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Enantioselective Organocatalysis Using SOMO Activation

I. D. Beeson, A Mastracchio, [.-8. Hong, K. Ashton, D. W. € MacMitlon

A chiral nitrogen-containing catalyst vsed with a one-electron oxidant allows highly
selective carbon-carbon bond farmation through a generally applicable activation route.

10.1126/science. 1142696

GEOCHEMISTRY
The Amount of Recycled Crust in Sources of Mantle-Derived Melts
A V. Sobolev et al.
The amounts of mickel, cobalt, and other elements in crystals in many oceanic
volcanic rocks imply that recycled oceanic crust is important in generating melt
in Earth’s mantle.
10.11726/5cience. 1138113

PERSPECTIVE: Food for a Vielcanic Diet
C. Herzberg
10,112 6/science. 1141051
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Multiple Signals from Damaged Chloroplasts Converge on a Common

Pathway to Regulate Nuclear Gene Expression

5. Koussevitzky et al.

Im a critical regulatory loop for plants, damaged chloroplasts signal their status to

the nucleus via a single signaling pathway and its key component, GUNI.
10.1126/science. 1140516
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A Synthetic Maternal-Effect Selfish Genetic Element Drives Population
Replacement in Drosophila

C.-H. Chen et al.

A genetic element that uses RNA1 against maternal RNAS and rescue by zygatic
transgenes for resistance can rapidly spread the latter throughout pest populations.
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10.1126/cience. 1138595

REVIEW

MATERIALS SCIENCE

Materials for Aesthetic, Energy-Efficient, and
Self-Diagnostic Buildings
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Scleractinian Coral Species Survive and Recover

from Decalcification

M. Fine and D. Tchernov

When seawater pH drops by 0.7 units, stony corals can survive
for months as soft bodies lacking skeletons and then recalcify as
the pH normalizes.

1807

1811

EVOLUTION

Floral Gigantism in Rafflesiaceae
C. C. Dawis et al.

Rafilesiaceae plants with huge flowers but neither stems nor leaves
have been evolutionarily mysterious; they are now shown to be
spurges (Euphorbiac eae).

1812
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Earth’s Core-Mantle Boundary Region
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Seismic imaging of the variable depth of a phase change near the
base of Earth's mantle constrains the temperature over a large region

1813

and thus the heat flux from the care.

- Perspechive p, 1801
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Computational Design of Peptides That Target 1817
Transmembrane Helices

H. ¥in et al.

Synthetic peptides can be designed to bind with high affinity and
specificity to the regions of membrane proteins that span the lipid
bilayer of the cell.
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Early Optical Polarization of a Gamma-Ray
Burst Afterglow

C. G. Mundell

Light emitted within the first few minutes of a gamma-ray burst
fireball is not strongly polarized, ruling out strong, aligned magnetic
fields in the star’s vicinity.

1822
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APPLIED PHYSICS

Ballistic Electron Microscopy of Individual Molecules 1824
A, Bannani, . Bobisch, R. Moller

In a method complementary to scanning tunneling microscopy,
organic molecules and their unoccupied orbitals are imaged by
collecting weakly scattered tunneling electrons.
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Role of Solvent-Host Interactions That Lead to 1828
Very Large Swelling of Hybrid Framewarks

C. Serre el al,

Interactions between guest molecules and linking units ina
metal-organic framework allow volume changes of up 1o

170 percent.

MATERIALS SCIENCE

Plastic Deformation Recovery in Freestanding 1831
Manocrystalline Aluminum and Gold Thin Films

). Rajagopalan, . H. Han, M. T A. Saif

Unlike their coarse-grained counterparts, thin aluminum and gold
films with nanometer grain sizes recover considerably from plastic
defarmation alter unloading.

CLIMATE CHANGE

Discovery of Till Deposition at the Grounding Line 1835
of Whillans Ice Stream

5. Anandokrishnan, 6. A Catania, R. B. Alley, H. ]. Horgan
Sediments have been accumulating beneath a major Antarctic ice
stream where it begins to float over water, implying that the glacier
is extensively eroding its bed. >> Perspective p. 1803

CLIMATE CHANGE

Effect of Sedimentation on lce-Sheet 1838
Grounding-Line Stability

R. B. Alley et al.

Accumulation of sediments where glaciers begin ta Float stabilizes
them against changes in sea level, implying that changes in
temperature, not sea level, have driven past melting.

== Perspective p, 1803

DEVELOPMENTAL BIOLOGY

Permissive and Instructive Anterior Patterning Rely 1841
on mRNA Localization in the Wasp Embryo

A E Brent, G. Yucel, 5. Small, C. Desplan

Even though the head-tail awes ol wasps and Iruit flies develop
similarly, they use two entirely dilferent molecular mechanisms,

ECOLOGY

Emergent Biogeography of Microbial Communities 1843
in a Model Ocean

M. I Follows, 5. Dutkiewicz, 5. Grant, 5. W. Chisholm

A model of ocean circulation with an initial mixture of microbes
having defined nutrient transport yields realistic marine microbial
communities after a 10-year simulation.

ECOLOGY

Cascading Effects of the Loss of Apex Predatory 18446
Sharks from a Coastal Ocean

R.A. Myers el al.

Reductions in large shark populations in the Atlantic have increased
the numbers of their prey (rays, skates, and smaller sharks), which in
turn have eliminated a scallop fishery.

BIOCHEMISTRY

Protein Composition of Catalytically Active Human 1850
Telomerase from Immortal Cells

5 B. Cohen et al,

Catalytically active human telomerase, which maintains chromosome
ends, is composed of two molecules of reverse transcriptase, two of
RMA, and two dyskerin proteins.

CELL BIOLOGY

Regulation of Hepatic Stellate Cell Differentiation 1853
by the Neurotrophin Receptor p75N™

M. A Passing, R.A. Adams, 5. L. Sikorski, K. Akassoglou

A receptor for a factor that supports survival of neuronal cells is
unexpectedly also required for liver regeneration after damage.

MEDICINE

CREB-Binding Protein Modulates Repeat Instability 1857
in a Drosophila Model for PolyQ Disease

1 Jung and N. Bonini

Transgenic fruit flies show many features of a human triplet repeat
disease, including expansion of the repeats, and thus can provide
clues for therapeutic intervention. == Perspective p, 1800

MNEUROSCIENCE

Top-Down Versus Bottom-Up Control of Attention 1860
in the Prefrontal and Posterior Parietal Cortices

T. . Buschman and E. K. Miller

One brain area directs self-imtiated attention whereas another

directs attention in response to external stimuli, each using its own
synchronization frequency.
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Key to Liver Regeneration>>

The liver is one tissue in mammals that can regenerate,
Passino et al. (p. 1853) now find that hepatocyte prolif-
eration is controlled by the neurotrophin receptor
p75Y® known primarily for its role in neurons in regula-
tion of survival, apoptosis, and neuronal regeneration.
showed impaired hepatocyte prolifer-
ation. p75"™® appeared to act on hepatic stellate cells
(H5Cs), which differentiate in response to p75"*and then
make growth factors and extracellular matrix that support
proliferation of hepatocytes. Modulation of the effects of
p75" ™" on HSCs could thus provide a therapeutic target for man-

Mice lacking p7sN™®

agement of liver disease.

Building Smarter

Building construction is still dominated by tradi
tional materials, and the conservative nature ol
architects and builders is understandable
hard to judge how a material may survive and
perform during the 20- to 150-year lifetime of
a building. However, the need to improve the
energy efficiency and self-diagnostic capabilities
of the built environment, along with a desire to

ins

improve the quality and functionality found in
our interior spaces, has driven the adoption of
new materials. Fernandez (p. 1807) reviews this
evolution in building design and fabrication and
discusses how partnerships with the materials
sClence community may accelerate the design
and adoption of new matenals.

Not Polarized Initially

Gamma-ray bursts (GRBs) that last several sec
onds or longer are thought to arise from the
deaths of massive stars.
Light from GRBs may be
polarized if there are
aligned magnetic fields
around the collapsing
star or in magnetized
jets that it generates.
Some observations had
detected polarized sig
nals fram GRBs haurs
after the burst started.
Mundell et al. (p. 182 2;
see the Perspective by
Covino; published online March 15) have looked
for polarized optical light just two and a half
minutes after the burst GRB 060418 went off
with the robotic Liverpool Telescope on La

Palma, Canary Islands, which automatically

30 MARCH 2007

responded to notification of the burst. At this
early time, the light emitted came from the ini
tial fireball of the explosion. Mo polarization was
seen, to a limit of less than 8%, which rules out
models with large aligned magnetic fields.

Heat Flow Below

The heat flow between turbulent, flowing liquid
metals in the outer core and viscous, slowly con
vecling silicate magma in the lower mantle can
be determined by identilying deep regions of
postperovskite, a high-density polymorph of the
commaon mantle mineral perovskite. The depth
at which the polymaorph forms can be measured
seismically, and comparisons with pressure
temperature predictions from lab measurements
and theory yield the heal {low at the interface
depth. Van der Hilst et al. (p. 1813; see the
Perspective by Buffett) have applied a seismic
method from oil exploration to map the core
mantle boundary over a large
region beneath Central America
They identify several regions
where the postperovskite phase
transition 15 seen, including
multiple crossings, and infer
heat fluxes.

Recovering
Plastic Strain

The deformation of nanostruc
tured metals differs from that of more typical
coarse-grained metals, but are there also differ
ences in their recovery alter deformation?
Rajagopalan et al. (p. 1831) used a micro
electro-mechanical systems device to measure

VOL 315 SCIENCE

the stress-strain behavior of thin aluminum strips
with 65-nanometer (nm) grains. The plastic
deformation that remained when the sample was
unloaded was very substantially reduced by in situ
heating for 7 minutes. Such recovery of plastic
strain under zero [oad was not seen in a similarly
sized sample with 200-nm columnar grains. The
authors explain the effect by the backward
maotion of pinned dislocations upon stress release
that was aided by thermal energy. These observa
tions, which were also seen in gold samples,
could be significant for developing more reliable
nanostructures and investigating new deforma
tion mechanisms in nanostructured materials.

Wedges of Stability

Ice-sheel instability and sea level may be con
nected by a positive feedback that could acceler
ale sea-level rise in ways previously unexpected.
Two reports examine how sedimentation at the
grounding line of ice streams, the most distal
location where the ice rests on ground and
beyond which it floats on water, might affect
their stability (see the Perspective by Anderson).
Anandakrshnan et al. (p. 1835, published
online 1 March) use radar surveys to show that
rapid sedimentation of glacial till transparted by
an Antarctic ice stream is now occurring, and
that the sedimentary wedge that has formed at
the grounding line resembles the structures that
occur on the sea (loor al numerous locations
nearby that were formed during the retreat of
the ice shelves since the Last Glacial Maximum.,
Alley et al. (p. 1838, published online 1 March)
discuss how this process should affect the stabil
ity of ice sheets. Small changes in sea level are
not expected to cause rapid retreat, with the
implication that the rapid increases inice loss
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This Week in Science

that have been documented recently at the margins of the Antarclic and Greenland ice sheels are
caused by dynamic responses to climate warming. However, large sea-level increases, in the range of
tens of meters, could overwhelm the stabilizing effects of sedimentation,

Targeting Transmembrane Domains

Reagents such as antibodies that target specific proteins are useful in research and medicine, There
are methods to engineer antibody-like molecules that target the soluble regions of proteins, but tar
geting transmembrane regions remains a challenge. Now Yin et al. (p. 1817} describe a computa
tional method to design peptides that target specific transmembrane helices. Peptides were designed
that were specific for each of two closely related integrins involved in cell adhesion.

Two Ways to Segment an Insect
In the Drosaphifa embryo, the bicoid morphogen serves as a maternal anterior determinant during
anterior-posterior axis development; however, this transcription factor is not found among all
insects, Brent ef al. (p. 1841) compared the malecu
lar mechanisms of development in the fruit fly
Drosephilo and the wasp Nasonia. Drosophila bicoid
serves both an instructive function during anterior
patterning, and a permissive function for the repres
sion of trunk genes in the anterior region, However,
in the wasp, these two functions remain discrete:
Nosomia orthodenticle (ofd) performs bicoid function
for anterior development, while maternal giamnt
represses runk fate. Thus, in the wasp, otd and giant
jointly accomplish bicoid’s role in Orosaphila.

Big Fish, Little Fish, Shellfish

The loss of large predators from ecosystems, often caused by human activities, can have effects
that cascade through the rest of the food chain. Myers et al. (p. 1846) quantitatively assess the
ecosystem consequences of the functional elimination of top predators from a northwest Atlantic
marine environment. The loss of 11 species of large sharks, with numerical declines during a 35
year period of up to =99%, resulted in population increases in 1.2 out of 13 species of smaller
sharks, rays, and skates eaten almost exclusively by large sharks. One of these, the cownose ray,
has increased 20-fold since 1970. Its prey, bivalve mollusks, have been reduced to levels where
commercial shellfisheries have suffered and where the water-filtering service of their remnant
populations has been compromised.

A Fly Model of PolyQ Disease

Maore than 40 human diseases are known to be caused by the expansion of simple repeal sequences,
the majority being trinucleotide repeats such as CAG or CGG. However, few models for repeat instabil
ity recapitulate the striking features seen in human patients, and few or no therapeutics to clamp

repeal instability. Jung et al. (p. 1857, published online 1 March; see the Perspective by Fortini), in
the model organism Orosopfife, observe striking CAG repeat instability that recapitulates several key
features of human diseasa,
that of human patients. The pathologic CAG/polyglutamine (polyQ) protein, encoded by the expanded

ng |I:[3if|-:_i |r'IIII__2E‘ repeal expansions, with repeal s1ze variations similar to

CAG repeal, enhanced repeat instability through an inhibitory effect on a regulatory protein involved
in DNA repair and replication.

Attention and Information Flow

Cortical neurons modulate their activity with shifts in attention, but the source and flow of attention
signals are unclear. Buschman et al. (p. 1860} used 50 electrodes to record simultaneously the activ
ity from three cortical regions thought to be critical for attention. Bottom-up shifts of attention were
first reflected in the parietal cortex, whereas top-down shifts of attention were reflected first in the
frontal cortex. Thus, external control of visual attention originates in parietal cortex, but internal
control of visual attention is directed from the frontal cortex.
S5CIENCE WVOL315 30 MARCH 2007
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Crisis in Earth Observation

SATELLITE SENSORS HAVE BEEN IMAGING EARTH'S LAND SURFACE, OCEANS, AND ICE FIELDS
since the carly 19705, The data sets derived from these observations have chronicled transfor-
mations on the planet’s surface. ranging from urban sprawl to tropical deforestation. covering
even the most remote regions of the globe, Scientists in the United States, supported by the
Mational Aeronautics and Space Administration (MASA) and other agencies. have demon-
strated the wility and societal benefits of the data in a wide range of applications, including
commumnity planning, crop monitoring, coral reef mapping. water-quality assessment. disaster
management. and homeland security. Sadly. this 1s about to change.

The workhorses of operational Earth observation, the Landsat series of satellites. now Fice a
crippling data gap. Landsat-7. launched by the United States in 1999 as the latest in the series,
sulfered a sensor malfunction in 2003 that severely limits its utility. Landsat-5, launched in
984, has far outlived its 3-vear design life and will run out of tfuel before
the launch of the next satellite in the series, the Landsat Data Continuity
Mission (LDCM). which will oceur in 2011 at best, IFLDCM fails o
launch (Landsat-6 pitched into the Pacific in 1993), then the societal
benefits that have resulied from the Landsat program will come to an
abrupt end. An equally troubling situation faces the nexi generation
of LIS, observational weather satellites, The Nanonal Polar-Orbiting
Operational Environmental Satellite System (NPOESS) 15 experiencing
large cost overruns, and funding for the instruments designed to fly on
these satellites for the study of Earth’s climate has been cut.

John Marburger, director of the White House Office of Science and
Technology Policy, apparently agrees that a strategy for ensuring future
Earth observations is badly needed. In response to a memo he issued in
April 2005, a Future of Land Imaging Interagency Working Group was
formed, That group’s draft recommendations are due out this vear, In the
meantme, India, China, and Brazil are launchimg Landsat-class satellies.
Others couniries, such as Libyva and Nigeria, are experimenting with
microsatellite systems tor Earth observation.

Just at a ume when monitoring changes on the land surface (due w changing land use or ch-
mate ) should be a national priorty. how can continued ULS. echnological leadership in satellite
remote sensing be in question? While other nations are advancing their technologies, the United
States appears unahle w maintun its own capabilities, The LS, Department of Agrculture nos
must resort o buying crop-monitoring data from Indian satellites. This dependence on foreign
assets may well inerease: Even NASA may buy foreign data to fill the gap i its Landsat data.

This crisis in Earth observation underscores the need for a more strategic approach. The ULS.
Integrated Earth Observation Svstem strategic plan, released in 2003, notes the “need for high-
quality, global, sustained information on the state of the Earth as a basis for policy and decision
making inevery sectorofour society.” Unfortunately, a current focus of NASA—the “new vision™
ofa manned mission to Mars—is taking priornity over securing necessary Earth observations, The
LLS, Matonal Research Council s (MNRCS) recent assessment of Earth observation capabilities and
prospects concludes that 5500 mulhon per vear 1s needed 1o restore NASAS earth science program,
and major changes are needed w salvage NPOESS. According 1o the new chairman of the House
Science Commuttee. Bart Gordon, the United States will be “flving blind™ if we don’t ensure that
its Earth observation satellite system can continually collect data *“to puide our policy decisions.”

The U5, Earth-observing strategy should priontize the NRC recommendations, ensure
continuous monitoring, and enable the development of lower-cost experimental systems to
measure critical variables, International partnerships in satellite development and operations
should also be leveraged to extend limited resources, Society—both the United States and the
global community—must have continuous data about our home planet for prionity societal
applications and policy-making, A ¢lear vision and the associated resources are urgently
needed, first to extricate the United States from the current crisis and then to guarantee that a
similar situation might not come back to haunt us later.

= Scott Goetz

10.1126/science. 1142466
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EDITED BY GILBERT CHIN AND JAKE YESTON

IMMUNOLOGY
A Bacterial Anticomplement

The complement system generates a finely regulated, yet
potent antimicrobial response, making it an attractive target
for bacterial virulence factors, Most commonly, endogenous
requlatory proteins of the complement system are usurped to
switch off complement activation, but the widespread human
pathogen Staphylococcus aureus can inactivate the comple-
ment cascade by a more direct means. Previous work has
shown that the extracellular fibrinogen-binding protein
(Efb-C) generated by 5. aureus blocks the complement path-
way by binding to the thicester-containing domain of the
complement C3b protein; indeed, 5. aureus strains that lack
Efb-C display reduced virulence. Hammel et al. resolve the
crystal structures for the C3-binding domain of Efb-C in its
unbound state and in complex with the C3d domain of C3
(shown at right). Structure-based functional studies suggest
that native C3 is bound by Efb-Cin a way that alters its confor-
mation. As a consequence, conversion to C3b is prevented,
and participation in the subsequent activation of the comple-
ment cascade is also blocked. As well as binding native C3,

Efb-C also had high affinity for C3b, again appearing to induce conformational changes, this time in the already
activated form of the complement component. Effective targeting of the interface between Efb-C and the C3d
domain by a small molecule could be useful in the treatment of 5. aureus infection. — 5]

Nat Immunol. 10.1038/ni1450 (2007).

ARCHAEOLOGY

Fall of the Mitey

comrespondence of the mite record to the histori-
cal accounts of the Spanish invaders bolsters the
accuracy of the technique., — H)5

Within a century after the arrival of Spanish con-
quistadors in Peru in the 1530s, the population of
the Inca empire fell from an estimated 9 million
to around 600,000, due largely to introduced dis-
eases, [orced resettlement, and exploitation for
labor. It is difficull to reconstruct the demo
graphic history of that collapse because the Inca
had no written language. Chepstow-Lusty ef ol,
employed a new palaeoenvironmental tool, the
abundance of soil-dwelling oribatid mites, to help
fill in gaps in the record of population decline,
These mites, which are tiny
arthropods related to spi
ders, thrive on a diet rich
in animal excrement (in
Peru, mostly that of lla-
mas}. By measuring

the abundance of these
creatures’ remains in
pastures where the ani-
mals would have grazed, “
the authors were able to
determine how the abundance of
livestock, and by inference the level of human
activity, changed in the area around the imperial
capital Cuzco from about 800 to 1800 CE. The

I Archaeol 5ci. 34, 1178 (2007).

BIOCHEMISTRY
Making Complexes Simply

Even though proteomic studies may overesti-
mate the number and variely of functionally
important protein-protein interactions in cells,
maost such complexes are not abundant enough
to be purified via classical biochemistry. Heterol-
ogous expression of well-folded proteins in the
milligram amounts needed for structural studies
is not straightforward—especially not for
posttranslationally modified eukaryotic
proteins—and arranging stoichiometric
assembly is yet another hurdle.
Fitzgerald el al. describe a bac-
1 ulovirus-based system for making
! multigene expression vectors and
demonstrate its wtility for producing in
/" parallel a combinatonal set of chromatin-
remodeling complexes built of wild-type or
truncated subunits. Incorporating a phosphatase
into the expression vector quantitatively yielded
the de-phospho form of the complex. — G]C

Structure 15, 275 (2007).

CHEMISTRY
Rearranging Nitriles

Although catalysis of alkene and alkyne
metathesis has recently flourished, the analo
gous transformation of nitriles, which bear C-N
triple bonds, has proven more challenging.
This reaction is appealing in part because ol
the relative ease with which CN groups can be
introduced to diverse organic molecules. How-
ever, the strength of metal nitride bonds can
inhibit turnover. Geyer et al, have prepared a
tungsten complex with triflucromethyl-substi-
tuted alkoxy ligands that acts as an effective
catalyst for the metathesis of aryl nitriles R-CN
to the corresponding alkynes R-CC-R, with
3-hexyne serving as a N acceptor to yield propi-
onitrile as a co-product; the reaction does not
form N, in the absence of an acceptor. Alkyne
metathesis occurs more rapidly under the reac
tion conditions than nitrile alkyne cross-
metathesis, and the authors note the conserved
gas-phase thermodynamic preference for cou-
pling the aryl partners and transferring N to
the alkyl moiety. The catalyst tolerates halides,
methyl ester, and vinyl groups, as well as thio-
phene substrates. — ]JSY

J.Am. Chem. 5o0c. 129, 10.1021/ja0693439

(2007).
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SURFACE SCIENCE

Buckled BN

A covalently bonded overlayer on a metallic sur
face can be distorted to varying degrees, depend-
ing on the extent of lattice mismatch. For exam
ple, boron nitride (BN} overlayers can form sim-
ple monolayers on close-packed Cuf111} and
Nif111} surfaces, but complex moiré patterns are
observed on Pt and Pd surfaces. On Rh{111) and
Ru(111} surfaces, scanning tunneling microscopy
helped reveal the formation of "nanomeshes” in
which 2-nm depressions formed a hexagonal lat-
tice with a 3-nm periodicity. For the Rh system,
this pattern was initially attributed to a bilayer
structure in which the depressions were holes
exposing the underlying melal. Laskowski ef al.
now propose an

alternative struc o 2:9:3:¢. ¢
ture that better i b o
explains the ultravio 5323
> 35333
» b
P

let photoelectron spec-

High (blue and red) and
low (cyan and yellow) BN
on Rhi111) (black).

tra for this surface and that avaids

the energetic penally posed by the many dan-
gling bonds in the two-layer structure. Density
functional calculations were used to create a
force field for a BN layer strained by 8%, its lat-
tice mismalch with Rh{111). When this overlayer
was allowed to relax on the Rh{111) surface, it
adopted a nanomesh geometry of flat depres-
sions ( “holes”) where the lattice match with the

EDITORS'CHOICE

substrate was high, surrounded by a region
about 0.6 A higher, where poor lattice malching
led to overlayer repulsion. This steplike corruga-
tion in the surface normal direction relieves
strain while maintaining the lateral dimensions
of the BM layer. — PDS

Phys. Rev. Lett. 98, 106802 (2007),

ECOLOGY/EVOLUTION

Pelagic Ecology

Investigations of the ecology of planktonic marine
organisms run into the problem of reconciling the
anonymity of morphological uniformity with the
potential for ubiquitous distribution in the conti
nuity of the oceans and the observed genetic
diversily. Foraminifera are good model organisms
for disentangling protist biogeography, not
only because they have left an unusually
complete fossil record, but also because liv-
ing forams display high rates of small
subunit ribosomal RNA evolution.
Darling et al. find that one wide-
spread morphospecies has evolved
into several types with distinct
global distribution patterns that
seem to have arisen during
Northern Hemisphere cool
ing in the Quaternary. Subsequently, gene flow
has been restricted by the equatorial oceans and
especially by the Gulf Stream. Adaptations for sur-
vival at cold temperatures have since developed
and are related lo niche: that is, living within ice
brine channels, in subpolar oceans, in upwellings,
and so on. — CA
Proc. Natl. Acod, So. U.5.4. 104, 5002 (2007).

<< Cheering Up with VEGF

Although the molecular mechanisms of anlidepressant action remain

AYAAAS unclear, one hypothesis suggests that stimulation of growth factor signal-
ing and of adult neurogenesis in the hippocampus may be implicated in
www.stke org their effects. Warner-Schmidt and Duman investigated the effects of dif-

ferent classes of antidepressants on hippocampal expression of the neu-
rotrophic and proangiogenic factor vascular endothelial growth factor (VEGF), which their research
group had previously shown to be enhanced by electroconvulsive seizure (ECS) treatment. The abun-
dance of VEGF mRMA increased in the hippocampal granule cell layer of rats treated for 14 days with
fluoxetine (a serotonin-rewptake inhibitor) or desipramine (3 norepinephrine-reuptake inhibitor}, as
did the abundance of VEGF in hippocampal homogenates. Pharmacological blockade of the VEGF
receptor Flk-1 inhibited the increase in cell proliferation in the hippocampal subgranular zone (SGZ)
produced by ECS or by chronic exposure to fluoxeline or desipramine, whereas intracerebrovenlric-
ular delivery of a VEGF isoform stimulated 5GZ cell proliferation. Furthermore, pharmacological
blockade of Flk-1 inhibited the effects of desipramine on behavioral responses in chronic and sub-
chronic rat models of depression, whereas VEGF had an antidepressant-like effect. Noting that anti-
depressants promoted the proliferation of hippocampal endothelial cells as well as hippocampal
neurogenesis, the authors speculated that this could play a role in the treatment of certain forms of
depression that are associated with vascular abnormalities. — EMA

Proc. Natl. Acad. Sci. U.S.A. 104, 4647 (2007).
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Unweaving the
Rainbow

From a rare nocturnal rainbow

to a shimmering solar halo, the
atmosphere can conjure up a host of surprising
special effects. A general audience can learn to
recognize these tricks of the light and under-
stand their causes at Atmospheric Qptics, hosted
by retired chemical physicist Les Cowley of
Norfolk, UK.

Lavishly illustrated with photos from sky
watchers, the site explains atmospheric phenom-
ena produced when light strikes water droplets,
ice crystals, and dust. This early-moming shot
(below) from Mount Washington in New
Hampshire, for instance, caplures two sky specla-
cles. The photographer’s outsized shadow on the
mist 15 & Brocken
specter, and the
glowing rings sur
rounding it are a
“glory,” Arainbow
farms because
water droplets
reflect and refract
light, but a glory
also reguires that
light skid along the
surlace of the droplet before being refracted.
Visitors can further probe the effects using free
software that simulates light scattering by ice
crystals and fine droplels, >> www.atoptics.co.uk

Nanofinger

Nanotechnology is adding a new weapon Lo the
crime fighter’s arsenal: a nano-solution for
sharpening fingerprints.

For more than a century, crime investigalors
have sprayed suspect surfaces with a waler-based
gold or silver solution to detect fingerprints.
The metal ions are reduced to a black precipitate
along the lines of fatty deposits left by the
skin ridges. But "even with the most advanced
fingerprint technigues, " says chemist Joseph
Almog of Hebrew University in Jerusalem,

“less than a third” of good prints at crime
scenes produce usable evidence.

Almaog, who is also a former chiel forensic
scientist for the Israel National Police, and fellow
Hebrew University chemist Daniel Mandler have
found that attaching hydrocarbons to gold
nanoparticles is the key. The fat-seeking hydro
carbons guide the gold to the skin impression
and lay down a metal trail. If this treatment is
followed with the conventional solution, the
gold catalyzes the precipitation of metal in
solution, and the resulting fingerprints are far

Some fossils are rare, but this one recently unearthed == " ﬁ iy
in eastern Oregon may be positively mythic. In life, K
the 2-meter-long Jurassic seagoing crocodile (above), discovered by members of the
North American Research Group, sported scales, needlelike teeth, and a fishtail. Some
paleontologists, including Stanford University researcher Adrienne Mayor, think similar
fossils may have inspired Native American representations of water monsters. Mayor

notes the croc’s “remarkable” resemblance, for example, to a 19th century Kiowa artist’s
drawing (inset) of a legendary water serpent.

sharper, the scientists report in the current issue United Kingdom have been reexamining
of Chemical Communications. the site. New radiocarbon dates, reported
The new method could be “revolutionary” in the March issue of the Journal of Human
tor crime fighting, says Antonio Cantu, chiel Evolution, show that the cave was conlinuously
forensic scientist for the U.S. Secret Service in occupied between 46,000 and 34,000 years
Washington, D.C. But first, says Almog, it has to ago. What's more, the group has now been able
be refined, standardized, and field-tested in to date the skull itself, using a technigue called
police labs. uranium series that revealed it was up to
37,000 years old.
= The scientists contend that Niah Cave is the
Mﬂdern H umans in earliest securely dated sighting of modern
BD rneo !ul.rnan*; in Southeast Asia. They also ur?tquered
evidence that the occupants were sophisticated
An international team claims to have nailed the hunter-gatherers, hunting pigs and monkeys
earliest evidence for Home sapiens in Southeast and detoxifying poisonous yams and nuts
Asia—1o about before eating them,

Sandra Bowdler,
an archaeologist at
the University of
Western Australia in
Crawley, says the new
dates “suggest that we
can forget about the

46,000 years ago.

In 1958, excavators
working at Niah Cave
on the island of Borneo
unearthed a skull cap
and upper jaw of an
anatomically modern
human. Although

T gt 3

r ~- '-____. e skull being from an

radiocarbon dating of et intrusive ... burial.”
nearby charcoal frag View from Niah Cave. SESEIEEE NI NET
ments put the age at archaeologist at the
about 40,000 years, many experts suspected the University of Utah in Salt Lake City, adds that
skull was a newer “intrusion” into an older layer, the work shows that the Niah Cave people's
Since 2000, researchers led by archaeologist sophisticated subsistence activities “were
Graeme Barker of Cambridge University in the practiced at a surprisingly early date.”
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ABEL PRIZE. Srimvasa Varadhan. a probability-
AWAR DS theory researcher at New York University

(NYU) i New York City. has won the 2007 Abel
Prize for mathematics. The $975.000 award—bestowed by the
MNorwegian Academy ol Sciences and Letters—credits the 67-year-
old Varadhan for “greatly expand[ing] our ability 10 use computers
to simulate and analyze the occurrence of rare events.”

Varadhan, who was born in Madras. India. earned a Ph.D.
from the Indian Statistical Institute and since 1966 has taught a
NY U's Courant Institute of Mathematical Sciences. His research
on probability theory has the potential to benefit disciplines such
as quantum field theory and traffic engineering.

Fittingly. in the manner ofa random event. the prize announce-
ment last week caught Varadhan by surprise. *It’s sull like a
dream.” he told Scicnce. “A lot of people deserve it, but so few

CREDITSTOP TO BOTTOME CHERYL SYLIVANT. GREG ADAMSSJEFFERSOM LAR: STANFORD UNNERSITY. SOURCE: HEMA RANGASWAM

MOVERS
CROSSING BOUNDARIES. Neurobiologist
Carla Shatz is returning to her roots. This
summer, she will step down as chair of
Harvard's neurobiclogy department and
return to Califarnia
to lead the Bio-X
program at Stanford,
where she held her
first faculty position
from 1978 to 1991,
“I'm thrilled,” says
Shatz, “Stanford is
really on a roll with
an experiment | want
to participate in."

Bio-X is an
attempt to foster interdisciplinary research
in biomedicine. Its flagship building, the
James H. Clark Center, has already proved
to be fertile ground for interdisciplinary
collaborations among its 600 researchers—
including 38 faculty members—drawn from
25 departments, Shatz says, and she hopes
to encourage maore participation from others
on campus.

Shatz was the first woman to earn a
doctorate in neurobiology from Harvard,
in 1976, and in 2000, the first woman to
chair Harvard s neurobiology department.
It hasn 't escaped her notice that only five
Clark Center faculty members are women.
"I want to do something about that.”

SAILING. Having guided the Thomas
Jefferson National Accelerator Facility
through difficult times, laboratory director

Got a tip for this page? E-mail people@aaas.ong

Www.sClencemag

can get it.”

Christoph Leemann plans to step down

once his replacement is chosen. Leemann,
68, plans to spend more time sailing,
including racing a monohull Hobie 33.

Last year, Leemann had to batten down the
financial hatches at the lab in Newport News,
Virginia, to deal with a budget cut from

586 million to $78 million, But the future
looks brighter, as the Department of Energy’s
(DOE's) science budget grows and researchers
make progress an an accelerator upgrade.

On Campus >>

“One should always
leave at the top of
one’s game,”
Leemann says.
Leemann assembled
a top-notch scientific
and technical staff,
says Dennis Kovar,
who directs DOE's
nuclear physics
program: “He's been a joy to work with.”

BLURRED IMAGE. A LLS. journal and an Indian panel have lined up on opposite sides in a case
of alleged plagiarism invelving a young Indian researcher whose degree hangs in the balance.
Early last year, an anonymous e-mail claimed that a 2005 paper in the Joumnal of Biological

Chemistry (JBO) co-authored by Hema Rangaswami, then a
Ph.D. student at the National Centre for Cell Science in Pune,
India, contained images that appeared in an earlier JBC paper
by the same authors. Last month, JEC withdrew the paper.
Shelagh Ferguson-Miller, chair of JBC's publications committee,
says a computer-assisted analysis found that two control blots
were identical to images that had been labeled differently in a
2004 publication. “To us, it seemed there had been deliberate
misrepresentation,” she says. The paper examines signaling
pathways involved in the development of skin cancer.

Five months before the retraction, however, a scientific
panel set up by the Indian government to investigate the charge

found no evidence of image duplication or misconduct. Govindarajan Padmanabhan, a biologist
at the Indian Institute of Science in Bangalore, who headed the Indian panel, says the panelists
grilled the researchers and examined original data.

Rangaswami received a provisional degree last year and now works as a postdoc at the
University of California, San Diego (UCSD). Her supervisor, UCSD cancer biologist Renate Pilz,
says she has reviewed Rangaswami's work and believes the JBC paper is valid. Right now,
Rangaswami has more on her mind besides completing her defense: This month, she gave

birth to her first child.
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GENDER EQUITY

A famous
genome

U.S. Agencies Quiz Universities
On the Status of Women in Science

The US. government has begun questioning
research universities to determine whether
their treatment of women students in sci-
ence and engineering violates federal law.
Science has learned that officials from the
National Science Foundation (NSF), the
Department of Energy (DOE), and NASA
have visited four academic departments on
three campuses in the past 14 months to
monitor their compliance with a 1972 law
that prohibits sex discrimination in educa-
tional programs and activities receiving
federal funds. The law’s Title IX
has traditionally been used to
broaden women's participation
in high school and college athlet-
ies: educators say it's the first
time the government has applied
it 1o long-standing gender imbal-
ances in fields such as physical
sciences and engineering,

“I"'m delighted that a start has
been made.” savs Debra Rolison,
a chemust at the Maval Research
Laboratory in Washington, D.C.,
and longtime advocate for the
enforcement of Title IX n aca-
demics. “This will push science
and engineering departments to
work harder to recruit and retain
female students and faculy.”

Women are underrepresented i several
areas of ULS, science: For example, only
22% of graduate students i engineening, and
tewer than 10% of engineering professors, are
women. Althougeh some aroue that such imbal-
ances merely reflect personal preferences, oth-
ers blame a male-onented culture within many
science and engineering departments. A
2004 report by the Government Accountability
Office. which scolded NSFE, DOL, and NASA
for not checking to see whether their grantees
are complying with Title IX. prompied the cur-
rent round of reviews, In 2005, Congress also
ordered NASA to do two such reviews a vear.

In spring of last vear, DOE ofTicials vis-
ited Columbia Universitys physics depart-
ment o conduct the agency’s first-cver
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onsite Title IX compliance review. NSF
officials did the same thing around the same
time at Columbia’s elecirical engineering
department. And NASA officials looked at
the aerospace engineering departments at
the University of Michigan, Ann Arbor, and
the University of Maryland, College Park.
In addition o examining grievance proce-
dures, reviewers interviewed dozens of
female students and faculty members about
access to laboratory facilities and the gen-
eral climate of their departiments, as well as

gathering data on enrollment and faculty

composition. NASAS David Chambers says
his team deliberately asked “who was in a
leadership position and who was doing the
note-taking™ as well as whether male and
female graduate students were equally
likely to get research assistantships, NSF
has reported its Findings to Columbia,
whereas DOE and NASA plan to share
reports with the universities this spring.
The nature of those interviews was
annoying to some. At Columbia, cosmology
professor Amber Miller described her DOE
mterview as “a complete waste of ime.”
The reviewers “made us write down every
piece of equipment in the lab.” she says, and
whether women were permitted to use cach

VOL 315 SCIENCE

Microbial
metagenomics

item on the list. She savs the interviewer
responded to her generie complaint about a
shortage of lab space to press her on
whether she felt diseriminated against as a
woman. “1 wanted to say, *Leave me alone,
and let me get my work done,” ™ says Miller.

Columbia’s Department of Physics Chair
Andrew Millis thinks that the reviewers” con-
cern about access to equipment sugeests tha
they don't really understand basic academic
science. “For God's sake, \"n\'!"_'m]"ﬂl.l_\ 15 50 des-
perate for good graduate students that gender
15 the st thing that faculty members are look-
ing at when considering applicants.” he says,
“Frankly. the process has been a hittle tedious.”

But other academics say that questions
about climate are appropriate, “To under-
stand 1f women face barriers, you have to
look at the experiences of individuals i the
deparmment.” says psvchologist
Abigail Stewart, head of Michi-
gan’s Institute for Research on
Women and Gender, who was
imterviewed during the NASA
review. Jocelyn Samuels of the
National Women’s Law Center, a
Washington, D.C.. nonprofit that
has pushed tor comphance
reviews, applauds the govern-

ment for looking beyvond obvious

women students and faculry
members in a particular depart-
ment. “Sex disenmmation in labs
ranges from outright harassment
and sexual overtures to expres-
s1ons of doubt about women’s

capabilities and exclusion of

women from social gatherings where lab
matters may be discussed” Samuels says,
Awency officials did not explain the
basis for determining compliance and have
not sad what would happen if they uncover
evidence of discrimination. But one DOE
ofticial noted that “this 15 not a “Gotcha!”
exercise. It is just a matter of ensuring that
everybody gets equal opportunity.”
Whereas DOE and NASA plan to con-
tinue their reviews, NSF's Ronald Branch
says that an interagency group within the
White House Office of Science and Technol-
ogy Policy (OSTP)1s now leading the Adnin-
istration’s effort to monitor compliance,
OSTP did not return calls seeking comment.
=YUDHIJIT BHATTACHAR]EE
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Selfish Genes Could Help Disease-
Free Mosquitoes Spread

“Inspired by a true story™—that could have
been the subtitle for a new study that brings
the 1dea of disease-fighting mosquitoes a
step closer, Researchers borrowed an idea
from real life and. like Hollywood screen-
writers, adapted it to suit a different plot.
The paper, published online by Science
this week (www.sciencemag.org/cei/content
abstract/1 138595)., addresses a crucial but
often overlooked question: Even if you can
make mosguitoes unable to transmit disease,
how do vou enable them to “replace.” or
outcompete, the natural population? The
study team, led by molecular biologist Bruce
Hay and postdoc Chun-Hong Chen at the
Cahtornia Institute of Technology in Pasadena,
answered it by producing a set of “sellish™
genes in Drosophila fruit fhes, The same
principle could be applied in mosquitoes as
well, they say, “This the most exciting thing |
have seen [in this area] for a very long time.”
savs Jason Rasgon, an msect geneticist at Johns
Hopkins University in Baltimore, Maryland.
The plan to battle disease vsing transgenic
insects has been around for vears. Scientisis
have already spliced into mosquitoes genes that

PROFESSIONAL SOCIETIES

Leg up. A new study suggests a way to make
transgenic insects—such as this malaria-resistant
mosquito, created by a team at Johns Hopkins
University—spread rapidly.

make themunable to transmit dengue. a pantul
viral disease, and the rodent form of malara. A
malana-resistant version of Anopfieles mambiae,

ACS Drops Iranian Members, Citing Embargo

The American Chemical Society (ACS) has

reluctantly rescinded the membership of

some 36 [ranian scientists after the society
determuned that having members m Iran vio-
lates LS. law. The society hopes to reinstate
them afier obtaining a government license,
a step that could set a precedent for other
LLS. societies with Tranan members,

LS. organizations are prohibited from
doing business with individuals in lran,
Cuba, and North Korea, but an exemption
permits the trade of informational materials.
That provision allows US. scholarly soci-
eties, whose journals are a major benefit 1o
Its overseas members, to retain ties o mem-
bers in those countries.

But ACS’ stance changed after Assistant
General Counsel David Smorodin rercad the

AN S L NCE TR OrC
WiwWw.sClencemag.org

embuargo rules and concluded that selling pub-
lications to members at discount raes, a com-
mon practice, represents o service above and
bevond the trade of informational matenals,
He also believes that membership benefits
such as “insurance, career counseling, mvita-
tion to meetings, and educational opportuni-
tes™ are not exempt under the rules, although
he acknowledges that overseas members typi-
cally do not use those privileges. “We had no
choice as a federally chartered organization but
to comply with the law.” savs Smorodin,
adding that his interpretation of the regulations
did not “win [me] any friends within the ACS”

In January, ACS"s membership othice
informed the society’s 36 Iranian members
that their memberships were being discontin-
ued, although they could still purchase mate-

SCIENCE
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the mosquito whose bite kills more than | million
people a vear, is expected to arrive soon,
Almost 340 million from the Bill and Melinda
Gates Foundation has given the field a big push
and may help pay for trials in giant greenhouses
within a few vears,

Yet one big question remains: Nobody
quite knows how to give an introduced resist-
ance gene an evolutionary leg up so that it
becomes widespread. Natural selection alone
probably won't doit. It's rue that having a virus
or parasite reproducing in its body does reduce
a2 mosquite’s fimess, and a lab study published
in the Proceedings of the National Academy of
Sciences (PNAS) last week showed that
malaria-resistant mosquitoes beat out their
nonresistant nvals in the strugele for sur-
vival-—if'both were feeding on malaria-
infected mice. In real life, however, only a
small proportion of mosquito hosis are
infected, savs Rasgon, one of the PNAS paper’s
authors, so resistance doesn™t offer a big
enough benefit to make it race through a popu-
lation., Some sort of active “driver” i1s needed.

Hay found inspiration for such a mecha-
nism i a bizarre selfish genetic element first
described in 1992 in a beetle called Triholitm
castancm. When female beetles carry even
a single copy of this element, all their viable
offsprnng have 1t, too; those that don’t simply
die. As a result, the element, called Medea.
spreads through populatons rapidly. >

rals from the society at the full rte. The move
angered David Rahni, an Iramian-Amerncan
chemist at Pace University in Pleasantville,
New York, and an ACS member, who says
ACS should “refrain from allowing politics™
to get in the way of scientific openness.
Smorodin says the society will soon apply for
a license from the Department of Com-
merce’s Office of Foreign Assets Control
allowing it to serve its Iranian members,

Other associations are troubled by ACSs
proposed solution. *We have no plans to do
anything similar.” sayvs Judy Franz of the
American Physical Society in College Park,
Marvland. whach also has members in Iran.
“We would resist having to obtain a license to
the extent we can.”
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30 MARCH 2007

1777



NEWS OF THE WEEK

1778

Researchers have proposed that Medea
produces a toxin during ege development,

Just before metosis. That way, even if female

beetles have only one copy of the element,
the toxin ends up in all of their egg cells.
After fertihization, the toxin kills the
#ygote—unless it has inherited the Medea
element from either its mother or father. In
that case, Medea produces a special anmidote

Just in time o neutralize the toxin,

All of this 15 just a hypothesis to explain
Medea’s inheritance pattern, says Richard
Beeman of Kansas State University m Manhat-
tan, one of Medea’s discoverers, who is stll try-
ing to nail down the mechanism. But Hay and
Chen decided they didn’t need o wait For the
answer to build the proposed system, toxin and
antidote included, from scratch in frui ies,

The team spent vears engmeering flies o

CLINICAL RESEARCH

produce several Kinds of woxins, such as ricin,
in their egge cells. along with their respective
antidotes. But making the insects produce
exactly the nght amount of toxin proved diff-
cult. The team was luckier after it realized that
the “toxin™ didn’t need 1o be o protein at all: It
could also be the absence of one. They pro-
duced flies whose egg cells contain microRNAs
that silence a gene called Myef§S, whose pro-
tein product 15 crucial to pattern formaton n
the early embryo. Embryos resulting from
these ege cells died. But if the embryos car-
ried the team’s Medea element, the “anu-
dote”—in the form of an extra copy of the
WadSY gene, switched on after fertilization
came to the rescue, and development was nor-
mal. “To create a synthetic Medea—what an
amazing idea!™ says Beeman.

And i worked, In cage expeniments where

Medea-carrying flies were mated with wild-
tvpe counterparts, Medea-carrving flies ook
over in 10 generations or fewer. By stitching a
resistance gene into the genetic ¢lement

right between the genes for the toxin and the
antidote—it should be easy to make tha

spread through a population as well, Hay says.

though that experiment still needs to be done,
Applying the same strategy in mosqui-
toes will be quite a bit of work, says Anthony

il

James of the University of California,
Irvine. Also, researchers have no 1dea
whether the public will endorse the release
of genetically engineered insects. But, says
Kenneth Olson of North Carolina State Uni-
versity in Raleigh, the new study is a big siep
forward in making the notion of transgenic
mosguitoes (ly.

~MARTIN ENSERINK

Testing a Novel Strategy Against Parkinson’s Disease

One of the largest clinical trials ever for
Parkinson’s disease. announced last week
by the National Institute of Neurological
Disorders and Stroke (NINDS)in Bethesda,
Maryland. 1s experimental in more ways
than one, officials say, [t will use a novel
approach to test a nutritional supplement
against a disease, with a goal of recruiting
| 720 participants (half to receive a placebo).
And the method of selecting the test agent, a
supposed energy booster called creatine,
was unorthodox as well.

In 2000, the institute
began canvassing the commu-
nity for compounds worth

ement,
anti-Parkin

testing against Parkinson's
disease and whittled a list of
dozens down to a handful of
candidates for so-called fuil-
ity trials. Rather than show
whether the compounds work,
these small studies suggest
whether a drug is futile in
combating the disease.
Creatine is the only com-
pound of four examined so
far 1o pass. NINDS is begin-
ning to recruit early-stage
patients for a large, phase 111
trial to see whether a purified
medicinal version can slow the disease’s
progress, Inanother twist, the institute may
add more compounds to the trial of they
pass futility studies, “The whole thing
i1s unusual,” agrees Debra Babcock of
NINDS of the creatine trial, for which she
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is the scientific director. “It’s a very new
clinical trial for us and a new approach for
disease intervention,”

Babcock declined to give precise num-
bers on how much the trial will cost. But the
entire venture, including futility trials ol
other potential Parkinson’s compounds, 15
now expected to cost about $60 million,
220 miulhon above the initial estimate,
Babcock says. These estimates are “fuzzy.”
she explamed. because NINDS doesn’t

know how many lutility trials it will run or
how the creatine trial will evolve inthe 7 vears
1t’s expected to last.

Creatine, which is available over the
counter in health tood stores. 1s thought to
help boost ATP levels in cells, giving them

VOL 315 SCIENCE

more energy and protecting mitochondria,
which in Parkinson’s patients seem to mal-
function, leading to cell death. Whether cre-
atine is promising enough to justify a mas-

sive, long-term chimical trial in a time of

tight budgets is up for debate. *To be honest,
[ think the evidence is not tremendously
strong” that creatine can help, says J. Timothy
Creenamyre. director of the Pittsburgh
[nstitute for Neurodegenerative Diseases ai
the University of Pittsbureh m Pennsylvania.

Another question 1s whether
enough patients will sign
up. because volunteers
risk recemving a placebo,
Recruiting may be *a major
logistical challenge.”
Joel Perlmutter, a neurolo-
gist at Washington Univer-
sity School of Medicine in
St. Louis, Missouri, whose

BV S

center 15 one ol the 51 partic-
ipating. Babcock hopes the
offer of pure creatine will
attract volunteers.

Although Perlmutter con-
siders creatine promising,
he's uncertain about its
mechanism and how it might
work agaimnst Parkinson’s
disease. Sull, “even if creatine completely
bombs,” savs Perlmutier, the trial may still
help teach researchers how to run large-
scale Parkinson’s trials and identify new
biomarkers. -]JENNIFER COUZIN
With reporting by Eliot Marshall.
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RESEARCH FUNDING

Canadian Institutes Get Windfall
Without the Bother of Competition

OTTAWA, CANADA—Several Canadian
rescarch institutes will receive multimillion-
dollar grants from the government this vear
without having even asked for the money.,

The government s unprecedented decision
1o ILI]HPL"I'I"G;.‘ \."n.'ll.l‘.l et Teview In .'l'l."u.'l_l!'l.ill‘.l"_' “'il...‘
grants—or even solicit advice on which pro-
grams to fund
the science community, which has questioned
the process even as it welcomes the windfall,
*I feel like I've been adopted by a rich grand-
mother,” says David Colman, director of the
Montreal Neurological Instutute and Hospital,
which will get nearly 513 million.

The gifts were wrapped in a 2007-08
budget, unveiled last week by Finance Minis-

comes as a |]ll_'T'L' SUrprise W

ter James Flaherty, that boosts federal spend-
ing overall by nearly 3%, But the biggest twist
in & budget that also hikes science and technol-
ogy spending by a government-projected
3%, to 57,3 hillion ( Science NOW, 20 March,
sclencenow.sclencemag.org/cgi/content/full
2007/320/1). 15 the proposed Centers of Excel-
lence lor Commercialization and Research.
Finance and Industry ministry officials have
already allocated some 5130 million to eight
institutions deemed best in class in fields that
include braun research, stroke recovery, sus-
tainable energy, and optics. The money is
designed to help them compete next year for a
new 5165 million pot of money o support
work in areas in which Canada hopes to
become a world leader. *It’s sort of proof-of-
concept stufl)” says one ministry official.
Colman says the money will expand
fedgling research programs on neural engi-
neenng—using engineering technigues to

understand and manipulate the behavior of

the central and peripheral nervous sys-
tems—and neuropalliative care. He also
applauds the zovernment’s willingness to
reward the couniry’s elite researchers with
additional resources rather than trying to
spread its wealth around. “This i1s what [ like
about this government. They re willing to
say, *These things are outstanding. And
because they're outstanding. let's give thema
little more, not a hittle less.” ™

For one recipient, however, the govern-
ment s current largess is already more than
adequate. Howard Burton is director of the
Pennmeter Institute for Theoretical Physics in
Waterloo, Ontario, which receives 542 mil-
lion in the new budget. BlackBerry mogul
Michael Lazandis helped create the institute
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Brain food. David Colman's Montreal Neurological
Institute and Hospital is one of several getting more
government funding.

-~

in 20000 with an 585 million endowment
(Science, 5 December 2003, p. 1650), and the
federal government chipped in 521 million.
Ministry officials said that favorable reviews
from an international panel evaluating that
initial 3-year award persuaded them o pony
up More money.

“I"'m very happy that we're held as an
exemplar in terms of the research and the out-
reach that we do.” savs Burton about the insti-
tute s ongoing work in foundational theoreti-
cal physics, including string theory, quantum
gravity, quantum information theory, cosmol-
ogy, and particle physics. But be says it’s “not
our intention™ to apply for a centers grant
because federal and provincial funding is
“sufficient” for the next 3 yvears.

The biggest complaim from scientists 15
that national peliticians and bureaucrais iden-
tified and targeted disciplines for investment,
and then picked individual winners, without
benelit of scientific mput and peer review,
“It’s a dangerous precedent.” says Ronald
Worton, chair of Research Canada: An
Alliance for Health Discovery. a new advo-
cacy group for the research community. 1
have no problem with governments prioritiz-
ing and saying we're going to support [one
discipline or another].” adds Worton., who 15
CEO and scientific director of the University
of Ottawa Health Research Institute. “But
there has o be a process w arrive at this that »
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Stem Cell Results Questioned

The University of Minnesota (UMN), Twin
Cities, is looking into a report of an irregular
ity in the work of researcher Catherine Verfaillie,
a stem cell expert whose work has come under
previgus scruting. Fifteen months ago, New
Scientist reported it had found data plots
duplicated in two different Verfaillie publica
tions, as well as confusing data relating to cell
types cultivated in her lab from multipotent
adult progenitor (MAP) cells. Although the
duplication was ascertained to be an honest
error, UMN got inconsistent answers from
experls it consulted on the other data
(Science, 2 March, p. 1207).

Earlier this month, New Scientist notified
the school of a separate problem: The same
Weslern blot image appears twice in a 2001
Blood paper—once as a control, then, with
the image reversed, representing collagen. A
U.5. patent application also contains the same
image, this time signifying a bone protein,
Verfaillie did not respond to a request for com
ment, although a Minnesota official says she
has been cooperative. UMM is mulling the cre
ation of an inquiry panel, which could recom
mend a “full investigation.”

=CONSTANCE HOLDEN

The Hunt to Capture Carbon Is On

CAMBRIDGE, U.K.—The British government
has committed itself to funding a full-scale
demonstration of carbon capture and storage.
Last year, the Labour government created the

% 200-million-a-year public-private Energy
Technologies Institute, which will be up and
running in 2008. In his 2007-08 budget state-
ment delivered last week, Chancellor of the
Exchequer Gordon Brown went a step further,
promising to hold a competition for a carbon
capture demonstration plant. “We need to
understand how the technology works in large,
integrated projects so that we can develop it for
deployment worldwide,” says Hannah Chalmers
of Imperial College London. Details will be
released in May; the plant is expected lo be
operational early next decade,

Meanwhile, in the LLS. last week, a power
ful group of Demaocratic and Republican
senators proposed legislation to expand coal-
sequestration research projects, including
53200 million for “large-scale testing of carbon-
sequestration systems.” The government now
runs a smaller-scale injection research pro
gram. The legislation (5. 962) incorporates
many of the recommendations in a recent
Massachusells Institute of Technology report
on coal research (Science, 16 March, p. 1481).

~DANIEL CLERY AND ELI KINTISCH
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is robust and arrives at conclusions that are
logical and transparent.”

Worton is also upset with the size of the
outlays at a time when the Canadian Institutes
ol Health Research (CIHR). Canada’s leading
funder of blomedical research. has seen sue-
cess rates for competitive grant proposals
plummet from 32% to 16% in the past 5 vears,
*That amount of money added o the CTHR
would have solved the whole problem.” he
avows, The government announced it would

GENETICS

raise CIHR'S budget by 3%, 1o $627 million,
Canadian Association of University Teach-
ers Executive Director James Turk says the new
initiative not only sets a bad precedent but is
also further evidence of the govemment’s pref-
erence for strategic initiatives over basic
research, both within and outside the granting
councils, “Sprinkled through all their discus-
sions on research is a greater focus on target-
ing,” he says, “and the federal government
choosing the targets.” But Claire Morris, presi-

dem of the Association of Universities and Col-
leges of Canada, says that "good things can
happen [through] partnerships between the pri-
vate sector, the public sector, and academia”
Details of the new program are sparse. The
winming institutes will have to come up with
some outside funding, although the amount
will be higher for centers focused on commer-
cialization than for those doing basic research.
-WAYNE KONDRO
Wayne Kondro writes fram Ottawa,

Sequencers of a Famous Genome Confront Privacy Issues

A ULS. company has begun to trickle out infor-
mation on aunmique DNA study itcalls “Project
Jim," a crash effort to sequence the entire
genome of a single individual. The results are
likely to be made public this summer.
Anonymity isout ofthe question; [t has already
been announced that the genome belongs o
James D, Watson, winner of the Nobel Prize
and co-discoverer of DMNAS siructure.

Watson won 't be alone; Harvard Medical
School has approved a plan by computational
geneticist George Church to sequence and
mike public the genomes of well-informed
including his own. And J. Craig
Venter says his nonprofit imstitute will soon
release a complete version of his genome.
{ Venter contributed the largest share of other-
wise anomymous DNA in the human genome
sequenced by Celera Genomics in 2000, )
These projects are adding urgency to an old
issue: What constitutes sensitive genome data,
and how should those data be safeguarded? As
soquencmg costs p!ll!'l'll'l.ll.:l, more and mare
individuals will be facing those questions.

Watson, 79, says he agreed to have his
genome sequenced when he gave a blood
specimen 2 years ago to 454 Life Sciences in
Branford. Connecticut. His reason was sim-
ple: “curiosity about my life.” He figures that,
“On the whole, T will gain more from people
looking at [the genome]” than not,

The company has a new “resequencing”
technique that uses public data as a template
and relies on massive DNA replication and
computerized sorting to lower costs. [t would
like to show off its prowess, Michael Egholm,
454 vice president of research and develop-
ment, said in a telephone interview that
the company’s “fundamental vision™ is to
make “routine human sequencing” afford-
able. 454 15 one of several firms m a race w
claim this territory (Science, 17 March 2006,
p. 15344). Company staft debated “who should
be the first™ person to be sequenced. Egholm

volunteers
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Know thyself. Mobelist ]James Watson is planning to
receive—and possibly share—a complete copy of
his own genome sequence this year.

savs. After a dinner with scientific advisers,
including DNA sequencer Richard Gibbs,
according to Egholm, they decided that *It
had to be Watson,” Watson not only accepted
but also talked about it to the press.

When the project began, 434 equipment
wasn't up to the task, Egholm says, But
improved technology made it possible to
sequence 10 billion bases in multiple overlap-
ping fragments of Watson's DNA “in a space
of a few weeks™ early this year. Egholm and
454% academic partners discussed prelimi-
nary findings at a meeting of sequencers in
Marco Island. Florida, in February. For exam-
ple, according to Egholm, a comparison
between the new data and the reference human
genome in public databases suggests that the
reference genome is “about 97% complete.”
He adds that Watsons genome has now been
sequenced in triplicate, and company leaders
and Gibbs—who heads the sequencing center
at Bavlor College of Medicine in Houston,

Texas—estimate that a few weeks” more work
would achieve sixfold coverage. enough for a
“very high quality diploid genome.” The pro-
Jected costis “about 51 million.”

Still undetermined, however, is precisely
what the project will release. Watson agreed
that his DNA sequence should be added to
public databases. But he requested at the ow-
set that his Apof gene status—which can indi-
cate a risk for Alzheimer’s disease—bhe
blanked out. Company stafl then realized.
Egholm says. that more might need to be
blocked—perhaps all genetie loct currently
known to be associated with disease risk.
Opting to block only high-risk DNA vanants
would signal that Watson has those variants,
Another problem: Some spots now considered
innocuous may be linked 1o disease in the
future—a consideration for Watson's sons.

As Baylor scientists got mvolved. Gibbs
and ethicist Amy MceGuire of Bavlor's Center
for Medical Ethics and Health Policy
presented the project (without identifying
Watson) to the college’s Institutional Review
Board (IRB). The first step was to obtain a
miore rgorous consent, That was done, and the
IRB gave its approval on 19 March, But public
agencies have given “very litle guidance.”
MeGuire says. on how to handle privacy and
consent 1ssues mvolving relatives,

Baylor and 454 settled on a “data release
pathway,” MeGuire and Egholm say. The com-
pany will put the completed genome ona DVD
and hand it over o Watson—perhaps, Egholm
says, with a small ceremony. Watson will
accept responsibility for discussing the nisks of
its release with his famuly, decide what should
be blocked, and determine how and when to
make the sequence public. Watson declines 1o
say more until the company is ready to publish
an article—by July. he expects.

As for Vemter, he says he plans simply to
release his genome without restrictions.

—ELIOT MARSHALL
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METAGENOMICS

Massive Microbial
Project Proposed

Taking stock of the microbial world is like
trying to count the stars. But a report”
released this week by the ULS. National Acad-
emies” Mational Research Council (NRCO)
outlines an ambitious program to decipher
the incredible diversity of Earth’s invisible
life. The Global Metagenomics Initiative
would be on par with the Human Genome
Project in size and relevance. "Understand-
ing the microbiome—human, animal, and
‘environmental’—is as important as the
human genome,” says Michael Ashburner, a
geneticist at the University of Cambridge,
UK., and a co-author of the report,

A decade ago, researchers were limited o
studying only the microbes they could isolate
and grow in the lab—Iless than 0, 1% of
Earth’s estimated microbial life. Now., they
can sequence all the DNA from millions of
different microbes in a sample and use pow-
erful computers to pick out the genes. This
technology—metagenomics—has enabled
them to identify genes from the full comple-
ment of microbes in a particular
environment, be it the ocean,
sewage sludge, or the human
colon {Science, 16 March 2007,
p. 1486: 2 June 2006, p. 1333).

Already, these approaches are
revealing that microbes play a tar
bigger role in human health, agn-
culture, and the environment than
previcusly realized. “Every
process and evemt on Earth and in
its inhabitants is directly or indi-
rectly influenced by microorgan-
isms.” savs Jo Handelsman, a
plant pathologist at the University
of Wisconsin, Madison. and
co-chair of the NRC panel. Micro-
bial proteins may hold the key to

microbes (in

cleaning up toxic wastes; developing “green™
fuel sources; catalvzing the production of
industrial products, food, and drugs; and pro-
tecting acainst bioterronsm, the report says,
Soaring interest in these possibilities
prompted the National Science Foundation
{NSF) and other U.S. federal agencies to ask
the National Academies to help define the
field, establish standards for metagenomics
research, and come up with goals for this
emerging discipline. The NRC panel calls tor

" The New Science of Metogenomics: Revealing the
Secrels of Our Microbial Planet, books.nap.edu/
catalog/11902. himl

WAL SCIE

Sequence

a three-pronged approach: single-investizator
studies, medium-sized projects, and three
large-scale examinations of the microbes that
live in particular habitats, The experts sug-
gested that one project cover a natural envi-
ronment, one look at microbes that live in
human or other hosts, and a third focus on a
community created by people
sewage treatment Fﬂll!'l'l.

Researchers are already headed in that
direction. Last year, NSF awarded the
new Center for Microbial Oceanography:
Research and Education, based in Hawai,
S19 million over the next 5 years. A human
microbiome imitiative i1s under consideration
as a priority for the National Institutes of
Health in 2008, Researchers from eight Euro-
pean couniries have banded together to seek
support for a € 16 million effort on human gut
microbes. and a joint French-Chinese
metagenomics project is bemg planned.

The NRC panel also recommends
increased funding to improve the collection,

such as a

Microbial genes revealed. Researchers can now study many different

different colors) in a sample at once,

storage, and analysis of the massive amounis
of genomie and environmental data involved.,
“Extracting information from the [sequence|
data, that’s a hard problem.” says Daniel Drell,
who coordinates metagenomics projects for
the Department of Energy.

As for comparisons with that earlier
sequencing effort: *“This is not like the human
genome project, where you know when you
are at the end.” says James Anderson, a

microbiologist at the Mational Institute of

General Medical Sciences in Bethesda,
Maryland. “How big this project might be 1s
=ELIZABETH PENNISI

anyone’s guess,”
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Sharing the Flu (Data)

Nations on both sides of the Paciflic have
established a distributed computing grid to
improve research collaborations on avian
influenza. The flu project, announced last week
in Bangkok, will be managed by the 5-year-old
Pacific Rim Applications and Grid Middleware
Assembly (PRAGMA) project, based al the 5an
Diego Supercomputer Center (SDSC). Scientists
in the United States, Japan, China, South
Korea, and Malaysia will be able to remotely
operate lab equipment and share access to
databases. The grid will have applications for
other infectious diseases as well, says Peter
Arzberger of SDSC. The project has 5350,000
in start-up funding from the U.S. Army.
~MATTHEW BUSSE

Stem Cell Work Restarted

SEQUL—South Korea's Mational Bioethics
Committee has decided to allow scientists Lo
resume studies on human embryonic stem
cells, removing a ban imposed in March last
year after the Woo Suk Hwang scandal. Last
week's decision barred transfers of human
cells into animal eggs and egg donations
solely for research purposes, allowing dona
tions only of unused eggs collected originally
for in vitro fertilization. South Korea's National
Assembly will review the rules, which include a
3-year research ban for violators, before incor
parating them in an expected bioethics bill
later this year. -D. YVETTE WONG

Change of FACE?

The U.5. Department of Energy (DOE) is
rethinking a move to stop funding long-running
studies of the impacts of elevated carbon
dioxide levels on various ecosystems. Forest
ecologists Ram Oren of Duke University and
Richard Norby of Oak Ridge National Labora
tory say that DOE told them in January that
five of the six sites in the $7-million-a-year
Free Air ':Dz Enrichment (FACE) effort—uwhich
include forests, a desert, and a farm—could
be phased out as soon as 2008. Lastyear, a
DOE panel had suggested that the depart
ment allow some projects Lo continue until
2010, and scientists have been lobbying DOE
for a reprieve, This week, DOE official Jerry
Elwood told Science the depariment is weigh
ing the 2010 date for some projects but that
he wants to make room for new research on
what happens when elevated EDE levels are
combined with other factors such as nutrients
or temperature. =ELI KINTISCH
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Spinning a Nuclear Comeback

A U.S. company is banking on the world's biggest and fastest centrifuges
to restore the country’s capacity to produce enriched uranium for
nuclear power plants at home and abroad

PIKETON, OHIO—I1"s not easy (o get a
glimpse of the “Amencan Centrifuge.” A
visitor must first clear a checkpoint at the
edee of the Department of Energy’s (DOE's)
1500-hectare Portsmouth reservation in
southern Ohio, then pass through several sets
of locked and guarded gates. Finally, one
reaches the gargantuan, dimly it centrifuge
hall holding the centnfuges themselves
four-story-tall white ghosts, just a few of
them so far, looming in the twilight,

Inside each one is a evlinder, called a
rotor, that spins faster than the speed of
sound. By separating one isotope of uranium
from the other, the cvlinder slowly increases
the concentration of uranium-2335. Hooking
tozether thousands of these devices in a cas-
cade vields a fuel nich enough to sustain a
nuclear chain reaction,

This technology, a key to acquiring
nuclear weapons, is one of the most tightly
guarded in the world, In the desert south of
Tehran, Iranian engineers are also trying to
master the ntricacies of the centntuge. [they
succeed, lran could become one of a handlul
of nattons with a tull-scale centntuge enrich-
ment plant (see map). The United Siates. cur-
rently, is not among that select group. Its
membership expired in 1985 when DOL
abandoned the centrifuge Facility here,

The Enrichment Club
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Now the UL.S, Enrichment Corporation
(USEC), a private company that took over
the government s uranium-ennchment oper-
ations in 1993, is trving to bring both the
building and the technology back to life. The
$2.3 billion project would employ thousands
of centrifuges and turn the Piketon facility
into a source of enriched uranium for
nuclear power plants in the United States
and around the world. The facility would
replace USECT aging and unprofitable
enrichment plant in Paducah, Kentucky,
which uses a less efficient technology called
gaseous diffusion,

USECTS engineers have retrieved draw-
ings from locked vaults and rediscovered
long-forgotten technical skills, “It's like reliv-
ing your youth.” says Dean Waters. one of the
project’s leaders. "“You almost have to pinch
yourself: "How can I be doing this again™™ ™"

Gilobal demand for enriched uranium is
rising. and prices are soaring. Yet the future of
the project remains uncertain, A small-scale
demonstration of USECS technology that
was due to begin last autumn has fallen nearly
a year behind schedule. Even it the technol-
ogy works, some observers doubt that USEC
has the financial musele to build a full-scale
plant. The company also faces increased com-
petition from abroad.

Born in the USSR

The modern gas centrifuge was born in a
Soviet camp for captured German and Aus-
trian scientists after World War I1. Ordered
by Stalin’s government to help build an
atomic bomb, they took on the job of acquir-
mg uranium-=233, an sotope that comprises
less than 1% of natural uranium mmed from
the earth. Low-enriched uranium, with up to
5% uranium-2335, 1s used In power plants.
Nuclear weapons contain highly enriched

uranium., in which the concentration of

LI-235 exceeds 90%.

The mmprisoned scientists came up with i
solution that employs a simple and light tbe,
balanced on a needle and spinning more than
LO00 times each second inside a vacuum
chamber, When they fed vranium hexalluo-
ride gas into the cylinder. centrifugal forces
pushed the gas outward agamst the spinning
wall. Atoms of uranium-238, being heavier,
concentrated azainst the wall and also moved
toward one end of the rotor. The lighter U-235
moved toward the otherend.

The Austrian mechanical engineer Gernot
Zippe, one of the leaders of the team, carried
this design—in his head, of course—to the
West when the Soviets released him in 1956.
“At first, [ did not want to have anything to do
with this highly secret [technology] any-
more.” said Zippe ina 1992 interview with
this reporter. But he soon changed his mind:
“I saw that the West was far behind what we
did in Russia, and 1 decided that it would be
wrong 1o leave this to the Russians.” Zippe,
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Cylinder of secrets. USEC's Jennifer Slater and
Bob Ly ki inspect a centrifuge in Piketon,
Ohio. USEC digitally erased some sensitive
features fram this image.

who Iives near Munich, shared his secrets first
with the US. government, then with an indus-
trial consortium in Europe called Urenco, The
longer a centrifuge’s rotor is, and the faster n
spins, the more effectively it can separate two
isotopes. But this creates huge engineering
challenges. Velocities around 600 meters per
second, now Ly ['l'li.'ll| for spimning rotors, test
the limits of even the strongest matenials. As
rotors accelerate, they pass through unstable
phases called “critical speeds,” where the
rotor’s shape shifts slightly. The slightest
imbalance can cause a rotor to crash cata-
strophically, and munor stresses will cause
bearings to fail,

Each heir to Zippe'’s invention developed a
different version of it. Soviet engineers filled
enrichment plants with millions of centnfuges,
each one less than 1 meter tall. For many
years, they made only small changes to
Zippe’s oniginal, ried-and-true design. In con-
trast, Urenco created more powertul machines

by increasing both the length and the speed of

the rotors. And the ULS. effort, which began in
1960 at Oak Ridge MNational Laboratory
(ORMNL) in Tennessee, created the world’s
largest and most powerful centrif “We
started with the original Zippe machine™ and
mmproved it savs Waters, who was among the
First scientists to work on the centrifuge at
ORNL. “Then, within about 6 vears, we dis-
covered how to build the kind of machine that
we're building today”

That machine. developed during the
19705 and early 19805 stood about 14 meters
tall and could enrich uranium five times
Faster than any Urenco centrifuge of its
time. In the early 19805, DOE began build-
ing a home for it on the Portsmouth reserva-
tion, right next to an existing gaseous diffu-
sion enrichment plant. By 1985, more than
1 300 machines had been installed in the
new facility.,

That butldup, however, coincided with the
tanking of the ULS. nuclear indusiry. Faced
with plungimg estimates of future demand tor
enriched uranium, DOE officials pulled the
plug on the project. For 20 vears, the moth-
balled centrifuges stood idle in silent rows, a
mausoleum of secret technology, “We had the
Feeling that someday those buildings would be
like Stonehenge,” says Houston Wood 111, a
centrifuge expert at the University of Virgimi:
in Charlottesville who worked on the project.
“People would come and wonder. *“What were
they thinking?" ™

NEWSFOCUS
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Recovered memories

There is, in fact, a Stonehengian quality to the
Piketon plant. lts scale 15 massive—the build-
ings cover 160,000 square meters—and its
peculiar architectural features reflect the
unique demands of its very tall and very frag-
ile tenants: doors five stories high, for
instance, and concrete floors that float on a
vibration-absorbing foundation.

From 1985 until last vear, these buildings
were used only to store containers of waste
from the nearby gaseous diffusion plant,
Mow they are coming back to hife. Over the
past 2 vears, the centrifuges were dismantled
shipped to a classified landtill at the Nevada
Test Site, and buried, The first of a new gen-
eration of centrifuges. identical-looking but
quite different inside. are now arriving.

The revival began in 1999, when USEC
decided 1o bet its future on cen-
trifuges after the rising cost of
electricity made USEC 50-year-
old gaseous diffusion plam
ruinously expensive to operate.
The company went looking for
people who knew something about
the technology, “A surprising
number were still at Oak Ridge.”
sayvs Waters, one of many nearing
retirement. “Frankly. 1 don’t think
we would have resurrected this
had that not been the case.”

USEC signed up ORNL as a
partner. Waters helped retrieve
piles of old technical reports, com-
puter programs, and centrifuge-
related equipment from a labora-
tory vault. The know-how stored
in human brains was even more valuable.
*“You can never put precisely into a document
evervthing that you know.” says Waters.

The team set about recreating its earlier
centrifuge. with one crucial difference. The
new machine features a rotor made from
woven carbon fiber rather than Miberglass.
This stronger rotor can spin faster—how
much faster, USEC officials won't say. But it
has made the world’s most powerful cen-
trifuge even more so.

A cemtrifuge’s ability o enrich uranium is
measured in “separative work units” (SWL),
According to Damiel Rogers. director of the
plant in Piketon, each new centrifiige can per-
form 350 SWU per vear. By contrast, the
machines that sat unused in the Piketon plant
for 20 years were rated at about 200 SWLU per
viear. Julian Steyn, president of the consulting
firm Energy Resources International in Wash-
ington, D.C., sayvs the latest Urenco centrifuges,
which have carbon-fiber rotors about 6 meters
long, can run at 70 w0 30 SWU per vear,
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Is tall and fast a winner?

USEC officials like to compare their
machine to a Mercedes. In contrast. savs
one. Urenco’s resembles a Volkswagen, A
company slide show states it bluntly: “Taller
and Faster1s Better.,”

USEC will need only one-fifth the number
of centrifuges as Urenco to produce the same
amount of enriched uranium, But USEC's
large centrifuges may be more costly to manu-
tacture and to maintain. And reliability 1s even
maore important, says Stevn. USEC cen-
trifuges will have to operate flawlessly for
decades to hold their own against Urenco’s
stable of centnfuges.

Waters believes that his new centrifuge
will prove the doubters wrong. In the
19705 and 1980s, he says, “we achieved

reliability that was on the same order of

Expired. The 1300 centrifuges at the Piketon facility in 1985 were never used;
they are buried in a classified Nevada landfill.

magnitude as Urenco’s. We have several
examples of extremely reliable cascades.
The people who did that are working on
this program today.”

USEC 15 also facing a financial pinch. In
U.S, Securives and Exchange Commission
filings last month, USEC estimated that a full-
scale centrifuge facility will cost $2.3 billion,
The company admitted that it will need “some
torm of invesiment or other participation by a
third party and/or the LS. govermment™ to get
a new plant running.

Most observers don’t think Unele Sam s
likely to help out. Once a tightly held govem-
ment monopoly. the business of uranium
enrichment 15 now-—at least in the United
States and Europe—dominated by commer-
cial priorities. Failing companies face bank-
ruptey rather than a government bailout.

For the first ime. USEC also faces possi-
ble competition on its own twrl, With its eve
on the U.5. market. Urenco has acquired pre-
liminary approval for a full-scale centrifuge

plant and has broken ground near the town of

Eunice. in southeastern New Mexico. Pro-
duction is scheduled to begin in 2009, Mean-
while, GE Energy is testing another approach
to uranium enrichment in Wilmington,
Delaware, using lasers that are tuned to excite
particular isotopes. GE Energy licensed this
technology from an Australian company,
“There's not enough enrichment capacity in
the West,” explains Steyvn, Many U.S, power
plants currently use fuel that originally came
from the Russian stockpile of highly enriched
uranmum. But the deal that makes this possible
will expire in 2001 3.

Some nuclear proliferation experts
worry that the Piketon facility could be a
tempting target for nations trying to
develop nuclear capabilities. Urenco, the
first of the commercial enrichment compa-
nies, was the source of cen-
trifuge technology that aided
nuelear efforts in Pakistan and
other countries. In particular,
A, Q. Khan. a Pakistani metal-
lurgist who worked for a Urenco
contractor in the Metherlands in
the early 19705, obtained details
of centrifuge design before
returning to Pakistan, where he
led that nation’s successful
efforts to create a nuclear bomb,

Noting that USEC, like Urenco,
plans w rely on contractors o man-
ufacture most of the centrifuge
components, Harvard University
prohteration researcher Matthew
Bunn savs that “the more differ-
ent sets of people have their eves
on parts of the centrifuge. the more chance
there 1s for that technology to leak.” Rogers,
however, says that USEC has tightened
security in recent years to address growing
praliferation concerns,

USEC next step is construction of a small
pilot cascade, with up to 240 centrifuges,
inside the Piketon plant. The pilot will per-
suade potential investors that the American
Centrifuge is both technically and economi-
cally viable. says Rogers. Its running slightly
behind schedule: The “lead cascade™ was
expected to start up last fall, but USEC 1s now
aiming for the end of this summer.

Virginia's Wood hopes that it succeeds,
putting the United States back into the big
leagues of uranium enrichment. “USEC
has a tough road. but I'm pulling for them.”
he says. 1 would hate [for us] 1o be the only
country in the world that doesn’t have a
centrifuge plant.” =DAN CHARLES
Dan Charles is a freelance science writer
in Washington, D.C.
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FROFILE: PHIL BARARN

Chemical High-Flyer's Strategy:
Take Away the Safety Net

Synthetic chemists take great pains to ward off unwanted reactions. A young researcher
says they can save time—and learn new science—by dropping their defenses

The way synthetic chemusts tell i, three
things in life are unavoidable: death, taxes,
and protecting groups. Phil Baran can’t do
much about death or taxes. But the 29-year-

old chemist at the Senipps Research Institute
in San Diego, California. is making consid-

erable headway on the third tem: a class of

muolecular stoppers that chemisis append o
key sites on therr molecules to keep unwanted
reactions from creating chemical zarbage,
Among the scientific artisans who craft big,
unwieldy molecules—the sort that biolog)
has spent cons perfecting
are a must. But they carry a high price tag.
Tacking them on and later stripping them
off adds so many steps to a typical synthesis
that they make the work maddeningly hard
and the final vield of the desired compound
vanishingly small,

protecting groups

In his voung career, Baran has set out to
find an alternative to waging this synthetic bat-
tle. His solution has been to develop a sort of
molecular judo that takes advantage of a mole-
cule’s reactive propensities rmther than trving
to fight them head on. This “gentle way,” as a

Judo master maght call i, 15 begimning to show

its strength. Last week, Baran and his students
unveilled the latest displays of their technigue
in papers in Nature and the Jowrnal of the
American Chemical Socierv, which showed
that they could make a vanety of highly com-
plex, naturally occurring molecules while
either minimizing the number of protecting
groups or doing away with them altogether,
Earlier this week. such feats also helped Baran
reel in this year’s National Fresenius Award,
which the American Chemical Society gives to
a promising chemist under 33,
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Gentle giant. Baran (center) is pianeering an effort
fo streamline the synthesis of natural products

Baran isn’t the first chemist to try to do
more with less. But doing away with protect-
ing groups for synthesizing complex natural
products is rare. That's because lanze organic
compounds are studded with sites known as
functional groups that are difficult to contral,
says Jie Jack Li, a medicinal chemist at Plizer
in Ann Arbor, Michigan. “For large mole-
cules, there are so many functional groups, it’s
hard to touch one and not the others.”™ Li says.
The typical solution: protecting all but one o
avord the problem.

Baran's gentler display of control 15 floor-
ing many ol his colleagues. *This guy 15 an
off-the-scale voungster who towers above
evervone else in his age group,” savs Elias
J. Corey, a chemist at Harvard University whao
won the 1990 Mobel Pnize in chemistry for
foundations of synthe-

developing the logica
sizing complex molecules, As Baran’s former
postdoctoral adviser, Corey mught have reason
1o be biased. But other svnthetic chemists are
equally laudatory. calling Baran “exciting,”
“impressive.” even “a superstar.” “Phil 1s
going to be a big name in organic chemistry
for a long time to come.” concludes Tom
Stevenson, a synthetic organic chemist at
DuPont in Newark, Delaware,

Hes certainly off to a fast start. Afier
blitzing through his undergraduate degree an
MNew York Umiversity in 2 yvears, Baran spent
the next 6 vears honing his skills with two of
the world’s leading synthetic organic
chemists—earning his Ph.D. at Scripps in
the lab of K. C. Nicolaou before settling in
with Corey for his postdoc. When Scripps
then offercd him a position, Baran says he
wias both excited and concerned about how
to focus his research,

After working with Nicolaou and Corey,
Baran savs he was enamored of synthesizing
large, complex molecules, But few young fac-
ulty members start out with such complex
synthetic projects. “Young people typically
start out on [developing novel reaction meth-
ouds] and move towards synthesis.” Baran says.
But he recalled a quotation from Corey in a
chemistry textbook that said there 1s still
plenty of room for discovering new ways to
plan svntheses of complex molecules, That
inspired him to see whether he could craft
such a plan without protecting groups.

The problem is a tricky one. Take a
marine natural product called hapalindole
LI, one of the molecules Baran and his stu-
dents reported synthesizing in their Natuwre
paper. The compound had been synthesized
before. But that approach required 20 steps,
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half of which involved either putting on or
taking off protecting groups on five differ-
ent sites around the molecule. At one point
in the synthesis, for example, the growing
molecule sports an indole group, a live-
member ring containing a nitrogen atom
that's just begging to react with any elec-
tron-hungry compound, The conventional
approach caps that nitrogen with a short,
chamlike compound called a Boe group to
stymie Its reactvity.

Baran and his studemts, however, opted
to put the nitrogen’s reactivity to use. They
reacted the indole with a highly basic com-
pound called LHMDS, which ripped a pro-
ton off the nitrogen. They carried out
related preparation of another molecular
fragment called a terpene. With those
groups primed, they then linked two frag-
ments using a specially invented reaction
designed to target only the linkage site. By
continuing with the strategy, Baran’s team
cut the synthesis of hapalindole U down to
eight steps. Using the same approach, the
group turned out another compound in 10 steps

that had previously required 25, “This
really challenges the rest of us to think that
way,” Slevenson says.

In addition to making for more efficient
syntheses, Baran says he's found that the
biggest advantage of using molecular judo 15
that it forces him to invent new chemistry
along the way. Adding protecting groups.,
Baran says, gives researchers the illusion that
they can control the chemistry they are work-
ing on. But in reality, protecting groups are
added precisely because researchers have not
managed o emulate the exquisite knack bio-
logical enzymes have for operating on just one
bond on a molecule. Removing that safety net
forces researchers o find ways to match biol-
ogv’s control, “The point is not to say you
should blindly throw away all protecting
groups.” Baran says. However, he adds, doing
50 in select cases “is a vehicle for discovery
and adventure.”

[t has a practical upside as well. Fewer
synthetic steps mean more of a desired
compound at the end, because each added
step produces some loss, A 20- to 23-step

synthesis wypically vields just milligrams of

a compound, too little for extensive studies
of 1ts biological activity. Baran's approach,
by contrast, typically produces final com-
pounds by the gram. Naturally derived com-
pounds, Li points out, remain at least the
starting point for about 50% of all new
drugs today, excluding small changes to
existing compounds. But in many cases,
such as with compounds harvested from
marine organisms that are difficult to col-
lect, researchers can’t get their hands on
enough of the naturally occurring com-
pounds lor biological tests. Having grams
or more of a compound to work with could
change things dramatically. “This could
potentially revolutionize both [drug] dis-
covery and development.” Li says.

Baran, Corey. and others caution that syn-
thetic chemistrys gentle way can’t be used in
every case. But Baran has already shown that
it works with a wide range of complex mole-
cules. That's an achievement in itself and
likely a harbinger of many to come.

~ROBERT F. SERVICE

PLAMT PATHOLOGY

Deadly Wheat Fungus Threatens
World's Breadbaskets

New mutations have put an old killer back on the map. As it spreads, breeders are

racing to develop resistant plants

Scientists thought they had beaten Puceinia
graminis a long ime ago. and for good.
Before the late 19505, the fungzus was notori-
ous for causing black stem rust. one of the
most devastating diseases of wheat. Every
few vears. outbreaks would lay waste to entire
fields somewhere in the world. sometimes
sweeping across great swaths of continents in
amatter of months,

Salvation came with the development of
wheat varieties that resisted the disease. which
are widely credited with helping to usher in the
green revolution in the 1960s. The new culi-
vars caught on rapidly, helping ensure bumper
crops not just in the United States but in devel-
oping countries as well. “Stem rust was some-
thing we felt we had solved.” says Miriam
Kinyua, a plant breeder at the Kenya Agricul-
tural Research Insttute (KARI) in Njoro.

But stem rust 1s back, and it's more danger-
ous than ever before. In 1999, a new race of the
fungus was discovered in Uganda that can
defeat the resistance of most vaneties of wheat.
The fungus spread in northeast Africa for sev-
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eral years while researchers scrambled for
funds to study it In January, pathologists
announced that it had jumped the Red Sea into
the Arabian Peninsula—aon a path to the major
wheat-growing regions of Asia. Compounding
matters. a new mutation turned up late last vear

Against the grain. h nel
race of stem'fust, Ug
could wipe ot whe
that were oncere

fields
Stant.

that enables the fungus to infect even more
kinds of wheat. "This is the most virulent strain
we've seen in S0 years,” says Kay Simmons,
the national program leader for plant genetics
and grain crops at the LLS. Department of Agri-
culture (USDA,).

While pathologists nervously track the
spread of the disease. breeders have ramped
up their search for vareties that can survive
it. Already, they've had initial success with
two that might help Ethiopian farmers. But
it can take years to complete field-testing
and generate enough seed to distribute to
tarmers. With much of the world in need
of resistant varieties, the challenge is
enormaous, savs wheat breeder
Rick Ward, who coordinates the
Global Rust Initiative,

Stem rust 15 the worst of three
rusis that atfflict wheat plants. The
fungus grows primarily in the
stems, plugging the vascular sys-
tem so carbohydrates can’t get
from the leaves to the grain,
which shrivels, In the 19505,
when the last major outbreak
destroyed 40% of the spring
wheat crop in Morth America,
governments started a major
effort to breed resistant wheat
plants. Led by Norman Borlaug
of the Rockefeller Foundation
and others, researchers succeeded

www.sciencemag.org
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by bundling several

genes that conferred

powerful resistance in

new varieties. One

gene, Srdl—added

later on a large chunk

of'a ryve chromosome—
also boosted yield and became widespread in
wheat varieties by 1980, Puccimia, in contrast,
became ever more rare, and fewer new races
arose. Researchers tumed their attention to the
two less devastating wheat rusts, leaf rust and
vellow rust. that still cause trouble.

Two decades later, pathologists and breed-
ers were caught off-guard when the new race of
stem rust turned up in Uganda. It was First
detected in 1999 at a research station, where
many varieties of wheat were being studied.
Ravi Singh, chief wheat breeder and patholo-
aist at the International Maize and Wheat
Improvement Center (CIMMYT) in El Batan,
Mexico, recalls being alarmed when be heard
how many kinds of wheat were susceptible,
Most worrying was that this new race—dubbed
Ug99—could even kill wheat plants outfitted
with the resistance gene 53/, Siill. he savs, a
fiew new races had wmed up in the past decades
without causing epidenics. And Ug99 didn’t
come back the next vear. "1t shows up just for
| year, you can’t make any major commitment.
It's hard to justify,” Singh says.

In 2001, however, Ug99 started infecting
wheat cultivars at a research station in
Kenya. It was noticed in Ethiopia 2 years
later. Still, the response was minimal; CIM-
MYT was ina budget crunch. and it had lit-
tle core funding that it could switch to the
problem, Singh says. Enter Borlaug, then 90
vears old. He and Chnstopher Doswell of
the Consultative Group on International
Agricultural Research wrote a memo in
2004 urging CIMMYT leadership to make
Ughs a priority. *We knew the dangers, and
we blew the whistle,” Borlaug says,

Shortly thereafter. CIMMYT and a sis-
ter institute—the International Center for
Agriculture Research in the Dry Areas
(ICARDA)—started the Global Rust Initia-
tive (GRI) to coordinate efforts to track and
study Ug99 and develop resistant varieties of
wheat. With funds that Borlaug helped raise
from international donors, CIMMYT and
ICARDA began to send more seeds from
their collections to be evaluated in Kenya,
where the pathogen i1s now endemic—so
many seeds that the seven breeders and
pathologists at KARIs Njoro research station
are increasingly overwhelmed. “Ug99 is so
threatening that other problems have almost
been overlooked.” says Kimyua.

So far, about 90% of the 12,000 lines

tested are susceptible to Ug, That includes
all the major wheat cultivars of the Middle
East and west Asia. At least 80% of the
200 varieties sent from the United States
can’t cope with infection. The situation is
even more dire for Egypt. Iran, and other
countries in immediate peril.

More bad news arrived last December,
Tests on sentinel plots by GRI-Tunded
researchers revealed that Ug99 had mutated.
Testing at a USDA laboratory in St. Paul.
Minnesota, showed that the new race can now
also defeat 5124, another key source of genetic
resistance. “That was the worst case scenario,”
savs LISDA plant pathologist Yue Jin, who
did the work. “It’s increased the worldwide
vulnerability incredibly.” Right now, this iden-
tification may only be done in midwinter in
Minnesota, so that any spores that might
escape will be killed by the temperatures.
Researchers are hopeful, however, that the
recent sequencing of the Puccinia genome
will speed development of diagnostic tools
that can be easily used in Africa.

Meanwhile, Ug%% continues its march. In
January. Jin's Minnesota lab confirmed that
Ugt had reached Yemen. The fear is that the
spores will quickly spread via winds north
through the Middle East and then head to the
bread baskets of India and Pakistan. as an
epidemic of vellow rust did in the 19905, That
epidemic caused some 51 billion in damage,
and stem rust could easily triple those losses,
CIMMYT has estimated.

Fungicides can help control the damage
from Puceimia, and GRI will begin tnals in
June to figure out the best way to use them. But
chemical treatments are oo expensive for
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e Ug99 Stem Rust
= Potential Spread

Out of Africa. Blown by winds, stem rust spores (inset) are
projected to follow the path a related disease took in the 1990s.

many farmers in the developing world Singh
says, so plant breeding 1s the primary strategy.

Two new kinds of wheat have shown
promise in Ethiopia. “The vields are very
Favorable, comparable to the commercial
varieties.” says Tsedeke Abate, director gen-
eral of the Ethiopian Institute of Agneultural
Research in Addis Ababa, where a half-
dozen scientists are working full-time on
Ug99, The immediate challenge is to grow
enough seed from these resistant strains to
distribute 1o Ethiopian farmers. Last vear,
researchers harvested 15 kilograms of pre-
cious seed. Then, ina painstaking effort, they
hand-planted this wheat 1o maximize seed
production. Spread over 4 hectares. the
seedlings had extra room to grow and were
carefully watered and weeded by hand. The
resulting yvield was nearly 4 tons of seed of
each variety. “They went to extraordinary
efforts,” Ward says,

Now, that success must be replicated for
other regions, Singh says its important to
come up with resistant varieties for coun-
tries that aren’t yet infected. Planting those
before an epidemic strikes could help slow
the spread of the disease. Egypt, for exam-
ple, has vast tracts of wheat. If stem rust
infects those crops, they will send enormous
quantities of spores throughout the Middle
East and toward west Asia. It’s a tight race,
as several observers suspect that Ug99 could
start reaching Egypt later this year.

Despite the worlds initial slow response,
Borlaug. who turned 93 last week and is bat-
tling lymphoma, says he 15 optimistic that the
fungus will be beaten again.

=ERIK S5TOKSTAD
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Nice vantage point. In the Dry Valleys of
Antarctica, snowmelt makes Mars-like dark
streaks by seeping in and flowing downhill
to dampen and darken the surface.

Bringing Martian Streaks
And Gullies Down to Earth

For all their dramatic visual appeal, the gullies
of Mars are proving mighty enigmatic. They
fook as il they were cut the other day by
nvulets of water seeping from crater walls
and cliff faces. But in geology. looks aren’t
everyvthing. Seven vears alter discovering
gullies, planetary geologists
still disagree about where the
water comes from and even
whether water was involved at
all. Add in the even more con-
tentious dark streaks that
mark other martian slopes. and
you've got no end of debate
over the recent history of water
on the Red Planet.

At the meeting, planetary
geologist James Head of
Brown University and col-
leagues offered a down-to-
earth resolution of the gully-
and-streak conundrum. If a
cold, dry Mars works the way
the hyperarid and perennially
frigid Dry Valleys of Antarctica
do. they sind. streaks and gul-
lics are both shaped by flowing
water. the one from below and
the other above and below,

Twins? Streaks in Antarctica
(top)and on Mars (botfom) bear
a strong lamily resemblance.

During a 3-month field season this past
austral summer, Head and colleagues took a
close look at Dry Valley dark streaks that from
orbit and from a helicopter appear “very. very
comparable to things seen on Mars.” Head
said. Like martian streaks, these are dark,
streteh down steep slopes, and
show no sign of relief across a
streak. On Mars. researchers
have typically invoked some
sort of surface flow: an ava-
lanche of dry dust that unveils

wel debris. or the low of an
erosive spring,

In Antarctica. nothing
whatsoever flows on the sur-
face 1o form a sireak. Scarce,
windblown snow accumulates

slopes. melts in the warmest
and sunniest part of the sum-

centimeters into the loose
rocky debris that passes for
soil, and mns downhill on top
of a layer of ice-encased
rock. When the unseen water
encounters less-porous, finer-

a darker substrate. a cascade of

in pockets near the tops of

mer, seeps down a few tens of

arained soil, it wicks upward o dampen the
surface and darken it

In the next talk. Joseph Levy of Brown
spoke for the same group about Dry Valley
gullies. A gully works much as a streak does,
he said, but with water supplied so fast that it
flows both through the soil and on the
eround’s surface. On higher, steeper slopes,
the greater flow cuts a channel, and lower
down it deposits fans of sediment,

The Antarctic Dry Valley examples are
“the best analogs ['ve seen.” sad planetary
scientist Oded Aharonson of the California
Institute of Technology in Pasadena. And
Heads streak presentation was “a great talk.”

savs planetary scientist Robert Sullivan of

Cornell University, Still, no one considers
the case closed. Sullivan, for one. finds a
dearth of snow and ice on the slopes above
the martian streaks; he wonders how there
would be enough waiter to even dampen the
soil, And Aharonson asks how dark streaks
could stay damp for decades on Mars. As
Sullivan notes, “We don’t have things
entirely figured out.”

Warped Shorelines
On a Rolling Mars

Some planetary scientists see remnanis of

shorelines where oceans lapped onto land
early in Mars’s history. but the putative
shorelines wander over martian hill and dale.
They diverge by a kilometer and more from
the single sea-level elevation that an ocean
would have traced out. But a group of geo-
physicists reported at the meeting that they
have found a plausible explanation for
warped ancient shorelines: Mars rolled on its
side, twice, In response to a huge ocean
basin emptying,

Tlll...' NEW VIew ]'l.‘lll...‘.'"- an '|.]'II...' I'I..‘..ill;.{}' muti-
bility of vast spinning objects. Tape a penny
to the top of a ball floating in water, and the
ball will roll over until the penny is at the
bottom, the weighted ball’s most stable posi-
tion. Do the same thing to a ball spinning in
space. and the ball—while still spinning as
before—will roll until the penny is at the
ball’s rotational “equator.”” the most stable
position for a spinning, weighted ball. Now
imagine your spinning ball isa chunk of rock
the size of Mars and the added weight 1s an
ocean’s worth of water. Because rock is not
entirely rigid. the roll that takes the ocean
toward the equator will also raise rock into
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A roller? Northern low-
lands (blues) may once
have been equatorial
and water-filled.

an equatornial bulge,
warping the ocean’s
shorelines in the process,
Geophysicist Taylor Per-
ron of Harvard University and colleagues
described how they investigated whether
such rolling could explain two warped appar-
ent shorelines of different ages that partially
enclose the northern lowlands of Mars. They
caleulated how much Mars would have had
to roll, and in which direction, w deform the
once-level shoreline of an ancient ocean into
the putative shorelines. Working backward in
their model. they found that the shorelines
become releveled when the lowlands roll in
two steps from their present pole-centered
position to more equatorial positions,
Throughout both steps, Mars™s massive
Tharsis volcano staved near the equator
where it is today. If the releveling had moved
the dominant Tharsis mass. the calculation
would have been obviously erroneous. Keep-
ing Tharsis in place by chance would have
been a “pretty incredible™ coincidence
{about a 0.01% probability). they calculated.

The group also calculated that the mass of

water in the lowlands would have been great
enough to drive such planetary rolling.

“The idea 15 really interesting and refresh-
ing.” says geophysicist Shijie Zhong of the Uni-
versity of Colorado, Boulder. “If the story is
true. we can probably make sense of these
shorelines.” One possible snag, he adds, 15 the
mass ofocean water. Itmay have been too small
to overcome the forces besides Tharsis—such
as the thickened crust of southern Mars—that
influence the planet’s orientation.

Cold, Cold Bodies,
Warm Hearts

What would erupting volcanoes, even icy ones,
be doing on the coldest bodies in the solar sys-
tem? Temperatures hover around 50 kelvin on
Kuiper belt objects (KBOs), which cirele onthe
frigid dark fringes of the solar system for eons
on end. But astronomers recently have seen
signs that fresh ice has formed on KBOs inthe
geologically recent past. Now, researchers have
calculated how a KBO, at least a larger one,
might hushand 1ts primordial allotment of heat
until the present day.

At the meeting. theoretical astrophysicist
Steven Desch and colleagues at Arizona State

University { ASU) in Tempe explained the
problem researchers have with some KBOs.
Astronomers. including members of the
ASU group, have detected the spectroscopic
signature of crystalline water ice on KBOs
such as 1260-kilometer-diameter Quaoar and
1300-Kilometer 2003 EL61. But both cosmic
rays and ultraviolet light destroy ice's crys-
tallinity within a few hundred thousand vears.

Somehow, relatively warm crystalline ice
has formed of late on the largest KBOs, but
scientists have had trouble explaining where
the necessary heat came from. KBOs have
been cooling inside for billions of vears, and
unlike satellites such as Io or Enceladus, they
do not orbit a huge planet that can spare a
trickle of tidal energy to heat the smaller
body s interior. So the ASU group con-
structed a mathematical model to simulate
the temperature history of a 1200-Kilometer
KBO, beginning as a cold ball of ice and
rock. They included the heat produced by
radivactive elements such as potassium-40
as well as the ability of rock and water to sep-
arate if the heating goes far enough. a
process called differentiation.

The trick to staying warm proved to be dif-
terenuating, The test KBO—modeled after
Plute’s moon Charon, which is a KBO-type
body like Pluto—differentiated within 70 ml-
lion years of formation, from the inside out. It
differentiated just enough to include half the
body's mass in a hot, rocky core overlain by a
liquid ocean. A thick, cold outer crust
remained unchanged while central tempera-
tures rose to 1300 kelvin for 2 billion years.
Modelers added a dollop of ammonia
“antifreeze” inferred from spectroscopic
detections of ammonium dihvdrate on the sur-
faces of large KBOs. Even today, a liquid
ammonia-wiater ocean a few tens of kilo-
meters thick remains in the model KBO,
thanks to the antifreeze. Ammonia-water

“magma” could stll be vozing to the surface of

real KBOs, the group calculates. as ongoing
freczing and expansion of water initiates
cracks that propagate to the surface.

“I"'m surprised it stays s0 hot,” commented

planetary physicist William McKinnon of

Washington University in St. Lowis, Missouri.
Desch had two explanations. One was the
insulating effect of the rock in the undifferen-
tiated outer shell. The other was the large heat
stores in the rocky core.

If the real Charon works anything like the
maodel version, there’s hope of seeing some
lively geology—{frozen “lava™ flows and
flooded plains—when the New Horizons
spacecraft reaches Pluto-Charon in 2013,
Then on into the Kuiper belt.

=RICHARD A. KERR

NEWSFOCUS

Snapshots From
The Meeting >>

Springtime on Mars. The Red Planet may be
colorful to the eye, but for decades it had
been a drab, wintertime landscape to spectro-
scopists as they searched for new colors
denoting new minerals and thus new geol-
ogy. Now colors are bursting out all over.
“Revelation number one is not just a handful
of water-related sites but hundreds,” Scott
Murchie of the Applied Physics Laboratory in
Laurel, Maryland, said at the meeting.
Murchie is principal investigator of the Com-
pact Reconnaissance Imaging Spectrometer
for Mars (CRISM) orbiting on Mars Reconnais-
sance Orbiter. The most powerful spectrome-
ter ever flown to Mars, CRISM is revealing the
intimate details of highly weathered sulfates,
clays, and iron minerals deposited in early
martian environments where conditions var-
ied dramatically over time. That should give
mission planners no end of options when they
put the next rover on Mars in 2010,

Big sploshes. Mojave impact crater on
Mars is worn beyond its years. Formed in
the cold, dry times of later martian history,
Mojave looks as if torrential rains stripped
its flanks and dumped the debris in great
fans (Science, 9 April 2004, p. 196). Bul
new images from the HiRISE camera aboard
the Mars Reconnaissance Orbiter reveal
other drenched-looking craters of about
the same age. Planetary geologist Livio
Tornabene of the University of Arizona, Tuc-
son, and colleagues reported heavy erosion
and fan deposition in and around Tooting,
Zunil, and Zumba craters in low northern
latitudes. Did four recent icy comets dump
their water on Mars? Statistically improba-
ble, the researchers say. Instead, they sug-
gest, the impacts may have unleashed
water stored deep beneath the surface. That
beats a divining rod on Mars. -R.A.K.
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Wildlife Population Increases in
Serengeti National Park

IN THEIR BREVIA "EFFECTIVE ENFORCEMENT IN A CONSERVATION
area” (24 Nov, 2006, p. 1266), R, Hillborn er al. repont that antipoaching
efforts led to increased wildlife populations in the Serengeti National
Park. Although these results are compelling, we are not convineed that
the documented population increases are a result of these efforts.

First, the data presented demonstrate correlation, but not cawsation,
There may be other reasons tor the population recovery. but the authors
did not consider altemative hypotheses. Documented increases m bul-
Falo numbers may be explained as a recovery to postdrought conditions
rather than the results ol antipoaching effons. This is a plausible alter-
native hypothesis, because large herbivore populations can be regu-

_—

lated by food avalability ( /-3) and experience higher rates of preda-
tion during drought periods (2, 4).

Second, the authors show an exponential increase in the number of
patrols per day after 1993, but it 15 unclear what level of patrolling 1s
necessary 1o realize population recovery. For example, between 1985
and 1993, the buftalo population increased with number of patrals.
However, the number of patrols during this period was much lower
than during other peniods of population increase. It is important to
identify how much patrolling is actually needed to minimize poaching
such that imited conservation funds are used elhiciently.

Finally, the authors argue that community-based conservation
could not explain the declhines in poaching because the populations
were already increasing betore community-based programs were in
place. Yet community-driven management programs adjoining the
park are important for wildlite populations to thrive (3). It 15 possible
that an alternative factor, such as postdrought recovery, could have
been the impetus for population recovery and that community-based
conservation programs then led to a reduction in poaching.

JULIE K. YOUNG, LEAH R. GERBER, CATERINA D'AGROSA

Department of Ecology, Evolution and Enviranmental Science, School of Life Sciences,
Arizona State Umiversity, Box 874501, Tempe, AL 852874501, USA
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YOUNG ET AL. ARGUE THAT CHANGES IN THE
intensity of poaching are only one possible
explanation for the change i abundance of
elephants, buffalo, and rhino in the Serenget
park. They do not appear to question that
poaching rates increased dramatically afier
1977, when enforcement was reduced. We
agree that there are other possible explana-
tions, but within the strict word limit for
Brevia, we had Linle scope for discussion of
these factors. In particular, we suspect that the
recuction m world price for elephant vory and
rhino horn due to the CITES (Convention on
Intermmational Trade in Endangered Species of
Fauna and Flora) bans contributed 1o making
poaching on these species less profiable,
Further, we agree that changes in rainfall can

30 MARCH 2007

influence year-to-year abundance, as seen by
the 1993 drought’s impact on buftala,
However, we formulated a hypothesis
about the time trend in poaching intensity from
the history of arresis and antipoaching efforts
and then tested that hypothesis using the trends
in abundance of the three species. This is a rea-
sonably strong test of hypothesis, but clearly
not totally definitive. The evidence that poach-
ing pressure in the 19905 is considerably less
than in the 1980s is very strong. The annual
mortality rates after 1977
abundance data alone were 58% for rhinos,
J0% for elephants. and 13% for butfalo, These
populations could not have recovered if these

from poaching using

levels of poaching had continued,
Thus. the only significant question 15 what
caused the dramatic decrease in poaching by

VOL 315 SCIENCE

1990, There were no significant community
development programs in place until the late
19905, and community development programs
simply cannot explain why poaching had
declined by 1994, Young er al. argue that the
mcrease i butfalo after the drought could be
due to density-dependent factors, ignoring the
fact that poaching rates must have been much
lower than the 8% maximum rate of increase
observed in the 19605 and 19705, Density
dependence does not explain why poaching
rates declined so much. Although a muldtude
of factors, including antipoaching eflorts,
price ofivory and rhino horn, rainfall, commu-
mity development projects, and local villagers’
cash income and demands for cash, all un-
doubtedly contribute to poaching and changes
in population abundance. the data we present

wWiww.sClencemadg.org
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provide undemable evidence that the poaching

moriality rates both increased and decreased,

and the iming ofthese increases and decreases

15 best explained by the changes in antipoach-
ing efforts,

RAY HILBORN,* GRANT HOPCRAFT,*?

PETER ARCESE®

18chool of Aquatic and Fishery Sclences, Box 355020,
University of Washington, Seattle, WA 98195, USA.
“Frankfurt Zoological Society, Post Office Box 14935,
Anisha, Tanzania. *Community and Consenvation Ecolagy,
University of Groningen, Post Office Box 14, 9750AA,
Haren, Netherlands. *Center for Applied Conservation
Research, University of British Columbia, Vancouver, BC VLT
124, Canada.

HIV-Malaria Interactions:
Don't Forget the Drugs

THE ADVERSE EFFECT OF CO-INFECTION WITH
HIV and malaria is becoming increasingly
apparent. The importance of these interactions

15 ilustrated by the mathematcal modeling of

L. L Abu-Rabbad ¢r af. (*Dual infection with
HIV and malaria fuels the spread of both dis-
eases in sub-Saharan Africa,” 8 Dec. 2006, p.
1603 ), which predicts sigmbicant increases in
the prevalence of both discases due to an inter-
action between them. Theoretical models
suggested that the effect of anumalarial
chemotherapy on co-infected idividuals
wolld be a decline in both HIV and malaria
prevalence. These findings assume that the
effect ol antimalarial chemotherapy on HIV
infection 1s a shorter duration of rmsed HIV
viral load after malana infection. Although

|.|1I.‘- 15 i l]i'li"l.'ll'hlﬂl l..‘i'II'J\ln.IL'I'LIlII.'IIl. el Ilill'lll‘l_‘]' li'lt.
studies have demonstrated direct effects of

antimalarial drugs on HIV replication (/) and
inhibition of Plasmodivmialciparum develop-
ment by HIV protease inhibitors (Pls) (2-4).
Some HIV Pls act synermistically in vitro in
combination with antimalarials (3). These
direct drug effects have the potential to alter
the complex interaction between malaria and
HIV in co-infected individuals, Although HIV
Pls are not currently recommended for first-
line antiretroviral (ARV) therapy, they are
likely to assume a greater role in ARV therapy
i malarng-endemic reglons as thermostable
formulations of Pls are made available at sig-
nificantly reduced cost (6), and as the need o

combat ARV-induced drug resistance n-
creases (7). We endorse the view of Abu-
Raddad er af. that further studies are required
o explore these interactions, particularly with
respect o the effect of interventions with

potential efficacy agmnst both pathogens.
KATHERINE T. ANDREWS, MICHELLE L. GATTON,
TINAS. SKINNER-ADAMS, JAMES 5. MCCARTHY,
DONALD L. GARDINER

Queensland Institute of Medical Research, Queensland
4029, Australia.
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ANDREWS ETAL. INDICATE THOUGHTFUL AND
Important considerations I'l.'f.lltl'dlﬂ_!_’ Interven-
tioms targeting HIV and malaria and their inter-
actions. Indeed, we only considered one effect
of chemotherapy: that of reducing the malaria
infectious penod and the duration of height-
ened HIV viral load. We concur with Andrews
et al. that detailed modeling studies of the
impact of single and synergistic interventions
warrant further consideration, such as highly
active antiretroviral therapy (HAART) (£, 2,
HIV protease inhibitors (3), malana prophy-
laxis (20, antimalanals (4), and insecncide-
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impregnated bednets (2), in addition to behav-
1oral interventions, This issue assumes particu-
lar importance with the expansion of HAART

in sub-Saharan Africa as combinations of

therapy may become logistically feasible,
Moreover, there is evidence for dual beneficial
eftects of a number of antivirals and antimalar-
1als (2-3). Finally, data on the biological
effeets of therapy combinations at the individ-
ual level would be of great utility to explore the
epidemiological and population level conse-

quences of intervention efforts.,
LAITH ). ABU-RADDAD, PADMA]A PATNAIK,?
JAMES G. KUBLIN*

I5tatistical Center for HIVIAIDS Research and Prevention,
Fred Hutchinson Cancer Research Center, Seattle, WA
98109, USA. *Center for Studies in Demography and
Ecology, University of Washington, Seattle, WA 98195, USA,
IDepartment of Epidemiology, School of Public Health,
University of North Carolina at Chapel Hill, NC 27599, USA,
*International Health Program, University of Washington,
Seattle, WA 98109, USA.
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Coal-Fired Power Plants:
Imprudent Investments?

GRANGER MORGAN'S EDITORIAL "DON'T
grand father coal plants™ (17 Nov. 2006, p.
10449) wisely suggests not “grand{athering™
(i.e.. not exempting from regulations) carbon
emissions from coal-fired power plants, This
15 not just a matter of good policy. but it 1s also
sensible mn Lhight of a widespread and long-
standing primciple of utility law.

In most of the United States, state public
utthties commissions decide whether costs
incurred by utilities can be passed along to
ratepayers or whether they will be borne by
investors. For decades. commissions have
based their decisions on the prudence and use-
fulness of decisions to build or run power
plants and negotiate power contracts, A pru-
dence review occurs after the fact, but seeks 1o
take into account the information available a
the time of the action taken. It “determines
whether a utilitys management decisions. ..
were reasonable in light of all the cireum-
stances that existed at the ume the acuons in
question were taken” and then decides whether
costs should be allowed inrates (/). In a highly
relevant example, many utlity commissions
ordered major disallowances of nuclear-plamt
investments, years after allowing the mitial
construction, and the United States Supreme
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Court rejected investors” efforts to overturn
those regulatory decisions ( 2),

When utilities caleulate the life-cyvele risks
involved 1n constructing a new coal-Tired
power plant, the likelihood of federal carbon
dioxide regulation is already clearly foresee-
able. Thus, as the Coahition for Enviro-
nmentally Responsible Economies points out,
wise investors are already demanding that
corporations caleulate and inform potential
investars about the costs of carbon regulations
{3). Morgan’s Editonal is only one of many
indicia that those future liabilities are currently
“foreseeable.” Imagine utility investors ignor-
ing this possibility, investing in coal technol-
ogy that does not allow carbon control, and
later requesting a rate increase when forced o
retrofit or retire the plant. Public wtility com-
missions could well find such decisions
imprudent. That would result in the utility
investors footing the bill for expensive retrofits
or even more expensive stranded costs (costs
that investors cannot recover either from mar-
kets or from ratepayers),

Legislators may or may not explicitly for-
bid grandfathering, but, regardless of thar,
investors should recognize that utlities that

rush to add coal-fired capacity may face not

only future compliance costs, but also a reality

in which such imprudent costs are paid by
investors. and not by ratepavers.

MICHAEL DWORKIN, SHANNA VALE,

ELLEN CRIVELLA

The Institute for Energy and the Emvironment at Vermont
Law School, South Royalton, VT 05068, USAL
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IN MY EDITORIAL, | SUGGESTED THAT ONE
approach o emission constraints would be to
mandate controls only on plants constructed
after carbon regulations go into effect “while
exempting existing plants tor some exiended
period on the grounds that Firms would other-
wise face large “standed costs,”™ | suggested
that this might be a factor in the current rush
to build new conventional coal plants and

noted that “[s Jome investors may be counting
on this or on the hope that such costs could be
passed on to electricity rate pavers.” In con-
cluding. 1 observed that while “[a] state-by-
state approach is not optimal,” it could be
undertaken in such a way as to “place future
liability on investors, not rate-payers, and
thus send a clear message to those planning
new plants,,.”

In their Letter, Dworkin (whao 15 the former
Chairman of the Vermont Public Service
Board and one of the United States’ leading
thinkers on utility regulation) and co-authors
persuasively elaborate this argument. The
message is clear. Unless investors are confi-
dent that they will face sympathetic politically
appointed state regulators for decades to
come, they run a considerable financial risk
when they choose today to build a conven-
tional coal plant in the face of what is now
compelling evidence of the need o Limit
future emissions of carbon dioxide, and with
technical options. now available, that could
control emissions,

M. GRANGER MORGAN

Depariment of Engineering and Public Policy, Carnegie
Mellon University, Pittsburgh, PA 15213-3890, USA.
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What Flowed from “Surveys Say...”

Tom W. Smith

arah lgo's The Averaged American oper-

ates on two levels, The first is a descrip-

tive, largely historical, account of three
major social-science developments in the mid-
20th century: the Middletown
stuches of Robert and Helen
Lvnd (/. 2). the nise of public
opinion polls in the 19305 and
[940s {represented by the oper-
attons of George Gallup and
Elmo Roper). and the studies of
male and female sexual behay-
1or by Alfred Kmsey (3, 4), The
second advances the conjoint
hypotheses that duning the 20th
century America transformed
nto a mass society obsessed with the statstcal
and “averaged”™ and that these mterrelated, sur-
vev=hbased developments notably contributed
to that process.

Although o (a historian at the University
of Pennsylvania) clearly stresses the impor-
tance of the development of polls and surveys
in general. her discussion i1s largely hmited
to the examples of Gallup. Roper. and
Middletown, and the Kinsey reports. The
much larger field of market research is men-
tioned only i passig: acadenuc survey
research—as illustrated by Paul Lazarsield’s
Bureau of Apphied Social Research (Columbia
University). the National Opinion Research
Center (the Unmiversity of Denver and then the
Umniversity of Chicago). and the Institute for
Social Research (University of Michigan)
gets a few, minor, mentions, and govemment
surveys, such as the establishment of the
Current Population Survey, are 1ignored. This

approach creates a biased understanding of

the development of survey research and how it
wped American society,

b

Moreover, leo's description of survey
research contains a number of weakly sup-
ported or exageerated contentions. For exam-
ple, she asseris that “Pollsters’ sponsors

delimited not just the form but the content of

public opinion.” She provides no substantial
evidence to back up this claim. and given the
many sponsors that surveys had and the com-
prehensive topics that they covered, this con-
tention is dubious. Also, Igo notes that "On the
political front, the U.S, Congress and state

The reviewer is at the National Opinion Research Center,
University of Chicago, Chicage, IL 60637, USA. E-mail:
smitht@narc.uchicago.edu
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The Averaged American

governments made numerous attempts to rein
in the new technology [of public opinion

polls].” She offers a few good examples of

suchattempts, but these were mostly symbuolic
exercises, and none came close
to regulating the new feld.
Likewise. the author misses an
opporunity o seriously exam-
ine the reasons for what she
correctly notes as the “quick
recovery” of polling from its
misprediction of the 1948 pres-
idential elecuion. The cause 15
not really explored, with only a
nod w “the polls” disunctblend
of scientific and democratic
rhetorie™ and a claim that “polling technigues
were firmly embedded in American society
by 19487

Despite some rich
archival research and
many valuable cita-
tions of orginal sources,
[zounforunately makes
a large number of fac-
tual errors, For exam-
ple: (i) It is not true
that “the response rate
to telephone surveys
has steadily dechned
since 9527 Telephone
surveys did not be-
come common until
the 19705, and while
telephone response rtes
have decreased over
the last decade or two,
no one has solid fig-
ures on the mte of
decline. (1) SLOPs are not “selected listener
opinion polls,” but “self=selected listener
opinion polls™ {(a term coined by Norman
Bradburn ). (i) The federal covernment did not
play a role in the 1941 establishment of the
Nanonal Opinton Research Center.

Regarding the role of surveys in society.
lgo argues that surveys in general and her
three examples in particular were aimed at
finding the “averaged American.” the “typi-
cal.” the "averaged-out.” and the “ordinary.”
But that misrepresents what surveys are
designed to do and how they have been used.
They were designed to describe American
soctety by examining the distnbution of atti-
tudes and behaviors across its population. A
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mean and a mode come out of such measure-
ments. but those averages are not the sole or
even main purpose of survevs, Rather. they
are just part of the statistical picture that
surveys project. Counter to what lgo asserts,
surveys are not primartly about “polling the
average populace.” nor are they mostly tools
for massification or promoting “a bixation on
the normal.” The distribution of responses of a
particular tem. the companson of distribu-
tions across different items, the racking
of trends, and (most important) the eross-
tabulation of attitudes and behaviors by
sociodemographices and other vanables reveal
the complexity and diversity of American soci-
ety much more than s umity and simeness,
Also weak are Jgo’s arguments that
“national polls and surveys .
responsible for creating a mass public as they
were reacting to its arrival”™ and that “modern
survey methods helped to forge a mass
public.” Although these are interesting con-
tentions, she offers no real proot. Her account
shows that Middletown, the Gallup and Roper
polls, the Kinsey reports, and surveys m gen-

.. were as much

Middletown citizens. The Lynds’ social survey presented Muncie, Indiana, as
a "typical” American city of the 1920s.

eral attracted a lot of attention, both positive
and negative. But her evidence is almost
entirely anecdotal; much consisis of letters
from “average citizens” either praising or
attacking the method or specific Nindings.
Quantitative content analysis of the media:
detailed investigations of what evidence is
used in makmg governmental, corporate, and
other societal decisions: or even survey-based
studies of the impact of surveys are needed 1o
test her hypothesis,

Lastly, lgo gives surveys like those she dis-
cusses in The Averaged American too much
credit for the guanufication of American soci-
ety. The increase in statistical information dur-
ing the 20th century also flowed from many
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other sources, ncluding national economic
accounts, aggregate voting counts, govern-
ment administrative records, and the ex-
panded US. Census.

References

1. R.S5. Lynd, H. M. Lynd, Middlerown: A Study in
Contemporary American Culfure (Harcourt, Brace, New
York, 1929,

2. R.5 Lynd, H. M. Lynd, Micdletown in franstion: A Study
in Cultwral Confiicts (Harcourt, Brace, New Yark, 1937).

3. A.C Kinsey, W. B, Pomeray, (. E. Martin, Sexal
Behavior in the Human Mole (Saunders, Philadelphia,
19448).

4. A.C Kinsey ef al., Sexual Behavior in the Human Female
(Saunders, Philadelphia, 1953).

10.1126/cience. 1140764

PSYCHOLCGY

How Far Can We Go

with Reason?
Robert J. Sternberg

ustas its name implies. How e Reason is
nominally about how we reason. Its not-
so-hidden agenda s actually quite a bit
broader: namely, to argue that reasoning can
help people lead successtul lives and that o
the extent that people fail, it
is in part because emotions
begin to color their reasoning,
Beyond establishing the im-
portance of reasoning, Philip
Johnson-Laird contends that
reasoning can be understood
in terms of his theory of men-
tal models—according 1o
which people, in the reasoning process,
manipulate abstract mental representations
that allow them to reach conclusions.
Johnson-Laird burst upon the cognitive-
psyvchology scene with the publication of
Psvehology of Reasoning (1), That book was
tairly narrowly focused, primanly on deduc-
tve reasoning. A later book ( 2) sought to char-
acterize reasoning as well as other cognitive
processes in terms of mental models. The cur-
rent magnum opus goes guite a bit beyond its
predecessors in dealing with problems of
mduction, creativity. and insight. In past work,
Johnson-Laird has devoted quite a bit of effort
to battling the theories of his competitors, such
as Lance Rips (3). In this book, Johnson-
Laird’s goal is not so much to fight the oppo-
sition but o argue that human reason can

The reviewer is at the School of Arts and Sdences, Bailou
Hall, Tufts University, Medford, MA 02155, USA. E-mail:
Rabert.Sternberg@ tufts.edu
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How We Reason

by Philip N. Johnson-Laird

solve many problems facing
the world,

Historically. the study of
reasoning has not been at the
center of psychology in gen-
eral or of cognitive psychology
in particular. There are far
more cognitive psychologists
studying perception and mem-
ory. Johnson-Laird has strived
throughout his career—at
the University of Sussex, the
Medical Research Council
Applied Psychology Unit in
Cambndge, and now Princeton
University—to raise the pro-
file of the study of reasoning. He has been at
least somewhat successful. He. his students,
and his collaborators have received inter-
national recognition for their work.

Four big questions arise from the book,
First. to what extent does Johnson-Laird suc-
ceed in describing how we reason? Second, o
what extent do the reasoning structures (men-
tal models) Johnson-Laird posits charactenze
scientific reasoning, a major focus of the
book? Third. to what extent does reasoning
account for the kinds of thinking artists, writ-
ers, composers, and others in the humanities
and arts use in their work™ Finally. how much
help 15 reasoning ol the Kind
described by Johnson-Laird to us
all in our everyday lives?

With regard to how we reason,
Johnson-Laird’s account may not
be entirely correct, and it is cer-
tainly not complete. To give two
examples: Expert reasoning prob-
ably relies more on pattern recog-
nition than would follow from mental models,
And the fundamental problem of induction
why we make certain inductions but not oth-
ers—1s scarcely addressed. But no other
current theory of reasoning is complete either,

Mot that many years ago. students were
being taught, for example, that syllogisms
were solved by heunstics, such as atmosphere
{if there is a negation ina premise. the solution
involves a negation: if there is a particular. the
solution involves a particular) or conversion
{people read “IF A, then B™ as equivalent to *1F
B. then A™). Considering how woelully inade-
quate these past accounts were. Johnson-
Laird has brought us very far along in under-
standing how we reason,

Johnson-Laird gives fascinating accounts
of some major examples of scientific reason-
ing. such as the Wright brothers” designing of
the first successtul airplane, how the codes
underlying the Nazi Enigma machine were
broken. and how John Snow discovered the

Thinker on a Rock (Barry Flanagan,
1997).

link berween fecal contam-
ination of drinking water
and outbreaks of cholera.
His account of deductive
inferences is more com-
pelling than his account
of inductive and creauve
processes, Although his
broad characterizations are
useful, he does not really
solve or even address. for
example, the crucial prob-
lem of creatvity: How do
wie generate novel ideas in
the lirst place? His theory
is better at characterizing
how we assess whether our ideas are
sood ideas.

The author believes his theory of mental
models would characterize thinking in the

humanities and arts as well. That is a leap of

faith on his part and would be a bigger leap
on the part of a reader. There is no evi-
dence—at least in the book (at its end
Johnson-Laird acknowledges that his case
histories  include nothing  from
fields)—that this is the case.

Lastly, How e Reason is at its weakest in
showing how Johnson-Laird s model of rea-
somng—or, really, any model—applies to
everyday life. If you want to know how to
solve the problems of what to do about the
intervention in Irag. runaway government
spending. or a failing marnage. you probably
will find little in this book to help. Johnson-
Laird believes that many of the world’s ills are
caused by emotional contamination of reason-
ing, an idea that goes back w some of the eur-
liest theorists (4). He tends to view emotion as
the cause of faillings in reasoning. Yet, one
might nstead argue that emotion 15 what
makes the world run round. IF we want to
understand how to recufy our own, and the
world’s, problems, we had better understand
emotional reasoning in its own right. rather
than simply label it as an aberration. Two-
process theories of reasoming (3), which posit
an experiential, a-rational system, as well as
the more rational one of which Johnson-Laird
writes, seem a large step toward that goal.

these
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TEACHING

Opportunities to Learn in America’s
Elementary Classrooms

Robert C. Pianta,'* Jay Belsky.? Renate Houts? Fred Morrison.® The National Institute of Child
Health and Human Development (NICHD) Early Child Care Research Network®

merica’s students are tested regularly.

and the results serve as justification

tor closing schools, finng principals,
awarding merits, and focusing professional
development and curniculum reform. How-
ever, little attention is paid to measuring the
opportunities to learn that teachers create in
classrooms
classroom instruction and relationships be-
tween teachers and students, Nearly all stawe
certification standards for “highly qualified
teachers” focus on degree status ([/, 2).
However, despite evidence that teachers’
instructional practices and relationships with

students account for a substanual portion of

the “added value” derived from attending
school (3-5), observations of classroom
experiences for large samples of students and
teachers are limited.

The Study
Here, we desenibe results from a study of ele-
mentary school classroom experiences for
more than 1000 American children recruited
at birth from 10 U.S, sites and enrolled in
more than 2500 classrooms in more than
LO00 elementary schools and 400 school dis-
tricts. Our investigation approximates an epi-
demiological study of opportunities w learn
in LS. classrooms. although the sample was
not nationally representative. Of teachers
observed, 90% were credentialed by therr
state: all had a bachelor’s degree and 44% had
a master’s degree. These teachers meet many
states” standards for highly qualified ¢lemen-
tary school teachers ([,

Observation of classrooms complements

student test I‘J{,'i'lll'I]'I'JHHIL‘I..‘ as a measure of

quality in the educational system and can
document opportunities w learn that are

enter for Advanced Study of Teaching and Learning,
University of Virginia, Charlottesville, VA 22903, USA.
Tlnstitute for the Study of Children, Family, and Society,
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Research MNetwork, CRMC, NICHD, 6100 Executive
Boulevard, 4805, Rockville, MD 20852, USA,

*Author for corrependence. E-mail: repdp@virginia.edu

the quantity and quality of

reflected in students” performances on tests,
We observed first, third, and fifth grades.
First. we coded the presence of 44 behav-
ioral events for 80 one-minute intervals.
In a given school day. intervals were

clustered into eight 10-minute cyeles of
coding. in which 30-second perinds of

observation alternated with 30-second
periods of recording.
MNext. we rated nine
dimensions of the
quality of the emo-
tonal and
tional climate on the
basis of 20 minutes Technolagy

; F : Enrichment
of observation, agamn

ol Social Studies
across eight eyeles Science

Management

Analysis
Basic Skills

Instrucs- Transition

during the dav. We  juih-Problems
used these codes Math-Skills
and ratings to assess Math-Total

Literacy-Meaning
Literacy-Words
Literacy-Total

opportunities to learn
(6, 7).

Experiences in the
Classroom
The results for fifth
grade (see chart) are
similar to those for first
and third grades (5. Y).
In Fifth grade, children
spent most of their
time (91.2%) working
i whole-group or indi-
vidual-seatwork settings, Students spent little
time ( 7%) in small-group instruction (two to
five students). In fifth grade. 37% of instruc-
tion was in literacy and 23% was m math; in
first and third grade. more than 30% of instruc-
tion was in literacy and less than 10% was in
math. Science and social studies activities
occurred in 11 and 13% of intervals in fifth
grade, respectively. The average fifth grader
received Five imes as much mstruction in basic
skills as instruction focused on problem solv-
ing or reasoning; this ratio was 10:1 in first and
third grades. Teachers in fifth grade spent 17%
of their ime instructing students on managing
materials or ime,

Classroom emotional and instructional
climate was rated with the use of a seven-
point scale. in which higher ratings were

Individual
Group ==5
Whaole Class

Analysis of elementary school classrooms in the
United States returns a discouraging report on
the quality of students’ experiences.

more positive (&, ¥). In correlational studies,
relatively higher ratings predicted gains on
standardized tests of reading and math in
pre-kindergarten (/0), reading in first grade
{3), and math in fifth grade (¥). Emotional
climate of classrooms was moderately posi-
tive—the mean rating over all classrooms for
“teacher sensitivity” and “positive classroom
climate™ was about 5. Children in the class-

Settings

40
Number of Intervals

50 60

Learning in fifth-grade classrooms. Number of time intervals in which the
specified activities were observed, Black whiskers, range; red boxes, 25th to
75th percentiles; gray bars within boxes, overlapping median and mean.

rooms we observed were often working on
assignments, with “productive use of time”
rated 4.9, However, quality of instructional
climate received a low rating, “Richness of
instructional methods,” reflecting conceptu-
ally focused instruction, averaged 3.6, and
“evaluative feedback™ on student perform-
ance averaged 3.44. Typically. over the
course of a 20-minute pertod. instruction
involved only one method or mode (e.g..
vocabulary worksheet or watching the
teacher do math problems), and teachers
gave genenc feedback on correctness rather
than encouraging extension of student per-
formance or discussing alternative solutions,
Faungs of instructional and emotional qual-
ity in filth grade were similar to those for
First and third grades.
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Predicting Classroom Climate
Composites reflecting our ratings of'the qual-
ity of the emotional and instructional climate
were examined with various teacher. student,
child and family factors (table 85). Teacher
credentialing was not mvestigated because
nearly all teachers met state requirements.
Larger class size was associated with less
positive emotional climate. (Class size
ranged from 10 to 42 students.) Quality
of istructional climate was higher when
teachers had fewer years of teaching expen-
ence. earned higher salaries. and reported
more influence on school policy and effi-
cacy. The magnitude of these significant
associations was very small, and causal
direction is unknown. The total variance
attributed to emotional and instructional ¢li-
mate accounted for less than 10% of the dif-
ferences in observed quality of the class-
room environments, Children with more
highly educated mothers and with higher
tamily income were more likely to be en-
rolled in classrooms with higher observed
emotional and inswuctional climates, These
associations with family characteristics
were statistically significant but small.

Consistency of a Child’s Experience

A child’s classroom experience was not par-
ticularly consistent from first to third to Fifth
grade. Results were not a function of (some )
children switching schools, Quality of emo-
tional environment was modestly stable
from first grade to third grade ( ¥ = 0.17,
P < 0.05) and from third grade to fifth grade
(r =025 P < 0.03), but corresponding
across-grade analvsis for quality of instruc-
tional climate did not show statstucally sup-
ported correlations. We divided climate
composites into terciles at each grade.
Children were classified as “consistently™ in
high-quality classrooms if they were en-
rolled in a high-tercile class in two or more
grades and were never enrolled in a class-
room in the lowest tercile, Students in “con-
sistently™ low-quality classrooms were en-
rolled in accordingly low-tercile classes and

never in the highest tercile. Only 1 7% of

children experienced classrooms with con-
sistently high emotional climate, and 19%
experienced classrooms with consistently
low emotional climate. Comparable figures
tor instructional climate were 14 and 20%,

respectively. Across all three grades, 7% of

children experienced classrooms high on
both instructional and emotional chimate,
We predicted each child’s enrollment in
our consistency classifications using the
child’s scores on standardized tests of read-
ing and math at age 34 months, prior o

30 MARCH 2007 VOL 315 SCIENCE

school entry, and family income-to-needs
ratio (using federal guidelines for poor, near
poor, and not poor) as predictors, Children
from nonpoor families and who scored high
on achievement at 54 months were most
likely to experience classrooms high in
positive emotional or instructional climate
throughout elementary school. Poor chil-
dren were highly unlikely (only 10%) to
experience classrooms with high instruc-
tional climate across multiple grades.

Discussion

In this multistate observational and longit-
dinal study of children in U.S. primary-
school classrooms, opportunities to learn for
this sample of mostly middle-class students
proved highly variable and did not appear
congruent with the high performance
standards expected for students or for teach-
ers as described by most state teacher certi-
fication and heensure documents. Rather,
experiences in fifth grade, although highly
variable, were geared toward performance
of basic reading and math skills, not prob-
lem-solving or reasoning skills or other con-
tent areas. Few opportunities were provided
to learn in small groups, to improve analyti-
cal skills. or to interact extensively with
teachers. This pattern of instruction appears
inconsistent with aims to add depth to stu-
dents” understanding, particularly in mathe-
matics and science. Classroom dynamics
were not related to teachers” degree status or
experience. Teachers met credentialing

standards. but their classrooms, even il

emotionally positive. were mediocre in
terms of gquality of instructional support,
Children who needed support were unlikely
to receive it consistently. These results are
consistent with arguments that a focus on
standards-based reform and teacher creden-
tialing may lead to instruction that is overly
broad and thin.

[t 15 troubling that opportunities to learn
in classrooms are unrelated to features
intended to regulate such opportunities
and that students most in need of high-
quality instruction are unhkely to experi-
ence it consistently. If metrics and regula-
tions tor high-quality teaching continue to
rely on teachers” credentials or school attrib-
utes, actual opportunities to learn may not
be driven to improve (2). These results con-
firm the need for rigorous designs that test
effects on observed instruction of specific
knowledge- or skill-focused teacher training
interventions.

This study relied on direct observations
of classrooms and used instruments that
correlate with students” gains in achieve-

ment (/f). Emotional and instructional
support contribute to the elimination of the
achievement gap in first grade (3), predict
growth in children’s functioning (/0),
and predict reading and math achievement
growth and social functioning through
fifth grade in our sample (/2). A study in
England reported a similar pattern of
effects for elementary students (5). Others
concur that these features of teacher-child
interaction are indicative ol good teaching
(13, 14). Collectively, these investigations
demonstrate that classroom experience can
be observed reliably in large numbers of
classrooms and that such ohservations cap-
ture a portion of the “value-added™ effect of
enrollment in a given classroom (4, /15).
Experimental interventions that include
such observations may yield results useful
for improving classroom teaching and the
preparation of teachers (3) by revealing the
mechamsms by which classrooms influ-
ence children’s development. Science and
policy aimed at producing and maintaining
effective teaching are needs as pressing as
are curriculum reform and assessment of
student performance.
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The Ultimate Ecosystem Engineers

Bruce D. Smith

4 E volution helps those who help
themselves™ is the basic idea
behind the concept of niche

construction or ecosystem engineering (/).

Many ammal species attempt to enhance

their environments, and humans have been

trving o make the world a beuer place—for
themselves—for tens of thousands of vears,
often with unforeseen consequences, We
have long been the ultimate niche construc-

tors in terms of our rich repertoire of

ecosystem skills and the magnitude of their
impact. Today. as our efforts at ecosystem
engineering are beginning to attempt Lo
reduce and reverse human modification
of environments. mterest 1s also growing
across diverse fields (including archaeol-
ogy, biology, climatology, genetics, and
geography) in the origins of human domi-
nance of Earth’s ecosystems. The general
concept of niche construction provides an
important new window of understanding
about how our distant ancestors, through
their initial domestication of plants and ani-
mils, Mirst ganed the ability to significantly
alter the world’s environments,

Currently. research on domestication 1s
carried out on two largely disconnected
scales—at the level of individual plant and
amimal species o document the “what,

when, and where™ of domestication world-
wide (2). and at a regional or larger scale. o
identify causal “macro™ variables (such as
climate change and population growth) that
may account for “why” human societies
first domesticated target species (3). The
theory of niche construction provides a link
between research at these two different
scales of analysis by offering insights into
the intervening “how™ of domestication
the general human behavioral context
within which macroevolutionary factors
forged new human-plant/animal relation-
ships of domestcation.

Niche construction or ecosystem engi-
neering activities have been documented in
a broad range of different animal species.
Beavers. for example. through their tree-
cutting. dam building. and pond-creating
efforts, generate new landscapes for them-

The author is in the Archaeobiology Program, National
Museum of Natural History, Smithsonian Institution,
Washington, DC 20560, USA. E-mail: smithb@siedu
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How did human societies initially domesticate
plants and animals, and what were the keys
to success?

Early strategists. Human niche construction, including controlled burning, may date back to as early as

55,000 yr B.P. Shown is an Australian aborigine.

selves and many other species. Such efforis
at environmental modification are pro-
posed o play an important i underappreci-
ated role in shaping biotic communities and
evolutionary processes (/).

Studies of human niche construction
have usually concentrated on either a par-
ticular form of environmental modifica-
tion, such as controlled burming of vegeta-
tion, or on human intervention in the life
cyvcle of a particular target species. Only
recently have regional-scale studies offered
a fuller appreciation of the extent o which
traditional resource-management sirategics
mvolve the coherent and integrated manip-
ulation of a broad range of plants and an-
mals and their habitats (4).

Documenting the overall niche con-
struction strategies of past human societies,
however, remains a difficult challenge.
Archaeological evidence for the manage-
ment of wild plants (sowing, burning,
weeding, irrigation, transplanting, and
mulching) provides widely scattered clues
to the developmental history of integrated
.‘i}'!\'-ll..‘l'l'l!\'- Ujl l']lill'llll't ::111'[r-.:nm|:|!l'.|.l I'I'I."II'I:.'If__LI..'-
ment. Controlled burning of vegetation to

maintain a preferred ecosysiem state, for
example, is documented throughout the
Holocene (the last ~10,000 vears) in
numerous temperate and tropical environ-
ments, and may have been present as early
as 55,000 vears ago in southern Adrica (5).
Yet in many world regions., the appear-
ance of domesticated plants and animals
in the archacological record provides the
strongest evidence for integrated strategics
of ecosystem engineering,

A number of different aspects of our
current understanding of the imtal, world-
wide domestication of planis and animals
points to domesucanion taking place within
a broader behavioral context of niche con-

struction strategies. The development of

such human-target species relationships
wis not a unigue event, limited to a particu-
lar time or place. Eight to 10 environmen-
tally and culwrally diverse world regions
have been identhied as hikely independent
centers of domestication and agricultural
origin( 2}, Each exhibits a distinct sequence
of domesucation of different species over
millennia. Human societies thus domesti-
cated a diverse array of species at differemt
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times and i developmental isolation across
a broad rmange of ecosystems.

In addition. recent research indicates that
the initial domestication of plants and ani-
mals in these independent centers encom-
passes a remarkable diversity of species-
specific relationships reflecting a wide
range of different forms of human interven-
tion. In Asia, for example, the domestication
of two utilitarian species—the dog (for hunt-
ing ) and the bottle gourd (for contaimers }—
by ~12.000 vears before the present (yr
B.P). did not so much involve deliberate
human intervention as it did allow dogs and
bottle gourds to colomze the human niche.
In contrast, the imitial cultivation of tree
crops (such as fig by 11,400 yr B.P. in the
Near East and banana by ~ 10,000 yr B.P. in
Southeast Asia) involved the intentional cut-
ting and transplanting of branches, indicat-
ing a recognition of the long-term benefits
to be gained by a commitment to sustained
management.

The nitial domestication of goats in the
Near East by 10,000 yr B.P., and the sub-
sequent domestication of other livestock
species, also called for considerable sus-
tained human intervention, but of a very
different kind. Human preemption of herd
dominance hierarchies, resulting in human

control of animal reproduction, allowed the
selective culling of immature males, pro-
ducing an age and sex profile (that is, a
majority of adult females and a few adult
males) that is the hallmark of managed
domesticated herds. In contrast, the imitial
domestication of seed-bearing plants (such
as wheat, rice, maize, millet, and sun-
Mower). including two species ol squash
that were domesticated in South America
and Mexico by 10,000 yr B.P. (2), involved
vet another form of human intervention in
the life cycle of target species—the sus-
tained planung of stored seed stock in pre-
pared planting areas. Plants with starch-
rich underground organs (including man-
ioe, arrowroot, and leren), on the other
hand, were brought under domestication in
South America by ~9000 to 8000 yr B.P. by
replanting fragments of parent plants,
paired with sustained selection for desired
attributes {larger tubers and preferred
starch types, for example) (2).

Evidence is also growing for early
attempts at domestication that eventually
proved unsuccessful. In both the Near East
and the Americas, initial efforts at plant
management and manipulation were often
abandoned, for as vet unknown reasons, and
the crops in question were not successtully

domesticated until several thousand years
later (6).

Whatever the exact mixture of macro-
evolutionary forces that were in play,
humans identified potential domesticates
within the broader context of niche con-
struction strategies through endless audi-
tioning and experimentation with a long list
of possibilities. Domesticates would not
have been different, necessarily, from the
many other managed species in either
requiring a greater investment of labor, or
constituting a greater intellectual chal-
lenge. What set humans apart was their rec-
ognized potential for open-ended expan-
sion and ever-increasing returns,
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ASTRONOMY

A Closer Look at

a Gamma-Ray Burst

Stefano Covino

amma-ray bursts are among the
most intriguing astrophysical events.
Although short-lived, these exple-
sions are the most luminous objects in the
universe. However, the detailed mechanisms
driving these bursis are still partly unknown,
Omn page 1822 of this 1ssue. the observations
reported by Mundell er al. (1) will allow us
to better understand the physical processes
that power these celestial sources. By mea-
suring the polarization of the eclectro-
magnetic radiation emitted immediately after
a burst, Mundell ¢f af. can help us unravel the
role of magnetic fields in controlling the out-
fows produced by these explosions.
These burst events were first detected in

The author is at Osservatorio Astronomico di Brera, via
Emilio Bianchi 46, Merate LC, 1-23807, Italy. E-mail;
stefano.covino@brera. inaf.it
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the 19605 as intense and brief pulses of high-
energy photons. They are now observed at
photon energies across the whole electro-
magnetic spectrum and have been located at
cosmological distances (that is, more than 10
billion light-vears from Earth ). They are also
possible sources of gravitational waves,
ultrahigh-energy cosmic rays. and neutrinos,
The most successful description of these
events involves a very energetic outflow
from an inner engine, either a massive star
undergoing core-collapse or the merger
of two compact objects (see the figure).
Inhomogeneities in the outflow generate a
prompt high-energy emission of gamma
ravs, whereas the later interaction of the out-
flow with the matter surrounding the progen-
itor ohject generates a fainter and softer
long-lasting emission, called the afterglow.
One of the hottest open topics 15 10 under-

VOL 315 SCIENCE

A study of gamma rays produced when stars
collapse or collide reveals details of the
explosion mechanism, particularly the role
of magnetic fields.

stand what drives the outflow, its composi-
tion, and its dynamics. This 1s where the
observations performed by Mundell ¢r al.
make an important contribution.
Gamma-ray burst outflows are extreme
events. Imually they are ultrarelativistic, that
is, the flow must have a velocity greater than
99.99% of the speed of light. This allows
high-energy photons o escape lrom the very
compact region where they are generated.
The hypothesis accepted by most researchers
assumes that the outflow is initially hot, with
the expansion driven by its internal energy
i 24 This is known as the mater-dominated
scenario, and serves as the reference model
for outflows. The most popular alternative
scenano requires that the outflow is driven
by electromagnetic energy, which is called
the Poynting Aux-dominated scenario (3-7).
i The Poynting flux is the lux of energy car-
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ried by an electromagnetic hield. ) These two
families of models differ in many aspects,
although from the observatonal standpoint.
thev produce remarkably similar results,

These two scenarios also assume ¢ssen-
tially the same emussion processes, mainly
synchrotron radiation (that 15, radiation pro-
duced by electrons accelerated to relativistic
velocities and usually characterized by a
high degree of mtrinsic polarization). al-
l|‘:|!ll.|1_'|\ the presence of other components,
such as inverse Compton scattering (that is,
photons scattered to higher energies by the
interaction with energetie electrons), has
often been invoked. However, one important
difference anises—if large-scale magnete
Fields are present, they introduce a preferen-
tial direction in the system, breaking the
spherical symmetry that can be assumed for
the first phases of the outflow evolution.
Independently of the details of the model, a
oeperal prediction for intemal energy—domi-
nated outflows 1s that duning the first stages
of the event, the polarized flux from the
source should be almost neghgible. In fact.
due to the extreme relativistic effects acting
at these stages, the observer sees only a small
portion of the emitting outfllow, and only
very small anisotropies are expected (8-/1).
On the contrary, electromagnetic energy
dominated outflows could present initially a
rather high-polarized flux, perhaps as high as
30 o 40% (12-14)

Polanmetne observations performed dur-
ing the first few minutes of gamma-ray burst
evolution are therefore an etfective observa-
tional test. If a strong polarized flux 1s mea-
sured. the hvpothesis of a Povnting flux
dominated outflow is favored
hot, chaote, internal energy—dommated out-

Otherwise,

Rows are to be preferred. Indeed. polarimet-
ric observations of the high-energy emission
of the prompt phase were attempted in the

past, although none of the results were
convincing enough due to the enormous
technical difficulties. It is well known that
polarimetry allows us to extract all the infor-
mation carried by the photons we receive,
i addition to the simple intensity. However,
performing polarimetric observations of
astrophysical sources has never been an
easy task.

For gamma-ray bursts, these observa-
tions must be executed soon after the detec-
tion of high-energy photons in order to
study a region sull spatially close to the
inner engine, The only way to cope with the
unpredictable time and space location of
samma-ray bursts, and be able to rapidly
begin the observations. 15 with robotic tele-
the 2.0-m Liverpool

SCONEs, such as

cemag.org SCIENCE VOL 315

LONG GAMMA-RAY BURST

A red giant star
collapses into its
core...

...becoming 5o

dense that it expels

its outer layers ina -
supernova explosion.

SHORT GAMMA-RAY BURST

Stars, possibly
neutron stars, in a

(1]

...eventually colliding.

*~_ The resulting torus
has at its center a
erful black hole.

Controlling the flow. Gamma-ray bursts originate
either from (top) callapsing stars or (middle) merg-
ers of binary stars. The resulting high-energy event
(bottom) creates ultrarelativistic outllows and very
bright bursts of gamma radiation.
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Telescope used by Mundell ¢r af. Thanks to
the rapid localization of gamma-ray bursis
detected by the Swilt satellite ( /5), Mundell
ef af, could observe the gamma-ray burst
GRB 060418 only about 3 minutes after the
burst, Their remarkable result 15 that only a
rather low 8% upper limit for the linearly
polarnized MNux at optical wavelengths was

derived. Moreover, these observations were

roughly comeident in time with the onset of

the afierglow, as shown by Molinari er af.
(/). The lack of evidence tor strong polar-
ization just afier the afterglow onset could
suggest that large-scale magnetic fields are
not likely plaving an important role in driv-
ing camma-ray burst outflows, However, il
the magnetic fields are carried by the
outflow ejected from the central source. as
15 commonly hypothesized, the prediction
of the polarization during the afterglow

onset depends on poorly known details of

the magnetic energy transfer from the out-
flow to the shocked medium around the
burst (6, /7)

More observations tracing the early nme
evolution of the polarized flux. and an ade-
guate modeling of these first phases of evo-
lution of the outflow interaction with the
matter surrounding the progenitor, will
defimitively settle the queston. In addition,
the possibility of carrving out polanmetrne
observations at high energies, in particularin
the x-ray regron, 1s an exciting future possi-
bility. It could open the way tor measure-
ments during the prompt event, much closer
to the progenitor, m a rezion where the possi-
ble effects of large-scale magnetic fields
should be stronger
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Anticipating Trouble from
Gene Transcription

Mark E. Fortini

umerous human neurological and

neurodegenerative diseases, includ-

ing Huntingtons disease, spinocere-
bellar ataxias. and fragile X syndrome.
involve expansions of certain trios of
nucleotides. such as CAG and CGG. in the
penome. These wrinueleotide repeats can
arise in coding or noncoding sequences in
select loci (/). Much research has focused on
unraveling the consequences
of these expansions. In some

of neurodegenerative pathology in the poly-
clutamine diseases (4). Jung and Bonini
make a major advance by successfully
exploiting this powerful experimemal organ-
1sm 1o address genetic instability. By show-
ing that in the fly. changes i repeat length
that oceur over generations can be monitored
in weeks rather than decades, the study opens
the door for much-awaited genetic analvsis.

By forcing the fruit fly to transcribe repeat
regions, a model of certain human
neurclogical disorders has been developed,
which suggests new possibilities for
understanding repeat instability.

(51 or 78) of tandem CAG repeats in fly
cermline cells. Tracking individual trans-
genes over nine generations revealed an
overall rate of instability of up to 20%. The
majority of events corresponded to small
changes involving expansion or shrinkage

of one 1o three CAG repeat units; 10% of

events involved considerably larger repeat
expansions or shrinkages (210 repeats).

Locus with trinucleatide repeats Aggregated glutamines Saluble pool of CBP

cases, therepeat lengths are un-  owa cooG strano .

i PP f e R L, = = [T —
stable, accounting for a striking "—'IH PolyQ @ of— T
i._'ll]'!lﬁ,‘...'ll Ii..,".itgn_: cilli:;d genetic (CAG),, encodes glutamines (Q) | -
anticipation™ i which disease CBP is sequestered
symptoms  become progres- CEP regulates
sively more severe in succes- i transcniption

R R e = and DNA repair
sive generations. On page 1857
of this issue. Jung and Bonini PolyQ +— &

M a : . spsana b iy elalsilit
(2} show th._u repeat m.xuh.jht} R T 4 ST
can be replicated for a trinu- Reduted soluble

cleotide repeat disorder in the
fly Drosaphila melanogaster,
The study provides fresh in-
sights into the role of gene
transcription, DNA - repair,
and the potential complicity
of pathogenic polyvglutamine proteins
in the genetic mechanisms that underlie
repeat instability.

Trinuecleotide expansions typically encode
long stretehes of glutamine residues when
they occur within the protein-coding regions
of genes. In many cases, the expanded poly-
glutamine domain causes misfolding of the
aftected protein and its aggregation into visi-
bly abnormal inclusions, Repeat lengths are
also unstable, undergoing shrinkages and
expansions—in some cases involving tens of
CAG repeats—upon transmission from par-
ent o child. Expansion is associated with
more severe disease symptoms (3). Although
several genetic models have been developed
to study repeat instability, Drosophila has
proven recaleitrant to showing the expected
genetic instability of the repeats. This has
been frustrating. given the fly model’s suc-
cess in revealing cell biological mechanisms

The author is in the Cancer and Developmental Biology
Laboratory, Wational Cancer Institute, Frederick, MD
21702, USA. E-mail: fortini@ncifcrf.gov
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Increases number of CAG repeats (instability)

The breakthrough in developing this new
model for unstable polyzlutamine expan-
stons was realizing that transeription of CAG
repeats might be eritical for generating insta-
bility. Previous fly models have relied on the
expression of transgenes containing CAG
repeats in either developing or fully differen-
tiated tissues that are most suitable for inves-
tigating the primary neurodegenerative phe-
notype. However, these models failed o
uncover substantial instability of even large
repeat expansions (5). Because earlier work
in Escherichia coli and mouse suggested that
repeat instability might be linked to tran-
seription of the repeat region (3, 6. 7). Jung
and Bonini reasoned that forcing a repeat-
containing transgene to be transcriptionally
active in Drosophila germ cells might trigger
considerable changes in repeat length. Such
germline events would also be transmitted
from one generation to the next, just as
oceurs in the genetic anticipation phenome-
non of human polyelutamine discases,

To test this idea, Jung and Boninm ex-
pressed a transgene bearing various lengths

Increased polyf,l accumulation
and CBP sequestration

pool of CBP

A toxic cycle, accelerated. Polyglutamine (polyQ) proteins interfere with CBE, which influences transcription and DNA repair.
This may lead to more genetic instability of the trinuclectide repeats [(CAG) ], increased polyglutamine protein production,
maore interference with CBP function, and greater instability of expanded trinucleotide repeats.

Owerall, the prevalence of repeat changes in
this 1y model is still markedly less than that
found in humans. However, a striking fea-
ture is that the magnitudes of the large
shrinkages and expansions are reminiscent
of those seen in human patients (5, ¥). The
fly model shows a consistent bias for expan-
stons over shrinkages, similar 1o what is
observed with paternal transmission n
human polyglutamine discases, Moreover, in
flies (as in mammals), larger trinucleotide
expansions accelerated the process whereby
the increased rate of instability begets even
larger expansions. In humans, this scenario
has deadly neurological consequences.

How might transcription influence the
size of trinucleotide repeats? Such repeats
give rise to DNA structures that trigger a
DNA repair response (3). Jung and Bonini
found that Drosophila mutants deficient in
transcription-coupled repair of DNA exhib-
ited dampened rates of repeat instability.
Conversely, mutations in CREB-binding
protein (CBP). a protein that interacts with
and regulates many transcription factors,

VOL 315 SCIENCE www.sciencemag.org
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increased repeat instability. The latter could
be reversed by treating flies with trichostatin

A, a compound that can counteract loss of

CBP activity, Thus, a specific DNA repair
mechanism may promote rather than prevent
a problem.

The precise role of CBP in influencing
repeat expansions is unclear, though. Its abl-
ity to modify histones and other protein
targets with acetyl groups (/0) could have
clobal effects on transcription, thereby
affecting the expression of key DNA repair
enzymes. A lack of major changes in the
overall pattern of histone H3 or H4 acetyla-
tion in the flv mutants suggests that other
CBP wrgets might be implicated. CBP,
which contains a short polyglutamine tract,
also accumulates in the pathogenic inclu-
sions with polyglutamine proteins (/7). It is
likely that certain polyglutamine proteins
can sequester CBP reducing its availability
in the cell, or can otherwise directly affect

CBP tunction. This interference could in-
crease the rate of repeat instability, which in
turn would generate more polyeglutamine
proteins in a self-reinforcing cycle (see the
figure). Whether all polyglutamine disease
proteins have similar effects on CBP, and
whether such effects extend to disease genes
involving other types of expanded trinu-
cleotide repeats, warrants investigation,

The genomic context of trinucleotide
repeats 1s a key determinant in repeat
instability (7, /2), an issue that can be sys-
tematically addressed using transgenic
Dvosopdhile approaches. Perhaps most prom-
ising 1s the 1ea of testing the potential mod-
ulatory effects of genetic background with
the use of such fly models. In humans, 10
generations span two centuries, with small
family sizes and complex environmental and
genetic influences. An equivalent longitudi-
nal study using the fly. by contrast, would
take just a few months, could be performed

PERSPECTIVES

under tghtly controlled conditions, and
could generate much larger numbers of indi-
viduals for analysis,
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GEOPHYSICS

Taking Earth’s Temperature

Bruce A. Buffett

uch of what we know about tem-

perature in the interior of Earth is

inferred from phase tansitions,
Temperature within the rocky mantle
(roughly between 30 and 2900 km depth) 15
of particular interest because it indicates the
current state of Earth’s heat engine, which
powers nearly all geological processes. On
page 1813 of this issue (/). van der Hilst and
colleagues describe new results on the man-
tle temperature at two depths near the core-
mantle boundary (CMB ). The difference in
temperature gives an estimate of the thermal
gradient and heat flow at the base of'the man-
tle. Such estimates are crucial for resolving
long-standing questions about the distribu-
tion of heat-producing elemenis. the trans-
port of heat through the interior, and the ther-
mal evolution of the planet.

Changes in pressure and temperature
with depth cause transitions in the crystal
structure of mantle minerals, which can be
detected as abrupt changes (or discontinu-
ities) in the speed of seismic waves (2).
Researchers typically infer mantle tempera-
ture from the depth of these discontinuities

The author is in the Department of Geophysical Sciences,
University of Chicago, Chicago, IL 60637, USA. E-mail:
buffett@geosd.udhicago.edu

using an experimentally determined phase
diagram (3). Discontinuities at depths o' 410
km and 660 km fix the temperature in the
upper mantle within experimental uncer-
tainty, whereas the liquid-solid transition at
the inner-core boundary anchors the temper-
ature deep in the core. Our ability o interpo-
late temperature to other depths 1s compro-
mised by large uncertainties in the core tem-
perature and by an incomplete understanding
of the radial structure of convection in
the mantle ().

To obtain their results, van der Hilst er al,
used a seismic imaging technique that maps
surfaces of abrupt change in wave speed.
Seismic waves that reflect from surfaces near
the base of the mantle are recorded mainly
before the arrival of the principal reflection
from the CMB (see the left panel of the lig-
ure). To estimate the spatial structure, mag-
nitude, and even the sign of wave-speed
changes, the seismic data are processed by
means of numerical methods called “inverse
scattering.” That is, instead of starting with a
geophysical structure and calculating the
scattering, the scattered waves are used 1o
reconstruct the scattering structures. These
methods were initally developed for hydro-
carbon exploration (). but growing interest
in other areas of geophysics (6. 7) attests 1o

Seismic data and improved analysis techniques
allow researchers to measure the temperature
at the boundary between Earth's core and the
outer mantle.

the utility of high-resolution techniques
when spatial sampling of the target region
is sufficient,

The reflectors identified by van der Hilst
er al. are located near the CMB below
Central America. They auributed several
prominent reflections o a newly discovered
transition (&, ¥) between the perovskite (pv)
phase of the mineral (Mg.Fe)Si0,. the most
abundant mineral in the mantle, and the
higher-pressure postperovskite (ppv) phase.
Published experimental and theoretical esti-
mates for the pressure (P = 11010 125 GPa)
and temperature (7= 2200 10 2700 K) of the
phase transition suggest that the ppv phase
may be present near the base of the mantle.
Moreover, the rate of change of pressure with
temperature (the Clapeyron slope) is thought
to be much larger than values typically
reported for the other mantle transitions
(10121, A steep Clapevron slope in the
vicinity of a thermal boundary laver at the
base of the mantle raises the possibility of a
double crossing of the pv-ppv phase bound-
ary (/3). This first transition occurs at the
depth where pressure converts pv into the
more compact ppv structure. The resulting
density increase of | 1w 2% is accompanied
by a 2 to 4% increase in the speed of shear
waves (/0. [4). A second transition occurs
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Qrigin of seismic waves

Phase

boundary

Waves reflect more from core-mantle boundary

Tem per ature

Core values. (Left) Waves from a seismic disturbance reflect from different structures in the CMB and are detected at the surface. (Right) Intersection of tempera-
ture curve (thick yellow line) with the pv phase transition boundary (green line) defines the upper and lower surfaces of the ppv layer. No transition occurs when the
overlying mantle is sufficiently hot (thin yellow line). The dense ppv layer (shaded) drives flow toward and along the CMB, altering the temperature gradient due to

the effects of latent heat.

within the boundary laver, where a rapid
Increase in lemperature Converls the PP
phase back to pv (see the right panel of
the figure).

Reflection of shear waves from a double
crossing of the pyv-ppv phase boundaries
should produce characteristic reflections,
and the observations support this expecta-
tion. The data also reveal substanuial varia-
tions in the height of the reflectors above the
CMB. The upper transition appears to he
detlected upward i a region where subduc-
tion of the Cocos plate of Central America
would presumably lower the wemperature,
The observed topography is consistent with
the positive Clapevron slope of the pyv-ppy
transition. The lower transition appears to be
deflected downward in this cold region,
which is reasonable @iven that temperature in
the boundary laver must adjust to a nearly
constant value at the surface of the core; a
steeper thermal gradient crosses the phase
transition closer to the CMB (/4).

At the margins of the study area, the
upper and lower transitions appear o merge,
implying that these regions are too hot to
permit the ppv phase. A similar structure
{e.g.. a region of ppv phase) is present
in the central Pacilic (/5). suggesting
that double crossings are widespread but
not ubiguitous,

So what does this finding mean for
Earth’s thermal state? The occurrence of a
double crossing anywhere imdicates that the
temperature at the top of the core must
exceed the mansition femperatune at the pres-
sure of the CMB. A lower core iemperature
permits only a single reflector that must be
present everywhere above the CMB.

30 MARCH 2007

Conversely, a higher core temperature
PETMIS INlErminient regions U|-PP"- |'|]1.I-C'|."-k' in
places where the radial geothermal gradient
(rate of change of temperature versus radius)
is steeper than the phase boundary (-5 to

8 K/km). Regions where the ppyv phase is
absent indicate a smaller radial gradient and
less heat flow, More specific estimates of
temperature and heat flow can be obtained by
fitting a simple parametne representation of
the boundary layer temperatwure (/, [5). By
matching the pomts of intersection of thermal
gradient with the phase boundary to the
height of the observed reflectors, it is possible
to calculate the temperature and heat flow at
the CMB. Of course, the phase boundary 18
not well known, and the influence of compao-
sitional variations is currently a wild card. but
the general relationship between the phase
boundary and the local temperature profile
should stand the test of time, as long as the
reflectors are correctly interpreted as phase

transitions. As our knowledge of the phase

diagram improves. so will our knowledge of

temperature near the base of the mantle.
Another wrinkle is introduced when the
dense laver of ppv sinks into the less dense
laver of pv. A settling velocity of | mmy/'vear
i5 plausible given typical { but uncertain) esti-
mates for the density contrast ( J0), viscosity
i/6), and characteristic dimensions of the
ppv region (/. 15), including its height above
the CMB. Heat is absorbed at the base of the
zone by conversion of ppy (o py, steepening
the temperature gradient at the CMB, possi-
bly by a factor of two or more relative to the pre-
dictions obtained with the simple boundary-
laver model. A higher heat flow would cool
the underlying core more rapidly and drive

VOL 315 SCIENCE

more vigorous convection, increasing the
power available to generate Earth’s mag-
netic field. However, additional
sources in the core may be needed 1o main-

energy

tain the higher heat Now.

The important result in this study is the
detection of new phase transitions in the
mantle with seismic methods that have only
recently been applied to the study of the deep
mterior, Advances in the methodology are
likely and better data coverage is expected
through the ongomg USArray component of
Earthscope. Future work with this and other
instruments has the potential to reveal new
insights into the mner workings of our planet.
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CLIMATE CHANGE

Ice Sheet Stability and

Sea-Level Rise
John B, Anderson

he base of the West Antarctic Ice
Sheet i1s mostly below sea level.
Where the ice 15 thin enough o float,
it spreads seaward into vast 1ce shelves. The
grounding line is the juncture between the

L~ Grounding line

Last Glacial

ice shelf and the part of the ice sheet that is
thick enough to ground on the sea floor. Any
increase in water depth or decrease n ice
sheet thickness at the grounding line could
cause the 1ce sheet to Moat off the sea foor.
The grounding line will then retreat land-
ward until the water depth decreases or the
thickness of the i1ce sheet increases to the
point where it 15 no longer buovant,

It has long been argued that a rise in sca
level or a change in ice sheet thickness can
result in rapid grounding-line retreat, thereby
increasing the overall rate of sea-level rise
(1, 2). Thus. the West Antarctic loe Sheet may
be inherently unstable. The ice sheet has
clearly retreated landward since the Last
Glacial Maximum (=20,000) vears ago) when
its grounding line was located at the edge of
the continental shelf (3) ( see the first figure).
Recent changes in the ice sheet have raised
concern [|.'I.'l| i[ nEty he n:truntmg dAganm.

Two reports in this issue show that at least

one threat to the ice sheet’s stability—sea-

The author is in the Department of Earth Science, Rice
University, Houston, TX 77251, USA. E-mail. johna@
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level rise—may not be as serious as has been
feared. Anandakrishnan er af. on page 1835
(<) and Alley ef g, on page 1838 (3) provide
evidence that the grounding line of the
Whillans lce Stream, one of the major
drainage outlets of the West Ant-
arctic lee Sheet, rests on a wedge of
sediments that will stabilize the ice
stream during a sea-level rise of

The grounding line, past and present.
This satellite image of the Ross Sea and
Ross Ice Shelf shows the modem ground-
ing line of the ice sheet, as well as
its grounding line ~20,000 years ago
(red line), Arrows show flow lines of
ice streams. The location of the mod-
ern grounding-line wedge identified by
Anandakrishnan ef al. is also shown,

several meters, Thus, in the foresee-
able future. sea-level nse should not
threaten the ice sheet's stability.
Around West Antarcuica, the
Now of the ice sheet converges
toward the coast as the ice passes
through mountain and sea-floor valleys. The
convergmg ice accelerates to form rapidly
flowing ice streams, with flow velocities of

Stabilizing ice sheets. (Top)
Seismic image of an ancient
ice stream wedge on the Ross
Sea continental shelf. The
dashed line marks an erosion
surface that formed during
the advance of the ice sheet
onta the continental shell. The
wedge was deposited as the

Depth below sea floor (m)
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A wedge of sediments appears to stabilize the
Whillans lce Stream, suggesting that sea-level
rise may not destabilize ice sheets as much as
previously feared.

typically a few hundred meters per year
(compared with a few tens of meters per year
in nonstreaming parts of the ice sheet).
Hence, the ice streams have long been con-
sidered the unstable portion of the ice sheet
(6). Indeed, as the technology for analvzing
the behavior of ice streams has evolved,
signs of their instability have also emerged
(7). To assess West Antarctic lee Sheet sta-
bality, it 1s thus crucial to understand the fac-
tors that regulate ice stream behavior over
centuries o millennia.

Carly discussions of ice stream stability
focused on the reason for rapid and poten-
tally episodic flow. Measured velocities of
most ice streams far exceed the capacity of
ice to flow internally, especially where the ice
15 not confined by valley walls. Hence. high
flow rates must be accounted for by basal
sliding. Basal sliding requires a lubricant at
the base ofthe 1ce sheet, either water or a sed-
mentwater mixiure. ]I I3 IIOAY _'__',l..'J'II..'J'-"I”}.'
accepted that rapid flow of ice streams 15 due,
at least in part, to flow across a deforming ull
layer produced by the mixing of basal melt-
water with sedimentary material (&, ¥).

The deforming ull concept implies high
rates of sediment transport at the bed. The

grounding line of the ice sheet
became stationary at this loca-

tion during the overall retreat. 100=
[Adapted fram (3)] (Bottom)

In the model presented by 739
Alley et al., the wedge elevates

the grounding line and mani-  —~ 20
fests itsell as an abrupt = ~
change in the profile of the ice -2

sheel at this location. It stabi- E -425 =
lizes the grounding line assea ™

level rises. The horizontal 450 -
scale of the model has been

adjusted to approximate the 475

wedges on the continental

lce shelf

lce sheet

Grounding line

Grounding-

shelf shown at the top.

5 km
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sediment that moves seaward within the sub-
glacial conveyer belt is deposited in wedges
ol sedimentary material known as grounding-
line wedges. Several such wedges have been
identified and mapped in broad valleys on the
Antarctic continental shelf with detailed
images of the sea floor and high-resolution
seismic data (see the second Figure, top
panel) (/7). Ice streams excavated these val-
lews when the ice sheet advanced onto these
continental shelves. The wedges were formed
at locations where the grounding lines stabi-
lized for a while during retrear.
Anandakrishnan e af. now provide the lirst
documentation of a grounding-line wedge
beneath a modern ice stream, the Whillans lee
Stream. The wedge is likely to have formed
during a pause in the overall retreat of the ice
sheet. Alley er al. deseribe the wedge i rela-
tion to the current ice stream configuration and
behavior, and model the response of the ice
stream to sea-level nse. The combined results
show that the modern grounding line is situ-
ated over the crest of the wedge and that the ce

thickness increases appreciably upstream of

the grounding line (see the second hgure. bot-
tom panel). The model results indicate that the
ice sheet is thick enough at that point to remain
grounded, even with a sea-level rise of several
meters. At the current rate of sea-level rise. it
would take several thousand vears to float the
ice sheet offthe bed.

The two reports discuss a single ice
stream. but relict grounding-zone wedges are
common features on the continental shelf,
including the Ross Sea shelf (3. [0). In addi-
tion, all ice streams of the Siple Coast have an
anomalous elevation and stop at the ground-
ing line (/7). Thus. this mechanism for stabi-
lization of the grounding line is likely o
be widespread.

The ice sheets have changed in the past
and are changing today. Yet Anandaknishnan
et ol and Alley er al. demonstrate that
grounding-line deposition serves to stabilize
Ice streams, suggesting a decreased role
for sea level in explaining these changes.
Future research should focus on other ice

streams, especially those that currently dis-
play signs of instability, to get at the causes
of this instability.

References

1. A Penck, Sitrungsber. Prewss. Akod, Wiss, Berlin Phys.-
Math. K. 6, 76 (1928).

2. R. H.Thomas, C. R., Bentley, Quat. Res. 10, 150 {1978).

3. A B. Mosola, |. B, Anderson, Quat, Sci. Rev. 25, 2177
{2006,

4. 5. Anandakrishnan, G. A. Catania, R. B. Alley, H. ].
Horgan, Science 315, 1835 (2007); published online 1
March 2007 (10,1126/5cience. 1138393),

5. R. B. Alley, 5. Anandakrishnan, T. K. Dupont, B, R,
Parizek, D, Pollard, Science 315, 1828 {2007); published
online 1 March 2007 (10.1126/5cience.1138394).

£ T.]. Hughes, Rev. Geophys. Space Phys. 78, 1(1977).

7. D. McAyeal, Nature 359, 29 (1992,

B. R.B. Alley, D. D. Blankenship, 5. T. Rooney, C. R. Bentley,
J. Geaphys. Res. 92, 8931 (1987).

9. B. Kamb, in The West Antarctic fce Sheel: Behavior ond
Enwironment, R. B, Alley, R. A, Bindschadler, Eds.
(American Geophysical Union, Washington, DC, 2001),
pp. 157=1%9.

10. ). B. Andersan, Antaretic Marine Gealogy (Cambridge
Univ. Press, Cambridge, UK, 1999).

11. H. ). Horgan, 5. Anandakeishnan, Geophys. Res. Letr. 33,
L18502 (2006},

10.11 26/scence. 1140766

ATMOSPHERIC SCIENCE

CO, Is Not the Only Gas

Keith P. Shine and William T. Sturges

n 1971, one of the first international

assessments of the role of humankind

in climate change concluded that “be-
cause methane has no direct effects on cli-
mate. .. itis considered of no importance™ [( /),
p. 242]. How times change. By the mud- 19805
(2). methane and a host of other non-CO,
gases were together recognized to be con-
tributing to climate change by an amount
comparable to that of CO,,

An increase in the concentration of a
greenhouse gas causes a change in Earth’s
enerey balance. This change, or radiative forc-
ing. is a simple indicator of the chimate change
impact. The largest single contributor to
radiative forcing is CO,. with an estimated
value of 1.66 W m™ since preindustnial
times—enough, on its own, w eventually raise
global average surface temperatures by about
1.4°C. The non-CO,, greenhouse gases con-
tribute an additional 1 W m=2 (3, 4).

The Kyvoto Protocol 1o the United Nations
Framework Convention on Climate Change

K. P. Shineis in the Department of Metearology, University
of Reading, Reading RG6 6BB, UK. E-mail: k.p.shine@
reading.ac.uk W. T, Sturges is in the School of Enviro-
nmental Sciences, University of East Anglia, Norwich NR4
1), UK. E-mail: wsturges@uea.ac.uk
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recognizes the importance of non-C0O, green-
house gases. Emission targets for signatories
to the Convention are given in terms of CO,-
equivalent emissions: the signatories can
choose to control emissions of several
gases—C0),. methane, nitrous oxide, sulfur
hexafluoride (SF). the hydrofluorocarbons,
and the perfluorocarbons—to meet their tar-
gets. There remain issues concerning what
emissions are included and excluded in the
Kyoto Protocol and the method by which
emissions of different gases are placed on a
common “carbon-equivalent”™ scale ( 3), Never-
theless, it is clear that controlling non-C0O,
greenhouse gas emissions can play a very
important role in attempts to limit future cli-
mate change (6, 7).

The contribution of a given non-CO,
greenhouse gas to radiative forcing depends
on its ability to absorb infrared radiation emit-
ted by Earth’s surface and atmosphere. This
ability is determined by fundamental spectro-
scopic properties of the molecule: to be really
elfiective. the molecule must absorb at wave-
lengths where the atmosphere 1s not already
strongly absorbing, The contribution also
depends on the change in the atmospheric
concentration of the gas: this change is deter-

VOL 315 SCIENCE

About 40% of the heat trapped by
anthropogenic greenhouse gases is due to
gases other than carbon dioxide, primarily
methane.

mined by the size of its emissions and by its
atmospheric lifetime. The lifetimes of non-
CO, greenhouse gases vary from less than a
vear to thousands of vears.

On a per-molecule basis, many non-CO,
greenhouse gases are far more effective than
CO, at contributing to radiative forcing. For
example, the absorption strength of heavily
Nuorinated molecules can be 10,000 times
that of CO,. CO, has a dominant radiative
forcing only because the increase in its atmo-
spherie concentration has been so large—
around 100 parts per million (ppm) since
preindustrial times. Methane, by contrast, has
increased by only | ppm: other important non-
CO, greenhouse gases have increased by parts
per billion or even parts per trillion (ppt). vet
still contribute appreciably to radiative forcing
{3. hi .Irlr.”

Determining the past and present growth
of non-C0, greenhouse gases in the atmo-
sphere is not trivial. A global network of sur-
face measurements has only become available
since the late 1970s (811, Unraveling earlier
histories requires measurements of “firn air”
pumped out of deep snow in polar regions, or
analysis of tuny bubbles trapped in ice cores.
Glacial records of the more abundant gases,

www.sCiencemag.org



CO, and methane, are well established. but
more complete histories of a wider range of
greenhouse gases have only recently become
available (//-7/4). Some, such as methane,
have natural backgrounds due to emissions
from. for example, wetlands, soils. and
the occan; methane concentrations have
increased dramatically in the 20th century as a
resultof human activities, including fossil fuel
use and agriculture. Other greenhouse gases
have been found to be entirely human-made,
Methane poses the biggest challenge to

tions of future methane changes remains en-
tative. Questions also persist about the natural
emissions of methane: a recent study suggests
that plants may constitute a2 much larger
source than hitherto believed (/7).

Two other major classes of non-CO,
areenhouse gases are the chlorofluorocarbons
and hydrofluorocarbons. Chlorofluorocar-
bons were widely used in, for example, refrig-
eration and air conditioning, but have largely
been phased out as a result of the Montreal
Protocol on Substances that Deplete the

Ozone Laver. The concen-

.

Parts per million
—t
Pl
L=]
i

trations of the most abun-
dant  chlorofluorocarbons
are nevertheless still high
and declining only slowly
because of their long life-
times (&). The hydrofluoro-
carbons have replaced many

0.80= - : ; 2

© Fluorine of the uses of the chlorofluo-
:g fEanis rocarbons: they are benign
5 o o stratosphenc ozone but
= sod are strong greenhouse gases.
E 40 ”;U% The concentration of the
£ ELE most abundant of these.
S 209 HFC-134a HFC-134a, more than dou-
13' bled every vear in the mid-

T T T T T T T i o B
1850 1870 1890 1910 1930 1950 1970 1990 2010  |990s and is stll increasing
Year by more than 10% per vear:

Time histories for the abundances of three non-CO, greenhouse
gases. Data for methane are from {6, 200 and for the hydrofluorocarbon
HFC-134a from (9, 10). The curve for CF, is based on a model fit to firn

air (13) and ice core (19} measurements.

current understanding. Its concentration has
increased by a factor of 2.3 since 1800, giving
a radiative forcing of almost 0.5 Wm™ (3, 9.
[0). Complications arise because methane 15
chemically reactive, leading to a number of
additional elfects. For example. rising meth-
ane concentralions can cause increases in
ozone and stratospheric water vapor concen-
trations. A recent emissions-based view of
methane’s radiative forcing that included
these additional  effects  estimated  that
methane’s true contribution was nearer (0.9 W
m~ (13). equivalent to more than half the
raciative forcing caused by CO.,,.

The steady rise in methane levels since the
mid-19th century has slowed markedly in the
past decade (see the Ngure). There are many
possible explanations for this; for example,
methane emissions may no longer be increas-
ing, the concentration of oxidizing radicals
may have increased because of other emis-
sions, or climate change itself may have has-
tened methane destruction (via increased tem-
peratures or a greater abundance of oxidizing
radicals) (8, 9. /6). Until this slowdown is
properly understood, confidence in projec-
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it is now at 40 ppt (see the
figure) (¥, 11). Its radiative
forcing is currently small

(about 0.005 W m=2), but if

its growth rate is sustained. it
will become a significant contributor,

Fully fluorinated gases. including SF_ and
perfluorocarbons such as CF . form another
distinct group of greenhouse gases. Their
sources include aluminum and magnesium
smelting, high-voltage dielectrics, and com-
puter chip production. Some, such as SF.CF,
(/&) have origins that remain obscure, These
gases have very long lifetimes, in some cises
more than 10,000 years (8). Once emitted,
these “super—greenhouse gases” impart an
essentially permanent, although currently
very small, change to the ammosphere’s ability
to absorb infrared radiation. Nearly all are
human-made. but CF, has a small natural
source. It took many millennia for the atmos-
phere to accumulate 35 ppt of CF . and less
than 50 vears of industrial activity to double it
(see the Nigure) (Y, 13, 1Y)

It is crucial that researchers continue to
monitor non-CO, greenhouse gas concentra-
tions and investigate their sources, lifetimes,
and spectroscopic properties. These data and
insights will enable industry and policy-
makers to make informed decisions on the
desirability and impact of allowing or curbing

PERSPECTIVES

emissions. CO, undoubtedly remains the sin-
gle most important contributor to greenhouse
vas radiative forcing, but the non-CO, green-
house gases are important both collectively
and individually. It seems unlikely that we
have overlooked a major contributor to radia-
tive forcing, but this was probably what was
thought in the early 19705,
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PUBLIC ENGAGEMENT

AAAS Town Hall Probes Challenges
and Opportunities of Climate Change

SAN FRANCISCO—With the United States
approaching a tipping point on climate change
policy, AAAS brought more than a thousand
teachers, students, business exccutives, and jour-
nalists together with wop researchers for a town
hall forum at the associations Annual Mecting.,
Presemtations at the event provided educators
and students with powerful evidence of climate
trends confronting humanity in the century
ahead. But a guarded optimism prevailed, and
through a ereative exercise on greenhouse gas
reduction and by exploring pos-
sibilitics for improved cars,
buildings. and power plants, the
speakers made clear that science
and technology can contribute
much to potential solutions,
AAAS President John P
Holdren, in the Annual Mect-
ing’s presidential address,
focused on the eritical near- and
long-term threats from climaie
change. At the town hall, he
opened on adifferent tack. Climate change is “an
immense ieaching opportunity,” he said, a single
framework for delivering lessons in physics.,
chemistry, biology, metcorology, and technology,
Ofien the subject 15 not taught eMectively,
said P John Whitsett, president-clect of the
National Scicnce Teachers Association {NSTA),
While national standards and benchmarks call
for tcaching it and NSTA and other groups are
working to aid teachers, traditional curriculum
“dictates science be taught in little boxes.” he
said. Textbook treatment of climate change “is
at best cursory and at worst nonexistent.”
AAAS has staked out an ambitious, active
profile on global chimate change, and the effort
culminated in the Annual Meeting from 15 w0 19
February under the theme “Science and Tech-
nelogy for Sustainable Well-Being.” Environ-
ment-related briefings and symposia gencrated
hundreds of news stories in the United States
and worldwide. Project 2061, AAASS science
cducation reform imitative, released a new
guide to teaching climate change at the mecting,
Later in February, the United Nations (LN, )
Foundation and Sigma Xi, the Scientific
Research Society, issued a climate change
report prepared for the UM, by a panel of 18
experts, including three recent and current

Researcher Lonnie G. Thampson

AAAS leaders: Holdren, who beeame chairman
ol the AAAS Board of Directors at the end ol the
Annual Meeting: former AAAS President and
Chairman Peter H. Raven: and former AAAS
Board Member Rosina Bierbaum,

Just before the town hall on Sunday 18 Feb-
ruary, the AAAS Board released a statement
that drew coverage in the Hashimgton Post and

other publications. “The growing torrent of

information presents a clear message: We are
already experiencing global climate change.” it
said. “It is time to muster the
political will for concerted
action, Stronger leadership ai
all levels is needed.... We owe
this to future generations.”
The town hall event,
“Communicating and Learn-
ing About Global Climate
Change.” offered partcipams
a half=day of forward-looking
bricfings and dialogue. It

opencd with the debut of

AAASS | 2-minute video, which describes the
science and impact of climate change and

focuses on the endangered Inupiat village of

Shishmarel in arctic Alaska.

Lonnie (. Thompson, an Ohio State Univer-
sity professor whose study of glaciers has dra-
matically expanded understanding of climaie

history, gave the audience a sobering tour of

Earth’s ice sheets. “Their loss s readily appar-

ent,” he said. “and they have no political agenda.™
Subsequent speakers sugpesied creative

approaches to climate change, few of them casy.

Paleoclimatologist Margaret Leinen. chiel

scicnee ofTicer for green=tech startup Climos
Inc., described how corporations and veniure
capital firms are moving more aggressively o
invest in potential solutions. “There is no silver
bullet for solving this problem.” she said, “but
we must use every alternative available to us.”

Citven the enormity of the problem, the chal-
lenge is daunting, said two Princeton scholars
who presided over a “Stabilizaton Wedges™
exereise, Members of the audience had to
develop a portfolio of options for reducing car-
bon emissions. Voting with electronic clickers,
they preferred conservation, increased elTi-
ciency, and allemative energy sources. lanzely
rejecting nuclear energy.

Green-tech visionary Amory B, Lovins,
chairman of Rocky Mountain Institute, sug-
gested that some climate preseriptions may be
oo dire. Politicians tend o concentrate on the
“cosl, burden, and sacrifice”™ of the effort, he
sand. “Any practutioner will tell vou, empineally,
that its not a costly activity, but a profitable one,
because its cheaper to save fuel than to buy fuel.”
Further, he said materials and technology are
emerging that will allow extraordinary energy
elMiciency in jets, cars, and buildings.

Those were the sorts of messages that
intrigued many teachers and others who attended.

“I"m concerned that kids will just get
depressed about the stte olaflairs,” sad Barbara
Denny, who teaches environmental science al
Miramonte High School in Onnda, California.
“Ireally want 1o encourage them 1o start thinking
about solutions. So [ came for inspiration.”

( To see AAAS S climate resources, including
town hall presentations, the new video, and the
education groups that cosponsored the evemt,
visit wwwanas.org/'climate. )

HEALTH SCIENCE

New AAAS Book: Straight
Talk on Fighting Obesity

The cover features a brightly colored mélange of
vegetables, and the pages inside hold a wealth of

plaim-spoken ancedotes and
science-based advice, mak-
ing the latest book in
AAASS “Healthy People™
an accessible, common-
sense guide o fitness and
fighting obesity.

“Obesity; The Science
Inside.” like the six earlier volumes by AAASS
award-winning Healthy People Library Project,
15 aimed at providing useful information to
minerity and disadvantaged communitics
through public libranes. It steers clear of jargon
while emphasizing the importance ol good
biealth habats such as catng nght and exercisimg.

With childhood obesity of particular con-
cern. the volume also includes tools for parents
1o help their children stay healthy, said Kirstin
Fearnley, the AAAS Education and Human
Resources program associate who rescarched
and wrote much of the booklet

The booklet was funded in part by the
National Center for Rescarch Resources at the
LLS. National Institutes of Healh. To obtain free
copies, visit www. healthlit.org.

— Carol Viera
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Materials for Aesthetic, Energy-Efficient,
and Self-Diagnostic Buildings

John E. Fernandez

It has become desirable to reduce the nonrenewable content and energy footprint of the built
emvironment and to develop "smart buildings” that allow for inexpensive monitoring and self-
diagnostic capabilities. Latest-generation embedded sensors, self-healing composites, and nanoscale
and responsive materials may augur a time when buildings can substantially adjust to changing
environmental and functional demands. However, faced with the legal liability resulting from unknown
lifetime performance, designers and engineers have had little incentive to incorporate new material
technologies into building designs. As efficdency issues become more acute, the potential for
improvement in performance from new materials, together with partnerships between the materials
scence community and those entrusted with the design and engineering of the built environment, may

offer real breakthroughs for the future.

wildings satisfy one of the most basic of

all human needs: sheltenng the diverse

collection of human activitics. The im-
mutable requirement o provide a reliable and
durable buill environment has been both a car-
alvst for and a bepeliciary ol advances in modem
materials science and enginecring.  Equally
enduring is our interest in representing cultural

vilues through our buildings. During much of

the 20th century, visions of buildings as “ma-
chines for living™ were paticularly effective in
promoting the development of novel material
solutions.

Today s buildings contain many materials not
available only decades ago. meluding remforeed
concrete, neoprene, silicone, polvivinyl chloride)
(PVC), ethylene teirafluorocthylene (ETFE),
laminated glass using polyvinylbuivral and
[iber-reinforced polymer composites, and many
others (Fig. 1)(/) Many of these materials were
discovered and used successfully in indusiny
docades before their application in buildings,
For example, PVC was synthesizad in its pure
form in 1913 and introduced commercially in
1933 but was not used extensively in buildings
until the 19705, ETFE was introduced commer-
cially in 1970 but was not used in buildings until
recently, despite very good propertics as a glass
replacement,

In developed nations, the material through-
put devoted w the buill environment accounts
for 70 (by weight) of national totals. Con-
struction and demolition waste rom buildings
amounts 1o 6% of the total nonindusirial waste
stream, whereas the global production of con-
crete alone accoumts for about 3% of wial COy
emissions, In addition, buildings are a compo-
nent of primary energy use and account for 40%,

Department of Architecture, MIT Building Technology Pro-
gram, Massachusetts Institute of Technology, Room 5-418,
77 Massachusetts Avenue, Cambridge, MA 02139, USA.
E-mail: fernande@mit.edu

ol wtal energy consumption and 60% of clee-
trical use in developed nations,

Materials for Building Structures
The physical components of a building’s struc-
ture are responsible for the collection and dis-

tribution of the weight of all of the clements of

the building and imposed loads (rom the
environment. A building s structure is composed
of two subsystems—the superstructure above
ground, and the substructure foundation below
around —along with all of the vanous sccondary
assemblies that ansfer static and dynamic loads
1o the building frame. Stresses that pass through
these components are the result of the cumu-
lative mass ol all fixed objects within the
building, pcople using it, the building com-
ponents themselves, snow and rain, as well as
dyvnamic pressures from the wind that presses
on its facade and roof, canhquakes. long-term

foundation settlement, and a diverse vanety of

lacal conditions. For the most part, the extent
of the structure encompasses the enclosed
volume of the building, which results in a need
for strong, stff, and inexpensive materials. The
selection ol cconomically viable materials for
this system is relatively Timited and has trmdi-
tonally included wood, stecl, concrete, stone,
clays, and a vanety of masonry matenals. Other
nontraditional structural materials such as alu-
minum, glass, and structural textiles are used
only occasionally, with the exception of fiber-
reinforced polymers (FRPs), which are widely
accepted for short-span bridges and small-
building applications (2-4).

Improving liletime service reliability has led
1o intense work in monitoring the health of large-
scale structures and providing solutions for dam-
age caused by the envionment and age, Cur

buildings are designed for wypical service lives of

50w T3 years, whereas large civil structurcs are
expected 1o attam a 120- 1w 150-year life without
additional investment. Monitoring and ensuring

< A

the health of these structures includes technolo-
gies o provide accunite and INexpensive sensors
as well as matenals that admmister a uselul level
of reparr and seli-healing: the latter are vanously
refermed oas “smant,” “seli-diagnostic,” and “self-
healing” matenals, Another set of concems are the
overall environmental and resource 1ssucs that

accompany the construetion and maintenance of

material-intensive building and  infrastructure
projects. With the awareness of the growing
resource consumption invelved in the construc-
tion and operation of buildings, designers and
engineers are in scarch of wechniques and
materials that contribute breakthrough gains in
matenial and encrgy efficiencies,

Structural wood composites, referred o as
engineered woods, have been manu factured (rom
a varely of wood waste products, with phenol
resorcinel as the most common bonding agent.
Wood composites have been used i Europe
smee around 1890 and today mclude glue-
lammated members, laminated veneer lumber,
parallel-strand  lumber, and laminated strand
lumber. Engineered woods are superior 1o natural
timber in their dimensional stability, use of wood
waste, and case of customization. Current research
includes wextile and fiber reinforcement using car-
bon, glass, and aramid materials for higher
srength and sufliness (5). Research 1s needed
for inexpensive fire treatments and effective,
environmentally benign, nontoxic wood prescry-
atives w replace chromated copper asenate,
which has recently come under senuting as a
source of elevated arsenic levels in areas adjacem

Fig. 1. The ETFE pneumatic double-membrane
“pillows” of the fagade of the Space and Sdence
Center in Leicester, UK. ETFE, a member of the
flucroplastic family, offers excellent transparency,
good mechanical strength, good permeability
resistance, and excellent abrasion resistance over
a temperature range of —185°C to +150°C. [Pho-
to by ). E. Fernandez]
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to wood decks, children’s playgrounds, and other
treated structures.

Rescarch advances i metals for structurcs
have made good progress at improvimg rehiable
service under catastrophic conditions. New steel
alloys have attained much higher senvice 1em-
peratures while retaiming more than 7004 of their
strength, an imponant considertion in prevent-
ing catastrophic collapse due w fire, Other steels
alloyed with various amounts of vanadium, mo-
Iybdenum, niobium, and copper have shown in-
creased strength over the temperiture range in
which typical structural stecls lose sirength, 250
o 35060 (), Also, metal-polymer liminates using
clastomeric and natural rubber lavers sindwiched
between steel or lead plies have been used as
isolation beanmngs for bunldings in scismic 2ones,
The bearing surfaces lor such deviees are as large
as | m? and sustain loads of up 1o 5 MN., These
assemblics are located at the interface between the
superstructure and the foundation and take ad-
vantage of the nonlinear viscoclastic behavior of
rubbers that are capable of delormation up 1o
I00P% without permancnt damage ( 7).

The development ol new concretes, vanous-
ly reinforced, has been an extremely rich field
for materials research for many decades. Major
goals of the past several decades have baen high
strength, lower water and coment content, im-
proved wughness, and resouree ellicieney. Con-
eretes of varous Kinds now use a long list of
additives for strength, workability, controlled and
accelerated cunng, compaction, shriink minimi-
zation, air eotrminment, and the reduction of wa-
ter and cement content. Mineral additives include
sands and coarse aggregates, metakaochng silica
lume, industnal slags, and fly ash; these are used
in a variety ol concrete mixes for volume fillers,
compaction, and cement substitntion. Chemical
additives include superplasticizers ol sulfonated
melamine-formaldehyde condensates, sulfonated
naphthalene-formaldehvde condensates, modi-
fied hignosulfonates, and polycarboxylae deriv-
atives: water-reducing additives include salis and
modifications of hgnosulfonic acids (lignins),
salis and modifications of hydroxylized carbox-
vlic acids, and various polvmeric materials,
These matenals facilitate the production of ce-
ment paste at lower water comtent by defloceulat-
g the comen particles and liberating watcer,
They can also, along with certain sugars and de-
rivatives, retard the curing of conerete.

With these and other improvements, concrete
materials have become more workable, durable,
and reliable. Impressive gains in strength have
accompanicd the improvements to these proper-
ties, Axial compressive strengihs have increased
to more than 130 MPa, a threelold rise since 1985,
Ultrahigh-performance fiber-reinforeed coneretes
{UHPFRCs) use thin steel whiskers distnibuted
randomly in a highly engineered and compacted
concrete matrix composite that displays distinet
ductile hehavior, Recemt work has produced a
nano-cnabled flexible concrete that uses embed-
ded polyviny] alcohol microfibers coated with a
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nanoscale film that controls the fiber-matnix in-
terfacial bond: relative o conventional concrete,
this material 1s 300 tmes as resistant o cracking
and 40% lighter per unn weight (8) Acrated
autoclaved conerete is a foamed material light
and soft cnough to be cut with a large bandsaw
and stacked like masonry,

Cement research has also considered alter-
native binders of lower embodied cnergy, These
ternative binders result in “green” conerele, a
less resowrce-intensive material. The use of in-
dustrial by-products such as slag and Iy ash,
along with postconsumer materials such as ex-
panded polystvrene, glass, and recyeled concrete,
allows the concrete matrix 1o act as a long-term
reposttory for matenals that would otherwise end
up m a landfll ().

Cumrent challenges m structural matenals con-
tinue 1o be Jow cost per unit weight, improved
strength per unit weight, and strength per unit
embodied energy with reliability and durability.

In addition, the monitoring ol structural behay-
ior deserves special mention. Sensors have
been successtully placed in many types of strue-
tres, including conerete, steel, wood. and FRP
frames (J-12). Conerete and FRP are panicu-
lardy amenable to accepling materials and devices
that can relay information about the imemal stress
and strain, as well as moisture content and tem-
perture of concrete and FRP matnees (13, £4).
This is important because FRPs, and carbon fiber
reinforced polvimers (CFRPs) in particular, are
used more intensely as a primary repair system for
concrete and masonry  structures and  carbon
libers become a commaon reinforcing material di-
rectly in the conerete matrix (15, J6). Carbon
nanotubes and sheets have potential as monitor-
ing media while providing enormous improve-
menis in strength (17, 18).

Materials for Exterior Enclosures

The building enclosure system controls the low
of mass and encrgy between the inside and out-
side. In concent with building services, this svs-
tem ensures that a reliable and habitable nenor
environment can be maintained. Air, water, acous-
tie pressure, and pollutants @ well as mdiant heat
and visible light from the Sun constitute the
major clements of these Nows, Today, this system
includes thermal insulation, air, vapor and radiant
barriers, windows, and many other components,
In the past, massive walls would cnsure that wa-
ter, air, and heat flow could be controlled 10 an
extent. Over the past decades, the modern build-
ing enclosure has deliverad a much higher level
ol predictable service by developing into a multi-

lavered system incorporating a diverse range of

matenials. These assemblies include the opaque
verical wall, windows, doors, and other open-
ings: the roof, skylights, and water management
clements such as flashing and rainwater drains;
and any number of elements that negotiate the
geometric configuration of the building nself,
Separation and specialization of function has
been faclitated by the inoduction of higher-
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performing matenals targeted at specific barrier
needs,

Relative o therr minerml wool and natural
fiber precursors, modern insulation matenals are
1.5 10 3 tmes as resistant 1o the flow of heat.
Typical matenials woday include blnkets of loose,
nonwoven glass libers; eated collulose; and poly-
mer foams including polyisocyanurate, polyicynene,
polyurcthane, and polystyrene, High-performance
systems include vacuum- and gas-lilled pancls
encased in aluminized Mylar pillows s well as
acrogel materals of foamed silica capable of ther-
mal resistance as low as 0.008 W m™' K7 (Fig. 2),
Water vapor resistance is ofien provided by ap-
plving a continuous material laver of linmated
permeability, most commonly polyethylene sheet-
ing. Air bamiers use a vanety of sheet matenals,
and radimt barmers wse alumimized paper and
Mylar [ilms.

As with structural matenals, research for the
extenor envelope can also be grouped into two
separate hsts. First, improved materals for the
opaque portion of the exterdor envelope—that
arca of buildings containing all primary barrier
systems—can contribute to an overall improve-
ment in energy use. Air, vapor, and radiant bar-
ners a5 well as materials that are better thenmal
insulmors are critically needed. Smant barriers that
can be wned for a variety of climatic and per-
formance conditions may better address the need
to balance energy efficiency with health con-
cerns arising from sick building syndrome. Sec-
ond, the ransparent ponion of the envelope
individual window assemblies, curtain walls,
and skylights —would benefit from a new gen-
cration ol materials with precisely tuned proper-
tics to allow dayhght, avoid plare, and provide
controlled heat gain and loss.

Cument work includes high-perdformance ther-
mal insulators of gas-filled panels using argon,
krypton, and xenon gas with acrogel (open-cell
silica foam) or glss-fiber Niller natenals. These

Fig. 2. Detail of an unfinished exterior wall
assembly showing a waterprool membrane of self-
adhering ethylene propylene diene monomer rub-
ber (EPDM) on a structure of precast concrete inset
with aluminum window frames. [Photo by ). E
Fernandez]
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panels have demonstrated effective thermal con-
ductance as low as 0,00 W m ™' K" that is, they
are about 3.5 tmes as eflective as typical glass-
fiber batt msulation. Vacuum panels can achieve a
value of 0.002 W m ™" K ™' and lower. However,
these systems are relatively expensive and require
carclul mstallation, Robust and incxpensive super-
irsulating materials of thermal conductanee below
002 W m™" K will markedly improve thermal
performance of buildings, Additionally, scli-
repairing air and vapor bamiers would  greatly
advance the energy performance of’ contemporary
buildings by automatically sealing gaps arising
from inconsistent quality in the application of
these matenals,

Matenal needs for the transparent portion of
the envelope roguire better materials for precise-
Iy tned aperures for a variety of building tvpes
and climates. Brnging i daylight is always
tempered by the effect of glare and the heat that
15 transported through mfrared mdiaton. The
use of low-emmissivity metal oxide coatings is
now widespread in the United Swates. A full
407 of all windows sold today are coated with
a low-emissivity coating that reduces mdiative
heat Mow. Many other materials are being
developed for high-perfonmance window asseim-
blics, including speciml-selective glass and
polymer sheets and foils; micomeler-scale
particles of Cal0, BaS0y, Titk, and ZnS em-
bedded in poly(methyl methylacrylate) (PMMA)
and polycarbonate substrates for control of solar
radiation; angular-sclective thin Alms; and laser-
grooved polymer pancls and holographic films
(19-22). There s also a need for inexpensive and
eflicient reflective mirror surtaces and ulirchear
solid polvmers for “light pipe” and “light guide”
devices that conduct daylight deep into the
interiors of buildings and are inlegrated  with
anidolic ceiling assemblies (27),

In comtrast, sman materials for active glazing
have been developed but are not cumently cco-
nomically viable for most buildings: many are
priced at $73 1o $250/'m”, 2 1o 5 times the cost
of double-pane. metal oxide-coated pglass. These
chromogenic materials display  electrochromic,
photochromic, and thenmochromic behavior and
use a wide varicty of morganic and organic ma-
terials, including WO3, NiD, Ir0,, V,0e, and
others ( 24). Despitc the cost, active glung 15 a
promising field that could lead 1w effective
solutions for low-coergy buildings. For exam-
ple, recent work has resulied in the development
of materials that demonstmic a continuously
tunable refmctive index by varving the use of
metal oxide nanoparticles (23), Switchable mir-
rors using transition-metal hydride elecurochro-
mics are also being developed, and a number of
themmochromic glass laminates may contribute
to the production of glazing systems that reject
unwanted solor hem gain while  maximizing
daylighting,

Finally, scli-clcaning materials have boen
developed wsing biomimetic micro- and nano-
textured surfaces that mimic the behavior of sev-

cral hvdrophobic plant leaves, notably Nefumfa
mucifera (lotus) and Codocasio escrfernia. One
example uses micro- and nanopattemed surfaces
of PMMA (26). Other examples of anificial
biomimetic roughness-induced hydrophobic sur-
laces have shown that a combination of surface
coating and roughness determines the level of
water repellence and thus the seli=cleaning ca-
pacity of the material (27),

Materials for Building Services

Modern buildings deliver carclully modulated
amounts of heat, air, artificial lght, water (and
sometimes  humidity ), w@lecommunications and
data, natural light, and other elements 1o their
interior spaces, In addition, buildings evacuate
wastes, mcluding heat, stale air, and hgud and
solid wastes. This system is analogous to life-
support systems in vehicles ofall Kinds, Building
serviees are intended to create a well-regulaed
mterior enviromment taldored © serve the needs
of occupants in buildings of all types.

Desiceants that support the natural ventilation
ol buildings and effectively function at a range of
dew points and tempertures are needed, Many
desiccants are commonly used for low dew points
in the mnge of 50° o 55°C. Passive humidity
control materials for improving the mass and heat
transfer ol desiceant wheels would contribute 10
low-cnergy strategios such as natural ventilation
and desiccant air conditioning. Porous ceramics
are particularly attractive in these applications,
Also of interest are materials with high thermal
mass, including phase change matenals (PCMs),
for use m mdiant heaing and cooling. These
matenals—salt hvdrates (such as CaCly6HL0
and LiNOy-3H.0) and paraftin waxes—use their
phose mnsition 1o store energy over a dinmal
cvele (28).

As electricity consumption  increases, har-
vesting energy  from solar radiation is an
imporiant research area, Silicon-based photovol-
taics (PVs) account for more than 9% of
production. Single-crysial and amomphous cells
on the market account for an average efliciency
of 12.5% (29, Allemative materials, including
CulnSes and CdTe cells with efliciencics of 20%
and organic cells, are providing some novel re-
search pathways, Becently developed PV devices
use TiCs manorods together with the conjugated
polymer MEH-PPY (poly|2-methoxy-5-(2"-
clhyl-hexy loxy ) L d=phenyvlene vinyvlene) () or
use silicon and silicon dioxide w produce quan-
tum dots that absorb a wide range of light wave-
lengths (31).

In the United States, about 8% of total encrgy
and 20% of electrical energy is consumed in
artiticial lighting. OF the latter, 42% is consumed
by incandescent bulbs, a technology that
produces light indirectly from a heated lilument,
Solid-stme lighting (SSL), the dircet conversion
of clectricity imo light with semiconductor
matenals, s an extremely promising licld of
rescarch to reduce this encrezy consumption, The
challenge will be 10 produce baght white light

REVIEW

emission at high efliciencics and low cost.
Cumently, the cost of SSL devices for architec-
tural lighing exceeds a competitive level by
multiples of 10 to 100 (32),

The materials scicnee challenge for SSL is
primarily in basic rescarch; understanding the
behavior and control of hght production Trom
light-cmitting diodes (LEDs) and organic LEDs
{OLEDs), discovering alternative  lumincscent
materials, developing optimal material system
and device architectures, and maximizing the
extraction of light from all S5L devices (Fig. 3).
Today, three- and four-component inorganic ma-
terials of aluminum indium gallivm phosphide or
nitride (AllnGaP or AllnGaN) are most efficient.
However, there remain many material combina-
tions that have not been tested and may produce
wood results, Organic matenals of carbon solids
have been used or thin-lilm architecture SSLs.
including polymer LEDs (PLEDs), and com-
bined morganic and organic materials promisc
real breakthroughs in pedommance. Currently,

industry attention is locused on the application of

OLEDs in flat-pane] displays because substantial
obstacles, such as short service life and high cost.
prevent the widespread use of OLEDs in general
lighting applications (33).

Materials for Interior Construction

Interior construction is pnmarily meant o de-
lincate interor spaces and 1o provide privacy
through acoustic and visual sepamtion. Rescarch
in materials that improve the interior coviron-
micnt may contribute 1o the health effects of our
buildings. Recent work in this arca has vielded
both virucidal and bactericidal surface coat-
ings. The virucidal coating consists of methyl-
polyethylenimines (PEls) and other hydrophobic
PEI derivatives (34). A bactericidal coating is
titanium dioxide exposed 10 near-ultraviolet
light (35). More work in this field 10 develop
coatings that effectively eliminate mold and
fngus growth may greatly improve indoor air
quality in buildings. especially those in humid
climates.

A New Era of Material Innovations for Buildings
Recently a new building, the Dives in Miscncordia
Church in Rome, scemed to be roducing the con-
centmtion of wrban pollutants in its immediate
vicinity (36). Upon investigation, it was disco-
vered that the tanium dioxide coating on the
large concrete walls of the church was reacting
with nitrogen oxide pollutants in a photocaialytic
reaction, resulting in a decrease of pollutants in
the arca. Although the TiO was originally spec-
ificd for its visual qualities and sell~cleaning
properies, its effect on local pollutanis was a
suprise 10 the architects and engineers of the
building. Further research is needed 1o determine
cfficacy and real henefits, but proposals ane
dlready surfacing for the use of photocatal ytic
coatings in sidewalks and mads o neutraliee the
concentration of pollutants found in dense urban
conditions,
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Fig. 3. A polymer microlens amay, each lens
about 5 pum in diameter and printed on an OLED
substrate, extracts 70% more light than a typical
white-light OLED. [Photo courtesy of Steve Forrest,
University of Michigan]

Also, a “pew” material—polyamide, or
nylon-—has emerged in applications as a “sman”
vapor barrier in exterior envelopes. Its water
vapor permeability increases by a factor of 100in
conditions of very high humiadity. This s
particularly  useful when moisture 5 trmpped
mside a wall assembly. The vapor bamier
becomes more penmeable and allows moisture
to escape. reducing the risk of corrosion, rot, and
the growth of mold and mildew. Although nylon
was discovered in 1931, its propenies as a vapor
barrier were not described until 1999, and it was
recently commercialized for this purpose (37),

Both of these examples illustrate opportuni-
ties that arise rom addressing the needs of the
built environment with materials science and en-
gingering. The first resulied from an unintended
consequence of an acsthetie choice, the second
froem an overlooked property of a commaon ma-
tenal. Both examples mise the question of why
our buill environment has been so resistant 1o
change when new matenals may oller better per-
formance and more satistying acsthetic esulis,
The introduction of unfamiliar materials in
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buildings is ditficull because of life salety
concems, [irst-cost constraims, and the reluctance
of builders to adopt new practices in the field. In
addition, the very long hite of buldings that serve
as host to unproven matenals compounds the sk
of legal exposure for all involved, from rescarch-
ers (o builders. However, 1 is likely that latent
oppomunitics for achieving a substantially im-

proved built environment await the attention of

building expens and the materials scicnce com-
munity united in common research goals,
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Scleractinian Coral Species Survive
and Recover from Decalcification

13+ and Dan Tchernov??

Maoz Fine
nereasing  global concentrations of atmo-
spheric carbon dioxide (CO5) enlance hy-
drolysis of COs in seawater, ultmately

decreasing seawater pH (/). This has already

caused the pll of modern surface waters (8.0 1o

8.3) 1o be about (L1 pH ounit less than m pre-

industrial nmes, and geochemcal models have

estimated further acidification of up 1w L4 pll

units over the next 300 vears (f).

Increased atmospheric C0; also reduces car-
bonate won concentrations 0 scawater, which
decreases the saturmtion of aragonite (2-arag),
the principal mineral deposit of corals. L2-arag,
together with temperature and light, sets bound-
aries for coml reel biogeography (2). Reel com-
munities thrive where C2-amg is 3.1 1o 4.1, but
under (05 doubling £3-arag is projected 1o drop
below 300 Experiments have shown that OO,
doubling results in reduced coml calcification
(by 44 10 80%) (). A concem has been raised
(4) that low LQ-arpg values and increased
chemical dissolution might shift the balance

from net accumulation at present 1o net loss
under high-COy conditions,

The geological record suggests that there
have been periods with unfavorable conditions

for calcification, characterized by absence of
fossilized coral (reef gaps ) (5). The phylogeny of

recent corals suggests, however, their ongin in
the pre-Permian extinction (), These contra-
dicting [acts led 1o the hypothesis that cormls
have a means of allemating between soll bodics
and fossihzing forms (3, 7, &), but this has never

been tested. We therelore examined the ability of

scleractinian corals 1o survive acidic conditions.

Thiny coml fragments [rom five coml col-
onics ol the sclemctinian Medilerrancan specics
Eculing patagonica (encrusting) (Fig. 1A) and
Madvacis pharenciz (bulbous) were subjected 1o
P values of 7.3 to 7.6 and 8.0 w 8.3 (ambicnt)
for 12 monmths, The corals were maintained inan
indoor low-through system under ambieni
Mediterrancan  scawater temperatures (17° 10
30°C) and photopenod (intensity of 230 umol

50 ! . . - v .
Fob D5 Apr Jun Aug Oct Dec FobD8

Fig. 1. Photographs of O. patagonica. Scale bars indicate 2 mm. (A} Control colony. (B} Sea ane mone—
like coral polyps following skeleton dissolution in low-pH conditions. (€) Solitary polyps reforming a
colony and calcifying after being transferred back to normal seawater following 12 months as soft-
bodied polyps in low-pH conditions. (D) Time series illustrating percent change (average = SE} in protein
per polyp (biomass) and total buoyant weight over 12 months in experimental (pH = 7.4) and control
(pH = 8.2) seawater (N = 20). A two-way analysis of variance (time x pH) revealed significant changes

(P = 0.001) between treatments over time.

photons m * 5N After | month in acidic
conditons, momphological changes were scen,
mitially polyp clongation (Fig. 1B, tollowed by
dissociaton ol the colony [omm and complete
skeleton dissolution, Surprisingly, the polyps
remained attached 1o the undissolved hard ocky
substrate (Fig. 1C),

The biomass of the solitary polyps under
acidic conditions was three times as high as the
biomass of polyps in the conrol colonics that
cominued to caleily and grow, Control and treat-
ment fmgments maimtained their algal svim-
bionts during the entine experiment, excepl for
si% fl'..l:__'_lllt.'“lh (10%:Y of ) Xt than
partially lost their symbionts (bleached) during
July but recovered within 2 months, Gameto-
genesis i control and  experimental  corals
developed similarly during spring and summer
mionths,

Adl skeleton-Tree coml frmgments survived 1o
the end of the expenment Afier 12 months,
when trans ferred back o ambicot pH conditions,
the experimental soft-bodied polyps caleified
and reformed colonies (Fig. 1D), Hence, in the
absence of conditions supporting skeleton build-
ing, both species maintained basic life functions
as skeleton-less ecophenotypes. This has far-
reaching implications lor better understanding
the matural history of comls (6, &) but mainly
implics that corals might survive large-scale
environmental change, such as that expected for
the following century.

Physiological, versus geographical, refugia
miay provide a broader explanation for the exis-
tenee of corals during times ol stress. It is im-
portant o note that although survival as soli
bodics allows corals o persist, substamial de-
calcification of reefs will cause major changes 1o
the structure and function of coral reel” ecosys-
tems and the services they provide to human
SOCIeLY.
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Floral Gigantism in Rafflesiaceae

Charles C. Davis,* Maribeth Latvis,» Daniel L. Nickrent,? Kenneth ). Wurdack,® David A. Baum®

he Rafflesiaceae are leafless, siemless,
I and rootless nonphotosynthetic parasites
that live embedded in host plants (/).
With flowers measuring up to a meter in di-
ameter and weighing up to 7 kg, Rafllesiaccac
sensi stricio |Supporting Online Material (SOM)
text] possess the largest Mowers of all angio-
sperms. Like other holoparasitic angiospenms,
the phylogenetic affinities of Rafllesiaccae have
proved difficult o resolve because of their re-
duced vegetatve momhology, highly modified
reproductive structures (1), and anonlous and
olten accelemted molecular evolution, particu-
larly in plastid (cpy DNA (2-6).
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Fig. 1. Phylogeny of Euphorbiaceae [including
Rafflesiaceae (bold)] based on a temporally
calibrated ML tree (see SOM text for details and
fig. 51 for full tree). ML BS and BPP, respectively,
are provided. Support values = 509/0.50 are
designated with asterisks. Flower size diameters (in
mm) are provided (right), and ancestral flower size
estimates are indicated at the stem and crown
nodes of Rafflesiaceae. Reconstructions indicate a
79-fold increase in floral diameter for stem lineage
Rafflesiaceae (with a 95% confidence interval of
74- to 83-fold). For additional ancesiral size es-
timates see SOM text. Color images with scale bars
illustrate the approximate sizes of flowers repre-
sentative of the three genera of Rafflesiaceae
(Rafflesia amoldi, Rhizanthes lowsi, and Sapra
himalayana), plus a representative of Euphorbia-
ceae (Ditaxis neomexicana)l, the latter being
similar in size to the inferred ancestral flowers at
the stem node of Rafflesiaceae,
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By analysis of slowly evolving genes,
especially from mitochondrial (mt) DNA,

RafMlesiaceae were shown 1o be members of

the Malpighiales (4-6), a diverse group ol circa
(ea) 16,000 species, with 29 major subclades
[mosily recognized as Tamilies (7)), However,
the position of Ralflesiaceae within the order
was unclear because of either insulTicient taxon
sampling (4, 6) or a lack of phyvlogenctic signal
(51 We used maximum hkelibhood (ML) and
Bayesian inference (Bl) 1w estimate the phy-
logeny of Malpighiales from ca. 11,500 base
pairs of sequence data (see SOM text for
detailed information). Five mt genes (cem B,
cob, matR, nadé and rps3) and one cp gene
[mmrent& (X)) were sampled from 111 accessions
representing all families ol Malpighiales (7)
and 22 outgroup species, including Rafflesia-
ceae’s obligate host, Tetrastigma (Vitaceae).
Nuclear (nr) small- and large-subunit ribosom-
al DNA regions were also included for a subset
of 40 taxa. Examination of ML bootstrap
scores (BS) and Bavesian posterior probabil-
itics (BPP) in the individual analyses of the
cight gene regions revealed no significant
topological discord, and thus the data were
comeatenated and analyzed in combination.

Both the ML and Bl analyses showed that
RafMesiaceae are nested within Euphorbiaceac
(Fig. 1. Strong support was found for both the
RafMesiaceae plus Euphorbiaceae clade (BS =
94% and BPP = 1.0 and the clade that includes
RafMesiaceae and all Euphorbiaceae cxcept
Pera, Clutfa, and Pogonophora (BS = 87%
and BPP = 0.99),

The phy logenetic association of Raftlesiacene
and Euphorbiaceae is robust and not attrib-
utable to phylogenctic arifacts (Y). Although
the morphology of Rafllesiaceac prevents en-
tification of unambiguous synapomorphics.,
some reproductive traits (/1) are consisient
with a placement of Rafllesiaccac within
Euphorbiaceac,

We conducted a guantitative analysis of

Moral size evolution in the context of the esti-
mated phylogeny (SOM 1ext). Flower sizcs were
determined from the literature and  herbarium
data. A likelibood ratio test (/) rejects the
hwpothesis that there was a single rate of Nower
sige evolution in the entire Euphorbiaceac-
plus-RafMlesiaceae clade. Instead, the optimal
model assigns one rae o all Euphorbiaceae
lineages and crown-group Rafflesiaceae but a

different, higher rate 1o the stem lincage of

Raillesiaccae, This demonstrtes that floral
gigantism evolved principally along the stem
lincage of RafMlesiaccac, whercas subsequent
flower-size evolution within crown group Ral-
flesiaceae revened 1o the original cuphorbiaceous
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rate. Flower size evolved about 91 times
faster along the stem lincage than in the rest
of the phylogeny. By using Brownie (/7). we
catimated lower diameter to have mereased
from 2.4 [confidence interval (CD of 1.1 10
5.3 mm] o 1891 mm (Cl of 91.2 10 392.2 mm)
along the stem lincage of Rafllesiaceac (Fig. |
and SOM text): a ca. 79-fold increase in size in
a period of ca, 46 million years (Fig. 1), Thus,
a placement of giant-Mowered RaMlesiaceac
within Euphorbiaceac, whose Mowers are near-
Iy all tiny, only increases the evolutionary
enigma ol “the greatest prodigy of the vegetable
world™ (/.3).
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Seismostratigraphy and Thermal
Structure of Earth’s Core-Mantle
Boundary Region

R. D. van der Hilst,»* M. V. de Hoop,® P. Wang,® 5.-H. Shim,* P. Ma,? L. Tenorio®

We used three-dimensional inverse scattering of core-reflected shear waves for large-scale,
high-resolution exploration of Earth's deep interior (D) and detected multiple, piecewise continuous
interfaces in the lowermost layer (D) beneath Central and North America. With thermodynamic
properties of phase transitions in mantle silicates, we interpret the images and estimate in

situ termperatures. A widespread wave-speed increase at 150 to 300 kilometers above the core-
mantle boundary is consistent with a transition from perovskite to postperovskite. Internal

D stratification may be due to multiple phase-boundary crossings, and a deep wave-speed
reduction may mark the base of a postperovskite lens about 2300 kilometers wide and

250 kilometers thick. The core-mantle boundary temperature is estimated at 3950 = 200 kelvin.
Beneath Central America, a site of deep subduction, the D" is relatively cold (AT = 700 =

100 kelvin). Accounting for a factor-of-two uncertainty in thermal comductivity, core heat flux is
80 to 160 milliwatts per square meter (mW m~2) into the coldest D" region and 35 to 70 mW m2
away from it. Combined with estimates from the central Pacific, this suggests a global average of

50 to 100 mW m~2 and a total heat loss of 7.5 to 15 terawatts.

ta depth of <2890 km, the core-mantle
boundary (CMB) separates  turbulent
Now of liguid metals in the outer core

rom slowly convecting, highly viscous mantle
silicates. The 200- w 300-km-thick  thermo-
chemical boundary laver on the mantle side

the so~called D laver—is enigmatic (£, 2), but a
recently discovered phase trmnsition from perov-
skite (pv) o postperovskite (ppv) in (Mg FelsSi0,
(3-3) begins 1o explain seismologically observed
complexity |eg. (6)]. [Fthe ppyv rnsition ocours,

Fig. 1. (A} In the mantle,
tomography depicts smoath
P-wave speed variations (45)
associated with deep sub-
duction (blue structure in
center of section) beneath
Central America; inverse
scattering constrains deep
mantle reflections in the
lowermost 400 km. Super-
impased on the tomograpiy/
scattering image are sche-
matic ray paths of Sc5 waves
reflecting at and above the
CME: a depicts specular CMB
reflections, which contribute

to the main 5¢5 arrival in the seismogram shown, b depicts scattering above the CMB, which
produces precursors, and ¢ depicts nonspecular reflections (at CMB or above it), which arrive mainly
in the coda of 5¢5 (we consider precritical reflections only). (B) Geographic map of the study region
with bounce points of the ~80,000 5¢5 data points (specular CMB reflections) used in our inverse
scattering study (17) (black dots), along with the lines of cross section for the 20 images shown in

one can, in principle, estimate in situ vanations in
temperatune froon the pressure-temperature depen-
dence (that 15, the Clapevron slope) and the seis-
mologically infamed location of the associated
interface (7). Steep (conductve) themmal gradients
in I can produce multiple crossings of the phise
boundary, and identification of associated seismic
sipnals oflers new opporiunitics for constriuning
(localy core heat Mux (¥, YL

Seimmic (ransmussion) omography  delin-
cates smooth changes i wave specd associted

latitude (°)

Figs. 2 and 3. At each yellow dot, the generalized Radon transform (SOM Text 51) produces radial
profiles of contrasts in elastic properties (inset). The color does not scale with impedance contrast
but with the reflection coefficient (14} (blue, R = O; red, £ < 0). Only structure outside the 75%

confidence level (thin lines) is discussed here.

with mantle convection (Fig. 1A), but one must
focus on the scattered wave field 1o image

mterlaces associated with transions in mun-
cralogy or composition. Scattering off PKP
{the main P wave propagating through the
cored in D", first recognized in the carly 1970
(/th, has been uwsed to constrain stochastic
mixdels of deep mantle structure [e.g., (1)), bu
the most detailed and accure constraints on D"
structure to date have come from forward
modeling of shear waves reflected at or near the
CMB (f2, 13). This approach has its drawbacks,
however, First, it requires prior knowledge abom
the trget structure and ofien assumes relatively
simple geometries, the umquencss of which is
not casily established. Sccond, 0 relies on signal
associated with near- and postentical mcidence,
which limits radial resolution and the CMB
regions that can be studied (74). The small
distince window can also reduce the available
source-receiver wamuths, which can degrade
imaging in dircctions perpendicular o dominant
sampling (/3),

Stacking of data from dense source and re-
ceiver arrays can enhance weak signals and
has begun o produce antalizing images of D"
siemtification (9, 15, /6). However, most ap-
plications still rely on pear-critical data and
require strict data selection and visual inspee-
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Sciences, Massachusetts Institute of Technology, Cam-
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tion, which prohibits application to very large
data sets

Large-Scale Deep Earth Exploration Seismology
Svstematic three-dimensional (3D} imaging of
large D" regions becomaes feasible if one can
(1) rely on fewer a prion assumptions, so that
structures of unknown geometries can be de-
tected: (ii) wse efliciem methods 10 detect,
extract, and interpret subtle signals in large
volumes of broad-band wavelorms available
through modern data centers; (i) wse data
from more source-receiver distances; and (iv)
validate results by means other than labor-
imtensive forward modeling. To achieve this,
we combine inverse scattering —specilically, a
gencralized Radon transform (GRT) of the
wave lield comprsing core-rellected shear
waves (Sed) (SOM Text S1—with statistical
methods (SOM Text 82) 1o produce images of
D" structure and to cstimate their uncertainty,
This approach benelits from the superior 3D
sampling aftorded by narrow- and wide-angle
data (SOM Text 53) and requires few a priori
assumptions about target structures and no
visual inspection of data,

For the source-receiver distances consid-
ered, specular (mirror-like) reflections of in-
terfaces above the CMB amve before 5¢8 proper,
whercas nonspecular CMB reflections amive
after the main phase (Fig. 1A). The GRT uses
data redundancy o identily coherent signal rom
{single) scattering and localizes the causative
structures (7). Statstical inference, a nonlinear
process that replaces stacking, suppresses the
effects ol uneven source-receiver  disinbution,
incorrect wave-speed models, and multiple
scattering, and vields ngorous Bavesian conli-
dence levels ( 18). The latter is used as the initial
tool for modd vahdaton, which allows routme
analysis.

We used ~80.000 broad-band (1 w 20 s)
records of the Se& wave ficld for large-scale,
high-resolution exploration of the D bencath
Central and North Amenca (Fig. 1B) (SOM
Text 533 The GRT maps data from wide angles
[epicentral distances between 43° and 807 (g,
S3)] into muluple images of the same structure
{as illustrated i Gg. S1), which are then com-
bined mto o mdial profile of mediom contrasts
at a specificd CMB locaunon (Fig. 1B, msct).
These rellectivity profiles are aligned on the
CMB and comrected for 2D mantle heterogencity
inferred from global tomography (/9). Juxtapo-
sition of these mdial profiles produces 2D (or
D) images that reveal the laeral extent of
medium contrasts and lowermost mantle sir-
ilication (fig. S2). Figure 2 cleary reveals the
CMB beneath the Amencas, but our subject is
the rich pattern of scatterers and imerfaces up w
400 km above i,

D" Structure and Temperature

Figure 3 displays the GRT images (top) along
with variations in S-wave speed, dinl's, derived
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from womography (bottom). To emphasize the
relations among  them, we supenimpose the
strongest scatterers (at more than 753% conhi-
dence) on the wavespeed maps. We locus on
the structures labeled L1, L2, and L3,
Postperovskite ransition. Structure L1 de-
lincates an increase of wave speed with depth.
In most places L1 is unambiguous because the
amplitude of the pulses that define it can be a

substantial fraction of the CMB peak (Fig. 1B,
inset), depending on the angle at which LI is
sampled (fig. S1) Our GRT resulls pertaming to
L1 comoborame more localized previous studies
of the main D" discontinuity beneath Central
America [see table 1 in (/5)], but they also
constrain structure far into previously unchaned
D" temritory, The depth variation of L1 correlates
stromgly with changes in S=wave speed (20, 1If

Fig. 2. Three-dimensional explora-
tion seismology of the lowermost
mantle, Seismic images of the lower-
most mantle (CMB to 400 km above
it) are produced by lateral juxtapo-
sition of radial general Radon
transform profiles (fig. 52) calew-
lated at image points along the
section lines shown in Fig. 1. Struc-
ture outside 75% confidence bands
(18) includes the CMB (at 0 km)
and several scatter interfaces above
it. Thinly dashed lines indicate
scatter interfaces (L1, L2} high-
lighted in Fig. 3. This 3D rendition
illustrates the large spatial scales
over which inverse scattering with
the 5c5 wave field can be used to
explore the lowermost mantle. Points
X1 and X2 indicate the section
intersections. The background color depicts the prediction of the height above the CMBE of a presumed
phase transformation with a Clapeyron slope of & MPa/K (21), In most of this region, the correlation
between L1 and the predicted values is very good
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Fig. 3. Reflectivity from inverse scattering, at more than 75% confidence (15) (top) and 5-speed
(dinW¢) from tomography (19) (bottom). Scatter images are obtained by interpolation between GRT
profiles (Fig. 1B, inset) calculated every 1° (~60 km at CMB) along sections A-A', B-B’, and C-C' in Fig. 1.
For the frequencies and incidence angles used, the radial resolution is ~10 km. The color scale for
tomography is given between B-B' and C-C'. (A) L1, L2, and L3 label the scatter interfaces (thinly dashed).
(B and €) The associated scatterers (visually enhanced) are superimposed on the tomography profiles,
with dark gray depicting positive reflections and pink/red negative contrasts. Interface L1 aligns increases
of wave speed with increasing depth; L2 delineates a decrease; L3 & more ambiguous but generally
coincides with a wave-speed increase. Whereas L1 and L2 are piecewise continuous, L3 has an
intermittent, en echelon appearance. The solid (dashed) blue lines in the bottom panels depict the phase
transition location predicted by (21} (22). Points A1 and A2 and points B1 to B4 on L1 and L2 are used for
temperature calculations (Fig. 4). The gray scale below B-B depicts the lateral variation in temperature
gradient along the CME (for ypp = 10 MPa/K) estimated from (29). In the central portion of the section,
dlidz cannot be determined directly because the occurrence of the double crossing cannot be resolved.
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the latter is (partly) of thermal origin, the GRT
images provide direct evidence for a widespread
presence of a DY imerface with a positive
pressurc-temperature relationship,

Sidorin et al. (21) postulated that a phase
ansition with Clapeyron slope v = 6 MPak ™
marks the op of D”. A recemt analysis (22) puts
the main discontinuity ~95 km decper (dashed
blue line, Fig. 3), but the orginal prediction
(solid blue lines) is quite close o L1, The larger
topography on the later suggests that ¥ is more
than 6 MPaK™, which is consistent with
estimates from mineral physics for the ppy tran-
sition (7), or that the actual wave-speed varia-
tions are Jarger than inferred wmographically., [,
indeed, mterdace L1 marks the ppy tmnsition,
we o cstimate inosilu mantle  wmperatures
from its topography (Fig. 4). For e = 10
MPaK !, the temperatures at Bl and B2 are
=200 and ~2900 K, respectively, and the dil-
ference between Al and A2 15 ~600 K.

On long wavelengths (1000 to 2000 km), the
changes in temperature along L1 reflect the
shoaling of the phase boundary toward D™ re-
gions where relatively cool slab debris can be
expected. Changes on a scale of —450 km relate

to the margins of these regions and to localized
slow regions, Stecper topography 15 observed
lecally, for instance at =800 km along sechion
B-B', which is close 10 a steplike jump pre-
viously attrbuted to olding of subducted slab
(23). Seismic tomography (Fig. 1A) and the
above temperature dilferences both suppon the
presence of slab debris, and slab buckling is
indeed likely to occur in this region (24). Draw-
ing conclusions from isolated structures can be
miskading, however, and pantial reconstruction
of multiple scatter interfaces can produce am-
biguity. Interface L1 aligns the strongest scat-
terers and is consistent with (271), but we cannot
rule out that between 0 and SO0 km (in section
B-BY) i continues southcastward with Tittle
topography and that the stronger structure at
=150 km represents interface L3,
Postperonskite lens? The GRT images re-
veal much structural complexity between the CMB
and L1, the presumed top of DY, Particularly
intriguing is a wave-speed reduction (producing
the negative pulse, L2, in Fig. 1B, lower leit) that
delincates a large-scale (~2300 km) concave-up
interface in the lowemmost 100 km or so of the
mantle, Because of side lobes of the CMB
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Fig. 4. (A) Temperature {x axis) versus distance above CMB (y axis). As a point of reference for producing
absolute temperature and depth (pressure), we assume Ppgy = 124 GPa and Tppy = 2500K, and we consider
Clapeyron slopes vup, = 6, 8, 10, and 12 MPa/K, If L1 in Fig. 3 represents the ppv transition, the
temperature at points B1 and B2 can be estimated as yy, = 10 MPa/K, T, pz = 2000 K, and T8y =
2900 K. Dotted lines depict estimated geotherms through B1 and B2; the shallow part is adiabatic, but
toward the CMB the conductive gectherm is described as an error function (the change of adiabat to
conductive is not known, however). (B} Cold, intermediate, and hot geotherms, As the mantle temperature
decreases, a ppv transition occurs at increasing distances above CMB, and a second crossing would occur
at decreasing height above CMB. The geotherm through the ppv transition (B3} and the back-
transformation (B4) is calculated (29) using a thickness of the hypothetical boundary layer, 4, of 150 km.
(C) Mantle temperature, T, at the CMB (dashed lines) and the temperature change, AT, across the
thermal boundary layer (solid lines) as a function of TBL thickness, H, and for y,,, = 8, 10, and 12 MPa/K.
Stable estimates are obtained for 4 = 100 to 200 km (gray shading).
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rellection, L2 cannot be established between
1000 and 2000 km along B-B’, but interfaces
that dip toward the scismologically fast contral
region are resolved on either side of this patch. In
this region, (/3) reported a wave-speed decrcase
further above CMB and more parllel 1o the wp
D" interface,

Published estimates of CMB  temperature
Tonpy vaary from 3730 K 1o 4800 K (25-27), and
most exceed T The later implics that ppy is
instable near the CMB and that there is a second
crossing of the phase boundary. The back
tmnsition (ppyv—pv) occurs deeper in colder re-
gions (Fig. 4). thus creating ppv lenses beneath
mantle downwellings (8, /6). This transition is
hard 10 deteet (28), but recemt swdies provide
evidence for it in the lowermost mantle beneath
the Pacific (%) and the Cocos plate (223 In our
GRT profiles, the negative pulses are statistically
significant (Fig. | and fig. 82}, and both the sign
and the decpening toward regions of presume-
ably lower DY tempemtures is consistent with
ppv—pv. The presence of L2 and the anticorne-
lated topographics of L1 and L2 provide new
evidence that ppy-rich lenses do indeed exist.
The lens beneath Central America has a width
of 2300 km and a thickness of 230 km: L1
and L2 merge (near Bl <125 km above the
CMB (7= 2900 K: = 128 GPa), Outside this
lens, the temperature may be oo high for ppy o
be stable, excepl, perhaps. in regions of iron
ennchment (Y),

Mantle temperatire near CMB. Whereas
the ppv tmnsition constrins lemperatuncs some
150 w 300 km above the CMB, double
crossings  provide insight into the thermal
structure closer 1o the core (8, 9). We know
neither Tegg nor the thickness ff and 1emper-
ature change ATy across a thermal boundary
layer (TBL) but with reasonable asumplions
we can estimate T and ATygy by fitiing cmor
functions to temperaturcs at L1 and L2 as a
lunction of H (29). H increases Trom colder o
warmer D regions. If the CMB is isothermal,
and not arbitrarily hot, we obiain stable esti-
mates of Tp and ATqme for ff such that the
ppv tansition (e.g., at B3} occurs above or near
the top of the TBL and the back transition (e.g2..
at B4) occurs well within it For £ = 106 1o 200
km and Teov = 10 MPaK, we infer Topp = 3950 =
200 K and ATpgy. = 1600 1o 1400 K (Fig, 40),
These values depend on the Clapeyron slope and,
in panticular, on the phase-boundary emperature
at the CMB: we estimate that T = Tppyems
290 K. Our Taye 5 lower than, but within ermor
consistent with, the estimate of 4100 K in (),

Despite large uncenainties, Ty constrains
the meling curve of iron in the liquid core be-
cause the emperature just below the CMB must
excead the meling wmperature of core mate-
rials. Experimental and computational estimates
of the melting point of pure Fe at CMB pres-
sures span a rmnge from 3200 = 200 K (30) ©
4800 + 200 K (37) Minor elements can reduce
this by as much as 700 10 1000 K (27), bu
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experiments reveal that for oxygen and sulfur
the cffect is small (32) IF T = 3950 = 200 K,
the meling pomnt m (3 7) may thus be too high.

Ceore heat flwe. To cstimate heat flux, we
need o0 know thermal conductivity ® and the
temperture gradient d7ds across the TBL. A
lower bound on the Latter 15 given by "fm." i
for yppe = 7 10 10 MPa/K, this implics d77dz g, =
5.8 10 8.3 K'km. The gradicnmt must be steeper
than Y., ' for a double crossing to occur. Our
tempermure estimates imply gradients of 7 1o
16 K/km (Fig. 3B},

Even il we assume that these gradients are
reasonably accurate, the regional and, in panic-
ular, global heam Mux remains subject 10 consid-
erable uncertainty. First, the region where d77dz
can be estimated does not span a diverse geo-
dynamical environment. We consider the steep
gradients as representative of cold DY arcas. Our
study region does not include large-scale low
wave-speed regions, where higher mantle tem-
peratures and lower gradients are expected.
We could speculate that our regional minimum
(=7 K/km) is close to the global average. but
this would be a lower bound if the anomalously
low wave speeds are (in part) due 1o chemistry
[e.g.. (33)]. Lay et af. (9) consider effects of
iron and estimate the thermal gradient beneath
the central Pacific at 8.5 = 2.5 K/km,

Second, the value of thermmal conductivity is
debated. The ofien-used x = 10 Wm 'K (25)
would imply a regional variation in heat Mux
Jans OF 115 =45 mWm 2, compared with 85 ¢
25 mWm 2 below the Pacilic (9). If one assumes
thar these regional valucs represent extremes, a
reasonable average Mux would be ggy, = 100
mWm * (corresponding to a global heat loss
across the CMB of ~13 TW). However, & may
be as small as 5 Wm 'K (34, 35). Depending
on the amount of radiative conduction, the con-
ductive component to the beat loss across the
CMB is thus uncertain by (@ least) a factor of
w0 (o = 7.5 10 15 TW)L It is likely, however,
that the flux into the base of the mantle excoceds
the heat conducted down the core adiabat, which
has implications  for models of thermal cone-
mantle coupling, core evolution, and the disir-
bution of heat-producing clements (36, 37).

Other D" interfaces? Over the entire goo-
emphical region studicd here, the GRT images
sugeest the presence ol scaterers (L3 in Fig. 3)
some L km below the presumed top of the
D", Furher study s required to establish
whether it is the partial detection of'a continuous
interface (or multiple interfaces) or whether it
represents a depth mnge with interminent, ¢n
echelon scatter zones. The sign of change in

elastic properties is not unequivocal because of

ambiguity between main pulse and side lobes,
Positive and negative changes may both oceur,
but vanaions i S-wave speed in this depth in-
terval suggest the preponderance of mdial in-
creascs inowave speed,

Slab olding (16, 24), along with preserved
compositional heterogencitics, can perhaps pro-
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vide the complexity detected here. Altematively,
local changes in tempemture or chemical com-
position [e.g. I ron content (38) or partitioning
between v and magnesiowiistite (39Y)] can
readily create muliiple crossings of the phase
boundary, Altemating, imegular ppyv and
lenses (or layers) may be more realistic than a
single ppv lens (46 and can explain some of the
mubliiple, but intemmittent, scatter imterfaces. This
cills for fudher investigation by means of join
imaging and geodynamical and petrological
modeling,

New Opportunities for Deep-Earth Imaging

The resulis presented here should be regarded
as first steps, but they show the potential of
using inverse scattering techniques orginally
developed 1o search for hvdrocarbon reser-
voirs for the svstematic, high resolution
imvestigation ol the lowermost mantle over
large regions, mcluding hitherto uncharted
D" territory. Application to Central America
allows verification against previous results,
but similar high-resolution D" imaging should
be possible elsewhere, for instance, beneath
large parts ol Eurmsia. As we suppose was the
case when seismologists pondered over the
first reflection profiles of Earth's crust. image
quality is not as pood everywhere as one would
wish, and even lirst-order observations can be
puzzling. However, we expeet that reflinement
of inverse scattering, accounting for increas-
ingly many complexitics and using exponen-
tially growing data scts will remove existing
ambiguities and provide insight into the strue-
wre, dynamics, and evolution of this remote
fronticr of cross-disciplinary rescarch.
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Computational Design of Peptides That
Target Transmembrane Helices

Hang Yin,'* Joanna S. Slusky,®* Bryan W. Berger,® Robin 5. Walters,’
Gaston Vilaire,® Rustem I. Litvinov,? James D. Lear, Gregory A. Caputo,’

Joel S. Bennett,? William F. DeGrado"$

A variety of methods exist for the design or selection of antibodies and other proteins that
recognize the water-soluble regions of proteins; however, companion methods for targeting
transmembrane (TM) regions are not available. Here, we describe a method for the computational
design of peptides that target TM helices in a sequence-specific manner. To illustrate the method,
peptides were designed that specifically recognize the TM helices of two closely related integrins
(epfls and oy fis) in micelles, bacterial membranes, and mammalian cells. These data show

that sequence-specific recognition of helices in TM proteins can be achieved through optimization
ol the geometric complementarity of the target-host complex.

ransmembrane (TM) helices play essential

I roles in biological processes, including
signal transduction, ion trnsmission, and
membrane-protein olding. Computational (J-4)
and genctic methods (5, 6) are available to
engineer antibody-like molecules that target the
waler-soluble regions of proteins; however, com-
pamion methods o target the T™ regions are
lacking. The design of TM helices that specifi-
callv recognize membrane proteins would ad-
vance our undersianding ol sequence-specific
recognition in membrancs and simultancously
would provide new approaches o modulae
protein-protein interactions in membranes. Here
we describe a computational approach, desig-
nated computed helical anti-membrane  protein
(CHAMPY, 1o design peptides that specifically
recognize the TM helices of natural proteins (7).
Computational design. The design of a
CHAMP peptide requires the selection of a back-
bone geometry for the CHAMP peptide-target

complex, followed by computational selection of

the CHAMP peptide’s amino acid sequence with
a side-chain repacking algonthm. To simplify the
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seleetion of the backbone geometry, we used the
growing database of membrne-protein struc-
tures, rather than relving on idealized helical
dimers. The majority of the TM helix-helix pairs
in TM proteins of known structure fall into a
handful of well-defined structural motits with
recognizable sequence signatures (8). Thus, it is
possible to predict a prefemed mode ol interaction
between a target TM helix and other T™ helices
from the amino acid sequence alone. Once a
preferred mode of interaction has been identified.
examples of helix pairs from proteins of known
structune can be used as backbone conformations
for the design of a desired CHAMP peptide. The
next steps are (i) to thread the sequence of the

targeted TM helix onto one of the two helices of

the selected pair and (ii) to select the amino acid
sequence of the CHAMP helix with a side-chain
repacking algorithm (74, 9,

As a stnngent st of the CHAMP method,
we focused on the recognmition of the TM
domains of two closely related and extensively
studicd platelet integnns, oygfs and o Py, as
convenient biologically important targets (/0-42).
Both the o and ., TM helices contain a small-
Ka-small moaif, in which G (£.3) or other small
residues (A and 5) are spaced Tour residues apan
(f4) (Fig. 1, B wnd ©). This sequence motif is
associated with a high propensity 10 interict in a
tightly packed “parallel GAS g motil™ (8 with
a right-handed helical arossing angle of ~ 407,
Indeed, site-directed mutagenesis (/5-17) and
modeling studics (135, 17, 18) suggest that the g,
TM helix binds the fs TM helix with this

geomelry.

Five template backbones were tested in the
design of a CHAMP peptide directed against

ey a0 15 were tested for . The sequences of

ayp and . were threaded onto ¢ither of the two
helices i cach emplate, yielding two different
CHAMP peptides per template, A sequence for
the opposing CHAMP helix was then sclected
with a Monte Cardo repacking algorithm that
considers different combmnations of side chams
in low-cnergy rotamers (/-4 ¥) [sec Support-
ing Online Material (SOM)|. The motameric
states of the side chains in the target were al-
lowed to vary, as were both the sequence and
rotamers of the CHAMP side chains. A simple
energy  function that is based on a lincary
dampened Lennard-lones potential and a mem-
brane depth- dependent know ledge-based poten-
tial (/9) was then used to select the desired
residucs. This knowledge-based  potential as-
sured that residues with high propensitics o

occupy the interfacial and faty acyl region of

the bilayer were sclected m appropriale posi-
tions. The membranc-exposed residues ol the
CHAMP helix were then randomly  selected
with a 60% probability of assigning L and a
1084 probability of assigning A, I, F, or V.

The T™M domains of o, and oy, are highly
homologous (Fig. 1, B and C), and they both
have small-Xs-small motifs. Because a number
of other integnn T™W helices also contain a small-
Xa=small motif, a specilic CHAMP peptide must
recoenize not only this global feature of its warget.
but also more fine-grained differences in surface
topography. In the computed complexes with the
lowest energy, the CHAMP sequences designed
against oy, and oy, both have G-X3-0 sequences
that create a shallow concavity that is important
for recogniang the small-Xy-small sequence on
the mtegrin helices, However, the sumounding
sequences differ i response o differences i the
sequences of the target (Fig. 1, B and C), therchy
providing specilicity.

A CHAMP pepride with exiensive geomet-
nc complementarity 1o its target (Fig. 1D and
fig. S1) was selected based on its energy score,
the uniformity of packing of the side chains o

the CHAMP-arget interface, and the case of
synthesis, [Peptides with multiple strings of

B-branched amino acids and sequences with
particularly high predictions for amyloid (20}
were avoided. ] The templates for the CHAMP
peptide-target complexes werne taken from poly-
topic proteins with no functional or structural
relation to integrins, the CHAMP peptide
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against oy, (anti-o, ) was taken from the glyeerol-
J-phosphate transporter (1 PW4, residues Ad4 o

taken from the photosystem | reaction center
( 1IB0O, residues L43 w0 L6535 and L1114 1o L140)

ARGand AL21 1o ALSL) (20) and anti<ayy was (22}, The designed peptides and ther TM

A : — .! T . .I R

) il
alls  av a2 p1 B3

Fig. 1. (A} Design of CHAMP peptides. A backbone geometry was selected for the CHAMP-target
complex; for qy, the template was taken from two interacting helices in a much larger protein, the
photosystem | reaction center (22). The original sequence was stripped off of the template, and the
helices were extended to span the full length of a membrane. The sequence of wyy-TM was threaded
onto the right helix. The 14 positions selected for repacking are pink on the left helix. The final anti-cy,
CHAMP peptide sequence is shown on the left helix with the repacked positions in pink. (B and C)
Human integrin TM targets and TM helices from homologous human integrins used in specificity
assays. The sequences (B) are modeled in an idealized helical conformation (C). Common small (G, A,
and 5) residues are highlighted in red, and a common L on the binding interface is shown in purple.
(D) Close-up of the predicted tightly packed interface between anti-uyy and opeTM. oe=TM is
represented by a red surface with a blue hot spot. The anti-iyg backbone is depicted in ribbon
representation, with key positions designated for computational design shown in green. (E} Sequences
of CHAMP designs and the control peptides. The residues repacked in the anti-uy, and anti-u,
peptides are shown in pink. (Lys)s (23) or polyethylene glycol (24) was appended to the € and N
termini as solubility-enhancing groups.
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Wavelangth (nm)

targets (opy-TM and a,-TM) (see SOM) were
synthesized with solubility-enhancing groups ap-
pended 1o the C and N e o Geilitale mem-
brane mscrion (23, 24), Control poplides. m which
the GX30O motifs were mutated (anti-cogmuat and
anti-czmut) or serambled (anti-agesery, were also
prepared 1o study the specilicity of the designed
sequences (Fig. 1E)

CHAMP binding in micelles. We used luores-
cence resonanee enerey transter (FRET) o eval-
uate the association ol anti-cayy, with ay,-TM
in micelles. The tiation of 7-hydroxycoumarin
Egred anti-ugy as 8 FRET donor, with uorescein-
tageed app-TM as a FRET acceptor, resulted in
the quenching of the coumarin emission and the
appearance of the uorcscem emission, ndicat-
g that the two peptides micracted (Fig, 2A).
The apparent dissociation constant (Ayd for the
- T M- anti-agy, interaction was computed o
be (.32 & 005 pM. The corresponding Ry
expressed as a mole fraction (peptide versus
detergent) is 3.2 + 0.5 % 107, which is relatively
tight when compared with the range of 1072 (for
weak associations) to 3 = 107° for very strong
associations (25), measured for TM-peptide
associations in a similar micellar cnvironment.
Titrations with control peptides showed the
specificity of the interaction; there was neg-
ligible binding between ayy-TM and either
anti-appmut or a-TM (Fig. 2B). Furthermore,
titrations with anti-at, showed that this peptide
specifically recognized o, -TM (K= L3 £ 0.3 =
107 as a mole fraction), but not ty-TM or
anti-a,mut (Fig. 2C).

Analytical ultracentmnfugation of anti-tyy, and
aye-TM, as well as anti-a, and a,-TM in
micelles, indicated that these peptides formed
homodimers, as well as heterodimerizing with
their respective targets (fig. 82 and wble 52).
Both CHAMP peptides  heterodimenzed with

FITC-crv-TM (M)

Fig. 2. Affinity and selectivity of CHAMP peptides for their target TM helices,
(A} Fluorescence emission scans of coumarin-labeled anti-uy, (64 nM) in the
presence of different concentrations of fluorescein isothiocyanate (FITCH-
tagged (yp-TM in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), pH= 7.5, containing 1.0 mM C14-betaine at 25°C. (Inset) Con-
centrations as mole fractions. Ay, was set at 415 nm to selectively excite the
coumarin. he, excitation wavelength. (B) Corrected FRET signals of 64 nM

30 MARCH 2007
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coumarin-labeled anti-=ctyy, lred), anti-u, (green), or anti-uy,mut (blue) in the
presence of different concentrations of FITC-tagged cg,-TM (10 mM HEPES,
pH= 7.5, containing 1.0 mM C14-betaine at 25°C). Error bars represent 5D
of the mean. (C} Corrected FRET signals of 64 nM coumarin-labeled anti-c,
(green), anti-uy (red), or anti-a,mut (orange) in the presence of different
concentrations of FITC-tagged «,-TM (10 mM HEPES, pH= 7.5, containing
1.0 mM C14-betaine at 25°C). Error bars represent 5D of the mean.
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their targets at least as strongly as they homo-
dimerized. This behavior is reminiscent of
dommant-negative (DN inhibitors of the helix-
loop-hehx fanuly of tmnscnipuon  regulators,
which engage in both homomeric and hetero-
meric mterictions (246),

Dominant-negative TOXCAT. We next eval-
uated both the affinity and speciticity of the
CHAMP peptides for their targets when coex-
pressed in bacterial membranes with a DN-
“TOXCAT” assay (Fig. 3). In TOXCAT, a T™
sequence of interest s fused 1o a ToxR protein
{TM-ToxR) that binds to the civ promoeter as a
dimer, which induces expression of chlorm-
phenicol acetvltranslermse (CAT) (27, 25) In
the DN assay, the TMI-ToxR fusion protein
15 coexpressed with a second fusion protein
(TM2-ToxR*) containing a nonfunctional mu-
tant of the ToxR domain, TM-dnven dimeriza-
tion leads o a ToxR-ToxR* dimer that is
unable 10 bind the ery promoter or 1o induce
CAT synthesis (Fig. 3A). The resulimg  de-
crease in CAT activity can be used 1o monitor
the formation of a heterodimeric TM complex.
In principle, this assay could be accomplished
by adding an exogenous svathelic peptide (29
however, it is diflicult to assure that different
peptides will be similarly inserted into the
Escherichia colf inner membrane,

The anti-ag, and anti-, peptides both
formed homodimers in bacterial membmanes
(Fig. 3B) with an affinity similar 1o that ol the
™ domain of glveophorin A (GpA), which
forms tight homodimers in this environment
(27, 28). The CAT sipnal for the anti-a - ToxR
construct was attenuated by coexpression of
anti-t,- ToxR* (Fig. 3B), validating the DN
assay. When oy, was used as the DN panner,
the signal from anti-cyy,- Tox R was also strongly
atienuated, indicative of heterodimer formaion.
The magnitude of the decrease in CAT signal
due 1o heterodimerieation of anti-oye with oy,
T™ is panicularly notable. The homodimeriza-
tion of anti-ag, and GpA (27, 28) are similar in
aftinity (Fig. 3B, first versus third bar). Thus,
because the attenuation of the CAT signal in the
DN-TOXCAT mssay for an anti-onyg,-anti-ogy,
homodimer is similar to that of the anti-ceyg,— oy
T™ heterodimer (Fig. 3B, fourth versus fitth bar),
the heterodimeric TM complex anti-cyg g, has
similary swong alliniy o that of the anti-ogg
homodimer and therefore also w0 the GpA
homodimer.

The TOXCAT assay also shows that anti-oy
and ami-ay are highly specific for their tanzets
versus other integrin TM domains, The TM do-
miains of oy, (@, P or iy failed 10 significantly
imteract with anti-agy, despite their high se-
quence and structural similarty 1o the oy, TM
(Fig. 1. B and C). Similarly, anti-, sclectively
recognized the o, TM domain with much greater
aftinity than the s, gy By, or By domains,

To pobe whether anti-ug, recogmized its
target in the mended manner, we measured the
efftct of mutating residues in anti-egy TM 10
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Fig. 3. Specificity of CHAMP
sequences in recognizing
different integrin TM regions
in a bacterial membrane. (A)
DN-TOXCAT assay. MBP,
maltose binding protein.
(B) Effect on CAT expression
of disabled ToxR* fused with
the CHAMP sequences or
different integrin TM do-
mains, The CAT expression
correlates with the homodi-
merization level of the ToxR
receptor fused with anti-cyy,
or anti-o,. Error bars repre-
sent SD of the mean. (C)
Effect of mutations in the
anti-oyy, sequence on hetero-
dimerization with oy, Black
bars represent V substitu-
tions, and gray bars repre-
sent A substitutions. Mutations
to key residues are high-
lighted according to their
buried surface area upon
dimerization {(see SOM):
=>75% buried (red), 50 to
75% buried (orange), and
<50% buried (green). The
percent disruption of het-
erodimerization correlates
with the predicted amount
of area buried upon dimer-
ization, indicating that the
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anti-ay, CHAMP peptide recognizes ayg-TM, as in the designed complex. Error bars represent SD of

the mean.

Fig. 4. Anti-iy, activates
iyphs, and anti<, activates
ity[l3 in human platelets, (A
Schematic diagram of integrin
requlation. Because the
and [} subunit TM domains
interact when integrins are
imactive, any process that
destabilizes this interaction
would be expected to al-
low dissociation of the TM
domains with concomitant
integrin activation. In plate-
lets, this occurs when the
platelets are stimulated by
agonists such as ADP. CHAMP
peptides destabilize this inter-
action by blocking the interac-
tions between the TM helices
of the « and i subunits. (B}
Fibrinogen-mediated aggre-
gation of gel-filtered human

active

inactive

1 min

SIS e S i

platelets was measured in a turbidometric aggregometer after the addition of either 0.5 uM anti-izg, or
10 uM anti-is,. To differentiate between a direct effect of anti-uy, on ayPs versus anti-ugg—stimulated
signal transduction, anti-ugy—induced platelet aggregation was also measured in the presence of 2 uM
PGEy, 10 units'ml apyrase, 1 mM RGDS, or 2.5 mM EDTA. {C) Platelet adhesion to the wells of
microtiter plates coated with osteopontin was measured in the presence of 20 uM ADP, 10 uM anti-a,,
and 2 uM anti-uy, The data shown are the mean and SEM of measurements made in triplicate. OD,

optical density.
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cither V or A (Fig. 3C). Mutations to the nes-
idues predicted to occur at the helix-helix inter-
face cavsed disruption of heterodimer formation.
Very large efects were observed lor buned
residues within a 10-residue streteh (residues 11
to 20 spanning the pnmary interction sile,
whercas only minor effects were observed for
residucs on the non-interacting side of the helix
or the more distal sites (residues 23 and 24).
Interestingly, the interaction face resembles a
“Gly=gipper” (GX3GX30) motil that has re-
cently been shown 1o mediate intermolecular
helix-helix associations in membranes (31),
Platelet aggregation and adhesion. To
determine whether exogenously added CHAMP
peptides recognize their tugets in mammalian
cells, we first detenmined whether they were
capable of msering mto phospholpid bilayers
without perturbing the integrity of the mem-
brane. The additon of anti-, or mb-og, W©
phospholipid vesieles led 10 a large blue shili
i the peptide’s W lluorescence spectrum, in-
dicative of insertion into the hydrophobic region
of bilavers (fig. 83} Funhennore, circular di-
chroism spectroscopy showed that the vesicle-

Fig. 5. Rupture force
spectroscopy (laser tweez-
ers) was used to measure
the effect of anti-og and
anti-, on platelet gy
and i, fiz at the level of
single molecules. The his-
tegrams represent the
distribution of mea-

A Fibrinogen

Probabiliity, %

- anti-allb

bound peptides were helical (Ng. 540, and at-
tenuated total reflectance -inlmred spectroscopy
revealed that they adopted a transmembmane
oncntation, with their helix perpendicular 1o the
balayer surface (hig. 55) Moreover, anti-og, and
anti-i, did not lyse human ervthmoeyle mem-
brancs at the concentrations that were used in
the following assays (fig. S6).

Pharmacological studics indicated that the

CHAMP peptides miteract with their target
inegrins in mammalian cells, The apyfly and
ot [y integrins are heterodimers whose a and 3
subunits are composed of a large extracellular
domain, a TM helix, and a shon eyioplasmic

domain, In the resting state, the TM helices of

thewr @ and B subunns mteract ([53-18) (I8,

whercas they separate when the megrins are

activated by mutations or alter treatment of cells
with phamacological agomists (13-/8). Thus,
the binding of a CHAMP peptide o the ap-
propriate site on the TM helix of g, or a,
should disrupt dimerization with the g5 TM hehx,
thereby shifting the conformational equilibrium
ol'the imegrin toward its activated state (Fig 4A).
In platelets, oy is in several-hundred - fold ex-

B Osteopontin

sured rupture forces be
tween platelets and beads
coated with (A} fibrino-
gen, an oSy tigand, or
(B) osteopontin, an iy
ligand. Rupture forces in
(A) were measured n
the presence of 0.5 uM
al'lli‘lllh, 05 FLM an‘t'lH.I.:
and the ogll; antago-
nist abciximab, 0.5 uM
anti-ugser, and 10 pM
antroy,. Rupture forces in
(B} were measured in the
presence of 10 uM anti,,
10 uM antie, and the
il antagonist X¥]735,
10 uM anti-e,mut, and
0.5 uM anti-ug,.
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coss over dyis. Thus, a successiul antia, peptide
miust recognize s target in the presence of a large
exeess of acloscly related mtegnn, and the anti-<gy,
peptide must bind its target withowt affecting a
minar population of a,fs.

The physiological role of gy = 0 induce
platclet aggregation, which occurs through an
interaction with s divalent higand, the plasma
protein fibrinogen. Anti-ag, mpidly induced
platelet aggregation (Fig. 4B) in a dose-
dependent manner when added at concentrations
fom 75 nM 1o 500 nM (fig. 57). Anti-iyy
induced aggregation was only minimally affecied
by the platelet mhibitor prostaglandin £, (PGE 1)
and by the adenosine 5 -diphosphate (ADP)
scavenger apyvrase, which indicated that it was
independent of platelet signal ransduction or se-
creted ADP Funthermore, anti-oy-induced ag-
gregation was inhibited by agents that inhibit the
function of aypfis’s Nbrmogen-binding site (Fig.
4B}, including EDTA or the pepuide RGDS (/1)
In commst, no plaelal aggresation occeurned
when the plaelets were exposed o 10 pM anti-
tt,. which demonstrated that this peptide did not
activale oy

The inmtegrin iy fl mediates the adhesion of
plateles W the matrx prolein osteoponting po-
tentially exposed o the circulating blood by
rupture of an atherosclerotic plaque. Incubating
platelets with anti-ce, indueed robust platelet ad-
hesion 1o ostecopontin (Fig. 4C). even in the
ahsence of phamacological platelet agonists, As
cxpected from the FRET binding curves (Fig.
200, the potency of anti<a, in inducing plaelet
adhesion o osteopontin was lower by a faclor
ol 10 than that of anti-ag, 0 inducing platele
aparegation (Ng. 59). Anb-c,induced adhe-
sion was prevented by agents that inhibit the
inicraction of o fis’s extracellular ligand-binding
site with osteopontin, including EDTA or the
speci lic RGD-containing 3y antagonist X735,
which conflimmed that anti-<, -induced platelet
adhesion 10 ostcopontin s mediated by o, Py,
Notably, there was no plaelet adhesion 1o
osteopontin when platelets were incubated with
anti-tig, 2t concentrations that fully activaie
wiypis (Fig. 400, and anti-ag,mut and anti-c, mo
had negligible effects in activating cither intcgnn.,
Thus, these experiments indicate that anti-a_can
specifically recopnize and activate ayfa in the
presence of a 400-fold excess of o

Rupture force spectroscopy. Onc polential
ambiguity with the plaiclet cxpenments is that
membrane peplides are intrinsically  sticky,
which could lead to nonspecilic imteractions that
might cloud the interpretation of the resulls.
Furthermore, the TM helices of integrins might
engage in a number of homomeric inleractions
or heteromeric interactions with other membrane
proteins (J5-18), which may cause avidity
clffects relating 1o clustering and  munivalem
binding. Therefore, w0 measure the interaction
at the single-molecule level, we used laser
tweczers- hased foree spectroscopy 10 evaluate
the activity and sclectivity of anti-a, and anti-c,
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in platclets. The spectum of upture forces ne-
quired 1o detach an osteopontin- or {ibrinogen-
coated bead from a platelet provides a measure of
the ability of the CHAMP peplides to activate
their target integnn and of the integnn o interact
with its appropriate ligand, Histograms of rupture
forces collected for a large number of comacts
between plaelets and ligand-coated beads arc
shown in Fig. 5. In the absence of CHAMP
peptides, the binding probability decreased
exponentially with increasing force, indicative
of a nonspecific interaction (37). However, in the
presence of 0.5 pM anti-ogg (Fig. 5A), a peak is
observed at a position similar 10 that observed
when aypfis s stimulated by platelet agonists
(34). The peak was climinated by addiion of the
wypfbs-speci hic antibody, abeiximab, which blocks
the fibrinogen-binding site on the extracel lular
domain ol oyg[3;. Thus, the highly adhesive inter-
action between platelets and fibrinogen 15 medi-
ated by activated ogg s

Exposing platelets to 10 pM anti-a,, produced
a peak of mpture foree between platelets and
osteopontin-coated beads with a maximum at
=45 pN (Fig. 5B}, characteristic of the inleraction
ol a s and osteopontin-coated beads (32) This
anti-, - induced activation was eliminated by the
ay by antagonist XJ735, There was no peak of
specific rupture force between the platelets and
the osteopontin-comted beads when the platelets
were exposed (o concentrations ol anti-tyy, that
fully activate g3y (Fig. 3B, bottom panel),
Demonstrating the specilicity of the interaction,
anti-a, Biled w induce adhesion o Nbrinogen-
comed beads (Fig. 5A, bottom panel), and both
anti-aser (Fig. SA) and anti-comut (Fig, 5B)
had negligible effects on the activation of cither
integrin. Thus, by activating specilic imegrin func-
tions, these expenments confinm that anti-oyy,
and anti-o, can specilically interact with oy, and
aty in situ in the plasma membrane ol plaelets.

Discussion. Lateral TM helix-helix associa-
tions play essential roles in membrane-proicin
folding, assembly, and signal ransduction (33);
what defines the specificity for their assembly
(8! For TM motifs similar to those studicd
here, there is only a 3 w 5 keal/'mol energetic
difference (o factor of abowm 10 1o 10,000
between a strongly associating TM helix dimer,
such as GpA, and the nonspecific dimerization
of randomly associatmg TM helices in micelles
(23). For this class of helix-helix imeraction
modils, nature appears 10 achieve this modesi
energetic difference by (i) optimizing the
geometric it (34-36), clectrostatic interactions,
and weak C-H-0=C hydrogen bonds (37)
between the two imeracting helices and (i) po-
silioning the interacting sites on the two helices
at precisely the same region ol the bilayer.
Similar specificity cm now be engineered from
{irst principles,

Civen that there is only a small encrgetic
dilference between rndomly associating TM
helices and natural high-afTinity dimers, it might
appear that the design of a CHAMP peptide

would require highly accumte computation of
the enthalpy and entropy of peptide-peptide and
peptide-phospholipid interactions. These cal-
culations would require consideration of com-
putationally  challenging  interactions, such as
interhelical C-H-0=C hydrogen bonds (37)
and Jocal deviations from ideal helical geometry
required to facilitate association of the helices,
We largely circumvent the need for such ac-
curacy by using a library of structurally defined
helix pairs that are already in local minima with
respect 1o imerhelical backbone-backbone inter-
actions and that position side chains for appro-
priste pairwise imemctions, The problem then
simplifics 1o sclecting the best backbone {rom
this library for the construction of a CHAMP
peptide that maximizes the geometric complemen-
tanty between the CHAMP peptide sequence and
its target. Although ouwr sconng function for
sequence sclection is quite simple and we used
only a subset of the availlable hehix pamrs, the
procedune appears 1o be highly effective. The first
two peplides designed with this protocol are
described in this paper. whereas a thind s de-
scribed in the SOM. On the basis of this very
limited sampling of three peptides, the method
has been 100% successful,

The CHAMP design procedure s highly
sensitive o the line-grined topographic differ-
ences between the targets, which s consistent
with the hypothesis that geometric complemen-
tarity is eritical for tight and specitic recognition.
Although the sequences of the TM helices of
g, and o1, are similar, the sequences of anti-oyy,
and anti-z, differ substantially, resulting in dif-
ferent selectivities. For example, anti-ty, has a
Gily-zipper motil ( 30), which is cssential for the
recognition of oy, whereas anti-oy, has an M
rather than the third G in this motif.

It should be possible o extend the CHAMP
approach o other TM helix-association motils,
including ones involving polar side chains,
which provide a strong driving force for helix-
helix association (37). In this case, we would
scarch for a helix pair librmry with structures in
which one helix has the polar side chain(s) of
interest and the second helix has appropriate
side chams to bind 1 (3%). Furhermore, the
method could be modified 1o consider multispan
bundles, rather than dimers, or to use “negative™
design o sclect for sequences that avoid
undesirable interactions; it should be possible
1o include a scoring function o avoid sequences
that are panticularly prone to amyloid ormation
(2, or one could computationally screen target
CHAMP sequences against undesined targets 10
minimize off-arget binding.

The activity of these CHAMP peptides is
comsistent with a push-pull mechanism of
imtegrin activation, which postulates that sepa-
ration of the a and B TM helices 1= a dominant
signal for imegnn activation (75, 17, 39), In this
mechanism, infegrins arc activated by any per-
turbation that physically pushes the integrin T™M
helices apart (e.z., mutations that disrupt the a-f
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™ mterface) or that pulls them apart via
binding nteractons that preferentially stabilize
the separated state: CHAMP peptides activate
by binding 0 a site in the o TM helix that
physically blocks its interaction with the f T™
helis, the hinding of talin 10 the membrne-
proximial eytoplasmic domain of the B subumt
appears o impede its interactions with the a

subunit (41), and the homo-oligomenzation of

the T™ domains might activate by competing for
heteromeric TM helix-helix associations (f7),
More generally, CHAMP peptides should
provide imporam reagents to probe the Tune-
tional consequences of blocking protein-protein
interactions in membranes, in a manner similar
o the use of antibodies 0 study water-soluble
regions of proteins, Previous investigators have

shown that peplides from the TM regions of

oligomenc proteins can disrupt the Tateral as-
sembly of the native complex (47-43) How-
ever, ligh concentrations of these TM peptides
were required 1o elicit partial effects. Similady,
we have found that peptides from the T™ re-
gions of oy, and By are substantially weaker
activators of oy activation than anti-tyy, (44).
It is likely that the aflinity and specificity of the
CHAMP peptides designed in this work could
be further improved by genctic methods used
previously for investigating membrane-peptide
recognition (45), in a process similar to affinity
maturation of antibodies. Given the growing
appreciation of lateral T™M helix associations in
mcm brane-protein folding, assembly, and signal
transduction (33), CHAMP peptides will pro-
vide much needed reagents lor probing these
PO ESSCS.

References and Notes
1. T. Kortermme, D. Baker, Curr. Opin. Chemn. Biol. 8, 91
(2004},
2. ] M. Shifman, 5. L, Mayo, Proc, Notl, Acod. Sci. ULSA
100, 13274 (2003).
3. ). Reina er of., Nat. Struct, Biol. 9, 621 (2002).
4, G. Ghirlanda, ]. D. Lear, A. Lombardi, W. F. DeGrado,
I Mal. Biol. 281, 37% (1998).
5. H. K. Binz, A Pluckthun, Covr. Opin, Blertechnol. 16, 459
(2005).
6. G. Winter, FEBS Lert. 430, 92 (1998).
7. Materials and methods are available as supporting
material on Saence Online,
8. R F. Walters, W. F. DeGrado, Proc. Natl. Acod Sci. LLSA
103, 13658 (2004).
9. |. R Desjarlais, T. M. Handel, Pratein Sci, 4, 2006
(1995).
10. AL A Amaput, B, Mahalingam, 1. P. Xiong, Anng, Rew.
Cell Dev. Biol, 21, 381 (2005).
11. 1. 5 Bennett, [ Clin. Invest. 115, 3363 (2005).
12. 1. Takagi, T. A Springer, Immunol. Rev, 186, 141
(2002}
13. Single-letter abbreviations for the aming acid residues
are a5 follows: A, Ala; €, Cys; D, Asp E, Glu; F, Phe;
G, Gly; H, His; |, He; K, Lys; L, Lew; M, Mat; N, Asn; P, Pro;
Q. Gln; R, Arg; 5, Ser; T, Thr; W, Val: W, Trp; and ¥, Tyr.
14, A Senes, M. Gerstein, D. M. Engelman, | Mol Bial. 296,
21 {2000).
15. A W. Partridge, 5. C. Liu, 5. Kim, | U. Bowie, M. H.
Ginsherg, | Bigd. Chem. 280, 7294 (2005),
16. B. H. Lug, T. A Springer, ). Takagi, Plo§ Biol. 2, 776
(2004).
17. W. Li et al., Proc. Notl Acod, 5ci. U.SA 102, 1424
{2005}

www.sciencemag.org SCIENCE VOL 315 30 MARCH 2007

1821



18, K. E Gottschalk, Strucrure 13, 703 (2005).

19. A Senes et al, ). Mol Biol 366, 436 (2007).

20. M. Lopez de la Paz, L Serrano, Proc. Natl. Acod. Sa.
LL5A 100, 87 (2004),

21, Y. Huang, M. ]. Lemieux, ]. 5ong, M. Auer, D. N, Wang,
Science 301, 616 (2003).

22, P. Jordan e ol, Moture 411, 909 (2001),

23. D. Gerber, M. Sal-Man, Y. Shai, J. Biol Chem. 279,
21177 (2004).

24, ). M., Harris, N. E. Martin, M. Modi, CTin. Pharm. 40, 539
(2001).

25, A L Ebie, K. G. Fleming, L Mal. Biol. 366, 517
(2007).

26, R. Fairman et al, Proc. Natl, Acod, Sc. ULSA 90, 10429
(1993).

27, W. P. Russ, D. M. Engelman, Froc. Marl. Acad, 5a. US4
96, 843 {1999)

28, D. Langosch, B. Brosig, H. Kolmar, H. ]. Fritz, J. Mol Bial.
263, 525 (1994).

29, D. Gerber, N. 5al-Man, Y. Shai, J. Mol Brol. 339, 243
(2004).

30, 5 Kim et al., Proc, Marl Aced Sci, LL5A 102, 14278
{2005).

3L R L Litvinow, H. Shuman, ). 5 Bennett, ]. W. Weisel,
Proc. Natl, Acod. Sci. U.SA 99, T426 (2002),

32. R L Litvinow, G. Vilaire, H. Shuman, . 5. Benneft,
I W. Weisel, L Siel. Chem. 278, 51285 (2003).

33. A Senes, D. E Engel, W. F. DeGrado, Cevr. Opin, Strudt,
Biol 14, 465 (2004).

34, K. R MacKenze, |. H. Prestegard, . M. Engelman,
Science 276, 131 (1997).

35. D. M, Engelman ef of., FEBS Lert, 555, 122 (2003).

36 A K Doura, K. G. Fleming, J. Mol Biol 343, 1487
{2004),

37. A Senes, |. Ubarretzena-Belandia, D. M. Engelman,
Froc. Nall. Acod. Sa. .54 98, 9056 (2001).

38. L Adamian, ). Liang, Profeins 47, 209 (2002).

39. B. H. Lua, C. V. Carman, ]. Takagl, T. A. Springer,
Proc. Natl, Acad. 5a. U.5A4, 102, 3679 (2005).

40. K. L Wegener ef ol, Gl 128, 171 (2007),

41 A W, Partridge, R. AL Melnyk, D. Yang, |. U. Bowie,
€. M. Deber, | Biol. Chem, 278, 22056 (2003).

42, M. Manolios et al, Mot Med. 3, B4 (1997).

43. D. Gerber, F. |. Quinlana, I. Bloch, 1. R. Cohen, Y. Shai,
FASEB [. 19, 1190 (2005).

44, H. Yin ef o, J. Biol, Chem 281, 36732 (2006).

43, L L. Freeman-Cook ef al, J. Mol. Biol. 338, 907 (2004).

46. We acknowledge MIH (grants GMEOG10, HLA03BT,
HL54500, and GM54616) and NSF (grant 0500200 for
support of this work. We also received fraining grants from
HIH (5732 CA101943 and 5732 GMOB275) and MSF
(DMROZ 04531). We thank B Goreik for preliminary
studies inte DN-TOXCAT asays.

Supporting Online Material

wwwsciencemag. ongiegifcontentfull315/582001817/DC1
Materials and Methods

Figs. 51 to 5%

Tables 51 and 52

References

26 Dctober 2006; accepled 16 February 2007
10.1126/schence, 1136782

1822

Early Optical Polarization of a
Gamma-Ray Burst Afterglow

Carole G. Mundell, lain A. Steele,® Robert ). Smith,! Shiho Kobayashi,® Andrea Melandri,!
Cristiano Guidorzi,™** Andreja Gomboc,* Chris ). Mottram,* David Clarke,®
Alessandro Monfardini,™** David Carter,” David Bersier®

We report the optical polarization of a gamma-ray burst (GRB)} afterglow, obtained 203 seconds
after the initial burst of y-rays from GRE 060418, using a ring polarimeter on the robotic Liverpool
Telescope. Our robust (20) upper limit on the percentage of polarization, less than 8%, coincides
with the fireball deceleration time at the onset of the afterglow. The combination of the rate of
decay of the optical brightness and the low polarization at this critical time constrains standard
models of GRB ejecta, ruling out the presence of a large-scale ordered magnetic field in the

emitting region.

ANIma-ray bursts are the most instama-
neously powerful explosions in the
universe and represemt the most imipos-
tant new astrophysical phenomenon since the
discovery of quasars and pulsars. dentified as
brict, intense, and unpredictable Mashes of high-
energy y-rays on the sky, the most common type
of GRB, so-called long bursts, have y-ray pulses
that st longer than 2 s These are thought to be

produced when a massive star reaches the end off

its lifie, s core collapsing to form a black hole
and, in the process, cjecting an ultmrelativisiic
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blastwave ([, 2 In many cases, the detected
y-ray Tux implics an unphysically high explosion
energy iFassumed to be emitted isotropically by
the source, the so-called energy catastrophe.
Instcad, focusing the cnergy into a narmow jet
reduces the intrinsic encrgy outpul 1o a canonical
~10% erg tor most GRBs (3).

Adler the nitial burst of p-ruys, the subsoquent
radiation produced at longer wavelengths (e.g.,
x=ray, optical, or mdio), termed the “afierzlow,” is
generally accepted w0 be synchrotmon radiation
whose observed properiies are consistent with a
focused jet expanding at ultirmrclativistic spoeds

it the imerstellar medium. The production of

synchmotron radiation requires the presence of a
magnetic field, but the origin and role of the
magnetic elds in GRB ejecta are a long-standing
open issue, In wrn, fundamenmal guestions on the
driving mechanism of the explosion, in particu-
lar, whether the relativistic outflow is dominated
by kinetic { baryonic) or magnetic { Poynting ux)
energy, remain unanswered (4, 53 The primary
challenges in addressing these issues arise
because GRBs are short-lived, compact, and lic
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at vast cosmological distances: our understanding
of their physical nature is therefore inferred from
the charactenistics of their mdiation, measurcd al
the cardiest possible tme when the observed
radiation is stll sensitive o the propertics of the
original firehall.

The two main models of collimaed rela-
tvistic outllows, or jets, that have been proposed
are the hvdrodynamical and the magnetized jet
(51 Hydrodynamical jets have no dominam
ordered magnetic field but instead produce
synchrotron mdiation from ngled magnetie
fields, concentrated in the thin layver of the
expanding shock front, that are gencrated locally
by instabilitics in the shock () the magnetic
ficld docs not influence the subsequent evolution
ol the jet. Models of these jeis have been highly
successful at reproducing a wide mnge ol ob-
served propenties of GRBs (/. 2). A relativistic
outllow from a central engine might have a weak
ordered or random magnetic leld. As long as the
magnetic ficld does not attect the dyvnamics of the
jet, we classify 1t as a hydrodynamical jet. In
comtrast, magnetized jets are threaded with
strong, globally ordered magnaic ficlds, which
orgnate at the central source, are advectad out-
ward with the expanding llow, and may provide a
powerdul mechamism for collimating and accel-
crating the relatvistic jet (7, 8). A magnetic
drving mechanism is an atractive scenano 1o
account for the prodigious energy outputs and
vast accelerations required for GRB ¢jecta. as
well as for overcoming energy-clliciency prob-
lems inherent in hydrodynamical models in
which intemal shocks must conven Kinetic
energy 1o mdimtive energy with sufficient elli-
ciency o produce the observed -y emission
and prolonged central engine activity (9, f1),

Observationally, the fading mte of the aficr-
glow emission alone is madequate as a diagnostic
for distinguishing between these theoretical jot
models (J-13) in contrast, the polarization
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propertics are pradicted o differ markedly. Ob-
servations of the polanzation state of GRB
alterglow emission therelore offer a diagnostic
to climinate or constram currenl models. The
testable predicuon s that hydrodynanucal jets
produce a considerable amount of polanzation a
the geometncal wransiton phase a fow days aller
the burst, the so-called jet break time when the
lateral spreading of the slowing jet produces a
characteristic steepening of the light curve, and
produce linke or no polarzation at carly times,
whereas jets with large-scale globally ordered
magnetic ficlds produce polarization substantial-
Iy greater than 10% at early tmes (12, [ 3 and in
SOINE CASCS a5 !Ii.':_"h as -S04 (/3.

The fist detection of polartecd optical cmis-
sion from a GRB aflerglow was mken at 0.77
days alter the burst of GREB 99051 0 and, with the
exception of GRB 020405 for which an un-
explained high degree of optical polarianion was
measured 1.3 davs afier the burst (J4), late-time
measurements of optical polanzation for other
long bursts taken typically at ¢ = 0.2 day all
show consistently low values of P~ | to 3%,
some of which may be induced by interstellar
scatlering processes (1518 Although these
painstaking observations of late-time polanzation
were vital in confirming the presence of colli-
mated jets in GRBs [eg., (75-17)), there was a
lack of polanzition observations of GRB afler-
glows in the early phase within the first few
minutes, where the predicted propertics of mag-
netized or unmagnetized hydrodvnamic jets
diller most

Recent advances in technical efliciency of

catching the rapadly fading light from GRBs,
drven primanly by the real-ime dissemination
ol accurate localizanons of GRBs discovered Iy
the Swilt satelline (79, have opencd 4 new erain
rapid-response ollow-up studies of GRBs and
their afterglows (f, 2).

GRB 060418 was detected by the Swift
satellite at 03:06:08 UT on 18 April 2006 and
exhibited a wiple-peaked y-ray light curve with
overall duration of -~ 52 5, followed by a small
bump at 130 s coincident with a large flare
detected in the x-rayv light curve and likely
associated with ongoing central engine activity
(2(h. A localzation was communicated automat-
wcally o ground-based facilitics and tnggered
robotic follow=up observations at the 2.0-m
Liverpool Telescope in La Palma, the Canany
[slands. These observations consisted of a 30-s
exposure with the RINGO polanmeter (Fig. 1)
beginning at 03:09:31 UT or 203 s after the stan
ol the prompt y-my enussion and comemporane-
ous with the Rading tail of this y-ray emission,
followed by 2 hours of multicolor photometric
imaging, We concentrate here on the RINGO
micasurgiment,

RINGO uses a Int:lli.n:.,' Fk\|;i11ri|._| 1o modulate
the incoming beam, followed by comating
deviating optics that ransform cach star image
imto aring that is recorded on the charge-coupled
device (CCDy chip. Any polarization signal

present in the incoming light s mapped ot
arcund the ring ina sind 20) pattem. A description
of the mstrument and the data reduction proce-
dures are given i (271 A bnght star in the licld
ol view of the GRB (Fig. 1) was used as a choeck
on our daa reduction, with muliiple measure-
ments made on subscguem nights confiming its
measured  polanzation in the GRB frame
<%, This value also provides a lower limit 1o
any conrbution of poladzation that could have
been induced into the GRE by galactic inter-
stellar dust, No appreciable polarization signal
could be detected from the GRB. To quantify this
l'||'|;\|."|\i||.i1'l['|. we I.,'1'1|'[|I."d I\I,Jl. il 1'n-I:'i'Il:l:I.,' ‘...,II I.i'l Il

;Iil;l]}ni_\ 1 an ailempl 10 recover n i ljJ-LL'i;,t]|_~.
induced polanzation signal with a noise spectum
identical to that of the GRB dia. This gave a firm

{2a) upper limit o the measured polarization of

8% | polarizations of 0%, lor example, being

casily detectable (21)].

The optical and near-infrared light curves of

GRE 060418 are smooth and featureless: the
mirared (IR} light curves show a smooth nse
(decay mte a ~ 2.7, where F = %) to a broad
peak at ime fgy, ~ 153 5 (22) before fading away
with a smooth, unbroken power law with a -

1.2, idemical 1w the decay rate of the optical
light curves and typical of standard firchall
models of LII'-liL".t] ;L|-1u1:;_']u'.1. 5. In the standard
GRB firehall model in which a jet is doven into
the surounding circumburst medium, the carly
afterglow light is thought o include contributions
from both a forward shock, which propagates
into the ambient medium, and a reverse shock,
which propagates back into the onginal lirehall
¢jecta (23). Forward-shoek enussion peaks when
the lirchall decelerates or when the typcal
synchrotron frequency (ve,) passes through the

i
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observed band. The lack of color change around
the peak in the IR light curves of GRB 060415
(22} confimms the deceleration interpretation,
with vy, already lving below the optical and 1R

bands at this tme (221 The steep emporal nse of

the IR light curve (i~ 2.7) s also consistent with
theoretical predictions of forward-shock emission
betore deceleration ( 24).

The RINGO measurement was made close
to the time of the peak of the IR Light curve a
the fireball deceleration time and onset of the
afterglow, making the polarization measurement
particularly importam for testing afierglow pre-
dicuons from curremt standard _in.‘I; models, Our
|hr|;1l'i!:|1i|1r1 InCasurement also \,‘lliIIL'i\[L'n with ﬂh:
decay phase of the x-ray (lare emission. Extrap-
olating the peak flux density i the x-ray lare o
130 s w optical wavelengths, and assuming a

spectrl index between optical and x-ray bands of

B~ 1iF, = v, we found that the maximum
contribution of the Nare o the optical band 15
negligible, thus muling out an imernal shock ori-
gin for the optical emission and confiming that
the optical emission represents the alterglow at
the ime of the RINGO measurement.

Alhough the optical emission from GRB
0618 was bright atan carly time, no dominant
lll'l|-ln.';l| lash from the reverse shock was detected.,
similar 10 other recently stdied bright bursts

auch as GRB 061007 {25). The apparent lack of

an optical or R Mash is easilv explained in the
standard freball model if the typical synchmotron
frequency of the forward-shock emission, v, 15
loweer than the observing frequency of the optical
{and IR} band, v, at the onset of afterglow, or
the peak e f,. This condition is required also
e nterpret the IR hight-curve peak: otherwise,
the rise gradient is expected o be shallower, /' 3

Fig. 1. Direct optical and RINGD polarimeter images of the field containing GRE 060418, The
direct R-band image (A) is taken from the Digital Sky Survey (DSS) and shows the sky before the
GRB occurred. The RINGO image (B} consists of a CCD recording of the incoming light from GRE
060418 and other bright sources in the field after the light has been modulated by a rotating
polaroid and spread around rings by corotating deviating optics. The objects detected by RINGO
are labeled (a) to (i) in both panels and blue dotted rings, corresponding to those in the RINGO
image, are shown on the DSS image as a guide. All labeled objects, with the exception of extended
object (g}, are unresolved point sources and thus produce well-defined rings. The bright star (a) was
used for additional calibration as described in the text. The field of view is 4.6 by 4.6 arc min, and
the orientation of the field is shown by the while arrows indicating north (N} and east (E).
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than observed (26). Mundell er al. (25) suggested
that a low value of v, may be produced by small
microphysics pammeters, i particular low eg,
due to small magnetic ficlds m forward and
reverse shock regions. A low typical synchrotron
Irequency can also result 1T the freball is enriched
with electron-positron pairs, Nonstandard models
of hvdrodynamical jets with weak magnetic
ficlds that radiae via inverse Complon cmission,
rather than synchrotron emission, have also been
proposed as o mechanism for suppressing optical
Mashes, No polariamtion predictions for non-
standand models exist, so we do not discuss these
models further. Instead, we west predictions from
standard GRB models of relativistic jets with and
without globally ordercd magnetic ficlds that
emit synchrotron radiation,

Theoretical models of magnetized jets, with
large-scale ordered magnetic fields onginating
lrom the central engine, predict high values of
polarization o very carly times for the prompl
y-ray emussion (f2, [3). Putative detections of
large levels of y-ray polareation of ~70 1o 80%
{27 and =33% and =30% (28) in a small number
ol GRBs provide suppon for large-scale ordered
magnetic fields in the region ol the flow that
produces the high-energy prompt emission. bul
the observational results remain controversial
(29, The optical emission from the forwand
shock is also predicted o be highly polanzed lor
these magnetized jets: instabilitics in the contact
discontinuity at the lireball surface are expected
to act as anchors for continuing the ordered
magnetic feld mto the afterglow emission,
producing opical polarization as high as 10 to
50% at an early time (1713, 300). The exact level
ol observed polarizanon depends on complex
details of the degree of mixing between the
omdered magnetic ficld in the cjecta and any
tangled component in the shock front. Never-
theless, the key characteristic of emission from
jets with large-scale ordered magnetic Nelds is
that the observed polarization does not disappear
at very carly times (/7).

Our robust upper limit 7 < 8% at the very
carly time ¢ = 203 s for GRB 0604138 lies below
predicted values for reasonable jet propertics. In
the standard synchrotron shock model, the
temporal decay rate of the optical alterglow, a,
15 related 1o the underlving power-law  dis-
tribution of electron energics, or dnlde = ¢ for
GREB 060418, we denve p = 2.6, typical of op-
tical alierzlow emission. Theoretical models of a
magnetically dominated flow for p = 2.6 predict
observable polarization of a few tens of percent
(4), substantially Targer than that observed for
GRB 060418, Within the limitations of current
theoretical models, the low kevel of polanzation
observed in GRB 06041 8 therefore indicates that
large-seale ondered magnete ficlds are not
dominant in the afterglow emission at carly times,

Although reverse-shock emission in the fomm
of an optical flash does not dommate the light
curves of GRB 060418, in the hydrodynamic jet
model more than 507 of the emitted photons

30 MARCH 2007

come from the onginal fircball materal (25), or
reversc-shock region, at the deceleration time
when our polanzation measurcment of GRB
OG04 1R was made. This 15 because at the peak
time, the two shock emissions have the same
cooling frequency, and the peak values of vF, at
the cooling frequency are comparable. The two
emissions contribute equally 1o the toal Mux at
observing frequencics between the cooling fre-
quency and the typical trequency of the forward
shock (24), as is the case lor oplical measure-
menis of GRB 06041 8,

We therelore mle out the presence of a
magnetic field with ordered large-scale structure
in a hydrodynamic or barvonic jet, in which the
cnergy density of any magnetic field component
1s comparable 1o or kess than that of the baryomic
component, because this would also result in a
large amount of polarization af an carly time,

O result is consistent with the theoretical
predicion of low or zero polanaation for hy-
drodynamical jets without large-seale ordered
magnetic liclds when observed at cary times
{13}, This is also consistent with the reponed lack
of lincar or circular polarization at radio frequen-
cies for the afterglow of GRB 991216, observed
at ¢~ | day afier the burst (31), Thus, we suppon
models of hyvdrodvnamical jets in which the
gencration ol the magnetic field in the regions
responsible for both the prompt and afterglow
emission is drven by local processes in the Nuid.
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Ballistic Electron Microscopy of
Individual Molecules

Amin Bannani, Christian Bobisch, Rolf maoller*

We amalyzed the transport of ballistic electrons through organic molecules on uniformly flat
surfaces of bismuth grown on silicon. For the fullerene Cgg and for a planar organic molecule
(3.4,9,10-perylene-tetracarboxylic acid dianhydride), the signals revealed characteristic
submolecular pattemns that indicated where ballistic transport was enhanced or attenuated. The
transport was associated to specific electronic molecular states. At electron energies of a few
electron volts, this "scanning near-field electron transmission microscopy” method could be

applied to various adsorbates or thin layers,

utre developments  in microclectronics
Fr::quiw a reduction i deviee size, ideally
1o one molecule, but the power dissipation
of the individual element must be reduced ac-

cordingly, As demonstraed for silicon-based
prototypes (1) as well as Tor carbon nanotubes

VOL 315 SCIENCE

{2, one route 10 such devices makes use ol
ballistic electron transistors, In the case of bal-
listic wanspornt, the flow of electrons s not im-
peded by seattering at defects, so high speed and
minimal encrgy loss are achieved, Ballistic
transpont has also been used 1o image surfaces,
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In the scheme for ballistic electron enuission
microscopy (BEEM) introduced by Bell and
Kaiser (3. 4, a thin metal Javer on top of a
semconductor 15 studied. The amangement al-
lows an evaluation of how the tunneling current
is split imo a ballistic contribution that reaches

the underlying semiconductor and a cumrent of

scattered  electrons that remains e the metal
[lm. BEEM experiments have primanly fo-
cused on swudies of the buried inmerface between
the metal and the semiconductor.

An overview of BEEM was given by
Naravanamurti of al. (3. and a theoretical de-
seription has been worked out by de Andres
et ol (6 Modifications of the standand BEEM
configuration were reponted by Rippard er af. (7),
who studicd ballistic tmanspont through a maal
oxide- matal-sermiconductor systeme Li e af, (8)
and Trosdec o af. (9) modificd the Schotiky
barrier by inseriing an organie (ilm betwoen the
metallic layer and the semiconductor.

However, the goal of our experiment s the
analysis of the transmission ol electrons through
abjects, such as adsorbates. on top of the metal-
lic laver. Such experiments require an almost
perfect preparation of the interface and ol the
surface of the metal 1w provide constant de-
tection efficiency, Complementary 10 scanning
tunneling spectroscopy  (STS) by which the
specilic excitation of electronic states (J0, /1) or
even of a molecular vibration (/2) may be ana-
Iyeed, our experiment provides information on
the clectrons tmversing the molecules without
encountenng significant scallering Processes.

An important issue of molecular electronics
(73) 15 the nature ol the contact between a
metallic lead and the molecule. Cur experiments
comespond w0 a two-terminal deviee with two
contacts o an individual molecule (74, [3). One
of the comacts is given by the supporting sur-
face and may be vared by the prepamiion 1o
achieve adsomtion at a specilic site on the sur-
{ace. The other contact is made by the winneling
tip and may be varied with respect 1o lateral
position  relative 1o the molecule as well as
vertical direction from weak tunneling to point
contact.

We studied the ballistic transport ol clec-
trons through two organic molecules that have
been used for molecular electronics; Cgn (41)
and the planar organic molecule 34,9, 10-
perviene-tetracarboxy lic acid dianhydride
(PTCDA) (47, 18 The data reveal the pathways
of the ballistic ranspon through the molecules,

The setup of the experiment is sketched in
Fig. 1A, I a thin metallic layer s brought into
contact with a semiconductor, a Schotky barrier
is formed a0 the imerface (79, 20). The barier
heigin vares rom 04 o | eV depending on the

Depariment of Physics, Center of Nano Integration Duisburg-
Essen, University of Duisburg-Essen, Lotharstrasse 1, 47048
Duishurg, Germany.

*To whom correspondence should be addressed. E-mail:
rolf. moeller@uni.due-de

combination of the metal and the semiconductor
(21). The adsorbate to be studied 15 deposited
onto the metal layer. Usmg the tip of a scan-
mng wnneling mcroscope (STM (22, 23w a
negative biss voltage relative 1o the sample,
clectons are imjocted into the sample surface
cither direetly ino the metallic layer or via the
adsorbates. In the case of ballistic trnspont,
the electrons reach the interface and overcome
the barrier il their energy is sullicient and the
momentum parallel to the imerface is conserved.
These conditions create a current, faigie that
can be measured at a back contact of the
semiconductor. We refer 1o this as the “BEEM
current.” The majonty of the electrons remain in
the metallic layer; the BEEM current represents
only a very small percentage of the wotal current

of tunneling electrons, Because the feedback of

the STM adjusts the distance batween tip and
sample in such a way that the total wnneling
current remains constant, the BEEM current
direaly
ballistic electrons,

yidds the relative contnbution of the

Our method resembles the “projection elec-
tron microscopy” introduced by Fink ef al. (24),

which uses the lield emission ol a tip in front of

a lree-standing sample: the image of the
transmitied  clectrons is detected by a channel
plate detector. However, that teclnique is ap-
plicable for free clectrons ot mueh higher elee-

A

Tunneling tip

BEEM-current
i 4
g 2
0 : H
1] 10 20

Distance (nm)
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tron energics, in the range of 20 10 300 ¢V, In
contrast, our experiment relies on tunncling elec-
trons with energies between the Femu level Ep
and the vacuum level: moreover, hke STM, itis a
near-fickd technique not limited by diffraction,
The mjection and transmission ol clectrons
wis studied for two prototype molecules, Cgp
ad PTCDA, adsorbed on an atomically {lat
bismuth film at 130 K. The expenments (includ-
ing sample preparation) were perdormed under
ultrahigh-vacuum conditions al pressunes of <3 »
107" mbar. For sample prepamtion, the Si(100)
substrote was flashed 10 15300 K 1w produce a
clean (2 * 1) reconstructed surface. About 3 nm
of Bi was evaporated on the sample a1 a low
temperature (130 K. The sample was brought o
and the Bi
epitaxial layer that was flal on an atomic scale
125). The quality of the surface of both the Si
and the Bi surfaces was venlied by low-energy
clectron diffracton (LEED). Finally, about hall a
monolayer of Cgg or PTCDA was deposited by

oI 5|'|.‘I'I'I|‘||..‘!I'l'l|lll"a.‘1 |.l.'l]'['I'IL'I.| an

thermal evaporation onto the Bi surface at room
temperatune (2 ),

The interface between the Sioand the Bi
prepared by the procedure described above was
found 1o be very homogencous, leading to an
almost constant signal of BEEM clectrons on

the clean metallic surfice. The transmission ol

ballistic clectrons was very high relative 1o other

o

Fig. 1. (A} S5cheme of the experiment. (B to D) Topography and BEEM current for Cyp on Bi(111).
The area is 30 nm by 25 nm, and a bias of =1.3 V has been applied to the tip, leading to a total
tunneling current of 40 pd; the images show truncated triangular islands of Cgp [dark in (D)] and
bismuth (bright). (B) Topography varying by 0.6 nm from low (dark) to high (bright). (C} Cross
sections along the dashed line indicated in (B} and (D); the upper curve displays the height, the
lower curve the BEEM current. (D)} BEEM current ranging from 0.2 pA (dark) to 4 pA (bright). To the
left of the central island of C4p, a "ghost image” caused by a double tip can be seen. However, this
double tip does not influence the imaging of the island.
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systems (3, 27) such as gold on silicon. Con-
sidenng that the njection of wnneling electrons

occumed prelerentially with a low component of

the K vector parallel 1w the surtace, the high trins-
mission may be explained by the good overlap
between an clectronic state of the Bi that is very
close w the U-point of the surface Brillouin zone
(281 and the runcated bulk states of the S 100}
surface. In addition o the data we repon, the
tunncling current as well as images of the
backward scan direction were recorded 10 verify
that antifacts caused by the scan process were
negligible,

The topography observed by the STM and
the simultaneously measured BEEM signal Tor
the Cean molecules are shown in Fig, 1, B and D,
respectively. On the Na Bi surace, which ap-
pears dark in the topography, tnangular islands

of Bi fomed by one additional double layer of

Bi and hexagonally ordered islands of Cygy can
be recognized. The molecules are armnged n a
superstructure aligned 1o the underlying Bi strue-
ture and similar o a structure found on Au(111)

(29). The BEEM current is reduced by a factor of

about 8 for the Cgg laver and shows a faint con-
trast on the Bi surlface that reflects the hexagonal
arrangement of the Bi atoms in the (111) surface;
this is not visible in the opogrmphic image (see
also fig, S1).

We studied the BEEM current as a function
of the electron energy, which is given by E

¢, where ¢ is clementary charge and [ is

applicd bias. The spectm for the clean surface
{upper curve) and the covered surface (lower
curve) are shown in Fig. 2. The onsal ol the
BEEM current above the threshold can be
deseribed by a lunction as a power of £ - Ep,
where £y is the height of the Schottky barrier
(.3th. The dashed curve shows a it with faisse
(E -~ Eg)’/E. vielding a value of 0.58 ¢V for Eg
(3. Above 1.1 eV, sauration effects not in-
cluded in the formula given above lead 1o de-
viations from the experimenmtal curve.

The BEEM curremt through the Cgy mole-
cules exhibits a more complex dependence on

-

BEEM-curreni (pA)
[ =

as

0 0% 10 15 20
Electron energy (aV)

Fig. 2. BEEM current versus electron energy.
The blue curve refers to the bare bismuth sur-
face, the red curve to one monolayer of Cgg on
Bi. Each curve was obtained by averaging over
20 spectra at a single position. The dashed gray
lines show numerical fits to the data.
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the electron encrgy. At about 1.5 ¢V, the signal
strongly increases, mdicating the opening of an
additional channel for the ballistic clectrons, A
numencal fit o the data displaved in Fig. 2
taking into account a second threshold provides
an encrgy of 148 ¢V for the latier, For the range
up w L8 ¢V, an almost pertect it o the data
was obtained: agam, saturation was found for
higher encrgics, These results comespond well
to the data reporied by Yamachika er al, (32),
who analyacd Cgy on Ag(O01) by STS as a
function of doping by potassium atoms. For
the undoped Cgp, they Tound two empty elec-
tromic states: the lowest unoccupicd molecular
orbital (LUMO) a1 abow 0.5 ¢V and the
LUMO+ L, the next higher orbital, at 16 ¢V
shifting toward a lower energy with increasing
doping. Because the hirst orbital 15 below the
threshold given by the Schoutky barrier, only
the second orbital will elficiently coninbute 1o
ballistic transport.

The data obtaned for a small area near the
center of Fig. 1, B and D, is shown in Fig. 3 for
E wvalues of 1.3 and 2.1 V. One molecule ap-
peared somewhat lower in the topography and
yiclded a rather strong BEEM current. Typically,
the effect was not completely localized @t one
molecule: the neighboring moleculs were also
slightly affected, as expressed by the “halo™ in
Fig. 3D. Data recorded ot vanous electron energics
revealed that the signal was as strong as for the
clean Bi surface over the whole mange of energy.

In view of the resulis discussed for the
PTCDA molecule (see below), this observation

can be explained by an incrcased coupling of

the electronic states of the particular Cgq 1o those
of the underlving Bi. This effect is not coused
by different adsorption geometries, because the
bright appearance of the Cg hops back and
forth only between the same two molecules in a
series of measurements, which implies that the
effect is pinned by a localized defect or ad-
sothate (fig. S4). Hence, we suggest that an

Fig. 3. Topography and BEEM
current for a small area of a Gy
island. The displayed area is about
5 nm by 5 nm; total tunneling
current is 40 pA. (A) Topography
varying by 0.2 nm from low (dark)
to high (bright) measured at a bias
of =13 V applied to the tip. (B)
BEEM current ranging from 0.2 to
4 pA at a bias of =13 V. (€} BEEM
current ranging from 0.2 to 4 pA
at a hbias of -2.1 V. (D} BEEM
current ranging from 0.2 to 1 pA
at a hias of —2.1 V. The contrast
has been raised to enhance the
features at low current.
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impurity {e.g.. an alkaline atom) localized on the
surface dopes one or the other Can ncarby,
which shifts the energy of the electronic states
of the Ceg (32} and leads o enhanced coupling.
The scattering of the dectrons injected by the
wnneling tp is thereby reduced and the con-
tnbution of ballistic clectroms increascs. This
interpretation is supporied by a numencal cal-
culation by Ono of al, who analyzed electron
transpont through undoped and doped Cgg (33),

The images in Fig. 3, C and D, display the
BEEM current at an electron energy of 2.1 ¢V,
o improve the visibility of the low signal, Fig.
D shows the same data as Fig. 3C with en-
hanced brightness. Each Cep molecule exhibits a
nng with a slight hexagonal deformation
separated by lower-transmission regions. Henee,
an merease of BEEM current occurs at the sides
of cach Cgg molecule and nol between the
molecules, as can be cleardy seen m Fig. 3D
According 10 the spectroscopic data discussed
above, 1t can be concluded that this observation
is related to the first excited unoceupicd eloc-
tronic state of the Cgy (LUMO D),

Although Agorous theoretical consideration
requines one 1o treal the ransition from an
clectmon through the wnneling gap, the mole-
cules. the metal layer, and the Schottky barrier
as a whole, it is usetul w consider the ballistic
transpon stepwise o understand the observa-
tions. The first step is the twnneling process
from the metallic tip through the vacuum
barricr into the molecule. Neglecting thermal
broadening of the Fermi distribution of the
clecirons, only electons of the up with energies
rnging ffom Eg of the sample o o above Ep
conribute W the wnneling current. The maole-
cule docs not provide a continuous density off
clecironic states but provides discrete levels tha
are broadened by the interaction with the
substrate. Tunneling is enabled for those elec-
trons with an energy matching one of these
molecular states (e.g., LUMO, LUMO® L, c1c.).
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The second step is given by the intramolecular
transport. 16 inclastic scattering occurs, the
cnergy of the electrons is reduced and the
clectrons are no longer “ballisne.™ The thind
step s the tmnsition from the molecule o the
metal laver; the fournh step is the tmnspon
within the metal layer. The fifth and last step s
the transition across the Schouky  barrier
between the metal and the semiconductor. It
requires that the cnergy associated with the
motion of the electron perpendicular to the inter-
face exceod the Schouky bamrier. Funhemmore,
the component of the wave vector parallel o the
surface must match to an empty state of the
semiconcductor, In contrast to STS, i which only
the {ist step is considercd, BEEM takes o
account cach of these addmional steps.

If only the energy liltenng of the last step s
considered, some resemblance of the BEEM im-
age 1o data obtaned by STS |eg., lor Cgy (34)
15 readily understood. The threshold given by
the Schottky barmer selects those molecular or-
bitals with excessive encrgy, which s LUMO ]
for the Cgp in the mnge of interest. However, a
close inspection reveals significant differences
rom the S5TS data. Most obviously, the mini-
mum of the BEEM current in the center of the
Cpo molecule is not lound by STS,

The recent caleulation (33) for the clectron
conduction through individual Cey molecules
bridging two metallic electrodes shows that the
curment runs along the C-C bonds and that only
specilic unoceupied molecular orbitals with dif-
ferent symmetries provide the major contrbution

Fig. 4. Topography and BEEM current
for a small area covered by PTCDA
molecules. The displayed area is about
2.3 nm by 9.3 nm; total tunneling
current is 40 pA with a bias of <17 V
applied to the tip. (A) Topography of a
bismuth island surrounded by a PTCDA
domain arranged in a herringbone
structure. (B) BEEM current ranging
from 0.2 to 5.4 pA. (C) Partial charge
distribution of the PTCDA molecule
and structure model. (D) Detailed view
of the PTCDA topography averaged
over the unit cell. (E}) Averaged BEEM
current of the PTCDA structure in (B).
(F) Line scan showing slight maxima at
the position of the anhydride groups.
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to the electron transport. They predict the highest
density at the sides and the lowest density at the
center of the molecule. Both are i good
agreement with our observations {(e.g.. Fig. 3}

To kearn more about the ransmission of

ballistic electrons through molecules, we studied
a rather dilferent organic molecule, PTCDA 1s a
planar, almoest rectangular moelecule, It has sig-
nificam partial charges due 1o the strong clectro-
negative anhydride groups at both of the shon
sides, Figure 4 shows the topogrmaphy and the
BEEM cument for a small arca around a Bi
island that is not covered by PTCDA.

The molecules are amanged in a so-called
“hemngbone structure”™ observed for PTCDA
on many other metallic subsimates (I8, 33, 36),
The msets of Fig. 4, A and B, skech the
rectangular umt cell contaming two molecules
that are rotated by about 90° relative o cach
other. The displayed dma correspond 1o an
1.7 eV As Tor Cg, a
reduction of the BEEM cument is observed,

eleciron energy of
ranging from 2% (dark areas) to 35% (bright
arcas) relative to the uncovered surface, In
contrast to the lindings for Cg. the resulls do
not change signilicantly as a function of enengy
in the mnge between 0.6 and 2.0 ¢V (fig. 85),

The appearance of the PTCDA molecule
completely differs for the observed opography
and the map of the measured BEEM current
(Fig. 4. D and E). The topographic image is
dominated by two maxima located on both sides
parallel 1o the long axis ol the molecule. As
discussed in (37), the maxima can be annbuted

REPORTS

o the LUMO. Probably because of the semi-
metallic character of the Bi film, the LUMO
remains above Ep, mocontrast o a silver sub-
stmte, and 1t s oimaged at a negative tp bas.
However, the major contribution to the BEEM
current eccurred i one longish arca cemered on
top of the long axis. As pointed out in (37), this
feature comresponds 1o the LUMO+ 1 state,
which has a signilicam coupling © the bulk
states of the substrates, Close inspection ol the
BEEM signal (¢.g., in the line scan of Fig. 4F)
reveals an imponant difference with respect
the STS images of the LUMO+L, The maxi-

mum of the BEEM signal is not at the center of

the pervlene core but @ the anhydride groups,
Hence, we can conclude that the clectron
trnspon through the molecule or the tansition
to the Bi substrate works best at these positions.
The latter is suggested by x-ray diffraction mea-
surements showing that for a silver substrte, the
four oxveen atoms at the comers bend down-
ward toward the substrate (38, 39) and merease
the coupling to the bulk.

The presented variation of STM-BEEM al-
lows the analysis of electronic transport through
a thin laver of adsorbates in great detail, IF the
Schottky contact supporting this layer is pre-
pared homogencously, it provides a detector for
ballistic clectrons with an almost constant ¢f-
ficieney as a function of the lateral position, The
selup represents a “scanning near-field tmnsmis-
sion electron mictoscope” operating at electron

cnergies rmging from 0.5 1o 3 ¢V and capable

of submolecular resolution for a monolayer of
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REPORTS

adsorbates. Specitic paths Tor the ballistic trans-
poat of electrons through the molecules could be
identificd for Ceg and PTCDA. They result from
tunneling into the LUMO+] clectronic state
followed by inramolecular tinspon and cou-
pling 1o the bulk states of the underlying metal,
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Role of Solvent-Host Interactions
That Lead to Very Large Swelling
of Hybrid Frameworks

C. Serre,™ C. Mellot-Draznieks,™ S. Surblé,* N. Audebrand,? v. Filinchuk,* G. Férey®

An unusually large expansion upon solvent adsorption occurs without apparent bond breaking
in the network of a series of isoreticular chromium(lll} or ironflll} diarboxylates labeled MIL-B8A
to D [dicarbox = fumarate (88A); terephthalate (1,4-BDC) (88B); 2,6-naphthalenedicarboxylate
(2,6-NDC) (88C); and 4-4'-biphenyldicarboxylate (4-4-BPDC) (88D)]. This reversible “breathing”
maotion was analyzed in terms of cell dimensions (extent of breathing), movements within the
framework {(mechanism of transformation), and the interactions between the guests and the
skeleton. In situ technigues show that these flexible solids are highly selective absorbents and
that this selectivity is strongly dependent on the nature of the organic linker.

rystalline solids are normally quite rgid,
but a reversible feature of some lanze-

pore, hybnd, inorganic-organic crysial-
line solids is an wnexpected swelling under
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extermal stimull (such as pressune, wmperature,
light, or gas or solven adsorption), sometimes
with large magnitude (~3 A) (4, 2) in the vari-
ation of cell parameters. Such large volume vari-
ations sugeest that these solids might have uselul
applications because of their selective adsomtion,
increased storage, and lacile delivery (3. 4).

The Mexibility of hybrid organic-inorganic
porous frameworks that enables these volume
changes s governed by their host-guest inter-
actions, Kitagawa (3, 5) recently classilied the
different known behaviors of fexibility into six
classes according o these mieractions and the
dimensions of the inorganic subnetwork, with
the highest “breathing”™ amplitude so far being

VOL 315 SCIENCE

40 (20 However, most ol the studies reponed
have been limited to the structures of the frume-
wiorks at the initial and final stages of breathing
but have not revealed the geometrie changes
and locations of the guests dunng the swelling
that would provide insight into the mechanism
ol breathing. These necessary struciural data are
not always casy 1o obtain, because the swelling
ofien breaks the crvstals inio powders, which
are sometimes poorly crysiallized.

We recently overcame these limitations by
implementing a sirategy based on a combination
of targeted chemisty that controls the nature of
the inorganic building block (6) and computer
simulation (7 The structure of hvbnd frame-
works with giant cells [=380,000 A? (8) and
~700,000 A ()] can be determined for pow-
dered samples by means ol a direct space-
computational strategy, by pushing the limis of
conventional ab initio structure-determination
methods of nonmolecular solids from synchro-
tron data. Morcover, when the crysial structure
of a parent hybrid framework is known, lattice
energy minimizations can be used 1o anticipaie
the senes of related crvstal structures experi-
mentally obiained with linkers of greater size,
with a simple ligand-replacement strategy  in
which the observed cell parameters of the series
are used as treet values, The simulations then
provide the most likely atomic coordinates for
the new framewaork (f0), which may be directly
used for funther Rictveld refinements, The same
combined approach was used successfully in the
case study ol the atypical oon(lll) fumarte
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MIL-88A and allowed the clucidaton of its
structural transformations after adsorptions (/)
In that system. a reversible expansion of ~85%
wias observed between the dehydrated and Dy
drted forms of MIL-88A, whereas other polar
solvents (CHOH, CalOH, and O HgOH)
vanations in cell volume,
Simulanons provided an atomic-scale descnp
tion ol involved in

Nexibality, vielding framework models for cch

'
yiclded mtemmediate

the structural changes
host-guest system. The case study of MIL-S8A
illustrated how a flexible framework may adsorb
a wide range ol organic molecules or gases by
simply adapting its framework struciure, It also
revealed o us that funher explomuon of this
kind of fmmework was needed, weether with a
deeper understanding of the mechanisms at play

We applicd a simular strmegy that combines
observed cell parameters and lmtice-cnergy min-
imiztions for the analysis ol the unusually largze
swilling without the apparent breaking of any
a senes of asorcticularn

chemucal bond, n

clhiromiumilly or won(ll) dicarboxylates for
imulated |"'.'.;|”1 W H- Oy Xidicarbox ) | *ouest
(10y (M Fe, Cr: X F, Cl, acewte) and
labeled MIL-88A 1w D (MIL
Materials of Institut Lavoisier) |-.Eix'1|l:|-l.|-'\\,

[umarate (8SA L werephthalate (1L 4-BDOS (558 )
2 G-naphthalencdicarbox vlate (2,6-NDC) (88C);
and  4-4'-biphenyldicarboxylate (4-4-BPDC)
(X8I (/)

standing  1of

We charactenzed the breathing

motion m three wavs: (b by the umn cell
dimensions for the extent of swelling, (1) by
3 !
the movements within the framework for the
wechani | nslommation. and (1) from the
IMECTENNICS O [EINSIOMmation, and ) raam e

puests and ther imteractions with the skeleton,

which are the source of the movements. Below,
we discuss the effect of swelling on the ad-
somtion propertics of different solvents.

[he MIL-BR structure type 15 hexagonal
(space group P-62¢ or Poymme) () and 15 built
up from the connection of trimers of won( 11D o
chromiumi I} octahedm that share a ps3-0
oxyeen with dicarboxylates (Fig, 1) in such a
way that two types of cavities exist unnels along
[0 | and bapyvranudal cages with nmers at the

verices. The height ot the bipyramid cornesponds

(o the ¢ cell parmmeter, whercas o cormesponds 1o

the distance between two trimers in the ;x;l..llu-:!:||

plane, Ina L\ neral way, the .h-.x_ul'.il-,'ai.-'-.'.l form
(herealter noted as) can aceept solvents with a
noticeable and continuous increase of the uni
cell volume, one that mumtans the same space
ETOup, [ g1ve the open form (hercafier noted as
opiifigs. S1 10 S4). Further desolvation through
heating provides the desolvated form (hereafier
noted as l.EI_'L? while retaming the sPace Eroup
Dunng the reversible tmnsformations, the Bragp
peaks of the x-ray dillraction (XRD) powder
patterns exhibit drastic butl continuous displace-
ments that ae chamcteristic of a very  larpe
breathing effect and allow the relfinement of the
cell parameters of the dillferent solids

e data collection on the three powdencd
forms of cach member of the senes i its open
form was |"-\.'|'.ll:'.||l.'l.| at the |'.||u|'-..x-.:! "\.-.|_._||:u.
tron Radiatnon Facility (ESRE) Staning from
the structures of the as forms, the application of
our strategy (&) provided the starting  alomic
coondinates of the atoms of the hybnd frame-
work for further Rictveld relinements (table 51

and figs. 55 10 STy (/D)

Open

Fig. 1. (Top) Perspective view of the evolution of the bipyramidal cage of MIL-B8D during the
chemical (as — open) and thermal treatments (open — dry). (Bottom) Correlative evalution of the
structure seen along [001]. Chromium octahedra, carbon, and oxygen atoms are green, red, and

gray, respectively.
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The wut cell pammeters (Fig. 2) increase

almost lincary with the length of the linker, but,

lor cac | 1 MEMDPCE, WNCTSHs Wi ¢ |'|.IZ dIMEICT G-

creases by several angstréms trom the dry to the
open lorm, the o axis drastically inercases. The

,
breathing phenomenon is anisotropic. The con-

:\J.'I.|III..'Z 1Ces o l.'..'” "-l'l'.ll'.l-\.' Al .‘|'|l.'-.|.I'L .||.'.|. WL &

el Vel
g CCll volume of the dried solid) that vanes
from 1.85 for the MIL-S8A foem 1o 3.3 for the

MIL-28D form, which i considerably larger than

w Tt (1, el volume of the open fomm;

the magnitude of breathing observed so far for
1.4, 51

e
batween two- and threelold during insertion of

hwlrid sohids (rato olume mereases

EUCHLS, i:ll"l:-. a reversible coordinated atomic
movement of = 10A, without any apparent bond
|1:-.'.||-.1|‘.:_'. For the sake -II'-.-li|||".-.' isony, the simlar
mlo for lungs s only Ld: funhenmore, some
polymers can expand to a comparable extent, but
these materials ane amorphous, whereas the MIL-
88 solds '~|.I}- crvstalling, UCsPIie dan anEsoiropec

peak broadening, dunng all of the adsomtion and

desomplion process, An interesting Teature of the
expansion s the lack of vanatuon ol the o

s ol the dry Torm.

PRARNTCICT ACross e enlire s¢

which correspoids 1o the distance between

tmers on cach (001 plane. This ¢ paramete

memains almost constant within one  estimated

gandard deviation, whatever the length of the
Inker. This indicates tha, in the dry form, the
buillding blocks are closely packed mn the (001)
plane, which excludes any furnther contraction
[hus, the interior of the bipyramid is not
accessible to the guests, unlike the tunnels, which
reman accessible even in the dry state. The mitial

ge ol solvaton will likely oceur within the

wnnels. Moreover, as already shown with MIL
BRA ) hvdrophilic inorganic pans of constant
thickness 2.9 A alernate in these wnnels with

hvidrophobic organic croups whose  thickness

B8A BAE BAC 88D
28 9 BODD
24 & 4 g
A
= 5200
w 20 o
B -
= =
] 3800
= 16
ke
o i o 2400
¥ v
= 1000

Fig. 2. Evolution of cell parameters and volumes
of MIL-88 A through D in their different states (as
synthesized, open, and dry} as a function of the
length of the linker.
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depends on the length of the linker (Fig. 1), Thas
abservation will help the explanation below ol
the different behaviors dunng resolvation

What common chamctenstucs of the fmme
Al ol
them exiubit, first, a continuous rotation of the

-y inid
lnmers  around

works allow such a reversible swelling?

[001] by a maximum of 30
The O-0) axis

of the carboxvlate lunctions acts as a “knee cp

dunng the transformation (Fig. 1)

(Fig. 33, around which the tnmer and the phenyl
FIEs 5in -.'l:.”::_'i..' neir respectve -||‘!:.".|I."| -
tatons, and allows rotations ol the moieties that
accommodate the constramts and muimimze the
latice energy (see |-.'::,-.'|ui of Fig. 3 for dals)
lhis “mechamical™ process, allowed |1_\ hoth the
l.I]l..'x‘.l'-H:-. of the covalent bonds of the hnker
and the lack of dirccuvity of the metal-oxygen
wnic bonds of the moneamie clusters, explams
the sofiness of the ransformations  mduced i'-_\

host-guest ineractions

Lnce the '-'-'--..'”il'::_" of the MIL-85% solids was

rabionally explamned, we locused on how these

imteractions aftect the sclectivity of the adsomp-
[he MIL-88 solids were soaked

with various polar and nonpolar

LON Process.
wuids, The
hreathing behavior 15 selective. Indeed, the pore
opening strongly depends on the nature of the
solvent, as shown in Fig. 4 by the XRD pattems
of MIL-88C afler mmersion m vanous liguids,
Depending on the chemical nature of the sol
vent, three degnees of pore openimg are evidenced
(Fig. 4 and Table 1) (1) small polar molecules
(waer and methanoly and apolar solvents (hex-
ane and toluene) nduced a small swelling mag-
nitude, between 6 and X% m volume: (i) more
hvdrophobic but sull polar liquids |butanol,
-.'.I||L..'|||_\.|n..||.\-:|.1-’.c, L|||:|-.'i'.'|_\]1-.-|!||.-.'.||i\’r (DM,
and dimethylsulfoxide] genemte a larger pore
opening (15 w 60%), whereas (i) pyndine and
dicthylformamide (DEF) completely open the
structure, with a resulting huge increase in cell
volume ol about 165 1o 1 70% (Table 1)

e reason tor such dissimilanties in the mag-

nitude of openng must be found m the cha

Rotations of the cycle

minimize the cons

Fig. 3. Part of the structure of the cage in MIL-88B, which corresponds to one edge of the trigonal
bipyramid. It illustrates the framework displacements during breathing, which occur around the
knee cap 0-0 axis [blue line and sense of rotation (blue arrow)] of the carboxylates. This allows the
rotation around this axis of the whole trimeric units (green arrows). The free rotations of the phenyl
ring and of the trimers around the OQC-CO0 axis only relax the constraints and minimize the
lattice energy during the transformation. Chromium, carbon, and oxygen atoms are green, red, and

white, respectively.

Fig. 4. Evolution of the XRD 101 Solvant
patterns for MIL-88C in various 100 | | Pyridine
solvents at room temperature 5 i i boz | DEF
{arbitrary units). ] . N | DMF
& e o b DMG
‘_‘J i i "~_‘:&___ | BuOH,DMS0
E _.' o i | Tolugnae
i ) | Hexana
! 1. \ | Water, MaOH, Lutiding
/ —\ { Driad
2 4 6
28 (M
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acteristics of the twnnels and from the nature of
the guest and its associated nteractions. Indeed,
we already noted above that hydroplilic in-
onganic parts of constant thickness 2.9 A (Irce
aperture 3.7 A for MIL-58C) altemate m the
wnnels with hydrophobic organic parts (free
aperture 3.2 A), the thickness of which depends
on the length of the linker: Thus, several types of
mnteractions are possible in MIL-88C: (1) Simila
o those with MIL-S8A (40,

liquids may imteract with the inorganic trimers ol

1), small pola

metali D octahedra (coordination of the metal.

hvdrogen bond imteractions ). (i) Weak interac-

tions are expectad with the organic linker, such

s van der Waals, m-m and CH-m interctions

Nonpolar hguids interact only with the linker,

.I!II.I the Prescnee ol some Llll".l.lill.'.h.'l.l IL'!II!lI:I.1|
P

water molecules in the tnmers does not Favor then

adsorption into the framework, More hydropho-
bic polar liguids interact preferentially with the
organic parts of the wnnels [as proved by the
structure of MIL-88C filled by pyridine (g, 58))
and nerease the number of CH-n interactions,
which expluns why butinol 15 more adsorbed
than methanol or cthanol. For the same reason,
DMFE and DEF generate a lar
WL -S8(

laroe dilterence i

T PONC OPCRIng in
More surpnsing, however, is the VETY

(NN

[ LN ] Rl AR R B

obacrved for MIL-88C when 2.6-dimat }| ;'-}:i-
107 oy 1OR%) 15 wsed

263 1w 270M%)

dine (lutidine) I'I-i" I

[ at
mstead of pyvedine (1,1}
4 '}

iy

its ability o interact

Pyridine is well known For

strongly with polar moictics or o coordinate the
metals and o interact with aromatic nngs from
the naphthalene Iinker throush m-m imteractions:

in the ease of the 2,6-dimethy] pyndine, the stene

hindrnce ol the methyl groups considerably

weakens such imeractions and thus drastically
decreascs s .|-.1.‘~'-"I|"|I'-"I'I by the porous [rame-

wiork

dunng

[hese features llustrate the competition

he adsorption process between the inor-
ganic and the organic parts of the wnnel fo
attracting the guest molecules depending on
therr nature and steric hindrance

MIL-88C

from the other members of the MIL-88 series

However, presents  differences
that relate to the orentation of the phenyl rings

in MIL-8&C, which are orthogonal to those

Table 1. Cell velumes and the breathing
amplitudes for MIL-88C at its l.1rgs=s! expansion
relative to the dry form (2120 A®).

Cell volume

Solvent -
Initial (A*) Vi Voey (%)
Pyndine 3695 270
DEF 5600 265
DMF 3415 160
DMC 2775 130
BuOH, DMSO 2435 115
Toluene 2295 108
Hexane 2285 108
Nater, MeOH, 2270 107
lutidine
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of MIL-38B and MIL-88D (fig. 5%). Unlike
MIL-88C, the planc of the rings in the other
members points toward the intenor of the twnnel
and leaves less room for adsorption, especially
fior MIL-88D. When starting from the dried form,
the pore opening remains mther weak (<2006)
when the solid s dispersed at room emperature
in a liquid, despite the imponance of the onzanic
linker (fig. S10). Allematively, the use of the as-
synthesized form of MIL-88D leads 1o an almost
MIL-88B-like adsorption behavior (ligs. S11
and S12% with adsomption of different liquids, the
magnide of pore opening depends, once more,
on the mature of the guest, Besides the specific
interactions between solvent molecules and the
framework, a geometrical threshold exists for an
adsorption m the tunnels. Moreover, this thresh-
old 15 thermally activated, because at 150°C,
dispersion of MIL-88D in pyridine leads 1o its
total opening (fig. S13), The same behavior is
observed for MIL-BEC i its dned state. Dis-
persed in DMF at room tempermature, it exlibited a
6% pore opening. whereas the same experiment
performed at 150°C showed a total opening
(170%) (fig. S14). However, thermody namically,
il there is a themal effect related 10 the pore
opening of the fmmework, it is masked by that of
solvation, which occurs simultancously,

We can briefly discuss the Kinctics of ad-
sorption, From our experiments, it scems that the
kinetics ol breathing is distinctive for each MIL-
88-solvent association. For example, MIL-88A
and MIL-88B breathe within a few seconds in the
presence ol ethanol, whercas it takes severa] days
for MIL-88B to open its pores completely in the

presence of water or nitrobenzene (figs. S135 and
S16). Similarly, MIL-88C opens rapidly with
pyndine (<1 man) but slowly with DEF (hours).

Fimally, it 15 not known whether there 1s a
phase transition when a solvent is adsorbed. The
nets are topologically mvanant and are not re-
constructed between the different forms, In this
sense, 1 there is a transition, it might be only a
displaccment, but even in this case, most of the
structural transitions are associated with a change
in symmetry and, therefore, in the XRD patterns.
Here, the space group remains the same (P-62¢
or Poz/mc), and the patterns show a cominuous
evolution (figs, 517 10 520). Thus, this breathing
phenomenon s reversible for each solid and

without any apparent loss of erystallimity, even if

anmisotropic peak broadening s observed wath
drving lor the (hk) Brage reflections while
(001 peaks retain their imital width, However,
the anisotropy disappears with wetting, and both
(hkO) and (001} reflections recover the same
peak width, which also rules out the appearnce
ol an impunty or a structural change during the
breathing phenomenon. At first glance, the peak
broadening with drving could be duc 0 some
disorder (residual molecules of solvent) in the
(ah) plane.

The cvelability of the breathing phenomenon
has not been addressed so far. However, we have
observed by XRD that the pore opening still
oceurs with no apparent loss of ervstallinity after
a few desolvationsolvation cyeles (fig. 517 w
5200, Further investigations will be noeeded in
order 1o understand both the energetics and the
cyelability of this breathing phenomenon.
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Plastic Deformation Recovery in
Freestanding Nanocrystalline
Aluminum and Gold Thin Films

Jagannathan Rajagopalan, Jong H. Han, M. Taher A. 5Saif*

In nanocrystalline metals, lack of intragranular dislocation sources leads to plastic deformation
mechanisms that substantially differ from those in coarse-grained metals. However, irrespective
of grain size, plastic defermation is considered irrecoverable. We show experimentally that
plastically deformed nanocrystalline aluminum and gold films with grain sizes of 65 nanometers
and 50 nanometers, respectively, recovered a substantial fraction (50 to 100%)} of plastic

strain after unloading. This recovery was time dependent and was expedited at higher
temperatures. Furthermore, the stress-strain characteristics during the next loading remained
almost unchanged when strain recovery was complete. These observations in two dissimilar
face-centered cubic metals suggest that strain recovery might be characteristic of other metals

with similar grain sizes and crystalline packing.

processes govern plastic deformation, with

the dislocations generated by intragranular
sources, Dislocations propagating in inlersecting
slip planes can interact with cach other and, in the
process, form new dislocations that are immaobile,
These immobile dislocations obstruct the passage
ol other slip dislocations through these plancs

In coarse-grained metals, dislocation-mediated

and harden the crystal, a phenomenon commonly
referred 10 as work hardening (/).
Nanocrvstalline metals, where the grain size is
tvpically less than 1O nm, are expected o behave
differently because the gmin siee is smaller than
the chamctenstic length scales associated with
nuclkeation and propagation of dislocations (2,
Experiments (5, 6) indicate that intragranular

dislocation sources like the Frank-Read source
cease o operate in panocrysialline metals,
although in situ tansmission clectron microscopy
(TEM) observations of tensile deformation have
shown dislocation activity, especially near crack
tips (7). The lack of dislocation sources resulis
in high strength and reduced plasticity in these
materials (8, ¥), although recent experiments
(/17 indicated that stress-assisted grain growth
during detormation can lead 1o enhanced ductil-
iy, Atomistic simulations suggest that disloca-
tions nucleated a1 grain boundances (GBs) camy
out plastic deformation i the nanocrystalline
regime; once nucleated, these dislocations trvel
across the groms and are eventually absorbed n
the opposite GB (/- 13). Aomistic simulations
and expenments also suggest that, at very small
grain siges (~10 nm), GB sliding and migration
become the dominant deformeation mechanisms
and cause a reduction in strength (4-17),
Although the behavior of nanocrystalline
metals during deformation has been investigated,
their postdeformation behavior has received limle

Depariment of Mechanical Science and Engineering, Uni-
versity of llinois at Urbana-Champaign, Urbana, IL 61801,
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attention. We repont an unexpected recovery of
plastic deformation in sputter-deposited frecstand-
ing aluminum and gold flms after unloading. Six
aluminum specimens from two different walers
{batches) and two gold specimens from a single
waler were tested for this study, all of which
showed plastue deformation recovery. The alumi-
num films were 200 nm thick, 50 1o 60 wm wide,
and 300 to 360 um long; whereas the gold
films were 200 nm thick, 12 to 20 um wide,
and 183 um long, TEM observations and cross-
sectional scanning electon microscopy (SEM)
studies revealed an average grain size of 65 nm
for the aluminum films, TEM observations, x-ray
ditfraction analvsis, and cross-sectional SEM
studies of the gold films revealed a strong (111
texture along the film growth direction and a mean
grain size of 50 nm. The aluminum films typically
had two o three grains along the Hlm thickness
(sspect mbo of 1 1o 1.5), whercas the gold lilms
had three 1o four grains (aspect mtio of 1 1o 1.3).
The specimens were macroscopically stress-liee
during the strain recovery, and the aluminum
specimens showed strain recovery even al room
temperature (RT), with the recovery rate increas-
ing with increasing anncaling temperure.

The frecstanding aluminum and gold speci-
mens were cofabricated with a microelectro-
mechanical system- based tensile testing  chip
capable of measuring stress and stmin simulia-
neously. This tensile testing chip is similar o the
microtensile stage deseribed in (/8 the only dil-
fierence is that the films in this case are deposited
on Siand not S105. The chip is loaded by a picao
actuator that has a displacement resolution of
0.02 pm, and the entine setup is placed in a scan-
ning cleciron microscope [or wsting (/9). The strain
and stress resolution were 0.003% and 10 MPa,
respectively, for measurements on the aluminum
specimens. For the gold specimens, the come-
sponding values were 0.01% and 1.5 MPa.

We measured the stress-strain curves (Fig. 1)
fior a series of deformation recovery expernments
perfommed on an aluminum specimen (specimen
AL For all the experiments, the loading was per-
formed at RT. and the annealing time was 7 min.
except where indicated otherwise, The temper-
ature Nuctuation during anncaling was less than
£2°C for all the resulis reponed. In the fimst

AL,
m.
— 400
a
= 300
o
@ 100 4 - & - 200°C
of -—e-220%
=100 * 2 v J

0 02 04 06 OB 1 12 14 16 18 2
Strain (%)

Fig. 1. (A to C) Stress-strain curves for deformation recovery experiments on
specimen A (aluminum). A fraction of the plastic strain is recoverable, and,
once that strain is recovered, the specimen shows no residual hardening
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experiment (curve 1), the specimen was defonmed
to 1.38% strain, inducing a plasiic strain (£,)
of 0.65%. Dunng loading, the specinen stancd
viclding around 330 MPa, where a marked
reduction in the stress-strain slope (compared with
70 CilPacin the elastic region) was seen, The speci-
men also showed strun hardening atter yielding,
as indicated by a positive, although reduced,
postyiclding slope. The stress-strain charactenstics
seemed 10 be time independent, because no stress
relawxation or creep was seen when the picao
voltage was held constant for 3-min periods al
various points during loading, This time indepen-
dence was observad during all the subsegquent
loadings as well, However, fast relaxation pro-
cesses, 1 any, could have gone undetected iF they
were oceurring on time scles much shorter than
our loading strain mte (~1 = 107 57", The strain
rate was obtained by observing the displacement
of the sample ends diroctly (by using strain-
sensing gauges, labeled G and G2 in fig. 81
Adfter rapid unloading (strain rate - | =
1073 571, the specimen was anncaled at 100°C for
15 min, which produced no noticeable recovery.
The specimen was then anncaled at 240°C for
7 min, during which time it recovened 0.33%, strain
(~0.5e,). Anncaling at 240°C for a turther 20 min
did not produce any additional recovery. In the
second experiment (curve 1), a plastic strain of
0.33% was induced so that the sccumulated plastic
strain was the same as affer the first deformation.
During loading, the stress-strain chamctenstics
were almost identical w those of the first defor-
mation, and the specimen recoverned the entine
additional plastic strain on annealing ar 220°C,
Curve [T shows the third loading and recovery
(recoverable plastie stmm e, = 0.32%) upon
annealing ae 205°C. Alhough the vield poim
remained unchanged, the specimen showed larger
postyiclding hardening as well as a larger fraction
of recoverable plastic stmin (g8, ~ 0.7) com-
paned with the first experiment. which points o a
link between work hardening and plastic defor-
mation recovery. Further annealing at 2400C did
noi produce any additional recovery. The founh
and filth experiments were performed 1o assess the
tempermture dependence of strain recovery: the
anncaling tempertures were 12000 and 60°C,
respectively, Curves IV and 'V oshow that the

@ 100 1 -~ - 205°C
ol i i - - 120°C
=100

0o 02 04 08 0B 1 12 1.4 168 1.8 2
Strain (%)

recovery at 120°C is substantially larger (£ =
0.4%) compared with that at 60°C (e = 0.24%),
coven though the £, is almost identical (o = 0.4%).
During the sixth experiment (curve V1), the speci-
men showad notable residual work hardening as
the vicld stress increased 10 395 MPa from 330
MPa. Morcover, a strain of 1% induced a plastic
strain of only 0,23%, whereas in previous exper-
iments the plastic strain wis ~0.3%,, The specimen
was then lell at BT for 19 hours, during which
time it recoverad (L23% strain, When the speci-
men was loaded from this point, the deformation
path was similar 10 curve VI, confinning the
presence of residual hardening in the absence of
Full recovery of epe. Upon anncaling at 45°C, the
specimen rocovered 0.23% stmin. In these ex-
penments, e STess-sirmin  measurements were
done at fairly large increments of strain, because
the stress-strain behavior of similar aluminum
films had been well charactenzed i previous
studies (20, 271 TEM observations of the speci-
men afler deformation and anncaling a1 240°C did
not reveal any noticeable change in the grain siee
compared 1o the as-{abricated state (fg. 52). The
lindings presented were centificd by similar ex-
periments on other aluminum specimens,

To verily whether plastic strain recovery oc-
curs in other face-centered cubic (fec) metals,
we performed similar experiments (/9 on gold
lilms synthesized by using the same technique.
The gold specimens, like the aluminum speci-
mens, showed no siress relaxation or creep dur-
ing loading in any of the expenments. Figure 2
shows ||!Il..! strin reCovery measurcmenis on one
ol the gold specimens. In the first experiment,
the specimen was deformed 1o 1.28% strain,
leading o a plastic strain of 0.7%. During load-
ing, the specimen started vielding at around 70
MPa and showed substantial postyiclding hard-
cning. Adier unloading, the specimen showed no
sirain recovery when annealed at 100°C for 10
min but recovered (L35% strain (0.5g,) aficr
annealing at 210°C for 5 min. Further anncaling
at 210°C did not result in any additional recov-
cry. When the specimen was loaded again, ihe
stress-strain characteristics were very similar o
the first loading. TEM observations showed no
grain growth during cither deformation or
annealing.

0

i.38888¢8

Stress (MPa)

- -4 - B0°C

a..u.‘..-.

- =4 - RT (18 hrs)

0 02 04 06 08 1 12 14 16 18 2
Strain (%)

during the next loading. When recovery is incomplete (curve V), an increase
in yield stress is seen during the next loading l(curve Vi), The dashed armows
indicate strain recovery at different annealing temperatures,
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In a thermally activated process, one would
expect to see a substantial drop in the mte with a
reduction i emperiture. But m the alummum
specimen (specimen A, anncaling at 60°C and
48°C produced very similar amounts of stram re-
covery, whoress the recovery at 120°C was sub-
stantially higher. This suggests that a fraction of
strain recovery, possibly involving higher ac-
tivation cncrgy processcs, is accessible only at
high temperawres (=100°C) within the T-min
annealing time. To test this hypothesis, we an-
nealed a similar aluminum specimen (specimen
By a 240°C a priori and then deformed it 1o a
plastic strmin of 0.535%. We then observed the
time dependence of recovery at different an-
nealing temperatures (Fig. 3), The results indi-
cate tha a fracuon of RT recovery (—40%)
occurs very quickly, within a time period of
about 400 s, whereas processes that are much
slower (time constant ~ 10 5) dictate the rest of
the recovery, Also, increasing the temperature
leads to sharp spurts in recovery that salurate in a
short period of time. These observations suggest
that the recovery process is govemed by a dis-
tribution of activation energics and that higher
temperatures help 1o overcome larger activation
barriers [aster.

N - == 210°C |

o o2 0.4 0.6 0.8 1 12 1.4
Straln (%)
Fig. 2. Stress-strain curves for deformation re-
covery experiments performed on a gold speci-
men. This specimen also showed substantial
(50%) plastic strain recovery and no residual
hardening during the next loading.

Because both the aluminum and gold films
were sputter-deposiiod and had similar grain sizes,
we performed the same expenment on two sputler-
deposited aluminum films of similar thickness
(215 um) but with amuch larger average grain size
(180 nm)p 1o check whether the stmin recovery 1s
restricted 1o contam mange of prain siecs. These
films wene also anncaled & prion at 240°C and then
deformed to a plastic stmin of 0.35%. However,
these films showed no deformation recovery even
when anncaled a 220°C for 30 min. This ob-
servation and the fact that similardy synthesized
alurminum films, but with much soaller grain stecs
(10 o 200 nm), show very litle plsticity during
deformation (22) sugeest that the stirain recovery is
restricted o a small rnge of grain siees. We noted,
however, that the Jange-graned (180 nm) alum-
num films had a columnar grain structure, unlike
the films that showed recovery, which could have
also cawsed them o behave dilferently,

The experimental results reveal that the de-
formation rocovery is time dependent and that the
process is thermally activated, Because the speci-
mens are macroscopically stress-free when the
recovery occurs, it is likely that this process is
driven by residual intemal stresses caused. per-
haps, by inhomogencous defommation during
loading. Figure 4A shows an energy landscape
that could govern the loading and unloading
processes, During the initial stages ol loading, all

Fig. 3. Time evolution of 1
strain recovery at different
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the grains deform elastically, leading 1o homoe-
geneous clastic deformation strain (£.). Alier a
critical stress (the macroscopic vield point) s
reached, some relatively larger or favorably or-
ented grains start deforming plastically, whereas
others stll accommodate the strain clastically.
This leads o mereased compliance and hence a
reduced but positive stress-strain slope. During
this phase, plastic deformation proceeds with the
overcoming of local energy bamiers. However,
due 10 the inhomogencous nature of the defor-
mation, internal stresses build up in the specimen.
As the external stress bs increased, even relatively
smaller or unfavorably orented grains start de-
forming plastically, eventually leading 1o ho-
mogencous plastic deformation with near-zero
stress-strain slope. The plastic strain in the speci-
men hence s composed of permanent plastic
strain (£}, resulting from homogeneous defor-
mation (no intermal stress buldup), and re-
coverable plastie swrain (ep), which occurs
during inhomogencous deformation.

On unloading, £, is instantancously recover-
able, whercas g, is completely imecoverable. £,
recovers over time, daven by the reduction in
internal residual stresses. Because this process
involves the overcoming of local energy barriers,
it exhibits temperature dependence as well. It is
quite likely that the apparemt strain hardening
seen dunng loading in our experiments on both

annealing temperatures for E; o

specimen B (aluminum}. 5 ® — AT
About 40% of strain recov- = e~
ery at RT happens within 49 e
400 s, whereas the rest of - i
the recovery takes much @

longer time. The sharp spurts o+ . L . :

in recovery after increasing 0 200 400 600 800 1000 6B400 162000 162500 163,000
the temperature saturate in a Time (s)

short period of time. These

characteristics of the strain recovery indicate that it is thermally activated and that it may involve a

distribution of activation energies.

Fig. 4. (A) Energy landscape A
for loading and unloading.
During loading, the strain is
composed of homogenous
elastic strain (g,), permanent
plastic strain (eq), and re-
coverable plastic strain (eg,).
On unloading, £, is instanta-
neously recoverable, and e,
is completely irrecoverable,
whereas £, recovers over time,
£g Epp, and e, shown are for
the unloading process. (B)
Dynamics of dislocation glide.

Elastic energy

Local anergy barriers io

The dislocation is pinned at
the ends by GB defects that
act as barriers to its propa-

gation during both loading and unloading. Depinning occurs through
local atemic rearrangements arising from thermal fluctuations and
leads to further propagation. During loading, the dislocation experiences

deformation.

Lt T

Thamal
fluctuation
Farce
Diskecation
Grai}wnmr[.r 'I\ -
ledge rgurity

a force due to the external applied stress, whereas after unloading the
force arises from residual internal stresses caused by inhomogeneous
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aluminum and gold is a result of inhomogeneous
deformation that encompasses £ It would also
explam why larger strin hardening leads w a
larger fraction of neccoverable stram, s seen
during the third experiment on the aluminum
sample (Fig. 1B, curve 1), In the figure, £, and
£pp are shown separately for the loading process
merely o enhance clanty; these processes can
oceur simultancously,

A process that can lead 1o this Kind of strain
recovery can be visualized as follows. Consider a
dislocation that has moved into the grain interior
because of applied stress (Fig. 48). The disloca-
tion is pinned atthe ends by GB defects that act as
barriers to its propagation during both loading and
unloading. Dunng loading, the large extemal
stress along with the thermal uctuations allows
the dislocation 1o overcome the bamers quickly.
Al a given stress, once a bamier is overcome, the
dislocation attains equilibrium, because Turther
propagation would mvoelve an “uphill nde,” that
is, an increase in enerey due to the positive slope
ol the energy landscape. During strain recovery
alter unloading. the residual imernal stresses drive
the dislocation back to the GB where it oniginated.
But, unlike loading, the reverse motion ol the
dislocation involves a “downhill ride™ along the
energy landscape, and hence it continues t© move
backward through thenmally assisted depinning
until all the residual stresses ane eliminated,

Atomistic simulations (23) have shown that
GB ledges, which act as pinning  points, could
hinder dislocation propagation and that depinning
occurs lrough thermal activation, leading 1o
further propagation. Some expenmental studies
(24, 23) have also provided indirect evidence for
such a mechanism. It is quite conceivable that
such dislocation pinning and thermally activated
depinning is responsible for the temperaure de-
pendence of recovery ratle seen in our expeniments,
where, apart from GB ledges, impuntics present in
the GBs could also act as pinning points. To assess
the impurity levels in the samples, we examined
them in as-fabricated as well as annealed condition
by using Auger cleciron spectmscopy. Both the
as-fabricated and mwnealed aluminum films (g
S3) showed similar impurity levels, with a fairly
large nitrogen content (~4.5%) and smaller
amounts of carbon and oxygen (<1% cach).
Similarly, there was no major difference i the
impurity contents of as-fabncated and annealed
zold samples, but both of them had much less
nitrogen content (<0.53%) compared with the

aluminum films. In assessing the possibility of

impuritics acting as pinning poinis, it is worth
noting that, although specimen A did not show
any noticeable recovery at 100°C during the first
experiment, it reeoverad even at 48°C, alier it had
undergone annealing at 240°C. This enhancement
of recovery mite could be due 1o the reduction in
pinning sites caused by redistribution of GB
impuritics during high temperature anncaling.
The process described in Fig. 4B is just one
possible strain recovery mechanism, One can
visualize such themmally assisted stmin recovery
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for plastic deformation resulting from other pro-
cesses, Jike diffusion-assisted GB sliding and
gram molation. For example, it has been shown
that an intermal stress field with cracklike sin-
gular stresses can develop when GB diffusion is
blocked by an obstacke in a thin film (26-29),
Henee, if diffusivity is not uniform in all GBs in
a thin film, cither because of presence of impu-
ritics or because of inherent varations in the
structure of GBs, delormation will result in
heterogeneous GB diffusion. Such diffusion can
cause severe internal stresses o develop during
loading that can serve as driving force lor plastic
sSLEn ecoveTy,

Although there have been no previous re-
ports of substantial (30 w0 100%) plastic strain
recovery 1n nanocrystalline matenals, mvestiga-
tions on bulk nanocrystalline Ni (30, 3/) have
revealed that x-ray peak broadening due o in-
homogeneous strain during loading is reversible
upon unloading at RT but not at 180 K and that
the additional broadenimg ar 1800 K disappears
on warrming to RT. Funhermore, time-dependent
recovery of rool mean square strain (32) and
existence of small negative creep (~2% ol total
plastic strain) during strain dip tests (24) have
also been reponted for bulk nanocrystalline Ni.

These results, along with our observation of

themmally activated strain recovery in thin lilms,
suggest that there is o substantial thermal com-
ponent and an element of reversibility in plastic
deformation of nanceryvstalling fec metals, in
both bulk and thin Glm form.

Although both gold and aluminum are free
metals, some ol their propertics, such as
stacking faull energy (30 m) m ™ for gold, 120
m) m for aluminum), differ substantially.
Furthenmore, the gold films tesied in this study
dilfer from aluminum films in the following
aspects: (i) absence of native oxide layer on the
surface, (i) presence of strong [111] texiure
along the film growth direction, and (iii) smaller
impurity coment. Despite these differences, they
show similar strain recovery chamcieristics,
which suggests that grmin size dictates simain
recovery. Henee, it is reasonable 1o expect sim-
ilar behavior in other foc metals if they have
similar grin sizes.

The experimental observations sugeest that
strain recovery resuls from the combined effeet
of a small mean grain size and mhomogencities
in the microstructure (vadations in the stee and

orentation of mdividual grains and structure of

GBs): the small grain size precludes intragran-
ular dislocation sources, whereas varations in
the microstruciure lead o plastic defomation
(through dislocations onginating from GBs) in
relatively Targer grmins and elastic accommoda-
tion in smaller grains, Upon unloading, this re-
sults in inhomogeneous residual internal stresses,
which drive the strain recovery. Hence, inoex-
plonng plastice deformation of nanoerystalline
metals, it might be necessary 10 consida not
only the average siec of the microstructure but
also the mherent vanations,
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Discovery of Till Deposition at the
Grounding Line of Whillans Ice Stream

Sridhar Anandakrishnan,™ Ginny A, Catania,? Richard B. Alley,* Huw ). Horgan®

We report on the discovery of a grounding-line sedimentary wedge {

till delta”} deposited by

Whillans lce Stream, West Antarctica. Our observation is that grounding-line deposition serves

to thicken the ice and stabilize the position of the grounding line. The ice thickness at the
grounding line is greater than that of floating ice in hydrostatic equilibrium. Thus, the grounding
line will tend to remain in the same location despite changes in sea level (until sea level rises
enough to overcome the excess thickness that is due to the wedge). Further, our observation
demonstrates the occurrence of rapid subglacial erosion, sediment transport by distributed
subglacial till deformation, and grounding-line sedimentation, which have important implications
for ice dynamics, numerical modeling of ice flow, and interpretation of the sedimentation record.

ubglacial sediment deformation and trans-
port is an integral part of the glacial sys-
temn, aftecting or controlling both short-tenm
i) and long-tenm (2 glacier Muctuations through
changes i the basal speed of the glaciers. Ex-
tensive data sets on sediment transpont are avail-
able for many modem mountain glaciers (1),
allowing assessment of the effects ol sediment
on ke dynamics. However, know ledge ol sed-
iment Muxes from modem ice sheels remains
much sketchier. We demonstrate than rapid
sedimentation has been oceurring at the ground-
ing line of a modern Antarctic ice stream, and, in
a companion paper (41, we show that this sedi-
mentation plays an important role in ce-sheet
stability. The large sediment Nuxes implicd by
our observations pomt o distributed defomation
over a considerable thickness ol subgzlacial ull
and thus 1o a deformation mie that inereases with
a low power of the basal shear stress.
We conducted radar surveys from the
Moating Ross [ee Shell” onto the prounded ice

‘Depanment of Geosciences, Pennsylvania State Umiversity,
University Park, PA 16802, USA, “Institute for Geophysics,
University of Texas at Austin, Austin, TX TETSE, USA.

*To whom correspendence showld be addressed. E-mail:
sak@esse. psu.adu
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Depth below WG5-84
3

Fig. 1. Radargram along line ab from grounded ice (right} to floating ice
ileft). Abscissa is distance in kilometers from the farthest downstream
position; ordinate is depth below the WG5-84 geoid. Flow is from right to
left on the radargram (with a component out of the page) and from north-
east to southwest on the map (inset) showing the study region. The map of

[ R — -
_A i‘t—ﬁpp_.'_”"__” h..,.----—-ﬂl-

of Whillans lee Stream as part of a larger study
of the behavior of the West Antarctic lee Sheet.
We psed a pulsed-radar and a resistively loaded
dipole antenna, with a center [requency ol 2
MUz as the source, and a simular anmtenna and a
storage  oscilloscope for receiving the retum
energy [see () lor details on the instrument]|

Figure | is a mdargram along the line “ab™

(whose location is shown on the inset map of

the region); ice Mow s from rght (kilometer 25)
o left (kilometer O) (with a smaller component
of low o of the page). The main features
apparent in the mdargram are the strong basal
echo and, between kilometer 25 and kilometer
17, a strong second echo indicating the base of' a
subalacial wedge,

Numerous basal crevasses are apparent in
the mdargram (hyperbolic amivals mssocated with
the line diffractors ol the erevasse shoulders),
downllow of the grounding line a1 Kilometer 12.
We determine the prounding-line location from
the drop in ice surface elevation = (10 m over a
short distance of 3 km) and the coincident slight
decrease in ice thickness f; (Fig. 2) the ice-
thickness change is insullicient to explain most
of the surface drop. This “surface ramp™ marks
a change in bed slope and a marked increase in
basal crevasses. In addition, Global Positioning

10 15
Distance along line ab (km)

REPORTS

System (GPS) and strand-crack observations (4)
are consistent with our interpretation of the
grounding line.

We mler that the subglacial wedge continues

downstream ol Kilometer 17 1o the grounding

line m kilometer 12, The abrupt tenmination of

radar reums from the base of the subglacial
wedge (at Kilometer 17) s likely a consequence
ol scawater infilration beneath the ice from the
upglacier-most basal crevasse at Kilometer 17

As skewched in Fig. 3, the observed basal

crovasses on our line may be extensions of

features opened by tdal fexure of Noating 1ce
where the grounding line s embaved nearby;
relatively dense seawater injected along such a
crovasse dunng opening would  subsequently
drain downglacier along the ice-wedge inter-

face above the fresher pore waters of the wedge.

The skin depth lor scawater is on the order of

1073 m (7). 50 even a thin laver would effectively
mask decper rellectors (8. Thus, we suggest
that the subglacial wedge 15 present between
kilometer 17 and kilometer 12

Convering the radar basal-ccho time 1o Iy
[using a velocity ¢; = 168 m ps ' ()] and sub-
tracting fi; from = (determined by differential
GPS measurements), we calculate bed eleva-
tiomn = 1l|:_' 2. The bed rses l_il:ll\lllqlll._\ .;||n|1;_-
the wedze and the grounding zone belore drop-
ping abruptly (7 m over 2 km, from kilometer
I]ll.."
bed drop is coincident with the mpid drop in =,
(“surface ramp™) of 10 m.

To chamcterize the propertics of the wedge,

14 to kilometer 12) at the grounding line

we measure both the polarity of the echo
and the return power P (in dB) [delined as
ot

e 10 1:'_!.'|=p(| - ] | 'J Fif :Lh}. where «

Fy
is time, fi) is the echo amplitude, and (s — f)
is the duration of the echo, which is very sim-
ilar to a three-humped Ricker wavelet (/)] for
its top and bonom.

The basal echo is of reversed polanty along
the whole line, which indicates that the penmit-
tivity of the subglacial material is greater than

= =l g Ty e — T

20 25 a

Antarctica is oriented with the Greenwich meridian directed upward, and the
location of Whillans lce Stream is indicated by the white dot. On the right
of the radargram, a single radar trace (from the location marked with triangles
on the radargram) is plotted to illustrate the Ricker-wavelet—like form of the ice-
bottom reflection and the phase change of the reflection at the wedge bottom.,
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that of ice (for ice, we use a pemuitivity value
of £; = 3.2). The echo from the base of wedge,
however, 5 of nomal polanty, which shows
that the permittivity of the material beneath the
wedge is lower than that of the wedge,

The reflection off the base of the wedge 15
about 12 dB less than that of the top of the
wedge (Fig. 4. The difference in bed retum
power AP, varics almost lincarly with wedge
thickness, Fitting a straight line to the daa re-
sulls in AP, = -6.7A¢ — 7.2, whene At is the two-
way travel time through the wedge, Assuming
that the power loss at the base of the wedge is
independent of distance along the wedge, we
find that the attenuation within the wedge s

6.7+ 4.dB ps ' and that the power loss at the
base 15 -7.2 + 2 dB (where the uncertamnes
correspond o one 8D

We meject the hypothesis that the wedge
consists ol free water because the hydrologic
potential H = pazmy + ol - o) decreases no-
tably along the wedge (where py and p,, are ice
and water densitics, respectively, and g is gravi-
tational aceeleration). For a water body that is
this large |ic.. many ice thicknesses along flow
and o least a few ice thicknesses across flow
(1N)]. the hvdrologic potential would be con-
stant. In addition, both sall water and ground-
water have high clectrical conductivity that

would lead 10 a much greater attenuation than
that observed. We reject the hypothesis that the
wedge 15 basial acerction 1oe because of the large
absolute reflection coellicient at the top of the
wedge (72), which is only slightly lower than
the reflection from the iee shelll Finally, we re-
ject the possibility that this feature is an antifact
such as sideswipe (13), because the reflection
polarity is opposite 10 that of the primary bed
reflection; sideswipe would have the same po-
larity as the bed,

In Table 1, we estimate the atienuation for
sediments with varying porosity, We include
fresh water and seawater [or reference. W also
calculate the rellection coeflicient for the as-
sumed wedge Gl over a rock with £ = 6.6, where
¢' s the real part of the electrical permittivity
[the “unfrozen bedrock™ case of Peters ef al.
(4.

The measured attenuation data, AP, arc best
explamed by a wedge fill consisting of an un-
froeen till laver with low-clectrical-conductivity
(almost Tresh) water in the pores. We cannot
distinguish between low- and  high-porosity
sediment with this technique, but borchole
measurements farther upstream on this glacier
have found that porosity ¢ = 45% (/5, I6). For
the case of a sedimentary 11, the radar wave
speed is ¢ = co/VeE = T0mps™ fore’' = I8

Fig. 2. Surface elevation z, _— .
(upper curve) and bed elevation o=t 56
7y (lower curve} along line ab.
Mote that the two elevation _ '“E
scales are different and that E ! {o0'e
there is a discontinuity between e .§
them. Abscissa is the same as in === "'5
& 500" - -ug
-510- E
| AT g,
520 B, O
i 10 15 20 S 30
Distance along line ab (km)

Fig. 3. Cartoon illus-
trating the subglacial mN Ross Ice Shelf
wedge. (Left) Map direction
view of the region -
showing the radar line Grounded ® (x
crossing the grounding &
line from grounded ice
to floating ice. (Right) 1 [ 3 i
Cross section along the Wedge

radar line. The wedge
is well-imaged for part
of its length, but ends
abruptly when basal
crevasses begin to ap-
pear. We suggest that
the wedge continues
beyond the apparent

(inferred)

==

%

termination but can only speculate on its extent (illustrated by question marks).
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{unfrozen till; Table 1) and the maximum
thickness of the wedge 15 31 m (where op =
(M m ;,t.\'.'l 15 the speed of hght ina vacuum).
The imaged volume of the wedge is on the
order of 10° m® per unit width, with perhaps a
similar volume obscured by scawater down-
glacier of kilometer 17, including matenal
inferred beyond the grounding line, The
grounding-line position has probably  been
stable near the present position for a mil-
lenmium (7). Hence, deposition of the wedge
has resulied from a sediment fux on the
order of 10° m* m™" a”™,

The wedge that we observe matches closely,
in size, shape, and setting, with the numerous
wedges on the (loor of the Ross Sca bevond the
Ross lee Shell (748, 19) Those wedges were
deposited at the edge of the continental shelt
al the Last glacial maximum and during retreat
across the continental shell: Those relict wedges
are typically tens of Kilometers long and 1ens of
meters high, The wedges oceur in roughs that
were occupicd by ice-age extensions of the mod-
et ice streams, with a trough-mouth wedge and
one to three retreal wedges along each trough.
(No infornmtion is available on the possible
occurrence of additional retreat wedges be-
neath the floating Ross lee Shelfl) Available
sampling indicates that the wedges in the Ross
Sea are composed of diamicton, which can
be distinguished from water-washed sub-ice-
shelll sediments (20), and that “Grounding-
2one wedges contain the sediment that was
transported within the subglacial deforming ull
laver” (19).

Megascale glacial lineations on the upgla-
cier sides ol the Ross Sea wedges show that ice
streaming persisted during deposition and tha
the wedges cxeried drag on the flowing ice.
The wedges sit on the Ross Sea Unconformity
that eroded duning glacial advance and thus were
deposited during the glacial maximum (shell=
adge) and retreat of the ice. Any wedges asso-
ciated with the glacial advance or with carlicr
glacial cycles have been exiensively modified or
removed and no longer preserve their topo-

-
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graphic form. Similarly, upelacier of our feld
site, progmding beds are observed that are likely
to have ongmnated from an cardier grounding-
line wedge but are without preserved topo-
graphic expression (21).

Our modem observations, together with the
observations of deglacial features, provide sev-
cral insights to jce-sheet Now and the coupled
sedimentary system. The modem grounding line,
Just beyond the erest of its wedge, occurs where
the bed falls away rather than where the ice
thins enough 1o allow its fowtion over a nearly
horizomal bed. The ice just upglacier of the
arounding line s substantially thicker than that
necded o allow Ootation, owing o the restraint
from fnction with the wedge, We show in a
companmion paper () that this s a necessary
result of sub-ice-shelf sedimentation and serves
o stabiliee the grounding-line position. This
phenomenon also allows deposition of a discrete
wedge rather than the spreading of deposits
mone uniformly over a broader area.

The implied sedimentation rate for the
modem wedge requines long-lemm erosion rates
bencath Whillans lee Stream and s catchment
of just over 0.1 mm a ', substantially smaller

than those for actively eroding mountain gla-
ciers but stll notable as compared o many
subacnal sitwations (22, 23). Erosion 15 Likely
concentrated in restricted  places where  basal
melting occurs over poorly consolidated sedi-
mentary  substrates, Emsion in these regions
then would be sufficiently rapid to matier to ice-
sheet evolution over multiple we-age cyeles,
The sediment flux implicd by our obscrva-
tions likely points o tanspon dominated by
distnibuted deformation over a considerable thick-
ness (tens of centimeters or more) of subglacial
till, averaged over the past millennium. Steady-
state meltwater Muxes for the West Antarctic lee
Sheet are incapable of tmnsporting such large
quantitics of sediment. Dilule debris likely exists
in a basal e layer <10 m thick, frozen onto the
base of the ice stream (15) from a through-going
water system. Debris concentrations are poorly
known in this layer bt are probably on the or-
der of 3% or less, based on limiting values re-
ported in (24) for presumably compamble ice
beneath the neighboring Kamb lee Stream. The
grounding-sone melt rate in this arca has been
estimated as ~0.05 m a”' (25), based on model-
ing that assumed deeper water than what is

Fig. 4. (Top) AP, be- -8

*
tween the top and g

bottom of the sub- _ "

glacial wedge plotted

against Af. A linear fit o~ " P et P
through the points is < | Po  Cwmfe s N N e ]
shown. (Bottom) Plot ' . Fs
of the residuals be- il : ; ; .
tween the data and os o - - o o !
the fit. 3, - -
2t o "‘ i -
{ F " . - - .'I -
1k 2 . . ¥ . b - % oa, 1
>, " L] aﬁ ® i.. n.;
=fk - S 0, = . -
- 04 L ] . [ 1

s 0% 07 08
Wedge bottom-top time difference (us)

Table 1. Calculated attenuations [exp(—2rAtf tan &) in dB us™ for radar frequency f = 2 MHz,
where tan & is the complex part of the electrical permittivity and is related to absorption] and
reflectivity at the base ol different wedge fill materials. fw, fresh water; gw, groundwater. The
complex permittivity is given by & = £'(1 = j tan &), where i is the square root of =1; we determine
¢' and tan & from equations 24 and 25 of (29). This range encompasses reasonable glacial till

-h'#

vaiues (indicated by the
the wedge is unfrozen bedrock with &' = 6.6.

a" superscript in the tan & column). We assume that the material below

REPORTS

locally present, which likely overestimates the
heat transport and melt mte. The modeled mel
rite would give an csiimated sediment flux to
the wedge (from the melting off of the debris in
the ice) that is neardy an order of magnitude 100
small o explain our observed deposit,

Existence of subglacial ull deformation s
supported by two obsenations bencath West Ant-
arctic ice streams (15, 26) that suggest a Qux of
sediment on the order of 150 m* m™ a™',
though with considerable scatter in the results,
Our observation is consistent with these mea-
surements. Finally, the depth of deformation in
subglacial il may provide insight w the “low
law™ relating strain rate to stress in the material,
Sustained high siress s expected to collapse de-
formation o a surdace (27), Consideratons of
measured profiles of sediment propertics with
depth indicate that the deformation surface would
be at or very close to the base of the ice, where
iee velocity would be largely decoupled from
the stress supported on the basal sediment
{Coulomb-plastic behavior) (27). However, pro-
cesses perhaps linked to dilstancy and the
non-steady response 1o tidal forcing can allow
more-distributed deformation and strain e
increasing as a low power of stress (27, 28).
Hence, the deposit that we observe and the older
deposits on the Ross Sea floor point 1o sub-
glacial ull deformation distributed across a
considerable depth and thus 10 a low stress
exponent in the sediment Now law,

Our observations overall show that the ice-
sheet Now and sedimentary processes indicated
by very-shor-term messurements under ice
stireams (135), and by geological observations
ol deglaciated regions (/%) have continued
over intermediate times. The sediment transpon
is intimately linked 1o the lubrication allowing
ice-stream persisience. The sediment deposition
serves o siabilize the grounding line, which
has numerous implications (4L
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Effect of Sedimentation on Ice-Sheet
Grounding-Line Stability

Richard B. Alley,'* Sridhar Anandakrishnan,” Todd K. Dupont,*?

Byron R. Parizek,* David Pollard®

Sedimentation filling space beneath ice shelves helps to stabilize ice sheets against grounding-line
retreat in response to a rise in relative sea level of at least several meters. Recent Antarctic
changes thus cannot be attributed to sea-level rise, strengthening earlier interpretations that
warming has driven ice-sheet mass loss. Large sea-level rise, such as the =100-meter rise at the
end of the last ice age, may overwhelm the stabilizing feedback from sedimentation, but smaller
sea-level changes are unlikely to have synchronized the behavior of ice sheets in the past.

changes. Large, mapid ice-shoet Muctuations

have occurmed in the past (1) and may recur,
but the relative imporance of different causes
rernains uncenain, Here we show that sedimenta-
tion beneath ice shelves at grounding lines (where
ice begins 1o floan) provides substantial stability
against ice-shect advance or retreatl during sea-
level changes of up 1o a fow meters or more. Such
forcing from sea-level change occurs on the same
time scale as docs sedimentary stabilization, point-
ing 1o other environmental controls as being os-
pecially important o e shoets,

In 1905, R. F. Scott reported evidence of
the geologically recent shrinkage of the Ant-
arctic lee Sheet, despite persisiently cold con-
ditions (2), Scott suggested that more snow fall in
a warmer past explained the larger ice sheet at
that time. Subsequent cvidence showing the
(ncarysynchrony of northern and southern ice
retreat after the last ioe age and that Amtarctica
had experienced larger ice sheets when the

:[u: sheets both cause and respond 1o sea-level

'Department of Geosciences and Earth and Environmental
Systems Institute, Pennsylvania State University, University
Park, PA 16802, USA. “Department of Earth and Envi-
ronmental Sciemces, University of Illincis at Chicago,
Chicage, IL 60607, USA. Department of Physics, The
College of New Jersey, Ewing, N] 08628, USA.

“To whom correspondence should be addressed. E-mail:
rbab@psu.edu

30 MARCH 2007

southern climate wis colder and drier disproved
Scoit’s hypothess.

Many workers (3) insiead came 1o accept
Penck’s argument that sea-level rise from the melt-
ing of northem ice sheets had drven the Antarctic
ice 1o retreat (+f). lee-sheet synchroniztion by
smaller sea-level changes linked to Heinnch events
or other millennial events has also been frequently
propased (4). However, simple sea-level control is
inconsistent with sparse data indicating that, alter
an initial retreat from the outer shell'(5), additional
Antarctic shninkage was delaved until near the end
of the northem-dnven deglacial sca<level nse (6).
Sea-leve] control is also inconsistent with the ob-
served slowing of Antarctic we=stream motion m
response o nsing tde (7, 8),

Sedimentary stabilization of nonfloating tide-
water glaciers 15 well known (9): Tall, steep-sided
sediment bodies deposited between ice and water
reduce iceberg calving. lee flowing from large ice
sheets more typically forms floating ice shelves,
with sediment being deposited beneath the grad-
ually sloping ice-shell base. Our model results
and the observations of (/) show that such sedi-
mentation also serves 1 stabilize the grounding
line and thus 10 prevent ice-sheet shrinkage in re-
sponse 1o a small (<==10 m) sea-level rise, Penck's
hypothesis (43 may still be valid for jce-sheet
resporse o a lager sea-level nse (=100 mj; how-
ever, our results, together with recent evidence that
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ice shelves respond sensitively 10 ocean tamper-
ature changes and quickly propagate the esponse
inband ( £7), point to the greater importance of other
environmental vanables, especially sub-jee-shell
Eemperatune,

Going from the grounded West Antarctic lee
Sheet 1o the Moating Ross lee Shelll the upper
surface typically drops =10 1o 25 m in a mmp
extending over a fow Kilometers, which is much
steoper than the slope upelacier or downglacier
{12}, Where dma are available, this surface-
clevation drop 15 nod caused by thinning of the
ice, 2= might occur from strong basal melting near
the grounding line, nor fiom the effects of basal
crevassing or nearsurface density changes (/2).
Instead, the surtsce-clevation rmmp results mainly
from a comeponding ramp in basal wpography.
Thus, the onset of lotation is not cavsed primanly
by a downglacier thinning of ice to the floiation
criterion, but more by a downglacier drop in the
clevation of the glacier bed. This contributes o the
observed stability of the grounding-line position
over many decades (/2) and 10 the ice-stream
slowdown in response to rising tide (7, 8

Awailable data indicate that the topographic
siep in the glacier bed was formed by the recent
deposition of pnmanly subglacially tramsporied
sediment. As shown in (JU) a sediment wedge
occurs just upglicier of the grounding line of
Whillans lee Stream, and this wedge 1s iemarkably
similar to the numerows tll-dommated deposits
formed at the grounding line of the extended ice
sheet during is retreat from the continental-shell
cdge as the lost o age ended (/3) Observations
are available from beneath the grounded por-
tions of two active jce streams (Whillans and
Bindschadler) feeding the Ross lee Shelf, and both
showed deformation of soft tills (£4); although
the deformation is probably discontinuous in space
and time (/) notable sediment ranspon results,
The geology near the grounding zone of the Ross
Iee Shell has not been mapped in detul, b
available data indicate that the ice lows along
faulcommolled basins contaming poorly consoli-
dated Tertiary and perhaps Quatemany sediments
(75} I is highly unlikely that the sedimentary
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deposit discoverad by Anandaknshnan er al (/)
15 a Jocalized feature and that the topographic step
15 causad by an unknown trinsverse goologic
structure extendmg across the entire Ross lee
Shell, except where surveyed by Anandakrishnan
efal (10, Instead, sedimentary contmo] of most or
all of the grounding ling is highly likely, with the
available data supporting wedge formation within
the troughs of modem and past ice streams (13),

Using three different ice-Mow models | labeled
Dt (Dupont), Pk (Padeck), and Pd (Pollard) for
their lead developers (11, 14, 17)] including lon-
gitudinal a5 well as basal shear stresses, we have
assessad the effect of sub-jce-shell sedimentation
on an jeestreamce-shell systeme The models
were un for a coupled ice-streamvice-shell’ con-
Gguranon approxomating Whillans lee Stream and
the adjacent Ross lee Shelf across the grounding-
zone wedpe In some nmns, ice-shell buttnessing
was prescnbed, offsettimg much of the spreading
tendency at the groundmg line. Adier reaching a
steady state with a flat bed, the model] wee-stream
ice-shell system was perturbed by instantancously
adding a wedge of sediment similar to the 3 1-m-
high wedge observed by Anandakrishnan er al
(i), with the same basal friction as beneath the
preexisting ice stream (/8). The evolution o a
new steady state was assessed while the geom-
ety of the sediment wedge was held constant,
The response ol steady-state conligurmtions 1o
instantancous sea-level change was simulated
with and without grounding-zonce wodges.

The frictional drag from increased ice
sediment contact with the addion of the wadge
slows and thickens the see above, which in wm
causes the geomaetrie effeet of the wedge to
bocome important and w further restrict the ice
Mlow (Fig. 1). The resuliing grounding-ling
advance bevond the crest of the wedge causes
Notation o0 occur where the bed falls away.,
matching observations at the modem grounding
line. whereas without the wedge, Motation occurs
where the ice thins sufliciently.

In all of our models. sea-level rise in the
absence of a wedge causes the grounding line
o retreat from its initial position because the
reduction in basal fiiction from the Motation of
previously grounded ice is more imporant than
the increase in back pressure from the deeper
waler, The wedge causes the ee above the wodge
crest to thicken o well above the Hottion level;
smiall insantancous sca-level nse then causes very
smiall grounding-line retreat 1o a new position that
still lies bevond the crest of the wedge and well
bevond the no-wedge position. Larger sca-level
rise (=35 m or more) causes the e o lom free
of the wedge and 10 reach the same steady state
as in the no-wedge case (Figs. 1 and 2).

Larger wedges have greaer ice thickness
above flowtion levels at the wedge crest and so0
require larger sea-level rise 1o foree the grounding
line upglacier of the wedge cresl. However, as
shown in Fig. 3, the dependence of the resistance
on the wedge height or Jength is steeper for smaller
wedges than for larger ones. Funhermore, if the

wedge volume grows at a constam rate, the wedge
height and length will increase more rpiadly at lirst
and more slowly later Both eflects combine 1o
produce a more rapid increase in resistance at carly
stages of growth than at later stages (/9),

Stiffer wedges (those with greater frictional
resistance for a given basal velocity) also re-
quire larger sea-level rise 1o force the ground-
ing line upglacier of the wedge crest (Fig, 2).
We expect that at least portions of a wedge will
often be stiffer than the surrounding no-wedge
regions, The steepened ice/air surface slope
that develops in response 1o friction from a
wedge (Figs. 1 and 4) will steepen the sub-

Fig. 1. Effect of grounding-line deposition
(Pd model), Dashed lines show the steady
ice-stream profile in the absence of a
grounding-line wedge, and solid lines show
the wedge and the corresponding steady
ice-stream profile. The wedge causes the
ice to thicken, the grounding line to
advance past the wedge crest, and an
inflection point to form in the upper sur-
face at the upglacier end of the wedge,
which might serve to increase water stor-
age there.

Elevation (m)

Fig. 2. Grounding-line stability in the Pk
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glacial hydrologic-potential gradient and speed
the flow of subglacial water, reducing water
storage and pressure and thus reducing the
lubrication of we motion by shding or ull de-
formation (20, Consideration of our numerical
expeniments with stiffer wedges and ol the
additional stabilizing cffeat that would ocour
from sedimentation duning sca-level rise al or-

dinary rates suggests to us that a sea-level nse of

=10 m may be required 1o foree retreat from the
wedge deposited beneath Whillans lee Stream
over the past millennium or so (/).
Additional simulations ol grounding-ling/
wedge interactions reveal a rich range of behavior
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(solid lines) and Dt {dashed lines) models.
Ice flows from left to right. In the absence
of a wedge, the grounding line is at 1.1 km
on this scale. The Pk and Dt experiments
are not identical because of effects of the
underlying model physics on the ice-shell
and wedge geometry, but the experiments
are roughly comparable, and the results
are clearly qualitatively identical and
quantitatively similar. The ability of the
grounding line to retreat is greatly limited
by the constant-thickness boundary condi-
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tion at the upglacier (left end of the
model domain; additional experiments
with the same boundary condition applied
farther away from the grounding line show
much greater sensitivity to perturbations
when the grounding line & upglacier of
the wedge, and they emphasize the sta-
bilizing influence of the wedge. (A} Re-
sponse to sea-level rise. Adding the wedge
moves the grounding line to 10.1 km, and
increasing the stiffness of the wedge (the
frictional resistance for a specified sliding
velocity) by an order of magnitude moves
the grounding line to 10.5 km. Sea-level
rise causes retreat in all cases. However,

Reduction in buttressing %)
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the wedge causes the grounding-line o]
retreat to be small up to some limit,
beyond which the behavior i identical to

5 ' 10
Greunding-line posiion (km)

the no-wedge case. The stiffer wedge requires a higher sea-level rise to reach that limit. (B) Response to a
reduction in buttressing. Initial buttressing opposes 69% of the spreading tendency of the ice shelf at
the grounding line. A 6% reduction means that buttressing opposes 0.94 x 69% = 65% of the
spreading tendency. A reduction of =25% is required to cause retreat from the stiffer wedge.
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(Fig. 4). Sweady grounding-line positions on the
upglacier side of a wedge were not simulated,
consistent with the theory that such solutions are
unstable (24) Migration of the grounding line
across an otherwise horizontal bed s strongly
influenced by any wedges encountered (22), The
advance of the grounding ling 10 a wedge crest is
aceelerated, but advance beyond the wedge orest
slows relative 1o the no-wedge case, Similarly, the
grounding line lingers on the downglacier side of
a wedge during retreat and then races ofl of the
upglacier edge. Under some dreumstances, an
advancing ice shell has a more gradual basal slope
than the upglacier side of a wedge, causing e
brdge across water and ground on the wedge op,
with the possibility of rapping water subglacially
il the transverse geometry 15 favorable (23).

Our models show that the thickening of over-
Iving ice in resporese o sedimentation stabilizes the
grounding-line position against sea-level nse or
buttressing reduction, and we infer that the extm
thickness will tend 10 stabilize against any other
environmental perturbation. Even a few eentunics
of sedimentation typically should provide stability
against sudden se-level nse from an outburst
Nood o surge of plausible-magnitede from another
ice sheet, so sea-level change that is sulliciently
large o control grounding-line  positions will
typically occur through noncatistrophic processes
at usual mates (on the order of | omdvear or less)
over several hundred to thousands ol vears. An ice-
thickness change of =1.1 m has the same effeet on
grounding-line Notation as does a sea-level ase of
I m, but this effect can be achieved more mpidly
trough sustained changes in snowlall or wemper-
ature. (Alhough shight wanming cuses very little
surface meling in cold places. such as Whillans
lee Siream, a 1°C change can increase the surface
melt mie by many tens of contimeters per vear in
wanmer regions, such as some south-Greenland
outlet glaciers.)

Changes in ice-shell” buttressing may be espe-
cially effcctive in overcoming the stabilizing effoct
of prounding-line sadimenation. As shown in Fig.
2, a 5% reduction in butiressing has about the same
influence on the grounding line as does a 5<mnsc
in sea level for our reference case. A 5-m sca-level
rise reguires SO0 vears at the typical rate of the last
deglaciation and 2500 vears at 20th-century rncs,
Under some cireunstances, a 5% decrease in but-
tressing will be achicved by an =53 deorease in the
ice-shell arca generating side drag (24, 25). Be-
cause the basal melt mic of'ice shelves is observed
o increase with water emperature by ~10 m
year " °C " (26), even a fairly subtle penturbation in
waler temperature can cause a change of =5% in
buttressing over years or decades. As an extreme
example, a much larger change occurred in a few
weeks during 2002 for the Larsen B Tee Shelf(27),

Cirounding-zone sedimentation appears 10 be
widespread to ubiquitous under major ice streams
that control ice sheets (28, 293, Any near-stillstand
of a grounding line (from an encounter with a
precxisting basal high or namowing of a trough or
lrom time changes in basal lubrication, ice-shell
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meling, or other anvinonmental conditions) will
be stabilized by sedimentation, except under
special arcumstances. In tum, because of spatial
variabality i sodmentation mtes and  physio-
graphic vardations between ice-stream  troughs,
any grounding-line retreats that are foread by sca-
fevel rise are likely 1o be asynchronous for different
ice sheets or different sectors of a large ice sheet,
Penck's hypothesis that Northem Hemisphere
ice-sheet meliing drove Antarctic ice-sheet retreat
at the end of the ice age (4) may be accurate [also
see (30), with the delay in Antarctic retreat after
the onset of sca-level rise being linked 10 sedi-
mentary dynamics, Although our resulis indicate
that sea-level changes of a fow meters are un-
likely o substantally atfect ice-sheet behavior,
100-m changes should have considerable effoets,

Fig. 3. Effect of wedge height on re-
sistance to grounding-line retreat (blue)
and on the time required for wedge depo-
sition (red} in the Pd model. In this case,
simulations were run for wedges having an
upglacier slope of 0.001, a downglacier
slope of 0.01, and heights of 0, 4, 8, 12,
and 16 m with corresponding lengths of
0, 4, 8, 12, and 16 km, respectively. The
thickness of ice above the wedge crest,
which provides the resistance to grounding-
line retreat, increases with wedge size;
however, the increase in ice height above
the flotation level is slower than the in-

ice above flotation at wedge crest (m)
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However, sea level may exert the primany control
on the ice shect only il there 15 multimillennial
stability i the other vanables that aflect e
shects more quickly, such as water temperature
under ice shelves, Because oceanic wemperature
probably changed with the deglaciation, perhaps
linked o the return of North Adlantic Deep Water
to the Southern Ocean (34, we consider it pos-
sible that ice-shell changes contributed 1o or cven
dominated grounding-line retreat in some sectors
of the ice sheet. Regardless, our results show than
synchronous behavior of ice sheets with active
sedimentary svstems on millennial time scales is
unlikely 1o indicate ice-sheet eleconnections via
sea level and instead probably indicates common
climate forcing, which demonstrably can have
very large and mpid effects on 1ce sheets,
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crease in wedge height, so earlier increments of wedge growth are more effective at stabilizing the
grounding line, especially as successive height increments take longer to form if the sediment supply is
constant. (The time depends on the sediment flux and so is plotted in relative units.) In comparison, the
effect of doubling the stifiness of an 8-kmwedge is also indicated. Similar experiments in the Dt model
yield comparable trends but somewhat smaller height above the flotation level.
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Fig. 4. Time-dependent response to instantaneous insertion of a wedge (Dt model). The final (Fnl}
geometries of the surface and bed are shown at the top, and the ice/air surface elevation (in meters) as a
function of time and distance is color-coded. Ice thickness was held constant at the upglacier end (0 km,
left). Most of the response to the insertion of the wedge was completed in =20 years.
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Permissive and Instructive Anterior
Patterning Rely on mRNA Localization
in the Wasp Embryo

Ava E. Brent, Gozde Yucel, Stephen Small, Claude Desplan®

The long-germ mode of embryogenesis, in which segments arise simultaneously aleng the anterior-
posterior axis, has evolved several times in different lineages of the holometabolous, or fully
metamorphosing, insects. Drosophila’s long-germ fate map is established largely by the activity of the
dipteran-specific Bicoid (Bed) morphogen gradient, which operates both instructively and permissively
to accomplish anterior patterning. By contrast, all nondipteran long-germ insects must achieve
anterior patterning independently of bed. We show that bed’s permissive function is mimicked in the
wasp by a maternal repression system in which anterior localization of the wasp ortholog of giant
represses anterior expression of the trunk gap genes so that head and thorax can properly form.

he highly conserved scamented  inscct

I body plan s achieved by great lexibility

in developmental mechamisms. In the
ancestial shon-germ mode of cmbryogencsis,
head and thorax anse from the cgg's posterior,
and abdominal scements emerge progressively
from a postenior growth zone, By contrast, in the
more derived long-genm mode, all segments form
simultancously in a synevtial environment, with
head and thomax at the ege’s anterior. Long-genn
development has evolved several times in dif-
ferent holometabolows insect lineages ( /), includ-
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ing the Diptera, of which the most extensively
studicd member is Drosaphile melanogaster
(D). A morphogen gradient of Bicowd (Bed)
protein, fonmed by ranslation: from a matemal,
anteriorly  localized mRNA source, cstablishes
the Dvosaphila body plan. Embryos dedved from
Bod mutam mothers lack head, thorax, and some
abdominal segments (2, 3).

Despite its critical role in paterning the -
saphifa Tong-germ embryo, bod is distinctive 10
the higher Diptera (4). Thus, all other inseals, in-
cluding long-genm nondiplerans, must employ a
bodd-independent mechanism o accomplish sce-
mentation. To identify such a mechanism, we in-
vestigated anterior patteming in the hymenopleran
parasitoid wasp, Masonda vilipennds (Vv (5), The
embryonic fae map of this independently evolved
(6) long-germ inseat is essentially identical 1o that

of Dyvsophila, except that it is formed in the ab-
sence of ded. We previously showed that in the
carly Nasonia embrvo, bed's momphogenetic
activity is performed by arthodenticle ! {N-ord 1),
the ortholog of the Dvosopliile bed tareet gene,
Dipe-oel | 5). Although strictly avgotic in Dvesopl-
fler, Mot ! mBRNA 15 maternally provided and
localized 1 both oocyie poles, resulting in bipolar
prodein gradients. The antenor Mv-ordi gradiem
regulates expression of zygotic head and thoracic
gap genes, ncluding the Nasonia orthologs of the
Dod wrgets, giemt (gr), and fucfback () (5),
In addition 1o instuctively activating the
eenes that pattem the head and thorx, bed also
functions penmissively in Dvosopdila 1o indirectly
repress posteriorly acting genes, such as the tunk
gap genes, that would otherwise inhibit anterior
development (7). We show here that Naseonia ac-
complishes this task by further emploving mater-

mal mRNA localization o position a repressor of

trunk development at the antenor, thereby allowing
formation of the head and thom,

In the Dyvosoplifa cmbryo, the gap gene
Kriippel (m-Kr) 15 expressed in a broad central

sope (Fig. 1A) and is required for fomation of

thoracic scgment | (T1) through abdominal
segment 5 (AS) (8). The positioning of Kr and,
hence, of the wrunk, is established by bod and the
terminal system; in embryos derived from bed
mutant mothers, the Om-Ar domain broadens
and shifts aneriordy (Fig. 1B) (7, 9) bod's
aveotic tugels, Dm-hb and gt medine this
regulation; m single D=l (7, 9) or Deegr
mutant embryos (Fig. 1C), Dm-Kre shows slight
antenior expansion (103, and in cmbryos mutant
for both, Dw-Kr's anterior shift is comparable 1o
that seen from loss of bed alone (1), However,
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Fig. 1. Regulation of Kr in Drosophilo and
Nasonig. Dm-Kr expression in embryos that are
wild-type (A), lacking Dm=bcd (B), mutant for
Dm-gt (C), or lacking Om-bed and Dm-ts! (D).
(E) Wild-type ar (F) Dm-bed:tsl cuticle. Cellular
blastoderm expression of Nv-Kr in wild-type em-
bryas (G) or after Nv-ofdl RNAT (H).

Dni-Kr docs not reach the anterior tip of the em-
bryo because of additional repression by the tenmi-
nal system; in cmbryos Iacking bod and forsolike
(D), Dn-Kre expands throughout the antenior
(Fig. 1), resulting in ambryvos with as lew as four
abdominal segments (Fig. 1, Eand F) (7).

To detenmine how the Nasanfa cmbrvo’s tnmk

15 positioned, we solated the Masonia onholog of

K amd found that it was expressad in a central gag
like domain (Fig. 1G) To contimm that M=K was
acting as a gap gene, we knocked down Me-Kr
using parental RNA mterference (RMNAI) (5, 12)
and observed a gap phenotype: loss of T3 and Al
o Ad. We hypothesized that because Meowd ! per-
forms other fbed lunctions, the ofd! anierior
morphogenatic gradient might be functioning to
position Nv-Ki. However, afier NMeard] BNAG, we
found that although MeKr expanded posteriorly,
the amerior boundary was unaffected (Fig 1H),
We next asked whether one of hods avpotic
gap gene targets could be implicated in M-Kr

anterior boundary  formation. Our analysis of

Mg revealed an essential mole i repressing
Nv=Kr, In Drosophifa, Di-gr s expressed m two
regions, a posterior stipe and a bed-activated
antenor domam (J3). Nv-gt expression in eellu-
larized embryos was similar (Fig. 2E); however,
we found MNe-gr expressed maternally at earlicr
stages. In freshly laid embrvos, Megr mRNA
occupied a broad anterior gradient, with highest
levels at the anterior pole (Fig. 2A). This domain
persisted through pole cell fommation (Fig. 2B) and
syneytial blastoderm stages (Fig, 2C), imensilying
at the onset of cellulviztion simuliancously with
the appearance of a postenior cap, marking com-
mencement of zygotic expression (Fig, 200, Dur-
ing ccllularization, Me-gr expression resolved into
ayeotic antenor and postenior gap domains (Fig,
2E), which are regulated by AMvord! (5). To con-
finm that the carly Mv-gs expression we had ob-
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Fig. 2. Expression of maternal and zygotic Mgt
during Masomia ocogenesis and embryogenesis.
Maternal Mv-gt mRNA in freshly laid embryos (A),
during pole cell formation (B}, and in the syncytial
blastoderm (C). Zygotic Mgt expression at onset
of cellularization (D} and in the cellular blastoderm
(E). Maternal anterior localization during oocyte
development (F to H.

served was maternal, we examingd cog chambers
and detectad Mgt in the nurse cells and in the
oocyle, where it accumulated around the nueleus
(Fig. 2F). In mature oocyvies, Ni-or was localized
o the anterior pole (Fie. 260, uliimately assuming
a tight anterior localization pattemn (Fig. 2H).

Having established tha Nv-gt i matemally
provided and antenorly localized, we used RNAI
Lo detenmine its role dunng segmentation. Knock-
down of M=o resulied in unhatched larvae, all
arrested with the same phenotype: complete loss
ol head and thoracic (T1-T3) segments (Fig. 3. A
and B). In addition, A6 and A7 showed fusions
and deletions due 1o loss of posterior zygolic Nv-oy
(Fig. 3B). Amerior defects were also visible at
carlier stages in knockdown embryos: analvsis
ol engrailed (Nv-en) revealed anterior trunca-
tions (Fig. 3. C and D), whereas Ulrabithorax
Abdominal A (Ubx/AbdA) expression showed
that all remaining tissue wis abdominal (Fig. 3,
E and F). The Mgt RNAG anterior phenotype was
more severe than that of Dme-gr null mutations, n
which anternior defects are limited 1o loss of labial
and labral structures (7.3). By contrast, knockdown
of Nv-gr esembled the all-abdominal phenotype
observed in Dvosopfiila cmbryos lacking both fed
and Dwie-tsf {Fig. 1F).

In Dveoseprliifa, it has been shown that Die-re
and Dw-Kr muaally repress cach other, a reki-
tionship that defines the embrvo’s center (J0, 11),
To determine whether Mepr also regulates M=K,
we examinad MeRr expression in Mgt RNAG
embryos and found dramatic expansion of M-Kr
1o the amenor pole (Fig, 3, G and H), indicating a
major ole for Megr in setting the Me-Kr anterior
boundary. Morcover, loss of zygotic MNe-gr alone
did not result in anteror Av-Ar expansion. As noted
carlier, the anterior M=K border was unaflected by

VOL 315 5SCIENCE

Fig. 3. Knockdown of Mv-gt in Nasonia results in
anterior deletions. Wild-type (A) and Nv-gt RNAY
(B) cuticles. Yellow arrows indicate spiracles on T2,
Al to A3. Expression of My-en (C and D), Nv-Kr (G
and H), and Nv-hb, (1 and J) in wild-type [(C), (G),
and ()] and Nv-gt RNA [1D), (H), and ()}] embryos.
Ubx/AbdA protein expression in wild-type (E} and
Mv-gtf RNAI (F) embryos.

Meord ! RNAG (Fig. TH), whereas zvgotic Mgy
wais elimireed (5), Thus, matemal Megr appears o
be the main repressor of Ne-Kr, mumicking both
hed and the lemminal system i Drosopdila,

The absence ol head and thorax atier Nv-gr
RNAG was also similar to the phenotype of the
Nasonia zveotic b mutant headless (14). To
investigate this comelation, we examined zygotic
Vilih expression alter Ve-or RNAG and observed
loss of the antenor X=lh domain (Fig, 3, Land J),
suggesting that the anterior deletions seen in
Vet RNAG embrvos were caused by loss of
Aveotic Mv-ib, Our observations gencrated two
models for Megr function: Either matemally
localized Nv-gr activates expression of anterior
aypotic Me=hh (Fig. 4A), or Ne-gi negatively reg-
ubates a fbergpressor (Fig. 4A) Because D0t
prancipally acts as a repressor (£3), we Tvorad the
second model, hypothestang that M=K might be
the fif=repressor (Fie 4A). In support of this model,
we obscrved that the anterior and posterior zygotic
Vi=lth domains expanded toward the center in
Me=Kr RNAG embryvos (Figs. 31 and 4C7). This
double-repressor model for head and thorx pat-
teming circumseribes matemally localizod Nv-gr
function solely 1o the repression of Av-Ki.

To test this model. we asked whether ex-
pansion of MR o the developing head and
thu[;,u,'il,' |'1:|__fi:l:1 Cal 0= d'.;]ctiujl of l]lu.“,' s0p-
ments, [ 50, we would expect w sce anterior
patierning restored i embryos lacking MNv-gr and
Vichr. As a control for double RNAL we ex-
amined embryos from females knocked down for
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Fig. 4. Repression of Nv-Kr by maternal Mgt is
required for head and thorax formation in Nasonia,
(A} Two models for maternal Nw-gt function. Cu-
ticular analysis (B, D, and F) and Nv-hib,, expression
{C, E, and G} after knockdown for Mv-Kr [(B) and (C)],
Nv-gt+gfp [(D} and (E)], and Nv-gt+Kr [(F) and (G)].

Nv-gt and green fluorescent protein (gfp) and
observed the expected Nie-gr phenotype: deletion
of head and thorax, as well as loss of anterior
Nu-hb expression (Fig. 4, Dand E) Knockdown
of Mg and AMe-Kr vielded siviking results, In
92% of examined embrvos, the head and thormx
(TUT2 ) were restored (Fig, 4F), and the resulting
cuticular phenotypes were essentially idemtical
to those alter M-Kr RNAIG alone (Fig. 4B).
Consistent with rescued head and thorax devel-
opment, antenor 2y gotic Neib was also restoned,
although not o wild-type levels (Fig. 4G). None-
theless, the amount of Nv-Iib present in Ne-grt Kr
RNA1 embryos was sullicient o direct head and
thorax development, demonstrating that AMe-Kr
expansion impedes anterior patieming and that
matemally localized Nv-gr confines Mv-Kr 1o the
embrvo’s center. Thus, whereas in Drosepliila,
hod-activated Dwe-gr plavs only a moderate role
in positioning Nv-Kr (Fig. 1C), in Nasonia, ma-
ternal Nv-gr is sullicient o perform this func-
tion. This distinction led us to consider whether
Dii-at's role in Dvosophile would be enhanced
il the Dyosophila embrvo were reenginecred to
develop hike Nasownia—with D-gr matemally
prowided and anteriorly localized. We found that,
whercas Dim-gf was suflicient o repress Dm-Kr
anteriorly in the absence of bed (fig. S1B),
head and thomcic structures were not rescued
(fig. S1C)—an unsumprising result given that, in
addition 10 permitting antenor development by
regulating Kr-repressing  gap genes. bod also
[unctions instructively 1o activate gencs required
for head and thorax formation, In Nasouia, by
comtrast, the mstructive and pemmissive antenior
patteming functions are discrete, Head- and thorx-
specilic genes are trigeerad by an instructive
anterior determinant, maternal Me—ord!, which 1s
localized independently of the parmissively acting
matemal repression system, Ni-gf,

A comparison of the molecular mechanisms
cmployved by two mdependemly evalved (6) long-

germ insects not only uncovers those [eatures es-
sential to this developmental mode but also sheds
light on hosw the bed=dependent anterior patteming
program might have evolvad. Through analysis of
the regulanon of the tunk gap gene Krom Dro-
sopiitfa and Masonda, we have boen able w dem-
onstrate that antenor repression of’ K 1s cssoential
for head and thormx fomation and 15 a common
featre of long-genn patteming. Both inscets
accomplish this task through matemal, anterory
localized factors that cither indirectly (Drasophila)
or directly (Masonia) repress K and, hence, trunk
fates, In Dresoplila, the wemminal svstem and fod
regulate exprossion of gap genes, including Dwi-ge,
that repress D-Kre Nasewria’s hed-independont
long-germ embryos must solve the same problem,
but they cmploy a nutemally localized nepression
system i which matemal Me-gr s localieed 10 the
oocyies atenor, where it represses Vi-Ar In the
dipteran lincage, whercas @ retained the ability 1o
repress A, matemal regulation of Kr’s position
hed, aspe-
cifie dipteran innovation, and the tenminal pathway,

was taken over by two novel featunes

which, alihough present ancestrally, appears 10
function less extensively in the anterior of non-
dipreran insects (16, 17 In addition 1o activating
anterior patieming genes such as ard and I, hod
also acquired regulation of g, which became a
strictly wveotic gene with a reduced role in repress-
g K. Our lindings thus identify two independent
mechanisms for long-germ antenor patteming

one using two matemally localized penes, aid! and
of, that respectively activate anterior zygolic pat-
teming genes and repress trunk Hates, and a second
using hegd for these same functions, thereby de-
maoting off and @t o ayvgolic gap gencs. Intenest-
ingly, it appears that long-gemm embryos use RNA
localization for a number of different developmen-
1al processes (5, 18, 19). By contrast, in shon-germ
imsects, althoush some localiaed RNAs lave been
identified. there is as vel no evidence of their con-
tribution to anterior-posterior patteming (0.

REPORTS

mBNA localization indecd appears to be an
important component of long-germ embrvogene-
sis, perhaps even playimg a role i the trnsition
from the ancestral short-genm 1o the derved long-
genm Lake,
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Emergent Biogeography of Microbial
Communities in a Model Ocean

Michael ). Follows,™ Stephanie Dutkiewicz,” Scott Grant,» Sallie W. Chisholm?

A marine ecosystem model seeded with many phytoplankton types, whose physiological traits were
randomly assigned from ranges defined by field and laboratory data, generated an emergent
community structure and biogeography consistent with observed global phytoplankton
distributions. The modeled organisms included types analogous to the marine cyanobacterium
Prochlorococcus. Their emergent global distributions and physiclogical properties simultaneously
correspond to observations. This flexible representation of community structure can be used to
explore relations between ecosystems, biogeochemical cycles, and climate change,

significant challenge in understanding
the changing canth system is o quantify
and model the mole of ocean ceosystems
in the global carbon cyele. The struciure of
microbial communitics in the surface occan is

known 1o regulate imponant biogeochemical

pathways, including the efliciency of expon of

organic carbon to the deep ocean. Although
there s extmordinary diversity in the occans,
the biomass of local microbial commumitics m

www.sciencemag.org SCIENCE VOL 315 30 MARCH 2007

1843



REPORTS

any location 15 typically dominated by a smaller
subset of strains. Their relative limess and cco-
system commumty structure are regulated by a
varety ol lactors, mncluding physical condi-
tions, dispersal, predation, competition for re-
sources, and the variability of the environment
(/-3). Models reflecting this conceptual view
have been examined in idealiced  ccological

settings () and have been applicd 1o studics of

ternestial ecosvstems (5). We have used this
approach in a marine ccosystem model that em-
braces the diversity of microbes and their ge-
nomie undempinnings, a model in which microbial
community structure “emerges” from a wider sat
of possibilitics and, thus, mimics aspects of the
process of natural selection. The system is lexible
cnough o mespond o changing occan cnvi-
ronments and can be used o mierpret the structure
and development of marne microbial commu-
nities and o reveal entical links between marine
ceosyslem structure, global biogeochemical
eyeles, and elimate change.

Recent ocean models have begun o resolve
community structure by the explicit repre-
sentation of three or four clisses, or functional
groups. of phytoplankion (6-9), but significant
challenges remain (J0, [1), First, the specilica-
tion of functional groups and diversity ol the
mode]l ccosystem is subjective and somewhat
arbitrary. Sceond, it is diffieult 1o evaluate the
parameters conmrolling such models because
quantitative, physiological information from
labomtory cultures is extremcly limited. Third,
observations of microbial community structure

with which 1o evaluate global-seale models are
still relaively sparse. Finally, model ecosystem
structures optimezed 1o reflect wday’s ocean
may not be sulficiently dynamic o adapt ap-
propriately o a changing climate where radical
shifis in commumity siructure might be possible,

To circumvent some of these dilficultics, we
formulated a marine ecosvstam model that repre-
senis a Jarge number of potentially viable phyio-
plankton types whose phivsiological charactenistics
were detenmined stochastically. The  initialized
orzanism ypes interacted with one another and
their environment, evolving into a sustainable eco-
system where community structure and diversity
were nol imposed, but were emergent propertics.

The ceosystem model consisted ol a set ol

coupled prognostic equations {cgs. 51 10 535),
with idealized representations of the ranstonma-
tions of inorganic and organic forms of phos-

phoms, nitrogen, iron, and silica. Many tens of

phytoplankton tvpes (here, 7T8) were initialized
in each simulation, cach type distinguished by
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its physiological capabilitics and the values of

cocilicients that control the rates and sensitiv-
mics of maabolic processes. These ware pro-
vided by random drawing from broad ranges
guided by laboratory and ficld studies (table S1).
We focused these choices on light, emperature,
and nutrient requirements (Og. S1) the niche
dimensions for phytoplankton thought to be most
important i regulating growth. To facilitane a test
ol the approach, we also specifically addressed
tunctions that dilferentiate Prochlemomcons spp.
from other phvioplankion, including their small
size and nability w0 assimilme nitrate, Other
functions could be emphasized depending on
the aim of the study. Ecological made-olls were
imposed  through  highly simplified  allomeinc
constraints  [see supporting online materal

(SOM)). To rellect the extra energetic expense of

using nitrate, relative o other inorganic nitrogen
sources, we allowed the maximum growth rte 1o
merease shightly when nitrate was not the major

nitrogen source (/2). Omgamsms meapable of

utilizing nitrate were given a slightly lower nu-
trient hall-saturation. We explicitly represented
predation by two classes ol grazer and, for the
action of heterotrophic microbes, we used a
simple remineralization e (SOM),

A global ocean circulation model constrained
by observations (/3) provided Now lelds and
mixing cocllicients that tanspon all biological

Fig. 1. Annual mean
biomass and biogeog-
raphy from single in-
tegration. (A} Total
phytoplankton biomass
(uM P, 0 to 50 m aver-
age). (B} Emergent bio-
geography: Modeled
photo-autotrophs were
categorized into four
functional groups; color
coding is according o
group locally dominating
annual mean biomass.
Green, analogs of Prochlo-
rococeus; orange, other
small photo-autotrophs;
red, diatoms; and yel-
low, other large phyto-
plankton. (C) Total
biomass of Prochlorococ-
cus analogs (UM P, 0 to
50 m average). Black line
indicates the track of
AMT13.
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and chemical tracers. All phyvtoplankton types
were initialized with identical distnbutions of
biomass, and the model was megrated forward
for 10 years, over which time a repeating annual
cycle m ecosystem structore emerged. We ne-
peated the incgration 10 tmes, each time with a
different mndom selection of phytoplankton phiys-
icdogies, fomming an ensemble of 10 members. Al-
though each ensemble member produced a unigue
emergent ecosysiem, the broad-scale patierns of
productivity, community structure, and biogeogra-
phy were robust across all 10, Global patierns of
open-occan biomass (Fig. 1TA), primary produc-
tion, aned mutrients (g, S3) were qualitively con-
sistent with in situ and remode observations. The

ensemble mean globally integrated, annual primeary
production was 44 mgmtons O per vear, with a
standard deviation of less than 5%, This small
standard deviation suggesied that suflicient phyto-
plankton “tvpes”™ were milialized for consisiont
emerzent solutions and also refleats the Jarge-scale
regulation by the phiysical mnsport of nutnents.
Ader an mitial adpustment. the omass of
some phytoplankion types fell below the thresh-
old of numerical noise, and these types were
assumed 1o have become “extinet.” In all ensem-
ble members, about 20 phytoplankton types ac-
counted for almost all of the otal global biomass
(fig. S2) We classified the phvioplankion types
into four broad functional groups, cach a
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composite of several types, according o aspects
of their physiology: (1) diatom analogs—large
phytoplankion that requine silica, (i) other large
cukarvotes, () Prochlorococars analogs—small
phvtoplankion that cannot assmulate mitrate, and
(iv) other small photo-autotrophs, The large-scale
biogeography of the emergent phytoplankion
community was plausible with respect 10 obser-
vations (Fig. 1B) and consistent among the 10
ensemble mambers. The model successfully cap-
tured the domination of annual biomass by large
phytoplankion in subpolar upwelling regions,
where both light and macronutrients are season-
ally plemiful. The subtropical oceans were domi-
mated by small phytoplankion functional types
i /4). Large arcas of the tropics and subtropics
were dommated by several Prochlorococons
analogs (Fig. 1C), also in accord with observa-
tions (f3, [6). Along the cruise track of Al
lantic Merndional Transeet 13 (AMTI3), ol
Procidforecocens abundance (the sum of all

OBSERVATIONS

A NO

40°3 20°0 0

20°N  40°N
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40°8 20°S

Proclilercecrus amalogs) qualitatively and quian-
tiatively reflected the magor features of the ob-
served distnbution with highest abundances n
the most ohgotrophic (nuinent-depleted) waters
(fa 17y (Fg 2, Ao D)

Realword Procllorococens exhibit genetic
diversity, which leads o differences i light and
temperature sensiivities (f7-200, as well as ni-
trogen assimilation abilitics (24). The strains, or
ceotypes, of Prochimncocons exhibit distinet pat-
tems of abundance along occan gradicnts (13, 17),
and observations on AMT13 (/7) (Fig. 2, E, G,
I, and K} provide an ideal test for the stochastic
maodeling stregy: Do the emengem model ana-
logs of Prochlevococeus rellect the geogrmphic
distributions, relative abundances, and physio-
logical propertics of ther real-world counterpans?

OF the Prochlorococens analogs imitialized n
cach model solution, between twee and six var-
iants persisted with significant abundances (fig.
S4). We grouped the analogs by delinmg three

20°N 40°N

Fig. 2. Observed and modeled properties along the AMTL3 cruise track. Left column shows
observations (17), right column shows results from a single model integration. (A and B) Nitrate
{umol kg™); (C and D) total Prochlorococcus abundance [log (cells mi™ ). (€, G, I, and K)
Distributions of the four most abundant Prochlorococcus ecotypes [log (cells mi™)] ranked
vertically. (F, H, and ]} The three emergent model ecotypes ranked vertically by abundance. Model
Prochiprococcus biomass was converted to cell density assuming a quota of 1 fg P cell™ (27), Black

lines indicate isotherms.
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“mode] ccotypes™ based only on distinet geo-
graphic habitats, without regard te physiology,
which had a qualitative resemblance 1o the ob-
served distnbutions of ecotypes along AMTI 3.
In any ensemble member, more than one emer-
genl Procllorecocous analog may @l ino a
particular model-ceotype classilication, and some
were ambiguous. Model ccotype m-¢f (Fig, 2F)
was delined o include emergent analogs with
significant biomass in the upper 25 m along the
transect between 15°N and 15°S, qualitatively
corresponding o the habitat of real-world eco-
type ¢MIT9212 (Fig. 2E). Model ecotvpe m-¢2
(Fig. 21 included analogs that had significam
biomass in surface waters polewards of 157 but
low biomass within 15 of the equator, broadly
reflecting eMEDS (Fig. 2G). Finally, model eco-
type m-e:3 (Fig. 20y was delmed 1o melude ana-
logs that had a subsurface maximum biomass, in
common with eMIT9313 and eNATL2A (Fig. 2,
I and K). The observed widespread distnbution
of deep maxma with low abundance associated
with eMIT9313 and eNATL2A was not cleardy
reflected in the model analogs. This might be

explained by the endency toward unrealistically
complete competitive exclusion typical in eco-
svstem models (22, 23), precluding  persistem
populations o low abundance. There s a deep,

high biomass laver in the model made up of

other, nitrate-consuming, small phywoplankton.
This may partially reflect a contribution from
nitrte-utilizing  Prociliforococcis, which have re-
cently been inferred from ocean observations (24),
but which have not yet been seen in culiure.
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Fig. 3. Optimum temperature and light inten-
sity for growth, T, and /..., of all initialized
Prochlorecoccus analogs (all circles) from the
ensemble of 10 model integrations. Large
circles indicate the analogs that exceeded a
total biomass of 10% mol P along AMT13 in the
10th year. Colors indicate classification into
model ecotypes (see main texth: Red circles, m-e1;
blue circles, m-e2; green circles, m-e3. Mixed-
color and solid black circles denote ambiguity in
model-ecotype classification. Bold diamonds indi-
cate real-world Prochlorococcus ecotypes (red,
eMiT9312; blue, eMED4; green, eNATLZA; and
yellow, eMIT9313).
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Within each ensemble member, emergent
mode]l eccotvpes typically followed the abun-
dance rnking of ther geogrmplucally idennfiod
real-world counterpants (Fig. 2 and fig. S4)
Model ccotypes m-ed and m-¢2 ranked first and
second (compare these with eMIT9312 and
eMEDM, respectively), with m-e? consistently at
lower abundances (compare this with ccotypes
eNATL2A and eMITY9313),

There is a simultancous correspondence
between the physiological charactenistics of emer-
gent, modeled ecotypes and cultured represent-
atives of the wild population. Each culured
strain of Procllorococens and the emergzent
mode] ccotypes from all 10 ensemble members
were characierized by an optimal temperature
{ To) anncd photon Mux (£ypd For growth, the tem-
perature or light intensity at which growth mtes
are preatest il all other limitations are set aside
(fig. S1). Potentally viable Prochforococons ana-
logs were seceded i the model over wide ranges
of opimal temperature and photon Duxes (all
circles, Fig. 31, but those that maintained signif-
icant abundances along the AMT transect (solid
large circles, Fig. 3) were all chamciernized by
Tope = 15°C. This is consistent with the observa-
tions of Procllorococons in warmer waters and
with the warm T of cultured strains (/7). Our
model indicates that the oligotrophic conditions
confined Prochiferococcis analogs 1o warmer wa-
ters and selected for wamm T, an emergent “ad-
aptation” driven by other environmental Bctors,
In the cooler waters of the model, nutnents are
typically abundant, and so larger phyvtoplankton,
with higher intrinsic makimum growth rmtes, have
an advanage. In the highly oligotrophic (typically
warmmer) regions, the Prochlorococcns analogs”
lower halt-saturation (consistent with their very
smiall size) is advantageous,

Across the ensemble of 10 integrations, the
geogrphically delined model ecoiypes were clus-
tered in optimal temperature and light parmmeter
space (Fig. 3 Model ecotype m-¢f (red circles)
generally occupied the wanmest arca of parameter
space over a broad, upper range ol optimal pho-
ton fluxes; m-e2 (blue circles) generally had a
lower T, but a similar mnge of /. This is con-
sistent with their surface-oriented habitats and
latituddinal {(or temperture) separation. In con-
trast, m=c3 (green circles) occupied a wider
range of Ty but only in the region of lowest
Lo cOnsistent with s expression of subsurface
maxima. Although there were exceptions, the
clustering of geographically defined mode] eco-
tvpes in physiological parameter space indicated
that robust ccological controls were operating
across the 10 integrations, The physiological char-
acteristics (T L) of real-world ecotypes
{eolored diamonds, Fig, 3) are notably consistent
with the grouping of their model counterpans, This
comespondence was not imposed, but emerged
as a feature of the model solution,

Significantly, there was simullancous con-
sistency between the geographical habitat, rnk
abundance, and physiological specialiation of the

30 MARCH 2007

cmergent Prociferocecous model ecotvpes and
their real-world counterpans. These parllels indi-
cate that the stochastic, self-organiang represen-
tation of marine ceosystems reflects real-world
processes and is suitable for application in ¢co-
logical and biogeochemical studics, This approach
circumyvents same of the obstacles facing most
current ocean ecosystem models, such as the a
prioni imposition of low diversity, the prescrip-
tion of dominant functional types, and the dif
ficulty of specilying the physiological rate
coclTicients that define them. This Tunction-
based approach can naturally evolve 1o exploit
the growing body of genomic and metagenomic
data mapping the oceans in lerms of genes and
their encoded physiological functionality (25, 26).
Finally, because the ccosystem structure and
lunction are, by design, emenzent and not tightly
prescribed, this modeling approach s ideally
suiled for studics of the relations between marine
ceosyslems, evolution, biogeochemical eyveles,
and past and future climate change.
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Cascading Effects of the Loss of
Apex Predatory Sharks from a

Coastal Ocean

Ransom A. Myers,‘ Julia K. Baum,l' Travis D. Shliephlaﬂ!,1

Sean P. F‘l::ﬂ.wlar!i,z Charles H. Peterson’*

Impacts of chronic overfishing are evident in population depletions worldwide, yet indirect
ecosystem effects induced by predator removal from oceanic food webs remain unpredictable.
As abundances of all 11 great sharks that consume other elasmobranchs (rays, skates, and small
sharks) fell over the past 35 years, 12 of 14 of these prey species increased in coastal northwest
Atlantic ecosystems. Effects of this community restructuring have cascaded downward from the
cownose ray, whose enhanced predation on its bay scallop prey was sufficient to terminate a
century-long scallop fishery. Analogous top-down effects may be a predictable consequence of

eliminating entire functional groups of predators.

cological impacts of ¢liminating op pred-
ators can be far-reaching (/) and include

release of mesopredator proy populations
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from predatory control () and induction of
subsoquent cascades of indirect wrophic interac-
tions (3-5). In the occans, fishing has dispropor-
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tionately reduced abundances of apex preda-
tors (6. 7), eliciting concern about their con-
servation and the indirect effects that might
ensue from therr removal, Despite a nch eco-
logical literature on trophic cascades, consc-
quences of removing oceanic apex predators
remain uncertain (8- ). Although some have
argucd that in complex marne food webs with
many interacting species wop-down clfects may
attenuate (fi, 1), fundamental constrainls on
studving oceanic food webs and apex predators
may altematively hinder detection of such el
fects. We met this challenge by using a unigque
compilation of ume sermes data and  predator
exclusion experiments (o investigale ccosysiem
consequences of functionally climimating apex
predmory sharks,

Exploitation of large (=2 m) sharks has in-
tensified worldwide in recem decades, driven by
an upsurge in demand for shark fins and meat
({2} and in bycatch n many fisheries. Data to

! pepartment of Biology, Dathousie University, 1355 Oxford
Street, Halifas, NS B3H 4]1, Canada. Department of Marine
Sciences, Universty of South Alabama, and Dawphin lsland
Sea Lab, 101 Bienwville Boulevard, Dauphin bland, AL 36528,
UsA. “instinte of Marine Sciences, University of Nerth
Carctina (UNC) at Chapel Hill, Morehead City, NC 28557,
LiSA,

*To whom comespondence should be addressed. E-mail:
baum@mscs dal.ea (JKB.), cpeters@email.unc.edu (CH.P)

assess direct impacts of exploitation on the great
sharks arc inuted but consistently indicate that
they have been driven o low levels (12-14),
Whether functional climination of great sharks
also induces indirect ecosystem effects, how-
ever, Is an open question (f4).

We hypothesteed that weakened twop-down
control by all dasmobranch-consuming sharks
could increase abundances of their clsmobranch
prev (ravs, skates, and small sharks) and that the
enhanced predation by these mesopredators
might cascade 1o lower wophic levels. Because
mesopredatory  elasmobranchs are relatively
large, even as juveniles, and are thus consumed
almost exclusively by great sharks (13), we
inferred that these prey would be the most likely
affected. Moreover, imterannual vanability
clasmobrnch populations is mimmal because of
their low reproductive mtes, such that changes
effected by predator removal should be de-
tectable i time series data. We tested these
hypotheses for 1970-2005 on the United States’
castern seaboard between Cape Cod, Massa-
chusetts (41.5°N) and Cape Canaveral, Flori-
da (28°N).

For each elasmobranch, we modeled popu-
lation trends in each of several data sets and also
in a meta-analysis o vield synthetic estimates
of mates of change (15). We first assembled all
available species-specific data from scientific
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rescarch surveys that began before 199 and
used standandized methodology. Sevenicen sur-
veys, which together cover the castern LS.
coast (fig. S1), met these criteria (tables S2
and 53; mean time span = 28 years) Trends in
relative abundance of ¢ach clasmobrainch were
cstimated by fiting generalized linear models
(GLMs, table S4) 1o each survey in which the
species appeared in at least 3 years, Because
not all great sharks were sampled in surveys
and because the ULS. pelagic longline lishery
covers a much greater propontion of the sharks
nothwest Atlantic mnges, trends Tor these spe-
cies ako were estimated from this Bshery's
observer and logbook data [by Mtting general-
ized linear mixed models and GLMs, respec-
tvely (15)).

The ecastern seaboard’s longest conlinuous
shark-targeted survey (UNC), conducted annu-
ally since 1972 ol North Caroling, demonstrates
sufficiently large declines in great sharks to im-
ply their likely functional climination. Declines
in scven species range from 87 for sandbar
sharks (Carcharlinus pluntbews)y, 93% for
blacktip sharks (C fimbatusy, up o 97% for
tiger sharks ( Galeocerdo cuviery, 98% for scal-
loped hammerheads (Sphivena lewind), and 9%
or more [or bull (€ fencas), dusky (O edscirns),
and smooth hammerhead (S zveaena) sharks
(Fig. | and table 55). Because this survey is
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Fig. 1. Change over time in species at each trophic level as estimated from individual

data sources: great sharks (top), elasmobranch mesopredators (middle}, and bivalves

(bottom). The top and middle graphs show trends in relative abundance [overall trend (solid line)
and individual yearly estimates (®)] of great sharks (UNC survey) and elasmobranch meso-
predators {survey acronyms as in table $3) estimated from GLMs. The trend in North Carolina bay
scallops (Mational Marine Fisheries Service landings) is shown with a loess curve from a gen-

eralized additive model.
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situated where it intercepts sharks on their
seasonal migrations, these trends in abun-
dance may be indicative ol coastwide popula-
ton changes. The UNC survey also showed
the loss of the largest individuals, with de-
clines i mean lengths of blacktip, bull, dusky,
sandbar, and uger sharks of 17 o 47% (g,
53). suggesting that overexploitation has lefi
few mature individuals in these populations,
The remaining four ¢lasmobranch-consuming
great sharks were caught wo rarely o detect
trends from this survey, Two of those, greatl
white { Carcharodon carclarias ) and sand tiger
(Cavcharias tawrns) sharks, were cach caught
only once and carly in the UNC survey (in
1974 and 1978, respectively). The only survey

that has caught enough sand tigers 10 note a
trend targets sharks in Chesapeake Bay and
suggests a decline of over 99% between 1974
and 2004 ([5, [6).

Consistent with the UNC survey, all but one
of the other six significant survey trends indicate
decrcasing great shark abundances (table 85),
The only signilicant increase is for juvenile
hammerheads from a single survey and conse-
quently may reflect recently increased survival
after losses of their only predators, lanzer apex
predatory  sharks, Accordingly, meta-analytic
resulls portray a consistent pattem ol declines
in great sharks (Fig, 2A).

Fisheries data from the past 2 decades help
confirm losses of elasmobranch-consuming
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Fig. 2. Instantaneous rates of change in relative abundance (+95% confidence intervals) for (A}
great sharks and (B) elasmobranch mesopredators, as estimated by random-effects meta-analyses

of research survey (™) and fisheries (&) data.
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great sharks (Fig. 2A). Logbook data show de-
clines between 1986 and 2000 ranging from
40% in makos [predominantly shonlin mako
Usitrus oarinchus)] o 89% in hammerheads
[scalloped, great (S mokarran), and smooth)
(/3) (able 83). Trend estimates from observer
data collected between 1992 and 2005 differ
from logbook data for tiger shaks (after a
decling, this specics may have recemtly in-
creased) but are concordam for all other spe-
cies: Makos declined moderately (38%), whercas
large coastals (genus Corcharliins, including
dusky, sandbar, blacktip, and bull) and hammer-
heads declined by 67% and 76%, respectively
(table S5).

Concurmrent with reductions m great sharks,
their mesopredatory clasmobranch prey have m-
creased along the eastem seaboard. This group
of 14 mys, skates, and small sharks is taxonomi-
cally diverse (seven familics) and mecludes de-
mersal and pelagie species from estuanes and
the mshore coast o the continental shelf’ and
slope. Individual surveys indicate that little
skate (Lewcorafa erinacea), Atlantic shamp-
nose shark (Rbizoprionodon terraenovae), chain
catshark (Scvliorfifnes vetifer), and smooth bul-
tedly may (Chanwra altavela) populations may
have cach increased by about an osder of magni-
tude (Fig. 1) Overall, meta-analyses of rescarch
survey data reveal increases over the past 16 1o
35 vears lor 12 of the species, with estimated
mean instanianeous rates of increase mnging
from 0012 for bullnose eagle rmy (Muliobaris
freminvilliny w 0228 for smooth butterfly my
(Fig. 2B).

Most conspicuous ( /7) among the increasing
mesopredators is the cownose ray (Rhinoprera
homasns). Sixo ol seven survevs covering the
LS. Atlantic population’s range (southcast
Florida w Raritan Bay, New Jersey, with re-
cent expansion 1o Long Island, New York) show
significant increases (Fig. 1 and table 55).
Together, these mes of change (mean = 0L0RT,
93% confidence interval 0.021 10 0.127) (Fig.
2B) indicate an order-ol=magnitude increase in
cowinose rays coastwide since the mid-1970s
and, when combined with carier population
cstimates from acrial surveys in Chesapeake
Bay (/8), suggest that there may now be over
40 million rayvs in the population, When
considered with s known late matunty and
lowe fecundity, this high population growth mite
would make the cownose ray anomalous among
lishes in its combination of life-history traits
(/5). Only it its natwal monality raie were
substantially greater than at present would the
life history conform, implyving that higher
predation by great sharks prevailed in the past
and possible reduction in bycatch is insufliciem
o explain the ascent of this my.

Collecuvely, the hyperabundant cownose ray
population consumes a large quantity of bi-
valves, implying a high potential for trophic
cascades, Cownose rays migrate southward in
autumn from northerly estuaries o overwinter-
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ing grounds on the Flonda shelf (/9), often
entering bays and sounds en route. Ther dict
consists largely of bay scallops (Argopecten
irmadians), solt-shell clams (Mva arenaria),
hard clams (Mercenaria mercenaria), ovsiers
(Crassostrea virginica), and scverml smaller,
noncommercial bivalves (18, 200, Annual bi-
valve demand within the Chesapeake Bay,
based on our abundance cstimate, individual
daily consumption rates of =210 g shell-frec wet
weight (15), and 100-day occupancy cach vear,
may approach 840,000 metric tons. In com-
parison, the 2003 commercial bivalve harvest
in Virginia and Maryland totaled only 300
metric tons, substantially lower than historic
landings (1 3).

A second link in an apparent trophic cas-
cade has emerged over the past 2 decades as
the cownose ray population grew coastwide
(Figs. 1 and 3) Field sampling m 1983 and
1954 before and afier rmy presence during late-
summer migration showad no impacts of my
predation on bay scallops (Fig. 3A) (24). Anal-
ogous recent sampling, contimned by controlled
ray-cxclusion experiments using stockades, dem-
onstrates that since 1996 migrating cownose
rays have caused almost complete scallop
monality by carly fall (Fig. 3A) (22) st every
site with minial adult scallop densitics above a
threshold for intensive ray foraging (~2 m %
Fig. 3, B and C). Bay scallop abundance de-
clined much less inside cownose ray exclo-
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Fig. 3. (A) Map of southeastern United States indicating the study location (inset) and North
Carolina bay scallop monitoring sites. Total mortality (black bars) compares August (pre-cownose
ray migration) to late September and October (postmigration) densities. Low scallop densities
before ray migration are indicated by asterisks (<1 to 2 m™2) or zeroes (0 m~2). Hatched bars
represent mortality within experimental stockades that exclude rays (performed in a subset of
years). Scallops were free to emigrate from stockades. Arrows denote direction of ray migration. (B)
Mean scallop density measured in midsummer and mortality from early summer to early fall at
Oscar Shoal for 10 years. (C) Scallop density trends at Oscar Shoal, based on 12 weekly surveys in

1998 and 8 in 2002 and 2003.
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sures than on unprotected grounds (Fig. 3A)
and, in the absence ol scallop emigration,
numbers nside stockades would probably have
remamed nearly constant (22). Unhke the
fishery harvest, which occurs aller, my preda-
tion ocowrs before spawning of this annual
specics (23), By 2004, ray predation had
terminated Nonh Carolina’s century-old bay
scallop fishery because oo few scallops
survived imo fall to sustain fshing and a con-
sequent Allee effeer (apparently induced m
adult densities below ~1 10 2 m™%) limited re-
productive success (23). The fishery has re-
mained closed through 2007 (Fig. 1) because
of low recruntment and cominued ray preda-
non on any high-density patch of scallops.
Having depleted the more readily targeted
cpibiotic bay scallops. 1t 15 reasonable 1o ex-
pect future expansion of cownose ray foraging
on infaunal bivalves, with associated uproot-
ing of seagrass and thus loss of nursery habita
(20, 24).

Increased predation by cownose ravs also
may now inhibit recovery of hard clams, soft-
shell clams, and ovsters (/7). compounding
the effects of overexploitation, discase, habitm
destruction, and pollution, which have de-
pressed these species (7). Landings data for
these bivalves and bay scallops from within the
cownose ray s range show them falling without
substantial recovery (lig. 52) as the rays in-
creased. despite active shellfish enhancemem
and habitat restoration. In contrast, arcas be-
yvond the ray’s northemmaost limit show exame-
ples of stable or increasing bivalve landings
ifiz. 82).

Analogous elasmobranch community imver-
sions and rophic cascades are probably occur-
ring in other coastal occans. Studics in the
northeast Atlantic Ocean have shown increasing
abundances of several mesopredatory elasmo-
branchs despite substantial exploitation (25, 26).
In Japan’s Anake Sound in the northwest Po-
cific Ocean, where exploiiation of apex preda-
tory sharks is probably intense, wild stocks and
cultured populations of multiple shellfish spe-
cies are now decimated annually by expanding
numbers of another elasmobranch mesopred-
ator, the longheaded cagle v (Aetolaius
Hergetlven) (27). Many other prey depletions may
be going unrccognized because linle monitor-
ing and research exists for noncommercial ma-
rine specics.

Our study provides evidence for an oceanic
ccosyvstem transformation that is mosl parsimo-
niously explained by the functional climination
of apex predators, the great sharks, instead of
assuming numercus coincidental increases n
their mesopredatory prey. Consequences ol this
region-wide proliferation of ravs, skates, and
smaller sharks have cascaded down the food
webh through cownose rays 1o bay scallops and
possibly other bivalves. This cascade potential-
ly could extend to seaprass habitat, exacerbat-
ing stresses on already highly degraded coastal
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henthic systems. Thus, like the classic Killer
whale-sea oiter-urchin-kelp trophic cascade ( 5),
climinating great sharks cames nsks of broader
coosystem degradation. Prevaitling theory sug-
geats that community-level trophic cascades arse
only in simple food webs lacking functional
redundancy (4, [0), but we propose that top-
down elfocts must be widely expected whenever
entire {unctional groups of predators are de-
pressed, as can occur with industnal fisherics,
Muminating the operation of indirect species
inleractions within marine and other environ-
ments brightens the future Ffor developmen of
what is now so widely sought, ccosystem-based
management (o achieve sustainability of natural
living resources,
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Protein Composition of Catalytically
Active Human Telomerase from

Immortal Cells

Scott B. Cohen, Mark E. Graham,? George 0. Lovrecz,? Nicolai Bache,*

Phillip ). Robinson,? Roger R. Reddel**

Telomerase is a ribonuclecprotein enzyme complex that adds 5'-TTAGGG-3' repeats onto the ends of
human chromosomes, providing a telomere maintenance mechanism for ~90% of human cancers. We
have purified human telomerase ~10%-fold, with the final elution dependent on the enzyme’s ability to
catalyze nuclectide addition onto a DNA oligonucleotide of telomeric sequence, thereby providing
specificity for catalytically active telomerase. Mass spectrometric sequencing of the protein components
and molecular size determination indicated an enzyme composition of two molecules each of
telomerase reverse transcriptase, telomerase RNA, and dyskerin.

Jomeres, repetitive nueleoprotein struc-

I tures at the ends of lincar chromosomes
(1), shoren during cach cyele of cell
division (2}, providing a counting mechanism
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1o limit the number of times a cell can divide
(7). Many cancer cells cscape limils on pro-
liferation by activating the ribonucleoproicin
cnzyme tclomerase 10 catalyze the synihesis
of telomeric repeats (). The protein compo-
nent, human telomerase reverse transcriplase
(hTERT), contains conserved catalylic reverse
transcriptase motifs (5. 6), and the human
telomerase RNA component (hTR) (7) directs
the addition of deoxynucleotide triphosphates
(dNTPs) by means of an internal template com-
plememary 1w the telomernic repeat sequence
TTAGG,

Telomerase has previously been purificd
only from the ciliate Euplores aedicnlatis as

VOL 315 SCIENCE

a complex of TERT, RNA, and associated
protein pd3 (&) At least 32 distinet proteins
have been proposced to associale with human
telomerase (able S1). Size measurements of
human telomerase have indicated a complex
larger than expected lor a composition of
one hTERT (127 kD) and one hTR (153 kD)
(%, 10 but smaller than the sum of all pro-
posed protcin associations (2.6 MD). None-
theless, the precise composition ol the active
enzyme complex within the cell has remained
undetined.

We measured the size of the active human
telomerase complex in a panel of immontal cell
lines (MCF-7, A2I82, HCT-116, TE-83, HT-
1080, and HEK-293, derived from cancers of
the breast, lung, colon, bone, and connective
tissue, and from embrvonic Kidney cells, re-
spectively ). Quantitication ol elomerase was
performed with a dircet  (non-polymerase
chain reaction) prmer-exicnsion aclivily assay
(fig. 51) Whole-cell lysates (/f) from all cell
lincs exhibited a similar sedimentation profile,
with =60% of toial activity eluting in fractions
Oand 10 (Fig. 1. A to C) Thyroglobulin (669
kD) peaked in fraction 9 (Fig. 1B). indicating
that telomerase exisls as an engyme complex
of ~650 10 670 kD.

We developed a purification scheme tha
achieved ~10%-fold enrichment of active telomerase
in three steps (/7). The first step was mmuno-
altinity  purification with a sheep polyelonal
antibody  genemted against the peptide antigen
ARPAEEATSLEGALSGTRH (hTERT amino
acids 276 10 294), HEK-293 lysate was incu-
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bated with antibody, and the antibody-cnzyme
complex was immobilized ono protein O agar-
ose beads. Excess antigenic peptide was added
to the resuspended immunoprecipiiate o allow
dissociation of the eneyme from immobilized
antibody into solumtion (Fig. 1D, lane 1), Immu-
nopurilicd telomerase displayved execllent stabil-
ity (Fig, 1D, lanc 2, allowing the punfication to
be cominued at oom temperature,

The specilicity of the sccond and third
steps is provided by thermodynamic and ki-
netic properties of the wlomerse eneyme. The
dissocintion rate of the elomenc DNA substmie
prmer Y TTAGGGR-3" from human elomer-
ase s known to be very slow (n2 = 10 hours)
(12). We exploited this slable binding between
enzyme and substrate o develop a substre-
dirceted allity punfication. The syathetic DNA
F-Biotine CTAGACCTGTCATCATTAGG  )5-3
was immobilized onto neutravidin beads, provid-
g the alfimity reagent

Immunopurified telomerase from the first
step was precleared with unmodificd neutravidin
beads and 3“CTAGACCTGTUATCA-3 loss
ol telomerase activity was negligible (Fig, 1D,
lane 3). The precleared solution was then treated
with (TTAGGG,-modilicd beads w0 capture
telomerase, This allinity punficition consistent-
ly proceeded o =H0%, vield, as evidenced by
the low level of wlomerase activity remaining
in solution (Fig. 1D, lane 4). Activity from the
capured enzyme was detected by suspending
the beads in assay buller (dNTPs), resulting in
extension of the immobilized DNA subsimie
(fig. 52).

The stable binding between wlomerase and
immobilized DNA primer (112 = 10 hours)
required that we develop a rapid elution pro-
cedure specitically for catalytically active en-
zyme complexes under mild conditions, We
exploited a distinctive relationship between hu-
muan lomerasse and DNA pnmer: Ky and £g be-

A + Triton X-100 @ - Triton X-100 D ! 2 3 4 5 3]
e ——
34 8B THOOTIN2TD 4 S AT HE BIOYVIZYD
gradient fraction
B
-Im._‘ Ty 7T ¥ ¥y F ¥ arFrFr e T e T
r W «Trton X100
80
| B -Teen X
60 -
40+ -
I 100 100 98 & 4 65
iﬂ: 1 %o activity

Fig. 1. Size measurements of the active

human telomerase enzyme complex. (A)
Glycerol gradient sedimentation profiles
of HEK-293 telomerase activity from
extracts of whole cells in lysis buffer with
or without Triton X-100 (0.1% wi).
Gradients of 10 to 40% glycerol were

o bt !
G123 4S56TADWNEZBMISEITREBDN R

gradient fraction

collected into 22 0.5-mL fractions; frac-
tien 1 is from the bottom of the gradient
at 40% glycerol. *, 100-nuclectide oligo-
mer DNA recovery/loading standard in-
cluded for quantitation. (B) Black and red
bars, quantitation of data from (A); the

lane with the highest activity is arbitrarily given a value of 100. Blue line, sedimentation profile of
thyroglobulin (669 kD). (C) Glycerol gradient sedimentation profiles of telomerase activity for all cell
lines examined. (D) Tracking HEK-293 telomerase activity through the purification. Lane 1,
immunoaffinity-purified telomerase (defined as 100%; subsequent yields are quantified relative to
lane 1). Lane 2, immunoaffinity-purified telomerase after incubation at room temperature for
5 hours. Lane 3, immunoaffinity-purified telomerase after preclearing with unmodified neutravidin
beads. Lane 4, telomerase left in solution after treatment with (TTAGGG);-modified neutravidin
beads. Lane 5, telomerase eluted in 1 hour from (TTAGGG)3 beads in the absence of dTTP/dATP. Lane
&, telomerase eluted in 10 min from (TTAGGG); beads in the presence of dTTP/JATP. The volumes of
the samples represented in lanes 5 and 6 are reduced by factors of 5 and 10, respectively, relative to

those in lanes 1 to 4.
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tween engyvme and primer change as a function
of the nucleotide at the 3" end (/21 A primer
cnding in GGG, such as 59 TTAGGG R-3, al-
fords the most stable binding interaction; primers
ending in TTA display the weakest binding be-
tween cnegvme and  primer, with dissociation
OCCuIming in minutes. An active mzyme immo-

biliced onto 5'-(TTAGGG K-, in the presence of

only deoxythymidine triphosphate (dTTP) and
deoxyadenosine  triphosphate  (dATP), should
catilyze the addition of TTA, thereby transfom-
ing a stable eneyme-substrate complex (7 = 10
hours) into a relatively unstable complex (h2 <
5 min). promaoting rapid clution (Fig. 2A).

To demonstrate activity-dependem clution,
(TTAGGG)-modified beads beanng telomer-
ase were divided into two suspensions, Excess
free S TTAGGG)-3" was added 10 rap the
enzyme in solution phase afier dissociation.
One suspension was lefl as a control 1o follow
dissociation from DNA with GGG oat the ¥-
end: 1o the other was added dTTP and dATP.
Samples of cach suspension were removed over
time, and the solution phase was separated from
beads to measure the amount of dissociated

telomerase (Fig. 2, B and C). The presence of

dTTP and dATP promoted a damatic increase
in the rate ol eneyme dissociation (control, & <
0.002 min'; +dTTP/ATP, &k = 0.25 + 0.05
min '), At 10 min, the selectivity for activity-
dependent elution s =301 (Fig. 2C). Such
strong dependence on dTTPAATP provides ex-
quisite specificity in the final clution and illus-
trales an elegant structure-activity relationship
ol human telomerase: Transfommation 1o a less
stable cneyvme-subsirae complex as nueleotide
addition approaches the end of the 1emplate fa-
cilitates eflicien translocation.

For the purification, the ( TTAGGG)y beads
bearing telomerse were suspended in bulfer
comaining free (TTAGGGY) for 1 hour as a
further washing siep, during which time just 4 ©
% ol iclomerase had dissociaed (Fig. 1D, lane
5). The beads were suspended in bufler contain-
ing froe (TTAGGG); for 10 min: this “control
clution,” with <1% activity, was collectied for
mess spectrometry. Finally, the beads wae sus-
pended in bufter containing free (TTAGGC )y and
ATTPAATP, and the produat solution was col-
lected afier 10 min w provide punficd welomenise
(Fig. 1D, lane 6),

Purified telomerise was asscssed for size
and vield. The sedimentation profile of puri-
lied telomerase was conserved relative 1o that

of the crude lysate (Fig. 3. A and B). Yield of

telomerase was determined by Northern blot
analysis against hTR. with gel-purified in vitro
transcribed hTR as a quantitation standard ( fig.
83). From 50 fimol HEK-293 cells (~100 g), we
obined =230 to 300 fmol purified elomerse
(% o 6 molecules per cell, 100 ng), These
data were used to determine the cellular abun-
dance of wlomerase, factonng in the pereent
yield of punfication, for which an upper limit
15 estimated at <30% [immunopurilication, <607
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(TTAGGGY: immobilization, =9 +dNTP
clution, =60%]. This comeponds o a lower
It of =20 telomemse molecules per HEK-
293 cell. Allowing for crror in these analyses,

and given the varability of welomerase levels
in different cell subpopulations (/.3), we con-
clude that an average HEK-293 cell has ~20
1o 530 molecules of telomerase. The data also

dTTF, gATP:| 0 0 100 uM
TR (TTAGGG),:| 0 5 uM 5 uM
- ]
AR RRRRnnd — “
.-"lm'rtmmﬂ
@ - 5 -Botn-CTAGACCTGTCATCA & L e———
ARG 2 5 10204060 2 § 10204080

Fig. 2. Activity-dependent elution of telomerase.
(A} Addition of TTA to immobilized (TTAGGG),
destabilizes the telomerase-DNA complex. (B) Dis-
sociation of telomerase from (TTAGGG)s-modified
beads was followed in the absence or presence of
dTTP and dATP. (C) Quantitation of data from (A).
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Fig. 3. Characterization of the purified HEK-293 telomerase enzyme complex. (A) Glycerol gradient
sedimentation profile of telomerase activity from purified HEK-293 telomerase. (B) Elution profile of
purified enzyme [data from (A)] was compared with that of whole cell lysate (data from Fig. 1B}, (C) MS/MS
spectrum for hTERT amino acids 249 to 261: TPVGOGSWAHPGR. (D) MS/MS spectrum for dyskerin amino

acids 65 to BO: TTHYTPLACGSNPLKR.

30 MARCH 2007

VOL 315 SCIENCE

indicate a purification lactor of ~10* (=100 ng
telomerase from 100 g cells, adjusted lor =30
yield)y (41},

Punlicd telomerise was digested with tryp-
sin in solution, and the resulting peptides were
capturcd on cation exchange wesin at pH 4 1o
remove butlers, nucleie acid, and detergent (1),
The peptide products were cluted and analyied
by nano-liquid chromatography-tandem  mass
spectrometry  (nanoLC-MSMS). Protein iden-
tificaion from peptide sequencing  was  per-
formed on three independem purifications,
cach from 100 g HEK-293 cells. The 10-min
comrol clution, containing only (TTAGGG ),
and essentially devoid of wlomerase activity,
was analyeed in parallel with the dTTP/AATP-
dependent cluton of welomerase. Comparison
of these samples identified proteins dependent
on the presence of dTTPAATP and telomerse
activity. In the control sample. typically 6 to 8
profeins were observed at low levels in cach un,
5 of which were observed consistently: tubulin,
actin, Y-box, heterogencous nuclear ribonucleo-
protein (hnRNPY Al and hnRNP M. These
profeins represent background and result from
nonspecilic adhesion inherent in proiein purili-
cation. In the telomerase sample, in addition 1o
the background proteins whulin and actin, two
new proteins were consistently observed: hTERT
and dyskerin (Fig. 3, Cand D, figs. S4 and 55,
and Table 1) Only hTERT and dyskerin were
specilically enriched i the active welomerse
fraction.

We conclude that the active human telomer-
ase enzyme complex s composed solely of two
prodein components, hTERT and dvskenn, and
the RNA component hTR. Dyskenn is a pu-
ttive pseudoundine synthase within the class of
HACA box rbonucleoproteins (/4). The HVACA
sequence molil is present in hTR (/5L A rela-
tionship between telomene length. ielomerase, and
dyskerin has been documented in dvskeratosis
congenita, a syndrome characierized by nedueed
proliferative  capacity atiributed 10 1elomerase
deficiency. Mutations in dyskerin resulied in poor
telomere maintenance and lower telomerase
activity, and the evidence supponed an association
of dyskenn with telomermse (76). It is noteworthy
that mutations . hTERT (/7)) hTRE (/&) and
dyskern (16), the thrae components of the active
ielomerase engyme complex, are the only known
eenes whose mutation has been shown o cause
dyskeraosis congenita.

The combined mass ol h\TERT (127 kD).
hTR (153 kD), and dyskenn (37 kD) make up
about hall the observed size (6350 10 670 kD).
There is considerable evidence from in vilro
reconstiution studies that welomemse exists as a
dimer (¥, f9, 204, We propose that human telo-
merase exists s o complex of two molecules
cach of hTERT, hTR, and dyskenn, 1t should be
emphasized that the purfication s specilic for
catalytically active enzyvme complexes and there-
fore represents a restricted view of the overll
biology of telomerase, Other proteins reported
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Table 1. hTERT and human dyskerin peptides sequenced by nanolC-MS/MS (21),

hTERT Dyskerin

202AWNHSVR208 202LLTSHKR 307
10asHRVTYVPLLGSL Ryggz 17sKWGLGPKagy
143RVGDDVIVHLLAR 155 sopHOKPTDSTPATWK 12

240 TPVGQGSWAHPGR 244 10450 QS AGKEYVGIVR 57

53 RSPOVGCVPAAEHRS 35 s TTHYTPLACGSNPLKRgg
gselVDDFLLNTPHLTHAK g5 204QGLLOKHGKPTDSTPATWE 412

245PERTPVGQGSWAHPGR 31
472RPGLLGASVLGLDDIHR g
276ARPAEEATSLEGALSGTR 365
70ARRPGLLGASVLGLDDIHR g
200RGAAPEPERTPVGOGSWAHPGR 4,

19KSLPEEDVAEIQHAEEFLIKPES Ky

A M. Olevnikay, | Theor, 8ol 41, 181 (1973).

€. W, Greider, E. H. Blackburn, Cell 43, 405 (1985).

|- Uingner ef al., Scence 276, 561 (1997).

T. M. Nakamuwra ef al, Scence 277, 955 (1997),

. Feng et al., Science 269, 1236 (1995).

|- Uingner, T. R. Cech, Proc. Natl Acod. Sci U.5A 93,

10712 (1996).

C. Wenz ef ol., EMBO | 20, 3526 (2001}

10. G. Schnapp, H. Rodi, W. ). Rettig, A. Schnapp, K. Damm,
Nucleic Acids Res. 26, 3311 (1998).

11 Materials and methods are available as supporting

material on Science Online.

G. Wallweber, 5. Gryamow, K. Pongracz, R Pruzan,

to associate with telomerase (table S1) may be
involved in s biogencsis, wwallicking, reenuit-
mient o the elomere, and degradation. However,
lrom the analyses described here, it can be con-
cluded that these proteins are not required  for
nucleotide addition, nor do they constitute in-

ol ol ol

:\-H-

tegral components of the catalytically active
enzyme complex.
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Regulation of Hepatic Stellate
Cell Differentiation by the
Neurotrophin Receptor p7

Melissa A. Passino, Ryan A. Adams, Shoana L. Sikorski, Katerina Akassoglou®

5NTH

Differentiation of hepatic stellate cells (HSCs) to extracellular matrix— and growth factor—producing
cells supports liver regeneration through promotion of hepatocyte proliferation. We show that
the neurotrophin receptor p75™™, a tumor necrosis factor receptor superfamily member expressed
in H5Cs after fibrotic and cirrhotic liver injury in humans, is a regulator of liver repair. In mice,
depletion of p75"™ exacerbated liver pathology and inhibited hepatocyte proliferation in vivo.
p75"™== H5Cs failed to differentiate to myofibroblasts and did not support hepatocyte
proliferation. Moreover, inhibition of p75™ " signaling to the small guanosine triphosphatase Rho
resulted in impaired HSC differentiation, Our results identify signaling from p75™™ to Rho as a
mechanism for the regulation of HSC differentiation to regeneration-promoting cells that support
hepatocyte proliferation in the diseased liver.

iver regeneration driven by hepatocyie
proliferation is necessary lor tissue re-
pair and survival after acute liver injury,

liver transplantation, and chronic hepatic dis-
ease, such as liver fibrosis and cirrhosis (/)

Induction of hepatocyte proliferation depends
on cross-talk between hepatocyies and non-
parenchymal liver cells, such as hepatic swel-
late cells (HSCs) (/). Ab sites of injury, HSCs
differentime to myolibroblasts and sccrete ex-
tracellular matrix (ECM) and growth factors
that suppon hepatocyte proliferation (21 Although
HSC differentiation is considered a centml pro-
cess for the inducnon of liver regenertion, the
molecular mechanisms that regulate the wansi-
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tion o repair-supporting cells in the liver re-
main poorly understood. Expression of p75™T®
15 mereased i HSCs in the curhotie liver in
humans and in animal models (3, 4). p75~™ is
expressed in the nervous system during de-
velopment or afier injury (5), and it has been
primarily studied as a regulator of survival and
apoptosis in neurons and glia cells (6). p75~™
is also widely expressed in nonneuronal tis-
sues (7). However, the biological importance
of the injurv-induced, nonncuronal expression
of pTS"TR remams enigmatic.

To address the role of p73¥™ in liver dis-
ease in vivo, we crossed mice deficient for
p’?ﬁmn with plasminogen-deficient ( ple ) mice
(&) that spontancously develop liver discase
(9, 1. At 5 weeks of age, ple : i 75NTR
mice were smaller than livemmate controls (fig.
SIA) ple™ mice have a median survival time
of 6 months (/0). By contrast, plg " p7s¥* "
mice had a median survival time of 2.5 months
(Fig. 1A). ple " p 75N mice showed [rom-
inent liver lesions as carly as 10 weeks of age
(fig. SIB) with large necrotic arcas (Fig, 1B)
not observed in either wild-type (WT) or 10-
week-old ple” control linermates, Overall, these
results sugecst et rﬁ'ﬁh"m plays a protective mle
in liver discase,

We hypothesized that p7 might regulate
the progression of liver disease via altering the
pathophysiological chamcteristics of HSCs, WT
control mice expressed low amounts ui'p?ﬁmn_

SNTR
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whereas livers of pfe mice expressed more
p75™™ (Fig. 2A), which colocalized with the
HSC marker desmun (Fig. 2B). Gene expres-
sion ol both a-smooth muscle actin (eSMA)
and collagen 1 (coffal), which are expressed
by HSCs after differentiation 1o myofibroblasts
(11, was significantly reduced in the livers
of ple " p7 3™ mice compared with that in
the livers of plg”™ mice (Fig. 2C). Total num-
bers of HSCs were similar between ple ™ and
ple™ p75NTR mice (fig. S6C). Examination
of fibrin deposition, which is the causative
agent for liver discase in the ple mouse
(1), showed no differences between ple and
ple p75 T mice (fig. S2). Ovenll, these
results suggest that p753™' " regulates liver pa-
thology by inducing HSC actvation,

To examine whether p75~T® might directly
regulate HSC differentiation to myolibroblasts,
we assessed the ability of primary HSCs
isolated from p75%7* mice to differentiate
in vitro, WT HSCs underzo activation within 2
weeks in culture, and p75N™ expression posi-
tively correlates with HSC activation (4). After
3 weeks in culture, WT HSCs exhibited mor-
phologic features ol activated myolibroblasts,
whereas p75™% " HSCs were mostly in a qui-
escent state (Fig. 3A), p73"™ " HSCs showed
significantly reduced differentiation (fiz. S3A)
and reduction in protein expression o aSMA
and collagen 1 (fig. S3B). as well as reduced
gene expression of both coffad and transform-
ing growith factor B 1 0 FGFRE-7) (g, S3C), com-
pared with those of WT HSCs. Lentviral shon
haipin RNA-mediated knockdown of p 75 in
WT HSCs decreased cell differentintion coms-
pared with control (fig. S4, P < 0.008). Adeno-
viral delivery of p75V™ (12) in p75¥* 7 HSCs
restored differentiation LIT:%: 3B).

The elfects of p7537°7 on HSC differentia-
tion occurmed in the absence of exogenous neu-
rotrophin ligands. p?Sm“ contributes to several
signaling pathways and biological functions, not
only following neurotrophin binding but also
independently of newrotrophins (5, J3-15). In
the absence of neurotrophins, p?i""m or the in-
tracellular domain (ICD) of p75~™ alone can
induce apopiosis (76, 77) and activation of phos-
phatidvliinositol 3-kinase (/2 and Rho (/8).
Morcover, p'J"SNTR ey act m combination with
other receptors, such as Nogo eeeptor, o medi-
ate biological effects (5, 14, 19). Neutralization
of neurotrophins cither by antibody 0 nerve
growth lactor (NGF), neurotrophin scavenger
I-'c-r-TS?‘T“. or brain-derived neurotrophic factor
{BDNF) scavenger Fe-TrkB, or inhibition of the
other neurotrophin receptor, Trk, had no ellect
on HSC differentiation (fig. $5). Adenoviml de-
livery of the ICD of p75~™® restored differentia-
tion of the p73¥™ HSCs w0 an extent similar
to that of full-lengh (FL) p?SNT“ (Fig. 3B},
Prior studies have shown a 1.5-fold increase in
HSC apoptosis alter cxposurc 1o exogenous
MGF (), which we confirmed (fig. S6A). Our
differemtiation experiments (Fig. 3 and figs.
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53 10 55 and 57) were done in the absence of
exogenous NGF, and WT and p75¥ " HSCs
showed no dilference in apoptosis (g, S6A),
suggesting that apoptosis cannot account lor
the differences observed in HSC differentia-
tion, HSCs do not show apoptosis in [ (-weck-
old ple™™ mice, whereas apoptosis in the livers of
pla p7FR mice was exclusive to hepato-
cyles (g, S6B). These results confirm data
from human liver fibrotic discase showing that
HSC apoptosis occurs primarily at late stages of
liver discase (20) and that differentiated HSCs
are resistant to apoptosis (27), The number of
total desmin-positive HS5Cs was similar in adult
WTand p73 TR~ miice, suggesting that p75~ "
docs not aflect the developmental differentia-
tion or the total number of HSCs (fig. S60).
The signal tmansducton mechanisms that
promote and control HSC differentiation into
myaolibroblasts remain elusive. Rho s impli-
cated m regulating myolibroblast morphology
through reorganization of the actin eytoskel-
cton (22). A signaling relationship between
p75NT and Rho is well documented in the
nervous system, where p75™ omediated Rho

>

100

Survival (%)

s 3 8 8 8

— plgeie pTE ™ 4/%

plgie pTe* ™.

= plg/- pTI"e/e
—I I: L] L] L] L] L] 1
0 25 50 75 100 125 150 175 200
Age (days)

Fig. 1. Exacerbated mortality and liver pathol-
ogy caused by p75™™ deficiency. (A) Survival of

plg*tp7 5N+ (n = 35), plg**p750== (p = 11),
plg~-p75NTR++ (n = 8), and plg~-p758NR~- (n = 10)

mice. Bacause both plg*p75M* and plg**p758NR-+
mice exhibited 100% survival, the curves overlap
and appear as a single line. (B) Hematoxylin stain

of representative liver sections of 10-week-old
plg**p7sNE¥* (1ap), plg™ " p75"™*'* (middle),
and plg™p75"™" (bottom) mice. Scale bar indi-
cates 56 ym.

SCIENCE

signaling is involved in the regulation of neunte
outgrowth (23). Because either p75™'™ in the
absence of hgand or the 1ICD of p?ﬁmn alone
can activate Rho through a direct interaction (/&)
and because Rho s involved in promoting the
myolibroblistic state of HSCs (22), we examined
whether p753™™ promoted HSC activation
through Rho, Unlike in WT HSCs, expression
of phosphe-colilin, a marker for Rho activa-
tion (24), was undetectable in p73"* HSCs
(Fig. 3C). Adenoviml delivery of constimtively
activated Rho (25) restored dilferentintion in
p75Y R HSCs (Fig. 3D). WT HSCs treated
with TAT-Pep3, which is a cell-permeable
peptide inhibitor that specifically blocks the
activation of Rho through p75~™ (23), showed
undiflerentiated morphology (Fig. 3E), reduced
immunostaining of phospho-colilin (lig. STA),
and decreased gene expression of coflal and
TGFR-1 (he STB), similar o the features of
p7S¥TE HSCs. Taken together, these resulls
suggest that p75~"® senaling through Rho pro-
motes HSC differentiation to myolibroblasts,
Because cross-talk of HSCs with hepatocyies
drives hepatoeyte proliferation and liver repair

WWW.SCIeNCemag.ong



Fig. 2. Inhibited H5C activation after loss
of p75"™. (A) Immunochemical detection
of p?‘:"m (dark red) in livers of 10-week-
old plg**p75"™* (left), plg™ p7s"™
(middle), and plg**p7 5"~ (right; neg-
ative control) mice. Immunoreactive
cells show spindle morphology and peri-
hepatocyte localization characteristic of
HSCs. (B) Confocal double immunoflu-
orescence i-f'l_.'..l!l!fj'-l-_ Iver shows colocaliza-
tion (yellow) of the H5C marker desmin
{green) with p7s"™ (red). (C) Analysis of
markers of H5C activation in whole liver.
0S4 and colliel gene expression was
examined in 4-week-old mice (n = 3
mice per genotype) by real-time poly-
merase chain reaction (PCR) analysis per-
formed in duplicates. Bar graphs represent
means = SEM [*P < 0.001 by one-way
analysis of variance (ANOVA)]. Scale
bar shown can be applied to all im-
ages and represents 19 um in (A) and
25 um in (B}

A

p75NTR

Desmin / p75NTR

C

Relative
expression

plg+/+ p75NTR+/+

aSMA

.11

2.5 y

53 o ~
1
§& 1.0
T

Fig. 3. Role of Rho in p75"™-promoted
HSC activation. (A) «SMA immuno-
staining (green) of activated WT and
p75"R- HeCs after 21 days in culture.
Wt HSCs are characterized by wide, spread-
out morphelogy and large round nuclei.
p7SNR== 45 Cs are unable to differenti-
ate, and the few cells that showed im-
munostaining for «SMA are arrested at
an intermediate stage of differentiation,
characterized by small size and shrunken
morphology. Nuclei are stained with
4’,6 -diamidino-2-phenylindole (DAPI)
(blue). Representative images from
seven independent experiments are
shown. (B) Adenoviral delivery of FL or
IED p7S™™. Freshly isolated WT and
p 75N~ H5Cs were transduced on day
2 with adenovirus. SMA immunostain-
ing (green) was performed on day 7.
MNuclei were stained with DAPI (blue).
Activated cell size was quantitated by
determining the area of «SMA-positive
cells in three independent experiments
performed in duplicates. Adenoviral
empty vector was used as control (Ad
ctrl). Bar graphs represent means + SEM
(*P < 0.05 and ns, not significant, by
one-way ANOVA), (C) Detection of phosphorylated cofilin (P-cofilin}, a marker
indicative of Rho activation, by immunostaining (red) in WT and p75HTR-
HSCs after 21 days in culture. Nuclei are stained with DAPI (bluel. (D)
Adenoviral delivery of constitutively active Rho. HSC transduction and analysis
of activated cell size was done as described in (B). Bar graphs represent means £
SEM (*P < 0.05 and ns, not significant, by one-way ANOVA). (E) Specific
blocking of p75™ -mediated Rho activation. Representative images of «:SMA

p75MTR.L Ad pT5NTR FL
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plg-l-

plg--pT5NTR-|- 75TR.

[P-cofilin [ DAPT |

[ DAP

pTS"™R.p Ad ctrl | p75¥"-/-Ad Rho

[ _aSK

1
pTSYTR.L Ad ctrl )
w PTG TENTR
A cirl Ad ctrl Ad Ao

wt TAT-Pep5

immunostaining (green) of freshly isolated WT HSCs after a 7-day treatment
with either vehicle [dimethyl sulfoxide (DMSO)] or TAT-Pep5. TAT-Pep5 & a
fused peptide of the amino-terminal protein transduction domain (11 amino
acids) from the human immunodeficiency virus protein TAT with PepS, which is
a peptide inhibitor of the activation of Rho by p?ﬁ”m. Nuclei are stained with
DAP| (blue). Scale bar shown can be applied to all images and represents 93
pm in (&), 79 um in (B), 93 um in (C), 105 pm in (D), and 32 um in (E).
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(1, 2, 26), we examined whether p75~ ™ could
regulate hepatocyte proliferation. pfe ™ mice
showed an mcreased number of prolifermting
hepatocytes [126.6 = 3.9 (SEM), Fig. 4A] when
comparcd with WT mice [95.2 + 3.7 (SEM)),
suggestive of the regencrative response in the
liver afler injury. By contmst, ple” p7i¥™"
mice displayed significantly decraased cell prolif-
cration [74.2 + 9.1 (SEM)] compared with ple™

mice (Fig, 4A, P < 0.001). One of the key me-
diators in promoting hepatocyte proliferation is
hepatocyte growth factor (HGF) (/). Whole-
liver homogenates from ple” Iu?'.""m' mice
showed only one-third of the amount of HGF
protein detected i ple 7 livers (Fig, 4By HSCs
are a major source of HGF in the liver (27, 285
thus, the reduction in HGF in the ple e

mouse s in accordance with the delective HSC
activation observed afier genetic loss of p73NTR
both i vive (Fig. 2C) and in vivo (Fig. 3). In
co-culture (26), hepatocytes in culture with
p7SNIRE SO exhibited a 30% deercase in pro-
liferation compared with those incubated with
WT HSCs (Fig. 4C, P < 0.05), Proliferation was
largely restored when HGF was added 1o the
culture medium (Fig. 4C). Taken together, these

Fig. 4. p75" " -depen- A
dent promotion of he-
patocyte proliferation
through requlation of
HGF secretion by HSCs.
(A Liver cell prolifera- = .
tion in plg~ p75 TR+
and plg~'~p7shT*-I-
mice. Ten-week-old mice & & 5
were injected infraperi- =
toneally with bromode-
oxyuridine (BrdU) (100
mog/'kg) daily for 3 days.
Proliferating cells were )
visualized by immuno- ey
chemical detection of
BrdU. Liver cell prolifer-
ation was quantified by
counting the number of
BrdU+ cells per field
(field corresponds to 1.5
mm?) (top right). Graph c
represents mean = SEM

in = 5 per genotype,

*P = 0.001 by unpaired
Student's t test). Scale

bar, 198 um. (B} HGF

in the livers of plg™"

and plg~p75"™+ mice

as quantified by enzyme-
linked immunosorbent
assay. Graph represents

= HSC
@ hepatocytes

plg--p75NTRaft <\

results suggest that p75™ T expression by HSCs
15 necessary for their ditferentiation 1o nepair-
supporting. HGF=scereting cells, which m tum
can promote hepatocyte proliferation,

HSC differentiation is a hallmark of fibrotic
liver discase of difterent ctinlogics, such as hepa-
titis and chromie alcohol consumption (240, Ini-
tiation of HSC differcntiation results in secrction
ol HGF and synthesis of ECM, which are crit-
ical mediators for the restoration of nommal Tiver
structure, hepatoevie proliferation, and liver re-
generation (/). However, pempetuation of HISC
activation 1o a myolibroblastic sute leads 10
excessive collagen and ECM deposition, which
resulis in liver fibrosis, Therefore, sustained dil-
ferentiation of HSCs s considered a wrgat for the

treatment of hver fibrosis (7). At lae stages of

Iver disease, resolution of fibiosis depends on
HSC apoptosis (200 Our study  showed  that
p75™™ induces HSC differentiation and demon-
strated that the mild m vito effect of NGF on
HSC apoptosis (4, 29) is mediated by p75N™,
These results suggest that in liver injury p75~8™
might function both as a regulator of HSC dif-
ferentiation and, depending on the bioavailability
of neurotrophins, might also panicipale together

150 —
§ 125+ o
100+
8™ =
" . 5 o8
- E H.
B
5 B
A‘_' =
- § ——
201
-§w
H“"
& )
— pig-  plg--p75"™-
ns
re r . v
1.2 '
1.04 T
0.8 =
iﬂ,!'
£ 5 0.4
S 0.2
0.0-
HSCs: wi wt  pTs™. pTSTR.
m’: = £ d - +

mean = SEM (n = 8 for plg™ and n = 5 for plg™"p75*"~"~, *P < 0.0001 by unpaired Student’s  test).
(C) Culture of primary hepatocytes with WT and p75™™ = HSCs. Hepatocytes were plated in the bottom
of the well and incubated with HSCs grown on inserts placed within the well. Hepatocytes were cultured
with WT or p75™" " HSCs (day 7 to 21, passage 2 to 4), with or without HGF (50 ng/ml). After 2 days,
hepatocyte proliferation was assessed by [*H]thymidine incorporation (right). All data are mean + SEM
from four independent experiments performed in duplicates (*P < 0.05 and ns, not significant, by

one-way ANOVA).
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with other apoptotic moediators in nr::]m-tmlin;é
the resolution of librosis. [dentification ;-,|'|-.';5"‘1
as a molecular hink between HSC activation and
hepatocyie profiferaiion could provide a therm-
peutic target for manipulating the stages of HSC
activation during the progression of chronic
liver discasc,
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CREB-Binding Protein Modulates
Repeat Instability in a Drosophila
Model for PolyQ Disease

Joonil Jung® and Nancy Bonini®*

Although expansion of trinuclectide repeats accounts for over 30 human diseases, mechanisms of
repeat instability remain poorly understood. We show that a Drosophila model for the CAG/
polyglutamine (polyQ) disease spinocerebellar ataxia type 3 recapitulates key features of human
CAG-repeat instability, including large repeat changes and strong expansion bias. Instability is
dramatically enhanced by transcription and modulated by nuclear excision repair and a regulator
of DNA repair adenosine 3,5 -monophosphate (cAMP) response element—binding protein (CREB)—
binding protein—a histone acetyltransferase (HAT) whose decreased activity contributes to polyQ
disease. Pharmacological treatment to normalize acetylation suppressed instability. Thus, toxic
consequences of pathogenic polyQ protein may include enhancing repeat instability.

apansion of repeal sequences  causcs
Enmn: than 30 human discases, mcluding

the CAG-repeat poly() diseases spino-
cerebellar ataxia type 3 (SCA3 ) and Huntinglon's
disease (HD). as well as noncoding repeat ex-
pansion diseases like the CGG 57 untranslated
region (SUTR) -repeat discase fagile X svn-
drome (/. 2). Although the repeats are nonmal-
Iy polymorphic in size, disease occurs only
when the number of repeats expands bevond a
critical threshold characteristic for each dis-
case. Repeat instability also underlines anti-
cipation, as expanded repeats have a strong
tendeney to further expand, causing the discasc

o occur carlier with greater severity i suc-
cessive generalions,

To better understand mechanisms of in-
stability, we determined whether Drosopliila
displays intergenerational repeat instability in
a CAG-repeat model of human SCAS. Trans-
genes retaining at least some native 2enomic
context surrounding the CAG repeat manilest
instability, as for the Hittexon | ransgenic mouse
(7). The SCA3wr-Q78 transgene in our Iy model
() is derived Tfrom exon 10 of the human SCAS
gene and comains two polymomphic nucleotides
linked to the majority of high-normal and ex-
panded repeat alleles in patienis (3), which
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Distribution of CAG repeats
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suggests that it may contain genomic clements
important for instability,

The rate of repeat mstability was mitially
determined o three mdependent transgenic
lines, following a nine-generation protocol (fig.
81 These studies showed that CAG repeats
were stable with only minimal repeat changes
(Fig. 1, A and D) (6). However, most human
tnnucleotide-repeat genes, including SCAZ, arc
expressed i genm cells, where dramatic insta-
bility ocours (71 In Escherichic coli and mouse,
transcription may play a role (8, Therelore, we
then expressed the SCA3 tmnsgenes i gorm
cells using a nos-GALY driver line (hg, S2).
With germline transenption, all lincs now bore a
stnking percentage of progeny with alered
repeat lengths (Fig. 1, B and D). Differem
transgenic lines showed different degrees of in-
stability, which was not comelated with the level
of transgene expression (Fig. 1, D and E). This
highlights a potential mfluence of the genomic
contexl of the mnsgenic insertion sie per ¢ m
modulating the degree of instability, as noted in
HD and muscular dystrophy models (93,

Although all transgenic lines showed insta-
bility with transcription (Fig. | and fig. S3A).
we focused on line 2 for detailed mechanistic
studies, confimming all key findings with m

IDepartment of Biclogy, University of Pennsylvania,
Philadelphila, PA 19104, USA *Howard Hughes Medical
Institute, University of Pennsylvania, Philadelphila, PA
19104, USA.

*To whom correspondence should be addressed, E-mail:
nboninigsas. upenn.edu

Fig. 1. CAG-repeat instability in an
SCA3 model mimics human CAG-repeat
instability. (A, B, and D) Germline
transcription with nes-GALS (Gald)
significantly enhanced instability in
nine-generation studies (chi-square
test, *P < 005, “P < 0.0001). (A
and B) CAG-repeat distribution among
Fg progeny of line 2. Parental repeat
is labeled PICAGT8). (C) CAG-repeat
instability in single-generation studies.
(D and E) Similar levels of SCA3 mRNA
were present, but repeat instability was
significantly different between lines
1 and 2. (chi-square test, P < 1075
{F) CAG51 (27 repeat shrinkage of line
2) showed a significantly lower rate of
instability than the original CAG78
allele [Student’s ¢ test, *P < 0.05;
mean + SEM; n = 3 (CAGS1) or 4
(CAGT7B)]. (G) Expansion bias was
observed in repeat instability of line 2
(Student’s t test, **P < 0.01; mean +
50; n = 2 (Fg), 6 (Fy, paternal transmis-
sion), or 5 (Fy, maternal transmissions).
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Fig. 2. Suppression of CAG- A Paternal transmissons (F1) c Maternal transmissons (F1) E m
repeat expansions with loss of 2.0% L] . PICAGTS)
NER andior TCR. (A and B) B Mus201{WT) (1) B Mus201(WT)
Compared with the control, 1.5% WMus201(WT) (2) 1.5% H-
mus201°" flies showed a signif-
icantly reduced overall rate of 1% Lo
instability in paternal transmis- i | S
sion (Student’s ¢ test, P = 0.01). I I i ::’:
‘FMdD}Ir! n'na'temaltransrrms- OO%Ga 7173 75 77 75 81 63 85 . ";'n 0'“? 717375 77 79 B1 B3 85 B7 89
sion, expansions were selectively B D F
reduced with mus201% (Fisher's 20% pon
exact test, P = 0.001). Repeat — B My£201(01) (1) B Mus201{D1) (1)
shrinkages were unaffected. (E) ar WMus201(01) (2)]  1.5% W Mus201(01) (2) }
CAG-repeat expansions were 1.0%) < 15
suppressed in nine-generation i %
studies, tested with two Iinde-- 05% i ' .
pendent alleles mus201™" and LL § 0.5
mus201%7951 (Fisher's exact iy A L e 0.0% I—IJJ' A ] o
test, ***P < 0.001). (F) SCA3 69 7173 75 77 79 B1 83 85— 99 547173 75 77 79 81 63 65 67 69
Distribution of CAG repeals Distribution of CAG repeals Tastes Ovaries

expression level was not af-
fected in ovaries, but was

reduced in testes (Student's £ test, *P < 0.05; mean + 5D; n = 3}

least one additional line andor distingt discase
tansgene. For line 2. whercas small repeal
changes involving one to three repeat expansions
made up the majonty of events (38% of changes),
large repeat expansions and shrinkages involving
=10 CAG repeats were also Irequent (10%:; Fig,
1B). Morcover, the wide mnge of repeat siee var-
iation (56 w0 95 CAG repeats, reflecting shrnk-
ages of 22 repeal units 1o expansions of 17) was
similar 0 the range of CAG-repeat sizes seen in
SCAS patients (J0).

In single-generation studics, the repents also
showed linde instability wathout transenption, but
strong  imstability wpon  germline  transcoption
(Fig. 1C). O noie, changes involving =10 repeat
expansions or shriinkages were seen. This suggesis
a mechanismis) in vivo that generates long repeal
changes in single or a few molecular events, Ad-
ditionally, we observed lengih-dependent increases
in the rmate ol instability, as are seen in nermnls
(Fig. 1F) (£7). We also observed an --3:1 bias for
repeal expansions (Fig. 1G). This 5 similar 1o
what is observed in humans, although expansion
bias s pamarily obscrved in patemal transmis-
sions. In mammals,
meciotic amest duning oogenesis s thought o play
a role in matemal repeat shnnkages (12, £3); lack
of such an amest during Dvesophife cogenesis
miay explain the expansion bigs in matemal trans-
mission. Thus, the SCA3 1Ty moded with germling

tmnscription displays several key  features of

CAG-repeat instability that are seen in human
SCA3 paticnts,

Expanded tinucleotide repeats form unusual
DNA structures in vitro, such as haimins and
slipped strands (/). These may attmct DNA ne-
pair proteins and tigger repair responses leading
to repeat instahility in vivo (135, J6) The strong
rektion between repeat instability and trnscenp-
tiom in the fly rased the possibility that DNA
repair mechanisms— tmnscrption-coupled  repair
(TCR) in particular—may be involved (/7). The
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the profonged period of

A

6.0%

2 5.0%

4.0%

Total instabili
3333

=]

O

0.5%

0.0%

+H dCBF 1+

0.0 05 50
TSA (uM)

TSAQuM  TSA SpM

Fig. 3. dCEP and the HDAC inhibitor TSA modulate repeat instability. (A} Significant increase in tepeat
instability was observed in dCBP mutants {Sludents t test, *P < 0.05; n = 3). Fly genotypes: dCBP"/
FM7c with CAGT8/CAGT8 (left) and dCBP/+ with CAG78/CAGA46 (right). (B) Treatment of flies
bearing CAGTB/CAGTE with TSA suppressed 1n5[ah1l1ty [Student’s ¢ test, *P < 0.05; n = 2 (females)
or 3 (males)]. (C) Decrease in dCBP (dCBP"/+) preferentially increased +1 expansions (two-way
ANOVA Bonferroni post test, **P < 0.01), whereas TSA treatment (5 uM) had the opposite effect
(Fisher's exact test, *P < 0.05). All values, means = SEM. (D) TSA-treated flies had increased levels

of acetylated histones H3 and H4.

fly Mus20l protein s an onholog of human
Rad2XPG, and loss of Mus201 function leads 1o
complete loss ol nucleotide excision repair (NER)
andior TCR. in flies. We therefore examined the
effect of eliminating TCR on repeat instability,
In the mes 200" (a null mutant) background,
we observad a drmatic reduction in instability,
Control flics showed the typical 1 o 3% in-
stability with strong bias for repeat expan-
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stons (Fig. 2, A and C). However, with loss
of Mus201 function. repeat expansions were
suppressed in both matemal and paternal trans-
missions (Fig, 2, B and D), as well as m nine-
generation studies (Fig. 2E) SCA3 mRNA
levels were reduced in the testes, which sug-
gested a dependence on the TCR pathway for
trnsgene expression, but were not reduced i
ovaries (Fig, 2F) This indicates a specific effea
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of Mus201 activity on repeat instability in fe-
males. Effects of NER have been reponted in
Eschevichia cofi and cell lines with conflicting
results; our findings indicate that Mus201/TCR
modulates CAG-repeat expansions dunng genm-
line trnsmissions in vive, This potentially con-
tributes 1o the genctic “anticipation” phenomenon
prevalent in human paticnts,

In polyQ discascs, expanded CAG repeats
are translated ino pathogenic polyQ tracts 1o
form nuchear inclusions. Key regulators of DNA
repair, such as adenosine 37,5 -monophosphate
(cAMP) response element-binding protein
(CREB)-binding protein (CBP) (18, [9), are
found m poly() inclusions, which leads o a
reduction in soluble CBP levels (20, 2/). Soluble
pathogenic poly(} protein may also increase
degradation of CBP (22), as well as inhibit
CBP/p30 histone acetylrmsiomse (HAT) ac-
tivity through direct binding (23). We therelore
tested whether deercased CBP levels could
alter DNA repair activity in lics. Decreasing
Drosaphila CBP (dCBP) pence dosage signif-
icantly modified the survival rate of methyl
mcthanesulfonate-treated larvac (a measure of
DNA repair) (lig. S4). This mised the possibility
that pathogenic polyQ protein may indirectly
enhance CAG-repeat instability in polyQ) dis-
case by inhibiting CBP functions important for
DNA repair,

To test this, we determined whether loss of
dCBP enhanced repeat instability. Because dCBP
15 essential, heteroevgous (lies were tested. Such
partial loss o CBP function may refleet well the
tvpical prolonged discase siluation, @s severe
CBP depletion causes evtotoxic cell loss. We ex-
amined two different alleles of dCBP: dCBF a
hypomorphic allele, and dCE”, a null micro-
deletion. Both alleles enhance polyQ) toxicity in
heterogygous animals in Dvosophile (24). The
effects of the dCBP” allele were examined on
CAGTRICAGTS flies: however, the dCBP allele
was deleterious in that background, so instability
was examined with CAGTS in trans 1o a less
toxic CAGA6 allele (CAGTRCAGHO). CAGTR/
CAGTS contro] flies showed an instability rate of
285 + 0.17%: the CAGTRICAGYS flics showed
a reduced mte, with the CAGTS repeat showing
1.45 = 0.54% nstability (Fig. 3A) In both situ-
ations, however, a significant mcrease i nst-
bility of the CAGTS repeat was observed [4.33 -
0.53% (dCBP"y and 335 + 023% (dCBPY)
(Fig. 3A) Similar increascs in instability were
confinned in independent transgenic lines (fig.
S53A) Although we did not observe an obwvious
change in the overall pattem of histone H3 or H4
acetvlation in ovaries of mutant ies, localized
decreases in acetylation of histones or other pro-
tein targets may occur. Significant changes in
SCAZ mnsgene expression were nol observed
(fig. S53A) We further tested the role of CBP
on repeat instability by up-regulating JCBP in
miales using an overexpression allele o PRI,
this resulted in a reduced rate of instability
(fig, S3B).

The inhibitory elfect of pathogenic poly()
proteins on CBP is thought to be due to loss of
s HIAT activity, Treating lics or mouse models
of polyQ) discase with histone deacetylase
{(HDAC) inhibitors to nomalize acety lation lev-
¢ls protects against polv() protein pathogenesis
(25). Our data indicated that HDAC inhibitors
may also protect against the incremwed rae of
repeat instability. We therefore reated flics ex-
pressing the pathogenic polyQ protein in germ
cells: with an HDAC inhibior wichostatin A
(TSAY and measured repeal instability.,

Placebo-treated flies showed normal in-
stability [3.26 = 0.29% and 3.26 = 0.76% for
matemal and paternal tansmissions, respective-
Iv| (Fig. 3B). In contrast, there was a sharp drop
in rate of instability of flies fed TSA. With 5 uM
TSA, CAG-repeat instability decremed 1o (.90 -
0.02% and 100 = 0.29% for matemal and pa-
temal transmissions, respectively (Fig. 3B). TSA
treatmient mercased the level of acetvlated his-
tones m fhes (Fig. 3D), and SCA3 ranscription
was not affected (fig. S5B). Although TSA is
known o affect multiple pathways in vivo, analy-
sis ol the pattem ol repeat changes by TSA sug-
gested that reduced instability was, at least in pan,
due 1o compensation for decreased dCBP and'or
HAT activity, as both JCEP gene changes and
TSA treatment prelerentially modulated + 1 repeat
changes relative 1o other events (Fig. 3C).

Several lines of evidence suggested that the
leatures we chamcterized for repeat mstability of
SCAJS tmnsgenes may have broader implica-
tions. For example, the majority of tnplet-repeat
disease genes are expressed in germm eells, and a
number of polyQ) proteins (Huntingtin, andro-
gen neceplor, atxin-7, and amxin-3) interact
with or inhibit CBP or other HAT proteins { 26).
Therefore, 1w extend these findings, we exam-
ined the effects of tanscription and the coniri-
bution of CBP 10 HD models: we also examined
instability in a model for frmgile X CGCGpremuta-
lion expansions, an unsiable noncoding trinu-
cleotide repeat (27). As with SCA3, we found a
consistent enhancement of repeat instability with
germline transcaption for both HD and CGG
models (fig. S60 We also ested the role of CBIP
on HD. As with SCA3=078, reducing the level
of dCBP (dCBP"/+ ) enhanced repeat instability
of an HD Hiexon 1 Q93 transgene (g 575 Thus,
features of repeat instability, including transcop-
tional dependence, may be fundamemal aspects
of rinucleotide instability displayed in muliple
disease models.

These studies reveal that Dvosopfifa recapit-
ulates several central features of human CAG-
repeat instability, including the wide rnge of
repeal changes and strong bias [or expansions,
Moreover, genmline transeription along with NER
and'or TCR dramatically enhanced instability. A
conscguence of poly() gene expression in germ
cells is that polyQ) protcin pathology— namely,
inhibition of CBP activity via sequestration or
inhibitory interactions—may {unher enhance re-
peat instability. In HD, dramatic expansion of

REPORTS

CAG repeats occurs not only imergenerationally,
but also somatically, i affected brun regions,
which develop sinking  mclusions containing
CBP (28, 293 Known modifiers like Msh2 mod-
ulate CAG-repeat instability similardy in both the
garmline and somatic bssues, which sugpests
that our findings with germline instabiliy may
be applicable 10 somatic instability,

Trinucleotide-repeat instability  has been
viewed largely as a matter of DNA metabolism;
however, our data suggest thit repeat instability
may be influenced by aspects of polvi) protein
toxicity: thus, treatments o curb polyQ) protein
pathology may alko be eflective means to help
clamp repeat instability. Among these, HDAC
inhibitors are i chinical wals (30),
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Top-Down Versus Bottom-Up Control
of Attention in the Prefrontal and
Posterior Parietal Cortices

Timothy ]. Buschman and Earl K. Miller*

Attention can be focused volitionally by "top-down” signals derived from task demands and
automatically by “bottom-up” signals from salient stimuli. The frontal and parietal cortices are
involved, but their neural activity has not been directly compared. Therefore, we recorded from
them simultaneously in monkeys. Prefrontal neurons reflected the target location first during
top-down attention, whereas parietal neurons signaled it earlier during bottom-up attention.
Synchrony between frontal and parietal areas was stronger in lower frequencies during top-down
attention and in higher frequencies during bottom-up attention. This result indicates that top-down
and bottom-up signals arise from the frontal and sensory cortex, respectively, and different
modes of attention may emphasize synchrony at different frequencies.

vlitional shilis ol attention are thought

o depend on “top-down™ signals de-

rived from knowledge abou the cur-
rent task (e.g.. linding vour lost keys), whereas
the automatc “boltom-up™ caplune of atlention
is driven by propertics inherent in stimuli
that is, by salience (e.g., a Mashing fire alarm)
{ ]-3). lu'l.t;_li:l_',: and ||x.1|:|up|1:-..\.iuhv__:iu.:ll :-dlldi'.'.-.
have found neural correlates of hoth Iypcs in the
frontal and posterior panctal cortices ([, 2, 4-4),
bt their respective contributions are not clear;
they have largely been studied in separate ex-
periments, rendering comparisons dilticult and
obscuring timing differences that could give
clucs 1o infonmation Now (7).

We therelore recorded  from multple ¢lee-
trisdes simultaneously implanted in the frontal and
panctal cortices as monkeys (Macoaca mnlatta)
found a visual tareet under two conditions {Fig,
LA) The targat was andomly located in an array
of four stimuli. with conditions differing in how
the distractors relmed to the arget. In “pop-out.”
the distractors were identical and differed from the
target along two dimensions (color and oncma-
tion). so the target’s salience automatically drew
attention to i (S-3). During “search,” each dis-
tractor independently  differed  from the  tget,
Bocause the target matched some of the dis-
trpctors i cach dimension, it was not salient and
had o be sought using only its ranemberod
appearance (/-3). The monkeys showad the be-
haviorl hallmarks of bottoneup versus wop=down
attention. Psychophysical testing showed a shal-
lower with
distractors during pop-out than during search

'S

(6 ms per item for pop-out, 22 ms per ilem for

IMCrease 1 reaction  nmc mere

search: P < 0L001, 1 wst of least-squares lincar
repression). During recording, when three dis-

tractors were always presented, the monkeys’

Picower Institute for Learning and Memary, RIKEN-MIT
Meurcscience Research Center, and Depanment of Brain
and Cognitive Sdence, Massachusetts Institute of Technol-
ogy, Cambridge, MA 02139, USA.

*To whom correspondence showld be addressed. E-mail:
ekmiller@mit.edu
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reaction tme was significantly longer and more
varmable for scarch than for pop-out (Fig. 1B).
We locused on the lateral intrapanctal arca
(LIP} in the panctal contex and the lateral pre-
frontal conex (LPFC) and frontal ficlds
(FEF) in the frontal conex (f, 2, 4-6, 8-11)

For each recording session, we implanted up 10

eve

A0 :.'|n.'x.'[|m|u:h I:"\ in ]-Illlll..ll ill'll.l “"' i|| |-,s1i|.'l:|l
cortex ). We recorded the actin 1'1_\ of 802 peurons

over 24 sessions (2L

We determined when cach neuron  first
“lound™ (reflected) the target location by com-
puting when the amount of information in s
firmg rate about targel location fisst reached
significance (/3). The data tor cach tral were
grouped by condition (pop-out or scarch) and
by target location, thus [actormg out infor-
mation about target features, The top row of

Fig. 2

shows the distnbution of these times
relative to the stan of the saccade. Dunng pop-
out, there was a bimodal distnbution (Fig. 2A)
For cach arca, there was a population of neurons
that first found the wrget well belore the saccade
(e, -|Ju:'[]} after visual ATy et ) and 2 s
arale |'M|‘lui:|li1 1 that Tound the larget afier the
saccade, The carly population consisted of
35% of all target location-sclective LIP neurons
{24/68), 51% of selective LPFC neurons (40/78),
and 31% of selective FEF neurons (17/54).
There were elear differences m timing: LIP new-
rons lound the target fist, followed by LPFC
neurons and then FEF neurons. Fits ol bamodal
Craussians (Fig. 2A0) indicated that the cardy pop-
ulation of LIP ncurons was centered al 162 ms
before the saccade |95% conlidence interval
(Cl), 200 10 124 ms|. lollowed by the early
populations in LPFC and FEF, 77 ms (95% CI.
84 1o TO ms) and 40 ms (95% CL, 56 10 23 ms)
PFC,
FEF,

before the saccade, !I|.'.‘|'|'|L'L'|i‘| -.‘!}. (LIP

P<I0Z: LIP<FEF. P=6x 0% PFC

A Visual Pop-out

Sample
(1000 ms)

Fixation

(500 ms) {500 ms)

Visual Pop-out
14

Mean RT 233 ms

10 Std: 33 ms

Percentage of Trials
(=]

150 200 250 300 350 400 450
Reaction Time (ms)

7 ==
/
/

Visual Search

Reaction

Reaction Time
—_—

Visual Search
14 —— ey
@
x| Mean RT 272 ms
F 10 Std: 43 ms
[ =]
-1]
g
; 8
150 200 250 300 350 400 450

Reaction Time (ms)

Fig. 1. (A) Behavioral task comparing visual search and pop-out. Red circle indicates eye position.
(B) Histogram of reaction times (RTs) during search and pop-out tasks across all recording sessions
for one target and three distractors. Average RTs for search (272 ms) and pop-out (233 ms)
differed significantly (P < 107>, t test). The variance in RT also differed significantly (SDs of 43 ms
for search and 33 ms for pop-out, P < 1077, xa test).
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P = 6= 107 ¢ test) (12). The disiribution of the
neurons that found the target after the saccade was
overlappimg i all three arcas and centered about
L) mis after saccade (Fig. 2A).

The same ordering was scen in the cumu-
lative distributions of these data (Fig, 2C) (/4).
LIP, LPFC, and FEF neurons began finding the
target 170 ms, 120 ms, and 35 ms belore
saccade, respectively (LIP < PFC, P = 0.05;
LIP < FEF, P= 0.009; PFC < FEF, P = 0.002;
randomization test) (12). One-quarier of the
selective LIP neurons (17/68) began encoding
the target location belore the LPFC population
first carried significant information. This s
more than expected by chance (P =2 = 107,
tested agamst binomial distribution),. When

aligning trials on visual armay onset instead of

saccade, we found simalar resulis (f2).

In the scarch task, neurons began finding
the target later than in pop-out, just before the
saccade, and 0 the everse order: The fromal
arcas (LPFC and FEF) showed selectivity first,
followed by LIP (Fig. 2. B and D). About one-
third of all selectve neurons in FEF and LPFC

began to reflect the target location belore
the saccade (1960 and 21/70, respectively),
whereas only 14% (8/58) of selecuve LIP cells
did 50, This is greater than expected by chance
for FEF and LPFC, but not for LIP (P = 8 =
1075, P =4 < 1075 and P = 041, respectively,
tested against binomial distnbution), The cumu-
lative distnbutions in Fig. 2D show that target
location information reached significance in the
FEF and LPFC at 50 and 40 ms before the
saccade, respectively, ollowed by LIP (LPFC
and FEF wene earlier than LIP, P = 0,027 and
P o= 0006, respectively: randomization test)
(12). Whereas during pop-out. the LIP neurons
found the target fist (and well before the sac-
cade); durmg scarch, trget location information
in LIP did not reach sigmificance unul 32 ms
afler the saceade. As with pop-oul, similar re-
sults were observed when nals wene aligned on
visual army onset (12).

Svinchrony of neural activily may increase
the eflectiveness of connections belween brin
arcas and enhance the representation of at-
tended stimuli (/5-19). To investigate this,

A B
Pop-out Search
14p | === LPFC (78 cells) 14 | = LPFC (70 cells)
w— LIF (66 colls) = LIP (58 calis)
§ y2 [ = FEF (54 celis) 12| L==FEF (60 calls)
€ @10 10
2t
g% y
w
it :
g.ﬁ 4
s 2
* AN
0 Ny ) o LESSS
380 250 150 S0 0 50 150 35 -250 -150 -50 0 50 150
Time from Saccade (ms) Time from Saccade (ms)
c D
Pop-out Search
12 ¢ [ === LPFC (78 cells) 12 [ === LPFC {70 celis)
§ = LIP (68 cells) = LIP (58 cells)
Elﬂ = FEF {54 calls) 10} | = FEF (B0 calls)
Ei ] E
3§ 8 B
%g 4 4
EE ~ p<005 ,
0 Chance Level
350 -250 -150 50 0 50 150 -350 -250 150 .50 0 50 150
Time from Saccade (ms) Time from Saccade (ms)

Fig. 2. Timing of target location selectivity during pop-out (left column) and search (right column).
Significance was determined through randomization tests (12). (A and B) Distribution of times at which
neurons first began to carry significant information about the target location, relative to the saccade.

Vertical black line indicates saccade; gray shaded regions indicate mean (x1 SD) of distribution of visual

array onset, (C and D) Normalized cumulative sums of the histograms shown in (A) and (B), respectively.
A z-score for the observed distribution was calculated through randomization tests and was corrected for

multiple comparisons (1.2).
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we guantified the degree of synchrony  be-
tween lecal field potentials (LFPs) in the
parictal and frontal contices. Synchrony was
measured between all pairs of simultancously
recorded electrodes that had at least one
neuron sclective for target location (282 pairs).
The degree of synchrony was captuned in the
coherence statistic, a measure of the co-spectrum
between two signals, normalized for the power
{20y, Significance was determined by rmndom-
ization tests (/2). Because similar resuls were
found between LIP and LPFC and between LIP
and FEF, we combined data from the LPFC
and FEF,

During both search and pop-out, there was
an increase in coherenee between LIP and
fromal cortex m a muddle (22 10 34 He) and
upper (35 to 55 Hz) frequency band (Fig. 3)
that peaked during the perisaceadie period (i.c..
around the tome of the attention slafi) (Fig.
4A). The incrcase in coherence for cach fre-
quency band differed between bottom-up and
top-down (Fig. 4A) This was highlighted by
subtracting coherence during pop-out [rom
coherence dunng search. Figure 4B shows a
greater increase in middle-frequency (22 1o 34
He) coherence between LIP and frontal cortex
during top-down scarch than during bottom-up
pop-out. By contrast, the mcrease in upper-

0.5
A = Pop-oul Per-Saccade
_ = =Pop-out Inter-trial |

[+ T

0.18

[-& ]

K -]

"w

¥4

015

-3 |

) 0
Frequency (Hz)

™ B

Fig. 3. LFP coherence between LIP and frontal
cortex (LPFC and FEF) across frequencies for (A}
pop-out and (B) search tasks. Coherence was cal-
culated around the time of the attention shift (in a
perisaccadic peried, beginning 150 ms before sac-
cade to 50 ms afterward) and compared to a base-
line, an intertrial interval (IT) epoch (a 200-ms
window starting 500 ms before trial onset). Shaded
regions are 95% confidence intervals around aver-
age coherence. Frequencies below 10 Hz are not
meaningful (and are not shown) because of the
relatively short time epochs used.
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frequency (35 1o 35 He) coherence was greater
during pop-out than during scarch. Thus, bottom-
up and wp-down attenbion. ey rely on diffenent
froquency bands of coberence between the frontal
and panctal conex.

The source of top-down signals has largely
been inferred from indireet evidence such as
patterns of anatomical connections (7). In the
case of visual attention, previous rescarch has
shown its neural correlates throughout the cor-
tex, with control atiributed to pariclofrontal
networks (£, 2, 3). Our results suggest that
within this network, fast, bottom-up targel
selection occurs first in LIP, whercas longer-
latency top-down sclection occurs first in the
frontal cortex. This supports the hypothesis that
parictal newrons form “salicncy maps™  for
bottom-up selecton (2F-23) as well as studies
showing that stimulation of the frontal cortex
causes atlention-like effects in the exirstnate
corlex (240, It also s with attenuation of top-
down effeets in the posterior cortex after PFC
damage (25-27). Although both the frontal
and parictal cortex are involved in attention,
our results illustrate that bottom-up signals
appear lirst in LIP and twop-down signals
appear lirst in the fromtal cones,

Fig. 4. (A} Level of - A
herence for poprout and
search during the middle
(left, 22 to 34 Hz) and s

upper (right, 35 to 55 Hz) EFopout
frequency bands in dif- B Search
ferent trial epochs. *P < i
0.05, **P = 0.01 (f test).
(B} Differences in LFP
coherence between LIP
and frontal cortex during
pop-out and search for
the perisaccadic period
{green) and ITI (black).

Pop-out coherence was

Coherence - ITI Coherence

coherence (Fig. 3).

20 a
154
E
3 " 10k
1b ]' gn.s- l
subtracted from search 0 _d_--_ e - 00k e e i

Localized synchrony of activity within a
brain arca may help resolve competition for
attentional selection (f& /9), and mterarcal
synchrony may md in long-range commu-
nication between areas (13-77). Our results
suggest that the flow of top-down and
bottom-up information is aided by coherence
emphasizing different frequency bands, Lower-
frequency bands are more robust o spike
timing delavs and thus may be better suited
for longer-range coupling between muliple,
distant arcas (2830}, The increase in low-
frequency synchrony during scarch could re-
Nlect a “broadeast™ of wp-down signals on a
larger anamomical scale. Synchrony at higher-
frequency bands might support the local
mteractions needed 1w enhance sumulus rep-
resentations (28-30). The emphasis of higher-
frequency synchrony  during pop-out could
reflect local enhancement of stimulus rep-
resentations that are passed lorward from
parictal 1o fromal cortex. This suggests that
the brain may emphasize coherence at differ-
en lrequency bands for the dynamic mod-
ulation of interarcal connections, which in
wirn engages the network best suited for the
current task.

Coherence between LIP and Frontal Coherence between LIP and Frontal
Middie Frequency Band (22 - 34 Hz) Upper Frequency Band (35 - 55 Hz)
=3 -3

[} |
25 -y

M Pop-out
of @ Search

Dashed lines indicate sig-
nificance levels (P < 0.05,
corrected for multiple
comparisons). Differences B
above the upper dashed

Sample  Memory Peri-Saccade Sample  Memory Pen-Saccade
Delay Delay

Nomalizad Difference in LIP-Frontal Coherencs
between Search and Pop-oul

line indicate significantly s B
more coherence during

— lnlw-lhilln;lnl '1
= Peri-Saccade

search than during pop- . E
out; differences below the 4 p <005 -
lower dashed line denote ™ . i
significantly more coher-
ence during pop-out than 3 o
during search. 3 ™

£l i

=§ , Middla Frequency . " ; ¥

2

at ‘ _ Band Upper Frequency Band 1
15 20 25 1] » 40 45 50 55 &0
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Cellular Membrane Stain

www.sciencemag.org/products

LavaCell stain is suitable for visualizing cellular membranes in live or fixed cells. LavaCell is a small,
neutral, cell-permeable bright orange stain. It has a long Stokes shift, reacts with free amine
groups, and does not stain nucleic acids, making it suitable for multiplexing.

Active Motif For information 877-222-9543 www.activemotif.com

Chemotaxis Slide

A new slide Tor the optical analysis of slow-
migrating cells allows the motion tracking of
cells such as chemotactic active cancer cells in
gradients. Previous comparable cell-based
assays have allowed only the tracking of fast-
migrating cells such as neutrophils or dictio-
stelia. The new Li-Slide series allows the forma-
tion of long-term stable gradients over a 48-
hour period, which enables the user to follow the
motion of cells moving at a speed of one cell-
length per hour.

ibidi For information +49 (0) 89 57 DO 18 06
ww.ibidi.com

Electrophysiology Measurements

The NeuroStar, for in vivo electrophysiology
experiments, 15 a comprehensive system that
controls recording impedance, stimulation, and
data acquisition, From selting up experiments lo
preparing data for publication, NeuroStar allows
researchers to take in vivo experiments from starl
to finish, A pilot feature provides unassisted
exploration for single-unit neuronal activily;
NeuraStar software provides automatic database
management, where data can be mapped on
either a two-dimensional or three-dimensional
atlas in real time.

Stoelting For information 630-860-9700
www.stoeltingoo.com/physio

Fluorescent Secondary Proteins

New fluorescent secondary antibodies conju-
gated to the Chromeo line of dyes offer high
intensity, low background, and limited photo-
bleaching effects. Chromeo fluorescent second-
ary antibodies are available in anti-mouse and
anti-rabbit formats in 488 nm, 494 nm, 546 nm,
and 642 nm wavelengths,

Active Motif For information 877-222-9543
www.activernotif.com

Ultraviolet Detector

The ActiPix D000 is a miniature multiplexed capil
lary ultraviolet (UV) imaging area detector, Using a
capillary as combined sample vessel and optical
element, the AcliPlex D100 detector provides
inherent spatial separation of sample and refer-
ence beams, resulting in a unique self-referencing
system in a miniature format. Allowing minute
(picoliter to nanoliter) volumes to be measured
with high sensitivity without sacrificing spatial res-
olution, the ActiPix D100 is a suitable deteclor for
capillary liquid chromatography and capillary elec-
trophoresis systems. With an active pixel area sen-
sor to capture measurements, imaging of single or
multiple capillaries is achieved on a single sensor.
Simultaneous measurement of multiple capillaries
allows high throughput of samples. Sensitive and
linear over five orders of magnitude dynamic
range, applications for the ActiPix D100 include
monitoring nanoscale biocatalytic reactions.
Paraytec For information +44 1904 526270
wiww.paraytec.com

Gel Imaging Software

A new tool converts slab gel TIFF, BIP, JPEG, and
TXTfiles into a standard farmal for importing elec-
trophoresis data into GeneMarker software. The
jelMarker tool was developed in response to the
growing demand for software that can analyze flu-
orescence, chemiluminescence, and autoradiog-
raphy gel image files, especially those from Li-
Cor’s 4300 DNA Analyzer and Kodak's Image Sta-
tion 4000R. Researchers can convert and import
the files to take advantage of GeneMarker’s rapid
analysis in a Windows environment. The jelMarker
can import up to two gelimage files for simultane-
ous analysis of two-color data, The software also
features easy lane and band modification via a
point-and-click methodology.

SoftGenetics For information 814-237-9340
www.softgenetics.com

Proteomic Sample Preparation
Dynabeads SCX for proteomic sample preparation
are designed with a surface optimized for binding
and fractionation of intricate protein and peptide
mixtures, Featuring strong cationic exchange (SCX),
these magnetic beads precisely separate proteomic
samples based on isoelectric point and net charge
differences, in preparation for downstream analyses
such as mass spectromelry, high performance liquid
chromatography, one-dimensional gel electrophore-
sis, or lwo-dimensional gel electrophoresis. Dyn-
abeads SCX add further functionality to Dynal's mag-
netic bead chromatography product line, which
includes products for cation exchange, anion
exchange, and hydrophobic caplure. Beads with dif-
ferent surface characteristics can be combined to iso-
late different fractions from the same sample, allow-
ing for step-wise reduction of sample complexity.
Invitrogen For information 800-955-6288

www invitrogen. com/dynal

Knife for Frozen Hydrated Specimens
A new diamond knife for the sectioning of frozen
hydrated specimens features a 25 degree angle
for the least possible compression and the best
structural preservation. With a cutling range
from 25 to 200 nm, it is available in a 3.0-mm
diamond width. The triangular holder, suitable
for dry sectioning, and the trough, for sectioning
using fluids, are both made from a special cop-
per-nickel alloy for good heat conduction. A
cold-resistant epoxy resin is used for the seal.
Diatome For information 215-412-8350
werw.emsdiasum.com

Newly offered instrumentation, apparatus, and laboratory
materials of interest to researchers in all disciplines in aca-
demic, industrial, and government organizations are featured
in this space. Emphasis is given to purpose, chief characteris-
tics, and availability of products and materials. Endorsement by
Science or AARS of any products or materials mentioned is not
implied. Additional information may be abfained from the
manufacturer or supplier.
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FOSITIONS OPEN

CURATOR of ANTHROIOLOGY
Position Announcement

The Califorma Academy of Sciences imvites ap-
plications for the Irvine Chair of Anthropology in its
Department of Anthropology, This 15 a full-time,
regular Faculty Position on a ten month annual
basis. Applicanions are soliated from individuals with
primary inrerest in, and commitment o, acrive feld-
and-collection-oriented rescarch in any field of
systematics-based physical or biclogical anthropology,
using contemporary techniques. Rescarch preferably
should be broadly based and multadisciplinary. Suc-
cessful candidare wall have oversight responsibilities
for curation, use, and growth of 2 modest, but im-
portant, cthnographic collection (nearly 17,000
objects with pamicular strengths in the ULS, "n:urh
wieest, California, Alaska, and Occania) and will con-
tribute to the varied cducarional and administrative
activities of the Instmtion, including exhibir devel-
opment, lecturing, and supervising of departmental
support staff. Teaching opporunites ar several Bay
Area institutions are also possible. Ph.D. is required,
and prior experience in muscum serring is desirable.

Salary 1s commensurate with expenence and inchudes
an excellent benefits package. To apply, send a leter of
interest, cumiculum vitae, and a description of re-
scarch goals, along with the names, mail and ¢-mal
addresses, as well a5 relephone and fax numbers of
three references by June 8, 2007, to: California Acad-
emy of Sciences, Human Resources, Department
CA, 875 Howard Strect, San Francisco, CA 94103,

The California Academy of Sciences is a natural
history museum, agquarium, planetarium, and re-
scarch institution presently located i downtown
San Francisco. Staff’ will begin moving into a new
facility at the Academy’s former location in Golden
CGate Park in carly 2008, with the facility scheduled
for public opening in late 2008, For more informa-
tion, visit our website: https/ /www.calacademy.
arg and click on the emplovment opportunities link.
The Califprmia Academy of Saaences 15 an Equd Opportirnity
f:]rlrl.rprrr ||1r.lumrl'nf 4] JJI\'J'_‘II':.'.

CARDIOVASCULAR MOLECULAR
BIOLOGIST

-\pphu..lnmu are being accepted for a renure-track
position at the rank of ASSISTANT /ASSOCIATE
PROFESSOR in the Department of Biomedical
Sciences (website: hip:/ /www.dbms .missouri.
edu) and rhe Dalvon Cardiovasoular Rescarch Cen-
ter (website: hup:/ /dalton.missouri.edu) ar the
University of Missouri, Columbia. Requirements
include MDD, DV.M., and for Th.D. degree. The
successful candidate must have proven expertise in
molecular biology technologies and have extramural
support or demonstrate exce ptional potential for the
development of a vigorous, sustained rescarch
program. Porential for collabomtive interactions
with current faculty indude vascular cell biology,
exerase, microcirculation, neural cardiorespiratory
control, sex differences, vascular cell-marrix inter-
actions, cardiac funcrion, and large mammal models
of cardiovascular discase. Preference will be placed
on those whose rescarch utilioes state-of-the-art in
vivo and in vitro molecular approaches to cardiovas-
cular and for exercise-related problems, although
outstanding applicants in other related aspects of
molecular biology are encouraged to apply. Teach-
ing responsibalities involve molecular biology relaged
lectures to fist-vear veterinany and graduare stu-
denes, Review of completed applications will begin
July 1, 2007, and continue until the position is
filled. Applicants should submit cumrent curriculum
vitae; a statement of professional goals, emphasizing
rescarch and teaching; and the names of four
references to: Dr. Doug Bowles, Search Commit-
tee Chair, EL02 Veterinary Medicine, University
of Missouri-Columbia, Columbia, MO 65211,
Electronic applications in PDF formar may be
submitted 1o e-mail: bowlesd@missouri.edu. The
Umiversity of Missonn is an Affimmasive Activn /gl
Oppartinity Employer. Applications fom usmen and minor-
ities ane steongly eovourgped. To request ALDA accommedations,
please comtact onr ADA Coordinator o websfte: hitp:/ s/
ada missourei.edn /e, ol

POSITIONS OPEN

G. P WILDER VISITING CHAIR in BOTANY

The Department of Botany, University of Hawai'i
Manoa, secks a DISTINGUISHED BOTANIST
for the G.P. Wilder Chair. This appointment is avail-
able for a penod rangng from one semester to an
academic year. Applications are sought from indi-
viduals in any ficld of botany with cxpertise com-
plementary to deparmental faculey, Primary durics
melude sharing of expertise through interactions
with faculry and students in the Borany Department
and offering a seminar serics or course in their spe-
cialey arca. Salary is competitive and rescarch support
may be provided; armangements wall be tallored to
the requirements of cach Chair holder within the
purposes and limits speatied by the endowment.
Additional information about this position and the
Botany Department can be found at website:
hitp f_a"um“ botany.hawaii.edu. Submit curricu-
lum vitae, contact information (e-mail, phone, fax),
a statement of planned activities for the period of
appointment, and the names and conracr informa-
non for three references wo: Dr. Alan Teramura,
Chair, Department of Botany, University of
Hawai'i Manoa, 3190 Maile Way, Honolulu,
HI 96822-2279, Review of applicatnons will begin
April 15, 2007, for fall 2008 and October 15, 2007,
for spring 2009, Inquines by ¢c-mail should be ad-
dressed o e-mail: teramura@hawaii.edu: fax: B0O8-

056-3923,

The Univerzsity aof Hiwai'd o0 Miwog i a0 Affinnative
Actionn Mgeal Cypportiniry f;'l.lwrf:l;,r: Wnrern ard micenbers
of minority gronps ane stongly encountged T apyly.

FACULTY POSITION in NEUROSCIENCE
at New Prnceton Institute

Princeton University is sceking to make the first of
several anticipated new faculoy appointments in neuro-
science, as part of its new [nsriture in this arca and its
growving focus on quantitatiive approaches to under-
standing neural eoding and dynamics. The position
15 at the ASSISTANT PROFESSOR level, to begn
as soon as September 2007, for a THEORIST in
systems and for cognitive neuresdence. The appoint-
ment will be joint bemween the Instimure and a de-
partment approprate to the individual's background
and interests, with possibilinies including (but not
limited o) psychology, molecular biology, mathe-
matics, physics, clecrrical engincering or computer
scienee. Applicants should be prepared to teach both
an undergraduate and a graduate level course in
neuroscience, Please send curnculum vitae, a one-
page rescarch descnption, and three betters of recom-
mendanon to the: Search Committee, Neurosdence
Institute, Princeton University, Princcton, NJ 08544,
or v e-mail: toscarch@nenroscience. princeton. edu,
Marerials should be submitted as soon as possible.
Applications will be considercd on a mlling basis,
and the search will remain open uneil the position is
filled. For information about applving 1o Princeton
and how o sclf-idennty, please link wo website: hop: //
web.pranceton.edu/Sites /dof/ ApplicantsInfo him.
Primgeton is an Equal Opportinity,  Affionative Action
!':'.Ir.l;lll.ljrr.

BIOINFORMATICS CONSULTANT

The University of Minnesota Supercomputing, In-
sttuee secks o hire a Bioinformatcs Consultant o
join a dyvnamic group that provides a high level of
technical support for rescarchers at the University of
Minnesota Supercomputing Instituee, This s an ex-
citing opportunity to particpate in a successtul pro-
gram that prowides technical support to a broad range
of development cffornts and applications in compura-
tonal biomformancs and genomics.

Applv dircctdy ar the University of Minnesora
emplovment website: huep:/ femployment.umn,
edu. You will need to create an account, and then
please apply dircetly 1o job # 146937,

The University of Minmesoty &5 an Egual Ojpportusiny
Edvartor aved Employer

WWW.sClencecareers.ong



3 DANA-FARBER

CANCER INSTITUTE

DANA-FARBER CANCER INSTITUTE
Dedicated to Discovery...
Committed to Care.

ASSISTANT PROFESSOR
NEURO-ONCOLOGY

The Department of Medical Cneology at the
Dana-Farber Cancer Institute and the Depan-
ment of Medicme, Bngham and Women's
Hespital and Harvard Medical School are
mviting BC/BE applicants for o tenure-track
appointment at the Assistant Professor level.
The success ful individual will be expeeted 1o
develop an independent laboratory research
program focused on malignancies of the cen-
tral nervous system, The candidate must have
a proven track record of outstanding labora-
tory research and experience in the clinical
care of neuro-oncology paticnis.

Interested applicants should submiat their cur-
mncwlum vitae, statement of mterests and the
names of three references Lo
David M. Livingston, M.D.
Chair, Search Committee
Dana-Farber Cancer Institute
44 Binney Strect, Boston, MA 02115

The Demva-Favber Cavcer Institule is an
Egual Opportwnity Emplover:

THE UNIVERSITY OF
SOUTH DAKOTA

Cardiovascular Faculty Position
Applications are mvited for o fculty position
with The Umiversity of South Dakota i the
Cardiovascular Research Institute (CRI) in Sioux
Falls, 513, This position will be flled ar the
Assistant, Associate, or Professor level Senior
level applicants are expected 1o have extramursl
funding, CRI at Sanford Reseanch/USD will be
l.u:chI_'T'ni:ng a mapor research expansion over the
next few years, Dr A, Marm Gendes s the
dirccior of CRI which has six faculiy engaged
primarily in studies of the molecular mechanisms
of heart Fabure. Applicants with a background n
heart development, voscular disease, diabetes, or
hieart failure are encouraged o apply. Applicants
must havie a PhDAMD or equivakent degree and a
minimum  of two yewrs of  postdoctom]
expenence.  Compettive salanes, stanup funds,
and lab space will be provided. The new faculty
member will have access o CRI Physiology,
Imaging, Cell Culture, Moleculr Biodogy and
Flow Cylometry Cores, Sioux Falls s a rapadly
growing, affordable city of approximately
1500 with excellent schools, low cnme, low
tlaxes, and excellent health care,

Application Directions: Applicants should
submit: a lemer of interest, curriculum vitae,
and three leters of reference.

Application Deadline: Applications will be
acceplted until the position is (lled. Review of
apphications will bezin by March 31, 2007
For further position details or o apply on-line;
hittps:yfyourfuture.sdboredu

Fhe University of Souwth Dakots is an
Allirmative ActionEqual

Opporunity Employer committed
o mereasing the dis ersity of its
faculty, stafl and administration. [ ]

Science in AGTIONY0r @udr!d BN OLUTION

DIRECTOR
ENERGY, MATERIALS, AND TELECOMMUNICATIONS
RESEARCH CENTER

Competition: SP 07-09

resedrcn Center

INES el of
Iraiming. The Inslitule |
and multidisciplinary
e knoy -,—li-,|-— die

fraining Irvites
laqether g lorly
1osCiEnce. nanole
center, which has fac
150 students are purs

anguage is French

For more information on INRS researc

EMT Center, visit www.inrs.ca.

In this director-level position, you will draw an your rengwned scientilic leagership o promote
the development and management al the center at the regeon i i
evels and creatle new research lunding and ershin of Lunite i =
clrengihen resedarch 2ams o fuiid the cent el falIm 1 equirement 1l
reinforce the develoomenlt ol cralized areas of ressarct 1 ticd olinary raiming. You
[oster the development of cross=disciplinary research and collaboration with other INRS

centers and with other mstitubions dedcated 0 reseanch

1 must hold both an appropnate docloral-level degree an trong reputation in scientifi
gsearch. Tharough wiedge ol the center's lelds of : essential, as i-depth
BEpEnence in resezich e eadersh manaqement id Tunding
Il you are ready s e Chalienge gading this dyn le ve invile you i iy
10Ul apf tion, including a complete curniculum wite usl bDe recewed no later than
Aprnl 21, 2007 and sent o the

Director, Human Resources
Institut national de la recherche scientifique

490, de la Couronne
Québec (Québec) G1K 9A9
dotationgadm.inrs.ca

MRS &5 an equal opporiuniy employer
n accondance with Canadian Immigration lanivs, Canadean
citirens and residents will be given priority for this position

Univarsité du Québes
q Institut national de la recherche scientifique




1t NATIONAL INSTITUTES OF HEALTH

(P
STAFF SCIENTIST OR STAFF CLINICIAN
NEUROIMAGING

The National Institute of Neurological Disorders and Stroke is
recruiting for a STAFF SCIENTIST or STAFF CLINICIAN,
with a Ph.D. or M.D., respectively, with skills in neuroimaging
(MRUPET, particularly fMRI) and possibly also EEG/MEG.
The individual will work in the HMCS, MNB, and collaborate
in research projects relating to the normal control of movement
and the pathophysiology of movement disorders.

Interested individuals should contact: Mark Hallett, M.D.,
Chief, Human Motor Control Section, Medical Neurology
Branch, NINDS, NIH, DHHS; Building 10, Room 5N226,
10 Center Drive, MSC 1428, Bethesda, MD 20892-1428.
Telephone: 301-496-9526; Facsimile: 301-480-2286: ¢-
mail: hallettmi@ ninds.nih.gov. NINDS is a component of
the National Institutes of Health, Department of Health and
Human Services. Applications must be received by May

Staff Scientist Position

K‘?I\IIU'H

The Mational Cancer Institute (NCI). Center for Cancer Research
(CCR). Vaccine Branch (VB). seeks a Staff Scientist on a renew-
able appointment o manage a Flow Cytometry Core equipped for
sorting of live infected cells and analysis in support of research on
HIV/AIDS and Cancer. The Core will have two BD FACSCahburs,
a BD LSRIL and a BD FACSAna with room for expansion. The
Staff Scientist will supervise the Core, provide training. maintain
up-to=daie knowledge of low cyvtomeiry applications and reagenis,
trouble-shoot ‘new procedures, maintain the instrumentation and
establish SOPs. He/She may collaborate. however the position does
not include independent resources for investigator initiated research.
Minimum qualifications include i Ph.D, and extensive experience in
flow evtometry. Salary is commensurate with experience. Applicants
should submit a curriculum vitae, bibliography. brief statement of
relevant background. and arrange for three letters of recommenda-
tton 1o be sent to:

Ms. Jacqueline MePhail. National Institutes of Health, National
Cancer Institute, 41 Medlars Drive, Building 41, Room DS04,
Bethesda, MD, 20892-1578 . Email: mephail jio mail.nih.gov. All
applications must be received by April 20, 2007,

NCIMIH/DHHS is an equal opportunity employer.

31, 2007.
2 Deputy Director
Fogarty International Center (FIC)

The NIH is seeking exceplional candidates for the position of Deputy Director. Foganty
Intermational Center (FIC) io advanee health through imtemational sciennific cooperation
and to promote and support scientific research and training intemationally 1o reduce dis-
parities in global health. This pesition offers a wnique opportunity for the right individual
1o assist the Director, FIC im providing strong and visionary leadership to an organization
dedicated 1o imemational health and global collaboration. This position serves as Deputy
1o the Director, FIC in coordination of all activities related 1o the mission and functions of
the Center, in the development and execution of plans and policies of the FIC and in the
allocation of resources. The Depuly Director provides expen advice and counsel to the
Director on the development of and opponunities for international research and research
capacity building: on the development and coondination of inernational agreements in
which the NITH participates; and on the development and dissemination of information,
nationally and intemationally, on the Center’s international research and training initia-
tives. Applicants may browse the FIC Home Page ot hup:/www. fic.nih.gov. Applicants
must possess an M.D., Ph.D., or equivalent degree and be an experienced admmistrator
with a bread international programmatic or scientific background; able to mteract with
full authority; have the demensirted capability to plan and direct programs of interma-
tional imponance; and have the ability to communicate with and obtain cooperation of
the public, private and inlemational organizations and individuals from the intemational
sector. Salary is commensurate with his'her qualifications and experience. Full Federal
benefits including leave, health and hfe insvrance, long-1¢m care nsurance, retinement,
and savings plan (401 k equivalent) will be provided. A detailed vacancy announcement
that includes application procedures i1s available at: hitpe/’www.jobs.nib.gov (under
vacancy announcement FIC-07-174209). Cuestions may be addressed 10 Ms, Yoletie
Lec, 301-594-2792 e-mail: leevolia mailnih.gov. CV and bibliography. including a
staternent addressing the qualifications, must be recenved by April 30, 2007.

_.N...m Health Scientist Administrator

The National Institute of Drug Abuse is recruiting for an energetic, experienced
rescarch scientist in the area of clinical, behavioral, social science, or health
services research with the ability, 1o synthesize and present science information
1o a wide variety of audicnces. This position 15 located in Bethesda, Maryland,
The successiul candidare will be a respecied, accomplished scientist with matu-
rity, integrity and outstanding communication skills. Requirements include an
M. or a Ph.D: degree in clinical, behavioral, social sciences, or health services
research orequivalent training and experience. A record of inde pendent research
accomplishments documented by an outstanding publication/presemation record
and/or administmtive expericnce is desirable,

As a Health Scientist Administrator, you will develop position stalements on
scientific issues. serve as an authority in the field, represem the Institute before
professional, scientific and public interest groups, work as part of a am to
d'fvc]up mbhl:ahnm. and actively pamicipate in a wide vanety of planning,
evaluation, and dissemination activities with NIDA senior siaff,

Compensation 15 commensurate with research experience and accomplishments,
and a full Civil Service package of benefits 15 available (mcluding retirement and
401K equivalent plans as well as health, ife, and long-term care insurance),

For additional information about this opportunity as a Health Science Adminis-
trator at NIDA, please visit www.nsajobs.gov where detailed information may
be found under Amnouncemaent NIDA-07-177430.  Supplemental documenta-
tiom must be submitted 1o JoAnn Suthill, National Institutes of Health, 111
Alexander Drive, Mail Drop NH-01, Research Triangle Park, N.C, 27709,
or faxed to 919-541-365%9

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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Announcement of an NIH Roadmap Research Funding Opportunity S
g%% ASSAY DEVELOPMENT FOR HIGH THROUGHPUT SCREENING i
- Request for applications RM-07-008 j

This RFA 15 one component of the NIH Roadmap Molecular Libraries and Imaging Initiative ( http:/nihroadmap.nih.gov/molecularlibraries’).
Its goal is to stimulate pharmacological probe design by funding development of scientifically novel and technologically robust assays that can
be mimaturized, automated, and used to interrogate small molecule libraries, Investigators are asked to state a biological question that can be
addressed through the use of a pharmacological small molecule probe, to further identify the requisite features that should be encompassed in its
design, and develop a screening plan of assays that can be used to identify small molecules with essential probe attributes.

Assay development proposals should aim to develop assay protocols for novel molecular targets and phenotypes and provide plans to transition
them 1o a high throughput screening format. Investigators should additionally defing and characterize a sereening project plan to include secondary
and counter-screening assays, Emphasis will be placed on séreening targets for which an imadequate array of selective and potent small molecule
modulators are available to the public. Support will be provided via a R21 mechanism with S125. 0000 direct costs available.

The RFA 15 imtended to promote the deyvelopment of automated screening projects that enter the Roadmap Molecular Libraries Screening Center
Network. Funded applications will be able to directly request screening by the MLSCN following projectcompletion.  The overall goal of the
Molecular Libraries and Imaging Initiative .10 create a public database of biological information aboutsmall molecule chemical structures (sce
PubChem:; hup://pubchem.ncbinlm.nih.goy ). which will further seed the development of small molecule pharmacological tools for biological
rescarch.

It is anticipated that 20 projectswill be funded (for $4 million)in response to this RFA. Further announcements are planned in succeeding years.
Investigators should submit a lewer of intent by May 2 forthe next submission date of May 16, 2007. Additionakinformation about the announce-
ment can be obtained at the following website: hupiigrants nih.govigrants/guide rfa-files'REA-RM-07-008. iml,_ox; by contacting Program
Dircctor Mark Scheideler, Ph.D.. byemail at: scheidelermic ninds.nih. goy

-3 Here Us
' HeLp MILLIONS

The National Institute of Allergy and Infectious Diseases (NIAID), the second largest institute of the world-renowned National Institutes of
Health (NIH), supports and conducts basic and applied research to better understand, treat, and prevent infectious, immunologic, and allergic
diseases. For more than 50 years, NIAID research has led'to new therapies, vaccines, diagnostic tésts and other technologies that have helped
millions of people around the world.

Join the fight for global health. Your individual talents.are needed to help us complete our mission. NIAID is continuously searching
for qualified:
Medical Officers = Program Managers/Directors = Staff Scientists + Microbiologists
* Nurse Consultants » Health Specialists and many more....
Work with some of the most talented investigators in this country and abroad who are committed to improving global health in the 21st century.
The DHHS, NIH, NIAID offers unique training and career building opportunities, competitive salaries and a comprehensive benefits package.

To leam more about NIAID and to view our available opportunities, please visit: http://healthresearch.niaid.nih.gov/is

We are happy to respond to your questions and you may contact us at 1-888-798-4991
Please join us at Booth #420 during the ACRP conference April 20-24, 2007.

Bring your CV/resume and speak with a recruiter to find your ideal position at NIAID.

To receive bi-weekly information about our cument vacancies, please send your request to OWERTalentAcquisition@mail.nih.gov,

Please submit a copy of your CV/Resume with this request in order to best match your qualifications to our available positions.

@ @ ﬁ Ei“‘?&?::_ DHHS and MIH are Proud to be Equal Opportunity Employers




ASSISTANT/ASSOCIATE PROFESSOR OF IMMUNOLOGY

FLSA Status: Exempl

Compensation: £ 38,001 - 79220

e College Web Site: wwweomyounyedu
1 Notice Number: FY - 12543

ity Ce lege

Closing Date: Open until filled with review of applications e
of New Xt ’|1L begin 40107
POSITION DESCRIPTION AND DUTIES: The Biology Department of The City College
of Mew York is undergoing a dynamic growth phase, with many new recent additions
To broaden and strengthen our focus of immunology research, we are I:u:km_q for a
seientist who studies T or B cells or who studies innate imamunity in vertebrates or in
invertcbrate model systems. We welcome applications from individuals stedving
mobecular aspects of signaling mechanisms imolved in normal (or dysfundional)
inmate immune responses or ssues relating o how the mnate immune sysiem
infuences the adaptive immune system
QUALIFICATION REQUIREMENTS: A PhuD). and one or mone years of postdactord
work experience. The successful applicant will have demonstrated a record of research

productivity and will be expected to work independently and develop an active externally
funded research program:

The City College of New York has d strong mstitutional commitment to diversite In that
spirit, we are pasticularly interested in recening applications from a broad specimem of
peaple, including women and members of under-represented ethnic groups,

TO APPLY: Send curmiculunn vitae and a letter detadling research inberests, and the mamaes
and eointae inforvation for three refisences 1o Professor Jerry Guyvden, Cldr of Search
Committee - FY 12848, City College of New York, Department of Biology, MR 633, 160
Convent Avenue, New Yorke MY, 10031, E-mail: jgovden o conyeunyedin
Information on the CCNY Sckence Division can be found a the Ciy College website,
www.scLeony.oumyedu

The Caty Universily of New York i on Eguad Evpdy mael

Ehopiar e iy AR ranei v Acthonis) i vid gr el i Rfoirin
atired Cantrol Act) Amvericans with Disabilities Act Evlioer

CITY COLLEGE IS HI
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FACULTY POSITIONS

School of Medicine

Center for Public Health Genomics

The Center for Public Health Genomics at the University of Virginia
invites applications for positions at the Assistant 1o Full Professor level
with research interests in human molecular genetics. bioinformatics,
genetic epidemiology. or statistical genetics. Primary targeis of
recruitment are those individvals with interest in the genetics of complex
human disease,

Rank ol appontment is dependent upon pnor experence wnd research
accomplishment. These fcully positions are being jointly recruited in the
new multicisciplinar Center for Public Health (n.,muuﬁ with primary
academic appoimtment in an existing Department within the University ol
Wirginia School of Medicine. Candidates who complement existing research
stremgths in cardiovascular disease, concer, metabolic disorders, obesity and
neurndegenerdtive disemses are particalorly encoumged to apply.
Condidites should have a PhD. and/or MD degree and exceptional
potential for establishing both collaborative and independem research.
Mewly removated, high-gquality laboratory space inan exceptional
compuiing suppori environmeni will be provided.
Positions ane available immediately. Applications should include curmculum
vitie, email address, o briel’ satement of proposed research program, and
names and addresses of three references. Please send materials o
Stephen 5. Rich, Ph.D.
Director, Center for Public Health Genomics
University of Virginia School of Medicine, PO, Box 800717
Charlottesville, VA 22908-0717
email: cphg-search®@ virginia.edu
The University of Virginia is an Egual Opportunity, Affirmative Action
Emplover. Women and members af minority gronps are strongly
encraged fo apply,

Rcsallnd Franklin University of Medicine
and Science
Department of Physiology
and Biophysics

. Seeking Assistant/Associate

m——— Professors
The Department of Physiology and Biophysics in the Chicago Medi-
cal School at Rosalind Franklin University of Medicine and Science
15 secking applications 1o fll two tenure-track faculty positions at the
Assistant/ Associate Professor level, The successful candidates will be
expected 1o develop meritorious extramurally funded research programs
and have @ strong comimintiment to medical and graduate student edvcation.
We are particularly imterested in individuals who will complement existing
departimental and institutional strengths, including: membrane transport,
proein trafficking, protein structure, cell biology, virology, neuroscience,
and cardiovascular and respiratory physiology. The Depaniment is located
in a new, state-of-the-an research building designed for multidisciplinary
research group interactions

Wrg sy "

The Uiniversity has begun an expansion campaign to Gill twenty-five new fac-
ulty slots, all with nationally competitive salaries and start-up packages.

Rosalind Franklin University of Medicine and Science is located in North
Chicago, 1L, a suburb approximately 40 miles north of the city of Chicago,
MNearby tollways and train stations provide easy access 1o the many cultural
and recreational amenities of metropolitan Chicago.

Please submit acwrrienfum vitae along with a one-page summary of research
and teaching interests and future plans. The review of applicants will begim
April 16, 2007, and continue until the positions are filled. Applications and
nommations should be submitted by mail or emal to: Robert J. Bridges,
Ph.D.. Chairman, Department of Physiology and Biophysics, Rosalind
Franklin University of Medicine and Science, Chicago Medical Schoal,
1333 Green Bay Road, North Chicago, 1L 60064, bob.bridges i rosali
ndiranklin.edu

Ruasalind Franklin University of Medicine and Science is an
Eequal Emplavment Qpportunityy'A ffirmative Action Emplayer.

The University of Edinburgh is an exciting,
vibrant, research-led academic community
offering opportunities o work with leading
international academics whose visions
are shaping tomorrow's world,

Chair of Developmental
Biology and Anatomy

£48,162 - £EB0,B87

This newly created past will be held in the School of Biomedical
Sciences (SBMS). You will have a particular commitment to, and
academic responsibility for, the discipline of Anatomy within the
College. You will make a major contribution 1o the academic
leadership of the School and be encouraged o draw on excellent
opportunities for collaboration within the School, College and
University An established international reputatian for excellence
in research in Developmental Biology 15 required

Further information may be obtained by contacting eiher Professor
John Sawll, Head of College (heademvmi@ed.ac.uk) or Professor
Tory Harmar, Head of School, (head SEMSied ac.uk)

Piease note that this is a re-advertisement. Previous applicants
should not applhy

Apply online, view further particulars or browse more
jobs at our website. Alternatively, telephone the
recruitment line on 0131 650 2511. Ref: 300716951
Closing date: 27 April 2007,

Committed to Equalidy and Diversity




In Basic Bioscience and Engineering

The Rensselaer Cenfer for Biotechnology and Interdisciplinary Studies, an
oultstanding facilily for world-class research, is offering up fo four endowed
positions for exceptional facully in each of the following focal areas:

.Biocatalysis and Metabolic ® Functional Tissue Engineering and
Engineering Regenerative Medicine

@ Biocomputation and Bioinformatics @ Integrative Systems Biology
“Constellations” of distinguished professors work collaboratively in each focal area, supported by generous resources to ensure Success.
We invite you and potential collaborators to put yourselves at the Center of world-class recognition. Appointments and joint appointments
will be considered at any level.
RPI is located in Troy, NY, which borders the Hudson River - a short drive to the largest protected state park in the Northeast. Minutes
away from the state capital, Troy boasts many of the finest examples of 19th century American Architecture, along with a diverse
culture, sporting events and entertainment.

e o z To apply send your CV nomination to: R.E. Palazzo, Acting Provost
For the most important Bio Constellation Search :

research of your life: palazr@rpi.edu
Rensselaer Polytechnic Institute, Mailstop: Bio. Tech.- 2nd Floor
110 8th Street . Troy, NY 12180-3590

http://rpi.edu/dept/science/constellations.html -
Rensselaer Polviechnic fnstinute (s an nSS elaer

Affirmative Action/Egual Oppovtunity Emplover, Wh"r not Ehangﬂ the world?

WOULD YOU LIKE TO USE YOUR INDUSTRY EXPERIENCE IN LEADING

THE DEVELOPMENT OF NEW MEDICINES FOR NEGLECTED DISEASES?

DIRECTOR OF RESEARCH & DEVELOPMENT GENEVA BASED

DNDi's mission is to develop new effective, affordable drugs for some of the most neglected communicable diseases. Since its foundation in 2003, DNIY
.I'l..'l.'| IJuiI.I al :\u'"]}: I'lr[JiL'L'1. F‘H.'t h’!iiﬁ, Jl'l.l.i [BLELL h.l‘.‘- L! rlfl.'le'L-lﬁ- ir.l Ll.i‘m"l ﬂ'L'r}'. 4 'ir.l p]'L'L'li."il:J] ..'ll'llj {! irl I.']inil.'.ll Ll’l."\'l.'l.‘ Ppl'l'l.L'l'lL

The Role The Candidate
s You will be responsible for generating, overseeing and directing all Strong scientific credentials in a relevant discipline
discovery and development projects in DNDi's portfolio * ['roven track record in the drug development process from discovery
= You will lead the highly motivared, professional team of Project Managers through clinical 1 registration, gained from senior R&D roles in big
in Geneva phama or biotech
* You will develop and manage relationships with investigators and partners = Exceptional leadership and interpersonal skills and the ability o work
throughout the world effectively across cultural and geagraphical boundanes
o You will oversee all [’mi-.'-.'l ]mrrju“u ACtvities, inn.'|udi|1';_ ¢|jsx::r1':r}'. l'l'.'xpu:ri.cn.;.'c in infectious diseases ]1igh|}' desarable
development, science, regulatory and 1P issues * A desire to use vour skills to improve the quality of hfe and health of
= You will have a key swategic decision-making role and be the primary people suffering from neglected diseases
scientific expert on the Scentific Advisory Committee. # Ableto ravel extenaively in the devdloping as well as the developed world.

If you would like to explore this exciting opportunity, please email your CV to Vivien Yule at Ruston Poole International ple, Cording House,
34 5t James’s Street, London SW1A 1THD, Email: vivien.yule@rustonpoole.com, For further information visit www.dndiorg
Closing date for applications: 11th May 2007,

s
“ﬁﬂf‘.,
RUSTON P@LE Recruiting excellence worldwide D N Di

International
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'HE UNIVERSITY OF GEORGIA

ENVIRONMENTAL POLICY
PROGRAM DIRECTOR
CARL VINSON INSTITUTE OF GOVERNMENT

The Carl Vinson Institute of Government at the University of Georgia
invites npominubons and applicaions for an Environmental Program Polcy
recior. The Environmental Policy Program is a unil within the Public Service
and Outreach am of the University, The Instinte senes stae amd Jocal
povernments in Geongia with a4 brood rnge of tmining, suppon, and research
programs. This position provides leadership o the Environmental  Policy
Program which & pant of the RBeearch and Policy Analysis Division of the
Insgite,  Qualifications: M) mquired. Terminagl and/or Master degree i
envirenmwental policy, environmental science enengy or related fiekd is prefemed;
knowledpe and experence in addressing environmental policy ar e st
andor Jocal povernment level is oprefemed. Preference will be pivien 1o
canihidates who have government experience

For a compleie position description, deadlines, and contact
information please sce our website at
hope/Swwew hrugaedw/ Environ_Dirpdfl

Apphcations received by May 18, 2007 will receve full consideration. Intenested
applicants should submat 3 cover leer, o cureulum viee, amd the names, phone
mrmbers, and el sddresses for theee ;'EI.I';;\'-'!IKI.IE references. Emadl submission
of mealerials & an MS Wond dooument is strongly encouraged

Confudential Requests for mformation, witlen nominatons, and apphication
miterals showld e direcred

Scarch Commitiee, Environmenial Dircctor
University of Goorgia
Clo Executive and Faculty Scarch Group
215 5. Jackson Stroect
Athens, GA 30602
exccutivescarch@®uga.edu

The University of Georgla is an Equal Opportunity, Affirmative Action Institution.

www.iaedu

Wi

MICROBIOLOGY AND IMMUNCLOGY
FACULTY POSITIONS
University of Maryland School of Medicine
Baltimore, Maryland

The Depanment of Microbiology and Immunology at the University
of Maryland School of Medicine (http:Ymedschool.umary land.edu/
Microbiology) is recruiting established imvestigators with active R0OI
or equivalent funded research programs in host-pathogen interactions
Highly qualified individuals will be considered for ienure-track Assistant,
Associate and Full Professor positions. The Department and the School
of Medicine have significant strengths in microbial pathogenesis, vaccinge
developmem, HIV biology, inflammation, inmate and adaptive immumnity,
climical infectious diseases and imternational medicine. The Department
offers excellent labortory facilities, competitive salary and stanup pack-
ages, and access o numerous core faclities including state-of-the-an
BSL3 and ABSL3 facihities. We are mieresied in candidates who use
multidisciplinary approaches to investigate the interaction of bactenal,
viral (non-HIV), fungal or parasitic human pathogens with the host and
with a strong desire to interact with other investigators in the insttution.
Successful candidates are expected to mamtain active research programs
and participate in department teaching and service opportumitics.
Intercsted applicants are invited to submit the following in a single PDF
file to e=mail: microfacsearchia som.umarvland.edu: (1) detailed
curnculum vitae, {2) statement of rescarch interests and goals, and (3)
names and contact information for three o five references, Apphcations
should be addressed 1o the attention of: D, Abdu Azad, Chair, Faculty
Search Committee.

Thee University of Maryvland, Baltimore is an
Equal Opportunity, Afformative Action Emplover;

Hebei Normal University Invites
Applications for Positions at the Principal
Investigator Level in Condensed Matter

Physics, Theoretical Physics and Optics

Heber Normal University 1= located in the provincial capatal, Shijiazhuang,
in north China, close o Beijing. The college is strong in “Condensed
Matter Phwsics™ and in “Theoretical Physics™, both of which have received
very high designation among doctoral degree granting institutions nation-
wide. Other areas of particular sirength at the Masters level are “Astrophysics™
and “Physics and Chemistry of Materials”, The scientific atmosphere in
the college i highly conducive to innovation, and provides a supportive
cnvironment for the development of voung scientsts. In order w further
develop the comprehensive sirength of the College, outstanding candidates
in the following areas of expertise are invited to apply: (1) Theoretical
Conmdensed Matter Physics, (2) Expenimental Condensed Matter Physics,
(3) Theoretical Physics and (4 Optics and Phowmes. Candidates should
have a PhD with significant postdoctoral research accomplishments or
similar g‘:n,pcrirm';', and be under Difty years of age. Excellent wnnng,
communication and interpersonal skills in both Chinese and English ane
essential. The positions offer startup funding of 120-300 thousamnd USD
and laboratory space of 100- 150 square meters. Successiul candidates will
be provided with a competitive salary of 15-30 thousand USD per annum
{ 100-200 thousand RMB ) and housing benefits (suite of 120 square meters),
Please submit acovening letier outlining research plans, a curniculum vitae
andl contact detsils for three references o Professor Liv Jisnjun, Dean of the
College s the address below, Initial contact may be established by e-mail
o linjj@mail.hethuedu.cn. Applications will be reviewed as received
and accepted until the positions are filled. For further information, please
visil the College website at hitp://202.206, 100. 3/ xifwlxindex htm.,

College of Physics and Information Engineering
Hebei Normal University
113 Yu Hua East Road
Shijiazhuang, 050016
Hebei Provinee

China

EMORY

Computational and Life Sciences

EMORY UNIVERSITY
Atlanta, Georgia

Emory 15 seeking 1o make multiple faculty appoimtments within
a Computational and Life Sciences (CLS) imtiative (hitp:df
www.cls.emorviedu ). CLS is pant of a Universitv-wide Stmtegic Plan
that has uniquely positioned Emory for significant growth in a number
of key arcas (https:/fadmin.cmoryvedu/StrategicPlan/). CLS encom-
passes three broad focus areas: Computational Science and Informatics,
Synthetic Sciences, and Systems Biology, This mnterdhsciplinary iniia-
tive will bridge and build wupon Emory’s highly regarded strengths in
the phvsical, biological, and health sciences

Faculty applications at all academic ranks across Computational
Science and Informatics, Synthetic Sciences. and Systems Biology are
imvited from individuals with a PhD in a relevamt discipline and proven
record of accomplishment in research and scholarship. Ideal candidates
will span more than one CLS focus area and have joint appomtments
seross departments/schools. We also mvite querics from small reams of
collabomting scientists who bring complementary strengths to the CLS
initiative. Applications consisting of a CV, rescarch and teaching state-
ments, and three letters of recommendation directly from recommenders
should be sent via email to clsi@emoryv.edu. Informal inguiries are also
invited by emml, Screening stats May 1, 2007 and will continue unnl
all positions are filled. For further detals on the CLS mitiative please
sees hitp! www.els.emoryv.eduo!

Emory Universine iy an Affirmative Action Equral Clpypavrtsininy
Emplover and welvomes applications from wonen and
mrentPers of minoyTn gronps




University of Heidelberg

The Medical Faculty Mannheim, University of Heldelberg offers the
following positions
Associate Professor (W3)

of Neuroanatomy

The Associate Professorship will be a tenured position. Given a

record of qualifications in all areas of Neuroanatomy and Molecular

mawmsﬁ.ﬂcaﬁdaﬁewibeappdntadasaawm I-Iw:latm
WTWMW

with a focus on molecular neu mom

or an systems neurcbiology. Hesshe is expected to closely collaborate
the W3-Professorship of at the CBTM, as well as with the
WMWMNWFMMHMGMW

ather
mmmmmmmm; He/she should actively take part in established
developing research programs of the Famt;.r in the field of neuronal
amgm{ﬁicaﬁmm ﬂ'ﬂcnupuaﬂmﬂmm
Grant , and the BMBF Competence Network “Dementia™. He/she is
furthermore expected loobtmm-amu'ﬂh.rﬂ'lgtrygmnlapmuonam
rion-unhersity furding institutions.

ofiginal research toring
an undarstanding of departmental financi in universities. The candidate
I'I'!.E.'Etﬂ":'ﬂ integrative

Full Professor (W3) of Anatomy

and Developmental Bmlugy

ﬂamwﬁmwmmammmm Ghlma
of qualifications in all areas of Anatomy Eénlogy the

candidate will be Bppnl‘llad Bsa[h‘&ctﬂ'{d‘mmm

in the Research Dhriaim of \I’m.llar the implementation
mmmmmmmaltmm , the successiul
candidate will be responsible for developing, performing the
anatomnical parts of the restructured organ- ::Bntamdn?aachlng nmdmns in

m&mmmn the Wa-Professorships for Cellular and Hubcdar&ubg-,r
m%mmtﬂmwmmmﬁdm
Ar;nbo% Mnmdﬂ'helmﬂutadﬁalhdomr As an inde-
have special responsibility for

af Vascular and Tumor ery'undlhaGmn
Cancer Research (DKFZ) Hes a‘duﬂhtrﬂErﬂmwd#mla
Professorship of Microvascular Bi and Pat of thia Faculty and
tl'ﬂurwarsi'ty Medical Center Mannheim. He/she should take in
resgarch programs of the Faculty in the of
ME&H‘EEIJWG!’MUEI g
ar'ldlha{.‘.nnpera'ta".rBT Resaarch Grant “Vascular
llahmandm-nodahg {TAR 23). He/she is furthenmone expected to

obtain extramural funding by grant applications to non-university funding
institutions.

Tha succasshul candidate should have high rlnmalu'nti(

mmwmmmmtewﬂhmmnkwah profassorvnth
life-time tenure including a PhD or MOVPHD, a dis ol original
resaarch, mhtaaﬁingmmm n'-anl::mg mus admlnlmvathra
a:parm an understanding of dapaﬂmmtalﬂ nP univarsitios.
The candidate should be a cooperative personality who will actively master
the integrative task of participating in developing and implementing MaRaCul.

The positicns are available unlimited. In case thal the successful candidate
hasmmmanwﬂaamammmmai betora, State law
demands undes M%umwmmmlmmmmnm
h'adcpnaihmfnrﬂma. for candidates from abroad
or from non-univarsity institutions mﬂwe be attracted otherwise.
When the position is tenured after the tenure track penod, the formal application
process need not ba repeated,

The Uriversity of Heidelberg is an Egual Coportunity/Affirmative Action Employer,

Interested candidates should submit a full CV with coples of certificates, publi-
cation kst and selected reprints within 4 weeks. of publication of thes advertisement
io Prof. Dr. Dr. h.c. K. van Ackemn, Dean of the Medical

amnf

Photon ScieiGess

DESY is one of the leading accelerator centres worldwide exploring
the structure of matter. The Laboratory’s main research areas comprise
elementary particle physics and a broad programme of photon science,
including the operation of synchrotron sources and the construction
and use of X-ray lasers. Research at DESY relies on the interplay
between photon science, particle physics and accelerator physics.
3000 researchers from around the world use the accelerator-based
facilities at DESY.

DESY is seeking a

The activities in photon science include operalion of the synchrotron
radiation source, DORIS I, and the workd's brightest hard X-ray source,
PETRA I, available for users in 2009. Since 2005, FLASH, the world's
first Free-Electron Laser user facility for the spectral range of the VUY
and soft X-rays, has been opening up exciting new research fields. It
is the prototype of the European XFEL Facility for hard X-rays, which
will be constructed in the Hamburg area with strong mvolvement from
DESY. To develop the scientific and technical concepts for the best use
of these new research opportunities, DESY, together with the Max-
Planck Society and the University of Hamburg, has created a Centre
for Free-Electron Laser Studies (CFEL) with five new depariments,

An outstation of the European Molecular Laboratory (EMBL) and
research groups from the Max-Planck Society are currentiy pursuing
an afttractive programmae in the life sciences. These activities will be
further enhanced by a centre for structural biotogy presently being set
up by the Helmholtz Association.

The Director for Research with Photons leads these new developments
and is responsible for the photon science activities on the DESY
campus, which is open to national and intemational users. He or she
should stimulate research with X-rays at the various facilities and
support further development of the accelerator facilities.

We invite applications from scientists of infernational stature who have
made a major impact in the field of research with photons at large
user facilities and have a strong research interest in the explotation
of the facilities at DESY, including the European XFEL Facility.

For further information, please contact

Prof. B. Sauerbrey (Chairman of the Search Committee,
r.sauerbreyafzd.de) or

Prof. A Wagner (Chaiman of the DESY Directorate,
dlbrecht. wagner@desy.de),

Salary and benefits are paid on the basis of a full professorship (W3)
at a German University, DESY is an equal opportunity, affirmative achbion
employer and encourages applications from women. DESY has a
kindargarten on site.

Deutsches Elektronen-Synchrotron DESY
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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. WWW.SC]EH-EECEI’EETS.UI’Q’

Features include:

» Thousands of job postings * Resume,/CV Database ScienceCareerS.ﬂrg

* Career tools from Next Wave = Career Forum

We know science RYAAAS

* Grant information




The Faculty of Science
of the University of
Fribourg/Switzerland

Fa¥a¥a¥al
3

Pl
wrveesias (Department of Geosciences)

PR E AP,

invites applications for the positions
of

one FULL PROFESSOR
and one
ASSOCIATE PROFESSOR
in Physical Geography

The suceessful candidates should have
expertise in (1) physical processes and
environmental changes concerning the
crvosphere in mountain regions, and/o
in (2) geomorphological processes
controlling mass trans fers and landscape
evolution in mountain regions, He or
she must have an excellent scientific
record and will develop a competitive
research programme. Teaching invalves
courses in Physical Geography at the
B5c. MSc, and PhD levels.

Candidates are requested to submit thear
application by May 31, 2007, according
to the information and guidelines
provided under:

www.unifr.ch/geosciences/
geographie/newposition.pdl

DIRECTOR, INDIANA UNIVERSITY
CENTER FOR REGENERATIVE BIOLOGY AND MEDICINE
INDIANA UNIVERSITY-PURDUE UNIVERSITY INDIANAPOLIS

The Department of Biology in the School of Science ot Indiana University-Purdue University India-
napolis (IUPUT) secks outstanding applicants for the Directorship of the Indiana University Center
for Regenerative Biology and Medicing (CRBM), The successful applicant will have an established
rescarch program i developmental or regenerative biology commensurate with appontment o the
rank of Associate or Full Professor. The Director is expected 1o take a leadership role in building
the research capacity and external funding of the CREM and to further develop graduate programs
and technology transfer in regenerative ology and medicine. Candidates musi be sensitive to the
needs of, and possess an mterest in, working in an academic community that is diverse with regard
1o gender, mee, ethoicity, nationality, sexual orentation, and religion. Salary will be commensurate
with expenence and start-up funds will be available

The CRBM is a collaborative effort between the School of Science, the School of Medicine, and
industry. The goal of the CRBM is 1o understand the mechanisms of tissue, organ, and limb regen-
eration and translate that undersianding into clinical regenerative therapies. The CRBM interacts
with other cemters on campus that have overlapping research interests and has access to numerous
core facilities, including facilities for Qow cytometry and imaging, computational molecular science,
ransgenic and knockowt mice, DNA and protemn synthesis and sequencing, tmnslational genom-
ics, and proteomics. For more information, sec the CRBM website at www.repeniupui.edu, The
state of Indiana s engaged in a major life sciences initiative that unites the expertise of academic
institutions and private industry. As pant of this mitiative, regenerative biclogy and medicine is a
rescarch arca of ligh priority for the Departiment of Brology, For mformation on the departiment,
visil www.scienee.iupuleduo.

IUPUT is the Indianapolis campus of Indiana University, The campus enrolls 29,000 students in over
|85 degree programs amd 5 the top generator of rescarch funding in the state. For more imforma-
won on [IUPUL, visit www.iopui.cdu, Indianapolis is the 14% largest city in the United States, with
a metropolitan arca population of 1.6 million, a relatively low cost of living and many cultural,
recreational and educational venues

Letters of application, 2 cumiculum vitae, and the names of three references, should be directed
electronically to David L. Stocum at dstocumi@ inpui.cdu. Our mailing address is: Department
of Biology, IUPUL 723 W. Michigan St., Indianapolis, IN, 46202. Applications will be accepted
until May 15, 2007 or until a suitable candidate has been identified.

HUPUT is an Affirmaiive Action'Egqual Opporimity Emplover

OPPORTUNITIES FOR SCIENTISTS OF INDIAN ORIGIN
GOVERNMENT OF INDIA

MINISTRY OF SCIENCE & TECHNOLOGY
DEPARTMENT OF BIOTECHNOLOGY RAMALINGASWAMI FELLOWSHIP

Applications/nominations are invited for "Ramalingaswami Fellowship®, a
scheme newly instituted by the Department of Biotechnology, Ministry of
Science & Technology, Government of India. The scheme is for scientists |
physiciEan researchers and bio-engineers of Indian origin working outside the
country all over the world in various fields of biotechnology, life sciences,
bio-engineering, transiational science and other related disciplines who are
interested in taking up scientfic research positions in India.

The applicant should possess a higher degree or equivalent, such as PhD in
Life Sciences’ Agriculture, Bioinformatics, Engineering, Masters in
Engineering or Technology' Medicine etc. and outstanding track record
reflected in publications and other recognitions. The duration of the
felloweship will be for a period of five years, extendable by another 5 years.

NATURE OF SUPPORT.
@& The amount of the fellowship will be Rs.50,000/- per manth for the first

PROFESSOR OF NANOPHOTONICS

Position Detail: Tenure Track - Assistany/Associate
Full Professor

e Compensation: Commensurate with Experience

; College Web Site: wow ccnveunvedu

City College BBl A gE

ol ‘\t.“-\" II'Ii Elnﬁmg Dgter E'nsmn.n is open until ﬁlluj. with review
of applications to begin on May 1, 200

POSITION DESCRIPTION AND DUTIES: The Division of Science secks
researchers in the areas of nanoscale photonic materials synthesis, near-field
microscopic characterization. nanoscale photenic device fabrication, bio-
photonics and/or quantum information sciences. The successful candidate is
expected o develop a vigerous extermally funded  research program and
interact synergistically with engoing nanoscale photonics research activities at
the college and with colleagues @ other City University of New York campuses
that are wctive in the CUNY Photonics Initiative

3 years and Rs.60,000/- per month during the last two years. Each awardee
will, in addition, receive a contingency grant of Rs. 5.00 lakh per annum.

® Ramalingaswami Fellows could work in any of the scientific institutions /
universities in the country. They would also be eligible for fast track and
regular research grants through extramural and other research schemes of
various S&T agencies of the Govermment of India.

Nominations/applications should be sent post or email to :
Dr. Meenakshi Munshi,
Joint Director
Department of Biotechnology,
Block-2, 6-8th Floor, CGO Complex,
Lodi Road, New Delhi - 110 003.
Email: meenakshi20@dbt. nic.in

The applications/nominations may be sent with consent of the proposed host
institute latest by 20th April, 2007. In the event, assistance is required for
locating a host institute, facilitation will be provided upon request. For
application format and other defails please visit the website of the
Depariment: www.dbtindia.gowin

QUALIFICATION REQUIREMENTS: Ph.D. required for appointment in all
professoriate ranks. Depending on applicant’s qualifications and experience,
appointment will be made at assistant, associue or full professor level,

TO APPLY: Applicants should provide @ CV with a list of publications, a description
of futire reserch plans, teaching interests and  experience, and 3 letters of
recommendation sent independently to: Dean Maria Tamargo, Nanophotonics
Faculty Search, Attention: Ms. Wildys Rosario, The City College of New York,
160 Comvent Ave., Division of Science, Room #ME-1320, New York, NY
10031. Or, by email to: wrosariof conyouny edu,

For CONY website posting see: hitps swwilcenyv.cuny.edu/positions.

The City Enifversily of New York is an Egeead Employment
Cyfnrtanedly AN irnative Aot fmnnigration Keform
ainiel Conntrold et/ Amiericains ioith Disabilities Act Emfeer

|
CITY COLLEGE IS H"'I
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Northeastern

U NIl VIRSITY

Higher Learaing. Richer Experience.

Northeastern University (hitps//www.biologynen.cdwindex.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,

W are secking nationally recognized leaders who have an on-going record
of competitive rescarch funding. The Biology Department has 28 faculty
and 15 currently searching to fill two additional tenure track positions.
The Department’s undergraduste programs enroll 450 biology majors and
270 undergraduates in two interdepartmental programs, biochemistry and
behavioral newroscience, Graduate programs serve 50 PhD students, There
are also professional MS programs in Bioinformatics, Biotechnology, and
Marine Biology.

Research imerests n the department are diverse and span the spectrum from
organismal to molecular studies. The successful candidate will comple-
ment these areas or will bring his/her own theme and cluster of key hires.
We are especially imterested in an individual who will foster and expand
collaborative and interdisc iplinary rescarch. Existing interdisciplinary ini-
tiatives include Bimechnology, Neurobiology, Sensing and Imaging, and
Manotechnology, with participants from Chemistry and Chermical Biology,
Physics, Engineering and the College of Health Sciences. As part of the
Umiversity’s continung growth as a research mstitution, Northeastemn s
i the process of hinng 30 outstanding faculty 10 pursue interdisciplinary
research and teaching.

A competitive start-up package will be provided. Please send a letter
of application, cwmiculum vitee, the nomes and contact information for
five references. and a brief description of research interests. The earli-
est anticipated start date is fall of 07, and the search will continue until
the position is filled. Applications should be submitted electronically to
biojabsi new.edu.

Northeastern University i an Equal Opportunite/Affirmative Action

Emplaver. Candidates fram groups anderrepresented in scienee are
especially enconraged to apply.

Tenure-Track Faculty Position
The Department of Microbiology and Immunology
Medical University of South Carolina
Charleston, South Carolina

The Department of Microbiology and Immunology at the Medical Uni-
versity of South Coroling s seeking applicants for tenure-track positions
ol the Assistant Professor level in the areas ol tumor vaccine development
mnd'or tumor gene therapy. New laculty will have access to a competitive
salary and startup funds and benefit from protected time for the establish-
ment of a nationally competitive research program, Independent funding
is highly desirable, Relocation of established funded rescarch programs in
tmer vaccings of tumor gene therapy will be considered. In 2006, new
laboratory space opened in the Hollings Cancer Center. The Department
provides teaching to multiple colleges within the University, and all Facul-
tics participate in professional and graduate education as well as maintain
an active rescarch program.

The Medical University of South Carolina is a rapidly growing research
enviromment., Extramural research support has consistently increased over
the past 10 years, topping 5189 million in 2006, Research centers include
the Hollings Cancer Center and the Center for Cell, Gene, and Vaccine
Therapy. State-of-the-ar research facilities include X-ray crystallography,
IMAss spectromelry, proleomics, microarrays, functional imaging, and con-
focal microscopy. A BSL-3 small animal‘wet lab is completed and will be
commissioned by the fall. A major new facility in biomolecular NMR is
under development. The Charleston area provides an outstanding quality
of life in o historic coastal community offering excellent opportunitics in
the ans, sports, recreation, and cuisine.

Please reply o www, jobs.musc.edu or www.musc.edu/hrm position
#043499, or send curriculuim vilae, research mterests, and send three let-
ters of recommendation addressing both rescarch and teaching potential to:
Tumor Ilmmunology Search Committee, c/o Katherine Lindley, Depart-
ment of Microbiology and lmmunology, Medical University of South
Carolina, 173 Ashley Avenue, PO Box 250504, Charleston, SC 29425,

The Medical Umiversity af Sowmh Carlina is an
A ffirmative Action/Egual Opporiunity Emplaver.

Medical and Research Center

Global Leader in Lung, Allergic
and lmmune Diseases

FACULTY POSITION:

Ihe Inteqgrated Depa

rivLLL cegree and at least three years of post- DOCIOrE CxpeTiende

The Uity of obolads and Matianal beaich Medical and Reseach Coete
e Affarialive Action/ By el Dppartunity emplayer

@y university of Colorado Health Sciences Center

Featured Employers

Search ScienceCareers.org for job postings
from these employers. Listings updated
three times a week.

Abbott Laboratories www.abbott.com
Amgen www.amgen.com

Elan Pharmaceuticals www.elan.com/careers
Genentech www.gene.com

Kelly Scientific Resources
www. kellyscientific.com

Novartis Institutes for BioMedical Research
www.nibr.novarlis.com

Pfizer Inc.
www.pfizer.com

Philip Morris
www.cantbeattheexperience.com

Pioneer Hi-Bred

www.pioneer.com
If you would like to be a featured
emplover, call 202-326-6543.

ScienceCareers.org
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From life on Mars
to life sciences /e

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 natural selection.

Our knowledge is firmly founded on the expertise Www.scienceca reers.org

Features include:
* Thousands of job postings ¢ Resume/CV Database
e Career tools from Next Wave e Career Forum

Science(Careers.org

We know science L \AFYY G

* Grant information




Looking for
Career Advice?

Find a wealth of information relevant to your
current career and future employment decisiol
the Science Career Features. |

UPCOMING FEATURES:
April 6: Careers in Cancer Research
April 20: Postdoctoral Careers: Transf
April 27: Biotech and Pharma

Also available online at: ScienceCareers.org
www.sciencecareers.org /businessfeature:

©2007 Jupiterimages Corporation

U.S. Environmental Protection Agency
Office of Research and Development
National Exposure Research Laboratory (NERL)

Branch Chief (Supervisory Biologist/Supervisory

Physical Scientist), GS-14/15 DO Wh at

Fhe U.S. Environmental Protection Agency s secking quahified applicants
for a Branch Chief position located in the National Exposure Rescarch

Laboratory (NERL), Environmental Sciences Division (ESD), Las Vegas, yo u Ove 2
NVihttp:/fwww.epagaviesd ), The meumbent of this position will serve as

the Chief of the Landscape Ecology Branch and is expected to work both
a5 a Supervisory BiologistSupervisory Physical Scientist and o conduct
research as a nationally and/or mtermational ly recognized expert in isher

field of research related to the ESD's and NERL's mission. The incumbent Love W h at
will be responsible for the admims trative management of the Branch, which
conducts research in the field of landscape ecology and related disciplines,

develops landscape assessment and charactenzation applications, and 0 u d 0
devises tools and methods for the solution of regonal environmental prob- 5
lems, specifically regarding the vulnerability of ecosystems and watersheds
to human-induced and natural stress. The incumbent serves as a first-line
supervisor for a stafl of about 20-25 researchers, technicians, and support
stafl located primarily in Las Vegas,

This is a permanent, full-time position requiring U.S. citizenship. Candidates WWW. SCi ence Ea reers.o 'rg

must meet LS, Office of Personnel Management qualification requirements
including specific educational course work. Diesirable applicants will have
a degree in the areas of biology. landscape ecology or related biological
andor physical sciences disciplines. Salary mnges from 579,115 w S120,981
and is commensurate with qualifications. The selected candidate will be
eligible for a full benefits package, including relocation, health insurance,
life insurance, retirement, and vacation and sick leave

HOW TO APPLY: This position will be advertised through the Federal SCIEI'ICECEII‘EEI’S.ﬂrg
Government’s job web site: hittp: f'www.usajobs.gov. For additional infor-
mation regarding the application process, please contact: Ms, Barbara We know science AVanas
Howard at (800) 433-9633 or via cmail a1 howard. barbarad epa.gov,

The UK. EPA is an Equal Opportunite Emglayver;




Get the experts behind you.

www.ScienceCareers.org

e Search Jobs e Career Forum
Next Wave e Career Advice
* Job Alerts * Meetings and
« Resumelty Announcements
Database * Graduate Programs

All features on ScienceCareers.org are FREE to job seekers.

ScienceCareers.org
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Q. AAAS

Katherine Socha, Ph.D. 5. James Gates Jr., Ph.D.
| got interested in math rather When | was six my father
late. But | liked diagramming gave me some bookson
sentences in high school. In rockets and stars, and my
college, | found asimilar sort universe exploded.

of architectural approach to
mathematics and science.

Why did you become a scientist?

We would love to know. E-mail us with the answers to the following
questions and you could appearin an advertisement in Science:
What first made you want to be a scientist? How did you get into
science? And whal are the most important aspects of your work
and how will it impact the future?

Find out more at www.aaas.org/stories

Leonard Susskind, Ph.D.

My father had no idea what a
physicist was until | told him
I wanted to be like Einstein.

PAVAAAS

ADVAMCING SCIEMCE, SERVING 5OCIETY



International Society for
Stem Cell Research

sth [ SSCR @ =

Annual Meeting

A

The world's premier stem cell research event = g H > -_‘,_h,._;,,d‘..;- - :, Ay
June 17-20, 2007 ’} TS O
Cairns Convention Centre ' @ = *’}'f*:' L QR R
Py LR o e SR
Cairns, Queensland, Australia ~ °* B/ e ey
o a4 A | L v -

REGISTER NOW

Attend the Premier Meeting ,-
in Stem Cell Research

Early Registration
Discount Deadline:
Co-Sponsored by
Ap r'll 1 7 the Australian Stem Cell Centre

Details Available at
WWW.ISSCr.org
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POSITIONS OPENM

DENNING FAMILY PROFESSOR of
SUSTAINABLE DEVELOPMENT

Columbia University in the City of New York
weks to hire a Professor of Sustainable Develop-
ment, at the ASSOCIATE PROFESSOR LEVEL
or HIGHER, whose research and education focuses
on sustainability sdcnce. This endowed Professor-
ship, made possible by a gt from the Denning
Family, is associated with the establishment of the
Denning Family Program in Sustaimable Develop-
ment, The candidate is cxpected to develop a vig-
orous program of externally funded rescarch
covironmental sustanability and conmbuare o the
establishment of an undergraduare major in sustan-
able development. Columbia University is a world
leader in sustainable development with an existing,
highly competitive Ph.D. program in sustainable
development, an undergraduate  concentration
sustainable development, and an increasing number
of faculty and rescarch associares in economics,
intermarional and public affairs, the Business School,
Barnard College, the Lamont-Doherty Earth Ob-
servatory, and the Earth Instmuee involved with
sustainable development. The appointment will be
in the Department of Ecology, Evolution, and
Environmental Biology, A Ph.D. in the natural
scicnces or related feld s required. Application
screening, begins May 15, 2007, Please send clec-
tronically the following five items in application for
the position; (1) a curnculum vitag, (2} statement of
rescarch, (3) starement of cducation, (4) concep-
tualization of a program in sustainable development,
and (5) list of three reference contaas (name, in-
siitution, and ¢-mail address) to: Shahid Naeem,
Chair of the Denning Family Search Committee,
Department of Ecology, Evolution, and Environ-
mental Biology, Columbia University, e-mail:
sn2l2l@columbia.edu. For turther imformation,
see website: http:/ Swww.columbia.edu fen/
edb/denning. html.

.'im-l'i.m:w.- F.rmlrj Iivididcnd .JrJJ drirdRig GRe rrJnJu.l.riluf.
Coduenbia Uniivergity 10 an Bgual - Cympwowtuinsty £ A ffirmnatioe
Actian I;..HI_IIILI"'H.

ANATOMIST

The Department of Health Scicnces at East
Tennessee State University (ETSUY) secks applica-
tinns for a tenure-track position at the ASSISTANT
PROFESSOR level opening in August 2007, The
position requires reaching undergraduare lecmre and
laboratory courses in anatomy /physiology and upper-
division human amaromy. Development of a fundable
rescarch program thar complements the mission of
the Department is expected. Ph.D. preferred, how-
ever, candidares holding other graduate degrees with
extensive University-level teaching expericnce in
anatomy may be considered. Application review
will begin immediately. Salary will depend on
qualifications and experience. Please submit ETSU
application, curriculum vitae, a description of re-
scarch interests, and the names of three references
to: Dr. Michael Gallagher, Professor and Chair,
East Tennessee State University, Department of
Health Sciences, IO, Box 70673, Johnson Ciry,
TN 37614-1709, e-mail: galkighe@etsu.edu.

ASSOCIATE RESEARCH SCIENTISTS

Columbia University Institute for Cancer Genetics

Associte Rescarch Saentst positions available to
study molecular pathogenesis of various cancers
including, breast, lymphoid, prostate, Wilms tumaor,
acute leukemias, and brain cancers. Ph.D. or M.
and extensive related rescarch experience required.
Please send statement of rescarch infereses, curricu-
lum virae, availability, and names of references to:
Dr. Linda Lowenstein, Institute for Cancer Genet-
ics, Columbia University, 1130 St Nicholas Ave-
nue, Room 508, New York, NY 10032,

Columbia University &5 an Afinonative Adtion/ Equal
Clpportunity Employer.

1880 30 MARCH 2007 VOL 315 5SCIENCE

Who inspires
brainwaves while |
study water waves?

€€ ' study the mathematical

equations that describe the
motion of water waves. Different
equations represent different waves
-waves coming onto a beach, waves
in a puddle, or waves in your bath-
tub. Then when I've surfed the math,
| like nothing better than to spend
the restof the day surfing the waves.

This field is very important. The better
we can model water waves, the better
we can predict the patterns of ==,
beach erosion and natural
disasters.

Being a member of AAAS

means | get to leam about

areas of interest | might not
otherwise encounter. It gives

me valuable opportunities |

to exchange ideas with col-
leagues in other fields. And this helps
me find new approaches to my

QW WOTK. ’ ’

Dr. Katherine Socha is an assistant
professor of mathematics at St.
Mary"s College, Maryland. She's also
a member of AAAS,

See video clips of this story and
aothers at www.aaas.org/stories

AVAAAS

ADVANCING SCIENCE, VERVING SOCIETY

What’s
your
next

career

WWW.SEEEI'ICEEB.TEETS.DI’g

Job Postings
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Resume/CV
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Career Advice
from Next Wave

Career Forum

Graduate
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GRADUATE PROGRAM

INSTITUTO GULBENKIAN DE
CIENCIA

Calltorapplications

. PhD Programme Gulbenkian/
Champalimaud Brain & behavioural
systems

. PhD Programme in computational

biology
. Gulbenkian PhD Programme (Life

Sciences)

On-line applications are open to April 20,
2007

Further information at

www.igc.gulbenkian. pt

WHO HAS

~3,200

JOBS

UPDATED
DAILY?

Science(Careers.org

We know science RAVAAAS

Dave |Jensen
Industry
Recruiter

-

Science
Careers
Forum

How can you write a resume that
stands out in a crowd?

What do you need to transition from
academia to industry?

Should you do a postdocin academia
orin industry?

Let ScienceCareers.org help you answer
these questions. ScienceCareers.org has
partnered with moderator Dave |ensen
and four well-respected advisers who,
along with your peers, will field career-
related questions.

Visit ScienceCareers.org and
start an online dialogue.

ScienceCareers.org
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POSITIONS OPEN

The US. Army Engincer Rescarch and Develop-
ment Center Environmental Laboratory (ERDC-EL)
has carcer opporunites for COMPUTATIONAL
BIOLOGISTS and BIOINFORMATICISTS in a
fully funded program in roxicogenomics and predic-
tive icology. We are expanding our mraditional eco-
toxicology studics using woxicogenomic | genomics,
proveomics, and maabonomics) and computational
toxicology methods o assess and predict effects on
coeological receprors (ras, birds, fish, and carth-
worms ). Master’s or Ph.Ddevel rescarchers are
needed 1o direat, develop, and execute lnomformatics
and computational biology /toxicology efforts with-
in this program. Fields of interest include, but are
not limited o (1) Biological networks (c.g., ap-
proaches for the analysis of metabolic and signaling
pathways, and regulatory nerworks); (2) Compara-
tive and funcrional genomics (eg., protein and
genome evolution; ranscriptional and metabolite

profiling}; (3) Mceragenomics (e.g., analysis of

microbial consormal; (4) Structural bisinformatics
(e.g., analysis of proten structural domains; homol-
opgy modeling); (5) Knowledge discovery and data
miming {c.g., biological data integramon, chster
analysis, pattern discovery, biological ontologies);
(6} Predictive toxicological modeling. Salaries will be
competitive and financial recruitment incentives are
available, The positiens are available and will remain
open untl filled. To apply, send or e-mail a lewer
conmaining a smawement of carcer objectives and
rescarch interests, a resume, and examples of recent
publicanons, along with the names, relephone
numbers, and c-mal addresses of three references
to: Dr. Ed Perkins (e-mail: edward.j.perkins@us,
army.mil}, Environmental Laboratory, U.S. Army
Engineer Research and Development Center, 3909
Halls Ferry Road, Vicksburg, MS 39180.

DIRECTOR
Natral Saences

Southeastern Namral Sciences Academy, a leader
in environmental research and education, secks an
exceptionally qualified seientist with a Ph.D. in
ccology or related feld, with extensive expericnee
in managing a rescarch and education institute,
credentals to serve as Principal Investugator on
major research projects related to rver basin and
restoration ecology, proven ability to build collabo-
rative rescarch and education programs, and strong
administrative and management experience, to serve
as Director and Chict Scientific Officer of the
Academy. The ideal candidare will be visionary in
evaluating crirical namaral resounces issucs, skilled in
formulating plans to develop programs around those
issues, and have expertise in technical grant writing.
In addition, the Darcetor will develop and maintan
effective local and regional networks, and academie
affibations. Salary s commensurate with expericnee
and accomplishments, and a package of benehis
(including retircment and  health insurance) is
available, Apphcants should send curriculum witae,
statement of rescarch interests, and contact informa-
fon for three references, preferably by e-miail, by
April 20, 2007, we Director Scarch Committee,
Southeastern Natural Sciences Academy, 1858
Lock and Dam Road, Augusta, GA 30906,
E-mail: jobs@naturalsciencesacademy.org.

For more information about the Academy and a
full position descnpnon, please visit our websire:
http:/ Mwww.naturalsdencesacademy.org.

A cardiovascular laboratory in Temple University
School of Medicine is looking for FOSTDOCTOR-
AL FELLOWS to study mechanisms of cardiovas-
cular discase, website: htp:/ Sdevdop.temple.edu,/
medicine/faculty /w /wangh.asp. The applicants
should have strong background in molecular biology
and cardiovascular scence, Lipid or animal work ex-
perience is preferred. Send curnoulum vitae and three
references o Dre, Hong Wang, 3420 N. Broad
Street, Philadelphia, PA 19140 or e-mail: hongw
temple.edu,
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POSITIONS OPEN

POSTDOCTORAL FELLOW in
BIOINFORMATICS
University of Washington
Seattle, Washington
The bioinformatics group of the Northwest
Regional Center of Excellence for Biodefense and
Emerging Infections Discases Rescarch and the

Samuel 1. Miller Laboratory at the University of

Washington consists of outstanding bologes and
computer experts who combine their specific skills to
provide computational solutions to biologeal prob-
lems while working closely with bacterial pathogene-
sis rescarchers. The research focus for this posinon
involves l.'l'I!'l'l-P:Il'q'lL'i'l'l.' BCnomics of En.'ll'l'l'lll.‘gi“i'i'l.'
bacteria in conjuncoon with proteomics and micro-
array dara analysis to find gencs or genetic paoly-
morphisms that have consequences for pathoge micity
in humans. This position provides an opportunity
for a Biologist with hiboratory expencnce o develop
bicanformatics programming skills using Perl scripts,
the statstical language B, or other programming
languages. Candidates with strong analvtical skills
and a track record of accomphshment in a biological
discipline are cncouraged o applyv. A PhDD, in
micrabiology, molecular and cellular biology, genet-
ics, or a related biological science is required, Prior
programming experience 15 desired but not essential.
To apply, send curiculum vitae, a list of three
references, and a brief statement of rescarch interests
and goals to Dr. Mitchell Britmacher at e-mail:
mbrittna@u.washington.edu.

POSTDOCTORAL FELLOWSHIP in
DRUG DELIVERY
Harvard University

Applications are inwited for a Postdoctoral posi-
ton in the Scheol of Engincering and Applicd
Sdences, Harvard University, The rescarch focus is
on targeted posome delivery and determining the
cellular response to chemical cues, We study the
impact of chemical cues on cell protein regulanon
for clinical applications. Prior hands-on expencnee in
the arcas of polvmer chenustry, molecular and cel-
lular biclogy, and in vive testing a plus. We are
secking a highly motivated candidate with an expen-
mental background, strong scademic record and
publications. The cndidate should have a Ph.D.
{or expect to graduate by June 2007) in chemical
enginecring, biocnginecring, matcrials science, or
related disciplines, The candidare is expected to start
in summer 2007, Applicants should send their cur-
riculum vitae, list of publications, and names of three
refercnees o Debra Auguste (e-mail: auguste®
seas. harvard.edi ).

Harvard is . Egeal Oppertunity SAfimative Adtion
Employer. We siromgly weloonne applications from gonalified
wonnen e aninonity g aneimbers,

POSTDOCTORAL POSITIONS
Up to four Mostdoctoral posiions are available o
study the role of complement and inflammarion in:
(1.} Ischema/reperfusion injury, (2.) Organ trans-

plantation and, (3.) Apoprosis-based therapy of

cancer. A background n immunology is preterred
and, for organ transplantation projects, cxpercnce in
small animal surgery 15 essential (preferably mouse
cardiac transplantation). Experence in molecular
biology techniques and /or recombimant protein
expression would also be helpfal for some projects.
Skills in oral and written communications are c¢s-
sential. These positions are being offered in the Lab-
oratories of Drs. Stephen Tomlinson and James
MNorris. Please reply to websites: hetp:/ Swww.,
jobs.muscedu or wwwomusc.edu/hrm posinon
#043495 or send curmcalum vitae and rescarch in-
terests by e-mail: tomlinss@musc.edu. Stephen
Tomlinson, Ph.Dy., Medical University of South
Carolina, Department of Microbiology and Immu-
nology, 0. Box 250504, 173 Ashley Avenue,
Charleston, SC 29466,
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POSITIONS OPEN

POSTDOCTORAL FELLOWSHIP
Wellesley College

Wellesley College invires applications for a Post-
docroral Fellowship (two to three vears) for projects
on neuropeptidases and steroid hormones in brain.
The Fellow will work with an inte rdiscaplinary (bio-
logical chemistry and neuroscicice) team of faculty
mentors and our undergraduate students on local-
reation and role of an endopeptidase in bran.
Expericnoe in biochemistry and molecular biclogy,
mcluding enzymology or immunchistochemistry,
is desimble. The Fellow will have opportunitics
for mentored teaching assignments, Applications,
including curriculum vitae, statement of rescarch
expenence and rescarch interests, and three leters
of recommendation, should be sent ve: Adele
Walfson, Office of the Dean of the College,
Wellesley College, 106 Central Strect, Wellesley,
MA 02481, or e-mail: awolfson@wellesley.edu.
Review of applications will begin on April 30, 2007,
Wellesley Caollege has been a leader m the education
of women for more than 130 vears, and continues to
be one of the top liberal arts colleges in the country,
Located near Boston, the College provides ousmnd-
ing resources for weaching and rescarch.  Welledey
College &5 an Affmwnne Aotan/ Eqal Oppornnty Employer,
and we are onuwittad g inewasing e diversity of the Collope
conrminity and the cnmionbine Candidare ufo bebare tlar dhey
carn ontritwite o that gowl are emoteraged 1o apply

POSTDOCTORAL POSITIONS available im-
mediately o investigare molecular mechanisms in
acute myeloid leukemia using the mouse as a model
system. Qur Laboratory focuses on the zine finger
oncoprotein EVIL. We have developed a number of
penctic models to investigate its function. Pleasce
send curriculum vitae and names of three refercnces
to; Archibald 5. Perkins, M.D., Ph.D., at e-mail:
archibald.perkins@yale.edu.

Stop searching
for a job;
start your career.

We know science Klasas

MARKETPLACE

Oligo Labeling Reagents
t BHQ /CAL Fluor /Quasar Amidites
t Amidites for 5' & Int. Modifications

-k Standard and Specialty Amidites

EPI.RSNETEEE +1.800.GENOME.1
i WWW.Dtilabeling.com

EZBiolab www.ezbiolab.com

Custom Peptide10mg 90%: $19.59/aa
AB Production 3785 peptide included

Gene Synthesis $1.20mp
siRNA 20 nmaol PAGE purified: $285

WWW.SCIencecarears.o g



What if staying up to date with the |
latest technology published in journals |

and patents were as easy A

as pushing a button? * \

It 1s.

With the “Keep Me Posted” alerting feature, SciFinder sends you
automatic updates on areas you—and your competitors—are interested in.

You can monitor specific research topics, companies, authors, substances, or sequences, and choose
how frequently you receive notifications: daily, monthly, or weekly.

The service isn't just convenient, it’s ineredibly current. Journal article records often appear in
SciFinder before they're even in print. New references, substances, and sequences are added daily.
Patents from all the major offices are added within two a|:1j."~ of issuance.

As with all SciFinder features, Keep Me Posted is integrated with vour workflow. At any point in a
search (including the beginning), simply click on the Keep Me Posted burton. SciFinder tracks yvour
steps and will generate the appropriate alert—even for complex topics. When vou receive a
notification, vou can follow each reference as you would in a search: find citing or cited articles (with
links to the electronie full text), and follow referenced substances and reactions for further informatdon.

Comprehensive, intuitive, scamless—SciFinder doesn’t just alert vou, it’s part of the process. To
find out more, call us av 800-753-4227 (North America) or 6 14-447-3700 (worldwide) or visit
www.cas.org/SCIFINDER.

SciFinder:

Part of the process.”

@' A division of the American Chemical Society. Scifinder is a registered trademark
of the American Chemical Society. “"Part of the process” is a trademark of the American Chemical Society.



In flow cytor‘hetr'y‘,m._.‘,_
every dot tells a story ...

The ImageStream’system
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#
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For over 30 years, flow cytometry has been about the dots. But behind every dot is a cell, Prophase

rich in morphological complexity. Now, the ImageStream imaging flow cytometer from Amnis
makes this wealth of biological information directly accessible. By combining guantitative
microscopy and the statistical power of flow cytometry in a single platform, the ImageStream
offers you completely new options for cell analysis.

Study the intracellular distribution of markers, analyze interactions between cells, quan-
titate subtle morphologic changes in the cell and its structures, and much more. The

range of applications is extensive, as is the growing list of published science.

While we can't guarantee that every experiment you do with the Image5Stream system

will turn into a publication, we do guarantee that when you analyze your cells on the

ImageStream you will see more -- and know more -- than you ever thought possible.

To learn more, visit www.amnis.com or call 8oo-730-7147 toll-free in the US or +1 206-374-7000 outside the US, m

ImageStream. Think outside the dot. amnis

Amnis’, ImageSircam” and IDEAS are regisiered trodemerks of Ammnis Corpomton. DRACQS is a tradomark of Biostatus, Lid
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