially molten core, rather than the vigor of
that convection, 15 the primary determminant.
Thermal convection may anse 1f the heat flow
exceads the conductive hem Now that can be
supported adiabatically. This will be facilitated
by latent heat release if an inner core frececs.
Inner core growth may also promote chemical
convection as the [recsng process excludes hght
alloying clements from the inner core, and as the
material al the bottom of the outer core becomes
compositionally buoyant because ol an excess of
those light elements. It is estimated that a Muid
layer depth on the onder of 100 km or more is
required for sustaining convection by composi-
tional buoyancy in Mercury (/0). The effective-
ness of dynamo processes in vanous geometrics
and whether such dynamos can reproduce the
field observed by Mariner 10 are topics of active
rescarch, Simulations () indicate that some
thin-shell dynamo configumtions plavsible for
Moercury produce the observed field properties.
Other geometries have been proposed, such as
dynamos operating deeply undemeath a stably
stratified liquid outer core (41) or thick-shell
dynamos (42). The MESSENGER spacecrafi
{43), en route w0 Mercury, is expecied w0 map the
magnetic field in detail and 1o determine the
nature of its source (44).

The presence of a liquid core in Mercury has
important implications for theories of planet
formation and evolution. Thermal models pre-
dict a frowen core unless a suflicient amount of
sullfur (an least 0,1 % weight fraction) depresses
the melting wemperature ol the core material
(). But chemical condensation models (45)
indicate that sulfur cannot condense in the
primiordial solar nebula at the heliocentric dis-
tance of Mercury, Hence, the necd for a
suflicient amoum of acereted sullur 1o keep
the core molien over the age of the solar
system implies that Mercury was accreted
from plancicsimals that originated over a wide
range of heliocentric distances. L may be pos-
sible o place further constraints on the amoum
of sulfur if it can be shown that the liquid core
is convecting: that is, il it can be proven that a
dynamo is responsible for the magnetic eld.
Although a minimum amount of sulfur s nec-
cssary o mamtain a liquid core, wo much
sulfur inhibits inner core growth and core con-
vection, If the sulfur abundance exceeds ~ 6 1o
0% (7, 6, 46), the core would remain come-
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pletely Nuid over the age of the solar system,
and a dynamo process would be unlikely,

Although the large amplitude of the forced
hibrations mdicates a hquid core, our observa-
tions cannot dewermine the size of the core. the
extent of the inner core, or the polar moment of
inertia of Mercury, These paramceters are ne-
quired 1o asscmble a more complete picture of
the inmernal structure of the planet and 10 probe
the thermal evolution and magnetic field gencr-
ation in much greater detail, Our emor bars on
Con/C are cumrently dominated by uncenainties
in the value of Cx (Fig. 41 But this gravita-
tional harmonic can be constmined 1o the 1%
level or better by tracking the orbit of a space-
crafl. With such a measurement, expected from
MESSENGER (42), our cmor bars on (/O
would mstantly drop 10 a level commensurate
with uncertaintics on the libmtion ampliude,
roughly 6%, By assuming the densitics of crust,
mantle, and core matenal and using the ntegral
relations for the rtio of moments of nertia, the
o/ C value could then be used to place a useful
constraint on the size of the core. A superior
estimate will require measurements ol the polar
moment of inertia of the planet (/. 14, 34, 39),
which can be derived by combining improved
estimates of the gravitational hammonic cocfli-
cients with our values of the obliguity and libm-
tion amplitude,

Earth rotation studies demonstrate that the
long-term monitoring of planetary rotations re-
veals excitations on a variety of time scales that
can be wsed to constrain the underlying peo-
physical processes (47), The mechanisms affect-
mg rotation also provide insights into intenor
structure, viscoclastic propertics, and  interac-
tions at the core/mamle and atmosphere surface
boundaries. The capability o monitor the spins
ol terresirial planets with Eanh-hased radar pro-
vides a new ool o probe the interiors of planets
and opens new avenues in planctary physics,
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Signals from Chloroplasts Converge
to Regulate Nuclear Gene Expression

Shai Koussevitzky, >* Ajit Nott,™** Todd C. Mockler,’+ Fangxin Hong, %
Gilberto Sachetto-Martins,*§ Marci Surpin,®ll Jason Lim,*® Ron Mittler,** Joanne Chory®

Plastid-to-nucleus retrograde signaling coordinates nuclear gene expression with chloroplast
function and is essential for the photoautotrophic life-style of plants. Three retrograde signals
have been described, but little is known of their signaling pathways. We show here that
GUN1, a chloroplast-localized pentatricopeptide-repeat protein, and ABI4, an Apetala 2
(AP2)—type transcription factor, are common to all three pathways. ABI4 binds the promoter
of a retrograde-requlated gene through a conserved motif found in close proximity to a
light-requlatory element. We propose a model in which multiple indicators of aberrant plastid
function in Arabidopsis are integrated upstream of GUN1 within plastids, which leads to ABI4-

mediated repression of nuclear-encoded genes.

Iloroplasts contain about 300 prodeins,
‘ of which more than 95% are encoded by

nuclear genes. As a resull, eneymatic
and photosynthetic complexes within chloro-
plasts contain subunits encoded by two spatially
separated genomes (/) This necessitates a tight
coordination ol gene expression that involves
two-way signaling between the chloroplasts and
the nucleus, While plastid developmem s
largely wnder nuclear control, developmentally
arrested or damaged plastids can regulate nu-
clear gene expression via retrograde signaling
pathways, Mitochondria also emit signals tha
regulate the expression of nuclear genes in re-
sponse 1 its condition: this signaling s involved
i imponant processes ncluding senescence and
tumor progression ().

Three independent plastid-to-nucleus retro-
prde signaling pathways have been described
(331 In the best-delined pathway, accumula-
tion of Mg protoporphyrin IX (Mg-proioPIX ),
a chlorophyll biosyothetic imemmediate, leads
to down-regulation of hundreds of genes in
Arabidopsis and has been shown to be involved
in gene regulation in Chifamvdomeonas reffiardiii
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(16, Ciene products of tour Arabideopsis GENOMES
UNCOUPLED (GUN) loci, GUN2, 3, 4, and 5
(6}, are involved in modubiting Me-protoPIX lev-
els (6-¥). A second pathway represses Lich ex-
pression in response o inhibition of plastid gene
expression (PGE) and requires GUNT (3. 5, 10).
The third signaling pathway mediates signals de-
rived from the reduction/oxidation (redox) state
of the photosynmbetic electron transter chain
(PET) and affects both photosynthesis-related
and stress-related genes (3, 5). The redox siate
of the plastoquinone pool and other PET com-
ponents, as well as reactive axvaen species (ROS),
play a role in PET-denved signaling (3, 53, In
this work, we present evidence in support of a
single retrograde signaling pathway that inte-

grates information from multiple indicators of

plastid functional siate.

GUNI encodes a chloroplast-localized
pentatricopeptide-repeat protein. We identi-
fied seven new gunf alleles in two genelic
screens (/) by using a ransgenic Arabidopsis
line carrving a lucifernse reporier under the
control of the Lich (encoding a light-harvesting
chlorophyll ab-binding protcin)  promoter,
which is known to respond o retrograde signals
(Col 6-3, Fig. 1A). We used either norflurzon
(NF), an inhibitor of carotenoid biosymhesis
that causes photo-oxidative damage and  ac-
curnulation of Mg-protoPIX in the light, or
lincomycin, an inhibitor of plastid protein
synthesis. We mapped GUNT o a - 93-kilobase
region on the botom amm of chromosome 2.
When we sequenced candidate genes, we found
mutations in A2g3 1400 in all gund alleles (Fig.
1B). Genomic fragments, encompassing the
predicled open reading frame of A2g3 1400,
fused ar its C wrminus o either green Nuo-
rescent protein (GFP) or six-hemagglutinin
(6 HAY tags, were able 1o rescue the gunld
phenotype (Fig. 1),

GUNT encodes a 918 amine acid polvpep-

tide that is a member of the P subfamily of

pentatncopeptide repeat (PPR ) containing pro-
teins (/2). PPR-protcin coding gencs are a
vastly expanded family in land plants, with
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=44 and =650 members in Arabidopsis and
rice, respectively (12). Putative GUNT orthologs
can be readily wentified in rce (Os12g37550)
and poplar (fig. S1). A majonty of the PPR pro-
teins are targeted 1o cither mitochondna or plas-
tids, where they have been proposed o function

in processing, cditing, stability, and translation of

RNA molecules (1216}, In addition 1o the PPR
motifs, GUNI also has a small muS-relaed
{SMR) domain (/7). The SMR domain is highly
conservad across species and is found in small
single-domain proweins, such & Eschericlia cali
Smr as pant of MwS2 (/7). or in association
with PPR moufz in higher plants, There are five
other Aralidopsis proteing that have a domain
structure similar to GUNI, e, several PPR mo-
tifs followed by a C-terminal SMR domain and
one of those, pTAC2, is pant of transcriptionally
active complexes isolated from Asabiclopsis and
mustard {(f&). PPR motls have been proposed o
mediate miermctions with nuclae acids (/2), -
cluding DNA (19, 20), and the SMR domain is
found in proteins involved in DNA repair and

recombination. We observed that a fragment of

GUNI containing both the PPR and SMR do-
mains could bind DMA (fig. S2A) The SMR
domain alone bound very strongly, whereas a
Fragment containing the PPR motils alone showed
weak binding, This suggests that GUN] function
may be distinet from the known PPR proteins,
which are thought 1o be involved in RNA pro-
cessing activities, GUNI has a putative plastid-
targeting signal sequence at s N terminus, and
a construet lacking this sequence [iled o rescue
a gend mutant plant. Full-length GUNI-GFP fu-
sion constructs rescued the gl phenotype, but
wie did not observe GFP (luorescence in several
lines that we tested. Using Agrobacierimm-mediated
tmnsient expression in Nicotiang bendamiana
leaves (21, we found that GUN - and pTAC2

vellow Nuorescent protein (YFP) lusions local-

ized to distinet foci within chloroplasts of

mesophyll cells (Fig. 1D). When GUNI-YFP
and pTAC2 cyvan uorescent protein (CFP) were
coexpressed, we could clearly observe colocal-
fation of the YFP and CFP signals (Fig. 1E).
indicating that, like pTACZ, GUNI is also asso-
ciated with sites of active imnscription on plstid
DNA,

GUN1 is insensitive to accumulation of
Mg-protoPIX. Among the known gen mutants
only gwnd has a gun phenotype when grown
in the presence of cither lincomyein or NF.
However, NF tremtment also results in photo-
oxidative damage 1o plasiid ribosomes, and it
has been sugeested that this could indirectly
trgger the PGE pathway (22). Because the PGE
pathway is active only during the st 3 days
alfler germination (/7). we treated older seedlings
with NF 1o test whether GUNT plays a mole in
the Mg-protol1X pathway, Similar 1o gun3 seed-
lings, 4-day-old light-grown gund scedlings were
unable to repress Lheh expression when treated

with NF (Fig. 2A) We then wsted to see iff

giord mutants were impaired in their response

www.sciencemag.org  SCIENCE VOL 316 4 MaAY 2007

715




716

to elevated Mg-protoPlLX levels induced by di-
pindyl (D), which 15 known to restore the
repression of Lich genes in gun? and gund soad-
lings grown on NF (6), DP treatment did not re-
store Lheh repression in gund seadlings grown on
NF or lincomyein (Fig, 2B). The results of the
late NF weatment and the mability of DP w0 re-
store repression of Lich m gund demonstrate that
GUN] plays a role n the Mg-protwoPIX pathway.
Unhke gunl, 2, 4, and 3, gund docs not scem to
be involvad in chloophyll bicsynthesis, which
indicates that it most likely acts downstream of
Meg-prowPIX accumulation,

Common targets for gunl and gun5. To
identify a comprehensive set of nuclear genes
under the control of mtrogmde pathways, we
analyzed the global gene expression response of
wild-type, gund, and gund seedlings 1o NF, using
the Alhvmetrix Arabidopsis ATH1 genome ar-
rayvs. From these armys, 7778 genes showed dil-
ferential expression between ather the condinon
jcontro] versus NF) or the genotyvpe (wild-type
versus gnnd ol and  gwnd  versus ) A
strking linear comrelation was observed between
the multiple of change (fold increase or deerease,
logarithmie scale, herealier, log fold change), in
gene expression observed in NFareated grnd or
grn S comparad with wild tvpe (Fig. 2C), Cluster-
ing analvsis of 1150 genes that were dillerentially
expressed in gl or gund compared with wild
type on NF showed a very similar pattem be-
tween gund and gund (Fig, 200, OF these, 488
nuclear genes were repressed by NF inowild tvpe
[P = 0.0] RankProd (23)], and 370 of those had
expression in either gund or gund on NF greater
than twice what wis seen in the wild wpe. OF

these 370 genes, 329 (89%) were derepressed in
both gl and gund, which strongly  implicated
GUMNT and GUNS in the same pathway, The lack
of an addmwve eflect m a o /-9 oumd double
mutant groswn on NF compared wath individual
mutants lends funher support 1o this conclusion
(hig 52C).

Identification of ABI4 as a nuclear compo-
nent of retrograde signaling. To identity reg-

ulatory elements enriched in the promoters of

target genes of the retrograde signaling path-

ways, we analyaed S00-base pair (bp) regions of

sequence upstream ol the 329 poes derepressed
in both grnd and gund, An ACGT matif, the core
of both the light-responsive G box (CACGTG)
(24) and the abscisic acid (ABA) response cle-
ment (ABRE) (2327, appeared 944 times i the
promoters of these genes compared with the ex-
pected 239 times (H): a £ score of 3.2 indicated
that it is sizmilicantly overrepresented (7 < 0.01),
Tor test whether components of the ABA sig-
naling pathway play a role n retrograde signaling,
wie analvead the retrogmde mesponse m ABA-
deficient and ABA-insensitive mutants (25, 28).
Only one ABA-related mutant, abid, showed
Lich mBNA accumulation even when chloroplast
function was impaired (Fig. 3A), Lincomyein
treatment resulied inoa reduction in Lieh transcript
levels o 110t those in the untreated scedlings,
in cither wild-type or gund secdlings (Fig, 3B and
Mg, S3A) (3, 29 In contrast, tmnscription in
gt or abid (Fig. 3B) was reduced to one-third
of controls, which indicated that, like GUNI,
ABHM plays a role in PGE-dependent signaling.
The dentification of afd a5 a retrograde
sipnaling mutant suggested that ABA, a known
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£
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gunt-1 & 1-2 guni-5 gunf-§&1-10
GCT>GTT  COASTGA  GoA  JPPR motf
A256V RE44Stop 5 splice site [] SMR motif
guni-8 quni-T guni-8 guni-11
CAA->TAA GCC->GTC CAG->TAG GGA->AGA
Q118509 AZBTV QG54 Stop GBASR

Fig. 1. GUN1 is a pentatricopeptide-repeat protein. (A) New alleles of qunl
show enhanced derepression of Lixh. Seedlings were treated with incomycin for
6 days. Lheh RNA was detected by Morthern blotting., We used 255 ribosomal
RNA (rRNA) as a loading control. (B} GUNI encodes a pentatricopeptide-repeat
protein. Schematic representation of GUN1 shows the position and nature of the
mutations in various alleles. Boxes and fines indicate exons and introns, re-
spectively. (€ Genomic fragments of At2g31400 complement guni. Total
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stress hommone, might be a plastid-denved retro-
grade signal. This does not appear 1o be the case,
because an ABA-deficient mutant {abal) did
not accumulate any Lhch mBRNA when grown
on lincomyein (Fig. 3A). Furthermore, addition
of 5 pM ABA, with or without NF, inlubited the
accumulation of Lheh transcripts in wild type
and gund, but had no effect on abid seedlings
(Fig. 30, fig. S3B) gond was also distinguished
ffom abid in germination assays (fig. S3C).
Collectively, these results indicate that ABA is
unlikely to be the actual retrograde signal, Tt is
noteworthy that GUNS has recently been shown
i be an ABA recepror, but s Mg-chelaase
activity appears 0 be distinet from its role in
ABA signaling (Y, 30),

ABI4 acts downstream of GUN1 in retro-
grade signaling. Scveral lines of evidence in-
dicate that GUNI and ABI4 act in the same
signaling pathway. First, gl s cpistatic o
abidy Lheh mRNA
double mutam were simular W a gond-1 single
mutant (g, S3D). Second, we observed signil-
icant overlap in nuclear genes misrezulaed in
gund-1 and ahid, 37% and 46% lor genes that
were cither derepressed or repressed, respective-
Iy (fig. S4). Finally, overexpression ol ABI-GFP
suppressed the gund -1 phenotype. We  trans-
formed Lhehfuciferase gund-1 seadlings with
an ABMH-GFP fusion driven by the cauliflower
mosaic vius Call” 3585 promoter Individual
second-generation (T5) seedlings were imaged
for ABI-GFP and luciferase expression. We
detected no luciferase activity in lincomycin-
reated Ts scedlings that overexpressed the (u-
sion protein (Fig. 3D).

levels in a gundl-f ahid

D

() jpAudosoiya

E

RNA was isolated from homozygous transgenic lines, and Lhch RNA was
detected by Northern blotting. Ethidium bromide—stained rRNA is shown as
a loading control. (D and E) GUN1 and pTAC2 colocalize within chloroplasts.
N. benthamiana leaves were infilrated with Agrobacterium carrying the
indicated constructs, and protoplasts were prepared 4 days postinfiltration.
Fluorescence was imaged by conmfocal microscopy, and a representative
image from a single protoplast is shown. Scale bar, 10 uM.
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The GUN1-ABI4 pathway integrates multi-
ple chloroplast-derived signals. We then tested
whether ABI4 15 alse mwvolved in the Meg-
prowPIX pathway. Wild-type, gunl, gund, and
abid were grown on NF for 4 days in the dark
and then transferred o light, After 3 hours of
illumination, all scedlings accumulated similar
levels of Lhch mRNA (fig. S3E), which con-
firmed that neither the Mg-protoPIX nor the
PGE-dependent pathway had been triggered at
this stage. With a prolonged light wreament,
grnd, gand, and alid accumulated higher levels
of Lhch mRNA than wild type; this was also
true when we measured luciferase activity in
Liwh: :luciferase seedlings grown under these
conditions (Fig, 4A). These results ndicate that,
like GUNT and GUNS, ABI, also plays a role
in the Mg-protwol X pathway.

We then tested iF GUNT and ABI4 are also
involved in PET-derived signaling. Lheh trrseript
levels were reduced in wild-type seedlings in
response 10 ntense light: s reduction was
evident even after a |5-min exposure (Fig. 4B).
Lich mBNA levels in both gunl and afid were
less affected by such exposure, although Lhch
levels declined in both mutants after 3 10 6 hours
(Fig. 4B), We then studied the expression of
Zar! 2 and Zaelf), two gencs that encode zine-
finger DNA binding proteins, in response 1o
intense light. Zat] 2 is required for the expression
ol APXT under oxidative stress (3/7), and protein
products of both these genes mediate the re-
sponse of Arabidopsis 1o several abiotic stresses
{32y, Rapid, transient accumulation of both

Fig. 2. GUNL and GUN5 A
are components of the
same signaling pathway.
(A gunl seedlings are
impaired in retrograde
requlation triggered by
NF. Four-day-old green
seedlings were treated
with NF and harvested
9 days later. Methylene
blue—stained membrane
shows rRNA as a loading
control. (B} gunl is in-
sensitive to DP treat-
ment. guni-9 and gun5
seedlings were treated
with lincomycin or NF for
5 days and harvested
24 hours after addition of
1 mM DP and 0.5 mM
Mgcly (final concentra-
tion). Methylene blue—
stained membrane shows
rRNA as a loading control. / )
(€} Microarray experiments 4 2 0
indicate strong correla-
tion between genes mis-
regulated in guni-9 and

a2
SY g
L —

- - .-

Lheh
——

log,-FC {gun 1-8-nficol-nf)

transcripts was observed within 13 min of expo-
sune o intense light; a more sustainable accumu-
Lation was observed alter 1 to 3 hours (Fig. 400,
The latter was delayed m both gund and afvd
scedlings, which suggests that not only repres-
sion, but also induction, of gene expression in
response o a PET-derived signal, requires GLINI
and ABI4. The wle of both GUNI and ABM in
all three rerograde signaling pathways is in
agreement with a previously proposced “master
switch,” which controls the expression ol a large
number of nuclear genes in response 10 plastid-
derived signals (33),

alid has also been identified as a sugar-
insensitive. mutant (28}, and sugar signaling
through ABI4 has been linked w chloroplast
retrograde signaling ( 34). PET-induced gene ex-
pression is inhibited by sugar and this inhibition
requircs ABI (34). In sucrse woicoupled 6 (an
allele of abid), exogenous sucrose does not inhibit
the expression of nuclear-encoded  photosyn-
thetic genes (45). To understand the connection
between sugar and retrograde signaling, we ex-
aminad Lich expression in 4-day-old scedlings
treated with exogenous glucose. Lieh expression
in wild type wis signilicantly reduced in re-
sponse w0 T glucose in the growth medium
(Fig. 4Dy, but only slightly decreased in abid and
largely unchanged in gund seedlings, Sorbitol did
not affeet Lich expression, which suggested tht
this is not a response 0 osmotic stress. Glucose
also enhanced the greening of etiolated  wild-
type seedlings, whereas the greening ol gl
and abid seedlings was less affected (g, S35).

2 4 &

qun5. Average log fold changes for 7778 nuclear genes are plotted. (D} gunl and gun5 have a similar
pattern of nuclear gene expression. Heat map depicts 1150 genes differentially expressed in gunI-2 or
gun5 compared with wild type. Average values were calculated using Col 6-3-nf as reference.
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These results suggest that in addition w0 retro-
grade signaling, GUNI and ABI4 are involved
i glucose-mediated repression of  photosyn-
thetic gene expression and the tmnsiton from
heterotrophic 1o photoautotrophic growth. Un-
like abid, germination of gund was inhibited by
7% glucose, which suggested that it is not strict-
ly a glucose-insensitive mutant. However, because
it is required for the glucose-mediated Lich re-
pression, it is possible that this represents a fourth,
previously unidemtified, plastid-derived signal,
ABI4 can bind the promoter of Lheh. Our
promoter analysis did not reveal any known
binding sites for ABI (27, 36), yel a veast one-
hybrid assay indicated tham ABI4 could direatly
bind the promoter of Lheh (Fig. 3A). In CUF1,
which 15 a G-box eement required for retrograde
signaling (6L two cytosine residues precede the
G box and that results in two overlapping cle-
ments, the CCAC and the ACGT core. The
COAC wis overrepresented in the promoters of
the 329 genes derepressed by gund and gun3; il
appeared 1048 times, although the expectd
frequency was only 302 (2 score of 11.34).
About 707 of these promoters contained a
CCAC/ACGT combination, and in the majority,
these clements were either overlapping or ¢lose-
ly spaced (1 10 3 bp), with about 70% having
fewer than 20 bp between the two, A similar
enrichment was found in the genes derepressed
on lincomyein in gund and afid (lg. S4). When
the CUFI element was mutated o TTACGT
ileaving the G-box cone intact), ABI4 could not

S SLSE TP
i e
0 f@"f‘s

ABA (S uM)-  +

m%g >

LhchirRNA
% of untroated)

5,

¢

Col0

&

=)

gunt ABIL-GFP in

Fig. 3. abid is a gun mutant. (A LhcbI mRNA
accumulation in 6-day-old lincomycin-treated wild
type (of three Arabidopsis ecotypes Col-O, Ler,
and Ws), gunl, and ABA mutants. gunl and abid
are in the Col-0 background, abal, abil, abi2,
and abi? are in ler, and abi5 & in Ws. (B)
Quantitative analysis of three replicates showing the
average ratio of Lhch/iRNA between lincomycin-
treated and untreated wild type, gunl, and abid. (C)
Lhecbl mRNA accumulation in 8-day-old ABA-
treated wild type, gunl, and abid. (D) Luciferase
and GFP activity in lincomycin-treated seedlings
of wild type, gunl, and gunl overexpressing an
ABI4-GFP fusion protein.
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Fig. 4. GUN1 and ABI mediate several chloroplast-
derived signals. (A) Lhchl mRNA accumulation (left)
and relative luciferase activity {right) in 7-day-old
Norflurazon-treated wild type, gunl, gun5, and
abi4, Plants were grown in the dark for 4 days and
transferred to light for 3 more days. (B} Lhchl
mRNA levels in 4-week-old wild type, gunl, and
abi4 seedlings grown under low light and exposed
to high light intensities for the indicated time. (C)
Zat12 and Zaotl0 mRNA levels in seedlings de-
scribed in (B). (D) Lhchl mRNA accumulation in
wild type, gunl, and abid seedlings treated with
7% glucose,

facilitate growth on His-deficient media, In con-
trast, when the CUFT clement was mutated o
CCACAA, which climinated the G-box core,
ABI4 enabled growth in the absence of His
(Fig. 3A); this result suggested that ABI4 binds
this CCAC motil. This motil” is signilicamly
smaller than previously described ABI4-binding
sites, which suggests that it might be a core
clemen required for ABI4 binding. It has been
reported that light and retrograde signals are
mediated by cis elements found in close prox-
imity (3). It is conceivable that by binding 1o the
CCAC motif, ABI4 inlibits G box-mediated,
light-induced expression of pholosynthetic gences
when chlorophst development is amested. Pro-
teins that contain Apetala 2 (AP2) have been
shown to act as transcnptional repressors in re-
sponse 10 ABA, chylene, and jasmonic acid (.37),
Not all of the promoiers of reirogrde-regulaied
enes contained the CCAC motil, and in some,
it was too far from the G box to enable inhibition
by competitive binding. Repression of those genes
by wetrograde signals might eccur through differ-
ent AB-binding sites.

ABI s highly expressed in sceds and s
barcly detectable in seedlings alfter germination
(381 s expression s induced by glucose (39)
and possihly other sugars (40), In wild-type seed-
lings, expression of AN did not change after
lincomyein reatment; however, m both treated
and untecated gl seedlings AR mRNA ley-
¢ls were significantly lower than wild type
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ABl4
uBQ10
Lincomycin: - - - + + +

Fig. 5. ABK can bind the promoter of Lhcb1*2. (A)
A yeast strain with the HIS3 gene driven by a 200-
bp Lhch1*2 promoter containing either wild type
(CCACGT) or two mutated (TTACGT and CCACAA)
motifs, was transformed with a plasmid encoding
the GAL4 activation domain with (ABI4-AD) or
without (AD)} an ABI4 fusion. Transformants were
grown on His-deficient media with or without 5 mM
3-amino-1,2,4-triazole. (B) ABI expression i down-
requlated in gunl. RNA was extracted from S-day-
old seedlings grown with or without lincomycin. First
strand ¢DNA was used as template with ABI4 or
ubiquitin UBQ10 specific primers. Polymerase chain
reaction products were transferred to a membrane
and probed with a radiolabeled AB/4 probe.

(Fig. 5B). This suggests that, although ABM
expression 1s not directly induced by lincomy-
cin, GUNI 15 required for its expression. ABM
expression was up-regulated by lincomycin
treatment of ahid scedlings (Fig. 5B), possibly
in an attempt o compensate for the nonfunc-
tional ABI4. Although originally identificd as
an ABA-insensitive mutant, abid has since
been idemified in screens for sugar and salt
resistance, as well as several others (24). Our
data suggesi that ABI4 may be the previously
proposed master switch (33) required for the
regulation of nuclear genes in response o de-
velopmental cues, as well as environmental sig-
nals, integrited within the chloroplast. Our
findings also distnguish between  chloroplast
and mitochondria retrograde signaling, because
neither organellar PPR-containing protein nor an
AP2-type manscription factor are known 1o act
in the mitochondna-derived signaling in planis
(41, veast, or mammalian cells (2)

[n this study, we have presented genomic,
genetic, and biochemical evidence that the three
known retrograde signals, previously thought 10
be medioed by panially redundamt signaling
pathways, are integrted within the chloroplast
upstream of GUNT and that ABM acs down-
stream in the same pathway, We propose a mod-
¢l in which all three signals are imegrated within
plastids and GUNT is reguired to cither gencrate
or transmit a second, common signal 1o the nu-

cleus (fig. S6). In response w0 the GUN |-denved
signal, ABI4 binds the promoter of Lich, which
prevents the binding of G box-binding  factors
required for light-mduced expression of nuclear
photosynthetic genes (24), A potentially impor-
tant benelit of multiple plistid-genermted signals
converging on one common pathway is that this
convergence allows the monitoring of key
pammeters of a functional chloroplist while
avoiding the potentially disastrous consequences
of conflicting signals exerting control over nu-
clear gene expression. The chemical nare of
this common signal now surfices as the key
quesLion,
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Blastocyst Axis Is Specified
Independently of Early Cell Lineage
But Aligns with the ZP Shape

Yoko Kurotaki,»?* Kohei Hatta,?+ Kazuki Nakao,* Yo-ichi Nabeshima,™* Toshihiko Fujimun'u:l:

The mechanisms controlling the establishment of the embryonic-abembryonic (E-Ab) axis of the
mammalian blastocyst are controversial. We used in vitro time-lapse imaging and in vivo

lineage labeling to provide evidemce that the E-Ab axis of the mouse blastocyst is generated
independently of early cell lineage. Rather, both the boundary between two-cell blastomeres and
the E-Ab axis of the blastocyst align relative to the ellipsoidal shape of the zona pellucida (ZP), an
extraembryonic structure, Lack of correlation between cell lineage and the E-Ab axis can be
explained by the rotation of the embryo within the ZP.

uring verebrate development, the fermil-
D'L.-!ud egg gives rise 1o an embryo with an

asymumelric body axis, In species such
as the frog, mlormation relating 1w the spocili-
cation ol the future body axis is asymmeincally
localized as stored maemal factors in the fer-
tilized cgg (/). By conimasi, in mammalian cm-
bryos, no proteins or other cellular components
are known to be localized asvmmetrically in the
fertilized ege. Mammalian embrvos posscss a
highly regulative character that is also a basis for

recent regenerative medicine, and the paiem of

cell division and allocation of cells within an cm-
brvo during the carly stages vary between cm-
brvos. There are reponts suggesting that intrinsic
imformation relating the future embryonic axis is
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already present in carly cleaving mouse embryos
(2-7). However, several groups have presented
data contradicting this hypothesis, suggesting in-
stead that the bias relating o the embryonie axis
is lound relatively late in development (8-13).
We have designed a serics ol experiments o di-
rectly address this controversial issue.

The blastocyst consist of two tvpes of cells,

those of the inner cell mass (ICM) and those of

the trophectoderm (TE). Adler the fifth cell di-
vision, the mouse embryo starts o fonm a cavity
(blasiocoel or blastocyst cavity). The localiza-
tion of the ICM on one side of this cavity marks
the first appearance of an embryonic axis, known
as the embryonic-abembryonic (E-Ab) axis.
Thus, the differentiation of cclls imo ICM and
TE 15 closely linked o the specification of the
blastocyst E-Ab axis, There has been progress in
understanding the molecular basis for the differ-
entiation of ICM and TE (/4, /3). However, the
onsel of specilication of these two cell types has
still not been defined. One hypothesis is that the
cells located inside the morula mainly contrib-
ute to the ICM whereas outside cells difteren-
tiate o TE cells (16-/9), This “inside-ouside™
hypothesis has its basis in analyses of separited
blastomeres, and continuous information from
intact embryos is cumently very limited. In this
study, we focused on the preimplantition stage
of mouse developmem w reveal facton(s) that
function m specification of the blastocyst axis,
Embryo shape |with and without the zona
pellucida (ZP), the manbrane sumounding the
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embryo proper] and the correlation between
carly cell ineages and cell Fite were examined.

Analysis of cell behavior in developing pre-
implantation mouse embryos using a cell tracing
system, One way o determine the comelation
between cell lineage and axis formation in the
mammalian embryo is 1o label and contmuously
observe all of the cells in live, undisrupted em-
brves dunng the entire period of intercst. We gen-
crted a vamsgenic mouse line (R2Z6H2BEGFP)
that ubiquitously expresses EGFP (enhanced
green Muorescent protein) fused 1o human his-
tone H2IB (20) under the control of the Rosa26
locus (21). This allowed continuous labeling
ol chromosomes i the nuclei of all the cells
with Nuorescent signals. To record develop-
ment from the two-cell to the blastocyst stage.
we captured bright-ficld and luorcscence im-
ages every 10 min (Fig. 1, A to J). Fluorescence
images with 5qum steps werne used o reconstruct
images that can be viewad three-dimensionally
with glasses colored in red and green (Fig. 1, G
o J, and movie 81). The position of cach nu-

cleus was plotied on the images, and the vy

position recorded simultancously (Fig. 1, K
O). A total of 124 embryvos were recorded in 15
repetitions of the experiment. OF these embrvos,
108 (87%) developed into blasiocysts, and in
miost cases the initial formation of the blastococl
was seen after the fifth cell division, The number
of nuclel identified and tmced varied between
cimbryos, We traced as many cells as possible
and the average number of traced cells was 31,8
per embrvo, The embryos attached weakly to the
culture plate, and the position of the ZP relative
to the botom of the culture plate remained fixed,
Judging from its shape and pigmentation pat-
tem. By contrast, the position of the embryo
proper within the ZP was not fixed, but embryos
motated within the ZP, as reponed previously (4).
A typical result of tracing the nuclel of an em-
brvo from the two-cell stage is shown in Figs.
I and 2A. When the tmcad points were plotied
against time, a cell lincage map could be drmn
(Fig. 2B). Because of wechnical limitations, we
could not apply molecular markers w0 distin-
guish the [CM and TE in embryos used for time-
lapse recording. However, whether a cell was in
the embryonic region of the blastocyst (1CM and
polar TE) or in the abembryonic region (mural
TE) waes judged from bright-ficld images, and the
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H2ZBEGFP-labelod nuclei was scored  appropri-
ately (blue or red, respoctively, i Fig. 2. D and
E) and traced back o the two- or tourcell stage,
In 66 embryos analvead trom the two-cell stage,
all of the descendants o two-call blastomenes
contribated 10 both embrvonic and abembryonic
regions. When the analysis was camied out from
the lour-cell stage, a wide mnge of ratios was
observed for cells contributing 1o the embry-
onic or abembryonic regions (fig. 51). Ouwt of
264 Tour-cell blastomeres analyveed, 222 (84%)
contributed 10 both embryonic and abembryonic
regions, No contribution 1o the embryonic
r-;;_'im: wis observed for 200 (7.6%) four-cell

|'||:|.x[u:|'|-.,'n.'.~, '».l.|n,.'1'|;:|.w lEn; L||;.\.C|.‘I:u|:|l1i.-| ol ,1_'.‘.'

(#.3%) fourcell blastomeres were found only
in the embryonic region (wable 51), No comrela-
tiont was found between the division order of the
blastomeres and their fture fates. We tned to
classifv the division patiems in the same way as
applicd previously (3, 220 However, we were
unable W determune the type of the pattem
which portion of evtoplasm was divided during
the cleavage, becawse the relative position of the
blastomeres changed and the second polar body
moved on the surface of blasiomers during
cleavage. Thus, we could not reproduce previous
resiilts iJl-.iif.ﬂiJl;_- differences in future fales
between blastomeres of the four-cell stage after
a specilic type ol cleay o, H-_k contmst, our
results suggest that the blastocyst axis is formad
independently of the early cell lincage up to
the four-cell stage. When cell lineage was ex-
amined in later singes, such as the 16-cdl stage,
cells located relatively close 1o cach other had
common faes in the blastoeyst. This sugpests

that future cell fae does relae o the position of

the cells i later stages. Tt was also noticed fom

Fig. 1. Time-lapse record-
ing and tracing of nuclei in
developing preimplanta-
tion R26HZ2BEGFP homozy-
gous embryos. Bright field
images (A to F) and im-
ages of EGFP (G to ]) were
captured simultanecusly,
The position of each nucle-
us was plotted and num-
bered (K to 0). In this
embryo, 35 cells were iden-
tified in the blastocyst, and
the behavior of all of them
was analyzed from the two-
cell stage. The four colors
(red, green, blue, and pur-
ple) correspond to each of
the four-cell blastomeres.
The second polar body is
yellow. This analysis was
carried out in reverse order
from the blastocyst stage.
Thus, several points are over-
lapping in nuclei of early
stages. Scale bar indicates
20 um.
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the time lapse movies that the speed of oan-
bryonic rotation withing and relative o, the ZP is
reduced m later monula stages compared with the
spead of carbier stages. This observation ought
explam why a cell labeled m the late momla
remiains inoa similar position o the blastocyst
stage, as reported by Gardner and Davies (23),
Lineage tracing in blastocysts developed
in vive. The above experiments and those ex-
aminmg the correlation between the two-cell
lincage and the E-ab axis of the blastocyst
f, 8-12, 23, 24) were camied out with
embrvos developing in vitro, However, these

conditions I!|'Ii‘5;'|t| no be il|'l1|II'|.,t| fiowr 1:|1i|'t|§um'-,'

5 3 &
Ly Ao

15;.".u|n|'||1:|.'|'|i. We therefore carmed out |I|h.'.':j.,::.'
tracing i vive with a labeling method that 1s
noninvasive and mulder compared with conven-
tonal labeling methods using nmucromjection
of lincage tracers (23). A transgenic mousg
stram was established that l||1iL|L|iI|I|I.\I} CRPresscs
Kikume Green-Red (MBL, Nagoya, Japan), a
Nuorescent protem that emits green Muoreseence
that can be converted 1o red afler exposure 1o
wedak ultraviolet (UV) light (26, 27). For cell
labeling. a pant of a single two-cell blastomere
was exposed o weak UV light (Fig. 3, A and
B). The converted red proicins were obscrved
throughout the whole blastomere (Fig. 3B)L A
total of 74 L']l.'lll‘“-:\l'l!\ labeled in this Wiy at the

two-cell stage were tmnsterred immedintely 1o

the oviducts of pseudo-pregnant females, OF

these embryvos, 70 were recovered: 53 were at
the blastocyst stage, and the remaining 17
embryos wene at the morula stage. Two colors
were distinguishable in 41 embryos. In 29
(71%%) embryos examined by confocal micros-
copy, cells with red and green fuoreseence

formied two distinet clusters, as seen in Fig. 3. D

VOL 316 SCIENCE

te 5. In the remaining 12 (29%) embryos, cells
of different colors were intermingled, at least
partially, and two or more clusters of cells with
the same color were observed. In most of the
embryos with only two clusters of red and green
cells, the boundary between these clusters was
not strmight. It was therelore not casy o de-
tenmine the angle between the boundary and the
E-Ab axis of the blastocyst. For example, in the
embryo shown in Fig. 3, the boundary seemed
approximately parallel w the E-Ab axis at the
focal plane shown m Fig. 31 around the om-
brvenic region. However, this was not the case
at the focal |'l|;||u.' shown in [|u 3L, and the
|'nr||r'|'.|.u:‘_\ |"'_'[‘-'~L'L']| 1|lk' 1w L'1|Il||""- Wils I |5||!.\'_|!I]:'|
pempendicular w the E-Ab axis, Because the
distribution of labeled cells differed along the =
positions m this embryo (compare Fig. 3, Ew 1,
and |'"!'__: 3N o S), 1 was L'.|1u_'_:u|'i.-'-.‘L| as an
example of an embrvo in which the boundary
was neither parallel nor perpendicular o the
E-Ab axis. In two embryos (3%), the bound-
ary of the two colors was close o perpendicular
o E-Ab axis. On the other hand, in another four
cmbryvos (10%) the angle was close 10 parallel
I the rest of the embrvos (23, 56%), the bound-
ary varied along the = axis, These resulls suggest
that thene is no such |L'|I.I.|l.._|||k'_\ that the one ol two-
cell blastomeres contribute |:IL|i|!|'_l. to cither em-
bryonic or abembryonic region of the blistocyst.
These in vivo experiments produced the sume re-
aults as the in vitro timedapse analysis, namely,
that the axis of the blastocyst is formed  inde-
pendently of cell lincage from the two-cell siage.

Correlation between the shape of the ZP and
the blastocyst axis. [n most embrvos, the first
cleavage plane and the E-Ab axis of the blastocys

> 23 98

are close o pempendicular (2, 5, 6,
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three-dimensional shape of the ZP |Supporting
Omline Material (SOM) text] and noticed that n
wias ellipsordal and that two-cell blastomeres
scliled along the longest diameter of the ZP
(fig. 52} The shape of the ZP was mamtaned
from the one-cell (fig. S3) w carly blastocyst

There ane reports that suggest that the shape of
the ZP is not a sphere but sometimes elhipsoidal
m preimplantation stages (6, 8, 23, 24, 2831,
I has also been proposed that tus ellipsodal
shape provides asymmemncal physical pressure
to onent the blastocyst axis (4), We analyveed the

A

. i
¥ 1 :I I.-' Il.f-
v II af
s el N e
0 500 1000 1500 2000 2500 3000 (:I-nit

!

Fig. 2. Positions and velocity of movement of nuclei plotted against time from traced images. After the
nuclei were traced (A), their positions on the y axis were plotted against time (t) (B). (C) The velocity ()
of each nucleus was plotted against time, Because the nuclei moved a long distance during cleavage, the
peaks of the graphs correspond to the period of each cleavage (shown by bars and arrows). (D and E)
The same plot points as (A} and (B} are shown in red and blue, corresponding to cells in the abembryonic
(mural TE) and embryonic (the ICM and polar TE) regions at the blastocyst stage, respectively. In this
embryo, both colors were seen in all of the four-cell blastomeres,

www.sciencemag.org SCIENCE VOL 316

stage (movie S1) belore the blastocoel expands.
We found that the embryo proper rotates within
the 2P Consequently, the posiions of the lirst
cleavage plane and the boundary between the
two-cell blastomeres at the end of the two-cell
stage (defined as the two-cell boundary, 2CB)
were nol identical i most embryos, although
they were relatively close (fig. S3F). Thus, 1t s
possible that i previous studies the 2CB was
usad instead of the lirst cleavage plane 1o de-
tenmine the positon of the two-cell embryo
relative 1o the blastocyst axis. Two independem
methods were therelore used 1o test the cor-
relation between the 2CB and the E-Ab axis
First, we measured the angle between the E-Ab
axis and the 208 from tme-lapse images (Fig, 4,
Aw C) In 64% of embryos (47 om of 74), this
angle was more than 707, Second, a localiaed
region of the ZP over the polar body was labeled
with the lectin WGA-Alexad9d (Invitrogen,
Carlsbad, CA) at the late two-cell stage (Fig. 4,
D and E). Then, labeled embryos were either
cultured m a conventional OO, incubator or
allowed 1o develop i the oviducts ol pscudo-
pregnant females. In both cases, a similar
distribution of angles between the laboled poim
and the E-Ab axis was observed (Fig. 4, H and

I In 52% (65 of 124} and 67% (25 of 36} of

L‘Iill‘ll_urh diey |.'|upud in vitro and in vivo,
respectively, the angle wias more than 707, These
results sugecst that the shoner diamater of the ZP
and the E-Ab axis of the blastocyvst become
neardy pempendicular, not only  under culturad
conditions but also dunng nomal development
in vivo. The ellipsoidal shape of the ZP might
aflfeet both the posiion of the two-cell blasto-
micres and the orientation of the blastocyst axis,
a5 discussed previously (8, 9. Becawse a bhsto-
cyst can be formed withow the ZP. it s no
nequired [or the fomation o the blastocyst axis.
but it might function as a Kind of restriction
for axis orientation during nomal development
This conclusion was also supported by the ne-
sults of experiments in which embrvos were
cultured in alginate gel after removal of the ZP
(). In this case, the two-cell siage embryo was
used i a template to make a mold in the alginate

gel. Under these conditions, the configuration of

the alginate gel restncted embryonic shape -
stead of the 2P

To west whether the ZP has an eflect on the
blastocyst axis, we cxamined the development
of two-cell stage embryos afier removal of the
ZP with acid tvrode solution (Fig. 4, 1w L)
Embryos developed o the blastocyst stage with-
cut the ZP at a relatively high rate (43/50), and
the shape of the blasiocoe] was closer w spheri-
cal in these embryos than in controls (Fig. 4K)
This resull suggests tha physical pressure from
lEI\,‘ |‘lii,l.\[|.l-|,'|.l'l.,"] DYVQICOTTIS 'I|‘:|.' [\,"f'lhil"l] :11. []|\,‘ [
bryonic surtace. The comelaion between the
2CB and blastocyst E-Ab axis was lost when
the ZP was removed (Fig. 4L, This finding
suggests that the shape of the ZP s an importan
factor for the positioning of the blastocyst axis,

4 MAY 2007
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although not predictive of the E-Ab dircction,
These mesults also support the idea that the
major factor determiming the comrelation  be-
tween the 208 plane and the E-Ab axis of the
Blastoeyst les not within the embryo proper but
in the shape of the 2P,

If this hypothesis 1s comect, movement of the
embryo within the ZP might be the major
reason o the lack of comelation between cell
lineage and the spatial enentation of the blasto-
cyst axis. In other words, although there is a
geographical relation between the position of the
two two-cell blastomeres and the future blasto-
cysl axis, a consistent comelation between cell

Fig. 3. lineage tracing
of embryos developed
in vivo after labeling a
blastomere by photocon-
version at the two-cell
stage. A two-cell blas-
tomere of CAG-KikGR-1
mouse embryo (A} was
labeled by photocon-
version (B). Labeled em-
bryos developed in vivo
to the blastocyst stage (C
to S) were collected. Em-
bryonic regions are ob-
served on the right of
the dashed line (C). The
distnbution of labeled
cells was observed by
using laser scanning mi-
croscopy [(E) to (S)] at
several focal planes.

Fig. 4. E-Ab axis was close to
perpendicular to the 2CB both
in vitro and in vivo, and it is
regulated by the ZP. By using
time-lapse images (A and B),
we measured the angle be-
tween the 2CB and the E-Ab
axis of the blastocyst. The dis-
tribution of the angles is shown
in (C). (D to 1) A point on the
ZP over the 2CB was labeled
[iD) and (E)]. Embryos devel-
oped to the blastocyst stage
were then analyzed [(F} and
(G)]. The angle between the flu-
orescent label (G, arrowhead)
and the E-Ab axis was measured
in blastocysts developed in vitro
(H} or in viva {I). (] to L) De-
velopment of embryos without
the ZP was recorded with the
time-lapse system, and the an-
gles between the 2CB and E-Ab
axis were analyzed.

4 MAY 2007 VOL 316 SCIENCE

lincage and axis specification 15 nol observed.
These two obsenvations scem inconsistent and
have resulted o a major point of controversy n
the Gield. In previous reports, hincage dependency
wias concluded on the basis ol analyemng the
spatial relation between the position of the two-
cell blastomernes and the axis of the blastocyst
i(fi, 23). We noticed that embryos motated within
the ZP (movie 513 and that the relative position
ol cach cell changed dunng cleavage. This mugli
explain the inconsistency mentioned above,
When embrvos were embedded within alginae
gl the movement of embivos within the ZP was
also restricted (movie 82, Under these conditions,

3
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mone of the 21 embryvos cxamingd rotated or
changed their position relative to the ZP. The
E-Ab axis lormed nearly popendicular o the
short dismeter of the 7P Cells donved from a
twio-cell blastomere (eolored m green and nad n
movie 52) Jocalized mainly in the embryvonic
region, whereas cells denved from the other two-
el blastomerne were found mamly m the abem-
bryonic region of the blastocyst. This shows tha
a correlation between cell lincage and the axis of
the blastocyst can be observed when the move-
ment of the embryos within the ZP is restricted
In a previous study, we reported that descendants
of o two-cell blasiomere localied along the E-Ab
axis in 73% of blistocyvsts (12) These embryos
were also culiured i algmate gel, and dus the
movemnent of the anbryos within the ZP migla
have been restneted. This may explain why we
observed lineage dependency in these expeniments,
This argument might ako apply © other expen-
ments camied out under the similar condiions
resineting anbrvome movements (2, 7).

In addition w0 the molaton of embryos within
the 2P, other factors may also promote inter-
mingling of cells within the embryo durng nor-
mal development. For example, the velocity of
nuclear movement (i.c., the distance the nucleus
moves over lime) becomes ||.i1,:hx:.\l when a cell
divides (Fig. 2C and SOM text), reflecting the
fact that nuelel move a long distance during cell
division. Thus, both complex movements of the
cimbryo within the ZP and the rearrangement of
cells within the embryvo might contribute o the
fact that blasocyst axis specification 15 1
sinetly dependent on early eell lineage in the
murmmalian cmbryo.

The molecular mechanisms controlling the
lormation and  specification of the blastocyst
axis have not been studied in this paper. In the
luture. the localization of functional molecules
such as Cdx-2, Nanog, and Octd (/4. 1.5) must
be examined in developing live embrvos utilizing
mmaging wechniques similar 1o those descnbad
here to reveal the mechanism of differentiation.
In addition, examination of ZP shape in other
mammalian embrvos may provide infonmation
about whether our findings with the mouse em-
bryo are applicable to other species.

Conclusion. We have shown that the spec-
tication of the mouse blastocyst E-Ab axis is
not dependent on early eell lineage. By contrast,
the posinon ol the blastocyst axis comncides
with the ellipsoidal shape of the £P, which is
maintained during preimplantation  stages
Thus, the bias for axis positioning in early-
slage mouse embryos 15 amposed by [actors
outside the embryvo, namely the ZP and its shape,
and not by innnsic bBotors residing within the
blastomeres.
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Quantum Coherent Tunable Coupling
of Superconducting Qubits

A. 0. Niskanen,™* K. Harrabi,* F. Yoshihara,? Y. Nakamura,»%3* 5. Lloyd,® }. 5. Tsai'?3

To do large-scale quantum information processing, it is necessary to control the interactions
between individual qubits while retaining quantum coherence. To this end, superconducting
circuits allow for a high degree of flexibility. We report on the time-domain tunable coupling of
optimally biased superconducting flux qubits. By modulating the nonlinear inductance of an
additional coupling element, we parametrically induced a two-qubit transition that was otherwise
forbidden. We observed an onfoff coupling ratio of 19 and were able to demonstrate a simple

quantum protocol.

acroscopic quanium coherence of
superconducting structures is an
intnguing physical phenomenon. The

reasons for studying it include not only the pros-
prect of constructing a quantum computer but also
the possibility of realizing quanium-mechanical
coherence inartificially fabricated structures, The
properies of superconducting qubits (/-3) are
being vigorously studicd, with the relevant co-
herence times of the guantum states now extend-
ing o the microsceond mnge (4-7), in particular
because the qubits are being operated at optimal
bias pomis (). When two or more qubits are
coupled, quanium mechanics predicts that the
combination can be, roughly speaking, more than
the sum of its constituents, This entirely nonclas-
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sical concept is called entanglement. The existing

quantum algonithms rely heavily on the use of

entangled states. With tunable couplings between
individual qubits, the design of control pulses tor
even a large set of qubits is relatively strmight-
forward because the sysiem can be divided inio
simall noninteracting blocks, With nontunable cou-
plings. as in nuclear magnetic resonance quanium
computing, a large fraction of the quantum oper-
ations performed has o be devoted o effective
decoupling procedures (81, Becently, several ex-
periments on coupled  superconducting  qubits
have been carried out with both fixed (% £5) and
tnable (/6-48) coupling. Unforiunaiely, most
coupling schemes for superconducting qubits are
cflicient only away from the optimal point, which
results in a shorter coherence time. Thus, realiz-
ing tunable coupling at the coherence optimal
bias point is crucial for future scalability,

We studied superconducting Mux qubits ( F9),
which are superconducting loops intermupted by
Josephson junctions, When a magnetic fux 4y,
close o halft-flux quantum @y/2 s applicd
through the loop of qubit j, the two lowest-
energy states have the supercuments Sy rotating
in opposite dircctions. The magnetic encray

difference £ = 204y — dy'2) between these
states can be controlled via 4. The tunnclling
energy between the states is Ay The qubit stites
h-.gw cigenenergics Sy, j-t!zcn.* Wy = V1A
g7}, as shown schematically in Fig, 1A,
Resonant control of qubits is possible by
modulating e, at the frequency oy, AL the ux
optimal point gy =y’ 2, the cigenstates are equal
supempositions of the circulating current states,
and therelore the expectation value of currem
vanishes, At this point, the quantum coherenee is
found 10 be far superior (6, 7) 1o the case where
y 2, because dwydd = 0 and thus the
sccumulated quantum phase proportional w the
time integral of @y is insensitive o Nux noise.

The natural coupling between qubits & and
{is vin mutal inductance My = 0, resulting in
the antiferromagnetic coupling Jy = Myl
A collection of # qubits can be described by
the Hamiltonian

i
¥ (Aol +g0l) +
J=1

b =

. A
2 (1)
k4

k=1 1

k1
! "F”“J “.‘:

where o and o2 are Pauli matrces operating
on qubit j Owing 1o vanishing persistent
cumrents (or the off-diagonal coupling term),
the coupling only has a weak second-order
effect at the optimal point (g4 = &= 0} il Sy =
Ay Ap. It is thus casy o decouple qubits at the
optimal point. To realize universal two-qubit gates
{than s, 1o wim the coupling on), it would be ideal
W drive either the 00p=11) or the 10}=01}
rarsion, where |76 ane the two-qubil cigensiates,
This results in a gae equally as ethiciem as the
controlled-NOT (CNOT). However, simply driv-
ing the fuxes 44 and @2 with microwaves in
resonance with such transitions cannot realize the
desired operation bocause the microwave cssan-
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tially couples through single-qubit operators o/,

In general, the comesponding transitions are for-
bidden lor any value of Jy. although the agenstates
arc modificd. Different ways o0 overcome this
probrlem are bemg pursued (20-23),

Our approach (22) s w0 couple two gubits
via a third adiabatic qubit (n = 3) with higher
Az, which results in an effective coupling be-
tween qubits 1 and 2 given by

S < (-1"1"[3 MMy

)"FII}I‘E

b33

=J)2 3
Wy

Fig. 1. Schematic of the ex-

The coupling can be interpreted as a sum ol
direet inductive coupling Jy2 and indirect cou-
pling via lJr: IH!I]lj!Iﬂ'h."‘.lf ground-state inductance
Lo = —Hd my/dthy™) Yol qubit 3. Applying a
microwave through the loop of qubit 3 at the
frequency (As + Ay VA modulaes !.q'riu oy and
results in a term proportional e, 'e,” < a,'e,2 in
the otating frame for which the desired ransi-
tions are allowed. The induced coupling can be
thus atributed 1o the parametric moduliation of the
coupling enengy al a microwave lrequency. In the
lingar approximation, the two-qubit oscillations
have the frequency L3200 (o2 Vede 3083 h,
where 8e3 15 the amplinde of the microwave
driving applicd 1w gqubit 3. This has a maxinum

periment. (A) The system con- A —

sists of three four-junction flux ?, ANl A o’

qubits. In each qubit, one S| 3 4,
junction s about 0.5 times % O |~ & |\ g
smaller than others. Qubits - - - -

1 and 2 (with energies Ay and .

A,) are coupled viﬂm kinetic qubitl 3 qubit3 22 qubit2
inductance of the shared loop

edge to the third. The middle
qubit with large Az & biased
slightly away from the half-
flux quantum, whereas qubits
1 and 2 are optimally biased. B

The qubits are controlled via 1) +
the fluxes dft). (B) Level B33 === oy P
diagram of qubits 1 and 2. .
Two-qubit operations were [10) s o1}
carried out using microwaves A, a,

at either the sum frequency 100)

(As + Mgl or the difference

frequency (Ax = AgMh. (C)
Scanning electron micro-

graph of the sample fabricated by electron beam lithography and shadow evaporation of aluminum
with 20-nm and 35-nm layer thicknesses. The junction oxidation was done with a mixture of Ar and O;
(90%/10%:} at 35 mTorr for & min. The qubits couple to a four-junction readout SQUID. When a pulse of
the bias current I, is applied to the SQUID, the probability of switching to the voltage state (monitored via
Voq! depends on the state of the qubit system. The on-chip circuitry is similar to the single-qubit
experiment reported in (7), along with a gold bias resistor and a shunt capacitor for the SQUID. The
measurements were made at temperatures around 10 mK in a dilution refrigerator,

Fig. 2. Largescalespec- A 20
trum of the three-qubit 18
system. (A} Measured
spectrum as a function
of flux and frequency (F)
from 3.5 to 20 GHz. Blue
means a low switching
probability, whereas red
means a high switching w
probability. The contrast
is at best about 25%,
(B} The black lines indi-
cate the theoretical spec-
trum calculated from the
three-qubit Hamiltonian,
The parameters obtained
from the least-squares

B8
L
&
F
0

0485

0.48

B %«
18

a
‘
4
Fi
o

0.495
@i,

05 0.505

0.485

around £3 = +Ay 2 and vanishes ates = 0 and a1
£ == Az, We locus here on the sume-frequency
transifion  (MY—11);. The fnctioning of the
tunable parmmetric coupling s very convenient.
When the microwave at the sum frequency is
oft, the coupling is also ofl, Vice versa, when
the microwave is tumed on, the coupling goes
on, The reduced two-qubit rotating-lrame
Hamilonian

2 0 2 i
Hea = Y = (cos ga% — sin 96]) 4
=1 <
£y
+ o, - o0 (3)

where £ b5 the (resonant) microwave-induced
single-qubit Rabi frequency of qubit / and ¢; is
the microwave phase, offers full control and can
in prnciple be s¢t o zero by tuming oll all
MICTEWIVCS,

Figure | deseribes our expenimental setup. By
using the kinetic inductance of shared super-
conducting wires, we couple two qubits (A, < A)
to a third qubit with a larger gap A;. Dircal
coupling .fy 5 is expected to be small. On the basis
ol a series of spectroscopic measurcments (24).
we know that we can rely on the accuracy of
lithography and have very similar areas (within
~0.5% difference) of qubits | and 2. Therelore,
wie hive g = @y even with a single unitorm ux
bias, whereas by is deliberately offset o have a
fimite £2;5. We can write &, = @y + Ady, where
A F = 1,23 15 a small offset. To mampulate the
qubits, we apply microwaves of controllable
duration via an on-chip microwave line. During
the mamipulation with the microwaves that are
assumed 10 couple 10 all loops, we apply a small
bias current (a few percent of critical current)
through the readout superconducting quantum
interference device (SQUID)Y w line-tune the
biases of both qubits | and 2 10 be a the optimal
point. Figure 2 illustrates the measured spec-
trum when the minima of the gubit ransition
frequencies are aligned. Qubits | and 2 have

0.49 0.485 0.5

e i

0.505

fitting are [y = B73 + 13 GHzMbyg, folh = 705 + 19 GHzlby, [5/h = 516 + 35 GHz'g, Ayth = 4.022 + 0.078 GHz, Ayh = 6.915 + 0.075 GHz, Aylh = 12454 =
0.074 GHz, Adrq = 5.58 = 0.11 mdyg, Ath; = 5.31 = 0.22 miby, J1alh = -0.003 + 0.066 GHz, J13M = 0.715 + 0130 GHz, and Jz3/h = 0482 = 0.171 GHe.
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sufficiently ditferent gaps as designed, and a
sign of the desired sum-frequency transition 15
also visible.

To show that the coupling scheme 15 indecd
tunable and coherent, we have to be able 10 set
the motating-frame Hamiltonian to zcmo as well as
to drive the single-qubit transitions m ume
domain regardless of the input state (ol Also,
we have to be able to drive, in a time domain, the
two-gubil transition (on). Figure 3 shows
measured examples of this a1 the combined

Fig. 3. Examples of
single-qubit transitions
and the two-qubit opera-
tion. (A to D) Single-qubit
Rabi oscillations as a
function of microwave
frequency and time with
different initial states.
At, change in time, (A) 0
and (B) illustrate the

100)+-110) and [01)-+111) E
transitions, respectively,
both corresponding to
qubit 1 but with different
initial states of qubit 2.
Similarly, (C) and (D)
show the 100101 and

100 200 300
Atins)

_ 1088
e
* 1084

1103111} transitions of W
qubit 2. We see that 0 'Tuﬂff'u
single-qubit resonant fre-

300 100

optimal peint of qubits 1 and 2. 1t 1s clear that a
single-qubit transition frequency docs not de-
pend sigmificantly on the state of the other. On
the other hand, we can drive the sum-frequency
transition as fast as £32™h = 23.2 MHz, which
is pbtained with the maximum power we can
apply with the present microwave source and
attenuation of ouwr setup, The minimum time for
a universal gate is given by hallof the penod; that
9

is, 22 ns. A quantitative measure of the on/ofl

ratio is obtained by comparing the maximal two-

A I00>1w|10> Bloi>w11> Cpo>wi> D10>w|ii>

O 100200300 O 100200300 O 100 200 300
Alins) At ins) Al ins)
F > ol G |00>te|n>

200 300
Atins)

100 200 300
At (ns)

quencies do not depend on the state of the other qubit by more than a couple of megahertz. (E to G)
Examples of the coherent oscillations of the two-qubit 100)--111} transitions with three different
powers. The applied power increases from (E) in steps of 10 dB. The shift of the resonant frequency
with higher power is qualitatively explained by simulation to be due to cross-coupling of the
microwave to qubits 1 and 2. The visibility in the readout signal in the case of qubit 1 is about 12%
and in the case of qubit 2 is about 30%. The sum-frequency transition has a visibility of about 40%s.
However, the readout is not designed to distinguish between the four possible outcomes. For qubit 1,
the visibility and coherence time are reduced by the presence of an unidentified resonance around
4.05 GHz. This may be responsible for the change in Rabi frequency for qubit 1 for different initial

states as well.

Fig. 4. Example of a 95 - - T v

simple quantum pro- Qublt 1

tocol. The inset at top %0 U 1
illustrates the quantum _ Qb2 —r2 ) " HRrw2)— ]

circuit of the protocol 85
for detecting the 4n
periodicity of the sum-

frequency gate Ugn. £l

Here, R.(r/2) stands for i

the rotation of a qubit g .1
a

around the x axis. Apply-
ing the =2 pulse on &5
qubit 2 rather than
qubit 1 is more practical &0
with the present readout

WITH /2 PULSES

visibilities. The blue 554 =— WITHOUT =/2 PULSES 1
curve shows the reqular

two-qubit coherent os- 50 - . -~ -

cillations. The red curve L e e Atlns) i b i

shows the result of the

protocol with the extra n/2 pulses. Both measurements were carried out using the same microwave power
for the sum frequency. The used microwave frequendies were 10,878 GHz for the sum-frequency transition
and 6.889 GHz for qubit 2. The microwave sources were phase-locked together with the chopping pulse.
The oscillation period is doubled in the case of the protocol, as expected.

REPORTS

qubit oscillation [requency 1o the frequency al
which unwanted coupling takes place. Using a
Ramsey nnge measurement of the different tran-
sitions, we find that the Hamiltonian in the energy
cigambasis (and thus the logical rotting-wive
Hamiltonian) has a spurious term —(x/2)0.'e.,
with &/ = 1.23 Mz, which s guite small come-
parcd to the single-qubit frequencies of about
4000 Gl and 6,889 Glle, Because this werm
results in unwanted phase rotation at the frequen-
oy k', we conclude that the demonstrated on/ofl’
rtio of our coupling scheme is £2,"™ % = 19, In
addition 1o the high degree of wmability, the
coherence propentics are quite good, as charac-
terized by the relaxation time Ty and the Ramsey
dephasing ume ?:Hm Qubit 2 has about T) =
10 ps and 15 ey = (0.8 ps, whereas qubat | has
Ty = 0.3 ps and 757 = 0.2 us. The lifetime of
the state (11} i limited by qubit 1. and we got
TRamsy — 02 s for the sum-frequency tran-
sition. The reduced coherence tume of qubit | 15
caused by a resonance close by, The fact that the
resonant lrequency of the two-qubit transition is
reduced at large driving amplitudes can be un-
dersood from simulation as the effed of un-
wanted coupling of the microwave 1o qubits | and
2 (6, 25), which is unavoidable in the presemt
sample design,

As further proof of the functioning of the
scheme and the good coherence propertics
combined with a high on/oll mtio, we have
demonstrated a simple multipulse  guantum
prodocol related 1o quantum coin tossing (249).
One application of quantum coin tossing s 1o
store classical mformation in a way that is
mmune o certan types ol intervention and
noise. For example, ifone stores classical bits on
cigenstales of oy, then these bits are immune 1o
the action of a malicious quantum hacker who
breaks into one's quantum computer and ips bits
gbout the x axis: Because of the coding, the
hacker may think he or she is Nipping bits but is
in tact only applving a global phase 1o cach bi.
Cur protocol is complemeniary 1o this: We deteat
the presence of a classically benign hacker, who
perfomms an operation whose sole effect is o
multiply certain logical states by a phase. Such a
phase is classically undetectable: The operation
of the bemign hacker on classical bits i3 o apply a
global phase. Quantum-mechanically, however,
one can deteet this hacker by using superposition
and entanglement. Figure 4 shows the per-
formance of the protocol.

Drving at the sum-frequency transition mduces
the unitary gate Ll = cxpl ide'e’ n_,.'ﬁ_,.]}i.
where @ is vaded by the microwave duration.
When 0 = r, the gate is equivalent o the double-
CNOT (or the iISWAP) up 0 single-qubit rota-
tions, Three applications of this gate suflice w
generte any two-gubnt gate when supplemented
by single-qubit gates (27), AL 8 = 2x, the gate is
diagonal with the entries (—1,1,1,- 1) and il the
inputl stale s an eigenstate, the resulting oscilla-
tion thus has a 2n perod, But the underying
perod s actally 4m, which can be revealed
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using superposition states. We do this by apply-
mg a n'2 rotation on qubit 2 before and after
the apphcation of Uy, The experimental con-
fimmation of this purcly quantum-mechanical
effect is shown in Fig, 4, where we see that the
oscillation frequency is halved and phase-shified
when /2 motations are used. There is no analogy
tor this ¢ffeet for a single qubit, because there
the phase is just global and undetcctable. The
measurement result demonstrates the familiar
quantum fact that vou have o rotate by 45, not
2m, 10 get back 1o where vou started and is clear
evidence of the entanglement inherent in the
correlations between the qubits dunng their
time evolution,

Our expenments demonstrate that the wunable
coupling between flux qubits can be realieed en-
tirely using the apphcation of microwaves al the
coherence optimal point, which is very impor-
tant lor scalability. This indicates that parametnc
couplers are strong candidates as fundamental
building blocks of gate-based quantum com-
puters, but optimization of the scheme requires

further study. We expect the coherence time of

tunably coupled qubits to reach the same kevel as
that of individual optimized qubits when, for ex-
ample, independent readouts allowing for bias
optimization (6, 7) are combined with this cou-
pling scheme in a future device,
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Beating the Standard Quantum Limit
with Four-Entangled Photons

Tomohisa Nagata,® Ryo Okamoto,™? Jeremy L. O'Brien,** Keiji Sasaki,* Shigeki Takeuchi®**

Precision measurements are important across all fields of science. In particular, optical phase
measurements can be used to measure distance, position, displacement, acceleration, and optical path
length. Quantum entanglement enables higher precision than would otherwise be possible. We
demonstrated an optical phase measurement with an entangled four-photon interference visibility
greater than the threshold to beat the standard quantum limit—the limit attainable without
entanglement. These results open the way for new high-precision measurement applications.

uantum metnology involves using quan-
twm mechanics o realize more precise
measurements than can be achieved with
classical methods (). The canonical ex-
ample uses entanglement of N particles 1o mea-
sure a phase with a precision Ag = UN—the
Heisenberg limit Such a measurement outper-
forms the Ao = 1 /N precision limit possible
with N unentangled panicles—the standard quan-
tum Jimnt (SOQL). Progress has been made with
trapped ions (2-4) and atoms (3, ), while high-
precision oplical phase measurements have many
important applications, including microscopy,
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gravity=wave detection, measurements of maienal
propertics, and medical and biological sensing.
Although a reduced de Broglic wavelength (7)
has been reported for three (8), four (%9, /), and
even six (/) photons, the SOQL has been beaten
only with two photons (J2-16),

We demonstrmted an entangled four-photon
phase measurement with a visibility that exceeds
the threshold o beat the SOQL. We used an ul-

trastable displaced-Sagnac implementation of

a scheme with a high inrinsic efficiency 10

achieve a four-photon imerference visibility of

91%, We also demonsimied that measuring a
reduced de Broglie wavelength does not mean
beating the SQL. in another experiment that
shows high-visibility multiphoton fringes, but
cannot beat the SOL. The high-precision multi-
photon quantum interference demonstrated here
is key, not only 10 guantum metrology and quan-
tum lithography (/4, 17, 18} but also 1o other
optical quantum technologics.

The Heisenberg limit and the SQL can be
illustrated with reference to an interferometer

{Fig. 1, inset) (J9-23), We ropresent a single pho-
tont in mode ¢ and no photons in mode & by the
quantum state] 100, Afier the first beam splitier,
this photon is in a quantum mechanical super-
position of being in both paths of the interfer-
ometer: (100, + 01,2, This superposition
evolves 1o the state (10),, + @®01),02 after
the & phase shift in mode . Alter recombin-
ing at the second beam splitter, the probability
of detecting the single photon in mode ¢ is P, =
i1 - cos o) 2, which can be used 1o estimate ¢. I
we repeat this experiment N times, then the un-
cerainty in this estimaie is Ao = 1/y'N—the
SOL. If instead we were able 1o prepare the
maximally entangled N-photon state (M)
ON )V 2 inside the interferometer, this state
would evolve o (INO), + a,"'“[l."n"}“;]'u.-'ﬁ alter
the & phase shifi. From this state we could cs-
timate the phase with an uncertainty Ag = /N
the Heisenberg limit—an improvement of 14N
over the SQL. Beating the SQL s known as
phase supersensitivity (8, 17).

The No dependence of the phase of the max-
imally entangled state ( N0), + ON} V2 is a
manifesation of the M-photon de Broglic wave-
lengih /N, This dependence can give nse 1o an
interference oscillation A times faster than that of
single photons—phase  superresolution (&, 11).
Observation of this reduced de Broglic wave-
length has sometimes been interpreted in the
context of beating the SQL. However, it has
been shown recently that high-visibility (24) W'V
resolution can be observed with a purcly clas-
sical system (J1). This demonstirates that phase
superresolution by isell docs not guarmntee a
quantum-mechanical advantage, Raher, phase
superscnsitivity, or beating the SOQL, is the most
Imponant crlerion.
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If we put a single photon in each input of
the imterferometer in Fig. Tiinsct), |1 g the
state alter the first beam sphitter 15 (200
) Y 2: quantum interterence of the two-
photon amplitudes cancels the [ 11).4 term
the Hong-Ou-Mandel (HOM ) effect (25), This
state evolves 1o (20)y + @202 v2. The
probability of detecting two photons in the
modes ¢ and £, aller the second beam splitter,
is then Py = (1 - cos 2¢)/2, which shows
both phase superresolution and phase super-
sensitivity,

Unforunately, this behavior docs nol gen-
eralize o larger photon number: 15 we input 220,
the state after the fist beam splitter is:

il40), + log) )/v3 + Yal2t, (1)

where quantum interference cancels the 31},
and |13}, temms (26, 27), but the unwanted |22},
term remains, However, afior the second beam
splitter, only the 40),; and [04); terms give rise
o 31 cand 13} terms. This is the basis for our
expenimental scheme (28 The probability of
detecting three photons in output ¢ and 1 in fis
Pig = Y 1l ~ cos 4¢y2, which shows phase
supemesolution. B

Using state (1) rather than (400, + 4.4/ +/2
mcans that our method, like those used previous-
Iy, can only use a lraction of the initial photons in
the 1220, state, given by the intrinsic efficiency
e P =il - cos No)2. To beat the SQL we
therefore need to obtain a precision better than
v n/N. Because the precision of N-photon
mterference with a visiblity 7 (= 1) 15 /PN,
the SQL is beaten for experimentally achieved
visibilitics above the threshold iy, = 1/ N
[compare to (/1)]. In our case (n; = 3/8, N=4),
P = +/2/3 = R1.6%. Even though most of the
photons pass through the interferometer with-
oul leading 10 a 3¢ detection event, this scheme
can still beat the SOL, because 1y, < 100%. Note
that a scheme with Py, = 100% can never beat the
SOL even with unity-cfficiency photon sources
and detectors,

The existence of Fy, highlights the need for
achieving  high-visibility multiphoton  mterfer-
ence fringes. Our scheme requires two quantums-
inicricrence and two classicakinterference conditions
fior multiphoton states o be met simuhancously, in
a highly ume-stable configurtion. Theretore, we
have designed the imrnsically stable displaced-
Sagnac experimenial architecture shown schomat-
ically in Fig. 1.

To test the performance of our four-photon
interferometer, we used pulsed spontancous
parametric down-conversion 1o produce the
four-photon input state (see legend o Fig, 1),
This source produced notonly 223 (2.8 = 107 per
pulse), but also 11,4 (1.7 = 107 per pulse) states.
However, |1 states do not contribute o the four-
photon eomcidence detection. The 337 compo-
nent (4.7 = 107" s two orders of magnitude
smaller than 22,

The above discussion requires that the four-
photon input state be |22}, four photons in
two spatial and one temporal mode—and not

LEL g —TOur photons m two spatial and
two temporal modes—1e, the two photons in
cach mode must be indistinguishable (16, 20-31.
We have developed a technique Tor differentiat-
ing these two four-photon states using a multi-

photon quantum interference generalization of

the HOM effect: 11 the state |22}, is input onto a
30:50 beam splitter, the probability of detecting
two photons in each output is % whereas for
LD e the probability is Y2 IF there is no
quantum interference, the probability s Y/ lor

Fig. 1. An optical interferometer for
beating the S0L (Inset) A schematic
of a Mach-Zehnder (MZ) interferome-
ter consisting of two 50:50 beam
splitters (BS1 and BS2). Photons are
input in modes @ and/or b and
detected in modes e andfor f after a
phase shift (PS) is applied to maode d.
(Main panel) A schematic of the
intrinsically stable displaced-Sagnac
architecture used to ensure that the
optical path lengths in modes ¢ and d
are subwavelength (nm) stable. A
frequency-doubled 780-nm fs-pulsed
laser (repetition interval 13 ns)
pumps a type | phase-matched beta
barium borate (BBO) crystal to gen-
erate the state 122}, via spontane-
ous parametric down-conversion.
Interference filters (not shown) with
a 4-nm bandwidth were used. The
photons are quided via polarization-
maintaining fibers (PMFs) to the
interferometer, which has the same

REPORTS

both four-photon input states, As we scan the
relative delay Ar between the amival time of the
photons, we move from a regime where
Af =2 0, and there 1s no quantum interference,
through Ar = 0, where quantum interlerence
occurs, From the observed data (Fig, 2), we lind
that the ratio of the coincidence mte at A = 0 1o
that at | Ar| == 0is= ¥, consistent with the ratio
of ¥4 o /g, indicating that our source gencrales
almost purcly 22),, (supporting online wxt),
Figure 3 shows the key experimental results
of this paper. First, we confinmed the high-
visibility elassical operation of our interferometer
by inputting single photons in mode a |10}, and

a
: Bs1d
—

c aauMirror

function as the MZ interferometer in the inset. A variable phase shift in mode d is realized by changing
the angle of the phase plate (PP} in the interferometer. Photons are collected in single-mode fibers (SMFs)
at the output modes and detected with a single-phaton counting module (SPCM, detection efficiency 60%
at 780 nm) in mode f and three cascaded SPCMs in mode e.

Fig. 2. Multiphoton interference at a
50:50 beam splitter demonstrating
four-photon indistinguishability. The
coincidence count rates of detecting
two photons in each output of the
beam splitter are recorded as a func-
tion of the optical path delay. The
ratio of four-photon coincidence
counts at delay time At = 0 to that
at |Afl == 0 is important in order to
distinguish the state [22)4 from
|1111) 0 qrpiae (se€ text and support-
ing online text). The theoretically ex-
pected coincidence rate for 122} at
At = 0 lred line, lower) based on the
average count rates at |Afl >= 0
(black dashed line, middle) agrees
well with experimental data (dots).
This result indicates that our source
almost purely generates 1224 The
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dashed blue line (upper} is the theoretically expected coincident rate for [1111)grpepr. Error bars in Figs.

2 to 4 show =/ counts.
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Fig. 3. Beating the SQL with four-
entangled photons. (A} Single-
photon count rate in mode e as a
function of phase plate (PP) angle
with single-photon input 110).(B}
Two-photon count rate in modes e
and f for input state 111)g. (C}
Four-photon count rate of three
photons in mode e and one photon
in mode f for the input state 122) 4.
Accumulation times for one data
point were (A} 1s, (B) 300s, and (C}
300s.

Fig. 4. Demonstration of reduced
de Broglie wavelength without
beating the SQL. We prepare
distinguishable photon inputs by
changing the arrival times of the
photons at the input to the in-
terferometer andfor changing the
detection window. (A) A single-
photon (classicall interference
fringe provides a reference period.
(B) Two photons are input into
mades @ and b at times f and ¢,
where &t = 1" — tis larger than the
coherence time of the photons:
[11}ppe. Two-photon count rates in
mode e are shown with a gate
timing window larger than o1, (C)
Four-photon coincidence events
showing phase superresolution
with two independent I11), in-
puts: 111171) 5 rpge. We collected
the |11),; coincidence events that
accurred within 200 ns (15 pulses)
after a 120),; event was detected
for an accumulation time of 300 s,
The count rate per pulse was cal-
culated by including the reduced
detection efficiency of the setup.
Accumulation times for one data
paint for (A) and (B) were 1 s.
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detecting the rate of single photons measured in
mode ¢; we observed an interference (ninge with
high visibility (98 = 0.5%) as a function of the
optical phase inmode o (Fig, 3A), Next, we inpu
pairs of photons |11 s and measured the mte of
two photons detected in modes ¢ and £ again, we
observed a high-visibility fringe (96 © 1%), but
with hall the period of that observed for single
photons (Fig. 3B). This visibility is greater than
the threshold to beat the SQL (Vg = 1/v/2).
Finally, we input the state |22}, and observed the
rte of detecting three photons in mode ¢ and one
photon in mode £, as described above; again, we
observed a high-visibility fringe (1= 9] =+ 6%,),
but with a period one-founth that observed for
single photons, demonstrmting a four-photon de
Broghe wavelength (Frg. 3C) More mmportant,
the fange visibility 15 greater than the threshold
Vg = 4/2/3 = 8L6% 10 beat the SQL.

The distinction between a reduced de Broglic
wavelength (phase superresolution ) and beating
the SOQL (phase supersensitivity) has been de-
seribed above, An important illustration of this
distinction is provided by comparing Figs. 3 and
4: Fig. 4 shows a two-photon de Broglic wave-
length 2 (B) and a four-photon de Broglic
wavelength 4 (C), via high-visibility (7= 87 +
% and 7= 87 + 3%, respectively) interference
fringes, but cannot demonstrate phase measure-
ment below the SOQL. In this case, we have wsed
exactly the same experimental selup as before,
but have intentionally used distinguishable pho-
ton inputs (see the legend o Fig. 4 In Fig. 4C,
we use the input state |11 D epnes described
above. In this case, the probability of detecting
three photons in mode ¢ and one photon in mode
fis given by Py ="/, (1 - cosdo)2, which siill
shows a 4o dependence on phase. However,
because the intrinsic eiliciency is = Yy, such a
scheme can never show a phase sensitivity
below the SOL: Py, = +/2. For Fig. 4B. the input
15 |11 e and the probability of detecting two
photons in mode ¢ is 5, = Yl - cos 20)2.
which shows a 20 phase dependence, bt again
such a scheme cannot beat the SOL because 1y,

v 2. Note that the reduced count rates in Fig. 4. B
and C, relative to Fig. 3, B and C, comespond o
the reduced n's,

Our results point toward the ullimate sensi-
tivity for optical measurements, To test the per-
formance of the four-photon imerfcrometer, we
used a relaively low-etficiency source and
modest-elliciency  detectors, which means that
many more photons pass through the interferom-
cter than lead 1o a four-photon detection event.
For applications (such as biological sensing) in
which photon flux is important, higher-eMiciency
sources might be realized with single-photon
sources and a HOM interferometer as a heralded
two-photon source, and high-clliciency number
resolving visible-light photon counters (32}
would markedly improve detection efficiency.
Future possible applications of ultmhigh-precision
phase measurements rnge from cosmology 1o
miedicine.
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Germanium Nanowire Growth
Below the Eutectic Temperature

5. Kodambaka,* ). Tersoff, M. C. Reuter, F. M. Rosst

MNanowires are conventionally assumed to grow via the vapor-liquid-solid process, in which material
from the vapor is incorporated into the growing nanowire via a liquid catalyst, commonly a low—
melting point eutectic alloy. However, nanowires have been observed to grow below the eutectic
temperature, and the state of the catalyst remains controversial. Using in situ microscopy, we showed
that, for the classic GefAu system, nanowire growth can occur below the eutectic temperature with

either liquid or solid catalysts at the same temperature. We found, unexpectedly, that the catalyst
state depends on the growth pressure and thermal history, We suggest that these phenomena may
be due to kinetic enrichment of the eutectic alloy composition and expect these results to be

relevant for other nanowire systems.

are promising candidates for applications

in nanoelectonics, optoclectronics. and sen-
sors (/<) Progress in designing more complex
structures, such as branched or compositionally
modulated wires, requires a clear undersianding
of manowire growth mechanisms, Nanowires are
conventionally assumed to grow via the vapor-
liquid-solid (VLS) process (3), in which matenal
from the vapor s incompomted via a lguid cat-
alyst, commonly a low-meling point cutectic
alloy. Yet, in many important senmeonductor
catalyst systems |e.z., SUAL(6), SUCu (7), SiTi
(#), GelAu (9-14), GaAs/Au (/5-1%), and
InAs'Au (15, 19 2], nanowire growth can
occur below the bulk cutectic temperature T
The stawe of the catalyst remains controversial,
but it 15 imporant because it s expected W in-
Tuence growth kinetics, orentation, and morphol-

Scll'ﬂa:-.-cmhluj semiconducting nanowires
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ogy. Most imponantly, becouse interface forma-
tion in heterostructure nanowires depends on
diffusive processes through the catalyst, the
catalyst state is alko expected o determine
imterface sharpness. Post-growth analyses have
vielded commdictory conclusions reganding the
catalyst state; speculations include the existence
of a liguid catalyst below T (0 7) stabilized by
nanoscale size eflfects (20 and growth via a

Fig. 1. (A to C) Bright-
field TEM images show-
ing the solid-to-liquid
and liquid-to-solid tran-
sitions in a Au-Ge cata-
lyst particle at the tip of
a Ge wire during cooling
and heating, acquired at
times t = 0 s (A), 328 5

vapor-solid-solid (VSS) mechanism (&, %) with
a solid catalyst. Using in situ microscopy, we
show for the classic Ge/Au system that catalysts
can be either liquid or solid below T depending
on thermal history. Moreover, nanowins grow
in both cases (i.e., both VLS and VSS processes
occur), although at different mites. Unexpectedly.
the catalyst state depends on Gealls pressure

as well as empemture: The supersaturation of

G in the alloy caused by the growth process
appears 1o be essential in stabilizing the liguid
below T

Ge wire growth experiments were carmed
out in a multichamber ultrabigh vacuum system
(hase pressure, 2 < 107" Torr) based around a
transmission clectron microscope ( TEM) with in
situ physical and chemical vapor deposition -
cilities (270 S 111 substraies were loaded inio
the TEM and cleaned by heating resistively 1o
1250C, After cooling, a 2- to 3-nm-thick Au
film was evaporated onto the polished surface,
The sample was vacuum anncaled a ~400°C
for 5 min. allowing the Au lilm 10 agglomerte.
and wire growth was initiated by cooling 1o the
growih temperature and leaking in a gas mix-
twure composed of 20% Gesll, and 80%a He.
The temperature versus heating current curve

(B), and 897 s (O, respectively. (D) The sample temperature versus time and catalyst state (open circle,

liquid; open square, solid) are shown. The letters "4,

E

B,” and “C" refer to the images in the respective

panels in the figure. We initiated wire growth by first heating to above T, (361°C) and then cooling to Ty
~335°C while maintaining a constant digermane pressure of 1.6 x 107 Torr. After a period of growth,

the sample temperature is reduced to 255°C, at which point the catalyst solidifies (B). On heating, the

catalyst does not melt until 435°C, after which the temperature is returned to 335°C (Q).
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was calibrated post-growth for cach specimen,
with the use of both pyrometry and a thermo-
couple mounted on the specimen’s back surface,
This procedure allows us 1o cstimate the sub-
strte temperature T to within 30 K, and rela-
tive changes i temperture in a single experiment
can be determined more accurately.

In the pressure range accessible in our in situ
system (GepHg pressures between 1077 and 1077
Torr), we typically observe sustained growth of
(1 onented Ge wines at tempernures in the
250°F o 40°C mnge. Under these conditions,
most wires grow pempendicular 1o the substmte
and are imaged with the electron beam perpen-
dicular to the wire axis (2/). Brnght-field and
dak-ficld mmaging show that the wires are
cpitaxial, smgle-crystal, and are bounded by
smooth sidewalls. Furthermone, by the acquis-
tion of video images at 30 lramws per second,
growth Kinetics for individual wires can be
measured,

Figure 1 shows a senes of bright-field im-
ages of a single Ge nanowire during growth at
constant Geally pressure as the temperture is
varicd. The image in Fig. 1A, at Ty = 335°C. is
typical of wire growth by the VLS process. The
tip is composed of a Au-Ge cutectic droplet with
a smoothly curved surtace. Upon cooling o a
lower temperature, in this case ~106 K below
Te = 36170, we observe abrupt solidilication of
the droplet, as indicated both by the Tacetted
surface (Fig. 1B) and by the dark-field contrast
(fig. S1). We also see an abrupt inerease (within
a single video frame) in the length of the wire,
imdicating that Ge i1s coming oul of solution as
the droplet solidifics, as expected. On nereasing
the wemperature again w the ongmal value T,
we lind that the solid panicle does not transfonm
back into a liquid. Recstablishing the liquid phase
requires a temperature well above Ty (Fig. 1)
However, once the liquid has re-fonmed, upon
cooling to Ty, we return to VLS growth with the
same growth raie as initially observed. This
hysteresis in the solid-liquid phase ransionma-
tion 15 seen in all our Ge growth experiments
and for wires with a range of diameters (20 1w
[ 46 nm ).

Hysteresis with temperature 15 nonmal for
first-order phase transiions and 1s likely o be
exacerbated at the nanoscale (22, 23). Thus, itis
not surprising that hysteresis 15 so clearly visible
in these experiments. However, close inspection
of video images such as those in Fig. | shows
that the wires continue o grow even alter the
catalyst paticle has solidified.

This VS5 growth process is illustmted in
Fig. 2. Figure 2A shows a Ge wire at three
successive times during VLS growth w 340°C
and 4.8 = 107® Torr Geall,. In this experiment,
we initiated wire growth -78 min before
acquiring the first image at ume ¢ = 0, Alter
cooling the specimen o solidity the caalysts
and then reheating o 340°C, all at constam
CieaHg pressure, we observed wire growth o
continue with solid catalysts (Fig. 2B). Mea-
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surements made on several wires show that
VSS growth is 10 1o 100 times slower than VLS
growth at the same GeaHg pressure and temper-
ature, presumably as a result of weaker surlace
reactivity andlor lower difusivity through the
solid. We can obtain prolonged wire growth by
cither VLS or V55 mechanisms at wdentical
temperatures and Ge,Hg pressures, depending
(via hysteresis) on the thermal history of the
sample, We have actually seen VLS and V5SS
growth occurring simultancously on neighbor-
ing wires in some instances. All the wines,
irespective of the growth mode, are crvstalline,
and the only obvious difference baween the
growth modes is that the VS8 process vields
more tapened wires owing o therr relatively
slower growth raes, This demonstration of dual
growth modes may be relevant 1o the contro-
versy reganding the role of VS5 and VLS
growth in other systems (6, J6-210),

We also find that GesHg pressure can be as
important as  temperature in controlling  the
growth mode. Indeed, a substantial Gesllg
pressure appears 1o be essential for stabilizing
the liquid state below T Whenever the Gesllg
pressure s reduced during VLS growth, we find
that the catalyst droplets solidify. The fact that
the droplats can solidity conlirms that the
temperature is definitely below T, independent
ol any uncertaintics in lemperature calibration.

Fig. 2. (A) Series of images of a single Ge wire
acquired at times ¢ = 0, 309, and 618 s (from
left to right, respectively) during growth by the
VLS mechanism at 340°C and 4.6 = 107° Torr
GeyH,. The background features act as markers,
showing a growth rate of 9.9 x 10~ nm/s. (B)
Another image series for a second wire growing
at the same temperature and pressure but with
a solid catalyst at f = 0, 1340, and 1824 s (from
left to right, respectively). The growth rate for this
VSS mode is 1.3 x 107 nmis.

The mole of Gealls pressure (ie. growth
rite) in the nanowire growth mode s lustrated
in Fig. 3A. The first image (Fig. 3A, lefl pancl)
shows two Ge wires alter 3 hours and 24 min
of stable VLS growth at 4.8 = 107 Tom. The
GieaHg pressure was then reduced 1o 8.6 = 1077
Tomr while a constant temperature was  main-
tamed. Within 106 s, the droplet on the namower
wire abruptly soliditics (Fig. 3A, middle panel),
while the droplet on the wider wire solidifics
later (Fig. 3A, rght panel). This behavior has
been venfied for larger samples of wines, Figure
3B shows the citalyst state versus wire diameter
in one experiment at an imtermediae ume, The
reduction in Gea g pressure causes all the drop-
lets to soldify, although there can be a ume
delay of several nunutes, with the smaller drop-
lets sobdifving carber (The exact ume delay
between smaller and farger droplets depends on
the growth history and in some cases wene as
long as 20 o 60 nun.

Wire count

Fig. 3. (A) Representative bright-field TEM image
series showing the solidification of Au-Ge catalysts
on top of two Ge wires (29 and 34 nm in diameter)
when the pressure is reduced during growth at
constant temperature, We carried out wire growth
at 350°C using 4.8 x 107 Torr Ge,H, for 3 hours
24 min (left panel), after which we reduced the
pressure to 8.6 » 1077 Torr. After 106 5, the cat-
alyst in the narrower wire solidified (middle panel}
and, after a further 283 s, the catalyst on the wider
wire solidified (right panel). (B) Histogram show-
ing the diameter dependence of the catalyst state
at a fixed time after reducing the pressure, Wire
growth is carried out at 8 x 107 Torr and 355°C
for 2 hours. At this time, the Ge;H, pressure is
reduced to 5 x 107 Torr: no change is observed
after 15 min. The Ge;H, supply is then switched
off (leaving a background pressure of 6 x 107*°
Torr), and the state of the catalysts on 56 wires is
recorded after 14 min. Wires with diameters (d)
less than 70 nm have solid tips, whereas the tips
of those with diameters larger than 80 nm are
still liquid.
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Au-catalyzed growth of Ge wires below T, is
generally assumed to occur by a VLS process
{1.e.. via a higquid catalyst) (¥, //-14). The ex-
istence of a hgued alloy phase below T, has
been attributed 10 nanoscale size ellects and, in
particular, 1o a lowenng of the droplet cuectic
temperature W below T, by the Gibbs-Thomson
clfect (/43 This picture naturally leads 10 a de-
pendence on size but does not direetly involve
growth pressure or growth rate.

Nevenheless, the Fact that Geslly pressure
affects the droplet state does not in el rule out
a Gibbs-Thomson elfect, because pressure could
intluence surface energies ( for example, through
changes in hydrogen coverage). In situ imaging
allows us to examing the effect of Geally pres-
sure on surface enerzies, Any change in surface
energies will modify the foree balance at the in-
ple phase line and, hence, the steady-state drop-
let shape and wire diameter (24). We therefore
measurcd the shapes of doplets during wire
growth as a function of GesHg pressure. Figure 4
is a typical plot of droplet heights and base
diameters for an individual wire, as the pressure
is varied repeatedly between higher and lower
values. Although the changes are small, we find
consistently that when the Geally pressure s
decreased, the droplet height decreases while the
droplet dinmeter inercases. Clearly, the droplal
shape is varying with Geallg prossure, sugoest-
ing that there are observable changes in surfice
energy with prossure.

d(nm) P(10%Torr)

g.b.#-l.nl.nl.n
-1 o0 oo 00

h (nm)

0 1 2 3 B
t(10%s)

Fig. 4. The shape of a single droplet on a 59-
nm-diameter Ge wire as a function of pressure, at
a constant temperature of 355°C, GeyH, pressure
P (blue curve), droplet base diameter or nanowire
diameter d (red curve), and droplet height h
{black curve) are plotted versus deposition time ¢
as P is cycled repeatedly between 1.9 x 107 and
8.4 x 107* Torr. The measurements are taken
from a video sequence of bright-field images,
with h defined as the maximum normal distance
from the drop boundary to the solid-liquid
interface and with & defined as the width of the
solid-liquid interface.

If the Gibbs-Thomson eftect were stabilizing
liquid-phase catalysts at temperatures below 7o,
we would expect that droplets on namower
wires would be more resistant 1o solidification.
In contrast, we observe that smaller droplets so-
lidify sooner than larger oncs, as in Fig. 3. This
diameter dependence of solidification suggests
that the principal cause of VLS growth below T,
is probably not the Gibbs-Thomson effect or
any direct ellect of small siec,

Why then does the liquid phase persist be-
low 757 Some degree of undercooling is nonmmal
and may become more extreme at the nanoscale,
but that does not explain the observed depen-
dence on Gegllg pressure and dinmeter. We can
rule out a dependence of the wire up temper-
ature on the wire diameter [via thenmal condue-
tivity (25)] or on the Geally pressure [via the
heat ol reaction (9)]: For wires with lengths <2
pm and for low pressures (1007 10 107 Tom),
both of which are typical m our experiments,
we do not expeet any appreciable varation in
the tip temperature from these effects (26, 27).
Electron beam-induced temperature changes,
il any, are small and are about the same for all
wires being imaged simultancously: hence,
such changes should not altect the diameter
dependence,

We suggest instead that the liguid phase may
be effectively stabilized against solidification by
Gie supersaturation, which anses from the growih
process, Solidification requires some undercool-
ing to overcome the nueleation barrier for a new
phase. Here, crvstalline Ge is already present.
The ke step for solidification 15 nucleanon of a
solid Au panicle, and this step controls the
degree of undercooling. Onee Au nucleates, the

liguid solidifics abruptly, with Ge coming oul of

solution and incorporating into the wire within a
single video lrame, as discussed eadier with ref-
erence 1o Fig. 1. Thus, the quesiion o be ad-
dressed is why Au nucleation depends on Gieallg
pressure,

By analogy with Si panowire growth, we
expect that the rate of dissocimive adsomtion
of Gestlg at the droplet surface rises lincarly
with GesHly, pressure (21). Then, the supersat-
uration of Ge in the droplet must rise until

Fig. 5. Au-Ge binary alloy phase 1200
diagram [after (29)]. The solid
green and blue curves are the Au 1000
and Ge liquidus lines, respectively. =
The dashed green curve is the &3.
extension of the Au liquidus line 800
below T,; Au nucleation cannot oc- g
cur above this line. A 1% increase E
in Ge supersaturation in the liquid 600
phase results in a =40 K drop in E
the solid Au nucleation temper- = 400
ature, as shown by the red dot. "L"
denotes liquid.

" 200

REPORTS

the rate of incorporation from the liguid into
the wire cquals the rate of amival of Ge from
the vapor. However, the liquid-solid mterface
15 a nanoscale (111) facet, so mcomporation
requires continuous nucleation of steps, which
i5 difficult because of the small facet area
(28 and the high step energy expected for
(111}, Thercfore, cven a modest growth rate
in this system may require an anomalously lage
supersaturation.

Such a Ge supersaturation inhibits nucleation
of solid Au. This can be seen by releming o the
phase diagram (29} in Fig. 3, where the "V
shape of the hguidus arses as follows, Al a
temperature 1, solid Au s unstable in the
presence of a liquid that s more Ge-rich than
a composiion cad T Simularly, solid Ge s
unstable with a hquid that is more Au-rich than
Gl T Above their crossing point at 7, these
Iines cormespond o the hguidus, delining a
region whene neither solid s stable. As dis-
cussed above, lor our growth conditions,

solidification occurs by nucleation of solid Auw;
apparcntly. nucleation of solid Ge in the liquid is
kinctically excluded. Therefore, solidification
can only oceur in the region where solid Au is
stable, below the curve ca 7)) shown in green
in Fig. 5. Under Ge-rich conditions, this curve
gocs below T (dashed portion of green line).
{We also expect some undercooling with respect
to this curve, but we do not speculate about its
miagnitude. )

This mechanism could also explain why
namower wires solidifv first. When the Gesllg
pressure is Jowered, the supersauration begins
to deerease as exeess Ge s incorporated into the
wire, either at the growth facet or by diflusing o
the sidewall (31). This Ge loss occurs at a mie
that scales with cross-sectional arca or circume-
lerence ol the wire, whereas the amount of ex-
cess Gie scales with droplet volume, so the time
scale for the loss ol supersaturation increases
with increasing wire diameter, explaining the
observed trend.

The most speculative point is whether the
G supersaturation can be quantitatively large
cnough o account for the obscrvations, We ¢s-
timate that a 1% incremse in Ge concentration

60
Ge atomic %

80 100

Ge

www.sciencemag.org  SCIENCE VOL 316 4 MaAY 2007

731




732

can lower the Au nucleation temperature by
roughly 400 K, and a 4% increase in Ge might
stabilize the hiquid phase agaimst Au nucleation
at temperatures as low as 260°C, Such fange
kietically driven supersaturations are not
expected in typical macroscopic systems but
become increasingly likely in strongly laceued
systems as they shrink 1o the nanoscale (28, 3/}
The degree of supersaturation would increase
with growth rate, which could explain the suc-
cessiul growth of Ge nanowires al lemperatures
as Jow as 260°C in conventional chemical vapor
deposition, where the growth rate i fr higher
than that in our experiments,

In conclusion, we have shown that during
the growth of Ge wires using Auw, the camlyst
state may be enther solid or hgued below T, with
the state depending not just on temperatune but
also on GesHy pressure and history. Nanowire
growth continues regardless of the state the cat-
alyst 15 m. In other words, both VLS and VS8
processes can operate under the same conditions
to grow Ge wires, A substantial GesHg pressure
is essential for growth via VLS below 7. We
propose a possible mechanism for the existence
ol a liquid catalyst at these temperatures, which
is consistent with the observed dependence on
Gzl pressure and wire dinmeter, These results
demonstrate that source gas pressure,  though
gencrlly not considered a key factor, is actually
crucial in determining the growih mode, The
role of growth pressure and history may be
relevant to controlling nanowire synthesis below

T and to resolving the controversy sumounding
the catalyst state in other matenals systems.
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Synthesis of Tetrahexahedral Platinum
Nanocrystals with High-Index Facets
and High Electro-Oxidation Activity
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The shapes of noble metal nanocrystals (NCs) are usually defined by polyhedra that are enclosed by
{111) and {100} facets, such as cubes, tetrahedra, and octahedra. Platinum NCs of unusual
tetrahexahedral (THH) shape were prepared at high yield by an electrochemical treatment of Pt
nanospheres supported on glassy carbon by a square-wave potential. The single-crystal THH NC is
enclosed by 24 high-index facets such as {730}, {210], and/or {520} surfaces that have a large
density of atomic steps and dangling bonds. These high-energy surfaces are stable thermally (to
800°C) and chemically and exhibit much enhanced (up to 400%) catalytic activity for equivalent Pt
surface areas for electro-oxidation of small organic fuels such as formic acid and ethanol.

enerally, catalvtic pedormance of nano-
crystals (NCs) can be finely tuned cither

by their composition, which mediates
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which detenmines surface atomic amangement
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that high-index planes genemlly exhibit much
higher caalvic activity than that of the most
common stable planes, such as (111, | 100},
and even {110}, because the high-index plancs
have a lugh density of atomic steps, ledges, and
kinks, which usually serve as active sites for
breaking chemical bonds (5-7) For example, a
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bulk PU210) surface possesses extremely high
catalvtic reactivity for clectroreduction of €O,
(&) and electmo-oxidation of formic acid (9). The
bulk P41 surface exhibits unusual activity
for caalviic decomposition of NO, a major
pollutant of auwomobile exhaust (/). Thus, the
shape-controlled symhesis of metal NCs bounded
by high-index facets is a potential route for en-
hancing their catalytic activities.

It is. however, mther challenging to synthe-
size shape-controlled NCs that are enclosed by
high-index facets becauwse of their high swrface
cnergy, Crystal growth mtes in the direction
pempendicular to a high-index plane are usually
much Faster than those along the normal direction
of a low=-index plane, so high-index planes are
mpidly climinated during panicle formation (/£).
Dunng the past decade, a variety of face-centered
cubic (fce) structured metal NCs with well-
defined shapes have been synthesized, but nearly
all of them are bounded by the low-index planes,
such s tetrabedron, octahedron, decabedron, and
icosahedron, enclosed by {111} facets (12-14),
cube by {100} (12, 15), cuboctahedron by (111}
and (100} (/6), and rhombic dodecahedron by
VL (770, Here we describe an electrochem-
ical method for the svnthesis of tetrahexahe-
dral (THH) Pt NCs at high punty. The THH
shape s bounded by 24 facets of high-index
planes ~ 1 730} and vicinal plancs such as {210]
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and (310}, The synthesized THH Pt NCs show
enhanced catalviic activity in electro-oxidation of
small organic fuels of fommic acid and ethanol,
demonstrating therr potential for use m the tradi-
tonal appheations ol PU group metal nanopar-
ticles, including catalysts (78}, automaotive
catalytic conveners (/9), tuel cells (20, and sen-
sors (21 )

Several electrochemical methods have been
reported for the synthesis of Pt NCs, Sun and co-
workers used a fast potential eveling 10 grow
nancstructured film on a PUmicroelecirode sur-
face (22), and Arvia of af. emploved an clec-
trochemical squarc-wave polential route 1o shape

bulk Pt electrode (233, which could yield sev-
cral high-index plancs of bulk cryvstals in some
cascs [ 24). However, these methods have lim-
ed practical applications because ol a low
specilic surface arca and the lugh cost of the bulk
Pt clectrode, We have developed a route for
shape-controlled synthesis of Pt NCs through a
squarc-wave potential, Starting from Pt nanoe-
spheres electrodeposited on glassy carbon (GO
substrate instead olbulk P, we obtained THEH Py
NCs at high yield. Electrochemical preparation
was carried oul in a standand three-clecirode cell
at room temperature (230, All electrode potentials
are reported on the scale of a saturaied calomel

Fig. 1. (A) Scheme of elec-
trochemical preparation
of THH Pt NCs from nano-
spheres. The Pt nanosphere
is an agglomeration of tiny
Pt nanoparticles of irregu-
lar shapes {fig. 51). Under

the influence of the square-
wave potential, new Pt NCs
of THH shape grow at the
expense of the large nano-
spheres (the large nano-
sphere is “dissolved” into
smaller ones, which eventual-
ly transform into THH shape),
(B) Low-magnification SEM
image of THH Pt NCs with
growth time of 60 min, (C
and D) High-magnification SEM images of Pt THH

viewed down along different orientations, showing

the shape of the THH. {E) Geometrical model of an ideal THH. (F) High-magnification SEM image of a
THH Pt NC, showing the imperfect vertices as a result of unequal size of the neighboring facets. Saale

bars in (C), (D), and (F), 100 nm.

Fig. 2. (A} TEM image of THH Pt NC
recorded along [001] direction. A careful
measurement of the angles between sur-
faces indicates that the profiles of the
exposed surfaces are {730} planes (i =
133.6% P = 136.4°) (see fig. S6). The
inset is a [001] projected model of the
THH. (B} Corresponding SAED pattern
with square symmetry, showing the

single-crystal structure of the THH Pt NC.
(€) High-resolution TEM image recorded
from the boxed area marked in (A). An
amorphous thin layer & shown at the
surface, which may be introduced by
contamination during specimen handling
andfor TEM observation. (D) Atomic mod-
el of Pt(730) plane with a high density of
stepped surface atoms. The (730) surface

is made of (210) and (310) subfacets, The
local surface of THH Pt NC can be (210) if

the size of the crystal surface increases, Ef-:;‘q“, =310}

although the overall profile of the facets el 'L':; v o "_”m:m"

is {730). (E) HRTEM image recorded from  |SSEESSSRLIREE akis 3';“_;'_=1m,

another THH Pt NC to reveal surface atomic iy b 1m
steps in the areas made of (210) and (310) 225 "

subfacets. The image reveals the surface ey

atomic steps.

clectrode (SCE). In a typical experiment, poly-
crystalling Pt nanosphercs of size abowt 750 nm
(fig. S1ywere clectrodeposited on a GO clectrode
mn a sodution of 2 mM KaPCls + 0.5 M HaS0)y.
The Pt nanospheres were then subyected o a
scuare-wave trestment, with upper potential 1,200
and lower potential between 010 and -0.20 'V,
at 10 e i a solution of 0.1 M HaS50, + 30 mM
ascorbic ackd for 10 w0 60 min. As illustred
schematically by Fig, 1A, THH Pt NCs were
grown exclusively on GC surface at the expense
of Pt nanospheres.

The shape of the NCs was determined ini-
tially by scanning electron microscopy (SEM).
An SEM image of THH Pt NCs produced with
a growth tme of 60 min is shown in Fig. 1B (an
overview SEM mage mcluding THH Pt NCs
and resadual Ptnanospheres s shown m fig. 82).
The yield of the THH Pt NCs in the final
product is =900, and most other shapes are an
agglomeration ol imperfect THH NCs (fig. 83).
Their average seee (Heywood diameter) was
217 nm, with a standard deviation of 23 nm.
By controlling the experimental conditions, the
smallest THH NCs received and identified by
SEM are 20 nm (fig. 53). The THH Pt NCs
on GC surface are randomly oriented. High-
magnification SEM immges of THH Pt NCs
oriented nearly along the three- and four-fold axes
are presented in Fig, 1, C and D, respectively.,

The THH shape is based on a cube with
cach [ace capped by a squarc-based pyramid
(Fig. 1E). Three perfect squarc-hased pyrumids
in Fig. 1C and neardy octagonal projection in
Fig. 1D can be seen clearly, which conlinms the
THH shape ol the Pt NC. In some cases, mm-
perfection can be miroduced at vertices (hig.
54). as presented by the SEM mmage in Fig.
1D, which 15 not caused by the {1007 truncation
of the THH but rather because crvstal facets ol
different sizes are produced by substrate effects
(Fig. 1F). Transmission electron microscopy
(TEM) analysis of such structure clearly reveals
the three-dimensional (3D structure of the NC
(fiz. 53). In comparison with previous electro-
chemical faceting of bulk Pt electrodes (24), the
us¢ of Pt nanospheres deposited on GO substrate
15 vital o the production of nearly pertect THH
Pt NCs, because GC s an inerl substrate on
which solated Pt NCs grow in island (Volmer-
Wieber) mode but not columnar mode (26).

THH=shaped crystals m nature exist occa-
sionally in fluonite and diamond but very rarely
in metals. To the best of our knowledge, only
copper crysials of truncated THEH shape were
found m copper mnerals (27) The THH (O
symimetry) belongs 1o Catalan solids or Archi-
medean duals: the THH shape is bounded by 24
high-index planes of [hkO) (h2k£0) (28), We
determined the faces of the THH Pt NCs by
selected-arca cleciron diffmction (SAED) and
high-resolution TEM (HRTEM]).

The facets are best revealed by imaging the
NC along [001], parallel to which 8 of the 24
facets are imaged edge-on (Fig. 2, A and B).
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The fourfold symmetry of the SAED pattemn
contimms that the THH Pt NC is a single crystal,
The HRTEM image in Fig. 2C recorded from a
broxed arca in Firz. 2A shows continuous lalee
Innges with latoee spacing of 0.20 nm, which
comesponds 1o the (2000 planes of Pt The
Maller indices of exposed facets of the THH can
be identified by a conjunction of the angles be-
tween the facets, the TEM mage, and the ED
pattern of the Pt NC (Fig. 2, A and B), whose

border can be looked an as the projection of

cight (hkO facets parallel w the [O01] zone
axis. As shown in Fig. 2A, two surface angles
of 1336 « 03 and 1376
which are in good agreement with theoretical

133.67 and angle = 136.4°
between | T30) facets (g, S6). The results show
that the dommant facets of the THH Pu NC are
17307, Although most of the THEH Pt NCs are
bounded by the (730} facels, some THH P
NCs bounded by 32101, 1310}, or {520} had
also been observed [lig. 57 (25)).

(.3% are measured,

vilues of angle o

The atomic arrmngement of the PUT730) surface
(Fig. 2D} is pedodically composed of two (210)
subfacets followad by one (310) subfacet, that is. a
multiple-height stepped structure (6), These sieps
have been divectly captured in an HRTEM image
recorded from another THH, as indicated 1‘-}.
arows in Fig. 2E. Thus, the single-crystal THH is
enclosed by 24 high-index Facets of {730},

In addition to the HRETEM results, the sur-
[Bee structure of THIH Pt NCs can also be char-
acterized by cvelic voltammograms (fig. S8}, in
which the featwres of oxyvgen adsomption and
desomption are sinlar to those on a bulk Py210)
bun
polyervstalline Prosurface. In a common point,

surlace are differemt from those on 2
these high-index facets exhibit an open struc-
ture, In the case of a Pu 7300 surfhce, its density
of stepped atoms 1s as ligh as 5.1 10™ em =,
that is. 43% of the wial number of aoms on the
surface. It is thus repsonable 1o expect that the
THH P1 NCs will display high camalytic activity.

The size of the THIT Pr NCs can be con-
trolled by varving the growth time. The SEM
images of THH Pt NCs produced with growth
times of 10, 30, 40, and 50 min are shown in
Fig. 3. A 10 D, respectively. The comesponding

avera

53,

ge sizes are measurcd, respectively, to be
size distributions ol these particles are shown in
Fig. 3E, with a relative standard deviation (RS13)
of 12%, [P, 14%, and 14%, cspectively, The

particle size is also comelated with the density of F
THEH Pt NCs on the substrte surface. The (210
and (310) planes, the major subficets for compos-
ing of the (730} as shown in Fig. 2D, exhibited
; : 25°C — AB2C _ewC 815°C

high stability under electrochemical conditions
and solid-gas environments in both oxidative
and reducing atmospheres (¥, 29-3/1). The THH
Pt NCs are thermally stable; in sin TEM ob-
servation: showed that the THH Pt NCs were
thermally stable o wempenrtures of ~800°C with
the preservation of the shape and facets (Fig. 3F).
(Note the large siee of the panticles.)
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1, 126, and 144 nm. The histogrums of

[T

Why are the {7300 or the (210} tvpe of fac-
¢is that define the THH shape stable dunng
growih? We have found that ascorbic acid 15 not
the mtnnsie reason o0 produce the THH shape,
bocause THH Pt NCs can sull be harvested m
ascorbic acid-free solution, although the yield
and quality degrade (fig. 891 In the origimal
symhbests procedures (Fig. 1A} the imital stage
of treating the nanospheres by square-wave po-
tential, the following processes ey oocur (25
First, at 120V, the surface PLatoms on the nanao-
spheres can be oxidized and panially dissolved
to form Ptions, Then, these Puions diffuse 1o the
GO surface and are reduced 10 PLatoms between
020 and 0,10V, In the square-wave potential
procedure, the two processes were repeated pe-
riccheally ot a frequency of 10 He, and new Py
NCs grow through nucleation and growth on GC
surface with a continuous di.\\uhing of the ul'i':.'_'-
il Pt onanospheres, because the small nanopar-
tiches grow more mpadly than the larger ones (32,
[t has been reported that the surface structure

of M smgle ervstals could be changed by pe-
riodic adsorption and desorption of oxygen, de-
pending on their Miller indices (33). At 1200V,
Pt surface is oxidized and covered by oxygen spe-
cies (Ogy and Oy originated from the disso-
ciation ol |;~{ ¥ in solution, As for the low Ny
1‘Il:1|h.'>-. surface atoms have !:ll':__'_L'J' coordination
numbers (CNs), such as 9 for atoms on the (111)
plane, so oxvgen atoms are relatively difficult 1o
adsorb at such surface sites; instead, some oxy-
gen stoms might preferentially diffuse or invade
inte a P surdace o fomm a PO lattice through

place-exchange between oxygen and Pt atoms,
Aller reduction between 020 and -0.10 WV,
these displaced P1atoms cannot always return to
their or1
wits camied out ot room emperature, which then
disorders surface structure (33), However, for
high-index planes, the CNs of swrface atons are
relatively low, only 6 for stepped atoms on the

al positions because the synthesis

1730} plane. The oxyeen atoms preferentially ad-
soth at such stepped atoms without  replacing
them, and ordered surfaces are preserved (33, 34)
The dyvnamic oxveen adsompion-desomtion me-
diated by squarc-wave potential and the differ-
ent degrees of place-cxchange between oxygen
and Pt atoms on Pt single-crvstal surfaces show
that only high-index planes with an open strue-
twre, such as the (7308 and (12100 facas, cn
survive i the treatment of squarc-wave potential
(fig. S10),

The catalytic activity of THH Pt NCs s
supenor o that of the sphencal Pnanoparticles.
The NCs have been applied 1o promote the
clectro-onadation of formue acid and  ethanol,
which are promising altemative fuels for direat
fucl cells. Figure 4A shows a comparison of
transient curment density ol foemic acid oxidation
al 0.25 Von the THH Pt NCs | = 81 nm ( fig.
511 the cleatrodeposited  polyverystalline Py
nanospheres |4 = 115 nm (fig. $12)], and the
commercial 3.2-nm PUC eatalyst from E-TEK,
Inc. (Somersel, New Jersey, USA) (g, S13) m
room emperture. The oxidation current
been normalized 1o dectroactive P surface area

has

s0 that the curent density () can be dincetly used

30} E
20/ i
| d=53 nm
":'i RSD=12%
ok -
0| 100 nm 1
| o |

[ 128 nm
14%

Fraguency %
[=]

0! 144 nm
| 14%

200
d/nm

Fig. 3. Size control of THH Pt NCs and their thermal stability. SEM images of THH Pt NCs grown at
(A) 10, (B) 30, (C) 40, and (D) 50 min. The insets in (A) and (B) are the high-magnification SEM
images that confirm the shape of THH. Scale bars, 200 nm. (E) Size distributions of THH Pt NCs in
(A), B}, (C), and (D), respectively, after counting more than S00 particles for each sample. (F) In
situ TEM observation on the thermal stability of THH Pt NCs. The images were recorded at various
temperatures in TEM at a heating rate of 7°C/min, The NC preserves its shape to ~815°C and even
higher with a slight truncation at the corners and apexes, as seen in the TEM image.
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to compare the catalvtic activity of difTerent
samples (25). The oxidation curremt density on
THH Pt NCs is nearly double that on Pt
nanospheres or PUC catalyst. The potential de-
pendence of the steady-state curent  density
recorded at 60 s s shown in Fig, 4B. The cur-
rent density of formic acid oxidation on THH M
NCs is higher than that on the Ptnanospheres or
the PYC catalvst, and the enhancement factor R,
which is defined as the mtio of the curent density
measured on THH Pt NCs versus that acquired on
Pt nanospheres or PUC catalvst, varies from 160%%
o 400% for Pt nanospheres and from 2000 1o
0% for PvC eatalyst, depending on electrode
potential, The THH P NC showed no appreciable
momphological change afier the reaction, as
ixdicated by an SEM image of a THH Pt NC inset
in Fig. 4B, which still presarves the THH shape,
showing its chomical stability,

For cthanol oxidation, the transient current
density on THH Pr NCs at 0.30 Vs enhanced
o 230% of that on the nanospheres and 33074
of that on the PUC catalyst (Fig. 4C). A compar-
ison of the steady-state current densitics
obtained on THH P1 NCs, Pt nanospheres, and
3.2-nm commercial PUC catalyst is shown in
Fig. 41D, in which the enhancemem factor R
varies between 2000 and 430% for Pt nano-

spheres and between 250%, and 460% for PUC
catalyst in the potential region of 0.20 10 0.55 V.
In addition, we have measured that, at a given
oxidation curmrent density of technical mtercst in
fucl cell application, as indicated by dashed
lings in Fig. 4, B and D, the comesponding
potential on THH Pt NCs 15 much lower than
that on Pt nanospheres or PUC catalyst. In the
case of formic acid oxidation, the potential on
THH Pt NCs is shifted negatively by ~60 mY as
comparcd with Pt nanospheres at the same
current density of 0.5 mA am *, whereas for
cthano! oxidation, the negative shifi is S0 mV a
a curent density of 0.2 mA cm ~. The above
resulis show that THH Pr NCs exhibit much
enhanced catalyiic activity per unil surface anca
for the oxidauon of small orgame molecules.
This may be attributed 10 the high density of
stepped atoms on the surdaces of THH Pt NCs.
However, for catalyvic activity per umit weight of
P, our estimation indicates that, when the
transformation is complete, the overall activity
of these larger THH NCs is less than that of the
J-nm commercial Pt nanoparticles (-10% as
active). Future rescarch will be needed to im-
prove the synthesis technique so that smaller-size
THH NCs are made in high yield and still con-
sume almost all of the staring Pt nanoparticles,
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Fig. 4. Comparison of catalytic activity per unit Pt surface area among THH Pt NCs, polycrystalline
Pt nanospheres, and 3.2-nm PL/C catalyst. (A) Transient current density curves of formic acid
oxidation at 0.25 V. (B) Potential-dependent steady-state current density (left, recorded at 60 s) of
formic acid oxidation on THH Pt Ncs, Pt nanospheres, and commercial Pt/'C catalyst, and the ratios
R (right) between that of THH with the latter two, respectively. The inset in (B) is an SEM image of a
THH Pt NC after reaction, indicating the preservation of shape. (C) Transient current density curves
of ethanol oxidation at 0.30 V for the THH, Pt nanospheres, and PU/C catalyst. (D) Potential-
dependent steady-state current density (left) of ethanol oxidation on THH Pt NCs, Pt nanospheres,
and commercial PY/C catalyst, and the ratios R (right). The current density j was normalized in
reference to the electrochemical active surface area for each sample, so that the current density j
directly corresponds to the catalytic activity of unit Pt surface area of the sample. Thus, it can be
directly compared for three types of particles. The results clearly demonstrate the largely enhanced
catalytic activities of the THH Pt NCs per unit surface area.
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Roadless Space of the Conterminous

United States

Raymond D. Watts,** Roger W. Cumptel'l-,z John H. McCammon,® Carl L. Rich,?
Stewart M. Wright,” Tom Owens,” Douglas S. Quren®

Roads encroaching into undeveloped areas generally degrade ecological and watershed conditions
and simultaneously provide access to natural resources, land parcels for development, and
recreation. A metric of roadless space is needed for monitoring the balance between these
ecological costs and societal benefits. We introduce a metric, roadless volume (RV), which is
derived from the calculated distance to the nearest road. RV is useful and integrable over scales
ranging from local to national. The 2.1 million cubic kilometers of RV in the conterminous United
States are distributed with extreme inhomogeneity among its counties.

he mad network of the Umited States

I exoceds 6.3 million km in aggregate length

(1) and fills the natonal landscape so fully

that, except in Alaska, one can get no farther
from a road than 35 km (2). This extensive road
network provides socictal benelits by bringing
natural resources 1o consumers, linking workers
to jobs. and connecting people to urban services.
It is in the spaces between the roads that val-
uable naural resources are present and ecosystem
services are rendered. Road encroachment af-
fects ceological resources, prmarily in negative
ways (1, 3-&), usually by fragmenting habitats
and introducing chemical comaminants and
exolic species 1o the ecosvstem. Roads have
boen demonstrated to have dozens, if not hun-
dreds, of effects on ccosysiems and water-
sheds (1, 3-5, 7-11). Physical, chemuieal, and
biological processes ransmit influences from
roads 1o their surroundings in a mélange of de-
terministic, stochastic, and chaotic processes that
are made even more complex through their in-
teractions with the variability of the landscape,
The span of documented effects mnges from a
few meters to many kilometers (/) and depends
nol only on the roads themselves but also on the
volume and types of traffic that they camy.
These complexities make it impractical 1o mea-
sure or estimate the arca of influence without
extensive Jocal observation, Our work is aimed
at bridging these details in order o mswer wo
questions: (1) how much space is there between
the moads, and (1) how much 15 lost as new roads
are added w the network, penetrating roadless
space” These questions cannot be answered by

measuring either the length or surface arca of

roads because these metnics do not respond 1o
road placement. We sought a metnc that would
have a greater response 10 a road penetrating
deeply into otherwise roadless space than o a
road of similar length lying close 1o other roads.

We inroduce a metric called moadless vol-
ume (RV). RV calculation begins with the com-

y.5. Geological Survey (USGS), Fort Collins, CO B0526-
8118, USA. 2USGS, Denver, CO 80225-0046, USA.

*To whom correspondence should be addressed. E-mail:
rwatlsEDusgs.qov
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putation of the honeontal distance to the nearest
road (DTR), which is most accurately done
with fast-marching methods (/2) or adequately
done with network methods (£3); the network
computation method 15 availlable in many
geographic mformation systems, In practice,
DTR is computed for points on a square grid
(we used a 30-m grid): grd size docs not bias
results, but it affects accuracy. RV for an arca
is the integral of DTR over the area, which is
estimated 1o be the total of the DTR cell values
multiplicd by cell arca, with resulting units of
cubic meters or cubic Kilometers. Calculntion
accuracy depends on cell size, the quality of
the road data sct used for DTR computation, the
sinuosity of roads, and (1o a small degree) the
method of caleulation. RV is objective: there are
no arbitrary faclors,

RV can be described and visualized as fol-
lows: Substiute DTR for elevation 1o create a
pseudoiopographic surace (real topography
plavs no mole in our definition of RV). RV of a
footprint arca is the volume of the pseudoto-
pography above that fooiprint (Fig. 1). Roads
of cqual length produce different RY changes,
depending on their alignments with respect 1o
other roads (Fig. 2). RV responds simulia-
neously o footprint arca, foolprnt shape, and
the alignment of roads within the fooiprint. Com-
pact footpants with no intemal roads produce
maximum RV, Meamdenng boundaries and in-

Fig. 1. RV is calculated by substituting OTR for
elevation and then calculating the volume be-
neath the psewdotopographic surface, Two exam-
ples are shown, with perimeter roads in blue
(there is a hidden road along the back of each
volume). (Left) For a 1-km-square road pattern,
the pyramid has a height of 0.5 km and a volume
of 0.167 km’. (Right) The elongated pyramid
measures 0.333 by 3 km and therefore has the
same footprint area as the square pyramid, but its
volume is 47% of the square pyramid volume. RV
simultaneously accounts for area and shape.

termal roads diminish RV, The greatest reduoc-
tion comes from roads that pencirate places
that otherwise would be most remote from
roads. Roads placed close 10 other roads only
modestly reduce RV,

We caleulated DTR for the entire United
States on a 30-m gnd aligned with the Na-
tional Land Cover Dataset (NLCD), thus ¢n-
hancing a national geospatial wesource that is
used Tor a wide variety of ecological and land-
use analyses (6, 4, 13) RV for any footprin
is A<DTR=>, where A is the area of the fool-
print and <DTR> is its mean DTR. With this
definition, footprints need not be bounded by
roads, enabling calculations of RV for countics
{/6). By summing county RV values, we es-
umated the RV of the conterminous Unned
States 10 be 2.1 = 10% km®. Maps mberently pro-
vide visual weighting by arca, so we color-codad
county results (Fig. 3) by <DTR> values rather
than by BV, thus avoiding double emphasis of
county stae.

Roadless space is an asset that is unequally
distributed by county and further unegually
distributed among the population. Residents
of two counties with equal RV have dilTerem
per-capita shares of the roadless-space resource
in inverse proportion o the county populations,
Figure 4 shows per-capita RV by county, which
can also be imterpreted as the pressure of pop-
ulation against the counties” roadless spaces.
Comparing Figs, 3 and 4, one sees that some
countics with high DTR, and therefore high
RV, have low per-capita RV, Prominent exam-
ples oecur on the Pacific coast, along the
Wasatch Fromt in Umah, along the Front Range
in Colorado, and at the southem tips of Nevada
and Florida; all these counties have metropol-
itan arcas closely juxiaposed with mouniains,
desens, or (in Flonda) extensive wetlands. In
conirast, low county populations create high
per-capita RV in a band of counties stretching
from the Dakotas 1w wesiern Texas, in spite of
relatively low DTR in most of these countics.

The county with the lowest per-capita RV is
Kings County in New York ( Brooklyn: roughly
4000 m* per capita, giving each person the
cquivalent of a 45% pyvramid that is 30 m long on
aside) (F7), and the county with the highest per-

Fig. 2. (Left) A square road pattem produces a
pyramid of roadless volume. {(Center) Four added
roads, each of length = 0.5 x (the length of one
pyramid side) and intersecting at the center (the
two roads parallel to the long side of the image
are mostly hidden), reduce the pyramid volume
by 50%. (Right) Four roads of the same length,
starting at the corners and angled slightly toward
the center (tan divergence angle = 0.1}, diminish
the pyramid volume by only 13.5%.
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Fig. 3. Map of <DTR=> by county in the
conterminous United States. DTR legend
classes are of approximately equal area,
and color rendering closely follows area-
adjusted county rank.

Fig. 4. Per-capita RV by county for the
conterminous United States. legend classes
are of approximately equal area, and color
rendering closely follows area-adjusted
county rank.
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capita RV s Hinsdale County in southern Colo-
rado (11.9 km® per capita, giving cach person a
pyramid that 15 4.1 km long on a side). The
contrast in ccological conditions between these
countics s extreme: One county is a dense
urban area; the other is largely wildermess. The
ratio of least 1o greatest roadless space per
person in the conterminous United States, mea-
sured at the county scale, is approximately 1:3
10% a greater dvnamic range than that of other
COMMON sociveconomic statistics at the county
scale, such as population density (1:7 = 10%)
(4% or mean income (1:7.8) (/9), This large
dynamic range implics that countics with low
population densities also have few mads, lage
vilues of <DTR~, and large RV,

Sociocconomic processes add moads, dimin-
ishing DTR and RV, An asscssment of changes
in RV requires detailed and consistent maps on
muliiple dates, which are available in only a few
places. Cme such place is the From Range in
Colorado, for which we made a movie of the
change of RV from 1937 1o 1997 (20). Here,
nearly half of the initial RV was lost during the
Ol-year study perod, as a nesull of urban ex-
pansion, growth of small towns, and housing
dissemination—all occuming on agriculurml kand.

It is mepsonable w0 postulate that distance
from roads, on average, diminishes oad influ-
ences, an appliction of a geographic law in-
troduced by Tobler (24). Thus, allhough we
cannot trace the details of mad-induced cflots,

REPORTS

i may nevertheless be useful o know the exeent
to which we are dinunishing the space where
these cffcets are least likely and least imense.
RV is a sensitive indicator that summarizes the
status of this space.
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Pyroclastic Activity at Home Plate in

Gusev Crater, Mars

S. W. Squyres,® 0. Aharonson,? B.C. Clark,® B. A. Cohen,” L. Crumpler,® P. A. de Souza,®

W. H. Farrand,” R. Gellert,® ). Grant,” ). P. Grotzinger,? A. F. C. Haldemann,2 ]. R. Johnson,
G. Klingelhdfer,®® K. W. Lewis,® R. Li,"® T. McCoy,* A. 5. McEwen,™ H. Y. McSween,®

D. W. Ming,” ). M. Moore,"® R. V. Morris,*” T. ). Parker,™ ). W. Rice Jr.,'” 5. Ruff,"’
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Home Plate is a layered plateau in Gusev crater on Mars. It is composed of clastic rocks of
moderately altered alkali basalt composition, enriched in some highly volatile elements. A coarse-
grained lower unit lies under a finer-grained upper unit. Textural observations indicate that the
lower strata were emplaced in an explosive event, and geochemical considerations favor an
explosive volcanic origin over an impact origin. The lower unit likely represents accumulation of
pyroclastic materials, whereas the upper unit may represent eolian reworking of the same

pyroclastic materials.

ome Plate is a light-toned plateau -850 m
Hi:rl diameter and 2 1o 3 m high within the
Inner Basin of the Columbia Hills, at
Spirit’s landing site in Gusev cmier (/-3). Home
Ploie appears prominent from orbat, and was
identified afier landing as a high-prionty tanget,
It is the most exiensive exposure of layered
bedrock encountered by Spirit at Gusev o date,
Spirit arrived at the northem edge of Home
Plate on sol 744 (4, following the path shown in
Fig. 1. Images of the platcaw show a thick stack
of layered rocks, with a lower coarse-gruncd unit
and an wpper finer-gruned unit (Fig. 2). The
lower unit is charactenzed by prominent parallel
layering with low apparem dips and a coarse
granular exture (Fig 2B). Individual gronules
are roughly equant, and typically (.3 1o 3 mm in
stae, I is difficult w determine in Microscopic
Imager (M1 images whether the granules are
orginal clasts, such as acerctionary lapilli, or
textures rellecting postdepositional cemeniation
(fig. S1), Toward the top of the lower unil is a
massive section roughly 10 em thick where
lavering becomes indistinet (Fig, 3) and grmins
are diflicult o identify in MI images (fig, S2),
A panticularly notable feawre in the Jower
unit is a —4-cm clast with deformed layers
beneath i, interpreted 1o be a bomb sag (Fig, 3).

4 MAY 2007 WVOL 316 SCIENCE

Bomb sags are found in volcaniclastic deposits
on Eanth, where outsized clasis cjected from an
cxplosive vent are emplaced ballistically into
deformable materials, causing downward dellec-
tion of lavering.

In contrast to the lower unit, the upper umt is
finc grained, well sorted, and finely laminated,
and it exhibits cross-stratification. On  the
norhem edge of Home Plate, the upper unit
exposes a facics that is well bedded and char-
actenzed by ubiquitous fine lamination that is
armnged i bed scts with planar o low-angle
cross=stratification (Fig. 20), Other femures of
this facics wclude gemly dipping curved or
imegular surfaces of crosion, small-scale cut-
and-fill structures, convex-upward laminations,
and occasional inercalation of thin beds of
high-angle cross-bedding. In MI images, this
facies exhibits a distinctly clastic texture, with
grainsg 200 o 400 pm in diamewr tha are
exceptionally well roumded and sored (lig. S3).

A second facies in the upper unit that is par-
ticularly well developed at the castern edge of
Home Plate exhibits high-angle cross-bedding
(Fig. 4). Here, the goometry is exprossed as wedge
scts up 1o several wens of centimeters thick of
distinctly trough-shaped cross-strata. Intemal strat-
ification ranges from finely laminated to more

thickly laminated. Cross-strata also preserve evi-
dence of meactivation surfaces, cut st variable
angles and generally backfilled by cross-strata
concordant with the scour surface. Such povwn-
etries typically form during recontigunition of
the bed i rsponse o scounng during flow
bursting, migration of three-dimensional bedfonms
with frontal scour pits, and al times when the
sediment concentration of a Now is decreased.

We wused planar fits to bedding seen in
Pancam images to estimate the structural attitudes
of beds i the upper unit of Home Plate, at four
locations that sample roughly a third of the
plateau’s peameter (g, S400 Ad all four locations,
the beds dip inward toward the cemer of Home
Plate. The le mnge of derived dips is 5° 1o
207, with occasional values up to 307, Dips are
consistent within cach outerop, suggesting that
the measurements rellect a true struetural trend
and are not greatly influenced by low-angle
cross-bedding.

Chemical compositions  analveed by the
Alpha Panicle X-rav Specirometer (APXS) are
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given in Table 1. The outcrops Poscy and Cool
Papa Bell (3) from the upper unit were brushed
with the Rock Abmsion Tool (RATY before
analysis. Barnhull, trom the keower unit, could not
be brushed: Pancam color images werne used 1o
sclect relatively dusi-free regions, Fuzzy Smith,
a smiall (~10-cm) loose rock on the plateau, also
could not be brushed. The lack of strong SO,
and Cl enrichments for unbrushed surfaces rela-
tive to brushed ones suggests that surface dust
contamination was modest.

Most Home Plate outerop rocks ane Bairly
uniform in elemental composition, except for
Bamhill Fastball, which has lower ALO; and
Nap O and higher MgO, They are most similar to
Masada, a scormccous flosn rock in the Inner
Basin, and Irvine (A), a basalue rock at the
summit of Hushand Hill. Home Plate outerop
rocks have a basaltic composition with  high
alkali contents similar o some other hasalts in
Gusey erater (6). However, they have markedly
higher abundances of some volatle minor and
trace elements (Cl, Br, Zn, and Ge),

Multispectral imaging of Home Plate out-
crop rocks shows that clean surfaces have low
albedo and exhibit ~930-nm band absomtions con-
sistent with the presence of low-calcium pyrox-
ene or possibly femic oxyhvdroxides (fig. S3),
Such absorptions are similar 1o those observed in
Clovis Class rocks on the west spur of Hushand
il 7y

Miniature Thennal Emission  Spectrometer
(Mini-TES) infrared spectra of dark-toned out-
crops a1l Home Plate (fig. S6) indicale a strong
component (~43%) that resembles basalie glass,
stmilar to the spectm ol Clovis Class rocks (8). In
addition, deconvolution using a spectral library
vields a best fit with ~30% pigeonite (a
clinopyroxene), ~5% olivine, and ~10% plagio-
clase. A small amount of sulfate (~10%6) is also
suggested, The surfaces that give Home Plate its
light 1one when viewed from orbit display the
same spectum of surface dust observed on oiher
dust-covered rocks in Gusev crater (9).

Massbauer Spectrometer (MB) mineralogy
for Home Plate outcrop rocks is given in table
S1. Bamhill, Poscy, and Cool Papa Bell arc
similar to one mother,. OF the wial Fe present
{Table 1), 16 to 18% resides imoliving, 22 10 24%
m pyroxene, 27 o 29% m nanophase oxide, and
26 1o 32% in magnetie. These are among the
most magnetite-rich rocks a1 Gusey crater (/0),
The ratio of Fe* 1o wial iron (Fe* Fepom) 15
~(.32.,

Chemical analyses were recast into mineral-
ogy by caleulating nomns (Table 1) with the use
of MB determinations of Fe'* Fepg. The differ-
ences between the calculated minermlogy and the
actual mineralogy determined by Mini-TES and
MB indicme that Home Plate outcrop rocks did
nod form through equilibrium crystallzation from
anhydrous silicate ligquids, as a nom caleulation
ASSUITICS,

Both MB and Mimi-TES detected olivine
and pyroxene, although abundances cannot be

compared  directly because of uncertaintics in
the Fe content of both phascs. Mini-TES decon-
volution yvields —453% basaltic glass and no mag-

]
Blayrrvrull
Pﬂﬂ{l ¥
Cool Papa Bell -

netite, whereas MB vields abundant Fe from
magnetite (26w 32%) and nancphase oxide
(npOx) (27 o0 29%), This apparent difference

Fig. 1. Home Plate as
viewed from orbit. North
is at the top. The path
followed by the rover is
shown, and the locations
of rocks discussed in the
text are shown. [High-
Resolution Image S5ci-
ence Experiment image
PSP 001513 1655,
acquired on 22 Novem-
ber 2006.] Image scale
is 27.1 cmipixel, map-
projected to 25 cm/pixel.
The scene is illuminated
from the west with an
incidence angle of 607,

=
o
§
1=
B
e
5

Fig. 2. The northemn edge of Home Plate (A), showing the coarse-grained lower unit (B) and the fine-
grained upper unit (C). False color image obtained using Pancam’s L2, LS, and L7 filters (753, 535, and
440 nm, respectively) on sols 748 to 751. Approximate scale across both (B) and (O is ~45 ¢m. The
apparent curvature of the horizon in (A) results from the high rover tilt when the image was acquired.
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sugpests that the npOx for these rocks may be
spectrally similar to the Mini-TES glass
component. Nondetection of magnetite by
Mini-TES is expected; the instrument’s detection
limit for magnetite is high because some
magnetite speciral features are longward of its
bandpass and others are obscured by the
atmospheric OOy band at 13 pm.

Loose rocks aop Home Plate include the
small, imegularly shaped rock Fuzey Smith
(fig. 57) Iis chemical composition is unlike
any other rock investigated by either rover, with
high Zn; the highest Si, K, and Ge measured mt
Ciusey crater; and very low Ca and Fe (Table 1)
No Mini-TES daa were acquired for Fueey
Smith. Mobssbauer data revealed unique Fe
minerlogy, with most of the Fe (64%) in a phase
we refer 1o as Fe?D1 that has not been detected in
any other martian rock (table 513, The Masshauer
parameters of Fe?DI [isomer shifl (+2 8D) & =
0.28 = 0,02 mm's and quadrupole splitting AFq =
06T + 002 mm's| are consistent with an Fe
sulfide such as pyrite and/or marcasite (F&®'S,
polymorphs) or with terahedrally coordinated
Fe* in some phase (/7). If the APXS and MB
analyzed exactly the same material, then molar
S5Fe does not favor the sullide mtempretation,
Some phyllosilicates have tet-Fe™ doublets with
similar parameters, but the contribution ol the
subspectrum 0 the wial MB spectrum (unlike
what is observed in Fuzzy Smith) is <30%. With-
out additional chemical and mineralogical infor-
mation (e.g., detection of sulfide or phy llosilicate
by Mini-TES), we are not able 1o assign a
mineralogical composition or an oxidation state
to the Fe?D1 doublet

Acid-sullate leaching of basalt by voleanic
vapors can produce amorphous, Si0s-rich nes-
idues (/2), and such a process may have been
involved in the formation of Fuzzy Smith.
While Fuzzy Smith is highly quanz-normative,
the calculated minermalogy is unlikelv 1w be
representative of a leached mck.

Several characicristics of Home Plae impli-
caie an explosive process in s origin. These
include the bomb sag, rounded granules in the
lower unit that might be acerctionary lapilli, and
an infrared spectral signature suggesting basaliic
glass. A coarse-grained lower unit that grades
upward into Niner materials is also consistent with
an explosive ongin, Both a voleanic explosion
and an impact are candidate formative events,

Compositional evidence favors a voleanic
origin. Home Plate outcrops are similar in
chemistry and mineralogy 0 vesicular alkali-
rich basalis that are abundant in the Inner Basin,
This relationship suggests a common magmatic
source and a volcanic orgin for Home Plate,
alhough clearly the style of emplacement s
dilerent.

An unusual mspect of Home Plae rocks 1s
fractionation of O] (and m some cses Br) from
5. Chlorine docs not show correlations with in-
compatible clements such as K that could point
to igncous fractionation as its source, nor with
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Al that might point to weathering or agqueous
altiermtion. Instead, the Cl enrichment might be
explained as interaction of magma with a brine.
Altematively, the enrichment in Clbut not in S
could refleet degassing in an oxidized basaltic
magmi, causing 5 1o panition preferentially
imte the vapor phase (/3) and decreasimg the
S/C1 and S/Br mtws. In either case, a volcanic
origin would be implied. However, we cannot
rule out the possibility that the Cl enrichment is
present in a surface coating that is resistant 10
RAT brushing, rather than in the bulk rock.
Home Plate is also strongly enriched in the
volatile elemenms Ge and Zn. Although Ge ends

Fig. 3. The lower coarse-
grained unit, showing gran-
ular textures toward the
bottom of the image and
massive textures with recti-
linear fracturing toward
the top. Also shown & a
feature that we interpret
to be a bomb sag (arrow),
The bomb i about 4 cm
across. False color image
obtained using Pancam's
L2, L5, and L7 filters on
sol 751.

to be high in metcoritic material, the lack of a
comesponding Ni ennchment suggests that the
Cre in Home Plate 1s not primanly of meteontic
orgin, Instead, the conrichment in these volatile
clements may reflect condensation of volcanic
vapor. Gemanium s also well known  for
ennichment in sullides and #ine minerlizations,

especially under hydrothermal conditions (/4).
Again, a volcanic ongin for Home Plate is im-
plicd by cither interpretation,

Taken twgether, our observations suggest that
Home Plate is composed ol debris deposited
from a hydrovolcanic explosion that occuned
when alkali-nch basaltic magma came ino con-

L -

Fig. 4. High-angle cross-bedded sandstone at the northeast edge of Home Plate, Scale across the
image is ~1.5 to 2 m. [Pancam image 2P195076279, acquired on sol 774.]
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tact with subsurface Muid, perhaps brine. Both
the bomb sag and the compositional soilarity
of Home Plate to basalts found nearby suggest
that the deposis hie close o the source vent,
Bomb sags on Earth typically indicate that the
deformed matenials were wet at the time of em-
placement, but we cannot rule out the possibility
of sag formation resulting from compaction and
gas-supponed flow of diy materals,

Some aspects of the cross-strtification in the
upper unil are consistent with deposition from a
voleanic surge (/3, 16). However, because they
develop from highly wrbulent Mows, surge
deposits close w0 the source vent are ofien
coarsely simtified, and on average poorly sorted
with a component of coarser grams including

oulsized bombs and blocks (/7). These
attributes are not observed in the upper unit.
Furthermore, the cross-strata of surge deposits
commonly exhibit deposition along the stoss
side as well as the lee side of the bedforms; in
contrast, the cross-strata preserved at Home
Plate are dominated by stoss-side  tuncation
(only one observed set shows stoss-side accre-
tion), suggesting liule deposition from fallout,
The upper unit st Home Plae shows per-
sistently fine lamination, and very well sored
and rounded grains, These observations point
toward a process like colian transport that in-
creased the textural maturity of the sediments,
suggesting that the upper umit may have formed
by eolian reworking of pyroclastic debns derived

Table 1. APXS analyses and calculated normative mineralogy for Home Plate rocks. Analyses are in
weight %, except for Ni, Zn, Br, and Ge, which are in parts per million. Sample homogeneity is
assumed. Uncertainties represent 1o errors in x-ray peak area. Posey and both spots on Cool Papa
Bell (Stars and Crawfords) were brushed using the RAT; the others were not brushed. Fe was
partitioned between FeQ and Fez03 with the use of Mossbauer-determined FE:]#FE[M ratios (table
S1). For rocks where no Mossbauer data were obtained, all Fe is reported as FeO and norms were
calculated with the use of the average value for Home Plate outcrop rocks of Fe®*/Fepgy, = 0.52.
Norms were calculated without S, because S is assumed to be present as sulfate rather than sulfide.

Barnhill Cool Papa Bell
Rock Posey Fuzzy Smith
Ace Fastball Stars Crawfords
Oxide
Si0; 452 + 027 453 +0.29 454 =038 46.0 = 0.29 46.6 = 0.39 684 = 0.62
Tio, 074 £+ 006 0.67+£006 101006 0930056 111=007 171 +£0.08
Al 05 891+008 7.85+008 9312010 9230009 998+ 012 631 +0.08
Fe,04 104 + 0.04 873 +£0.05 977 +0.04 4.84 + 0.04
Cr04 0.45 + 003 049 +003 032 +0.03 039+003 034=003 0.06=+0.03
FeD 8.32+003 17.8+007 755+0.04 B511=+003 154 =009 245 +0.02
Mn0 039+001 047001 032=+0.01 031001 029=001 015=+001
MgO 919+ 009 120+011 948 +0.10 959+ 0.09 103 =012 4.16 +0.08
Ca0 607 004 580004 665004 650004 674005 193 +0.02
Nas0 310 £ 017 2.35x0.17 350x0.19 325018 336021 292 +0.21
K0 032 +£005 0.23£005 042 £0.06 021005 032006 2.76 =007
Pa0g 087 £ 007 0.79 £0.07 137 £0.07 112+ 007 127 =008 068007
504 ST £006 463 +£006 4812006 3.75+£005 291005 3.39+0.05
4| 131 +£002 157002 194002 174002 135002 063001
Ni 317 £ 35 352 £ 39 379 £ 35 318 = 37 297 = 40 272 £33
Zn 400 £ 11 415 = 14 407 = 11 422 = 13 314 + 14 679 £ 14
Br 475 £ 17 370 £ 18 181 = 15 203 = 16 91+ 15 21 +13
Ge 70+ 15 70 £ 15 0+ 10 30+ 10 30+ 10 190 =+ 20
Mineral
Quartz 2.3 2.6 19 0.5 35.3
Feldspars 37.6 315 40.6 38.9 41.5 334
Orthoclase 1.9 1.4 2.5 1.2 1.9 16.3
Albite 26.2 19.9 29.6 21.5 28.4 17.1
Anorthite 9.5 10.2 B.5 10.2 11.2
Actinolite 6.7
Diopside 11.9 10.7 12.4 11.7 11.0 4.0
Hypersthene 23.0 13 22.6 23.8 25.2 8.5
Olivine 0.3
Forsterite 0.3
Fayalite
Magnetite 151 14.9 12.7 14.2 12.7 3.3
Chromite 0.7 0.7 0.5 0.6 0.5 0.1
limenite 1.4 1.3 1.9 1.8 3.3 33
Apatite 2.1 1.9 3.2 2.7 3.0 1.6
Hematite 0.2
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lrom the same source as the lower unit. The
planar o low-angle stmtification could have
formed by the migration of mpact npples over
a sand sheet surlace, whereas the large-scale
cross-atratilication could have been produced by
migration of dunes, This imerpretation is
consistent with the abrupt contact between lower
unit facies with upper unit facics and with the
lack of any evidence lor depositional continuity.

Home Plate is a quasi-circular platcau with
beds that dip toward its center. One plausible
explanation for this geometry is that cither a
voleanic structure (e.2., a maar or wil ring ) or an
impact crater provided bowl-shaped reliel tha
was [illed with pyroclastic matenals. Because
settling from suspension tends o produce lavers
that conform o and drape underlymg wpogr-
phy, emplaced layers may have conlommed o the
depression’s shape, Postdepositional compaction
that induced subsidence in the decpest portions
could have further rotated beds woward the center.
Subscquent erosion may have stnpped away both
the original confining structure and pyroclastic
materals that lay outside it leaving behind a
mised platform of lavered materials that dip
inward. Indeed, the Columbia Hills exhibit a
paucity of small impact craters relative o the
stratigraphically vounger lava plains nearby,
indicating that substantinl amounts (perhaps
meters) of erosion have occumed (f8). Although
there is strong evidence that the rocks of Home
Plate lie close o their source vent, we have not
found evidence that Home Plate nsell is the
location of the vent. Indeed, a probahle source
venl has not wet been found along Spirit's
traverse. I as we suspect, Home Plate s a
rermant of a formerly more extensive explosive
volcanic deposit, then investigation of other
nearby layered maicnials may reveal a genctic
relationship o Home Plate.

Home Plaie was identified before Spirit's
landing as a high-priority target, and iis
apparcntly layered characier led o suggestions
of lacusirine. colian, or pyroclastic onigin (/).
Deposits of similar appearance are common on
Mars. Our conclusions suggest that pyroclastic
deposits may be common elsewhere, particu lar-
Iy in setings where magmas have come into
contact with ground 1cc or water.,
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Local Replenishment of Coral Reef
Fish Populations in a Marine Reserve

Glenn R. Almany,™ Michael L. Berumen,*?* Simon R. Thorrold,?

Serge Planes,* Geoffrey P. Jones®

The scale of larval dispersal of marine organisms is important for the design of networks of marine
protected areas. We examined the fate of coral reef fish larvae produced at a small island reserve,
using a mass-marking method based on maternal transmission of stable isotopes to oHspring.
Approximately 60% of settled juveniles were spawned at the island, for species with both short
(<2 weeks) and long (=1 month) pelagic larval durations. If natal homing of larvae is a common
life-history strateqy, the appropriate spatial scales for the management and conservation of coral
reefs are likely to be much smaller than previously assumed.

any of the desired outcomes ol ma-
rine protected arcas (MPAs) in lishences
management and  biodiversity  conser-

vation rely on untested assumplions about the de-
groe 1o which fish populations ane connected by
larval dispersal (7-3) Comectivity 15 a cntical
parmieter o models for optimiang the sie and
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spacing of MPAs (4-6), but the scarcity of dircet
mformation on laval dispersal limits the models”
utility (7). Because larvae typically spend times
ranging from days o months in the pelazic cmvi-
ronment before secking suitable habitat 1o begin
adult life, direct measurements o connectivity
are challenging (7 %) Thus, although larvae have
the potential 1o wavel far from their bithplace,
realized dispersal distances are seldom known.

We swdicd populations of two specics of

coral reel fishes with different reproductive simt-
COICS, OCCUPYInE a 0.3-km” coral reef surrounding
a small island that was recently designated
MPA (Kimbe Island in Kimbe Bay, Papua New
Giuinea) Ormange clownlish (Amypafiiprdon percnla;
Pomaceniridac) spawn demersal cees that hatch
alter several days of parental care, and larvac
then spend =11 days inthe pelagic environment.

In contmst, vagabond butterfly fish (Chaerodon
wigabndiy, Chactodontidae) release gametes
directly mwo the water column (that 15, there s
no parental cane), and larvae spend an averge
of 38 days in the pelagic environment (Fig. 1),
The reproductive characteristics of the vagabond
butter{lylish are found n most manne ish spe-
cies and in nearly all species targeted by fish-
erics throughout the word's oceans.

In December 2004, we tagged larvae using a
method wherehy mothers transmit stable banum
(Ba) isotopes o their oflspring before hatching
and dispersal (0, A wtal of 176 clownlish fe-
males and 123 butterllylish from the reel’ sur-
rounding Kimbe Island (Fig. 2) were caplured
and injected with a BaCly solution that was highly
enriched in ™ "Ba and depleted in 7Ba as com-
pared o natural Ba isotope values. In Febmary
2005, we rewrned 1o Kimbe Island and col-
lected 15 clownfish and 77 bunerlyfish that had
recently settled into benthie reel” habitats after
completing their pelagie larval phase. The analysis
ol daily growth inerements of sagittal otoliths
(ear bones) confinned that cach ol the recem
seltlers was born after the injection of the adults
with BaCla. We then quantified Ba isotope
ratios in the otolith cones of seitlers, using laser
ablation inductively coupled plasma mass spec-
trometry (ICP-MS). Ba isolope ratios in the
otoliths of all individuals fell on the theoret-
ical mixing curve between the enriched isotope
spike and natural Ba, with values that were sim-
ilar 1o those from otoliths of larvae from three
reef fish species injected with enriched '¥Ba

Fig. 1. Study species. An adult (A) A. percula (photo by 5. R. Thorrold) and (B) C vagabundus (photo by R. Patzner).
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under controlled I'.ll.'h.!l".l[ll-l"_l. conditions Ill;.' i),
Definitive idemification ol tgged fish was hased
on otwlith “"Ba"""Ba mtios because they con-
verged on the natural ratios mueh more slowly
than did "**Ba/"**Ba values (Fig, 3). A fish
was considered tagged if the "**Ba/"*"Ba ratio
ol its olith core was more than 3o lower than
the mean value from measurements ol control
otoliths (0 = 86) assayed throughout the ICP-
MS runs.

Choliths of nine clownfish and cight butierdly-
fish were identificd as tagead based on ¥ Ra
ratios, providing incontrovertible evidence that
these fish had returned 1o their natal reel (Fig. 3).
Assuming that we tageed all clownfish larvae
producad from Kimbe Islnd, 60% of juveniles
made the retum joumey—a conservative estimale
i we failed 1o locate any breading pairs. For
butterflvlish, we estimated the propontion of the
total adult population captured and injected with
Ba as 17.3% [95% confidence interval (Cly: 144
to 2040M%a) via a population survey conducted alter
123 adults had been mjected with Ba and  exter-
nally wgeed. Scaling the proportion of tageed
juveniles (8 of 77) o the proportion of adulis in-
jected with Ba indicated that a remarkable 60.1%
(93% CL: 320 o 72.2%) of juvenile butterflyfish
retumed 1o their natal reel, Tagged juveniles were
found I a varety of locations scattered around
Kimbe Island, although the larvae of both specics
that retumed settled in the greatest numbers at the
southeastem comer of the islad (Fig, 2)

Our direct estimate of -6 self-recruitment
for these two species demonstrtes that larvae are

capable of retuming © a very small taga recl

¥ .
(only 0.3 km7), even after an extended larval
duration. Alhough there s much reeent indirect
evidence for the hmuted dispersal of manne lar-

www.sClencemadg.org

Fig. 2. (A) Satellite image of the Kimbe Island MPA (taken by the IKONOS-2
satellite at a resolution of 1 m). (B and C) Schematic diagrams of Kimbe Island
showing the locations of tagged (red circles) and untagged (white circles) juveniles

collected in February 2005. The locations of juvenile (B} A. percufa (n = 15) and (C)
C. vagabundus (n = 77) are shown. In (C), the number in each circle corresponds to the number of juveniles collected from that location.
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vae (1) our results, in combination with two
previous mark/recapture studics of larval disper-
sal (12, 19, suppest than sell-recruimment in ma-
ring fish populations may be common and 1ake
place on a smaller seale than previously realized.
For example, a recent Carfbbean-wide biophys-

ical moddel of population connectivity im reel

fishes highlighed larval capabilinies a5 a key
factor determining levels of sell-recruitment ( £4).
When active larval behavior was introduced in

Fig. 3. (A) Ba isotope ratios in otolith cores from
juveniles of three reef fish species: A melanopus
(diamonds), A percule (squares), and Centropristis
striota (triangles), spawned from females injected
with ®BaCl, up to 3 months after the injections
and reared in the lab through settlement (10); and
mean values (£3a) from controls for each species
topen symbols), along with the theoretical mixing
curve (dashed line) between the enriched Ba
isotope spike and natural Ba ratios. (B) Ba isotope
ratios in otolith cores of tagged A percula (squares)
and C. vagabundus (crcles) juveniles and mean
(+3a) values from the otoliths of all unmarked
juveniles (open symbols), along with the theoretical
mixing curve (dashed line) between the enriched
Ba isotope spike and natural Ba ratios.

the model within a few days afier hatching, seli-
recruitment of virtual larvae averaped ~21% 10
reef areas delineated by 430 km?, In our stdy,
the proportion of seli-recruitment was theee times
greater o areel more than three orders of mag-
niede smaller,

The observation that parental habia is de-
monstrbly of sullicient quality for survival and
reproduction provides a compelling argument for
the presence of some degroe of self-recmutmen
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in fish populations. Selection may therefore favor
the retention of many larvae, apecally af the
probability of encountering better adult habata
by dispersing s low (/5) or advantages accruc
through local adaptation (/6). A mumber of mech-
anisms may be wsed by larvae w0 avoid bemg
swopl away ffom natal reels. Field evidence sug-
gests that reef fish larvae migrne ventically in the
water column 1o exploit cuments at different depths
and thereby avoid dispersal away from spawning
locations (/7). Larvae are also capable of sustained
directional swimming soon after haching (£8),
and possess a mnge of welldeveloped sensory
systlems 1o locate and ordent 1o reels, including
sight, smell, and sound (/8-27),

Despite the high levels of self<recruitment we
detected, ~40% of juveniles of both species canee
from outside the MPA. The reefl nearcst 1o Kimbe
Island is 10 km away, and reels in this region are
typically separmted by 5 1o 20 km. Ecologically
important larval exchange must occur between
populations at these scales. Thus, the Kimbe
Island MPA is likely to be self-sustaining as well
as providing recruitment subsidics 1o populations
bevond its boundaries, Although levels of retlen-
tion and connectivity may differ where reefs are
closer and populations are less Bolated, the Kimbe
Island example sets a new boundary condition for
the scale at which selfrecruitment can occur.

Ideally, the size and spacing ol marine re-
serves should be predicated on an understanding
ol larval dispersal distances (3-6, 22). The op-
timal design should be one in which individual

MPAs are large enough so that populations with-
m reserves can sustam themselves, yet small
cnough and spaced so that a proportion of larvae
produced mside the MPA 15 exported 0 un-
protected areas (3, 5. 420 Our study suggests that
the spatial scale at which coml reef” MPAs can
achieve these dual goals may be welatively small,
However, if natal homing and larval retention
are common, some MPAs may fail o deliver
substamial recruitment subsidies 10 locations
beyond their boundaries. We therefore suppon
recent suggestions (23, 24) that MPA networks
should be combined with conventional man-
agement strategics o both protect thremened
species and ensure the sustaimability of Nshenes
on coral recls,
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Developmentally Regulated piRNA
Clusters Implicate MILI in

Transposon Control

Alexei A. Aravin, Ravi Sachidanandam, Angelique Girard,

Katalin Fejes-Toth, Gregory ]. Hannon*

Nearly half of the mammalian genome is composed of repeated sequences. In Orosophila, Piwi

proteins exert control over transposons. However,

mammalian Piwi proteins, MIWI and MILI,

partner with Piwi-interacting RNAs (piRNAs) that are depleted of repeat sequences, which raises
questions about a role for mammalian Piwi's in transposon control. A search for murine small RNAs
that might program Piwi proteins for transposon suppression revealed developmentally regulated
piRMA loci, some of which resemble transposon master control loci of Drosophila. We also find evidence
of an adaptive amplification loop in which MILI catalyzes the formation of piRNA 5° ends. Mili mutants
derepress LINE-1 (L1) and intracisternal A particle and lose DNA methylation of L1 elements,
demonstrating an evolutionarily conserved role for PIWI proteins in transposon suppression.

nown pIRNAs are not expressed until
B spemmatocytes first enter mid-prophase

(pachviene stage) al ~14 days afier
birth (P14) (1<) However, Wil expression
begins in primordial germ cells e embrvonic
day 12.5 (5, 6), and tmansposons, such as L1,
can be expressed in both premeiotic and meiotic
gemn cells (7, N, We therefore probed a con-
nection between Mili and transposon control by

4 MAY 2007 WVOL 316 SCIENCE

examining MILI-bound small RNAs in early-
stage spermatocyies. Notably, MILl-associated
RNAs could be detected m all developmental
time points tested (Fig. 1 and fig. S1) Northem
blotmg revealed thar pre-pachyiene piRNAs

join MILI before pachytene piRNAs bocome

exprossed ar P14 (Fig, 1B) The appearance of
pre-pachyiene piRNAs was MILI-dependem,
suggesting a requirement For this protein in cither

their biogenesis or stability (Fig. 1C). These
results ratsed the possibility that MILI might be
programmed by distiinct piRNA populations at
different stages of germ cell development.

To characierize pre-pachviene piRNAs, we iso-
lnied MILI complexes from P 1O tesies and deeply
sequenced  their constituent snall RNAs. Like
pachyiene populations, pre-pachyitene piRNAs
were quite diverse, with 84% being cloned only
once. The majority of both pre-pachviene (66.8%60)
and pachyvtene (82.9%) piRNAs map w0 single
genomic locations. However, a substantial fraction
{2001%) of pre-pachytene piRNAs had more than
0 genomic matches, as compared o 1.6% for
pachytene piRNAs,

Amnotation of pre-pachyiene piRNAs -
vealed three major classes (Fig. 2A). The largest
{33%) comespondad 10 repeats, with most match-
ing shon interspersed clemenis (SINEs) (495),
long interspersad elaments (LINEs) (15.8%), and
lomg terminal repeat (LTR) retrotmnsposons
{33.8%). Although pachytene piRNAs also
match repeats (17%), the majonity (=80%%) map

Watson School of Bislogical Sciences, Cold Spring Harbor
Llaboratory, Howard Hughes Medical Institute (HHMI), 1
Bungtown Road, Cold Spring Harbor, NY 11724, USA

*To whom correspondence should be addressed. E-mail:
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uniguely i the genome, with only  1.8% map-
ping mone than 1000 times (fig. S2). In contrast,
22% of repeat-derived pre-pachyiene piRNAs

map more than OO0 times and  comespond
closcly to consensus sequences for SINE BI,
LINE L1, and IAP ratrotransposons (g, 520 A

second abundant class of pre-pachyvicne piRNAs
(29%) matched genic sequences, including
both exons (22%) and mtrons (79%). A thrd

Fig. 1. MILI associates with
distinct small RNA popula-

day 8 10 12 ad C

tions during spermatogenesis.
(A MIU-associated RNAs were
analyzed from testes of 8-
10-, and 12-day-old and adult
tad) mice. C, control immunc-
precipitation. (B) Testes RNA

day 8 10 12 14 ad

class matched sequences without any annota-
tion (28%). All three major classes shared
sigmature piIRNA charactenstics, including a prel-
crence for a uridine (U a their 5° end (=80%)
(Fig. 2A).

Pachytene piRNAs derive from relatively few
extended genomic regions, with hundreds 1o
thousands of different specics encoded from a
single genomic strand ([, 3, 4). Cluster analysis
of pre-pachyiene piRNAs vielded 909 loci, cov-

(three top panels) or RNA from ering ~0.2% of the mouse genome (3.3 mega-
MILI immunoprecipitates (IP) pre-paciytene bases; ble S1). Pachviene and pre-pachyiene
(two bottom panels) from mice L clusters show livtle overlap (Fig. 2, B and C, and
of indicated e s analyzed table 51). Overall, pachytene clusters were larger,
by m“”‘b‘ﬂmng for a pre- and cach produced a greater fraction of the
pachytene piRNA, a pachytene Y

piRNA, or let-7. The asterisk
indicates the residual let-7
signal. {(€) Northern hybrid-
ization of RNA isolated from
P10 testes of WT mice and
Mili-heterozygous and Mili-
homozygous mutants, as in-
dicated. The probe is as in
(B). M, RNA size markers.

pachytens
piIRMA

let?

day 8 10 12 14 ad C Ml IP

piRNA population than carly clusters. which

average 5.8 Kb in size (Fig. 2B). Only 56.5% of

unigquely mapped pre-pachyviene piRNAs can be
attributed 10 clusters, as compared o 95.5%
pachytene piRNA populations. Considered
together, these results demonstrate that pre-
pachyiene and pachytene piRNAs ane derived
from different genomic locations, with pre-
pachytene piRNAs being produced from a

a0 broader set of loci,
! ’ T pre-pachytene We were unable W intuit the functional im-
RIRNA portance of those pre-pachviene clusters that
correspond solely to unannolated regions of the
20 genome. The 28% of pre-pachyiene piRNAs tha
comespond to protein coding genes were con-
a0 pachytena centrted in 3 untranshited regions (3'UTRs (g,
308 § | [pre-pachytene PiRINA 53) and showed a strong bias for certain loci,
PIFINA with 8% ol the total coming from only 10 genes.
— ! " However, these were invanably derived from the
sense strand, implying that these piRNAs would
Fig. 2. Characteristics of pachytene and pre- A W transposons B
paghytene piRNAs. (A) l’.iza-m:nmli]nslII annotation of @ nossnoeton :mwzﬁﬂm
piRNA populations and the fraction of sequences :m L :::::“:::‘:::E::i:r::::.‘.:#::::::
with a 5" U are indicated. rRNA, ribosomal RNA; other ncANAS e e e I
ncRNA, noncoding RNA. (B) The top 20 pachytene pachylene piNA  pre-pachylene piINA S SR G 5 B A e
and pre-pachytene piRNA custers are displayed 5U 945 TR }“' 2 (¢ :
according to the fraction of uniquely mapped !
piRNAs produced (y axis) and cluster sizes (x axis). :
The cluster on chromosome 17, expressed at both 3
stages, is marked with an arrow. Pre-pachytene
clusters, enriched in repeat-derived piRNAs, are

marked with armowheads. (C) The density of uniguely
mapped piRNAs on chromosome 7 is plotted for the
plus and minus genomic strands (above and below
the axis, respectively). (D) Transposable element
fragments and piRNA density are plotted for a
repeat-rich pre-pachytene piRMA cluster [*3" in (B)],
Elements, separated by type, are indicated as red
boxes on the plus strand and as blue boxes on the
minus strand. Gray shadowing indicates LINE and
adjacent SINE fragments that closely match their
CONsensus,

Cc

]
?

www.sciencemag.org SCIENCE VOL 316 4 MAY 2007

745



REPORTS

746

be unable w direct posttranscriptional gene
silencing. Using semiquantitative reverse tran-
scription polymenise chain reaction (RT-PCR),
we were unable to detect differences m the ex-
pression of genes comesponding o pIRNA clus-

ters by comparing wild-type (W) 1o Mil-mutant
animals. We do not vet understand what distin-
guishes genes that contribute prRNAs but do note
that at least some have repetitive clements
resident in their 3'UTRs (g, S3).

A B tail DNA testis DNA
T A
L1 IAP F PP
’ X ; L L 'll'H 1F 1r 'FIH ”'I
10 A0 awT HMHM MHMHM
| M -
§ m.
(=
as 200 -
£
£ .
3
c 104
10 days 14 days 10 gays 14 days
, CpG
c Ml +- & Unvaaiyisted Co0 -

[(TXT XY

=

Fig. 3. Mili regulates L1 and IAP elements. (A} Quantitative RT-PCR for |AP and L1 expression in
testes from WT or Mili-null mice, as indicated. Expression was assessed at P10 and P14, Error bars

indicate SD. (B} DNA was isolated from

the tails or testes of Mili*™, Mili*~, or Mili™"™ animals;

digested with either a methylation-insensitive [Msp | (M)] or a methylation-sensitive [Hpa Il (H)]
restriction enzyme; and uwsed in a Southern blot with a probe from the LINE-1 5'UTR. Arrowheads
indicate bands arising from loss of methylation in the Mili-null animals. (C) Bisulfite sequencing of the
first 150 bases of a specific L1 element was done in Mili*'~ or Mili™™ animals.

Fig. 4. A Piwi-mediated LINE L1

piRNA amplification loop
in mammals. L1 (A} and
IAP (B) piRNAs were
aligned to their consen-
sus sequences allowing
up to three mismatches,
and distances separating
5" ends of complemen-
tary piRNA were plotted.

reflative frequency

O sanso
B anlisensa

LINE L1

104 %

U %
S BEEEEBEE O
58858238

nt, nucleotide, Nucleo- 5 10 15 20
tide biases were calcu-
lated for L1 (C) and AP
(D) piRNAs analyzed in
(A} and (B). The fraction
of A at position 10 was
plotted both for piRNA
classes that contain and
lack a 5° U, For each bar,
the percentage of U or A
residues that would be

I&F

relatve requency

distance batween 5" ends, nt

75 a0 5U non-5U

-+

expected by random s 0 15
sampling s indicated by
a solid line across the bar.
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50  non-5'U

distance betwean 5' ends, nt

Clusters that are nch in trnsposon sequences
were among the most prominent, as judgad by
cither their size or the number of pilRNAs that they
generate. Two ol these were the langest pre-
pachytenc clusters (97 and 79 kb, respectively).
Although uniquely mapping piRNAs were
doerived  largely from one genomic strnd, the
mixed orientations of transposable clements
within clusters led o the production of both sense
and antisense piIRNAs, As is obsenved in Dro-
sopfifla, repaat-rich mouse piRNA clusters typi-
cally contained multiple element types, many of
which comprise damaged or fragmented copics
(9. In many repeat-nch clusters, the onentation of
most clements was similar, For example, similarly
onented elements in the two longest clusters (Fig.
2D and tble 513 resulted in the production of
manly antisense piRNAs, similar to the famenco
PRNA locus i Dyowopdiila (9, 10),

We examined the possibility that pre-
pachylene piRNAs might program MILIL o ne-
press transposon activity. Ml mutation showed
substantial effects on L1 and IAP expression, with
cach increasing its levels by a factor of'at least 5 1o
10 (Fig. 3A). These studies were camiad out al
P10 and P14, belore an ovent Mili phenotype
becomes apparent.

Although posttmanscriptional mechanisms
likely contribute to silencing, CpG methyvlation
s critical lor transposon repression in mam-
mals (//-16). Both analysis with methylmion-
sensitive restriction enzyimes and bisulfite DNA
sequencing revealed substantial demethylation
of L1 elements in Miff-mutant testes (Fig. 3, B
and C). In the lamer case, the ~50% ol L1 se-
quences that remain methvlated in the mutam
are likely derived from the somatic compart-
ment. Considered together, our data suggest that
pre-pachyiene piRNAs might help o guide
methylation of L1 elemenis, although we can-
not distinguish between roles in de novo versus
mainienance methylation.

In Dvosephila, Piwi-mediated cleavage
promoics the formation of secondary piRNAs
(2, 7). This allows active transposons and
PiIRNA clusiers to participate in a feed-forward
loop that both degrades transposon mRNAs and
amplifics silencing (%), The presence of both
sense and antisense piRNAs from mammalian
trunsposable clements creates the potential for
engagement of a similar amplification cycle, This
cycle creates two tell-ale feawres, Firsy, because
Piwi proteins cleave targets opposiic nucleotides
[Oand 11 of the guide, pikRNAs generated within
the loop overdap their parners by precisely 10
nucleotides (9, 17 As predicted, we observad
enrichment for piRNAs comesponding o L1 and
IAP rewrotransposons, in which the 5 ends of
sense and antisense panners are separted by pre-
cisely 10 nucleotides (Fig. 4, A and B). Second,
because most pikNAs begin with a U, piRNAs
produced by Piwikmediated cleavage are en-
riched for adenine (A) at posiion 10 (9, /7).
This bias was prevalent in L1- and IAP-derived
piRNAs [the fraction of A at position 10 (10A) in

WWW.SCIencemag.orng




Fig. 4. C and DJ. For piIRNAs 0 be cleavage-
competent and active i the amplification cyele,
they must retam a high degree of complemen-
tarity to therr targets (g, S4). Consistent with
this hypothesis, piRNAs that map uniguely in the
genome have a lower bias for 10A ez, 38.7%
for non-3'L) piRNAs maching LTR-containing
retrotransposons) than do piRNAs with many
(e, = 1000) genomic matches (61.5%),

Our results suggest a conserved  pathway
through which a developmentally  regulated
cascade of piRNA clusters programs Piwi
proteins 1o repress tmnsposons in mammals,
One key difference between transposon control
in feosapdiile and mammals s the role of
cytosine methyvlation i mantining  stable
repression. In plants, 10 s well established than
small RNAs can guide methylation of com-
plementary sequences (f8, 19), The observa-
tions that Miwi2 (20 and MiF mutations
strongly aflect methylation of LI clements and
that MILI binds Ll-targeted small RNAs

suggest that mammals may alko harbor an
RN A-dependent DNA methvlation pathway.
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Protein Dynamics Control the Kinetics of
Initial Electron Transfer in Photosynthesis

Haiyu Wang,»® Su Lin,™* James P. Allen,? JoAnn C. Williams,® Sean Blankert,?

Christa Laser,™* Neal W. Woodbury™**

The initial electron transfer dynamics during photosynthesis have been studied in Rhodobacter
sphaeroides reaction centers from wild type and 14 mutants in which the driving force and the
kinetics of charge separation vary over a broad range. Surprisingly, the protein relaxation kinetics,
as measured by tryptophan absorbance changes, are invariant in these mutants. By applying a
reaction-diffusion model, we can fit the complex electron transfer kinetics of each mutant
quantitatively, varying only the driving force. These results indicate that initial photosynthetic
charge separation is limited by protein dynamics rather than by a static electron transfer barrier.

olar energy conversion in photosynthesis

involves electron transfer between an

excited donor molecule and a neighboring
accepior molecule that are embedded in the
reaction center, an intrinsic membrane proicin-
pigment complex, In the photosynthetic reaction
centers of Rhedobacrer spliaeroides, an excited
clectron donor, P* (P is a pair of bacteriochloro-
phylls) transfers an electron n picoscconds o a
neighbonng bactenochlorophyll, B, and sub-
sequenly o a bacteropheophytn, Hy (Fiz, 1)
The state P H, exists for about 200 ps before
the eleciron is trnsfemed 1o a quinone Qg (1-3).
One aspect of reaction center Tunction that s
challenging to undersiand quantitatively is the
dependence of the initial charge separation Kinet-
ics on driving force (the free energy difference
between P* and the initial charge-separted state),
Many mutams with alered standard free energies

'Biodesign Institute, Arizona State University, 1001 South
McAllister Avenue, Tempe, AZ 85287-5201, USA. ‘Depan-
ment of Chemistry and Biochemistry, Arizona State Uni-
versity, Tempe, AZ B5287=1604, USA.

*To whom correspondence should be addressed. E-mail:
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for the initial charge separation have been studiad.,
and in general the dependence of the electron
transfer mie on driving foree is not consistent with
the weak temperature dependence of this reaction
(4-6). Additionally, the Kinctics of the charge
separation are complex, requiring muliple decay
components for an accurate description in both
wild<type and mutant reaction centers  (4-4).
Many different kinetic models have been devel-

oped 1o explain these feaures on the basis of

vibrational nonequilibrium (4-41), static n-
homogeneity (4, 7, 123, and muliple interacting
stafes (&, £3) However, none of these quantin-
tively predicts the complex reaction center
kinetics as a function of driving lorce.

The protein environment of the reaction center
represents an inhomogencous solvent, which
relaes upon excitation and charge separtion over
many different time scales (M, 14-16). Thus, a
complete mode] of electron transier must tike into
account protein motion, 4 concepl suggested pre-
viously by Chandler and co-workers on the basis
of molecular dynamics simulations (/.3), Maolecu-
I dynamics simulations modeling the dlecton
transfer reaction, as pioncered by Warshel and

Parson (11, £4), suggest that the energy Muctua-
tions between states due o profein movement are
correlated with initial electron transter Kinetics,

The structure-based theoretical treatments
described above give detailed mechanistic
information but are challenging to apply directly
tor the analysis of experimental dota. Fortunaely,
simplilicd models have been developed 1w
describe clectron transler between small mole-
cules in viscous solvents, resulting in the re-
duction of the solvent motion to one or two
generalized dimensions (f7-19). One way 1o
represent such a reaction is 1o divide the solvemt
response (the solvent reorganization) into two
dimensions: the instantancous response of the
solvent (much Fster than electron transfer) and
the slower, longer-mnge solvent reorganization
that occurs on the time scale of electron ranster
and longer. For this situation, the kinctic time
course can be deseribed by the reaction-diffusion
cquation (f9)

oplx.i)

o'f

=[L

Kix)|plx.r) (1)

Here, piry) 1s the distibution of the imitial cloc-
tron donor state (P*) along a reaction coordinate, v,
as a function of tme, £. The reaction coordinate
x is associated with the motion of the solvem
{protein ) on the time scale of the electron transfer.
K is the rate constant for clectron transfer at the
reaction coordinate position x (20

Kix)= L =

. exp | AG0HA - 2vy /i) |
.|rJ 1.. ;"‘-f"‘lﬂ r

YipknT |

p

(2}

where./ is the electronic coupling matrix elemeny;
AGY s the standard fiee energy difference be-
tween the reactants and the products; & s the oal
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reorganization energy and represents the sum of
A inuclear relaxation that 1s fast on the time scale
of charge sepamtion) and A, (protein relaxation

toor slower than charge separation); and &g and

I are the Bolzmann constant and emperature,

respectively. In Eq. 1, L5 an operator that

diffusion of the protein along the reaction co-
ordinaie x. L s proportional to a diffusion rate

that, lor complex solvents such as proteins, 15 a

the tme-dependemt movement and  functiion of tme and 15 denved from the nme

deseribes

along the reaction coordmate x that 15 comparable
course of the diclectne solvent relaxation, £y
(sce below and cg. 52). Lasily, the observable
time-dependent population of the electron donor,

P, 1s given by

P* (i) = Jplx. I )ex
The difficulty in applving this formalism w0 the
.II|.,l|:| s1n Of electron transler |,|3|1.|1|||».,'.-\ i the re-
achion center 15 that the mme course of prolem

I11”‘, I lIIZkI:II'.‘- n iII‘.I.l hence the L

|..'=:|\.|'.i-.-|1, L
ator £ cannot be determined. One approach for the
cmpirical determmation of Cyleh 15 1o monitor the
typlophan absorbance = a function ol tme
Tryprophan has a large difference dipole betwen
the excted and pround states, making its absorb-
ance spectrum and oscillator strength sensitive o
the dielectne nature of 15 surroundings (21 23),

The reaction center conlans 39 tryplophan
residucs i the L and M subumits, with L1564
and MI1ESW (24) being closest to the colactors
involved in initial elecron transfer (Fig, 1)
[nitiation of the electron tmnsfer reaction |1j.
excitation in the near-infraned |-.'-_,_'iu|1 results inoa
trnsicnt ..'|;:||1:.'-.' in the absorhance at 280 nm,
which is ncar the peak of the tryplophan ab-
sorbance band. Figure 2A shows the transient
sigmal at 280 nm in wild-type reaction centers
s transient signal can be it by two short tme
constants (3 ps and 10 ps) and one long constant

. : : : i : T (190 ps) The quinones were removed from the
Fig. 1. The cofactor arrangement of wild-type reaction centers from R sphaeroides. P 15 a bacterio- l

chlorophyll dimer. B, and Bg are hacteriochlorophyll monomers. Hg and Hg are bacteriopheophytins, Q, and
Qg are ubiguinones. The A and B subscripts denote the two potential electron transfer branches (A is the
active side in wild type). The amino acid residues that were altered to vary the driving force for electron
transfer are shown in shades of blue, green, yellow, purple, and orange. There were a total of 14 different
electron transler mutants used in this study, including single, double, and triple mutants of the residues
shown. These are L131LH (24), L168HF, M160LH, and M197FH [all mutants that alter hydregen bonding to
P (26)]; M203GL [making By harder to reduce (25)]; L153HF, L153HV, L153HS, and L153HD [all alter the
histidine that coordinates the Mg in B, making it harder to reduce (28)]; L170ND and L168HE [both
introduce charges in the vicinity of P (27)]; as well as the double mutants L131LH+M160LH and L131LH+
M197FH (26} and the triple mutant L131LH+M160LH+M197FH (29). In addition, two tryptophan residues
(shown in red) near the cofactors involved in initial electron transfer have been mutated both singly and
together, resulting in the mutants L1S6WF, M185WY, and L156WF+M185WY.

reaction centers for these measurements because
they also absorb n the 280-nm region, resultine
m an addiional transient on the 200-ps tme
scale bocause ol electron ransier froom Hy, wo Oy
(the 280-nm signal from reaction centers with
and without guinones are compared in fig. S1).
[here are two lines of evidence that the 280-nm
signal that remains upon quinone removal
ariscs from absorbance changes in tryptophan,
First, when MI3SW and LI5S6W
mutiied 1o nontryptophan residues, the 10-ps
and 190-ps components of the transient were

were baoth

Fig. 2. (A) Comparison

-
of the time-dependent A H ogL B g
changes in the trypto- 0.9 ®  wild type 4 -
phan absorbance band — 4 L1S6WF+M185WY k-u.. s . —
at 280 nm in guinone 3 LA o S 5 06|
removed reaction centers @ 0 80 160 240 | m ¥
from wild type (average Time (ps)
of 10 traces) and the A v et '5 0.3} — Tryptophan

I . ' ® wild type
L1S6WF+M185WY mu- o ek o a n
tant (average of two I ﬁ i n'.i"* "..". “"" 0.0} Ll
traces). (Inset) The same 0.0 . ‘ . ' — - . . .
0 3] 10 15 20 25 30 260 270 280 290 300

kinetics on a longer time
scale, (B) The difference
in the absorbance spec-
trum measured at 1 psand 30 ps for quinone-removed wild-type (circles) and M203GL (tiangles) reaction centers. All points represent an average of three measurements,
and the error in the mean i about £0.05 on the scale given, The solid line & the absorbance spectrum of an individual tryptophan (Trp™) in the enzyme bamase [taken
from figure 2 in (21)]. a.u., arbitrary units,

Time (ps) Wavelength (nm)

748 4 MAY 2007 WOL 316 SCIENCE

wWWW.sClencemad.org



greatly decreased relative to the 3-ps component
(Fig. 2A) The individual mutations result in
smaller perturbations of the 280-nm signal, The
kinetics of electron transfer do not change in
cither the single or the double wryptophan
mutants, In comrast, mutants with modifications
at the seven nomrypophan residues shown in
Fig. | changed the dectron transftr mie constant
by as much & an order of magnitude but did not
detectably aler the 280-nm wransicnt, Second, the
amplitude spectrum of the 280-nm transient (Fig,
2B) is essenially identical 1o the ground siate
spectrum of a single tryplophan residue in the
eneyme bamase (24} This is rue both for wild-
type reaction centers and for the mutam M203GL
(Fig. 1) (24, 25) that undergoes electron tmnsior
an order of magnitude more slowly than wild type
(Fig. 2B). Thus, the 280-nm tansient absorbance
signal is sensitive o local tryplophan mutations
ad has the spectral chamctenstics of ryplophan,
mmplying that it reflects changes m the proten
environment probed by local trvptophan residues.
This signal was used 1o provide an experimental
measure of the protein dynamics during initial
electron ransfer [i.c., o determine (1)),

The protein dynamics probed in this way
were compared with the Kinetics ol initial elec-
tron transfer delermined by following the decay

of the 930-nm stimulited emission signal from
P* (Fig. 3). In addition 10 wild type. measure-
ments were performed on 14 reaction center mu-
tants, all of which are thought to primanly affect
the doving force tor the initial cleciron transfer
rather than reaction center structure or dynamics
(Fig. | legend). The ovemll electron transter Kinet-

ics in these mutants vary by more than an onder of

magnitude, from about 2 ps o ens of picoscconds
(Fig. 3A and lg. S2A) (25-29). One might expect
that protein relaxation would simply follow the
time course of electron transfer in each mutant. In
other words, the fomation of the charge-separated
state would be mte limiting, and protein relaxation
would wack tus reaction. In contrast, the trnsient
signal at 280 nm for all of these mutants 15 the
same within experimental emor (Fig, 3B and fig.
S2B) (3. The imvarianee of the tryptophan signal
across mutants with widely varving clectron
transter dynamics leads 1o a notable conclusion:
The local protem movement imitiated by formgtion
of the imitial excited state of the reaction cenler 15
independent of the kinetics of charge separation on
the picosecond time scale.

Because the protein relaxation on the pico-
socond time scale is independent of electron
transfer kinetics, this movement must be initiated
by events occurming ol very carly times upon light

Fig. 3. (A} Charge separation
kinetics of reaction centers from wild
type and 14 mutants determined
from transient absorbance changes
at 930 nm (stimulated emission from
P*) by using 860-nm excitation. Five
of those mutants (L168HF, M160LH,
L153HF, L131LH, and L131LH+
M160LH) are shown here, and the
rest are given in fig. S2A. The solid
lines are fitting results with use of the
reaction-diffusion model. The fitting
parameters used for wild-type reac-

A 0.8
06

tion centers are (AG® + i) = 150
meV, J = 39 em™, iy = 280 meV,
and ., = 70 meV. The mutants were
fit by varying only the free energy
difference. The resulting free energy
differences relative to wild type
(AAGY,) were L168HF (75 me\),
L168HE (48 meV), L170ND (-7
meV), wild type (0 meV by defini-
tion), M160LH (27 meV), L1S3HV
(28 meV), L153HS (37 meV),
M197FH (40 meV), L153HF (57
meV), L131LH (99 meV), M203GL

(105 meV), L131LH+M160LH (136
meV), LIZ1LH+M197FH (140 me\V),
L153HD (148 meV), and L131LH+
M160LH+M197FH (180 meV), with

fitting erors of about +3 meV. (Inset) Kinetics of L131LH and L131LH+M160LH over a 220-ps time scale, (B)
Transient absorbance change in the tryptophan absorbance band at 280 nm for the same reaction center
samples as in (A) using 800-nm excitation. (Inset) The same transients on an 800-ps time scale. The 280-nm
transients shown are from quinone-containing reaction centers, because most of the mutants were not stable to
quinone removal However, over the first 25 ps, the quinone has little effect on the signal (fig. 51), and the
tryptophan transients from quinone-removed reaction centers in the mutants where this was possible were all
the same (30). In both (A} and (B), the measurements were performed at least 10 times for wild type and two to

three times for all mutants shown,

WWW.SCIEnCcemag.ong
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absorption. In this view, 11 is possible that the
kinctics of the electron trnsfer reaction are
strongly miluenced by protem dynamics, rather
than the protein simply  responding 1o charge
separation. This would be true if the inherent mate
of charge separtion s fast once the prodein,
responding 1o an initial excitation event, has
achieved an appropriate nuckear configuration. In
that case, protein dynamics control the oversll
chctron tmansfer Kinetics, and the diclectric
relaxation term in the reaction-diffusion model
has a large effect. To test this concept, we wsad
the multiexponential it of the 280-nm mnsiem
from quinone-removed reaction centers as the
diclectric relaxation function, Cylt), 10 detenmine L
m Eq. | [see (20) for the detuled relatonship
between L oand Ch(n]. The measured P* decay
kinctics was then it o this expression (lilting
paramciers given in Figo 3 legend). The key
finding in this work s that, for all 14 mutanis, it
was only necessary to adjust AG? during the
fiting to obtn excellent fits of the complex
kinetic traecs (the fits 1o five mutmits ane shown in
Fig 3A, and the rest are given in fg. S2A% all
other parmmeters in the it were held constant (31).
The values of the driving foree for initial electron
transler for each of the 14 mutants relative to tha
of wild type (AAG"5) are given in the Fig 3
begend and in table S0 032)

Two lines of evidence suggest that the
relative free energy changes resulting from these
fits are reasonable. First, for each of the double
and triple mutants tested, the overall AAG, is
in fact very close o the sum of the individual

LAMLH+MIGILH

-100}
100 50 O
AAG, . (meV)

50 100 150

Fig. 4. The y axis describes the relative free
energy change AAGY;, associated with the initial
electran transfer reaction as determined via fitting
with a reaction-diffusion model for five of the
mutants studied. This value could only be varied by
+3 meV before a significant decrease in fitting
quality was observed. The x axis describes the
change in the AAG e, calculated from the PIP*
midpoint potential for each mutation (26, 27). These
mutations were selected because they are thought
to predominantly affect the midpoint potential of
the initial electron donor (P} and not the acceptor,
making it possible to directly calculate the change
in driving force for the reaction from the change in
the P/P* midpoint potential (it is not possible to
directly measure the midpoint potential of the
initial electron acceptor in the reaction center).
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AAG . In addition to this. for five of the mutants
studied, it was possible to perform an indepandent
check of the AAG"5 value obtained by companng
the -_"l._‘h.{'.-'“ﬂ. with the relative free energy difference
determined from electrochemical meassurements
of the reaction center (AAG ., Fig. 4 and able
511 In these mutants, only the PPT midpoint

potential (and not the midpoint potentials of

Ba/Ba- or HaHy-) are thought 1o change, There-
fore, the melative driving force for cach of these
mitants should be directly related 1o the messured
PP midpoint men:iul via the Nemst equation
(26, 27, AAG G and AAG pp. agree 1o within
about 30 meV in al five mutonts (Fig, 4), dem-
omstrating that the relative free encrgies datenmingd
from the reaction-diffusion formalism are in line
with mdependently measured values,

These results provide strong  experimental
evidence for the concept that the complex non-
exponential charge separation kinetics in reaction
centers largely reflect the tme course of proten
dynamics mther than the inherent clectron transfer
rate betwoen two static states. This evidence
supponts the concept that protein movement plays
a key role in the kineties of the primary clectron
transfer reaction. & previously modeled in strue-
turally based simulations of electron transfer in
reaction centers ( /4, 15). Apparently, the observed
kinetics are determined by protein conformaional
changes initinted by the light absorption event
rather than a static bartder crossing between two
potential surfaces. The dependence of dlectron
transler dynamics on protein movement lends a
robustness 1o the electron mnsfer process that 1s
likely wery advantageous: changes i the local
enviromment that aler the Iree energy ol the
charpe-separated states (such as membrane poten-
tials, for example) will only have minor effects on
the speed and efficiency of the electron transter
reactions, because the protein effectively nelaxes
through a regime in which the activation energy is
nearlv zero, almost imespective of the  initial
energetics. Given the similanity of the core fca-
tures of the photosynthetic complexes from bac-
teria and plants, it is very likely that this same
framework holds tue for the initial electron
trnsfer reaction of photosynthesis in general and
possibly for other protein-mediated cleciron trns-
fer reactions on similar ime scales.
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Reducing Endogenous Tau Ameliorates
Amyloid p—Induced Deficits in an
Alzheimer's Disease Mouse Model

Erik D. Roberson,?* Kimberly Scearce-Levie,*

Jorge ). Palop,™? Fengrong Yan,'

Irene H. Cheng,™ Tiffany Wu, Hilary Gerstein," Gui-Qiu Yu, Lennart Mucke™?*

Many potential treatments for Alzheimer’s disease target amyloid-} peptides (Ap), which are widely
presumed to cause the disease. The microtubule-associated protein tau is also involved in the disease,
but it is unclear whether treatments aimed at tau could block Af-induced cognitive impairments. Here,
we found that reducing endogenous tau levels prevented behavioral deficits in transgenic mice
expressing human amyloid precursor protein, without altering their high AP levels. Tau reduction also
protected both transgenic and nontransgenic mice against excitotoxicity. Thus, tau reduction can
block AP and excitotoxin-induced neuronal dysfunction and may represent an effective strategy for

treating Alzheimer’s disease and related conditions.

eposits of amyloid-f peptide (AP) and
Dl:lu are the pathological hallmarks of

Alzheimer's discase (AD) Treatments
aimed ol AR production, cleamnce, or aggeregi-
tion are all in climical inals. However, interest in

tau as 2 targel has been muted, partly because
tau pathology scems to occur downstream of AR
(-4, making it uncenain whether tan-direcied
therapeutics would prevemt AP-induced impair-
ments, Also, tau is postranslationally moditied in
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AD (5, and debate continues about which mod-
itications should be targeted. Reducing overall tau
levels mught be an altemative approach (%), As tan
haplotypes driving shghtly higher tau expression
increase AD risk (£0), reducing tau levels might
be protective. Therefore, we determined the cffeot
of reducing endogenous i expression on cogni-
tive delicits in transgenic mice expressing human
amyloid precursor protein (WAPP) with Gumnilial
AD mutations that increase AR production,

We crossed hAPP mice (/1) with Tau™
mice (/2) and examined hAPP mice with two
(hAPP/Tau™""). one (hAPP/Tau""), or no
(hAPP/ T ™) endogenous tau alleles, compared
with Zou, Tan™ ", and Tan™ mice without hAPP
i(/3). Tau reduction did not aftect hippocampal
hAPP expression, and conversely, hAPP did not
allect huppocampal u levels (g, S1). The six
genotypes showad no differences in weight, gen-
eral health, basic rellexes, sensory responscs, or
gross molor function.

To test keaming and memory, we used the
Moms water maee, Inthe cued version, mice leam
to find the tareet platform wsing a conspicuous
marker placed directly above it. At 4 w0 7
months of age, Tau™"", Tau™, and Tau™ mice
lcamed quickly, but as expected (/4. [5),
WAPP/ Tan " mice took longer to master this
task (Fig. 1A P<0.001). In contrast, RAPP Tane™
and BAPP/Taw™ mice performed at control
levels.

The more difficult hidden-platfonm version of
the water maze demands spatial leaming. Mice
without hAPP leamed this task over 3 days of
trmining regardless of tan genolype, whereas
BAPP Tin™™ mice showed no evidence of leaming
until days 4 and 5 (7 < 0.001; Fig. 1B). Motably,
hAPP/ Tone™™ mice were less impaired than
hAPP Tau™ " mice (7 < 0L02), and hAPP/ Tan™
mice did not differ from controls without hAPP
(Fig. 1B). Probe trials, in which the platform was
removed and mice were given 1 min to explore
the pool, confirned the benelicial elfect of au
reduction (Fig. 1, C o E). In an initial probe inal
24 hours alter 3 days of waining, hAPP Ta™
mice had no apparent spatial memory of the
plattornm location, crossing the target platform
location no more than they crossed oquivalent
arcas in nontarget quadrants (Fig. 1D). How-
ever, hAPP Tan™ mice, similar to mice with-
out hAPP, did cross the target platform location
more ofien (< 0,01; Fig. 1D). After two ad-
ditional days of tmining. hAPP Tau™ mice also
had more target than nomarget crossings (-
0.01). whercas hAPP/Tan™" mice still showed no
spatial leaming and memory (Fig. 1E). Thus. the
tau reduction gene dose-dependently ameliorates
Af=dependent water maze learning and memory
delicits.

Gladstone Institute of Neurological Disease, San Fran-
cisco, CA 94158, USA. Department of Neurology,
University of California, San Francisco, CA 94158, USA.

*To whom comespondence should be addressed. E-mail:
eroberson@gladstone.ucsiedu (E.DR); Imucke@gladstone,
ucsf.edu (LMW}

Increased explomtory locomotor activity is
seen after entorhinal cortex lesions and  may
reflect defiens in spanal mformation processing
(£6); hAPP muce show simular hyperacuvity (13).
hAPP/ Tanr™" mice were hyperictive in the Y
maze (P < 0.001; Fig. 2A), a new cage (P =< 0.05;
Fig. 2B), and the clevated plus maze (7 < 0.001;
Fig. 2C). In conrast, these abnomalitics were
not seen in WAPP/ Tan™ and hAPP/Tau™ mice
(Fig. 2, A to C) To determine whether the
benelits altorded by tau reduction were sustained,
we examined older mice. Hyperactivity persisted
in hAPP/Tau™" mice and remained absent in
NAPP/ Tae mice at 12 10 16 months (7 < 0,05,
Fig. 2D).

REPORTS

Premature death of unclear etiology was
also observed i hAPP mice (P < 0L005; Fig, 2E)
(7, 18 Again, both hAPP Tan™ and hAPP Tae
mice were protected from this carly  mortality.
Thus, tau reduction prevented magor Af-dependent
adverse effeats in hAPP mice, We examined sev-
cral plansible mechanisms by which tau reduction
might exert protective effects and we eventually
discovered an unexpectad role for tau,

We lirst ruled owt the possibility that tau
reduction altered AR levels or aggregation. Tau
reduction did not aller BAPP expression (fig. S1).
sofuble AR, or Ale levels, or the AR oA«
ratio (fig. S2). In addition, hAPP ™, hAPP Tan™,
and hAPP/ Tan ' mice had similar plague load at

Fig. 1. Tau reduction Ewl

prevented water maze 504

deficits in hAPP mice 40 54\

{7 = 7 to 11 mice per g 20 1

genotype, age 4 to 7 i‘\i

months). (A} Cued plat- g2 L,

form learning curves. Day Ig 10

0 indicates performance 0

on the first trial, and sub- Dtjl' ::I'I'Hzlnll:u 0 t:ﬂ' :fﬂ:hll:g 5

sequent points represent
average of all daily trials.
Performance differed by
genotype (repeated mea-
sures analysis of vari-
ance (RMANOVA): P <
0.001; hAPP by tau in-
teraction, P = 0.058). In
post-hoc comparisons, only
hAPP/Tau*" differed from
groups without hAPP
(P < 0.001). (B) Hidden
platform learning curves
differed by genatype
(RMANOVA: P < 0.001;
hAPP by Tau interaction,
P < 0.02). In post-hoc
comparisons, hAPPTau*""
differed from all groups
without hAPP (P < 0.001);

C Tau*™*

hAPP/Tau*’* hAPP/Tau™

hAPP/Tau*" differed from
hAPPTau™ (P < 0.02)
and groups without hAPP
(P < 0.01); hAPPTau™
differed from haPPTau*"
(P <= 0.001) but not from
any group without hAPP.
{C and D) Probe trial 24
hours after completion
of 3 days of hidden-

By ke

g
g,.
:

el

ok
L

+ - + - +

platform training. (C) Rep- M?'F -
resentative path tracings. Tau:

(D) Number of target

0.01; ***P < 0,001). Error bars show SEM.

+H+

platform crossings versus crossings of the equivalent area in the three other quadrants differed by
genotype (target crossing by genotype interaction, P < 0.001). In post-hoc comparisons, all genotypes
except hAPPTau*™ and hAPP/Tau*" exhibited a preference for the target location over equivalent areas
in the other three quadrants (*P < 0.05; **P < 0.01; ***P < 0.001). (E} Probe trial 72 hours after
completion of 5 days of hidden-platform training. Target platform preference differed by genotype (target
crossing by genotype interaction, P < 0.001; target crossing by hAPP by tau interaction, P < 0.05). In post-
hoc comparisans, all genotypes except hAPP/Tau™* exhibited a preference for the target location (**P <

+- —
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4 o T months (fig. 53) and 14 w0 18 months (Fig.

sS4,

I, A and By We also found no effect of tau
AP

reduction on levels of AR*56, a specihic

Fig. 2. Tau reduction prevented
hehavioral abnormalities and pre-
mature mortality in hAPP mice. (Al
Total arm entries during a 6-min
exploration of the ¥ maze (n = 49
to 58 mice per genotype; age d to 7
months; ANOVA: genotype effect,
P < 0.0001; hAPP by tau interac-
tion, P < 0.0001; ***F < 0,001 versus
groups without hAPP). (B) Percent-
age of time spent active during a
5-min exploration of a new cage (n =
7 to 14 mice per genotype; age 4 to
7 months; ANOVA: genotype effect,
P < 0.01; hAPP by tau interaction,
P = 0.05; *P < 0.05 versus groups
without hAPP). {C) Total distance
traveled in both open and closed
arms during a 10-min exploration
of the elevated plus maze (n = 49
to 59 mice per genotype; age 4 ta 7
months; ANOVA: genotype effet,
P < 0.0001; hAPP by tau interac-

>

Total Entries

cod3nd3R8H

ik

Total Distance (m) )

Tau Genotype

ke

]

Total Distance (m) ©@ % Time Spent Active 00

S = M W & o

tion, P < 0.05; ™*F < 0.001 versus

groups without hAPP). (D) Total <5
distance traveled during explora-

tion of elevated plus maze (n = 6 to S gs- —_—
13 mice per genotype; age 12 to 16

months; ANOVA: hAPP effect, P < EW‘

0.01; hAPP by tau interaction, P = 751

0.07%: *P = 0.05 versus groups o

without hAPP). Error bars in (A} to &

(D) Ishuw SEM. (E) _Kaplan—Meier o o 3 T H 5
survival curves showing effect of Age (months)

tau reduction on premature mor-
tality in hAPP mice. All genotyped

mice in the colony (n = B87) were included in the analysis. By log-rank comparison, only hAPP/Tau™"*

mice differed from all other groups (P < 0.005).

Fig. 3. Tau reduction did not change AJS plaque deposition,
neuritic dystrophy, or aberrant sprouting. (A} Thioflavin-5
staining of hippocampal amyloid plagues in hAPP mice.
Percentage of hippocampal area covered by plagues was
normalized to the mean value in hAPP/Tau** mice (h = 6 to
11 mice per genotype; age 14 to 18 months). (B) Immunostain-
ing of hippocampal A]} deposits in hAPP mice. Percentage of
hippecampal area covered by plagues was normalized to the
mean value in hAPP/Tau™* mice (n = 6 to 11 mice per genotype;
age 14 to 18 months). (C) Double-labeling of hippocampus for
dystrophic neurites (antibody BES, red) and amyloid plaques
(thioflavin-S, green) in hAPP mice aged 14 to 18 months, with
quantification of dystrophic neurites expressed as percentage of
thioflavin-5—positive plaques with surrounding neuritic dystro-
phy {n = 9 to 11 mice per genotype). (D} GAP43 immunostain-
ing of aberrant axonal sprouting in the molecular layer of the
dentate gyrus (oml, outer molecular layer; mml middle
molecular layer; iml, inner molecular layer; dge, dentate granule
cells). Bracket highlights GAP43-positive sprouting in the outer
molecular layer of hAPP mice. Sprouting was quantified by
densitometry and normalized to the mean value in Tau™* mice
{n =7 to 14 mice per genotype; age 4 to 7 months; ***P < 0,001
versus groups without hAPP). Error bars show SEM.

asscmbly linked to memory deficits (/9 (lig.
Thus, the benelicial effects of reducing
tau were observed without detectable changes

No hAPP
happ

n AR burden. suggesting that tau reduction
uncouples AR from downstream pathogenic
mechanisms,

Next, we looked tor abnormal forms of 1au
that might act as downstream ellectons of A n
BAPP Tenr ™" mice. Major AD-relaed phosphoryl-
ation sites m human tw are conserved I munne
e, including those phosphorylated by proline-
directed Kinases, such as glycon synthase ki-
nase (GSK)-3f and odkS, or by microtbule
affinity-regulating kinise (MARK). Changes in

20 roring taw phosphorylation at these sites ane casily
0 detected, for example after briel hypothenmia (20)
He o~ - (fig. 541 However, in hippocampal homogenates

Tau Genotype of 4- 1o T-month-old hAPP T ™ mice, we did not

* find changes n o phosphorylation o |1m|:|1;,—

duu.l:'.d kimnase HllL'\ mcluding Thr 18l gu?e

The™!, and Ser™™™, or at the primary site for
MARK, Ser™ (fig. $5). Generation of neuro-
toxic tau fragments has also been implicated as a
mechanism ol AR wxicity (2f) Tav-deficiem
primary neurons are resistant © Ap-induced de-
generation (3, 22), apparently because AR tox-
icity in vitro involves production ol a 17-kD tau
fragment (27). We confinned the presence of a
17-kD tau fragment in lysates of AB-treated
primary neurons, but found no abnomnal

== hAPPITauY—  protcolysis in hippocampal homogenates from
naPPiTag—  DAPP mice (fig. S6), suggesting that the neuro-

L protective elfects of tan reduction in the wo

systems are mechanistically different. The rela-

tive lack of modified tau also distinguishes our

mioddel from transgenic lines overexpressing g
with mutations that cause frontotemporal demen-
tiz, but not AD, in humians (2,4, 230 Inour study,
reduction of endogenous, wild-type tau pro-
tected hAPP mice against Af-dependent cog-
nitive impairments, and this did not involve the
climination of a large pool of au with typical
AD-associated modilications. Our experiments
do not rule out the possibility that another type

hAPP/Tau*'* hAPP/Tau™" hAPP/Tau™
ig o
e = ==
Tluﬁlnﬂrpl

T"

4 MAY 2007 VOL 316 SCIENCE

hAPP/Tau™* hAPP/Tau*" hAPP/Tau™"

? 0 aww  wEE e
15
E 1.0
Ggu
T 0.0 .
Tau Genotype

WwWwW.sClencemad.org




of tau modilication, or a small pool of modified
tau i a restricted subcellular compartment or
cellular population, could play a role downstream
of Al

To begin addressing thas possibility, we stained
brain sections from ™ and hAPP/ ™ mice
with phospho-tau antibodics. We saw lide dif-
ference overall batween ™™ and hAPP/ Tau™
mice in phospho-tau immunoncactivity, but we
did observe scattered phospho-tau-positive
punctae in dystrophic neurtes surrounding any-
loid plaques ( fig. 571 We thus wondered whether
the benefits of u reduction in hAPP mice could
relate 1o prevention of neuritic dystrophy, which
may contribute o AD-related cognitive decline
(24). Despite the differences in their behavior,
hAPP/Tau™", hAPP/Tau™", and hAPP/Tau ™
mice had similar amounts of neuntic dystrophy
{Fig. 3C). Thus, tau is nol required for the
formation of plaque-associated dyvstrophic neu-
rites. Given that tau reduction prevented behay-
wral deficis but notl neuritie dystrophy, these
may represent parallel, rather than causally
linked, discase manifesations, or tau reduction
may act downstream of neuritic dystrophy.

Tau has a well-characteriaed role in axonal
outgrowth (/2), so we tested whether b re-
duction prevented the aberrant sprouting of
hippocampal axons observed in AD (25) and
BAPP mice (/8). Similar degrees of sprouting
were observed, regardless of tau genolype (Fig,
3D Thus, although tau reduction aftected inpor-
tant outcome measures related o Afanducad
neuronal dystimetion, not all effects of AR were
blocked.

Fig. 4. Tau reduction
increased resistance to
excitotoxin-induced sei-
zures, (A} Tau reduction
lowered seizure severity
after a single intraperi-
toneal injection of PTZ
(40 mgkg; n=10to 11
mice per genotype; age
4 to 7 months; ANOVA:
tau effect, P < 0.0001),
Seizures were less se-
vere in hAPP/Tau*'"
and hAPP/Tau™ mice
than in hAPP/Tau™ mice
(**F = 0.01 versus
hAPP/Tau*'™). Seizures
were also less severe in
Tau™ mice than in Tau™™*
mice (P < 0.01 versus
Tau*™). (B and O Latency

Seizure Severity >
@
Oom

No hAPP
hAPP

Excitodoxicity s implicated in the pathogene-
sis ol AD (26, 27). Consistent with the mcreascd
meidence of scizures i AD paticnts (28],
TeCRNDS hAPP mice are more susceptible
to the y-aminobutyric acid type A (GABAR)
receptor antagonist pentylenctetrazole (PTZ)
(29). Usimg a similar paradigm, we found that
hAPP/ Tarr™™ mice were also abnormally sensitive
to PTZ, with 200 sulfering fatal status epilepticus
at a dose that was not kethal to mice without
hAPP (P < 0.035). Tau reduction prevented this
effect, as no hAPP Tan™™ or hAPP/ Tan™™ mice
died. Seizures in hAPP/Tan™™ and hAPP Tau
mice were less severe and occurred at longer
latencies than in hAPP/ Tar™ " mice (P < 0,01
Fig. 4, A and B},

Tau reducuon also incrcased resistance w
PTZ in hAPP-nontransgenic muce, lowenng
seiaure seventy and delaving seizure onset (P <
0.01: Fig. 4, A and C) To confirm that tau redue-
tion could reduce aberrant neuronal overexcata-
tion, we challenged mice with excitotoxic doses
ol the glutamate receptor agonist kainate, As ex-
pected, intmperitoneal injection of kainate dose-
dependently induced seizures in T mice (Fig
4D). In contrast, Ton” ™ and Taw™ mice were re-
sistant to kainate across a range of doses (P <
0.05; Fig. 400, Thus, tau modulates sensitivity 10
excitotoxing and may be involved in regulating

neuronal activity, The exeitoprotective effect of

tau reduction in mice without hAPP is more
likely related 10 a physiological function ol tau

than to the removal of a pathological form of

the protein. Sensitization of neurons 10 AP by
physiological forms of tau could explain why

=)

B

3

Tonic-Clonic
Seizures (%)
S

to reach each stage of
selzure severty after PTZ
administration. (B) PTZ-

induced seizures occurred more rapidly in hAPP/Tau*"* mice than hAPP/Tau*"

ot

0 20 30 40
KﬂiﬂﬂtﬂDﬂH{Mﬂ}

and hAPPTau™ mice

(RMANOWVA: P < 0.01). (O Tau reduction also slowed the onset of PTZ-induced seizures in mice without
hAPP (RMANOVA: P < 0.001). Error bars in (A) to (C) show SEM. (D) After a single intraperitoneal injection
of kainate at the doses indicated, occurrence of generalized tonic-clonic seizures was scored. Tau
reduction lowered susceptibility to kainate, shifting dose-response curves to the right (n = 19 to 24 mice
per genotype; age 2 to 5 months; logistic regression: P < 0.05).
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tau reduction is effective in hAPP/ Tuu ™

mice

despite their lack of obyvious tau medilications.

Our findings rise the possibility that taw re-

duction could protect against AD and other neu-
rological conditions associated with excitotoxicity.
OF course, the therapeutic mplications of our
findings must be interpreted with caution, First,
there are differences between the mouse model
and AD, including the absence ol substantial
neuronal loss or neurolibrillary pathology in
hAPP mice. The comnbution of these abnor-
malities 10 AD-related cognitive impainment,
relative to the role of reversible Af-induced new-
ronal dysfunction that is modeled in hAPP mice,
remains o be determined (30), Second, micro-
deletions of chromosome 17921 encompassing

the

o gene are associated with learning dis-

abilitics i humans (37}, although abnormalities
in these individuals may relate to insulliciency of
other genes i the region, such as the corticotropin-
relessing hommone receplor gene, which s -
plicated in neuropsychiatric disease (32). We
found no adverse eflects of tau reduction on
health or cognition in mice, and the evidenee that
even partial tau reduction robustly protected mice
from AP and excilotoxic agents highlights its
potential benelits,
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Regulation of NF-xB Activation in
T Cells via Association of the Adapter
Proteins ADAP and CARMAT1

Ricardo B. Medeiros,** Brandon ). Burbach,™ Kristen L. Mueller,® Rupa Srivastava,’
James ]. Moon,? Sarah Highfill,* Erik ). Peterson,? Yoji Shimizut

The adapter protein ADAP regulates T lymphocyte adhesion and activation. We present evidence for a
previously unrecognized function for ADAP in requlating T cell receptor (TCR}-mediated activation of
the transcription factor NF-xB. Stimulation of ADAP-deficient mouse T cells with antibodies to CD3 and
CD28 resulted in impaired nuclear translocation of NF-xB, a reduced DNA binding, and delayed
degradation and decreased phosphorylation of 1xB (inhibitor of NF-xB). TCR-stimulated assembly of the
CARMAI-BCL-10-MALTL complex was substantially impaired in the absence of ADAP. We further
identified a region of ADAP that & required for association with the CARMAL adapter and NF-<B
activation but is not required for ADAP-dependent requlation of adhesion. These findings provide new
insights into ADAP function and the mechanism by which CARMAL regulates NF-xB activation in T cells.

dapter proteins nucleate multimaolecular
complexes that are essential for elfee-
tive transmission of miracellular signals

during an adaptive immune response (L In T
lymphoeytes, the adhesion- and degranulation-
promotmg adapter protan (ADAP) regulates T
cell receptor (TCR)-dependent changes in the
lunction of integrin adhesion receptors (2. 3).
ADAP-deficient (ADAP™ ) T cells also exhibit
impaired proliferation and cytokine production
aller stimulation of the TCR and the CD28 co-
stimulatory receptor (2, 3). Stimulation of these
receplors leads to activation of the NF-xB family
ol transeription lactors, which are critical for T cell
activation and survival (4, A multiprotein complex
consisting of the membrne-associated  adapler
protein CARMAL (5, 6), the caspase-like protein
MALTI (7, &), and the adapier protein BOCL-10(9)
15 eritical for TCR-dependem activation of the kB
kmase complex and subsequent NF-xB nuclear
trmslocation (/1)

Like ADAP-deficient T cells, protein kinase
Ca (PRCB)-deficient T cells exhibit defective
TCR-mediated proliferation, even though prox-
imal TCR signaling events, such as extracellu-
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lar signal regulmed kinase (ERK) activation,
are nonmal (/1) Therefore, we examined PRCHB-
dependent signaling in ADAP T cells (£2).

A ADAPC

Dic
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Membrane localization of PRCE was similar in
ADAPY and ADAP™ T eells upon stimulation
with antibodies 1o CD3 and CD25 (Fig. 1, A
and B). Stimulated ADAP™ and ADAPT T
cells also showed similar levels of PRCH
phosphorylntion (Fig. 1C) Thus, ADAP is not
required for TCR signalimg events leading 1o
and including PRCO activatuon, Because PRCH
repulates NF-kB actvaton downstream of the
TCR (1, 13), we next examined NF-xB signal-
g i ADAPTT T cells. Image scanning (low
cytommetry (4, 13) (he S1) revealed a stnking
defet in pbS nuclear translocation after stimu-
lation of ADAP™ Ivmph node T cells (Fig. 2.
Aand By or CD4 T cells (fig. S2) by CD3 and
CD28 (CDICD28). In contrast, no impainment
in NF-xB activation was detected aller stimula-
tion with tumor necrosis fctor o (TNF-u), which
activates NF-xB  independently of the TCR.
These results were conlimmed with elecirophoretic
mobility shift assays (Fig, 2C). ADAP T cells
also displayed defective NF-xB ramslocation aler
treatment with phorbol | 2-mynstate 1 3-acetne
(PMA), which activates PRC (Fig. 2, A and B),

ADAP~ B

m.
E.
u‘ ]
ADAP*~  ADAP--
c ADAP*" ADAP-"
0 1 2 515 3 80 120 0 1 2 5 15 30 60 120 min
112» Al e )
S — — e aw --.--F'.":" e phospha-PHCH
““ﬂ . - — =)
.-

Fig. 1. TCR-dependent membrane localization and activation of PKCO in ADAP ~ T cells. (A)
Localization of PKCH (bottom) in ADAP™ and ADAP™ T cells to the contact site with beads coated with
antibodies to €03 and CD28. Differential interference contrast (DIC) images are shown in top panels.
(B} Quantification of PKCO localization. T cell-bead conjugates (minimum 90 per group) were scored
for PKCO polarization from two independent experiments. Graph shows the average percent of T cell—
bead conjugates with polarized PKCO (£SD). (C) Phosphorylation of PKCO after CD3/CD28 stimulation
of ADAP* and ADAP™ T cells for the indicated time points was assessed by Western blotting of whole-
cell lysates with antibody to phosphorylated PKCO (Thr™*®) (top panels). Blots were also probed with
antibody to [-actin (bottom panels).
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CD3/CD2S stimulation of ADAP™ T cells also
resitlted in reduced induction of intercellular ad-
hesion molecule-1 (ICAM-1), which s encoded
by a NF-kB-regulated gene (/6) (Fig. 2D).
We also examined signaling events proximal
o nuclear ranslocation of the p6d NFxB
subunit in ADAP™ T cells. In resting T eells,
NF-xB subunits are sequestered in the cyio-
plasm via interactions with [kBe (4). Relative
o ADAP' T eells, CD3/CD24 stimulation of
ADAP™ T cells led 10 a delay in IxBa deg-
radation and decreased [kB phosphorylation
(Fig. 2E and fig. 83). Consistent with previous
results (2, 3), the Kinetics of ERK phosphoryl-
ation aller CD3/CD28 stimulation were not

alfected by loss of ADAP (Fig. 2E). Activa-
tion of the kB Kinase (IKK) complex, which
phosphorylates IkBea, was also impaired alter
CD3CD28 stimulation of ADAP™ T cells (fig.
S4). Thus, ADAP acts as a positive regulator of
TCR-dependent NF-xB activation, downstream
of PROB vet upsteam of KK activation, [xBo
degradation, and NF-xB subunit ranslocation,
We next examined the role of ADAP in in-
ducible membrane localization off BCL-10,
MALTI, and CARMAL (/7. 18). In unstimu-
lated ADAPY or ADAP™ T cells, only low
levels of BOL-10 and MALT! were detected in
membrane fractions (Fig. 3A), CD3CD2R or
PMA. stimulation of ADAP™ T cells, but not

ADAP~-

A ADAP*

Fold increase inp8S [0
nuclear translocation

[CO3Co3
n
=
E ADAP #.
¥ Ll
E PMA N c ADAP ADAP

0 5 10 20 M) 45 50PATMF O 5 10 20 30 45 80 PN TNF

NF-«B-TAAD similarty

D ADAP*~ o ADAP-- E ADAPH- ADAR--
B i i 1]
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- . I e——
I?M'.I‘ w w W v - w W w W ':J ----—-H-‘-‘i I_---—-l-"-'ﬁlp-EH(
= : 4 f
8w 30 :': o ] [ ~—|erz
2 . = =
e A

ICAM-1

Fig. 2. Activation of the NF-xB pathway is impaired in ADAP™ T cells. (A} ADAP™™ and ADAP™ T
cells were unstimulated (unstim.) or stimulated for 10 min with antibodies to CD3 and CD28, PMA, or
TNF-u1, stained with 7-AAD and fluorescein isothiocyanate—conjugated antibody to p&5, and analyzed
on a multispectral imaging flow cytometer (15). Histograms show the NF-xB—7-AAD similarity index,
which reflects colocalization of the 7-AAD and pé5 signals in the population of T cells analyzed.
Marker values indicate the percentage of T cells in each sample with translocated p65. (B) Nuclear
localization of p65 in unstimulated T cells was set to 1; results show the average increase (£5D) in p65
nuclear translocation in stimulated T cells relative to unstimulated T cells for four independent
experiments. (C) Electrophoretic mobility shift assay (EMSA) of NF-xB in ADAP™™ T cells. ADAP* or
ADAP™ lymph node T cells were stimulated with antibodies to CD3 and CD28 for the indicated time
periods (in minutes), or for 10 min with PMA and ionomycin (P/1) or with TNF-c. Nuclear extracts were
prepared and EMSA was performed with a biotin-labeled NF-xB probe. (D) ADAP*™ and ADAP™~
lymph node T cells were stimulated in vitro with antibodies to CD3 and CDZ28 for 24 hours. Cells were
harvested and [CAM-1 expression on CD4 T cells was determined by flow cytometry. (E} IxBu
degradation and phosphorylation. ADAPY~ and ADAP~~ T cells were either unstimulated or stimulated
as in (C) before lysis. Lysates were analyzed by Western blotting with antibodies specific for IxBa,
phosphorylated IxBa, phosphorylated ERK, ERK2, or f-actin,

REPORTS I

ADAP™ T cells, resulted in enhanced mem-
branc localization of both BCL-10 and MALTI
(Fig. 3A) ADAP also localized to the moeme-
brane in stimulated ADAP™ T cells (Fig. 3A)
The levels of CARMAL in membrane fractions
were comparable between ADAP™ and ADAP™
T cells both before and afier stimulation (Fig.
3A), consistent with previous results (1 7). Thus,
ADAP is crtical for the activation-dependent
membrane localization of BCL-10 and MALTI.

To define potemial interactions between
ADAP and the CARMAIL- BCL-10-MALTI
signaling complex, we perfomed coimmunopre-
cipitation experiments. ADAP could be immuno-
precipitated  only  from membrane  fractions
solated  from activated T eclls (Fig. 3B) Co-
immunoprecipitation of CARMAL, BCL-10, and
MALT! with ADAP was observed from stimu-
lated membrane fractions of cither lvimph node T
cells (Fig. 3B) or punified CD4 T cells (fig. S5).
Similarly, MALT 1, BCL-10, and ADAP commu-
noprecipitated with CARMAL only after T el
stimulation (Fig. 3B). However, in activated
ADAP™ T cells, MALT-1 and BCL-10 did not
coimmunoprecipitate with CARMAL (Fig. 3B).
and CARMAL and MALT-1 did not coimmuno-
precipitate with BCL-10 (Fig. 3C and lig. S6). To
confinm that ADAP is required for inducible
complex assembly, we vsed resting T cells ex-
pressing the hCAR adenovirus receplor 1o permit
adenovirl-mediated expression of ADAP (19).
ADAP reexpression in ADAP™ T cells restored
coimmunoprecipitation of CARMAL and MALTI
with BCL-10 after CD3/CD2E or PMA stimula-
tion (Fig. 3C)L Thus, ADAP s a component of the
CARMAL-BCL-10-MALTI complex and is
roguined for nommal complex fomution.

We next examined interactions between
ADAP and purified BCL-10, MALTI, and
CARMAL A gluathione S-irmsferase (GST)
ADAP fusion protein interacted in vitro with
purified CARMAL but not with purified BCL-10
or MALTI (Fig. 3D). A tuncated form of
CARMAL (CARMALG51-1147) containing just
the C-terminal PDZ, SH3, and GUK-like domains
typical of membrane-associated guanylale Kinase
IMAGUEK - family proteins (20 (Fig. 3E) also in-
teraciod with GST-ADAP in vitro (Fig. 31, Thus,
the mteraction of ADAP with CARMAL 15 not de-
pendent on the caspasc-recruiting domain that me-
dhates the intermction of CARMAL with BCL-10.
Colocalization of ADAP with CARMAIL was
also observed at the comact site between wild-
type T eells and beads coated with antibodies 1o
CD3 and CD2R (fig. 87).

Truncation and deletion mutants of ADAP
were used 1o define sites within ADAP critical for
its interaction with CARMAL (Fig. 4A). Wild-
type and mutant forms of hemagglatinin (HA)
epitope-tagged ADAP weare immunoprecipitated
from ransiently wmnsfocted Jurkot T cells alier
PMA stimulation, and these immunoprecipitates
wore analveed for the presence ol colmmuno-
precipitating BCL-10, MALTI1, and CARMALI
prowcins (Fig. 4B). Wild-type ADAP and an
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Fig. 3. ADAP is critical for the assembly of the CARMAL-BCL-10-MALT1 complex and associates
directly with the C-terminal end of CARMAL. (A) ADAP*~ and ADAP™ T cells were either unstimulated
(U) or stimulated with antibodies to CD3 and CD28 (3/28) or with PMA (P). Cytosolic (Cyto) and
membrane (Memb) fractions were prepared from each cell sample and analyzed by Western blotting
with the indicated antibodies. (B) Membrane fractions were prepared from unstimulated and stimulated
ADAP*~ and ADAP™ T cells as in (A).. ADAP or CARMA1 was immunoprecipitated and the immu-
noprecipitates analyzed as in (A). (C) T cells isolated from ADAP*~ and ADAP™ transgenic mice
expressing the hCAR adenovirus receptor were transduced with control adenovirus encoding Thyl.1
{ctrl) or adenovirus expressing wild-type mouse ADAP and Thyl.l (ADAPwt). T cells were then left
unstimulated or were stimulated with antibodies to (D3 and CD28 or with PMA before lysis and
immunoprecipitation with a monoclonal antibedy (mAb) to BCL-10. Immunoprecipitates were analyzed
by Western blotting as in (A). (D} Interaction of ADAP with CARMAL in vitro. G5T only or GST-ADAP
fusion proteins were incubated with in wvitro transcribeditranslated BCL-10, MALTL, CARMAL, or
truncated FLAG epitope—tagged CARMAL/651-1147. G5T pull-downs were analyzed by Western blotting
for the presence of the indicated proteins. An equivalent amount of the purified proteins used in the
pull-down assays, along with a sample from in vitro transcription and translation reactions using a
control vector (vec), were analyzed in separate gels (input). (E) Diagram of CARMAL and CARMAL/651-
1147 constructs used in (D).

ADAP mutant lacking the N-terminal 327
amino acids (ADAPAL-327), but not an ADAP
mutant contaming only the N-tenmimnal 426 amine
acids (ADAP-126), commmunoprecipitated  the
CARMAIL-BCL-10-MALT! complex (Fig.
4B}, The CARMAI binding site in ADAP was
mapped to a region of ADAP between amino
acids 426 and 341 (Fig, 4A), because a deletion
rutant of ADAP lacking this region (ADAPA426-
34 was completely unable 1o coimmunopre-
cipitate the CARMA1-BCL-10-MALTI complex
(Fig. 4B). This region ol ADAP contins the
N-terminal helical SH3 (hSH3) domain (2/-23)
between amine acids 482 and 341, and an adjacem
region nich in Glu and Lys residues (E'K-rich
region ) between amino acids 426 and 481, ADAP
delation mutants lacking cither the N-terminal
hSH3 domain (ADAPA4S2-341) or the E/K-
rich region (ADAPA426-481) (Fig. 4A) showad
weak communoprecipitation of the CARMAI

BCL-10-MALTI complex relative 1o wild-tvpe
ADAP (Fig. 4B} A GST-ADAP lusion protein
expressing both the hSH3 domain and the EK-
rich region of ADAP was able o associate with
the truncated CARMALGSI-1147 protein in
vitro (fig. S8), which suggests that this region
ol ADAP is suflicient for CARMA| association.

Expression of wildiype ADAP in resting
ADAP T cells restored the ability of PMA
(Fig. 4C) or CD3/CD28 stimulation (Fig. 4D) 10
induce nuelear trslocation of p63. ADADP ex-
pression in tansduced T cells was venfied by
intrmcellular Mow eviometry (fig. S9). Expression
ol the ADAPAT-32T mutant, but not the ADAP-
426 mutant, in ADAPF T cells was also able w
fully restore CDICD28-modioied NF-xB - trans-
kocation (Fig. 4D). In contrust, the ADAPA426-541
deletion mutant did not reswore CD3/CD23-
mediated NF-xB wranslocation after expression in
ADAP™ T cells (Fig. 4E). Expression of either
the ADAPASZ64R] or ADAPA4S2-341 delation
mutants pariially restored NF-xB p63 nuclear
translocation (Fig. 4E)

ADAP also regulates TCR-mediated integnn
activation (2, ) and thus ADAP™ T cells exhibit
impaired iniegrin-dependent conjugaie formao-
tion with antigen-pulsed antigen-presenting cells
(24) (Fig. 4F). Expression of either wild-type
ADAP or the ADAPA426-541 mutant in ADAP™
T cells restored TCR=induced conmjugate forma-
tion 1o levels observed incontrol T cells (Fig. 4F),
Thus, the region of ADAP between amino acids
426 and 541 is critical for NF-xB activation but
is not required for the regulation of inlegrin-
dependent conjugate formation.

We have identified a novel function for ADAP
in the regulation of NF-xB activation in T cells, We
propose that the association between the C-temminal
end of CARMAI and the region of ADAP between
amino acids 426 and 341 is cntical for asembly off
the CARMAL-BCL-10-MALT] complex at the
membrane. ADAP may provide mechanisms
for membrane localization and stabilization of
the CARMAL-BCL-10-MALT! complex, is the
Ceterminal ADAP hSH3 domain can assoclate
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Jurkat T cells were transiently
transfected with the indicated
HA-ADAP constructs and then
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m#b, followed by Western blot-
ting with antibodies specific
for the indicated proteins. (C)
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stimulated or stimulated with
PMA or TNFu before analysis
of NF-xB pé5 nuclear trans-
location as in Fig. 2. (D and E)
T cells isolated from ADAP™*
and ADAP™™ hCAR transgenic
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with either a control adenovirus
or adenovirus encoding the in-
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nuclear translocation. Graphs show the average increase (+5D) in p65 nuclear
translocation in stimulated relative to unstimulated T cells for three [(C) and
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with membrane phospholipids (22). The inter-
action of ADAP with the MAGUK region of
CARMAL may also aler intramolecular in-
teractions within CARMAL (25, 26), therehy
promoting recruitment of BCL-10 and MALTI,
The region of ADAP crtical for association with
CARMAI is not required for ADAP-dependent
regulation of imegrins (2, 3). which involves the
association of ADAP with the SKAP-35 and
SLP-T6 adapters (27-29), Two biochemically
distinet pools of ADAP can be identified in
CD3CD28-stimulated T cells: one that interacts
with the CARMAIL-BCL-10-MALTI complex,
and one that interacts with SLP-T6 (fig. 5109, In
contrast, CARMAIL s required for NF-xB
activation (2, 3, 30, 371) but is not required for
conjugate formation (34). Thus, ADAP serves
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Specialized Inhibitory Synaptic
Actions Between Nearby Neocortical

Pyramidal Neurons

Ming Ren, Yumiko Yoshimura, Naoki Takada, Shoko Horibe, Yukio Komatsu®

We found that, in the mouse visual cortex, action potentials generated in a single layer-2/3
pyramidal {excitatory) neuron can reliably evoke large, constant-latency inhibitory postsynaptic
currents in other nearby pyramidal cells. This effect is mediated by axo-axonic ionotropic glutamate
receptor—mediated excitation of the nerve terminals of inhibitory interneurons, which connect to
the target pyramidal cells. Therefore, individual cortical excitatory neurons can generate inhibition
independently from the somatic firing of inhibitory interneurons.

synaptic inputs onto their somatodendritic

domains, which control the generation of
action potentials propagating through the axonal
arbor 1o axon tenminals, at which signals are
transmifted 1o postsynaplic neurons. Action
potential-dependent trmnsmitter releise from axon
terminals s modulaed by onotropic glutanate
and y-aminobutyric acid (GABA) receplors
that are present, either synaptically or extrasyn-
aptically, on the axon emminals (1, 7).

We used dual whole-cell recording under mi-
croscopic observation 1o study synaptic connec-
tions from pyramidal and nonpyramidal neurons
to nearby (<73 pm) pyramidal newrons i layer 23
of the mouse visual conex (7). Single action
potentials in a pyvramidal newron could produce
inhibitory postsvnaptic cumrent (IPSC)-like out-
ward cuments in another pyramidal neuron held at
the reversal potential (0 mY) of excitatory posi-
synaptic currents (EPSCs)(Fig. 1A ). These currenis
were evoked by individe] action potentials with
relatively constant Iatencics that were comparble
o those seen i monosynaptic connections (Fig,
1A} The responses were abolished by bath appli-
cation of the GABA tpe A (GABAL) receptor
antagonist bcuculline methiodide (BMI) (20 gM)
and after reversal could then be abolished again
by application of the non-N-methyl-p-aspanate
(NMDA) glutamate receplor antagonist 2 3-dioxo-
G-nitro-1,2,3 -tetrahydrobenzo] guinoxaline-7-
sulphonamide (NBOX) (10 pM, # = 6 neuron
pairs), indicating that they were polysynaptic
IPSCs (Fig. 1B).

In the mammalian brmin, neurons integrate
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To further characterize these interpyramidal
IPSCs (ip IPSCs), we compared them with two
kinds of monosynaptic currents: unitary EPSCs
{uEPSCs) recorded from pyramidal neuron pairs
at the reversal potential (70 mV) ol IPSCs
(Fig. 1C) and unitary IPSCs (uIPSCs) from non-
pyvramidal neurons o pyramidal neurons (Fig. 11)
In pyramidal neuron pairs, the probability of de-
tecting an ip IPSC [28%: 31 out of 110 (31/110))
was slightly higher than that for the detection of
an EPSC (22%: 24/110). NBOQX blocked ip
IPSCs in all of the wested pairs (n = 27 ). Recip-
rocal inerpyrmidal inhibitory connections were
never observed. Six pairs had both inhibitory and
excitstory  connections. The direction was the
same for three pairs and opposite for three pairs,
In these pyvramidal newron pairs, paich pipetics
comaining a Cs'-based imernal solution were
used for recording from both pre- and posisyn-
aplic neurons. Similar ip IPSCs were also
recorded with a K -based intemal solution (fig.
511 Recordings from pairs involving an inhibi-
tory neuron and a pyramidal neuron had a
detection probability for ulPSCs of 32% (19/60),
which was slightly higher than that for ip [PSCs

The amplitudes of ip [PSCs were signifi-
cantly larger (7 = 0.01) than those of ulPSCs
(Fig. 1E), and their time course was similar 10
that of ulPSCs (Fig. 1, A and D, and fg. S2).
Although the average latency of ip IPSCs was
significantly (P = 0.02) longer than that of either
ulPSCs or uEPSCs, it was distributed in a wide
range that included ltency values Tor the two
monosynaptic connections (Fig. 1Fy IFip IPSCs
resulted from conventional polyvsynaptic activa-
tion mvoelving action-potential gencration o the
somata of inhibitory neurons, the expectad van-
ation in latency for cach pair should be far langer
than that in monosynaptic connections, How-

ever, the coellicient of variation of their latency
was indistinguishable (7 = 0.2) from those for
cither uEPSCs or ulPSCs (Fig. 1G), suggesting
that they were unlikely 1o be mediated by the gen-
eration of somatic action potentials in inhibitory
intemeurons, Consistent with this supposition, the
filure mte of ip IPSCs was not sigraficantly dif-
ferent (P = OL1) from that of ulPSCs or uEPSCs
ifig. S3). This interpratation is also supported by
the observation that unilary excilalory inpuls
alone induce only small postsynaplic responscs
that are subthreshold for action-potential gener-
tion in inhibitory interneurons (4-7). Thus, we
hypothesized that p IPSCs are generated by
direet excitation of the presynaptic terminals of
inhibitory neurons, which in turn conneet o the
target pyramidal neuron (Fig. 2A). This mecha-
nism implics that the axo-axonic synaplic trans-
mission must be strong enough to release GABA
immedintely from the inhibitory tenminals. 11 this
synaplic transmission is very strong. extraordi-
narily quick depolarization would occur at the
terminals becawse of their small volume and lack
ol strong [iltering effects on input signals seen in
dendrites. This may, at least in part, explain the
short latency of ip IPSCs, together with the ab-
sence of conduction tme i merncurons. We
tested this hypothesis, as desenibed below:

I such exciiatory axe-axonic synapscs are
present, the frequency of minkture IPSCs (imIPSCs)
recorded from pyrmidal cells in the presence of
1 uM tetrodotoxin (TTX), a sodium channe] block-
er, may be affecied by glulamatergic agenis. Bath
application of glutarmate (10 pM) significantly (1«
0,02y increased the froguency of mIPSCs withom
any signilicant (= (L6} changes in their amplitude
(Fig. 2. B, D, and E). Similar facilitative cffects
were produced by the sclective activation of
AMPA recepiors with AMPA (1 pM) and kainate
roceptors with (RS R2-amino-3- 3-hydroxy=5-fer=
butylisoxazol-dy1) propanoic acid (ATPA) (1 pM)
i) or a low dose (200 nM) of domoic acid (9),
suggesting that both AMPA and kainaie recepiors
contribuie to the faciliiation of mIPSC frequency
(Fig. 2, D and E). We confirmed this supposition
with a pharmacological blockade of these roceptors
(fig. S4). The effeat of these receptors may be
mediated by the depoliniation of nerve wenminals,
because the facilitation of mIPSC frequency was
not found in the presence of Co™, which blocks
volage-gaed Ca® channels, and because the
metabotropic action of kainate receptors was not
involved i this process (fig. S5),

The application of NBOX significamly (P <
002y reduced the froquency of mIPSCs withow
any significant (P = 0.9) changes in their ampli-
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tude in control solution (Fig 2. C, I and E). indi-
cating that the basal level of extracellular glutamate
facilitates mIPSC frequency.
AMPA and kamate receptors on mhubitory pre-
synaplic terminals increases or decreases evoked-
IPSCs i various connections (/0 F8) 10is likely
that inbubitory synapiic ransmission s not al-
fected by the basal level of extmeellular glutamate
in our expermental condition bocause NBOX ap-
plication produced no change in ulPSCs (fig, 56).

Excitatory synaplic tansmission seems 1o be
mediated mostly by AMPA receplors i neo-
cortical inhibitory imemeurons (6), We confinned
that AMPA (b not kainae) receptors mediated
excitatony synaplic mansmission from pyrmidal
o nonpyramidal nevrons (A 871 Thus, an m-
vestigation of glutamate receptors mvolved m ap
IPSCs may provide important mfomation on the
validity of our hypothesis. We conducted addi-
tional dual whole-cell recondings from pyramidal
neurons, [noall of the wsted pars with latencics
shorter than 3 ms (n = 6 pairs), 1ip IPSCs wene notl
altected by the AMPA receptor antagonist 5YM
2206 (30 M) (19, 200, but they were reduced

substantially by the subsequent application of

SYM 2081 (1 pM. »# = 6) a kainate receplor
ligand that causes polent receplor desensitiztion

(49 21 (Fig. 3A and hig. S8A), In two cases of

these pair recordings, the responscs were com-
pletely abolished by funther application of LIBP
A00 (50 pd ), a kainate receptor antagonist (22),
In the pairs with latencies longer than 5 ms
{ir = 10 pairs), most ip IPSCs were completely
abolished by SYM 2081 (0 = 5)(Fig. 3B)or UBP
00 (n= 3y (g, S8B). In the emaming two pairs,
ip IPSCs were partially blocked by 5YM 2081
(about hall’ of the control ampliude). and the
remaining  responses were completely abolishod
by the subsequent application of SYM 2206, In
addition, long-latency ip [PSCs were completely

Fig. 1. Comparison of ip A

IPSCs with unitary EPSCs and Fw
IPSCs. (A) Action potentials 7| 5.4
elicited in a pyramidal cell il
produced IPSCs, but not v .omv .7omy
EPSCs, with a constant laten-

cy in another nearby pyram- 'L

The actvation of

abolished by the application of SYM 2206 alone
(= 6) (Fig. 3C and fhig. S8C) These resulis
strongly suggest that ip [PSCs with shon Iatencics
are mediated mostly by Kanate receptors, whercas
those with long latencies are mediated by both
AMPA and kainate receptors 1o a comparable de-
gree, The consistent contnibution of kainate recep-
tors o ip [PSCs strongly suppons the ntervention
of axo-axonic synapses in these responses, Although
SYM 2081 incompletely blocked shon-latency ip
IPSCs, it completely blocked most long-laency ip
IPSCs (Fig. 3, A and B, and fig. S8), suggesting
that the lamey depends, at least in pan, on the
number of kainate receplors implicated,

To funher test for the possibility that ip IPSCs
are mediated by the exctaton of inhibitory ter-
mimals i close proximity 1o the postsynaptic
pyrmid, we used a paradigm that allowed local
glutmatergic blockade, far from the likely loc-
tion ol the dendntes of mhibitory neurons that
might modiate the 1PSCs (Fig. 3D). Monosynaplic-
like IPSCs were evoked in Javer-2/3 pyranudal
neurons by stimulation with bipolar metal elee-
trodes placed in laver 4. They were decreased by
bath application of NBOX (10 uM) without sub-
stantial changes in their me courses, as shown in
the supenmposed tmces of control and reduced
IPSCs, scaled w the same amplimde (Fig. 3E).
Thus, these IPSCs probably comprise a mixture

olip IPSCs (ansing [rom antidromic activation of

layer-2/3 pyramidal neurons) and ulPSCs (due 10

dircet input from inhibitory intemeurons). Briel

presswre application of NBOQX (10 uM) from
another pateh pipette phiced near (<35 pm) the soma
of the recorded neuron produced similar reductions
m [PSCs, whereas the same NBOX application far
o the soma (3010 70 pm) Ealed w produce such
reductions (Fig. 3, E to H), suggesting that most
non=-NMDA receplors mediating ip 1IPSCs are
located in close proximity o the cell body of the
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target pyramidal newron. This observation further
implicates inhibitory basket cells & likely me-
diators of at least some ip IPSCs (23, 24).

The hypothesis that excnatory  axo-axome
synapses mediate ip IPSCs would be strengthened
i iomophoretic application of gluamate 1o in-
hibitory nerve terminals onto pyromidal cells in-
duces IPSCs in the presence of TTX, which
localizes glutamate-induced depolarization o the
applied arca (Fig. 31 The application of gluta-
ke, at high inensities of ¢jection currents, o the
soma of pyramidal cells produced slow inward
currents at 70 mV, presumably mediaed by
AMPA and kainate receptors on the soma of
recorded  pymmidal cells, but 1 produced lange
outward currents ot 0 mV (Fig. 3) and fig. S9),
The oumward cumremts had a much Baster tme
course than did the mward currents (7 < 0.03)
(Fig. 3] and fig. 59} In addition, glutamate ap-
plication at low imensitics of ¢jection currents
evoked asynchronous outward cuments exhibiting
a fast time course. These curments were compara-
ble to mIPSCs, but their amplitudes were much
larger than those of mIPSCs (g, S10).
glutamate-cvoked synchronous outward currents
are considered 1o be compound IPSCs, resulting
from the simultancous release of GABA from mul-
tiple inhibitory nerve terminals quickly depolarizad
by glutamate. This suggests that glutamaterzic
transmission at the GABAergic terminal is very
effective. Similar outward currents were also in-
duced by AMPA (1= 5 cells), kainate (an maronist
for both AMPA and kainate receptors, # = 5), and
ATPA application (n = 5), suggesting that they

Thus,

are mediated by both AMPA and kainate recep-
tors (Fig. 3) and fig. 89). AMPA (n = 5), kainate
(= 5}, or ATPA-induced outward currents (n = 3)
were abolished by bath application of BMI with-
out any reduction in inward currents, and inward
and outward currents were both abolished by

5I:I my

J S ] 50 pA
idal cell. The traces show : [es pa A
superimposed (n = 5) spikes N\ 25 ";WM E“F’* — 25 me ,l 50 um
elicited by depolarizing volt- | ™— } - — g=, £ 20, 15 .
age pulses in the source cell 2 .. 1B 13 nA : 159 _[ % 15 ML 104 ln
(top) and superimposed : ,51 n:r: _ li 3 12_- r 3 1: | il
(middle, n = 5) and average 3 10 7 L pom 3 W B 1 J 1 § al [ 4 5 [ |
(bottom, n = 50) post- & 51 L g B | eS8 E 0 1 2 u 2 0 05 1 0 50100
synaptic currents recorded 5 e O Tat0 43 1 = Latency (ms) -ﬁrnplhl!i (oAl Latency (ms)  Amplitude (ph)
from the target cell at the Latency (ms)  Amgitude (pA) Eﬂﬂﬂmﬂ E = a
holding potential (V) of O mV = 6004 * ,__‘11'3' . 0‘* ©
(left) and =70 mV (right). The right confocal image shows the pair of pyramidal neurons & qand 2 E :d.'" . ﬂﬂ* 8
stained with bincytin. Histograms plot the distribution of IPSC latency (left) and amplitude g " ' g, gﬁ_ B e 5 0.2 § ﬁ.
(right}in the pair. (B} ip IPSCs were abolished by BMI (20 uM) and NBQX (10 pM). (C and D) co4E - _"'* § P .i- u 14
Similar to (A), but for uEPSCs between a pair of pyramidal cells (C} and ulPSCs from a 2 0 ol& ﬁ'
nonpyramidal cell to a pyramidal cell (D). {E to G) Comparison of amplitude, latency, and S FE S8 e Q{? g &

coefficient of variation (CV) of latency in ip IPSC (ip IP), uEPSC (UEP), and ulPSC (ulP).
Symbols (triangles and circles) and horizontal bars indicate values in individual pairs and mean values, respectively. Asterisks indicate that values are significantly
different from those for ip IPSCs (P < 0.05).
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I REPORTS

NBOX (fig. 511). These observations strongly
support our hypothesis about ip [PSCs,

Finally, we attemptad 1o demonstrate mompho-
logically, using mechamically dissocated neurons
from slices, that GABAerzic terminals on the
soma of layer-273 pyramidal ncurons have non-
NMDA receprors and that they are apposad by
glutamatergic synaptic wemminals, Dissociated cells
had a pyramidal-like shape, and mIPSCs could be
measured (= 4) (Fig. 4A), indicating that some
inhibitory synaptic terminals remained attached 1o
the soma and dendrites. lontophoratic application
of kainaie 1 the soma of these neurons induced
ovtward and inward cuments, similar 1o those

observed in shices (n = 31 (Fig. 4B). Thus, we usad
this preparation for immunocytochemical staining.

Stammg for synaptophysm, a presynaptic er-
il marker, showed bouton-hk e structures (pre-
sumably presynaptic terminals) surounding the
soma of neurons (Fig. 4C). Double staining lor
synaptophysin and the GABA synthetic enzymes
glutamic acid decarboxylase 65 and 67 (GADGS/
67y showed that =50% ol synaptophysin-positive
terminals expressad GADG65/67, confiming the
presence of GABAenzic wrminals on the disso-
ciated newron (Fig. 4, C and F). GADOS/6T was
absent inside of the dissociated neurons, con-
sistent with the morphological supposition that

they were pyvramidal neurons. We used an anti-
body against glutamate receplor 5 (GIuRS) as a
marker of non-NMDA receptors because the ap-
plication of ATPA, activating GluR3-containing
kamate receplors sclectively (8), produced com-
pound IPSCs (Fig. 3J). Double staming for
GADGEGT and GluRS demonstrated that ~40%%
of GABAcrzic terminals expressed GRS mecep-
tors (Fig. 4, D and F). Double staming for GADGS
and VGIUTL, a vesicular glutamate transporter
located at pyramidal neuron nerve terminals
23, 26}, demonstraled that more than half of the
GAD-positive terminals adjoined VGIT T-positive
erminaks (Fig, 4, E and F), consistent with an

Fig. 2. Hypothesized interpyramidal A Pyramid A Pyramid B C
inhibitory connection and presence of Control Control
AMPA and kainate receptors on pre- 1 Nongyranid P o N OIS
synaptic inhibitory terminals. (A)
Schematic illustration of interpyrami- —-/‘\ J“‘Mgu pA -......-L—.-k.-—hl-l 130 pA
dal inhibitory connection from pyra- | Glutamate 500 me NBQX 200 ms
mid A to pyramid B. (B) Glutamate
(10 uM) decreased the interval but x :mm il = Contral Control
not the amplitude of mIPSCs, The ~— Glutamale —— NBOX
traces show miPSCs recorded from a pyramidal cell before (top) and during (bottom) 2z 1.0 2210 104
glutamate application in the presence of TTX (1 uM). The histograms plot cumulative  E 2 os. /_- VF 2805 /' 0.5
probability distributions of amplitude and inter-event intervals of mIPSCs for the cell before ES - s § 200 o
(interrupted tine) and during (solid line) glutamate application. (C) Similar to B), but S =0 25 a0 0 08 1 — 0204060 0 1 2
NBQX (10 pM) increased the interval but not the amplitude of mIPSCs, (D and E) Summary Amplude (pA) Inter- a'-rﬂnt Amplitude (pa)  Inter-event
of the effects of glutamate (n = 7 cells), AMPA (1 uM, n = 7), domoic acid (200 nM, n = intorval (0) intarval {s)
&), ATPA (L uM, n = 7), and NBQX (n = 7) on mIPSC amplitude (D) and interval (E). Open ]
and striped bars indicate values before and during the application of agents, E,fm
respectively. Asterisks indicate that these values are significantly different from control Iy = -
values (P < 0.05). Error bars indicate SEM. E =0

T 100

3 0

g

Fig. 3. Non-NMDA re
ceptors on inhibitory ter-
minals mediate ip IPSCs.  pre

(A) Short-latency (2.2 Control

Shont-latency ip IPSC

SYM  SYM SYM
zzﬂa 208y Control

C
Long-latency ip IPSC

SYM
Conirol 206

ms} ip IPSCs were not
affected by SYM 2206
(30 uM), but they were
qgreatly reduced by the
subsequent application

J\M

of SYM2081 (1 uM). The traces show average (n = 500 spikes in a source cell (top) and
average (n = 50} postsynaptic currents in a target cell held at 0 mV (bottom). (B) An example of
long-latency (5.2 ms) ip IPSCs, which were completely abolished by SYM 2081 (Q) An example
of long-latency (5.6 ms) ip IPSCs, which were blocked by SYM 2206. (D) Experimental
arrangements of stimulation (s} and recording (r) electrodes and an NBQX-containing (10 uM)

[|5 na

T-__?E_ T_ESHA

J\ Jmu pA
25 ms

50 ms

patch pipette used in the experiments shown in (E) to (H). (E) The upper and lower traces show G
superimposed average evoked IPSCs (7 = 5) before (black) and during (red) bath application of

10 uM NBOQX and thase scaled to the same amplitude, respectively. (F and G) Similar ta (E), but
for local NBQX application from a patch pipette placed near [<5 um in (F)] and far from [S0 to
70 um in (G)] the soma of the recorded cell. (H) NBQX-induced reduction of IPSC amplitude for
bath application {7 = 6 cells) and local application from near (N, n = 5) and far (F, n = 6)

control
Nt

0.3nA
50 ms

pipettes. Asterisk indicates that values are significantly (P < 0.05) different from those for bath
application. Error bars indicate SEM. (I) Experimental arrangements for iontophoretic
application of glutamate receptor agonists in the presence of TTX (1 uM). () The traces show raw current responses recorded from pyramidal neurons at 0 (left) and
=70 mV {right) in respanse to glutamate (Glut), AMPA, kainate, and ATPA application. Arrows indicate the onset of iotophoretic application. Time and current calibrations

are common to all traces.
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Fig. 4. Glutamatergic A B GAD 5 um D GAD 5 um
synapses exist on GABAergic 10 um W=omle V-0 == —
terminals presynaptic to A

pyramidal cells. (&) mIPSCs
(K, = 0 mV) recorded from

Control & ——

T m—

a mechanically dissociated +BMl ——— 300 pA
layer-2/3 pyramidal neu- - J, !

ron (upper picture, differ- v o mv Caril &M 300 ms

ential interference image). p Stk

(B) Bath application of BMI Sdms = A A

(20 uM) abolished kainate-

evoked outward currents (14, = 0 mV), and NBOQX (10 uM) application abolished both
imvard (W, = =70 m\) and outward currents in a dissociated pyramidal neuron. Armows
indicate the onset of jontophoretic application. (€ and D) Immunocytochemical
demonstration of GRS-containing kainate receptors on GABAergic temminals surounding  E
the soma of a dissodated neuron. Confocal microscopic single-section images
demonstrate colocalization of GAD&ES/6T with synaptophysin (Syn) (C) or GlURS
(D). (E) GADAS-positive terminals were often adjoined by VGlUT1-positive terminals.
In (C} to (E), the left pictures show fluorescent images for GADG5/67 (red) and the
other proteins (green), and the right (upper and lower) pictures show differential
interference contrast images and merged images of the left two images,
respectively. Arrows indicate colocalization of two proteins [(C) and (D)] and
GADES apposed by VGluTl (E). (F) Percentages of coexpression of synaptophysin
with GAD65/67 (GAD/Syn), coexpression of GAD&5/67 with GLuRS (GluR5/GAD), and
GAD6&5S-positive terminals adjoined by VGlutl-positive terminals (VGlUTL/GAD). The
numbers of neurons examined were 11 (C), 17 (D), and 14 (E), respectively. Error

5 um

-

1

b
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bars indicate SEM.

immunoeytochemical study in the il somato-
sensory corex (271 These momhological data
sugeest that glutimute relessaed from the axon
terminals of a pyramidal neuron quickly activates
non-MMDA receplors on inhibitory nerve temmi-
nals that conneet to the soma of other pyramidal
neurons, In addition, axons of pyramidal neurons
staned with biocytin in slice prepartions were
olten found on the soma ol presumed pyramudal
neurons. Those axons had mualuple synaptie
terminal-like boutons, apposed by GAD-positive
termmals surmrounding neurons  lacking GAD
inside their soma (fig. 512) This anatomical
feature of connections may, ai least partly, ex-
plain the large amplitude of ip IPSCs. How-
ever, 1t is uncertain whether the axo-axonic
transimission is mediated by synapses with a
structure commonly demonstrated by electron
microscopy (J¥).

We demonstrmted that laver-2/3  pyramidal
neurons, sending owtput signals o othar conical
arcas, excrl strong nhibitory effects on nearby
pyramidal cells via the direct activation of nerve
termunals of mhubiory  intermcurons,  bypassing
therr somatodendrte domam (Fig. 2A) Our
analysis sugzgests that the activation of inhibitony
terminals s mediated by axo-axonic signaling,

although we cannet rule out partial involvemem of

dendro-axonic signaling (2%), This inhibition may
play a crucial role in the regulation of the conical
ouput signal. According w0 imaditional views,
I'l_\lull'l'”';j.ll NN rl.'\'\.'i'\i.' i[|1l‘|l""ih1l‘_\ |r'|F"|,t|.,\ '\i:l
action potentials initiated i inlubitory  inter-
neurons alfter imegration of synaplic inputs o their
somatedendritic domaim, Thus, synaptic ransmis-

www.sciencemag.org

sion from inhibitory nerve terminals o layer-23
pyrmidal cells is driven by two distinet signaling
patlways: (1) via an integration of feedlforward
and feedback signals in inhibitory intemeurons

(30 and (i) more direetly via output signals of

nearby pyramidal cells. The presence of inter-
pyramidal inhibition suggests that the functional
influence ol inhibitory newrons can be Far greater
than might be predicied by their relatively small
numbers (~20% ol cortical neurons) (23, 37).
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The Excellence XP microbalances are designed for micro-dosing into large tare contain-
ers. They offer innovative features coupled with an inner draft shield to provide user pro-
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secure fastening of small and odd-shaped tare containers to the weigh pan. Programma-
ble infrared sensors allow for hands-free operation.
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stable control cell populations containing incre-
mental levels of DNA damage lor use when per-
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tently produce comets with predetermined per-
cents of DNA in the tails. These cryopreserved
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standardize alkaline electrophoresis methods
between individual users and laboralories,
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with proven efficacy against bacteria, fungi,
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Laser-Induced Breakdown
Spectroscopy

The LIBS2500, a laser-induced breakdown spec-
troscopy (LIBS) system permits instant qualitative
measurements of elements in solids, solutions,
and gases for use in materials analysis, biomed-
ical and forensic analysis, environmental moni-
toring, and more. Designed to be smaller and
lighter than its predecessor, the slimmed-down
system features an improved sensitivity of 10 to
50 ppm, a series of 2048-element, linear charge-
coupled device detectors, and a seven-fiber opti-
cal sampling probe with a collimating lens and a

sampling lens. In contrast to the small spectral
range of other LIBS systems, the LIB52500 incor-
porates up to seven high-resolution spectrome-
ters for speciral coverage as broad as 200 to 980
nm. The system operates with any 32-bit, USB-
compatible Windows personal compuler over a
USB 1.1 or 2.0 interface. Integral application
software fires the laser and identifies the element
being analyzed, performing element identifica-
tion, reference correlation by full pixel, reference
correlation by spectral line, time-dependent
analysis, and line tracking over multiple samples.
Ocean Optics Forinformation 727-733-2447
werw.OceanOplics.com

Hot/Cold Plate Analgesia Instrument
The Combination Hot/Cold Plate Analgesia
Instrument can be used either as a conventional
hot plate or cold plate for demonstrating that
animals’ receptors respond differently between
“hot” and "cold” pain. This single device can test
reactions in mice and rats to lemperatures
between 4° C and 86° C. The hot/cold plate car-
ries oul a rapid, precise screening of analgesic
drugs and their effect on hot and cold receptors
in the brain. The animal is placed on the surface
as a foot pedal is pressed to start a clock. The
observer presses the foot pedal again when the
anmimal makes a stereotyped paw lick in response
to the temperature change.

Stoelting For information 630-860-9700
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PRIME-LC is a unique program designed 1o provide
specialized training for funure physicians commitred
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nitics, Applicants should send curriculum virae and
mames and addresses of three references to: Donald
Forthal, M.D., Chief, Division of Infectious Dis-
eases, Department of Medicine, University of
California, Irvine, 3044 Hewitt Hall, Irvine, CA
Q2697-4028. Tl ['rm-rnfrr u.-.l- {':.ll'.lh.lrm'ur. Insne, v i
Epruel Chrpwretvipiry Esmgefoyer, commmitted be ocedllence thoegle
..I'I.JTr‘rr]" anid _ll'l'ﬂllu‘.r}" IS ,:{l;lllmrnl.lltﬁv.lu all |r.ll_lllffl-n;
applicuns, gnduding women and peoorines, UCH is reiposive i
the meeds of dial-caroer comiples, ds dedicaed wo worde-life balare
daronigle s armry af faily-friendly polides, and is e wapient of
an NSF Advanae Avard for gender equiry

The Department of Biology, University of Mis-
sonird, St Louis, invites applications for two full-time
instructonal posinons: (1) VISITING ASSISTANT
PROFESSOR {ccology, conservation ), a nine-month,
nonrenewable appomiment to wach a graduate course
i conservation ology, populaton biology, and other
courses based on qualifications; a Ph.DD, is required,
(2) LECTURER or ASSISTANT /ASSOCIATE
TEACHING PROFESSOR (general /introductory
biology), a rencwable appointment to teach intro-
ductony biology lecture and hiboratory, plus other
courses based on qualifications; biochemistry labo-
ratory o microbiology boratory teaching experience
desirable; Master’s degree and pnor teaching expen-
ence roquired; PhD. applicants are encouraged. Re-
view of applications will begin May 23, 2007, and
appointments will begin August 15, 2007, Submic an
apphcation letier descnbing teaching intercsts and ex-
pericnee, curriculum virae, and three letters of reference
o Marvann Hempen, e-mail: hempenm@umsl,
edu. For addinional information cont James H.
Hunt, e-mail: jimhunv@umsledu.

The Universty of Missoamd, St. Lownis, &5 an Aoy
Actiow, gl Clpportunity Employer comnitted fo exoellence
dhrough diversiry,

The USDA, Animal and PManr Health Inspection
Service, Forcign Amimal Discase Diagnostic Labora-
torv on Plum Island, New York, is secking a full-time
SUPERVISORY VETERINARY MEDICAL OF-
FICER (G5-15; annual salary of S115.929 1o 5145400
plus benefits). Incumbent will serve as the DIREC-
TOR of the faality. Tl mewmbent st be o US.
cittzen and alle to eltain a goret security clearance
winle emplwved for the pegtion. A copy of announce-
ment number 24V5-2007-0075 (open o the public)
o 6VS-2007-0223 can be obined ar website: h
jobsearch,usajobs.opm.gov, or call telephone: 515-

Obd- 7200 tor aplicanon procedures, This position
will be open April 30 through May 29, 2007, 1
Federal Covermment &5 an Eqral Employmest Opportiniry
Employer,

POSITIONS OPEN

‘*’ The Universityof Utah

Moran Eye Center &

The University of Utah's Department of Oph-
thalmology sccks new TENURE-TRACK FAC-
ULTY at all academic levels with research interests
in visual system funcrion and for discase, All research
will be based in the new Moran Eve Center.

The University of Urah offers a rich academic en-
vironment with strong professional rraining programs
in medicine, neuroscience, molecular biology, bio-
engineering, and computer sciences. Successful can-
didates will be expected to be active in professional
education and demonstrate strong extramural fund-
ing potential.

Applicants should send their curniculum vitae, a
statement of research interests, and names and contact
information for three references o e-mail: julee,
lamothe@hscutah.edu. Applications will be ac-
cepred unril a suitable candidare is idennfied,

The University of Utal i an Equal Cipportuwity A -
te Action Employer, and emannages appdicationss fromm sonien
anad mimorities and provides reasonable acommediions to the
Rerroten disabilities of appdicarnts and employees.

ASSOCIATE/FULL PROFESSOR

{Histology /Cell Biology /Tenure or Tenure Track)

Department of Comparative Biomedical Saences,
with numerous funded investigators in cell and mo-
kecular biology (including cancer biology ), secks a fac-
ulty person in histology /cell biology, Requirements:
P, or equivalent degree in biodogical /biomedical
sacnoes o related field; postdoctoral expenence; re-
search background in cell/molecular biology; ability o
reach histology and coordinate a team- tanght course in
cell biology and histology in the professional curricu-
lum; have (or will have) extramural funding. Respon-
sibiliics: establishes and mainins an extramurally
funded rescarch program; teaches in the professional
curriculum; contributes o the graduate program. Sal-
ary amd rank will be commensurate with qualifications.
An offer of employment is confingent upon a sats-
factory pre-emplovisent background check. Applica-
oon deadline 3 May 18, 2007, or untl candidare =
sclected. Submit letter of application and resume {in-
duding e-mail address) to: Dr. George M. Strain,
Professor, Department of Comparative Biomed-
ical Sciences, School of Veterinary Medicine, Lou-
isiana State University, Reference (000490, Baton
Rouge, LA 70803, whephone: 225-578-9758, c-mail:
strain@lsu. edu.

Lovisina Stne Universty is an Equal Chpportueity /gl
Acvess Emplayer

ASSISTANT (SCIENCE) CORPORATE
DIRECTOR for RESEARCH PROGRAM
{CDRP)

Shriners Hospitals for Children (SHC), website:
http:/ /www.shrinershq.org/, invites applications
fivr the position of Assistant (Science ) Corporate Di-
rector for Bescarch Program { CDRP) at their head-
quarters in Tampa, Florida, We have an extensive
program in basic transhtional and dinkcal rescarch in
congenital orthopedic diseases, spinal cord injury and
burns in children ar it 22 hospitals and cight rescarch
centers, with an annual budger of $37 million.

The successtul applicant will assist the CDRI in the
management of the rescarch program, induding
review of rescarch grant applications, granes adminis-
tration, biomedical rescarch related regulatory 1ssues,
program planning and evaluation, budgetary plan-
ning, rescarch facihties development, and other re-
scarch administration related activities.

Requirements: Must have a Ph.DD. in a biomedical
scicnnific arca, preferably in one of the SHC's
misgion arcas, with a background in research funding
and rescarch administration,

Submit curriculum vitae with five references by
June 15, 2007, to e-mail: ebayron@shrincnet.org
or by fax: 813-281-7102. Epul Opportunity Employer/
Dyng-free. Wonplace Progranr,
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National University of Singapore
NATIONAL RESEARCH FOUNDATION
RESEARCH FELLOWSHIP SCHEME

The Mational Research Foundalion (NRF), established
in 2006 under the Prime Mrisier's Office in Singapore is
charged lo Increase national R&D eMoris, to fund basic
and applied reseanch as woll as 1o enhance our reseanch
ability with human capilal development, The NRF
Resanrch Feliowship is a major programme intoduced 1o
atiract the best and Brghlest young scanisis lo carry oul
Indapendant resaarch in Singapore.

Established in 1905, the Natioral University of Singapore (MUS) has evolved inlo a quality tsaching and research-intersive instilution. which is
acknowledged as one of the premeer research universities in the Asa-Pacific, The Unhersity is currently ranked in the top 20 universites by the Times

Higher Education Supplamant,

NUS is actively seeking outstanding young PhD graduaies and posl-doctoral felows lor the prastigious NRF Research Fallowship.

Eligibility

1. The Fellowship is open to all amas in science and technology with no guota on spaciic disciplines.
2 Young talented post-docioral fellows at or balow the age of 35 should apply.

a Thara is no resiriction in nationasty

Terms & Remuneration

1. Gross annual salary is pegged to that of an Assistant Prolessor and ranges from 5572000 1o 55144 000 (epprox. USS47,300 o USS04,700).
2 Successiul applicants will recedve resaarch funding of up lo USS1.5 million dollars over three years.
a Owistanding Fellows may ba oflered enured rack or parmanani posifions al the approgriale acadamic departmants in NUS.

Singapore is a vibrant garden city with year round tropical cimate and rich mulfcultural herilage. Many top international sclentists have made Singapore
hiir home taking advaniage of the excelient faciliies and strong suppart for RAD.

Closing Date: 17 July 2007

Shortlisied applicants will be inviled 1o Singapore o present their proposals and undergo an inlerview session conducted by the NRF Sclentific

Advisory Board.

For further information please contact:

Direcior, Office of Research
Matioral Unkarsity af Singapoms

Singapore

Wiehsite: hilp:fwwanus.edu.sgione
Emall: omleliowiiinus.edu.sg

NUS

Mational University
of Singapoie

Northeastern

U N1 ¥ E E S 1 TY

Higher Learning. Richer Experience.

Mortheastern University (http:/www. biolog v.neu.edwindex.html), The
successiul candidate will lead and expand an evolving department that plays
a key role in the rescarch and educational missions of the University,

of competitive research funding. The Biology Department has 28 faculty
andd 15 currently searching o Gl two additional tenure track positions.
The Department’s undergraduate progrioms enroll 450 biology majors and
270 undergraduates in two interdepartmental programs, biochemistry and
behaviom] newroscience, Gradunate progroms servie 50 PhD students. There
are also professional MS programs in Bicinformatics, Biotechnology, and
Marine Biology,

Research imerests in the department are diverse and span the spectrum from
organismal to molecular studies. The suceessful candidate will comple-
ment these areas or will bring his/her own theme and cluster of key hires.
We are especially interested in an individual who will foster and expand
collaborative and imerdiseiplinary rescarch, Existing interdisciplinary ini-
tiatives include Biotechnology, Neurobiology, Sensing and Imaging, and
Manotechnology, with participants from Chemistry and Chemical Biology,
Physics, Engineering and the College of Health Sciences. As part of the
University’s continuing growth as a research institution, Northeastern is
in the process of hiring 30 outstanding faculty 10 pursue imerdisciplinary
rescarch and teaching,

A competitive start-up package will be provided. Please send a letter
of application, curriculum vitae, the names and contact information for
five references, and a briel description of rescarch inmterests. The carli-
est anticipated start date is fall of 07, and the scarch will continue until
the position 15 [lled. Applications should be submitted electromcally to
hiojobsi@ new.edu

Northeastern University Iy an Equal Opportuniny Affirmative Action
Employer. Candidates from groups wnderrepresented in selence arne
especially encotraged to apply,

FACULTY POSITIONS
Cancer Biology and Epigenomics Program (CBEP)
Children's Memorial Research Center (CMRC)
Children's Memorial Hospital
and Northwestern University
Chicago, IL

Applications are sohicited for two Assistant Professor level positions
in the CBEP at CMRC, with start dates i the SpringSummer and
Fall'Winter of 2007, We seck Ph.D. and M.DUPh.D. candidates with
outstanding graduate and post-doctoral trainmg. a potential 1o attmct
extemal funding, and a commitment (o develop aninteractive rescarch
progrim. New laboratory space and state of the art equipment are in
place. Star up packages will be generous and sueeessful applicants
will be eligible lor wenure-track laeulty positions in the Department
of Pediatrics, Feinberg School of Medicine, Northwestemn University.
Candidates with research interests in these topics will be considered:
cancer development and metastasis, tumor heterogeneity and drug
resistance, genomic instability, tumor-microcnvironment signaling,
high-throughput identification of germline and somatic mutations,
and integrated analyses of cancer-"omics”. For further details see
http:/fwww.childrensmre.org/cancer_genetics’.

Please send curricefum vitae, a statement of rescarch inlerests,
contact information of three referees, and .pdf files of most relevant
publications to: Ms, Lara Hess [lhess@ childrensmemorialorg],
Sentor Administrative Assistant, Cancer Biology and Epigenomics
Program, CMRC, 2430 N Halsted Street, Chicago, IL 60614, USA.

Review ol appheations will continue until positions are hilled.

Northwesters University iy an Affirnsative Action/Equel
Chopartunity Emplover, Hiring s contimgent upon eligibility o
wark in the Unired States. Women and minovin candidates are

stromgly encouraged 1o apply:




e NATIONAL INSTITUTES OF HEALTH

IRETITLTE CHIEF, BIOSTATISTICS BRANCH

—

The Division of Cancer Eptdemiology and Genetics (DCEG) of (he Wational Cancer Institute is recruiting a Chiefl for its Biostatistics Branch(BB). DCEG scientists camry oul a
comprehensive program of research on the genetic and environmental causes of cancer, with a strong emphasis on molecular epidemiology. BB sciemtists play an imegral role in
the design, analysis and interpretation of DCEG swdies, conduct independent statistical and computational research on metheds for such studies, meluding methods for genetic
epidemiology, conduct selected epidemiologic studies, improve methods for gathering and analyzing epidemiologic, clinical and laboratory data, and train pre- and post-doctoral
fellows and others in biosttistics and descriplive epidemiology.

The Branch Chief directs an intremuml and contract-supported rescarch program, provides leadership and foeilittes research activities of Branch scientists, and plans and dinects
a program of independont stastical and computational research. In addition 10 overseang the administrative management of the Branch, responsibilities include supervismg stafl’
members, mentoring tenure-mck investigators and post-docioral fellows, and asuring the scientific quality of the Branch rescarch ponfolio. BB currenily has a stall of 2| scientists,
including 10 tenured or tenure-track mdependent investigators, and additional recruitments are anticipated. Resources available to BE melude contracts for computer programming
and for epidemiologic leld studies and access 1o extensive molecular epidemiology data, such as whole genome scans,

The successful candidate must hold a doctoral degree in biostatistics, statistics or a related field. He or she must demonstrate knowledge of epidemiologic and statistical methods and
ability to: { 1) conduct high-quabity onginal research using mathematical and biostahistical approaches; and (2) publish such work i péer-revigwed scientific or medical joumals and
present i of scientific mestings, The condidate must also demonstrate administrative expenence, incleding supervision and scientific management. The Chiel, Bioststistics Branch,
will be appointed with lenun: at a salary commensurate with qualifications and experience. Full Federal benefits including leave, healih and life insurange, long-lenm care insurance,
relirement, and savings plan (401K equivalent) will be provided. Qualified candidates may be considered for the NIH Senior Biomedical Research Service.

[nterested individuals should send a cover letter, curmiculum vitae and bibliography, a briel summary of rescarch interests mnd accomplish ments, scientific administrative experionce,
copics of up 1o five publications or preprints, and the names and addresses of three references to: Sandy Rothschild, Division of Cancer Epidemiology and Genetics, National

Cancer Institute,6120 Executive Blvd., Room 8063, Bethesda, MDD 20892, E-mail: rothschsi@ mail.nih.gov,

The search will continue indefimtely until a qualifed applicamt is found. However, no candidate will be considened before Jume 30, 2007,

This position is subject o a background investigation.

The Diviswon of Cancer Epidemiology and Genetics (DXCEG) of the National Cancer
Institute (NC1) in Rockville, Marvland, is recruiting a Chief to lead its Office of
Education (OE). The DCEG OE oversees the recruitment of high-caliber post-doctoral
and pre-doctoral fellows: provides oversight of fellows" truming and career progres-
sion; and develops mnd promotes graduate program partnerships with public health
and medical schoals i the U.S. and obroad. Currently, there are approximasely 635
post-doctoral and pre-doctoral fellows in DCEG., The OE also coordinates the DCEG
summer research program that offers fiellows hips o high school, college, and gradunte
smudents interested in exploring cancers in cancer epidemiology and genetics. The Chief
represents DCEG at NCland National Instinutes of Health{NITH) meetings relevant 1o
the coordination of treining, recruitment, and educational sctivitics. The possibility
of research resources and sppointment is subject to negotistion.

CHIEF, OFFICE OF EDUCATION

The successful candidate must hold a medical or doctorate degree in epidemiology.
biostatistics, or a related field or demonstrate the equivalent level of epidemiologic
training. He or she must possess strong communication skills, both oral and written,
and provide evidence of successful mentoring, along with other relevant administrative
expericnce.  Salary will be commensurate with qualifications and experience. Full
Federal benefits including leave, health and hife insurance, long-term care insurance,
retirement, and savings plan (401 k cquivalent) will be provided.

Interested individuals should send o statement of interest, curmiculum vitae and bibli-
ography, and the names and addresses of three references to: Ms. Sandy Rothschild,
Division of Cancer Epidemiology and Genetics, National Cancer Institute, 6120

Executive Bivi., Room 8063, Bethesda, MID 20892, E-mail: rothschsi mailnih.

pov, httpiideeg.cancer.gov. The scarch will continue indefinitely until a qualified
applicant is found, This position is subject to a background investigation,

Office of the Director @
OMTice of Intramural Research L

&
The Mational Instinstes of Health (NIH) in Bethesdn, Maryland, the world's langzese
biomedical research community, is secking applications from exceptional can-
didates for the position of  Deputy Director in the Office of Intramural Research
(OIR), Office of the Director, NTH. The NITT Intramural Rescarch Progmm (IR F)
has national and imernational recognition as it conducts laboratory, clinical,
and population-based research in the interest of improving public health, The
OIR coordinetes functions specifically for oversight of all clinical and labora-
tory rescarch in the IRP os well as career development; the NIH animal care and
use progrom; and human subjects rescarch. The [RP has rescarch pariners in the
public and private sectors who share common goals and work in partnership by
means of specific tools, g, Cooperative Research and Development Agreements,
which are managed by an OIR office--the NIH Office of Technology Transfer,

The incumbent has the professional meanogement responsibility to assist the
Deputy Director for Intramural Research in the planning, development, organiza-
tion, coordination, and implementation of the administrative and organizational
policies affecting the entire NIH. The incumbent represents the Office of the
Director at the NIH Medical Executive Committee and supports the clinical
research interface between the IRP, the Clinical Center and the Instimtes and Cen-
ters. This position supports the work of the ongoing Advisory Board for Clinical
Rescarch that 15 composed of intramural and outside experts in clinical nesearch
who advise on directions for the entire intramural clinical research progmm. The
incumbent plavs an active role in research training for medical sudems as well,

Candidates are required to have a docioral kevel degree and exiensive expenience
in managing a biomedical research institution.  Salary will be commensurate with
experience.  Please send applications (statement of interest, CV, bibliography and
names of three references) 1o Nadine Fonrose, 2 Center Drive, Room W09,
Bethesda, MD 20892, Applications due by June 4, 2007. This position 15 subject o
o background investigation.

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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The Cyprus Institute (Cvyl)
Recruits Associate Directors for (A) Environmental, (B) Energy and (C) Policy Research for its
Energy, Environment and Water Research Center (EEWRC)

The EEWRC is intended as an impartans research resource for the Eastern Mediterranean, Middle East, and Nortl Africa, and as @ gateway benveen the ELU
anad the reglon for addressing energy. environment and water issues on the basis of science, technology and analvsis. The EEWRC is a research Center under
the auspices of the Cvprus Institure (vl which has been esteblished in Cyprus as o povel nom-profir research and edvcational institnrion, The Cvl and irs
Research Centers strive to achieve the highest standardys of excellence with an emphaxis on internationsl partnerships with world-class wmiversities and
research organizitions. The EEWRC is being extablished in close collaboration with the Massechusens nstitute of Technelogy (MIT),

Position Deseription:

The EEWRC Associate Directors for: (A) Environmental, (B) Energy and {C) Policy Research will direct the corresponding divisions of the Center and will be
responsible for the conduct of (A) Scientific research and technology development addressing environmental issues of regional and global relevance. (B) Scientific
research and technology development including the generation, storage and transport of energy: the development of research thrust in the area of =olar energy is
considered asa high priorty thrust for the Center. (C) Integrative research addressing economic and policy research in the felds of environment, energy and water
development, utilization and management of significance o Europe and io the region.

The Associate Directors will repornt (o the Dircctor of the EEWRC. The incumbents will work in Cyprus, and will be offered a 5-year appointment, renewahle
upon mutual agreement, with an attractive salary and benefits package, commensurate to his/her high degree of responsibility and qualification,

Responsibilities:

The Associate Directors and Division Heads will be responsible for:

(1) Shaping the respective Divisions' rescarch agendas of the Center in collaboration with the Director of the EEWRC, (2) Developing and implementing
strategies appropriate to the Center’s missions and objectives. (3) Assisting the Director of the EEWRC in recruiting staff for his/her Division within the Center,
(4} Realizing and implementing the design of the research facilities appropriate to the research of the Cemter. (5) Developing a world-class research program, in
the candidate’s field of interest, (6) Contributing to the educational mission of the EEWRC and of the Cyprus Institute. ( 7) Raising financial and other resources
for the needs of respective Divisions, (8) Initisting and sustaining high-level contacts with leading institutions throughout the world which conduct research in
arcas related (o the respective ficlds,

Profile:

The incumbents should be outstanding scholars of international standing, with a minimum of 10 years” experience in conducting research. Previous responsibility
for building research groups and/or managing complex projects from development to implementation would be o strong sdvantage. The incumbents must have
excellent imerpersonal skills, with strong capacities for managing human resources, and [or generating and maintaining contacts in the academic. business and
governmental circles, as well as obtaining suppon from them for the Center. Proficiency in spoken and written English is indispensable.

Applicants should clearly state for which of the three positions (A Environment, B; Encrgy, C: Policy) they apply and submit: (i) a CV including a list of
publications and a compilation of resecarch grants obtained, (i) a Vision Statement about their plans in developing the respective Division of the EEWRC, and
(inipa list of fve potential referees,
Please veply before 10 June 2007 1o De. Michalis Yionpon — Cvprus Research and Educational Foundation, Alpha Howse, 50 Archbishop Makaries I Ave,
NMicosta (065 Cyprus, PO Box: 22745 CY 1523 Nicosia, Cvprus
Email : sec.oref@cytanet.com.cy Tel+ 357 22 761100 Telefax: + 357 22 447800 www.cyprusinstitule.ac.cy

Full time Tenure Track or Tenured Faculty Member

Department of Otolaryngology — Head and Neck Surgery
University of California, Irvine, School of Medicine

The Depanment of Oiolaryngology — Head and Neck Surgery at the
University of California, Irvine, School of Medicine seeks a full time
tenure track or tenured professor,

All Souls College
Oxford

Senior Research Fellowships

The successful candidate will possess a Ph.D. or MD/PhD. with the

Ph.D. in a field related to Auditory Neuroscience. In addition he/she will
have a track record of outstanding achievement in auditory rescarch, an
exceptional record of peer reviewed publications, and a history of NIH
gramt funding. It is preferable that the successful candidate has research
interests that merge with current departmental research. particularly
in auditory prostheses and electraphysiology.

It is expected that the candidate would be a gqualificd lecturer/
teacher and participate in departmental service.

Academic rank and salary will be commensurate with gualifications
and expenence.

Candidates are invited to submit their curniculum vitae and names of

five references to:
NeuroScienee Search Committee
Attn: Ms. Cathy Ta
Fan-Gang Feng, PhI, - Committee Chair
Department of Otolaryngology — Head and Neck Surgery
101 The City Drive, South
Bldg 56, Suite 500
Orange, CA 92868-5386
Fax: (T14) 456-5747

The University of California, frvine has an active career partner
prragram and an NSF ADVANCE Program for Gender Eguity
and ix ant Equeal Opportunine Enplover conmined to excellence
Hrrongh diversin:

All Souls College intends to elect three Senior Research
Fellows with effect from 1st October 2008 (or an agreed
later date): in Philosophy, in History, and in Theoretical
Life Sciences (all subjects broadly conceived). The
Fellowships are open to women and men.

The College regards a Senior Research Fellowship as

being of comparable academic standing to an Oxford
University Professorship, and applicants are expected to
have a correspondingly distinguished record of
achicvement in research.

Further particulars, including details of emoluments and
terms of appointment. application form, and copies of a
memorandum for referees may be obtained from the
Warden's Secretary, All Souls College, Oxford OX14AL;
mary.yvoe@all-souls.ox.ac.uk. Sce also the College’s

website: wwwall-souls.ox.ac.uk. Applications. on the
application form, should reach the Warden not later than
Monday, 10th September 2007,




”:>| W Environmental Energy Technologies

Division Director

NIMS

Lawrence Barkeley Mational Laboratory (LBML) is seeking an interrationally
rengwned scientific leader to direct the Emvironmental Energy Technologies Division

(EETD). EETD performs research on enemy technologies, enemy efficiency, indoor Mational Institute for Materials Science.

envimnmental quality, atmospheric science, and climate change. The Division has a Japanese national institute specializing
substartial effort n enerqy analysts, including both demand and end-use effickency. in research on materials science, employs
EETD research is also coupled with Laboratory-wide initiatives on new and secum 550 people, including 400 researchers.
erengy sources for the LS. For mome informatien about EETD's scientific programs,
visit their website at hitp: //eetd.Ibl.gov. RESEARCHER POSITIONS
The EETD Director plays a crtical rode in providing scientific leadership for the
Larw oe Division. The Director will develop new programs that address the national needs in 1. Reeruiting feld
Berkehey Nathonal the enengy and environmental areas, and act as chief spobesperson for the Division in - - ) y
I .;1|::!r:|.rur‘|- interactions with the U.S. Department of Enerqy (DOE) and other government agencies. a. I'.llL"'I Cell M‘;L[E.rl.'ﬂ?-.' Hetero-imerface.
= : The andidate should possess a distinguished record of scientific accomplishment in a Electrode, Solid Electrolyvie,
(LBNL) is located discipline relevant to the Divisior's research, and have demonstrated experience with Separator
scientific management and development. Proven experience in building and leading b Functional Materials and Physics,
collaborations among multidisciplinary teams is required. The Director is expected Ferroic Maierials: Novel ’
to build collaborative programs with UC Berkeley and other research institutions. sanelecirics
In addition, the Director has final responsibility for all areas of management within peea = . ;
the Division, induding operations, envimnmental health and safety, administration, <. Molecular biology, Cell biology,
budget, and human resources. Nanobiology

d. Solid-state electroche mistry, ionic

The EETD is a multidiscplinary organization with approcmately 425 scientists, : s :
conduction at hL‘lL."I'lfIII.IIIL'[IHI'I-!\-. 10n=

engineers, technical, and administrative pemsonnel, including participating faculty

and students from the nearby UC Berkeley campus, The Division has an annual budget conductive solids

of approodmately $50M. EETD's mesearch is primarily funded by the DOE Office of 2 Anv fip Materials Science

Energy Efficiency and Rerewable Enemy, with significant support from other DOE i Auy e Id."f Materlals 5"_“““‘

offices, other federal agencies, and the State of California. We are secking researchers in metals,

For a complete job description, or to apply online visit: https//jobs.iblgow, '..;;:r.'.mlu.'h. organics, hll'llllil:IL'tl.'ll.\.

select “Search Jobs”, and enter 20349 in the keyword search field, Enter “Science semiconductors, compound materials, and

Magazine” as your source, S0 0.

LBNL i an Affirmative Action/Equal Opportunity Employer committed to the For more details, httpz/www.nims.go.jp/

development of a diverse workforce, eng/employment/index.himl
Laboratones For more information about LBNL and its programs, visit wwwelblgov.

Cincinnati Children's Research Foundation (CCRF)

| Giving the Gift of Breath

Lovelace Resperatory Resaarch Institute s the only institute
fully devoted 1o respratory reseanch & works under an en-
dowrment wisubstantal intramural support for emenging
programs. We ako wedk in aliance with the Unversty of
New Mexxo Health Soence Center,

Associate Scientist & Postdoctoral Opportunities

Associate Scientist in Physiology (51207): Ph.D. & laboratory expenence in
respiratory & cardiovascular physiology. Aercsol delrery in tomicologicalbeo-
logical laboratory, immunalogy or virology espenence highly desirable. ABSL-3
capenence deal

Associate Sclentist (N4307) or Postdoctoral Fellow (N4107), wiDr. K.C.
Kim: Ph.D. & a strong background in moleculan' cell biclogy, preferably in lung
physiclegy & cell signaking Bfor lung pharmacalegy. Will focus en the ducida-
tion of the molecular mechanism of the anti-inflammatory roke of Mucl mucin
wsang both in vivo & in vitro systems

Postdoctoral Fellow (ES402), wiDr. K, Harmod, to study immunclogy of
emerging and beothreatl pathogens. Established background in molecular and
cellular mmunology

Postdoctoral Fellow or Associate Research Scientist (E4407), w/Dr. L.C.
Seagrave, with expenence in proteemics, inchuding 20 gels, protein identifica-
tion, iomarker discovery, prolempeptide mass spectrometry reguared. SELDI
F:Imnu'l{l: desired but not reguired. Documented recomd of pubbcaton in the
feld.

Postdoctoral Fellow or Associate Research Scienmtist (E1001), w/Dr. Y.
Tesfalgzi, 1o study the role of infllammatory mediators in regulating signal-
ing of apoplosis & autophagy mn awmway epathelial cells of mece & humans
Experience in anaysis of call signaling, transcriptional reguiation, &ior genomic
& proteomic technigues is desirable

Postdoctoral participants are encouraged to write grants & become membsers
of owr scientific staff

Senior Ressarch Associate & Associate Research Saentist
posatons are available in the above & other aeas as well

Send CV, nisearch goak & 3 references w' contact
mnformatsn, l'f‘-'."'l"l'."'l'l:lm.:li Eosihon 1 10

HR Office, 2425 Ridgecrest Drive SE
Albuquerque, NM 7108

Division of Experimental Hematology 4 C'"anat',
(Director: Dr. David Williams, MD) Children's

Hespital Medical Cenger
The Division of Expenimental Hematology is pursiming excellence in
rescarch with Programs in Hematopoietic Stem Cells. Cancer, Cell
Sigmaling, Leukemia and Molecular and Gene Therapy. The Division
is secking o recruit

Molecular and Gene Therapy Faculty

We seek to Gll several faculty positions with candidates imterested n
basic or mnslational research focusing on the molecular reatment of
mberited or sequired genetic discases and cancer to expand/ complement
our expertise in gamma-retroviral, AAV and lentivirl vectors. We seck
faculty with substantial experience (1) in the area of innovative stable
vector systemsargeted penetic correction, amd (2) climecal gene therapy
trials. Academic rank will depend on faculty credentials and expen-
ence. Close collaboration is available with the existing faculty and other
divisional programs (www.cincinnatichildrens.org/research/div/exp-
hematology/ ) and the Division of Hematology Oncology. The Program
supports a range of projects from basie research 1o translational develop-
ment o facilitate implementation of phase VI trials in Molecular and
Giene Therapy

To apply, please forward your CV and a brief staement of your research
interests to: David A, Williams, MD, Director, Division of Experimental
Hematology and Punam Malik, MD, Program Leader, Molecular and
Grene Therapy Program; via E-mailwo Ms. Jovee Lewis, Business Man-
ager, Division of Experimental Hematology: jovee lewisi@ chmee.org;
CCRF, Cincinnati Children®s Hospital Medical Center, 3333 Burnet
Ave ML 7013, Cincinnati OH 45229-3039,

Fao; 505-348-4976; E-mail: hrmail@lrri.org.
Visit: www.lrri.org. FOEMF T Lovelace

Cincinnari Chifden s Hospital Medical Center is an Affirmative
Aetion/Egqiad Opportirity fastitwsion. Woren cned miviorities are
ercotraged o apply,

www.LRRI.org




~ Singapore Institute
| for Clinical Sciences
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DIRECTOR

Metabolic Diseases Research Program

The Singapore Institute for Clinical Sciences (SICS) is a new institute within the Agency for Science,
Technology and Research (A*STAR). Our mission is 1o develop disease-oriented clinical and translational
research programs in focused disease areas. SICS is based at the Biopolis, Singapore's world-class biomedical
sciences complex, and adjacent to other A*STAR research institutes. SICS also has a research building that is
in close proximily to the National University of Singapore and the National University Hospital.

The Metabolic Diseases Research Program is a new initiative, intended as a mulli-disciplinary program
involving disease-oriented laboralory and clinical research in diabetes and obesily. This program will span
the molecular basis of disease through the development of new therapies and diagnostics, and will include
investigational medicine studies in humans, We seek an internationally renowned specialist in the field of
metabolic diseases as the Program's Director - Lo define the specific research focus, recruil and support an
internationally competitive team of principal investigators as well as to develop the program as a bridge for
collaborations between basic scientists and clinical investigators. Excellent funding has been allocated by
A*STAR to enable the recruitment of up to 5 principal investigators and a total of up to 70 staff members, plus
equipment purchases and laboratory running costs.

The Director and the research teams will work closely with a number of other programs in Singapore that
provide important and useful synergies, including:

= Singapore Consorlium of Cohort Studies » Clinical research facilities (inpatient and oulpatient)
* Singapore Bioimaging Consortium * MUS - Lilly Centre for Clinical Pharmacology
» Singapore Tissue Network * A*STAR funded graduate students and

postdoctoral scholars (both M.D. and PhD)

* National University of Singapore A ;
selected for training in Program laboratories

* NUS - Duke Graduate Medical School

We invite senior internationally-recognised investigators in the area of metabolic diseases to apply for the
Directorship. Preference will be given to physician scientists and clinician investigators with a track record
of publication in intemational refereed journals as well as a demonstrated ability to lead a major research
program and to collaborate with other groups. Candidates will be offered joint appointment at the National
University of Singapore. Remuneration will be commensurate with the experience and qualifications of the
successful candidate.

Interested applicants, please enclose your curriculum vitae and
indicate your area of interest to:

Professor Judith Swain (Judith_swain@sics.a-star.edu.sg)
o Si

re Institute or Dr Kevin Young (Kevin.young@thersagroup.com)
e 10f CHnical Sciences All applications will be treated in strict confidence.
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FACULTY OF MEDICINE
HEALTH SCIENCE CENTRE
DEPARTMENT OF PHARMACOLOGY AND TOXICOLOGY

o o

il

The Department of Pharmacology and Toxicology, Faculty of Medicine, University of Kuwait invites
applications for the following academic position:
Assistant/Associate’ Full Professor in:

1. Clinical Toxicologist: Applicants should have expenience in Chintcal Pharmacology and Toxicology.
2, Clinical Pharmacologist: Applicants should have expenence i Climeal Pharmacology,

Do what
you love.

1
g
:
7
;
3

CONDITIONS OF APPOINTMENT: Total monthly salaries will be within the following scale
according to qualifications and expenience (1 KD = 1.9 56 Pound, US 33 .4 approximately).

Love what
you do.

Professors Min-Max | Associate Min-Max | Assistant Min-Max
Climical KD, 3930 - 4172 KD, 3275 - 3517 KD, 2810 - 3050
MNon-Clinical KD, 2950 - 3192 kD, 2265 - 2507 KD, 2950 - 3192

OTHER BENEFITS: Conference attendance. Gratuity. Housing Turniture allowance. Free medical
reatment m Kuwait, Free annual round-trip ar tickets from country of citizenship or permanent
residence for sel fand family up o three dependent children, Baggage and freight allowance. Educa-
tion fees for o maximuem of three children in Kuwait from elementary through high school. Tax-free
salary. Currency is transferable without restriction. 60 days paid annual leave.

www.scienceca reers.org

METHOD OF APPLICATION: Curriculum vitae which should melude the names of 3 referees;
personal particulars; copy of the relevant pages of passport, qualifications with dates, career history,
teaching experience, research accomplishments and where appropriate clinical experience should
be sent no later than 60 days from the date of this advertisement to:
THE DEAN
(RECRUITMENT OFFICE)
FACULTY OF MEDICINE
KUWAIT UNIVERSITY
PO, BOX 24923
13110 SAFAT, KUWAIT
FAX: (+965) 5318454

ScienceCareers.ﬂrg

We know science AV aans

UNIVERSITY MEDICAL CENTER

THE UNIVERSITY OF TOLEDO

DUKEBENUS

GRADUATE MEDICAL SCHOOL SINGAPORE

Tenuretrack becuity Positonain immunolagy Director, Program in Emerging Infectious Diseases

The Depanment of Medical Microbiology and Immunology at the
University of Toledo College of Medicine, formerly known as Medi-
cal University of Ohio (www.meduohio.edu), s secking to hire several
tenure-track faculty members at the level of Assistant/ Associte Profies-
sor. Immunology has recently been identified as a specific target anca
of institutional programmatic growth. Candidates must hold a Ph.D,,
M.D., or equivalent degrees and have at least three years of relevant
postdoctoral experience {Assistant Professor) or faculty appomtinent
(Associate Professor), Independent funding 15 highly desimble

A suecessful candidate will be expected to develop/ mantan an exter-
nally funded, basic and or translational research program in the fields,
including (but not limited 1w0) transplant immunology, autoimmunity,
host immune responses o pathogens, and vaceine development and to
participate actively in the departmental weaching mission,

Applications should include: (a) CV. (b) a brel summary of rescarch
interests, past accomplishments, and future plans, and (¢) names and
addresses of three references. All matenals should be sent 1o

Akira Takashima, M.D., Ph.D., Professor and Chairman

Department of Medical Microbiology and Immunology

University of Toledo, Health Science Campus
3000 Arlington Ave,
Toledo, OH. 43614-2598

Applications will be reviewed immediately upon receipt.

The Universite of Toledo is commmitted 1o diversine and equal
ot Appfications from women and mimorite candidares
are sirongly enconraged,

The Duke-NUS Graduate Medical School Singapore (GMS3) is unigue in
bringing post-baccalaureate, research-intensive medical education Lo Asia,
and represents a truly global partnership between two leading universities:
Notional University of Singapore and Duke University. The GMS shares a
modern campus with Singaporne s largest hospital and several national rescarch
centers. The GMS is creating a world-class. academically based Program in
Emerging Infectious Discases that will both enhance health care in Singapore
and serve as a national and international resource of excellence in emerging
infectious discases. The mission of the Progrom foculty will be to conduct
high-level basic and applied rescarch, and 1o train graduate students, posi-
doctoral lellows, and physician scientists in the disciplines relevant o
emerging infectious discascs,

We are secking an individual with exceptional sciemtific credentials and
leadership skills to head the Program. The position of founding Director
will inelude full salary, & very gencrous start-up and fve vears of annual
rescarch funding. The Director will be provided with the space and resources
necessary o recruil 6-8 oulstanding facully members at all academic ranks.
The packages for these faculty recruits would inglude full salary, generous
start-up, and five years of annual research funding of up to S5500K/p.a.,
assuring a stable base of suppoert that can be supplemenied by competitive
grant awards, which are expanding rapidly in Singapore. The director and
the faculty members he/she recruits will join the proneenng Duke and
Singapore investigators already affiliated with the GMS (see
www.gms.cdusg),

Interested candidates should send a CV and the nomes of three references to:
Mariano A, Garcia-Blanco, M.D., Ph.D., Chair, Search Committee on
Emerging Infections, Duke-NUS Graduate Medical School, Singapore
by cmail to: direetoridia gms.edn.sg

The GMS 15 a collaboration of the Duke University School of Medicine and
the Mational University of Singapore,




ASSISTANT/ASSOCIATE/
FULL PROFESSORS
CHEMISTRY, STRUCTURAL
BIOLOGY & DRUG
DISCOVERY/PROTEOMICS

The College of Medicine and the H. Lee Moffill Cancer Center & Research
Instiive, a comprehersive NCT designated center, al the University of South
Florid is seeking applications from Assisant, Associate and Full Professor
lvel individunls Lo participale b the Depantient of nterdisciplinay
Oneology and the Drug Discovery Program, The Dineg Discovery Program
(httpetfwoww molfiL sl edwimsenrchimolecubnidngoise him) is expanding
Synihetc Urganie Chemistry, Sireciural Biology and Proleomics
components o synemgistically grow with its outstanding Cancer
Biology,Sipmil TrrsduetionGene Regulatlon componomis. Striciun-based
g design and focused combinatorial chemistry libmry spproaches will be
sirongly supported by the current amnd developing research infrstructure.
The Molfit Cancer Center has several cone kb fadlities and services
available such as: NME, structuml biology, moleoular modeding, high
throaughpul screening, profeomics and micmamay shared fcilities

Chemistry, position #1191 1: Swmithetic organic chemists looking for
strong bological collaborators with oulstanding core fadlities or incdhstria
synthestic onganie chemists looking for a wide open research agenda are
encouraged o apply. Successiul candidies musl possessa P in
symihetic onganic chemistry or relaled areas with preferred experience in
molecular recognition andfor oorganie/senibeticmedicinal chemistry.

Structural biology, position # 14600 Applicants st possess a Pl in
Structural Biology or relaled arca snd have a demonstrated track recond in
ey erystadlography and the chocidation of strocture-functon reludionships.
Areas of msearch foeus could inelude protein strecture-mation
refationships, protein/dug interactions aml proteinprotein interactions,
Experience in the wreas of growth factor sigral tmnsduection, profeins
ivalved in oncogenesis or umor suppression, amd cell cyce regulation is
prefermed. Applicants should boave o strong desire (o intemo wilh sciontists
ongagod in drug discovery and design incuding synthetic organie chemists
il computational chemists.

Proteomics, position #13301: Candidales musi possess a Ph) degree
el ademonstrated expertise in Drug Discovery or Proteomics in the
cancer aren with aminimum of fve years experience. We are looking for
inelivichaals with proven experience in cancer diug discovery; experience in
utilizing or developing proteomics techniques will be a plus. The individual
will be expeded to develop independent, fmdable research projects and
collaborate with olher ivestigators al ModlilL.

Candidates for the mnk of Assisant Professor mus have at lesst two years
postdoctoral experience. Candidates for the mnk of Associate Professor
niwest bavve aproven irack record of independent federal fundEng ad
research and ot least five years experience al the Assistont Professor level.
Canlidates for Full Professor most luwve a proven tmck recond of
independent rescarch and anationalintiemational reputation in their Bold
and al least five vears experience at the Associate Professor level, The
ModTitt Cancer Center and Research Institule, a Natlonad Caneer Instiiule-
designated comprehensive cancer oenter, and USF offer an outstanding
slary, benedits and relocation package. Academie rmnk and salary will be
commersurale with expedenor and qualificuions. These tenure track

positions will be sssigned to the Department of Interdisciplinany Oncology
wilhin the College of Medicine.

Plemse send ourmiculum vilae, stalement of resesreh interests, and the names
el awkdresses of theee or mome eferenoes to Professor Said Seidd, Drug
Discovery Program, H. Lee Mot Cancer Conter, 12002 Magnolia Drive,
SRB-3, Tampa, Florkda 33612 Eledironic CVs preferred io

i sebtiEmofiittorg, The selection committes will reviewing
spplications May 1, 2007 and will continue until idnte i hiresl
Important: Please state on your cover
mppying for by indicating the actusl

ch of the 3 positions e

number.

A National Cancer Institute
Comprehensive Cancer
Al the Linrversity of Sobth Florida

HEALTH

UEF Heaihy is commniiied ta

ialaley povommidalions, o] K
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o FlL Eaw, apydlicntions amd
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Post Doctoral

Fellowships 2007

CSIRO

CSIRO is Australia’s national science organisation with
over 6,500 saff located across the country. Itis one
of the largest and most diverse research organisations
in the world, with its research delivering solutions

for agribusiness, the envirenment, infoermation and
communication technologies, health, advanced materials
and manufacturing, minerals and energy, services,
ransport and infrasoructure.

The CSIRO Postdactoral Fellowship Scheme provides the
opportnity for postgraduates to undertake postdocroral
research projects within CSIRO for a period of three
years. |9 postdoctoral positions are now being offered
across a broad range of disciplines, as follows:

Deep radio imaging Protein cross-linking

techniques; . -
4 technologies tailored for

Modeling of nanoscale

heat wansfer; biomedical applications;

Advanced biomarterials
synthesis by
plasma processing

Structural studies on

the organisation of the

Ecosystem modeler for

2 basement membrane;
savanna and climate;

Atmospheric Epigenetic mechanisms in
inscrumentation scientist in

geosequestration studies; an animal model: the aphid;

Molecular approaches to
marine
nutrient cycles;

Gut microbiome
interrelationships and

Multiscale modeling of
bulk nanomaterials;

human health;

Designing smart Functional genomic

nuclear instruments
= mathematical/
computational physicist;

approaches for plant

resistance to sap-sucking

Physical oceanographer
Southern
Ocean processes;

insect pests,

Early detection of

Viirsieesed hocand Alzheimer’s disease and
sensor networks;
Drosophilia development of a blood

chemoreception; diagnostic test;

Host-pathogen

coevolutionary biology: Biofibre informatics.

Full details of the positions being offered can be found
on the CSIRO Careers website.

For further informadon, selection
documentation and details on how to apply. visit
www.csiro.aulcareers
Alternatively contact CSIRO on 1300 301 509

Fma CO8 2134

WWW.CSIMo.au
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From life on Mars
to life sciences

For careers in science,
turn to Science

If you want your career to skyrocket, visit of Science, the premier scientific journal, and
ScienceCareers.org. We know science. We are the long experience of AAAS in advancing
committed to helping you find the right job, science around the world. ScienceCareers.org is
and to delivering the useful advice you need. the naturalselection.

Our knowledge is firmly founded on the expertise WWww.Sciencecareers.org

Featuresinclude:
* Thousands of job postings * Resume [CV Database SCiEﬂCECEll’EEI’S.OI'g
e Career tools from Next Wave e Career Forum
® Grant information

We know science RYAAAS




Department of Health and Human Services
Mational Institutes of Health

National Institute on Aging

Health Scientist Administrators
Aging Physiology Branch And Biological Resources Branch

The Biology of Aging Program {BAP) in the National Institute on Aging (NIA), s major research component
of the National Institutes of Health (NIH) and the Department of Health and Human Services ( DHHS), is
recruiling for two posilions:

* Health Scientist Administrator, Aging Physiology Branch - preferred experiise in the arcas of mus-
culoskeletal biolopy including basic bone, muscle and’or cartilage biology and/or extensive research
background in cell biology, molecular biology and physiology. The incumbent will work with a team
of Health Scientist Administrators covering the areas of cardiovascular, immunalogy, phvsiology and
endocrinology of aging, including research on stem cell biology and aging that is administered by the
Aging Physiology Branch. Incumbent will provide scientific and administrative leadership in assisting
in the direction and management of a program of research in the area of Musculoskeletal Biology. The
s¢lected candidate wall assistin the program development and admimstration of research grants, traimning
grants, fellowships and cooperative agreements and contracts dealing with the areas of expertise listed
above.

* Health Scientist Administrator, Biological Resources Branch - preferred expertise in the use of
animal models, and in the areas of cell and molecular biology, physiology or biochemistry. Incumbent
will provide scientific and admmnistrative leadership in assisting in the direction and management of a
program of research in the area of Animal Models of Aging. The selected candidate will assist in the
program development and administration of rescarch grants, troming grants, fellowships, cooperative
agreements, and contracts dealing with the areas of expertise listed above,

What’s
your next
career
move?

* Job Postings
* JobAlerts

e Resume/CV
Database

* (Career Advice
from Next Wave

* (Career Forum
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Both positions involve close interaction with scientific investigators, scientific administration of grants and
contracts, program planning and development, reporting on scieniific progress, and identifying opporiuni-
ties for future rescarch.

Salary is commensurate with qualifications and research experience (rescarch experience in basic aspects
of the lology of agng is highly desirable). For qualifications required, evaluation cnitena, and applica-
tom instructions search for the vacancy announcements at: http:/fjobsearch.usajobs.opm.gov/a%nih. asp
- Announcement Numbers: NIA-07-181800-DE-CR and NIA-07-181801-MP-CR (Health Scientist
Administrator, Aging Physiology Branch) and NIA-0T-173013-DE-CR and NIA-07-178014-MP-CR
{Health Scientist Administrator, Biological Resources Branch), I additional mformation is necded, call

Get help from the experts.

Wie know science Whaans

WWW.SEiEH(EEEI‘EETS.DTg

§ 4

Chiery] Caponiti at (301 ) 594-2147. Applications must be received no later than July 13, 2007.

DS and NI are Egual Oppertuinite Employers

i

P %ﬁnweanersny'
Health Sciences Center

The Department of Microbiology and Immunology at Tulane University
School of Medicine invites applications for a tenure track faculty position
m immunology at the rank of Associate Professor or Professor. We are
primarily interested in investigators whose research complements existing
strengths in host-pathogen interaction and vaceme development, although out-
standing investigators working in other areas of immunology are encournged
to apply. The successful candidate will join a multidisciplinary department
focusing on molecular, cellular, and genetic aspects of infectious diseases and
cancer. He'she is expected to possess and maintain a dynamie, extramurally

funded research program and to contribute to the teaching of medical and
graduate students.

Faculty Position
in Immunology

Tulane University 15 a world closs educational and research mstitute. In the
post-Katrina era, Tulane University School of Medicine is undergoing a period
of unprecedented exponsion and remewal; and will be hiring new faculty at
all ranks, The Department of Microbiology and Immunology offers generous
recruitment packages, renovated laboratory space, and an interactive environ-
ment. For further information about the Department and Tulane University
School of Medicine, visit our web site at; http:/'www.som.tulane.edu/
departments/microbiology.

Essential qualifications for the position include a Ph.D. or M.D. degree and
a demonstrated record of accomplishment in extramural funding, publica-
tion, and teaching. Applicants should submit a curriculum vitae, statement of
research interests and goals, and the names, addresses, e-mail addresses, and
telephone numbers of three qualified references to: Faculty Search Com-
mittee, Tulane University Health Sciences Center SL38, Department of
Microbiology and Immunology, 1430 Tulane Avenue, New Orleans, LA
70112, Completed applications may be sent by e-mail to aepicki tulane.edu.
Initial review of applications will begin July 1, 2007 and will remain open
until the position 15 flled.

Teddane Uiversicy is an Equal Opportisiey, Affirmative Action Emplover
aned encowrages applicarions from minorities, women, and otfer
guerlified persons.

L
THE ﬁ Chair
University Department of Biology
OF lowA

The College of Liberal Arts and Sciences seeks a Chair for the Depart-
ment of Biology o the rmnk of Professor. The candidate should be an
imternationally recogniaed scientist with an cutstanding research pro-
gram, We welcome applicants from any area of the ological sciences,
while particularly encouraging candidates who would enhance one or
more of our existing strengths in cell and developmental biology. evolu-
ton, genenics, and neurobiology.

The Department hos embarked on an aggressive program of growth
that incledes ongoing Faculty recruitment, the recent modemization off
the biology complex. and the addition of a new building. It is active in
mterdisciplinary progeams, with strong ties to the other colleges mvolved
in hiomedical research. The Biology faculty 15 well funded by both
federal and private sources. The successful candidate will bring vision,
energy, and a demonstrated commitment to diversity 1o shape the future
of the Department through hiring and mentoring of new faculty, with
an aim 1o further improve the Depanment’s strong national reputation
for rescarch and teaching. More abouwt the department may be viewed
at www. biology.uiowa.cdu.

The Applicant should submit a curriculum vitae, a stmement of research
interests and administrative philosophy, and the names and addresses of
at least three references 1w Dean Joseph Kearney, College of Liberal
Arts and Scicnces, 240 Schacffer Hall, The University of lowa, lowa
City, 1A 52242-1409. Applications accepted by mail or ¢lectronically
to hiologv-chairscarchimuiowa.cdu.

Fie Universite of lowa i an A ffrrmative Action/Equal Opportuniny
Emplover Minority candidates and wamen ave enconraged to apply,




From physics to nutrition

For careers in science,
turn to Science

Looking for a great
science career?
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If you want your career to bear fruit, don't leave it to  firmly founded on the expertise of Science, the premier
chance. At ScienceCareers.org we know science. We are  scientific journal, and the long experience of AAAS in
committed to helping you find the right job, and to advancing science around the world. ScienceCareers.org
delivering the useful advice you need. Our knowledge is  is the natural selection. W_h}{._ﬁ;jﬂﬂ;&;_ﬂ_[ﬁE[_E.g_._ﬂ[g

Fealures include:

* Thousands of job postings * Resume/CV Database SCi&“CECﬂI'EEI’S.OI’g

s Career tools from NextWave = Career Forum

We know science RAVAAAS

* Grant information




Searching for Information
on Career Trends?

Don’t miss Science’s Career Features for the
latest in career reports and practical advice.

UPCOMING FEATURES:
May 11: Focus on Diversity
June 8: Regional Focus: NC/Research Triangle

June 22: International Careers Report:
UK and Ireland

Also available online at www.sciencecareers.org /businessfeatures

sz
Get the experts behind you. B, iy ki st B0
www.ScienceCareers.org i ok e P (s ol O

research initution, supported by the National “¥5$* Program of the Minisiry of Edueation,
People’s Republic of China. The Institute ks currently recruiting principal investigatars
{P1x) in the ficld of meurcscience, with an emphasis an the aress of cognitive neurcacicnos
e Search ]DbS and developmental nesrcbiclogy.

* Next Wave now K Sumier T1
part of ScienceCareers.org = Candidates shoald have a Ph.D. and'ar M.D. degree and posiess a long-standing research

expericnce in brain science. Independent research capacity is absolutely needed. Thase

. ]Db Alerts wha bave the experience of leading a laborstory or reseanch unit will be given a favarable
consideration. =
- REEUT"E‘,JIICU 'fmmmm&w-:w'm”mhmd,mw
D papers published m peer-reviewed imsermational jotmals of high reputation as a comespond-
atabase g suthor
= Candidates must work in the Institute for maore than 9 months per year, when appointed.
e Career Forum
z L1 Junior P
s Career Ad‘l.l’ll:e + Candidates should have a Ph.D, and‘or MD, degree and possess at least 3-year experi-
ence of post-docioral training.
™ 1 = Candidates should have a good research record in brzin science, with substantial papers
MEEtmgs a nd published in peer-reviewed intemnational journals as a comesponding author or the first
Announcements authos

= Candidabes must work in the Institube for mare than 9 months per yvear, when sppointed.

* Graduate Programs
Interested indsviduals plesse contact the Ititute of Bram Sceence (E-mail: tbwia fudan edu.

All these features are en. TEL: +86-21-54237641, Fax: +86-21-54237643) for the spplication form, o sead &
3 3 - memm 8 list of publscations, reprints of 3-3 representative
FREE ID_IDIJSE‘E‘R’EFS_ c _qmmmyquhwhmmliw:mmmmt -
h_'ﬂhndhwhm&hnlumﬂh sent to: Ma. Rang Chen,
Imstitute of #ence, Mail Box 236, Fudan University, 138 Yisueyusn Road, Shang-
x b 200032, China. 8
ScienceCareers.org AR “ - &
Wt know seience Rlasas ' 'l'hhiul!ng date for applications is June 2, 2007, Applicanions recelved after this date or

| w wiich do mod comform o the above criteria will not be accepied
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POSITIONS OPEN

Mdm-
Gesuparzy Comtmr

BIOGERONTOLOGY
University of Michigan

The University of Michigan Geratrics Center s
secking one or more junior or senior Bealty mem-
bers toe carry out mdependent rescarch focused on
the biology of aging and its impact on late life
pathophysiology. Rescarch that emphasizes mamma-
lian models, or use of protcomic and genomic ap-
proaches, would be of partoular interest, Successtul
candidares will be housed in newly constructed
Geriarrics Cenrer space, and will receive a primary
tenure-track or tenured appointment in a basic sci-
enee or dinical Deparntment as approprate. Mini-
mum quahficanons are a Ph.D., MDD, or equivalent
degree, several vears of highly productive postdoc-
toral research, and a clear interest in problems rel-
evant to biogerontology. Substantial startup funding,
will be available for cach sclected candidare.

Applicants should submit curriculum vitae, a bricf
(ome to two-page) description of research intereses,
a synopsis of current and previous rescarch support,
and contact informarion for three to five referces, o
Rich Miller, 3001 BSRB, P.O. Box 2200, 109
Zina Pitcher Place, Ann Arbor, MI 48109-2200.

e University of Michigan is an Bl Opportiity En-
pleyer commmnitted  to ourietaiming diversity @ its finng
PSR

PHARMACOLOGY ASSISTANT PROFESSOR
Tenure Track, Begin July 1, 2007

The Philadelphia College of Pharmacy, the found-
ing unit of the University of the Sdences in Phil-
adelphia, invites applications for a new position in
the Deparment of Pharmaccutical Sciences. h.D
degree in an arca relevant to pharmaceutical scicnces,
strong research interests thar complement existing
arcas within the Department, and demonserated
record or potential of obtaining cxtramural funding
required, Successful candidare will teach pharmacol-
ogv at undergraduate, professional (Pharm.10.), and
graduare levels,

The Deparrment consists of 13 renure-track and
two nontenure-track faculty, three postdoctoral fel-
lews, five stalf members, and approximately 165 un-
dergraduates in the B.5. Programs in Pharmacology/
Toxicology and Phamiaceutical Saences, as well as
about 55 graduate students. The Department has a
state-of-the-art, Assocution for Assesment and Ac-
creditation of Laboratory Animal Care-aceredived,
fully staffed vivanum, tssue culture facilitics, and a
wide array of analytical instruments including high
performance liquid chromatography, liquid chroma-
ography/mass specrromerry, flow cytomerer, ab-
sorbance and fluorescent plare readers, image
amalyieers and scanning ¢lectron microscopes. Our
manufacturing,findustrial  pharmacy laboratory is
used for reaching and academic /contract rescarch,
Our new MeNeal Science and Tech Center provides
increased space for rescarch and for teaching in line
with the University's strategic imperative to increase
rescarch activitics. We also have fluorcscence spec-
trophotometers, mfrared spectrometers, nuclear
magnetic resonance, and confocal microscopes.

For more informaton consult our website:
hrep: /Awwwousip.edu. Submit curriculum  vitae,
lerrer of application thar addresses research interests
and teaching expericnce, and contact information
for (2 minimum of) three references as soon as pos-
sible to: Ruy Tchao, Ph.D., Chair, Faculty Search
Committee, 600 5. 43rd Street, Philadelphia,
PA 19104, e-mail: r.tchao®usip.edu, telephone:
215-596-8978. Apphcanon review will begin im-
mediately and will be accepted until position is filled,
Affrmative Action Eqund Opportrimity Emplayer,
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HAYWARD ENDOWED CHAIR in
GENETICS, GENETIC EPIDEMIOLOGY, and
COMPARATIVE MEDICINE

The Department of Comparative Pathobiology in
the School of Veterinary Medicine ar Purdue Uni-
versity invites applications for the Hayward En-
dowed Chair in Genetics, Genetie Epideniiology,
and Comparative Medicine from individuals with an
established record of scholaship in comparative
genomics and penomic approaches to discase pre-
venbion. Individuals wath expertise in the arcas of
comparative oncology and cnviroenment-gene inter-
actions in the etinlogy of cncer are especially invited
o apply. The School is commined o building a
program in comparative genomics and has dedicated
three additional faculty positions. The successful
candidare for the Hayward Endowed Chair will have
the opportunity o participate in the scarch and re-
cruitment of these positions with the goal of build-
ing a focused rescarch and training program. For
mtormation on the Department please visit website:
http:/ Svww.ovet.purdue.eduo Sopb/.

Purdue University s undergoing a rapid cxpan-
sion of hife sciences and biomedical research. The
University has an NCl-designated cancer center
(website: hup: //www.cancer.purdue.edu /) and
new kbortory taalines for interdisaplinary rescarch
in Discovery Park (website: http:/ MSww.purdue.
edu/dp), induding the Bindley Bioscience Center
and the Birck Nanotechnology Center. Additional
opportunitics for collaboragon and translatonal re-
scarch are available through the expanding coopera-
non with the Indiana University School of Medicine
in Indianapaolis,

Candidares should have a Ph.D)., M.D. and/for
DV M. or equivalent degrees and a successful recond
of scholarship and extramural research funding. They
should have a commitment to the educational and
outreach mssions of the University. The successful
candidate 15 expected to have the qualifications for
appointment at the Full Professor level, This is a ten-
month academic vear appointment.

Applicants should submit via ¢-mail complete cur-
riculum virae, statement of rescarch and eaching
interests, and the names and addresses of three ret-
erepces in PDF formar to: De. Harm HogenEsch,
Department of Comparative Pathobiclogy, Purdue
University. E-mail: whiteb@purdue .edu. Review of
apphcatons will begn June 1, 2007, and contnue
until the position is filled. Women and individuals
in underrepresented groups are encouraged to apply,
Prindue Ulmfversity &6 an Fpial Opportieityy gl Access/
.'!_I'JF.url.iI‘ln' Artron f.".qulll-l].l'.r.

FOSTDOCTORAL POSITION in
TRANSLATIONAL IMMUNOLOGY

Yale University School of Medicine
Postdoctoral position o study the molecular,
cellular, and immunobiology of the innate iImmune
response is available ar the Yale School of Medicine.
Candidares should have a Ph.DD. degree and experi-
ence in molecular biology, microbial pathogencess, or
immunology. The research will be under the super-
vistion of Richard Bucala, M.D., PFh.DD. in the De-
partment of Intemal Medicine. Please submit vour
curnculum vitae along with a copy of a prior pub-
licatrony and the names of three references to e=mail:
richard. bucala@yale.edu. Yale ix an Affimnnive Aation

Egual Clpportasmity  Esnplayer

FOSTDOCTORAL POSITION available im-
mediately in the Transplant Immunology Laboratory,
Northwestern University, Chicago, © study toler-
ance in ransplant models. The position requires a
Fh.ID. or equivalent with background in immunolo-
gy, molecular and cell bology. Animal expenence,
particularly microsurgery skills preferred but not re-
quired, Scnd cumculum vitae to: Xunrong Luo,
M.D., I'h.D>,, Northwestern University, via e-mail:
xunrongluc@northwestern.edu.,
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Chamidad Bisiegeal Caste

‘Siecw 1977 - & Tragition of Soddions

SENIOR RESEARCH SCIENTIST FOR
CHEMISTRY
LLS. Army Besearch, Development and
Engineering Command
.5, Army Edgewood
Chemical Biological Center
Aberdeen Proving Ground, Marvland

The U5, Amw Edgewood Chemical Biolog-
ical Center secks a Senior Scentist o conduct
rescarch in chemical defense. Primary arcas of
interest are peaction mechanismes, reaction kiner-
ics, advanced amalvtical chemistry, and molecou-
lar recognition technologics. The successful
candidare will conduct targered hiborarory
studics to bl anocal information gaps, includ-
ing characterization of agent physical and
chemical propertics; development of toxicolog-
ical dam; and development of agent fate data.
The application of this rescarch includes detec-
non and decontamination of chemical agents,
Incumbent will sclect arcas of investigaton in
fundamental mechanistic chemistry, reaction dy-
namies, or related aspeas of experimental phys-
ical chemistry, The position requires a Py in
chemistry, preferably physical chemisiry, or
equivalent expericnoe and must possess expertise
in amabvtical methodology with substantial
background 1n relevant rescarch, Candidates
must be able to work independentdy as a Senior
Saentist, In-depth rescarch and some manotech-
nology expericnce and demonstrated creativicy
and productivity through  patents, inventions,
and for significant publications are  essential,
Applicans for s position mug olgain and
nATENERIN @ fecrer seenriry clearanee. UK, cirisen-
i required. Salary commensurate with experi-
cnce (ST 5129024 o $152,000). For derailed
vacaney announcement, including spedfic qual-
ification and application requirements, refer to
announcement DAST-07-05 at website:
heep: //www.usajobs.gov. Deadline for ap-
plicarion is 15 June 2007,

The UK. Amey is an Egual Opportinity Empleper.

LECTUHER in the BIOLOGICAL SCIENCES
The University of Chicago Biological Sciences
Collegiate Division

Birdogical Sciences, The University of Chicago in-
vites applications for a nontenure-track, four-quarter
posinen as LECTURER-CORE BIOLOGY LAB-
ORATORY DIRECTOR starting fll 2007, The
responsibilivies will include teaching one seorion per
quarter of introductory biology for nonmajors, plan-
ning, coordinating, and reaching all sections of the
state-of-the-art introductory biology laboratonies,
and coordinating the biclogy laboratorics with the
co-requisite Biologeal Sciences Writing  Program
courses. Further, the position will include oppontu-
nities to design and develop curmicula for both the
lecture and the laboratory portions of our introduc:
tory biology program for nonmajors. We are secking
broadly trained IPh. 1. applicants with reaching and
rescarch expenence and competency in cell and molee-
ular, genetics, microbiology, physiology, and ecology
and evolution ar the ntroductory level, In addiden,
heAshe may also develop and tach an introductony
course for nonmajors in one of these arcas, Send cur-
nculum vitae, three lerers of reference, and a stare-
ment of teaching interest by June 18, 2007, toc Kila
Roberts, The University of Chicago, 924 E. 57th
Street, Room 328, Chicago, 1L, 60637, The Uni-
TRy ._-.l' Chicago us e Egrundl Oppwrtanari ty -'.-_l_f.l?:m.:rur Astion
Emplayper,

WWW.SCIeNCeCareers.orng
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P;ster Deadline June 15/07
Poster Awards available

Inflammatory

Diseases of Barrier Organs
July 12-14 2007 in Kiel/ Germany

The understanding of the function of an intact bar- &3

rier and the pathophysiology of its impairment in
diseases affecting barrier organs is of increasing
clinical importance. In the National Genome
Research Network (NGFN), key molecular path-
ways in chronic inflammatory disorders such as
Crohn’s disease, asthma, psoriasis and sarcoido-
sis have been discovered. Focus of the research
consortium is the genetic and functional genomic
exploration of innate and adaptive immunity and
the interplay with environmental factors.

The international NGFN-Symposium Inflammatory Barrier Diseases Meeting
2007 will represent many of the leading research groups in this field. A comprehen-
sive programme is offered that will discuss primary genetic etiology, epithelial
defence mechanisms, the molecular pathophysiology of impaired barrier integrity
and its translation into clinical research programs. A satellite meeting dealing with
the genetics and functional genomics of human aging will complete the programme.

Especially young researchers are invited to join the symposium. An interactive
poster session but also the social events will ensure discussions between a
renowned international faculty and young colleagues. The presenters of the
20 best posters will be awarded a travel stipend for the symposium.

"% We are looking forward to welcoming you and your colleagues in Kiel!

Find more information, programme and registration forms at:

www.ikmb.uni-kiel.de/bm2007

Federal Minist
G ::\J * of Education u
and Research
University Hospital Schleswig Holstein
Institute for Clinical Molecular Biology
Schittenhelmstrasse 12

24105 Kiel Germany

£
:
:
@
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MOLECULAR INTERACTIONS
University of Victoria, Victoria
British Columbia, Canada

The Department of Biochemistry and Microbiol-
ogy invites applications for a renure-track ASSIST-
ANT PROFESSOR. We arc particularly interested
in a BIODCHEMIST who has a rescarch focus of
modecular interactions in immunology or bactenal
pathogenesis, The appointment 15 to complenent
cxsting strengths in macromaolecular structure, cel-
lular signaling, regulation of gene expression, pro-
teomics, and infectious discase. Applications from
excellent scientists working in other arcas of bio-
chemistry will be considered, The University of Vic-
toria offers owtstanding  rescarch  infrastructure,
particularly in proteomics, DNA scquencing, and
X-ray ervstallogeaphy. There are ample opportunitics
to collaborate with rescarchers in the Faculty of
Sacnce, the Isknd Medical Program, and the Bnnsh
Columbia Cancer Rescarch Centre. The appointee
will be expected to develop a Agorous, independent
rescarch program, funded by external support, and
participate in teaching the wundergraduate curncu-
lum, The start date is 1 July 2008,

Qualifications include a Ph.D., postdocroral expe-
ricnce, demonstrated research excellence, and reaching
potential. Letters of applicason should cleardy out-
line rescarch and teaching interests, be accompanicd
l\:r curmictlum vitae, and provide the names and con-
tact information of at least three referees. Applica-
tions should be submitted by July 15, 2007,

All qualified candidares are encouraged to apply;
however, in aceordunce with Canadian Tmigration
requivements, Canadians and permanent residenis
will be given prioricy,

Dir. Robert D. Burke, Chair
Department of Biochemistry and Microbiology
University of Victoria
IO, Box 3055 STN C5C
Victoria BC VAW 306
Canada
E-mail: bicemicr@uvic.ca
Website: horp:/ /web.uvic.ca /biochem

The Umiversiry of Victoria is an Equity Empdoyer and on-
cuntges apyliations fron wonsen,  persons with disobilities,
vighle mimonitics, Aboriging Peoples, people of aoy sexual
ovicntation or gender, aond others whe sy contribnte o the
fierthier divemificarion of the Ulniiversity.

UNIVERSITY of NEW MEXICO
Department of Chemistry and Chemical Biology

Positon Announcement

The Department of Chemistry and Chemical
Biology at the Unmversity of New Mexico (UNM)
invites applications and nominations for an open-
rank Bculty position in chemical biology, This s a
probationary appointment leading to a wnure
deasion or may be tenured depending on the title
and qualifications. The University is locared in
beavtiful Albuguerque, New Mexico, in dose prox-
imity o the Sandia Natonal Laboratorics and Los
Alamos National Laborarory. Opportunities for
collaborations with the Narional Laboratorics and
with other rescarch centers on campus are abundant
and strongly encouraged. Both beginning and es-
tablished imvestigators are welcome, but must have
a Ph.3, by appomtment dare with strong training in
one or more arcas of bioorganic /wochemsery,
PMostdoctoral experience, the potential for excellence
in teaching and for developing an outstanding,
cxternally funded, and nanonally comperitive pro-
gram at the University and national levels are
preferred. For complete informarion vou may access
Faculry Postings, or request a copy of the announce-
ment from the Search Chair. For best considera-
non, apphcations should be received by May 30,
2007. The position will remain open untl filled.
Website: hrrp:/ ‘chemistry.unmeedu. [N 60 o
Eguel  Employnai l!.ﬁl}ulrrli.lrlr]'-'.'1_||'ﬁrrjr.ltl|'r Ao Fn-
ployer/Edwater and @ nvrosewned  ninonty serving e tifition
The Departesnt stropngly evconntes wonnen dord aninoriies fo

dpHly.
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=) COLLEGE «# PHARMACY

THE UMIVERSITY OF TEXAS AT AUSTIN

DEAN, COLLEGE of PHARMACY
The University of Texas

The University of Texas at Austin invites nomi-
nations and applications for the positon of Dean,
College of Pharmacy.

The Universaaty of Texas at Austin is the oldest and
largest of the University of Texas System’s 15 com-
ponent institutions. It has a main campas of more
than 350 acres and 115 buildings, approximatcly
50,000 students, abowt 2,800 faculty members, and a
staft of mare than 14,500, The College of Pharmacy
has 44 renuretenure-track faculty, 45 nontenure-
track faculty, and 518 Pharm. 1. smdents enrolled,

As Chief Executive Officer of the College, the
Ian is expected o provide vision and leadership for
the college. We are looking for a dynamic, congenial
leader with oustanding abilities in communicarion,
rescarch, and scholarship;, administration: fundrais-
ing; teaching; and service to the community. Ewi-
denee of having, secured finanaal support for reseanch
and for cducational purposes and knowledge of, or
expencnce in, rasing funds from alumni and in the
public and private sectors must be shown, The Dean
reports to the Executive Vice President and Provost
of the University,

The candidate must qualify for appointment to the
rank of Professor with tenure in an academic unit of
the college and have an camed Ph.D. in Pharmacy or
a related pharmacy ficld and/for a Pharm.D. with
appropriate residency or fellowship raining. An un-
dergraduate pharmacy degree (B.S. or entrv-level
Pharm. D} is preferred. The Dean must demonstrate
a strong national and international record of academ-
ic accomphshment.

We welcome interested partics to submir applica-
tion materials by June 15, 2007, Review of applica-
rons will begin immediately upon receipr and will
continue untl the finalists are named. Letters of ap-
plication from interested candidates should be sub-
mitted chlecrronically (only), along with curriculum
vitae and the names of five references, to the fol-
lowang, e-mail address, e-mail: phrodean@uts.ce.
utexas.edu.

Robert O. (Bill) Williams I11, Ph.D.
Johnson & Johnson Centennial Professor of
Pharmacy
Consultative Committee for the Selection of the
Dean of Pharmacy
College of Pharmacy
The University of Texas at Austin
Austin, TX 78712

E-mail address for inquincs: e-mail: phrmdean@
uts.ec.utexas.edu,

The Uiverdry of Texrs &5 an Egual Opportundty and
Affirmative Action Employer.

FOSTDOCTORAL SCIENTIST POSITIONS

We looking to fill fully supported Postdocroral
positions at Scattle Biomedical Rescarch Insttute
(SBRI)., These positions are in the Laboratory of
Dr. Patrick Duffy (website: http:/ /www.sbri.

org/rescarch /duffy.asp) and Dr. Leo Stamataos
{website: hop: /S www sbriorp/rescarch /stamatatos.

asp). The research will be conducred ar SBRI (sce
website: hup:/ www.sbri.org), an independent,
nonprofit rescarch instinure thar is affiliated with the
University of Washington. SBR1's rescarch facility is
in the fast-developing South Lake Union biotech-
nology hub that s home o many rescarch organi-
zations on the forefront of life saence rescarch. In
addiion to an exciting work environment, we also
offer a competitive salary and benefits package. Ap-
ply online directly to the SBRI job postings webpage
at website: http:/ /www.sbriorg. SERI vafier o di-
e wwork fowe and e an Epal Opportioity Employer
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DIRECTOR. Applications and /or nominations
are sought for the Director of the new Washington,
Wyoming, Alaska, Montana, [daho (WWAMI)
Medical Educanon Program ar Washingron State
University-Spokane, This position 15 also appointed
as Assistant Dean ar the University of Washington
School of Medicine. Please see our full ad in the
Apnl 27, 2007, issue of Sefence or visit us online ar
website: http:/Swww. hrs.wsu.edu.
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your future
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Impact,
turnto
Science

There's only one source for news and research with the greatest impacl - Science.
With over yoo,000 weekly print readers, and millions more online, Science ranks
as one of the most highly read multidisciplinary journals in the world. And for
impact, Science can't be beat. According to the recently released Thomson 151
lournal Citation Report zoos, Science ranked as the No. 1 most-cited
multidisciplinary journal with a citation factor of 31. Founded in 1880 by inventor
Thomas Edison, and published by the nonprofit AAAS, Science’s repulation as
the leading source for news, research, and leading edge presentation of content
continues to grow. Looking for news and research that will impact the world
tomarrow? Then look in Science.

www.sciencemag.org

To join AAAS and receive your own personal copy of Science every week go to www.aaas.org/join




Amplification Reagents

Features and Benefits

= Extreme speed — Increased processivity dramatically
Polymearase

reduces extension steps {to 15-30 sec/kb) and overall

run times (to 25-35 min)

= Unmatched fidality — Novel proofreading enzym

most accurate thermostable iJLL—!".-I"'.';'r'l:-'-'Z'. o2-1oldn
accurate than Tag)
= pinimal enzymea usage Enhanced procassivity

enables the use of less enzyme (0.25-1 U/reaction)

For more information, visit us on the Web at Fugsing the double-strandad DNA binding protein Ssoid 1o

www.bio-rad.com/ad/iProof/ Proof polymerase gves it a poweriul sliding grip on tha
. : replicated DMA

Visit us on the Web at discover.bio-rad.com ’O
BIO-RAD
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outside the U3, contact your local sales office.
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