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Part of the cylindrical Compact Muon
Solenoid particle detector descends to a hall
100 meters underground at the European
particle physics laboratory CERN. The detector
will capture the hail of particles produced
when CERN’s Large Hadron Collider smashes
pratons at unprecedented energies. A special
News report beginning on page 1652
profiles the new collider.
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Science

SCIENCE EXPRESS

WiwwLsCiencexpress.org

MOLECULAR BIOLOGY
Control of Stress-Dependent Cardiac Growth and Gene Expression
by a MicroRNA
E. van Roaij et al.
An miRNA coded within an intron of a myosin gene increases the maladaptive
expression of embryonic myosin after stress,
10.1126/science. 1139089

GENETICS
Multiple High-Throughput Analyses Monitor the Response of E. coli
to Perturbations
N. Ishii et al.
In maintaining metabolic homeostasis, bacteria respond to genetic disruptions with
large changes in metabalites but to environmental disturbance with changes in
enzyme levels.
10.1126/science. 1132067

m]. - I

PHYSICS

Negative Refraction at Visible Frequencies

H. J. Lezec, . A Dionne, H. A Atwater

A thin waveguide composed of thin layers of gold, silicon nitride, and silver

produces a negative index of refraction in the blue and green parts of the spectrum.,
10.1126/s5cience, 1139266

PLANETARY SCIENCE
The Variable Rotation Period of the Inner Region of Saturn’s Plasma Disk
D. A Gumett et al,
Saturn’s distinct radio emission, thought to reflect the trace of the actual rotation of
the planet, instead is produced by convection in its plasma disk independent of its
ratation.

10.1126/5cience. 1138562

TECHNICAL COMMENT ABSTRACTS

ECOLOGY

Comment on "Why Are There So Many Species of
Herbivorous Insects in Tropical Rainforests?”

D. A Norton and R. K. Didham

wwr soiencemag. orgtgifconfentfull/31 5581 1 6660

1666

I":l.':' fext at

Response to Comment on “Why Are There So Many
Species of Herbivorous Insects in Tropical Rainforests?”
V. Novotny et al.
soenceman.arg

full text of www cgifcontentfull/315/581 %1 666

REVIEW

ATMOSPHERIC SCIENCE

Restoration of the Mississippi Delta: Lessons from
Hurricanes Katrina and Rita

L. W. DayJr. etal.

1679

BREVIA

EVOLUTION

Gene Co-Inheritance and Gene Transfer
¥. Brandvain, M. 5. Barker, M. ]. Wade
Unexpectedly, in plant taxa that reproduce by self-pollination or
cloning, more mitochondrial genes have shifted to the nucleus
than in taxa that reproduce sexually.

APPLIED PHYSICS

Far-Field Optical Hyperlens Magnifying
Sub-Diffraction-Limited Objects

Z. Liu, H. Lee, ¥, Xiong, C. 5un, X. Zhang
A lens with a negative refractive index can magnily an object that is
smaller than the diffraction limit of light and project it so it can be

seen with a conventional microscope.

RESEARCH ARTICLE

IMMUNOLOGY

Asymmetric T Lymphocyte Division in the Initiation
of Adaptive Immune Responses

J. T. Chang et al.

Upon antigen binding, immune cells generate pathogen-fighting
cells from daughters arising close to the antigen and memary cells
from daughters away from it.

>> Perspective p. 1673

REPORTS

CHEMISTRY

Enhanced Bonding of Gold Nanoparticles on
Oxidized Ti0,(110)

D. Matthey et al.

Interactions between gold and oxygen atoms cause gold clusters to
adhere strongly to titanium oxide, perhaps helping to explain why
gold nanoclusters are such good catalysts,

1685

1686

1687

1692
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REPORTS CONTINUED...

PHYSICS

An Atomic Seesaw Switch Formed by Tilted 1696
Asymmetric Sn-Ge Dimers on a Ge (001} Surface

K. Tomatsu et al,

Changing the position of tin atoms incorporated into a germanium
surface switches the electrical conductivity on or off aleng folds in
the surface.

APPLIED PHYSICS

Magnifying Superlens in the Visible Frequency Range 1499
I L. Smolyaninov, Y.-]. Hung, C. €. Davis

Alens formed from concentric circles of a polymer with positive and
negative indices of diffraction on a gold film can resolve objects as
small as 70 nanometers.

CLIMATE CHANGE

Coupled Thermal and Hydrological Evolution of 1701
Tropical Africa over the Last Deglaciation

1. W H. Weijers, E. Schefufl, 5. Schouten, |. 5. 5. Damsté
During deglaciation, warming of tropical Africa relative to the
Atlantic Ocean increased the land-sea thermal gradient and thus
central African rainfall.

GEOLOGY

A Vestige of Earth’s Oldest Ophiolite 1704
H. Furnes et al.

Remnants of oceanic crust formed at a spreading center 3.8 billion
years ago are preserved in Greenland, implying that some form of
plate tectonics was operating then, == News story p. 1650

ATMOSPHERIC SCIENCE

Bottom-Up Determination of Air-5ea Momentum 1707
Exchange Under a Major Tropical Cyclone

E. Jaresz, D. A Mitchell, D. W. Wang, W. ]. Teague

Direct observations reveal that the transler of momentum by winds
19 ocean currents and waves is greatest just before a storm reaches
hurricane strength.

MICROBIOLOGY

CRISPR Provides Acquired Resistance Against 1709
Viruses in Prokaryotes

R. Barrangou et al.

Clustered, variable repeat sequences can be acguired by bacterial
genomes from bacteriophage or plasmids and act like RNA
interference to block infection by viruses. == Mews story p. 1650

PLANT SCIENCE

A G Protein—Coupled Receptor Is a Plasma Membrane 1712
Receptor for the Plant Hormone Abscisic Acid

X Liu, Y. Yue B. Li, ¥. Nie, W Li, W.-H. Wu, L. Ma

The cell surface receptor for an important growth regulator

in plants binds to its ligand with high affinity and activates
downstream largets. == Peripective p. 1676
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CELL BIOLOGY

Tunability and Noise Dependence in 1716
Differentiation Dynamics

G. M. Siiel et al.

A genetic circuit for bacterial cell differentiation exhibits a
surprisingly varied repertoire of dynamic responses that depend on
the amount of noise in the component biochemical reactions.

NEUROSCIENCE

Temporal Frequency of Subthreshold Oscillations 1719
Scales with Entorhinal Grid Cell Field Spacing

L. M. Giscoma, E. A. Zilli, E. Fransén, M. E. Hassefmo

As rats move about, the oscillation frequencies of cortical neurons
arrayed in a grid represent how neural activity maps the rat’s position
in space,

MNEUROSCIENCE

Emergence of Novel Color Vision in Mice 1723
Engineered to Express a Human Cone Photopigment

G. H. Jacobs, G. A. Williams, H. Cahill, J. Nathans

Mice engineered Lo express the human long-wavelength opsin in
addition to its own two color vision pigments acquire a new ability

to distinguish colors.

STRUCTURAL BIOLOGY

Crystal Structures of the Adenylate Sensor from 1726
Fission Yeast AMP-Activated Protein Kinase

R. Townley ond L. Shopiro

The crystal structure of a key metabolic regulator reveals how it
senses the ratio of ATP to AMP, initiating leedback processes to
optimize ATP levels in the cell. == Perspective p. 1671

STRUCTURAL BIOLOGY

Structure of Nup58/45 Suggests Flexible Nuclear 1729
Pore Diameter by Intermolecular Sliding

I. Melcak, A. Hoelz, G. Blobel

Pores in the nuclear envelope consist of tetramers with a vaniable
lateral offset that may allow the opening to be adjusted according to
the size of molecules passing through.
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A wealth of knowledge

The Science Education Forum is a dynamic source of information and new ideas on every
aspect of science education, as well as the science and policy of education. The forum is
published in the last issue of every month and online, in collaboration with the Howard
Hughes Medical Institute.

Keep up-to-date with the latest developments at www.sciencemag.org/education

What's your perspective?
Do you have ideas or research you'd like to share in the Science Education Forum?
We're now looking for thoughtful, concise submissions (around 2.000 words) for 2zo007. MAM‘§

To submit your paper, go to www.submit2science.org
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Muthatches {right) eavesdrop on chickadees (left),

SCIENCENOW

WWW.SCIENCENOW. Org

Danger in the Air
MNuthatches profile approaching predators by
decoding another bird's alarm call.

Mosquitoes Made Better in the Lab
Malaria-resistant insects may help keep the disease
fram humans.

Rabbits Shed Light on Virus's Origins
*Fossil’ lentivirus could provide clues to evolution of
HIV and other related refroviruses,

Trapping bacteria in NETs,

SCIENCE'SSTK
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PERSPECTIVE: Unconventional Roles of the NADPH
Oxidase—Signaling, lon Homeostasis, and Cell Death

B. E. Steinberg and 5, Grinstein

Phagocytic MADPH oxidase contributes to various neutrophil processes
including the formation of neutrophil extracellular traps (NETs).

EVENTS
Plan to attend one of the more than 30 upcoming meetings
related to cell signaling.

ONLIN

www.sciencemag.org

Maximizing your conference experience,

SCIENCE CAREERS

WWW. SCIEnCecareers.orng

GLOBAL: Mastering Your Ph.D.—Your First Conference
Experience

B. Noordam and P. Gosling

Find out how to make the most of your first scientific sojourn,

US: A "Comprehensive” Career

5. Webb

Faculty members al smaller public collages find ways to pursue
scholarship with heavy teaching loads.

US: A Question of Balance

A. Sass0

Joan Brenner Coltrain built a rewarding career in anthropology—
and on her own Lerms.

Separate individual or institutional subscriptions to these products may be required for full-text access.
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A Tin Toggle Switch

Although changes in bonding should affect the
conductivity of atomic and molecular scale wires,
direct evidence for switching between conduct-
ing and insulating configuration of atoms has
been rare, Tomatsu et al. (p. 1696), using scan-
ning wnneling microscopy (STM), show that
when tin (5n) atoms are deposited on the (001)
of germanium (Ge) surface, they incorporate
into the topmost rows of buckled Ge dimers that
form one-dimensional conductors. The STM tip
can be used to switch the Sn atom from being
the “up” or "down” atom of these asymmetric
dimers. When the 5n atom is up, the row
remains conducting, but when it is switched
down, it reflects electrons in the =* state and
terminates the wire,

Tropical African
Rain Records

A wealth of marine sedimentary records have
been used to document changes in sea surface
lemperatures (55Ts) between the Last Glacial
Maximum 25,000 years ago and the present
warm period, the Holocene. The construction of
continental records of land surface tlemperature
for the same interval has been more challeng-
ing, particularly for tropical Africa. Weijers et al.
(p. 1701) have now analyzed terrestrial and
marine biomarkers in a marine sedimentary
record from near the mouth of the Congo River
and developed parallel records of terrestrial and
nearby oceanic conditions that facilitated the
comparison of conditions in the two regimes.
Tropical African land temperatures rose by about

www.sciencemag.org SCIENCE VOL 315 23 MARCH 2007
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<< Magnifying Superlenses

Although the spatial resolution of a conventional optical microscope is
limited by diffraction to a value of the order of 200 nanometers, a “super-
lens” based on specially structured metamaterials designed to exhibit a
negative refractive index could overcome this limitation. However, the pla-

nar superlenses demonstrated to date cannot provide magnification.
Smolyaninov et al. (p. 1699) describe a magnifying superlens based on the

propagation of surface-plasmon polaritons (SPP). The object to be imaged and

be viewed with a conventional microscope.,

4°C during the last deglaciation, approximately
twice the amount that nearby 55Ts rose. This
cthanging land-sea temperature difference
exerted an important control on precipitation
patterns in central Africa.

Damaging Winds
and Waves

In 2005, a pair of strong hurricanes (Katrina and
Rita} struck near the mouth of the Mississippi
River a few weeks apart. Day ef al. (p. 1679)
show that their slightly different tracks provide
comparative information for assessing the rea-
sons for the damage and flooding of New
Orleans and other regions, and also evaluate
whal needs to be
done to rebuild the
region for greater
resiliency in the
future. Hurricanes
create damaging
storm surges and
high waves by trans-
ferring wind energy
lo the sea surface.
The magnitude of
this transfer nor-
mally is estimated from

observations of the surface wind fields in a
storm, bul that approach suffers from artifacts
caused by the presence of waves and ocean
spray, and is highly uncertain for the high-wind
regimes of major tropical cyclones. Jarosz et al.
(p. 1707) used lull water-column ocean-current
velocity data collected during the passage of
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magnified is placed inside the center region of their lens, a structure of concentric
circles of a polymer deposited on a gold substrate. The light scatters

off the object and creates SPPs in the gold film. With the structured lens
designed properly, the SPPs propagate radially outward through the
“lens” of concentric circles. The magnified image of the object can then be
seen at the outermost circle with a conventional microscope. In Brevia, Liu et al.
(p. 1686) have used curved nanoscale multilayers of silver and alumina to create
a superlens that projects the image of an object onto a far-field surface, where it can

Hurricane van in 2004 to determineg this air-sea
momentum transfer directly from the water side.
The efficiency of energy transfer has a maximum
al awind speed of around 72 miles per hour
(just under hurricane category 1 levels), which
decreases to around half of that value once the
hurricane reaches the transition from calegory
2 lo category 3 strength at wind speeds of 111
miles per hour. These findings should help
improve forecasts of storm track and intensity, as
well as those of the associated ocean waves,
surges, and tides,

Dating Crust Creation

The Earth’s crust is continually being formed at
mid-ocean spreading ridges, where plates roll
aparl, and above subduction
zones, where plate edges can
grow by accretion. Was the cre-
ation of crustal plates ongoing
early in the Earth’s history, or
was it restricted to the latter half
of the Earth's 4.5 billion year
existence? Furnes et al, (p. 1704;
see the news story by Kerr) show
that crustal formation caused by
sealloor spreading was under way
as long ago as 3.8 billion years.

They have identified and dated an
ophiolite sequence of rocks in Greenland that
is the oldest known example of oceanic crust.
The sequence of rocks includes gabbro, pillow
lavas, and sheeted dikes, indicating it was
formed on the sea floor by processes similar
to those seen today.

Continued on page 1635
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This Week in Science

Continuwed from page 1633

Division Decisions

During an immune reaction, T cells divide rapidly and differentiate producing a variety of T cell types
that respond appropriately to the particular threat. Memory T cells also emerge from the same popu-
lation and remain in the body until such time as a new infection calls once again for their attention.
Chang et al. (p. 1687, published online 1 March; see the Perspective by Littman and Singh) now
show that single T cells undergo an initial asymmetric cell division in response to a pathogen, produc-
ing two daughter cells with alternate fates. After forming an immune synapse with an antigen-
presenting cell (APC), various proteins, including some responsible for signaling and asymmetric

cell division, were reoriented within the T cells. After division, daughters that were proximal to the
APC-T cell synapse became effector cells, while their distal sisters became more memory-like and
able to confer better protection when transferred to mice,

The Final Crunch

Regular clusters of repeats separated by spacers of similar length (CRISPR) are widely distributed in
the genomes of Bacteria and Archaea, and are distinctively hypervariable. The spacers share sequence
homology with bacteriophage and plasmid sequences, and may provide immunity against foreign
genetic elements via RNA interference, During the natural generation of phage-resistant Streptococcus
thermophilus using lytic phage obtained from yogurt, Barrangou et al. (p. 1709; see the news story
by Marx) found that the integration of viral sequences as new spacers into CRISER lodi indeed confers
immunity against virulent phages in a specific, acquired, and heritable manner. Addition and dele-
tion of spacers alters sensitivity to viruses, and CRISPR-associated genes may be directly involved in
the resistance mechanism.

Staying in Charge
Under normal conditions, the intracellular concentration of
adenosine triphosphate (ATP) is on the order of 1 milli-
molar. Numerous enzymes and regulatory proteins rely on
this universal currency of energy for anabolic, catabolic,
and general housekeeping processes. One of the primary
enzymes that requlates ATP levels is the AMP-activated
protein kinase (AMPK), which senses the relative ratio
of ATP to AMP. When this ratio falls, AMPK phosphoryl-
> | : . ates metabolic enzymes, which then consume less ATP
Naar ’ ’ and make more of it. Townley and Shapiro (p. 1726, pub-
: lished online 8 February; see the Perspective by Hardie) have
solved the structure of the fission yeast AMPK homolog and
/" demonstrate the competitive binding of ATP and AMP at a single
nucleotide site, where the absence of counterions appears to amplify the discrimination belween the
monao- and triphosphate ligands.

Plant Hormone Signaling Receptor

The hormone abscisic acid (ABA) regulates a variety of developmental and physiological processes in
higher plants. Liu et al. (p. 1712, published online 8 March; see the Perspective by Grill and Christ-
mann) have now identified a membrane-bound protein that functions as an ABA receptor. The pro-
tein, GCR2, has features of a G protein—coupled receptor, which have thousands of vanants in animal
cells, but very few known variants in plant cells.

Diameter Modulators of the Nuclear Pore

9 The nuclear pore complex (NPO) controls the exchange of molecules between the cytoplasm and the

§ nucleus. This supramolecular assembly is composed of a set of proteins termed nucleoporins (nups).
Meléak et al. (p. 1729) describe the structure of a complex of nup58 and nup45, which are essential

g components of the central channel of the NPC., The two nucleoporins form stable dimers that further

s associate into tetramers. Two crystal forms contained four conformers of the tetramer, which differed

ﬁ in the lateral offset between dimers. Thus, these nucleoporins may have dynamic inleraction inter-

& faces, and slide relative to each other in order to adjust the diameter of the transport channel to the
size of the cargo.
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A United European Astronomy

AT ATIME WHEN THE POLITICAL VISION OF EUROPE 15 STRUGGLING TO REGAIN FOCUS AND
momentum, European astronomers are working together more than ever on new projects,
Despite the fact that modern astronomy emerged from the European Renaissance, the conu-
nent’s lead crumbled in the 20th century. At that tume, visionary minds in the United States
exploited large economic fortunes to construet great observatories that opened a new window
onto the distant universe. Europe, recovering from the world wars, was unable to compete when
the United States launched its overwhelmingly comprehensive space program in the 19505 and
[960s. But today, the American and European situations in astronomy are more balanced. and
Luropean astronomers look toward the future with renewed optimism, even though they are well
aware that. given the cost of projects and the available funds, hard choices will have to be made.
One important reason for the European resurgence is that farsighted scientific and political
leaders created the European Southern Observatory (ESO) in 1962 to
develop observatories in the Southern Hemisphere, Somewhat later, the
European Space Agency (ESA) embarked ona well-planned program of
space missions. An important advantage of these intergovernmental
organizations is that they can rely on a stable budget. year alter vear.
Despite a budget less than one-fifth that of the U.S. National Aeronautics
and Space Administration (NASA), ESA has launched successtul mis-
sions with well-chosen goals, such as the Hipparcos satellite and the
Infrared Space Observatory, On the ground, ESO’s Hagship., the Very
Large Telescope in Chile, has achieved recognition as the world’s most
powerful optical telescope. providing a wealth of data on objects ranging
from the solar system to the farthest reaches of the universe. As a resuli,
ESO has attracted new member states, with consequential increases in the
budget and incollaboratng institutions, Considerable human exchange and
networking, often fostered by the European Union (EU), have resulted in several bilateral or
multilateral undertakings within and beyond Europe. The result has been an equalizing of com-
petiion that has enhanced, rather than hindered, ties across the Atlantic. ESA has long worked in
partmership with NASA (although the relationship was not always easy ). On the ground, Europe,

North America, and East Asia are now involved in constructing ALMA, a world=class array of

telescopes o explore the cold universe. ESO s leading the European efforts, putting its expertise
in managing large-infrastructure projects at the disposal of submillimeter radio astronomy.

European astronomy 15 now considernng its future, ESAS commumity has established an ambi-
tious inventory of scientific opportunities in space astronomy and planetology in the 2015-2025
time frame, called “Cosmic Vision.” ESA has just issued a call for proposals for the program’s first
space exploratory missions. ESO and its community are conducting studies on the European
Extremely Large Telescope, anovel design for the world s largest optical/infrared telescope, which
will revolutionize ground-based astronomy. Its target for construction is 2010, European radio
astronomers, boosted by Europe’s Low Frequency Array project, are heavily involved in forging a
fuwre worldwide project, the Square Kilometer Array (1o be sited in Australia or South Africa).
The high cost of such new projects, and the universality of science, have encourazed astronomers
from both sides of the Atlantic to form pannerships with astronomers from other continents of the
world, an effort that is further supported by the International Astronomical Union,

To achieve even greater unity, the funding agencies of varnous European countries have come
tozether with ESO and ES A inan EU-sponsored network, ASTRONET. to establish a road map
for the next 20 vears that will encompass ESO and ESA programs and foster collaborations
among European countries in other endeavors. Major organizations such as ESA and ESO are
able to pool and retain critical mass, with respect to both human and financial resources, over
long periods oftime. Ofequal imporance is that, as public bodies., they must serve the community.
This provides a powerful impetus for excellence in the ways in which they operate. It also
ensures constant upgrading of facilities w remain competitive. If Europe’s global agenda
includes keeping astronomy at the forelront, maintaining the unity of European organizations
and their missions will be vital.

— Catherine Cesarsky

10,11 26/5cience. 1141963

www.sciencemag.org SCIENCE VOL 315 23 MARCH 2007

1637



EDITED BY GILBERT CHIN AND JAKE YESTON

GEOLOGY

Diamond Diversity

The chemistry of diamonds brought up from
Earth's mantle—notably their widely ranging
nitrogen contents and nitrogen and carbon iso-
tope values—has complicated understanding of
their origins. It is commanly thought that many
diamonds form from the movement of carbon-
rich fluids into deep mantle rocks of a contrast-
ing composition, thereby inducing diamond pre-
cipitation. To better constrain these fluids and
sources, Thomassot ef al. studied in detail nearly
&0 diamonds contained within one small (<30
cm?) mantle sample carried to the surface in a
kimberlite volcano in South Africa. Surprisingly,

1638

the nitrogen contents and isotopic values of these diamonds in this one sample spanned a large part of the ranges
observed from all diamonds worldwide. The covariations of the data imply that these diamonds formed from a methane-
rich fluid, not a more oxidized fluid as commonly assumed. The wide variation can be produced by the fractionation of
nitrogen and carbon during growth of the diamonds over time. Such fluids may also account for the variable oxidation
state of the mantle beneath Earth's most ancient crust, — BH

BIOCHEMISTRY
Activating En Passant

Autotransporters are a family of bacterial virulence
proteins that are first translocated across the inner
membrane and then inserted into the outer mem-
brane. The smaller C-terminal domain adoptsa i
barrel structure that spans the outer membrane
and serves as a transitway for the larger N-termi
nal “passenger” domain, which is transported
through the barrel; some passenger domains are
released into the extracellular space by proteolysis.
In an extensive series of genetic and biochem-
ical experiments, Dautin ef al. show that the pas-
senger domain of Escherichia coli autotransporter
EspP is cleaved in an unusual fashion: not by a
periplasmic or outer membrane protease, but by
itsell. Enzymalic hydrolysis of a peptide bond is
customarily initiated by an activated nucleophile.
Like the classical serine protease catalytic triad,
where the carboxylate of an aspartate residue
pulls on the hydroxyl proton of the active-site ser-
ine {via an intermediary histidine), EspP also uses
an aspartate, which happens to reside on the
inner surface of the |3 barrel and is located
roughly halfway across the thickness of the outer
membrane. This carboxylate pulls on the amide
proton of an asparagine residue in the transiting
passenger domain; this activales the amide nitro-
gen for attack on and cleavage of the peptide
backbone, yielding a succinimide that could be
resolved as a mixture of asparagine and iso-
asparagine. This asparagine-aspartate self-cleav-
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Earth Planet. 5c. Lett. 10.1016/.epsl.2007.02.020 (2007).

ing mechanism appears to be ulilized by other
autotransporters as well as by eukaryolic viruses
during capsid maturation. — G)C

EMBO . 26, 10.1038/s).emboj.7601638 (2007).

MICROBIOLOGY

At the Point of Attack

Tuberculosis kills approximately 3 million people
each year. The pathogenic agent Mycobocterium
tubercufosis invades and replicates within
macrophages, constructing for itself an intracel-
lular vacuole that shelters it from immune sur-
veillance and attack. Alteri et al. have investi
gated how M. tuberculosis binds to and invades
potential host cells. On
the surface of the
microbe, they discov-
ered fine fibers,
referred to as pili, that
are 2 to 3 nm wide and
are likely to be impor
lant in enabling the
microbe to adhere to
larget cells. They iso-
lated the pili and have
characterized their

M. tuberculosis
with pili.

the sera of tuberculosis patients contained anti-
bodies that recognized the pilin subunil. The
unanticipated identification of what may repre-
sent a key protein in the early stages of host colo-
nization by M. tuberculosis may lead to the devel-
opment of new therapies and vaccines, — SMH
Proc. Nall. Acad. 5¢i. U.5A. 104, 5145 (2007).

CHEMISTRY
Sorting Storage Options

In the search for a practical mode of hydrogen
storage for vehicle applications, light metal
hydride compounds such as LiBH, are appealing
because of their high weight percentage of
hydrogen. However, many such
compounds are thermodynamically
quite stable, and so require exces-
sive heating to liberate H,. One
means of addressing this problem
is to mix together two or more
hydride compounds which, on
releasing hydrogen, can form a sta-
ble co-product that drives the reac-
tion—MgH,, for example, reacts

4 with LiBH, to yield MgB,. Alapati et

composition using mass

spectrometry and immunochemistry, The pili are
assembled from low-molecular-weight protein
subunits; these bind to the protein laminin,
which is an abundant component of the extracel-
lular matrix within human tissues. Furthermaore,

L _ ol have used plane wave densily
functional theory in an effort to
narrow the dauntingly large range of polential
compound combinations worth exploring in this
vein, Specifically, they performed a rough
energy calculation of 152 known light metal
solids and used the results to screen more than

www.sciencemag.org
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300 unreporled possible reactions among them.
Thirteen reactions that fell within a promising
range of enthalpies (including a lower as well as
upper bound, 50 as to ensure feasible rehydro-
genation of the material) were then subjected
to more computationally intensive phonon
density-of-states calculations. The authors note
that their approach is limited by the assumption
of reaction to a known morphology and also
leaves open the guestion of favorable kinetics.
Nonetheless, computed enthalpies of known
reactions proved sufficiently accurate (within
10 k)fmol of experiment) to offer a promising
preliminary sifting mechanism for guiding
future experiments, — ]5Y

Phys. Chem, Chem, Phys. 9, 10.1039/b6179274d

(2007},

BIOMEDICINE

Natural Sunblock

Before the health hazards of ultraviolet (UV) light
exposure were fully appreciated, sun worshippers
applied lotions hoping to tan rather than bum,
Skin tanning results from the production of the
pigment melanin, which absorbs UV radiation
and can partially protect cells from the Uv-
induced DNA damage thal can ultimately cause
skin cancer. Without melanin, cells are highly
susceptible to sunlight; sunburn is the body's
response to this damage.

Cui et al. show that the lumor suppressor p53,
which functions as a transcription facter and is
one of the most intensely studied proteins in biol-
aqgy, plays a crucial role in UV-induced melanin
production. Studying p53-deficient mice as well
as normal human skin samples, they find that UV
light activates p53 in skin keratinocytes (the out-
ermost cells) and that p53 activales the gene
encoding pro-opiomelanocortin (POMC). The
POMC protein is then cul in several places o gen-
erate peptides, including c-melanocyte-stimulat-
ing hormaone, which stimulates melanocytes (cells
located at the base of the epidermis) to produce
melanin. Interestingly, POMC proteolysis also
generates the opioid peptide [f-endorphin, which
the authors speculate might contribute to sun-
seeking behavior in humans. — PAK

Cell 128, 853 (2007).

PSYCHOLOGY
An Empathy Block

Everyday experience confirms the general belief
that humans are social animals; the neural path-
ways subserving prosocial behaviors are a sub-
ject of current research, and the evolutionary ori-
gins of these behaviors are hotly debated.
Although there is evidence that social exclusion
can elicit redoubled efforts to develop social

EDITORS'CHOICE

connections, the consequences of exclusion are
predominantly negative—feeling hurt, acting
belligerently, or adopting a lone-wolf lifestyle—
and Twenge et al. have begun to examine whal
might mediate these apparently atypical
TEsponses.

Using a variety of experimental contexls
(such as the canonical spilled-pencils incident)
and measures (such as donations of money or
cooperation in a prisoner’s dilemma game), they
find that being characterized as having a high
likelihood of a prosocial lifestyle with many
strong relationships, such as marriage, resulted
in participants helping to pick up pencils (on
average, 8 out of 20 spilled) versus the perform-
ance of those labeled as being apl to lead soli-
tary lives (less than 1 pencil picked up). As to
what factors mediate the extent (or absence) of
prosocial behavior, some of the likely candidates
(trusting the other or having a sense of belong-
ing) did not register, whereas empathic concern
did. Combining this finding with an earlier one,
which showed that social exclusion activates the
neural circuits encoding pain, produces the spec-
ulation that an after-effect of rejection is an
emotional numbness or an inability to mirror the
affective states of others, — G]C

J. Pers. Soc. Psych. 92, 56 (2007).

CHEMISTRY
A Swell Stopper

In rotaxane molecules, macrocycles are held
onto rodlike cores by bulky end groups that
effectively act as stoppers. Rotaxane synthesis
usually requires first threading an open-ended
rod through the cycle, followed by the addition

0=+<-0=0

Swelling

of a third molecule to the free end of the rod in
order Lo form the second stopper. Chiu et al.
present a two-component system in which an
enyl-2-vinylcyclopropane end group of the rod-
like molecule “swells” after the macrocycle has
been threaded. A Cope rearrangement that is
slow at room temperature occurs after 2 days of
heating at 50°C, creating a bulky cycloheptadi-
ene capping group. Hydrogenation of the
racemic product mixture yields a single satu-
rated isomer for the rodlike molecule, The
authors demonstrate the technique with two
different macrocycles, confirming by nuclear
magnetic resonance spectroscopy that the rods
and rings successfully interlock, — PDS

I Am. Chem. 5oc. 129, 10.102 1/ja069362i

(2007,
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Slide-sized PCR plates Super compact

Slidetiter™ describes a novel PCR PCR machine
|:|[.-1.l1,r1.1-'hi: his Ihlrl':m:i!r'ilﬁ of a mi-
croscope slide. Not only is the size
condensed, but the wall thic

is reduced to half that of conven-
tional thin-wall plates for ulir
quick PCR protocols, Four Slideti-
ter plates can insert into a single
frame producing the equivalem
of a standard microplate. This ad-
vance allows the use of existing lab
(~|;;|_|i]:|n1{~ﬂ1 10 |;|r|']:'r.1rp,1|1d ..1:1.1[',-'.31:1
PCR samples.

The Piko™ thermal cycler relies
upon our Slidetiter plate to achicve
a tiny footprinm - less than half the
size of any cycler, Qur unique de-
sign delivers unparalleled thermal
performance completing a PCR
protocol in less than 10 minutes,
And with an automated lid, CD
: drive-like loading mechanism, and
Slidetiter frame {blue) with three 96- multiple block formats (24-, 96- or
well Shidetiter plates assembled and 384-well) the Piko is a natural fit
ane plate emoved, for any lab.
.

* Half the price * Twice the speed ® Licensed for PCR ¢ ':"‘..: FINNZYMES
# TEROLS FOIR MOLECULAR BILROSY

Finnzymes & Tel, 1-800-993-1283 * Fax 1-617-245-1962 infof® finneymes.com # www finneymesinslruments, com
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You could

e

Yes, it can happen to you:
If you're a young scientist making inroads in neurobiology
research, the next Eppendorf and Science Prize for

Meurobiology could be yours!

This annual research prize recognizes accomplishments
in neurobiology research based on methods of molecular
and cell biology. The winner and finalists are selected by
a committee of independent scientists, chaired by the
Editor-in-Chief of Science. Past winners include

post-doctoral scholars and assistant professors.

To be eligible, you must be 35 years of age or younger.
If you're selected as this year's winner, you will receive
525,000, have your work published in the prestigious joumnal

Science and be invited to visit Eppendorf in Hamburg, Germany.

Get recognized!

Deadline for entries;

June 15, 2007

www.eppendorf.com/prize
www.eppendorfscienceprize.org

“I feel incredibly
honored lo receive this
prestigious prize.”

2006 Winner
Doris Tzao, Fh.D.
Institute for Braln Research
University of Bremen
Germany

&: Science
PRIZE FOR
NEUROBIOLOGY
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A Proteome to
Drool Over

Saliva is a world of its own, teeming with bacte-
ria, mucus, enzymes, skin cells, blood cells, and
hundreds of different proteins—the product of
multiple glands, serum leakage, drainage from
nasal cavities, and whatever you put in your
mouth. Saliva is routinely used to test for hor
mone levels and illegal drugs. But so far the
only disease it is used to detect is AlDS.

That may soon change, thanks to the
Saliva Proteome Project. For 3 years, several
institutions have been cataloging every pro-
tein that appears in healthy people’s spit.
With 1500 proteins in the dala bank, scien-
tists now want to collect samples from patients
with diseases that might reveal their presence
via saliva, dental researcher David Wong of
the University of California, Los Angeles, told
the International Association for Dental
Research this week in New Orleans, Louisiana.

Although the AIDS saliva test merely
checks for HIV antibodies, scientists look
toward more complex tests—maonitoring
ratios of various substances in the saliva
in the future. Wong expects that tests for oral
cancer and Sjogren’s syndrome, an aulo-
immune disease that affects saliva produc-
tion, will be available in the next couple of
years. Further down the road, he predicts sci-
entists will be able to detect protein markers
for lung, breast, and pancreatic cancers, as
well as diabetes and even Alzheimer’s disease.

Wong says a "Salivary Diagnostic
Roadmap”™—combining both the proteome and
data from another project cataloging pieces of
RNA that relate to the proteins—will be avail-
able in about 4 months.

Susan Fisher, who works on the Saliva
Proteome Project at the University of
California, San Francisco, says that as bio-
chemistry is unraveled, “there are always very
interesting surprises”—as scientists have dis-
covered, for example, from the blood test for
prostate cancer. 5o she says it's possible saliva
will yield information that can’t be obtained
from blood tests.

www.sciencermag.org SCIENCE VOL 315
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Great Materials Moments

Who says materials science isn't sexy? At
the international meeting of the Minerals,
Metals, and Materials Society last month in
Orlando, Florida, 4200 members voted on
a list of the Greatest Materials Moments in
History. Here's their top 10.

The Periodic Table of Elements
Iron smelting

Transistor

Glass

Optical microscopy

Concrete

Crucible steelmaking

Copper extraction and casting

WO sl B W B W P e

X-ray diffraction

i
=

Bessemer process

Rehabilitating Pluto

The latest strike in the Plula wars has come from
the New Mexico State House of Representatives.
Lawmakers there last week delied the decision
by the International Astronomical Union
(1AU) to reclassify Pluto as a “dwarf planet.”
In a statement approved 70-0, the House
declared Pluto "a planet” and 13 March
day of the vote—as "Pluto Planet Day” in
MNew Mexico. It was
on 13 March 1930
that 24-year-old
Clyde Tombaugh of
Las Cruces, an ama-
teur astronomer,
announced his dis-
covery of Pluto,
inspiring local pride
that apparently
endures. Tombaugh
died in 1997, but
his widow Patsy was
present for the vole.

“There are people who take [the 1AU’s
action] as an affront to American astronomy,”
says planetary scientist 5. Alan Stern of the
Southwest Research Institute in San Antonio,
Texas. “The discovery of Pluto was epochal. It
was heralding the Kuiper belt—one of the
hottest topics in planetary science.” The New
Mexico Senate must vote on the measure to
make it official.

the
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(1864)

(1948)
(2200 B.C.E.)
(1668}
{1755)

(300 B.C.E.)
(5000 B.CE.)
(1912}
(1856)

Taxonomy, the

Early Years

By the late 1700s, scientists had
categorized more than 4000 species of animals,
Often tucked away in out-of-print publications,
these early descriptions can be difficult for mod-
ern researchers to hunt down. AnimalBase from
the University of GGttingen in Germany opens
up the classic taxonomic literature,

The library stores
or links to digitized
versions of mare than
700 books and
papers, some from as
far back as the 1550s.
Along with a stack of
works by Carolus
Linnaeus, the Swedish
batanist who
reformed taxonomy in
the 1700s, the hold-
ings include lesser-

known contributions
such as the 1768 trea-
tise by the Austrian nat
uralist Josephus
Nicolaus Laurenti that describes the true toads
(Bufo). To help visitors track down the first use
of a particular scientific name, curators have
begun combing the texts for mentions of
species and other taxonomic groups. ==
www.animalbase.org

Goatskin-covered

books from late
17th and early
18th centuries.
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Pioneers

IDLING. Vijay Pande doesn't want to stop
children from playing video games. In fact,
the Stanford University chemist thinks they
can help him understand what trigeers
Alzheimer’s disease.

Last week., Pande and Sony Computer
Entertainment America announced that by the
end of this month, Sony PlayStaton 3 (PS3)
computer entertainment systems will be able
to connect to Pande’s Folding (e Home (Flee H)
program. The program is a distributed com-
puting project on protein folding and mis-
folding, which can lead 1o Alzheimer’s dis-
ease, among others, I PS3 users activate the
connection, their machines—when dle—will

automatically synch up with Pande’s network and crunch numbers in protein-folding simula-
tioms. The faster processor chips inthe PS3 will extend the work done on FieH by nearly 2 ml-

lion desktop computers since October 2000,

Pande 15 hoping the project might even steer some students toward careers in science by
giving them the chance to watch the protein-folding simulation in real time and manipulate
protems on screen. s a unique way to educate people about science on a molecular

scale.” he says.

AWARDS

FOR CHILDREN. Two women have won the
March of Dimes Prize in Development Biology,
which honars scientific research aimed at
improving the health of babies. Janet Rossant,
a stem cell researcher at the University of
Toronto in Canada, receives the award for work
that helped identify the genes responsible for
the growth and specialization of embryonic
stem cells. And Anne McLaren, a research asso-
ciate at the University of Cambridge, U.K., wins
the honor for her contributions to the field of
reproductive technology, including the first
successful attempt at growing a mouse embryo
in a test tube and then implanting it for natural
birth. The two winners share $250,000.

MOVERS
GOING HOME. Irish biologist Frank
Gannaon, 59, has been appointed director gen-
eral of the Science Foundation of Ireland
{SF1), a funding agency with a €175 million
annual budget. He had announced his refire-
ment as director of the European Molecular
Biology Organization (EMBO) in Heidelberg,
Germany, in December (Science, 15 December
2006, p. 1665).

Gannon, who also headed a group study-
ing gene control by the estrogen receptor at

wWww.sCiencemag.org

the European Molecular Biology Laboratory,
succeeds William Harris, who left SFI last year
to become head of the Science Foundation
Arizona. EMBO is still looking for a successor,

BACK TO PHYSICS.
Stanford Linear
Accelerator Center
{SLAC) Director
Jonathan Dorfan will
step down this fall
after 8 years as head
of the facility, which is
funded by the
U.S. Department of
Energy (DOE) and
managed by Stanford University, The contract
to run the $300 million lab is expected to be
put up for bid soon. Stanford plans to compete,
but Dorfan wants the university to find a new
leader. "I'm thinking of SLAC's future,” he says.
Dorfan has been at Stanford for 30 years
and says he’s looking forward to returning to
the bench to explore the “very significant
mysteries” in dark matter and cosmology.
Dorfan also plans to help with efforts to bring
the International Linear Collider to the United
States, which he says would sustain U.5. high-
energy physics for a generation,

[\
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Three Q’s

Antidoping researcher Donald Catlin is
stepping down as director of the Olympic
Analytical Laboratory, which he founded
25 wyears ago at the University of
California, Los Angeles. Catlin, 68, is
credited with uncovering many sports
doping schemes. He will devote his time
to research at the Anti-Doping Research
Institute, a nonprofit he set up last year.

0: Looking back, are there any discoveries
or drug busts you're especially proud of?
You know, it’s hard to be proud of a
bust. I think norbolethone 15 one of the
maost important ones we ever did. That
was a forerunner of designer steroids.
When 1 figured that one out, I knew
that there were people scheming and
developing designer steroids that we
couldn’t see or find.

0: Has your work changed how you feel
about sports?

Yeah, in a way. | really love the Olympic
maoadel, where 200 countries can all get
out their best athletes and compete, and
the best men and women win. [ts beauti-
ful and execiting, and it should be very
pure. But nowadays sometimes your
hopes are dashed when vou read that
so=and-so 15 dirty,

Q: Do you think we’ll ever be able to put
an end to this?

If vour objective is to get all drugs out of
all sports forever, yvou're going to die
very unhappy. But vou should be able to
get control enough so that the really
high-end sports, where the big names are
competing, are ¢lean,

Got a tip for this page? E-mail people@aaas.org
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2008 BUDGET

RMNAIIn
bacteria

Zerhouni offered senators a str
nent of stem cell re

endorse

Senators Offer Sympathetic Ear to
Complaints on NIH’s Fiscal Slide

Two powerful champions of biomedical
research blasted the White House's proposal

to cut funding for the National Institutes of

Health (NIH) in 2008 and invited research
leaders to vent their own frustrations at a
Senate hearing this week. Senators Tom
Harkin ( D-1A) and Arlen Specter (R-PA).
who head the subcommittee that handles NIH
funding, grilled NIH Director Elias

Zerhouni on 19 March about the impact of
what would be the fifth consecutive year of

subinflationary budgets for NIH. They heard
senior scientists describe a bleak research cli-
mate in which the percentage of funded NIH
grant applications has dropped from 30% o
20%%. And the senators promised to press for
more money for biomedical research in 2008,

MNone of this was unexpected; Harkin and
Specter helped win NIH a 2% increase in
2007 that the White House didn’t request
{(Science, 23 February, p. 1062). More
surprising was an impassioned speech by
Zerhouni about the need for federally funded
human embryonic stem cell research. In
response to a question, he diverged from
Administration policy, asserting that state-
ments that adult stem cells can perform the
same tasks as the embryonic variety “do not
hold scientitic water.” He added that any
attempt “to sideline NIH on an issue of such
importance 1s shorsighted.”

President George W, Bush has ruled that

23 MARCH 2007 WOL 315 SCIENCE

only stem cell lines created before 9 August
2001 may be used in federally funded
research. However, Zerhouni sand, “it’s very
clear ... that these cell lines will not be suffi-
clent to do all the research that we need to do.”
The Administration has declined 1o fund new
human embryome stem cell hines and sawd Lit-
tle about the extent to which federal dollars
should back this research,

Zerhouni’s call for boosting funding for
human embryonie stem cell research comes
as MIH is stll struggling to apportion its
528.9 billion 2007 budget. enacted 5 weeks
ago, Other agencies are strugzling, too; the
president’s 2008 budget proposes “pretty
much ANat-funding everything other than
defense,” savs Jon Retzlaft, director of leg-
islative relations for the Federation of Amen-
can Societies for Experimental Biology in
Bethesda, Maryland. Some agencies that
fund research in the physical sciences. includ-
ing the National Science Foundation, would,
however, receive real increases under the
Administration’s budget proposals (Science,
Y February, p. 750).

lronically, even though Congress gave
NIH a small increase in 2007, the agency is
under a particular strain because it is coming
oft flush times in 1998 1o 2003, when it saw
its budget double. That prompted many uni-
versities to expand, construct new facilines,
and recruit new imvestigators, says Rewzlalt,

Restless
infant Earth

Between 1998 and 2007, the number of
standard investigator-initiated (RO1) grants
roughly doubled to about 30,000, Such
expansion requires long-term commitments,
researchers said, because the agency pro-
vides most researchers with at least a portion
of their salary and covers overhead costs,

“We bought in” to the doubling, “and
now we're getting cut,” says Joan Brugge,
chair of the cell biology department at
Harvard Medical School, in an interview
before she testified at the hearing. Brugge.
who began to study cancer i college aftter
her sister was diagnosed with a fatal brain
tumor, says that the slowdown is especially
frustrating given recent advances in under-
standing the basic biology of cancer, “This
not only forestalls progress but creates an
atmosphere of uncertainty and anxiety.” she
told the senators.

Scientists also spoke of undergraduates
and graduate students turning away from bio-
medical research and senior investigators
leaving the hield after being unable to secure
NIH funding. Robert Siliciano, who studies
HIV at Johns Hopkins University in Balti-
more, Maryland, said he used 1w spend 30% of
his time applyving for grants. Now, he told the
senators, it's jumped o 60%,

Umiversities are already mobihizing to
lobby for more funding. Immediatelv after the
Senate hearing, a coalition of ning institutions
and 20 scientists, including the four who tes-
tified. released a glossy. 2 1-page report that
describes recent strides in cancer. spinal cord
injury, and other diseases, arguing that NIH
erants are well spent and lamenting the effects
of Mat funding.

But beyond the anecdotes. the researchers
and university administrators offered up few
hard figures on the harm flat budgets are
causing. 1 know this will not work outto be a
mathematical formula.” said Specter. but he
profiessed frustration at a lack of data that he
might ofter his more skeptical Senate col-
leagues. “What's going to happen to NIH if
the budget is cut by $500 million™ he wanted
to know. "It would be very helpful to know
how many research projects vou are under-
taking and how many you're turning away.”

The hearing was the Senate’s opening
move n 1ts consideration of NIH's 2008
budget, a process that is expected to ke at
least unul the fall.

-JENNIFER COUZIN

WWW.SCIENCEIma g.org
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MATHEMATICS

ecial report
Europe’s smash hit

Mapping the 248-Fold Way

For more than a century, mathematicians
have struggled to comprehend a vast,
248-dimensional entity, known to them only
as Eg. They have deseribed it as “magic™ and
“miraculous.” but until now. they could not
really understand how it is put together.

This week. an international team of
18 mathematicians and computer scientists
called the Atlas Project. headed by Jeftrey
Adams of the University of Maryland,
College Park, announced that a super-
computer called Sage has successfully
“mapped” E,. In the words of Gregg
Zuckerman. a mathematician at Yale Univer-
sity, “never before has the marriage of pure
mathematics and supercomputing produced
such a prized oftspring.”

Launched in 2002, the Atlas Project has
roots deep in mathematical history. The
ancient Greeks were fascinated by crystals
and polyvhedra because of their rich symme-
try. Ina erystal, however, symmetry comes in
discrete chunks and limited numbers. In the
late 19th century, the Norwegian matheman-
cian Sophus Lie { pronounced “lee™) started
studying objects with smooth rotational sym-
metries. Such objects are rare in three-
dimensional space: spheres, cvlinders,
doughnuts, and cones. But in higher dimen-

Final effort.
Mathematician-
programmer Fokko
du Cloux spent his
last months trying to
finish the E, project.

WwwW.sClencemag.org

sions, they are much more common, and their

symmetries are expressed by Lie groups.
Even the simplest Lie group, the rota-

tions of a sphere, has profound scien-

tific importance. This group. called

SO(3) or A, controls the shape of

electron orbitals. The next interest-

Poisoned
wells

ing Lie group, SU(3) or A,. # ”: '

describes the symmetries of

quarks. Murray Gell-Mann !

nicknamed it the “Eightfold ®
Way.” because it is an eight- ¥
dimensional group, Physicists’
quest for grand unified theories
has led w ever-larger groups

]

and E, is the biggest, most exoti- g e

cally iu;ylnnu:!ri'.,' of them all. Its
mathematical richness makes it a
magnet for string theorists, among
others. “There’s a philosophical ques-
tion of why nature would pick one group %
over another” says John Baez, a mathemat-
ical phiysicist at the University of California,
Riverside. "L 1s so awesome that nobody
could quarrel with this choice.”

The German mathematician Wilhelm
Killing posited the existence of Egin 1887, ma
paper that broke all possible Lie groups down
into four infinite fanulies (labeled A through
D) plus five “exceptional groups” (G, F, E,
E.. and Eg). His French colleague Elie Cartan
described Eg in 1894, In essence, Killing and
Cartan ogether supphied the txonomy of Lie
groups, The Atlas Project aimed 1o compute
their genomes,

In mathematical terms, the team set out to
map each group’s “irreducible representa-
tiens™: the set of different n-dimensional
spaces on which the group’s rotations can act.
Earlier mathematicians, including Zuckenman
(who was Adams’s thesis adviser), had proved
that the representations can be divided into
families. each generated by its own formula. In
theory. it should be possible to use the formulas
to crank out irreducible representations of
every group—including E.—in a finite time.
But no one knew how long the computation
might take, or even it it was teasible.

One person made it feasible, Fokko du
Cloux was a Belgian mathematician and com-
puter scientist with a gift for turning the

SCIENCE WOL 315

Visions of symmetry. The eight-dimensional rool
lattice of Ee there projected into a plane) is like a
cell's nueleus—a place where information abaut its
representations is stored in compressed form,

abstract, and sometimes Nawed. theorems of

group theorists into working algorithms.
“Mathematicians often take shorteuts because
they know what has to be true, but the com-
puter doesn’t,” says David Vogan of the Mass-
achusents Institute of Technology, one of the
participants in the project. “Fokko went back
and tound all the details that weren't quite right
and made it all perfect”

Du Cloux caleulated that Eg has 453,060
amilees. ( Vozan had expected about aallion, )
That meant the “genome™ of E; would be a
table with 433,060 rows and 433,060 columns,
or more than 200 billion entries. Du Cloux

conguered all the groups through E_. but he

didn’t have a big enough computer to [IﬁLIL‘h E,..

Then disaster struck. In November 20035,
du Cloux was diagnosed with amyotrophic
lateral sclerosis, By May, he was bedridden
and could breathe only with a respirator. “But
he was completely engaged,” says Adams. »
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Symmetry unwrapped, A functional view
of the 240 vertices of Ea’s root lattice, with
eight colors indicating relationships
between the roots.

“He would lie on his back in Lyons,
with a video projector pointing at the
ceiling, I would type here in Balti-
more, and he would see on the ceiling
what 1 was typing. We would use
Skvpe to talk. All he wanted to talk
about was mathematics—he never
complained about this terrible thing
that happened to him.”

Du Cloux finally streamlined
the software enough that a super-
computer might be able to do the

i ‘ v o+ calculation, But he did not live 1o

see its completion. He died on
10 Movember 2006.

On 8 January. Sage, a super-
computer at the University of Wash-
ington, computed the last entry in
the wble for E,. But the Atlas Project
is not finished. Like the Human
Cienome Project, it has produced far
oo much data for mathematicians
to assimilate overnight. Also. it

NV OPEN GOVERNMENT

4 The US, House of Representatives has
*
I

broadened protection for government

. I) . + . -
/, scientists who claim that their bosses
¢/, have undermined the scientific process

or suppressed information. Last week.
lezislators passed The Whistleblower Pro-
tection Enhancement Act by a margin
wide enough—331 to 94—to withstand
a promised veto from President George
W. Bush. But the measure faces an uphill
road in the Senate.

The bill. H.R. 983, covers incidents
involving the “dissemination of false or mis-
leading™ scientific information or actions that

compromise “the validity™ of federal research.

CREDHT: AMERICAM |NSTITUTE OF MATHEMATICS

It defines those actions as an “abuse of author-
ity The legislation, which would also apply 1o
imstances in which government scientists are
prevented from publishing data, includes pro-
vistons that open-govermment advocates say
will give whistleblowers a better chance o pre-
vail in federal court and to avoid retribution.
“It’s very important,” says David Ross, a
tormer Food and Drug Administration (FDA)
staffer whose accusations that the agency
ignored data on liver damage in patients
betore approving the antibiotic Ketek in 2004

includes a lot of representations that aren’t
“unitary.” which are the equivalent of junk
DNA in the human genome. Nevertheless,
Adams expects the work to have a practical
impact very soon. especially for number theo-
rists. “The typical thing is that I get a call from
a number theorist who says °1 have such and
such a representation, Can yvou tell me if it is
unitary? " says Adams, “Until now, that’s
been a very painful procedure to figure out”
With the atlas, it could become a simple
lookup. “If there were such an atlas. 1'd buy it
immediately,” savs Peter Sarnak. a number
theorist at Princeton University.

Mathematicians and physicists look
likely to mine the database for vears to come,
Hermann Micolai. a theoretical physicist at
the University ol Potsdam in Germany, says
the fingerprints of Eg can be found all over
heterotic string theory, the most popular ver-
sion of quantum gravity, “If vou ask me if
this will be helpful tomorrow, [ cannot say
yet,” savs Nicolai, “In the end, | think the
symmetry of quantum gravity might be real-
1zed in a more subtle way than we understand
vel. In that event, 1t will be very useful 1o
have a guide or atlas.” -DANA MACKENZIE
Dana Mackenzie &5 a writer in Santa Cruz, Califomia,

§ House OKs Whistleblower Bill

have spawned a congressional investigation.
Ross says the bill is needed because current
protections are “worse than useless™ at regula-
tory agencies such as the FDA and do not
cover scientitic disputes.

But others feel the bill would foree the
courts to address scientiflic questions out-
side their expertise. “If an agency or the
Admimstration disagrees with the findings
of a particular scientist, we should not be
opening up our judicial system for those
disagreements to be litigated as federal
emplovee personnel 1ssues.” said Represen-
tative Bill Sali (R-1D) during an unsuccess-
ful effort on the floor to scrap the science
provisions. Science policy expert Roger
Pielke of the University of Colorado. Boul-
der. wonders how the provisions would be
enforced, positing a situation in which an
incorrect weather forecast could be labeled
an abuse of authority because it contained
false information.

A lobbyist for the Union of Concerned
Scientists. which supports the legislation,
say's that such arguments could hold sway in
the Senate, which presents a “much more
challenging” environment, -ELI KINTISCH

Itching for a Space Fight

The battle between the White House and con-
gressional Democrats over NASA's budget
dominated two hearings last week. Senator
Barbara Mikulski (D-MD), who chairs NASA's
funding panel, told NASA Administrator
Michael Griffin that "there is simply too much
pressure on NASA's budgel.” Her propased
solution—adding $1 billion to the agency's
$17.3 billion 2008 request—would reprise a
bipartisan effort that failed last year.

Earlier the same day, House Science and
Technology Committee Chair Representative
Bart Gordon (D-TN) warned Griffin that
“NASA is headed for a train wreck.” Both law-
makers fear that science will be robbed to pay
for rising space station, shuttle, and explo-
ration costs. The White House is likely to
oppose a bigger budgel. -ANDREW LAWLER

Bignami Back in Orbit

TURIN, ITALY—Giovanni Bignami has
returned to the ltalian space agency, this time
as its director. The space scientist was scientific
director from 1997 to 2002, resigning after
Italy decided to save 520 million by backing off
its commitment to build a radar instrument for
a MASA spacecralt going to Mars.

Bignami says he accepted the job,
offered last week, because he “strongly
believes” ltaly is committed to relaunching
its space research program. Bignami cur
rently chairs the space science advisory,
committee for the European Space Agency.
“His high international profile will help Ital-
ian space science,” says Marcello Onofri of
the University of Rome, La Sapienza.

-FRANCESCO DE PRETIS

Reflowing the Oceans

The ocean science community 15 reuniting wo
of its organizations in hopes that one voice will
speak louder to Congress and the White House,
The Consortium for Ocean Research and Educa-
tion (CORE}—a 13-year-old advocate for ocean
research, education, and policy—and the
31-member Joint Oceanographic Institutions
(JOI}—manager of large-scale research pro-
grams such as ocean drilling—had separated
in 2000 at a time of expanding support for
ocean research. But now, many of those proj-
ecls are being squeezed by soaring oil prices.
The merged organization will provide “a
united voice for the community,” says J0I
board chair Marcia McNutt of the Monterey Bay
Aguarium Research Institute in Moss Landing,
California. Steven Bohlen now runs JOI, and
retired Admiral Richard West heads up CORE.
=RICHARD A. KERR
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MICROBIOLOGY

New Bacterial Defense Against
Phage Invaders Identified

Humans are not alone in having to fend oft
pathogens: even the simplest organisms are
under a constant threat of invasion. Bactena,
for example, are awash in a sea of viruses
known as bacteriophages. “Every 2 days, half
the bacteria on Earth are killed [by bacterio-
phages],” savs phage expert Vincent Fischetti
of Rockefeller University in New York City.
“It’sa constant battle” Researchers have now
identified a new defense mechanism that
helps bacteria hold their own in this battle.

On page 1709, a team led by Philippe
Horvath and Rodolphe Barrangou of
Danisco, a Danish company that produces
bacterial culwres and other materials for the
food-processing industry, reports that bacte-
ria use a sysiem, apparently akin to the RNA
interference (RNAI) system of higher organ-
1sms, o block phage reproduction. thus mak-
ing them resistant to infection.

The work could help the food and
biotechnology industries, which use bacterial
cultures to make products such as cheese and
yogurt as well as proteins for human medi-
cine. These industries, Fischetu says, “have a

terrible problem with phage™ ruining their
cultures and could benefit from better phage-
resistant bacteral strains,

The Danisco team’s work also provides
the first biological evidence for a function of
so-called CRISPR sequences. which were
identified in 2002 by Leo Schouls of the
National Institute of Public Health in
Bilthoven, the Netherlands, and his col-
leagues, These sequences, formally known
by the descriptive name of “clustered regu-
larly interspaced short palindromie repeats”™
because of the way they are arranged in the
genome, are widely distributed in the
genomes of both Bacteria and Archaea,

Accompanying the CRISPR sequences
are a suite of perhaps four to 10 cas
(CRISPR-associared) genes. Researchers
have made a number of proposals about what
these genes might do. For example, Eugene
Koonin and Kira Makarova of the ULS. National
Center for Biotechnology Information in
Bethesda. Maryland, and their colleagues
analyzed the cas sequences and, based on
those structures, suggested in 2002 that they

Invasion. Bacteria such as this one may acquire key
defensive sequences from infectious bacteriophage,
attached at top.

might encode a new DNA repair system. But
more recently, Koonin savs, another idea
emerged as several groups found that the
spacer sequences within CRISPR regions
resemble those of sequences in phage and
also in plasmids, small extrachromosomal
pieces of DNA that can be transmitted
between bacterial species.

In a second analysis. published by
Biology Direct on 16 March of last year,
Makarova, Koonin, and colleagues p

GEOLOGY

A Trace of the Earliest Plate Tectonics Turns Up

Geologists have discovered the earliest known
remnants—by billions of vears—of plate tec-
tonics, the large-scale movement of Earth'’s
crust. The rocks are preserved in plain sight
among the intensely studied ancient rocks of
southwest Greenland. a group of geologists
reports on page [ 704, These days. hot new sea
floor forms from magma at mid-ocean ridges,
spreads away as it cools, and eventually dives
back into the deep interior. In its early days.
Earth was still so hot throughout that
researchers have wondered whether the planet
might have been ndding iself ofheat by some
entirely different means. But the new discovery
“indicates there was a modern-day plate tec-
tonies operating shortly after formation of
Earth.” says geologist Yildirim Dilek of Miami
University in Oxford, Ohio,

Innumerable geologists have walked and
Hownover southwest Greenland's 1 2-kilometer-
long stretch of baked, twisted., and tortured
rock known as the Isua supracrustal belt.
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Dating from Earth’s early adolescence 3.8 bil-
lion years ago, the Isua rocks hold ¢lues to how
the voung planet worked back when life might
have gotten started. In fact, it was the search for
microscopic signs ol early life that brought

geologist Harald Fumes of the University of

Bergen, Norway, and colleagues to [sua in
2006, Furnes had long studied much younger
scraps ofocean crust that had become stranded
on land. called ophiolites. but that day he was
looking for sea-floor lavas that might hold
traces of ancient microbial borings.

Then Fumnes and his colleagues came upon
the sheeted dikes. These banded rocks are the
hallmark of ophiolites and thus of sea-floor
spreading. Built like a stack of cards, they are
composed entirely of the thin sheets ol once-
molten rock injected into the crests of mid-
ocean ridges as the newly formed plates spread
awary from the ridge. The Isua sheeted dikes are
near previously identified components of ophi-
olites: distinctive “pillow™ lavas extruded on

in Greenland

the sea floor from underlying dikes, rock that
solidified in magma chambers that fed the
dikes, and never-melted mantle rock below
that. “The major components [of an ophiolite]
appear to be all there,” says geologist Kent
Condie of the New Mexico Institute of Mining
and Technology in Socorro, “T'm convinced”

S0 Earth had sea-floor spreading almost
2 billion years earlier than previously known,
What about the other end of the tectonic
process? Today, old sea floor dives steeply into
the deep interior on top of a relatively cold,
rigid slab of tectonic plate, a process called
subduction. But some geophysicists had sus-
pected that old ocean plates might once have
recyeled themselves differently—say. by
sinking straight into a hot magma mush as if
it were quicksand.

Furnes thinks. but can’t prove, that some-
thing like modem-day subduction was going
on 3.8 billion vears ago. Rocks adjacent to the
Isua ophiolite geochemically resemble p
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proposed that the Cas proteins and
CRISPR spacer sequences. which were
presumably picked up by the bacteria dur-
ing prior phage infections, together consti-
tute a bacterial immune system that works
by a mechanism similar to that of RNA1 in
higher organisms. The idea is that the spac-
ers make short RNA sequences that can
bind to complementary sequences in mes-
senger RNAS made by invading phages,
This would block their translation into pro-
teins and mark them for degradation by Cas
proteins, some of which resemble those
known to be involved in RNAI.

The Danisco group has now provided
direct evidence for that hypothesis, Working
with the bacterium Streptococchs
thermophilus, which is widely used to make
yogurt and cheese, the researchers found that
infection of the bacteria with phage leads to
incorporation of phage-related spacer
sequences withina CRISPR region. Such bac-
teria became resistant to further infection by
the phage strains that contributed those
sequences. But “if vou take the spacers out, the
resistance is lost,” says Horvath, who works at
Danisco’s lab in Dange-Saint-Romain, France.
The team also showed that at least one cas
gene, which encodes a possible RNA-dicing
nuclease. s necessary for the phage resistance,
This shows, Fischetti says, that bacteria have
“avery neat mechanism by which they are able

to keep bacteriophage under control”

Dennis Romero. a member of the Danisco
team at the company’s lab in Madison, Wis-
consin, says that the CRISPR system may
have a wider function as well. *In addition to
matching phage, the spacers also match chro-
mosomal and plasmid sequences.” he notes,
and thus they might help control normal bac-
terial gene activity.,

Whether or not that is the case, the find-
ings open the door to using the CRISPR sys-
tem to block specific gene activity in bacte-
rizt. just as RNA is used in higher organisms.
And then there is the possibility of producing
more phage-resistant bacterial strains for
industrial use, This could be accomplished by
genetically engineering bacteria with appro-
priate CRISPR spacer sequences: Horvath
says, however, that “Danisco has no plans to
do that in light of consumer concerns about
the use of GMO [ genetically modified organ-
isms], particularly in Europe™

The researchers plan instead to simply
expose bacteria to various phage strains and
then select for those that are resistant. They
can, however. use their knowledge of the
CRISPR spacers to help screen for bacteria
that carry the night spacers to confer the
resistance they want. “Although we can
genetically engineer,” Romero says, “we
found that nature can do the work for us.”

~JEAN MARX

CREDMT: H. FURMES ET AL, SCIENCE

rocks called boninites. These rocks are cooked
up only beneath island chains perched over
subduction zones like those in today s western
Pacific. IT Isua has bona fide boninites, a
magma mush would not work,

All the Isua rocks come from “a pretty
well established subduction zone similar to
what we have today,” concludes Dilek,

“They re hard to explain in any other way.”
Condie can’t quite agree, *1 don’t think it’s
L00% definitive.” he says. "There’s just
enough ambiguity that it may or may not”
have been entirely modern subduction,
Enough ambiguity that lsua geologists will
be heading back to the field with new eves
this summer. ~RICHARD A. KERR

New Strategy to Fight AIDS

PRETORIA, SOUTH AFRICA—A new govern-
ment plan aims to cut South Africa’s HIV
infection rate in half and to quadruple the
number of infected persons receiving anti-
retroviral (ARV) therapy by 2011, The 5-year
strategy, presented at a conference last week,
sels largels Lo meel the commilments made
by South Africa’s vice president in December
(Science, 1 December 2006, p. 1378). The
government will ask Parliament for nearly
52 billion, about 40% of which would pay for
ARV medications, and wants business donors
to match that sum. Francois Venter, head of
the Southern African HIV Clinicians Society,
eslimates that “mare than a million” South
Alricans would be on ARVs in 5 years if the
plan is fully implemented.

About 5.5 million South Africans are
infected by HIV, and roughly 230,000 now
receive ARV therapy. Robin Wood, co-director
of the Desmond Tutu HIV Centre in Cape
Town, calls the plan “a great advance.”
Although the goal may be difficult to reach,
he says, “it's better to set largets too high
than to have no targets.”

=ROBERT KOENIG

Purdue Welcomes Mann Institute

Purdue University in West Lafayette, Indiana,
has clinched a deal to join what the Alfred
Mann Foundation hopes will be a billion-
dollar-plus network to shepherd university
biomedical inventions to the market,

Alfred Mann institutes are designed to be
governed by a board equally split between the
university and the California-based Mann
Foundation. Some universities have balked at
the proposed arrangement, fearing a loss of
control over their intellectual property. Last
year, two North Carolina universities turned
thumbs down on a Mann endowment
(Science, 26 May 2006, p. 1127), although
Mark Crowell, technology transfer official at
the University of North Carelina, Chapel Hill,
says the door is still open Lo negotiations.

One provision gives priority to Indiana
companies in licensing or purchasing tech-
nologies developed at the institute, Purdue
President Martin Jischke won't discuss other
details of the agreement, announced 16 March,
but says everyone's very happy with it. Mann
intends to finance at least 10 more institutes,
A prototype was set up in 1998 at the Univer-
sity of Southern California in Los Angeles, and
a second was created last October at Technion
University in lsrael.

=CONSTANCE HOLDEN
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Having a Blast, Wish You Were Here

The Large Hadron Collider at CERN will smash particles at
unprecedented energy and may open new realms of discovery. It will
secure Europe’s ascendancy in particle physics for years to come

NEAR GENEVA, SWITZERLAND—Measuring
15 meters across and weighing 13,010 met-
ric tons, the enormous disk of machinery
dangles from bundles of cables like a
gigantic yvo-yo. Sectioned like an orange
and festooned with electrical cables, the
contraption could be mistaken for a flving
saucer hoisted on edge. In fact, it's part of a
huge barrel-shaped particle detector, the
Compact Muon Solenoid (CMS), that will
soon snare bits of matter from the new

23 MARCH 2007 WOL 315

highest-energy particle smasher, the Large

Hadron Collider (LHC) here at the Euro-

pean particle physics laboratory, CERN.
The colossus hovers a few centimeters

above the concrete floor of a cavernous sub-

terranean hall, All day, workers have lowered
it down a shaft barely wide enough to take it.
The 100-meter journey strains the nerves,
says Hubert Gerwig, an engineer at CERN,
Now that it's almost over, Gerwig can
relax a litle. “Want to see it move? he asks

SCIENCE

Archana Sharma, a physicist at CERM.
Crerwig pushes the wall of metal. *If vou get
a feel for the resonant frequency, you can
excite it o oscillate, he says, Sure enough,
the giant stirs. “Okay, okay, it’s moving!™
shouts Sharma, as millions of dollars” worth
of delicate equipment sways ever so slightly
across the grain of the concrete.

Gierwig 1sn’t the only one here who s a
little giddy with nervous excitement. In a
few months, CERN researchers will have
completed the 27-kilometer-long LHC. and
in November, they hope to put the largest
and most complex experimental device ever
built through its warm-up laps. Smashing
particles at energies seven times higher than

WWW.SCIENCemag.org
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the previous recard, the LHC should blast out
the one bit o matter missing from physicists’
theory of the known particles, [t could also
spit out a slew of other particles and open a
new era of discovery, The LHC will make
CERN the world’s center for particle physics.

Considering its size and technological
complexity, the LHC *is the modern equiva-
lent of the pyramids.” savs Peter Limon of
Fermi National Accelerator Laboratory
{ Fermilab) in Batavia, linois, who is work-
ing on the machine. But the LHC is more than
a technological marvel. It embodies a broader
movement in particle physics. For decades,
the United States paced the leld. Now, as the
LHC eclipses Fermilab’s Tevawron collider.
Europe takes the lead. "It is certainly true
that the center of gravity of physics has moved
to CERN.” says Hans-Ake Gustatsson, an
experimenter from Lund University in

wWww.sCiencemag.org

Broad shoulders. Pratans will collide in the centers
of titanic ATLAS and three other detectors.

Sweden. “And the U.S. recognizes that
because it’s vesting a lot of money n the
experiments here”

No one knows what the LHU will find.
But this much is clear: The LHC has already
created a revolution in particle physics,

LHC or -EST

It is difficult to describe the LHC without
resorting to superlatives. Not only will the
LHC smash particles at the highest energies,
but it will also feed the largest and most com-
plex particle detectors ever built fora collider,

They will pump out the greatest torrent of

data: ina year, cach could fill a stack of DVDs
25 kilometers high. The LHC will consume a
record 120 megawatts of power, enough to

sustain every household in the canton of

Geneva. At a cost of 4.7 billion Swiss francs
(33.8 bilhon), 1t's the most expensive colhider
ever built, The United States is chipping in
5331 million, mostly for detectors,

Mumbers alone cannot convey the immen-
sity of the project, however. Step into the hall
housing the ATLAS detector, and you find
vourself face to face with a machine eight sto-
ries tall and halfas long as a soccer Deld. The
thing could fill the nave of a cathedral, but
instead of the Holy Sparit. it’s packed with
particle trackers, light-emitting crystals, and
enough other gizmos to £l 100 million data
channels. And it's as precise as it is big, says
CERN's Peter Jenni, spokesperson for the
1 800-member ATLAS collaboration. [t can
measure the curving path ofa particle called a
muon to within 40 micrometers. halfl the
width of 2 human hair,

Circling below the French countryside
between Lake Geneva to the east and the Jura
Mountains to the west, the accelerator itsell
looksa bit like a glorified sewer pipe. Visitors
to the LHCS otherworldly tunnel must carry
oxyeen packs in case the machine’s cryozenic
system leaks sutfocating helium; workers on
bikes speak up on the imattentive, The LHC
lies along one side of the gently curving
tunnel, an endless line of big blue cylinders
connected end o end like sausages. These
are the revolutionary magnets that steer the
beams around the rnng. Twice as strong as
those at Fermilab’s Tevatron, they in fact
|‘.II.:ILI!'iL‘ Wwao 1[CE1..'I1...‘T:I|[!FH carrymg |'|'ﬂ!'|.ﬂl'|.'\' i]'l
opposite directions.

The brawny collider aims foremost to
discover one thing: a long-sought particle
called the Higgs boson, The Higgs would

complete the so-called standard model of

the known particles, says Jonathan Ellis, a

SCIENCE VOL 315
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theorist at CERN. “You could consider the
Higgs boson the period on the end of the
standard-model sentence.” he says. But
physicists hope the standard model 15 not the
final word and that LHC will blast out other
particles and surprises (see p. 1657). “We
had Stephen Hawking here, and he told us
that he wasn't so sure we'd find the Higgs
boson and that he was more interested in
mini-black holes.” Jenni says. “People have
different ideas.”

Mighty ATLAS and CMS will race for
those breakthroughs at the energy frontier.
“It’s going to come down w who is better
prepared and whose detector 1s more com-
plete” when the LHC starts running, says
Tejinder Virdee of Imperial College Lon-
don, spokesperson lor the 2353%-member
CMS collaboration. “They can confirm
[our discoveries], thats allowed.” The LHC
could discover the particles predicted by a
concept called supersymmetry after run-
ning for just a year, Virdee says, But the

"Society is willing to pay a
certain amount and no
more, and to make the

LHC possible, we had to

be innovative.”
—Lyndon Evans, CERN

LHC will also feed two specialized detec-
tors to stake claims to leadership in other
areas as well.

A detector called LHCh will study the
asymmetries between particles containing
elementary bits of matter called bottom
quarks and their anumatter foils. Physicists
at specialized colliders in the United States
and Japan have studied the subtle differences
as the bottoms decay to other “flavors™ of
quark. m hopes of finding hints of new parti-
cles (Seience, 13 October 2006, p, 248).
Even if ATLAS and CMS see those particles
directly, “vou want to study how things
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couple to these new particles,” says
CERN’s Tatsuya Nakada. “And that’s what
vou can do with flavor physies.”

Seven kilometers away, a detector named
ALICE will study a soup of panticles called a
quark-gluon plasma. The ultrahot plasma
Filled the infant universe, and physicists at
Brookhaven National Laboratory in Upton,
Mew York. have recreated it by smashing
gold nuclel with their Relativistic Heavy lon
Collider (RHIC). For a few weeks a year,
the LHC will smash lead nucler at enerzies
28 tmes higher. letting ALICE peer deeper
into the fleeting plasma, says CERNS Jirgen
Schukraft. “The things you can look at here
vou can't look at with RHIC even if you run
it for 50 vears.” he says.

s =

Two decades in the making
But first, researchers must complete the
collider. After a decade of construction,
they are on schedule to finish this vear, says
CERN's Lyndon Evans, who leads the
ellort. (Researchers expect to lower the last
magnet into the tunnel in mid-April.) A
Welshman with a sonorous voice and silver
hair. Evans has the phlegmatic demeanor of
one who has dealt with crises large and
small. On his computer he pulls up graph
afier graph of progress on the LHC s myriad
subsystems. On each a rising red “just in
time” line stands out. “It has some magical
properties,” Evans says. “Things tend to
bounce off it”™ to stay on schedule.

In spite of the dash to the finish. the push

Stability, International Character
Honed CERN'’s Competitive Edge

The qualities that helped the lab make the LHC a reality could put it a step ahead
in the race for the next great particle smasher

In the 19805, physicists hammered out plans
for a garganiuan particle smasher that would
reveal the key bit of matter that would com-
plete their theory of the known particles. The
behemoth would also blast out scads of new
particles and open new vistas of inner space.
It would be the hub about which the world of
particle physics would turn for decades.
Meanwhile, a few researchers at the
European lab, CERN, near Geneva,
Switzerland, mused of building a smaller
machine on the cheap. They called it the

Large Hadron Collider (LHC).

Two decades later, the LHC is about to
chase the discoveries never made by that
other machine, the infamous Superconduct-
ing Super Collider (55C). Designed to
reach energies three times higher than those
of the LHC, the S8C died uncompleted
in 1993 when its budget ballooned from
54.6 billion o more than $8.3 billion and
the LLS. Congress killed it.

Why did the S5C fail and the LHC suc-
ceed? Physicists can point to many stumbling

for the LHC has been a marathon, Physicists
dreamit the collider up more than 20 vears ago
even as CERN built another machine, the
Large Electron-Positron Collider (LEP),
which ran from 1989 to 2000. In fact. they
planned to reuse LEP tunnel and feed the
LHC with existing accelerators. “Without
that, it would have been impossible to build
the machine on a constant [lab] budget.” says
CERN Director General Robert Avmar, At the
time, physicists in the United States were
planning the 87-kilometer-long Super-
conducting Super Collider (S5C). The LHC
couldn’t match the S58C’s energy, but it could
smash more particles. says CERN chief scien-
tist Jos Engelen, In 1993, the US. Congress
killed the uncompleted SSC. leaving the field

blocks that tripped up the S5C (Science,
3 October 2003, p. 38). Instead of building at
an existing lab, officials chose a remote site in
Waxahachie, Texas; rescarchers made a small
but expensive design change: the United
States tried to go it alone and sought inter-
national partners only belatedly. The LHC
succeeded for reasons equally concrete—and
those factors could give CERMN the edge in the
competition for the next gigantic collider, the
proposed 3 1-Kilometer-long straight-shot
International Linear Collider (ILC).

All agree that CERN’s rock-steady
budget was a key to its success in building
the LHC. In keeping with the treaty that
created the lab in 1954, each of CERNS now
20 member nations supports the lab in pro-
portion to its gross domestic product. “The
treaty creates stability because the member
countries recognize that this 1sn’t something
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open for CERN, which gave the LHC the
ereen light the following vear.

Even recyeling as much as they could,
researchers had to push the limits of tech-
nology, Evans says: “Society is willing to
pay a certain amount and no more, and to
make the LHC possible, we had to be inno-
vative," Rescarchers have designed the
strongest magnets by far for an accelerator,

crammed two accelerators into one set of

magnets, used wires of high-temperature
superconductor to distribute power, and
proneered a tvpe of radiation-hard electron-
ics for their detectors. They even chill the
liquid helium that cools the magnets to an
extra-frigid 1.9 kelvin to make it a free-
flowing superfluid, which is also an out-

Cosmopolitan. CERN (foreground) hosls scientists
of 111 different nationalities.

you vote up or down every year,” says CERN
Director General Robert Avmar. The arrange-
ment sets the lab budget 5 years in advance
and even allows officials to borrow against
future income. as they did in 2002 when they
found that the LHC was running 20% over
budget. In contrast. the S5C was far more
vulnerable. In the United States, Congress
funds the national labs year by vear, which
means lab budgets fluctuate and projects
such as the SSC face the ax repeatedly.
When building the LHC. CERN also bene-
fived from moving continuously from one col-
lider to the next. CERN researchers began
designing the LHC even as they built another
machine, the Large Electron-Positron Collider
{LEP), which ran from 1989 to 2000, By using
LEPs tunnel to house the LHC and existing
accelerators to feed i, CERN officials saved
billions of Swiss francs and built the LHC
without an increase in the lab’s budget,
Continuity has also helped the lab accrue
talented personnel. “The most imporiant
thing to making a project like this work is the
quality of the people working under you,”
says CERNS Lyndon Evans. who leads LHC
construction. “One of our advantages [in
maintaining stafl] 1s that we came off another
project, LEPR. which wasn’t so long ago.”
Even before the LHC is up and running,
physicists around the world are looking
toward the next big accelerator and are try-
ing 1o draw some lessons from the contrast-
ing fates of the LHC and the SSC. They say
they will need the ILC to study in detail the
new particles the LHC should spot ( Science.
21 February 2003, p. 1171). Researchers in
the United States, Japan, and Europe all

www.sclencemag.org

standing heat conductor,

To be sure, the LHC has hit some potholes
along the way. In 2001, a review showed that
the project was running behind schedule and
20% over budget, forcing the lab to scale back
other projects and refinance the LHC (Science,
28 June 2002, p. 2317). In 2004, problems
emerzed with the crvogenic lines that transport
the liquid helium to the magnets. Workers had

to rip out, repair, and reinstall 3 kilometers of

line, creatng an enormous backup of the mag-
nets theyd been installing as soon as they
arrved. “Td imagmed storage for 50 magnets,
and in the end [ had to find room for TOO0,” says
Evans, who scattered them all over the lab.
Mow, about 2 vears behind their original
schedule, researchers see the light—or,

want to build the machine close to home,
and “the U.S. and Japan had better look up
and humbly learn from CERN'S lustory and
experience,” says Nobu Toge of the Japan-
ese accelerator laboratory KEK in Tsukuba.
Still. Toge adds. “everyone has a long way to
go to learn how o make the ILC a success-
ful global project before jumping over each
other to see who 15 to host it.”

“Very probably, CERN has
an advantage over any
other place to host an
even-more-international

effort than" the LHC.
—Robert Aymar, CERN

That hasn’t stopped early jockeying, how-
ever. Europeans point to CERN'S success
with the LHC and its explicitly international
character as big plusses. “Very probably,
CERN has an advantage over any other place
1o host an even-mare-international effort than
already exists.” says CERN'S Aymar.

But Japanese and American physicists say
they have advantages of their own. For exam-
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more correctly, the other end of the acceler-
ator—at the end ol the wnnel. Soon workers
will put down their wrenches and welding
torches. and researchers will begin to bring
the machine to life. “We are very excited”
Engelen says, “and a bit worned because
now we have to deliver™

See you in Switzerland

Already, physicists are flocking to CERN in
anticipation. Some 7500 of 111 different
nationalities have registered to work on the
site, as the LHC Jures talent away from other
experiments, such as CDF and DO at Fermi-
lab. “When | was hired, | started to work on
D0, savs Adam Yurkewicz, a postdoc at
Stony Brook University in New York. “But |

ple. CERN's unwavering budget could actu-
ally be a liability in the competition for the
ILC. Although CERN’s funding doesn’t dip
unpredictably, it also doesn’t climb quickly, as
all 20 member nations must agree on any
increase. In contrast, the ULS. government can
rapidly ramp up funding for projects. “The
LLS. system is more dynamic and can react o
things more quickly,” says Pier Oddone,
director of Fermi National Accelerator Labo-
ratory in Batavia. Illinois. That may be impor-
tant for the ILC, which will probably cost
between $10 billion and %15 billion, with the
host picking up halfthe tab.

Physicists in North America and Asia also
note that. although CERN is an international
laboratory, it does not embrace all countries
equally. CERN'S 20 member nations enjoy a
special status compared to “guest” nations
such as Japan and the United States. and many
question whether the treaty structure is flexible
enough to accommaodate a truly global project.

Timing may be key. CERN will be paying
off the LHC until 2011, and after that, the lab
plans to upgrade the machine to produce even
more collisions. So CERN will have its hands
full until the middle of the next decade. In
contrast, the United States will have no collid-
ers for particle physcis in operation after
2009. Japan has a smaller collider that it may
upgrade and will soon be finishing a large
proton accelerator complex. “If we plan to
build the [LC in the 2020s, CERN 15 a good
candidate.” says KEK's Mitsuaki Nozaki.
*Howewver, 1f we wish to start construction
soon after the first physics results come out of
the LHC around 2010, then the ULS. and Japan
are the only realistic candidates.”

Of course, whether the ILC gets built atall
depends on whether the LHC discovers any-
thing worthy of further study. =A.C.
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told them [ wanted to switch to ATLAS because
it's the forefront; it’s the place for discovery.”

In fact, CERN feels a bit hke a resort for
the nerdy set. Motley buildings nestle along
streets named tor Emnstein, Feynman, and
other famous physicists, Here and there lies
equipment awaiting assembly. In the
evenings, friends meet in the cafeteria to chai
over a beer, a Danish Carlsberg or Czech
Budweiser. “There is a different atmosphere
than in the U5 sayvs David Silvermyr, a
Swede from Oak Ridge National Laboratory
in Tennessee. “If you go to lunch here, people
are talking about, “We're excited about this,” or
“We're going to build that In the ULS,, people
talk about budgets.”

But if the LHC is changing the map of

particle physics. 1t also marks a leap n the
field s evolution toward ever-bigger projects.
Since the 1900s, expenmental collaborations
have grown to include dozens, then hun-
dreds, and now thousands of scientists, That
explosive expansion has led some particle
physicists to seek more intimate environs in
other lelds { Seience, 5 January, p. 56). But it
doesn’t faze those who have chosen to work
at the LHC. “T'd still have a sense of satisfac-
tion no matter what was discovered and how
big a role 1 had n 1t.” Yurkewicz says. “I'd
know that | contnbuted.”

Mevertheless, researchers recognize the
challenge of rising from such a crowd 1o a
position of leadership. It 1s a very compet-
itive environment,” says Rosy Nikolaidou
of CEA Saclay, France, who works on
ATLAS. "Each day, vou have to prove that
yvou are the best and that you deserve yvour
chance.” Nektarios Benekos, an ATLAS
member from the Max Planck Institute for
Physics in Munich, Germany, says young
researchers must think strategically to
avold, for example, being pigeonholed. “For
sure, you must not stick too much to a par-
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ticular subsystem. because you lose touch
with the entire detector.” he says.

Those who cannot move 1o Europe face
the challenge of keeping contact with exper-
iments thousands of kKilometers away. That's
a big problem for American physicists,
who make up 20% of the ATLAS team and
30% of the CMS team. To address it physi-
cists are relying in part on a high-capacity
computing network called the Grid to trans-
it data to key labs in other countnes. Those
“analysis support centers” will serve as gath-
ering places that bring the LHC a little closer
to home, says Michael Tuts of Columbia
University, who manages the U.S.s ATLAS
research program. “They’re places where
yvou can go and get the water-cooler conver-
sation.” he says.

In fact, even as CERN draws people, the
Grid should help extend the reach of part-
cle physics across the globe, says Harvey
Newman of the California Institute of Tech-
nology in Pasadena, who chairs the board
that oversees the LS. % CMS team. “There
are countries that weren’t in the field in a
sertous way, and now they are there,” he
savs, For example, physicists in Pakistan,
India, and Brazil will have access to the
LHC data in their home countres.

Waking the giant

The full torrent of terabytes may be awhile in
coming, however. Researchers plan to send
protons around the ring in November and
begin taking data next spring. Even then they
will start at low energy—less than half the
Tevatron’s—and with low beam intensity, or
“luminosity.” *
design [luminosity at full energy] after the
first vear, | think that would be miraculous,”
says Michael Lamont, an accelerator physi-
cistat CERN. “And [ think the experimenters
would be quite happy with that.”

If we can get up to a tenth of

Researchers must go slow because the
LHC is the first collider powertul enough to
destrov itsell. Each of the LHCs beams
packs a staggering 362 megajoules of energy,
the equivalent of 90 kilograms of TNT and
enough to melt 500 kilograms of copper.
Should the machine accidentally steer a
beam into its own innards, the protons could
drill a hole ens of meters long, potentially
taking the LHC out of action for months,

To prevent such a calamity, accelerator
physicists have gone to extremes to protect
the LHC from itself. More than 4000 super-
fast beam-loss monitors will sense protons
spraving out of the beam. Independently,
beam-current monitors will infer losses by
measuring the amount of circulating
charge. And beam-position monitors will
sense when the beams stray from their
proper course. These systems can trigger
magnets that can safely kick the beams
out of the machine in the few hundred
microscconds it takes o make two or three
revolutions, less ime than it takes a wobhbly
beam o veer off course entirely, “For the
LHC, we've tried from the start to cover all
the different possible failure scenarios so
that we don™t have an accident,” says
CERN’s Riidiger Schmidt.

Even if nothing goes wrong. physicists
must take extraordinary steps just to make
the LHC run. The collider 15 designed to
pack 10" protons into each beam. and if just
one 10-millionth of them flew into a mag-
net, they would heat it enough to temporar-
ily kill its superconductivity. triggering a
beam dump. To aveid such “quenches.”

researchers have installed hundreds of

adjustable constrictions called collimators
that will catch the mevitable wayward parti-
cles. "Out of every 1000 particles [headed
toward the collimators], not more than one
should escape to reach the magnets down-
stream,” savs CERN's Ralph Assmann.
“Without this system, the LHC cannot run.”
Those are just the technical challenges.
When the tme finally arrives to power up
the machine, the main challenge will be
managing the people, Lamont says, “There's
zoing to be a lot of people standing in the
control room, maybe not twiddling the
knobs but looking over vour shoulder, and
that’s as it should be; this is as exciting as it
cets,” Lamont says. “But what you really
want is four guys sitting behind closed doors
quietly figuring out how to make it work.”
Those four will have to cope with the crowd,
Wheo could blame anyone for wanting to be
there when the LHC ushers in a new era in

particle physics?
—ADRIAN CHO
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Physicists’ Nightmare Scenario:
The Higgs and Nothing Else

Many fear the LHC will cough up only the one particle they've sought for decades.

Some would rather see nothing new at all

Suppose vou are a particle physicist. A score
of nations has given you several billion
Swiss francs to build a machine that will
probe the origins of mass, that ineffable
something that keeps an object in steady
motion unless shoved by a force. Your pro-
posed explanation of mass requires a new
particle, cryptically dubbed the Higgs
boson, that vour machine aims to espy.
When, afier 2 decades of preparation, you
get ready o switch on your rig, you would
fear nothing more than the possibil-
ity that vou were wrong and the par-
ticle doesn’t exist. right”? Mot exactly.

Many particle physicists say their
areatest fear is that their grand new
machine—ithe Large Hadron Col-
lider i LHC) under construction at the
European particle physies labora-
tory, CERN, near Geneva, Switzer-
land—will spot the Higgs boson and
nothing else. If so, particle physics
could grind to halt. they say. In fact,
if the LHC doesn't reveal a plethora
of new particles in addition to the
Higgs, many say they would rather it
see nothimg new at all.

That may seem perverse, but put
vourself again in the shoes of a parti-
cle physicist. In the 1960s and 1970s,
researchers hammered out a theory
called the standard model that, in
spite of leaving out gravity and suffering
from other shortcomings, has explained
everything scen in collider experiments ever
since and left physicists with few clues 1o a
deeper theory. At the energies the LHC will
reach, the standard model goes haywire,
spitting out negative probabilities and other
nonsense. 50 the collider has to cough up
something new, researchers say, [T it spits out
only the Higes, however, the new golden age
of discovery could end as soon as it begins.

If the lone Higes has just the nzht mass
about 190 times the mass of a proton—it
would tie up the standard model’s loose ends
and leave physicists even more thoroughly
stymied than before, savs Jonathan Elhs, a
theorist at CERN. "This would be the real
Five-star disaster,” he says, “because that
would mean there wouldn’t need to be any
new physics all the way up to the Planck

WA,
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scale.” the mind-bogglingly high energy at
which gravity pulls as hard as the other
forces of nature. The Higgs alone could
essentially mark a dissatisfving end to the
ages-long quest mto the essence of matter,
[T, on the other hand, the LHC sees no
new particles at all, then the very rules of
quantum mechanics and even Einstein’s spe-
cial theory of relativity must be wrong. [t
would mean that everything we thought we
knew about everything falls apart,” savs

1in th

could bring

physics to an end.

Harvey Mewman, an experimenter at the
California Institute of Technology in
Pasadena. That would thrill many but is s0
unlikely that it would be “essentially impos-
sible™ for the LHC to see nothing new,
Newman says. Others agree.

Physicists have no similar guarantee that
the LHC will reveal not only the Higgs but
also exotic new particles that would point to
new physics and open a new era of discov-
ery. So the LHC is a gamble, and many are
pulling for the more exciting long shots.

Quack like a Higgs

Easily the most famous particle not yet dis-
covered. the Higgs has even been crowned
the “God particle™ by one Nobel laurcate. In
reality. however, it is merely an ad hoc solu-
tion o an abstruse problem in the standard
model: how to give particles mass,
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The particular challenge is w give mass
to particles called the W and £ bosons,
which convey the weak nuclear force.
According to the standard model. the weak
force that causes a type of radioactive
decay and the electromagnetic force that
powers lightning and laptop computers are
two Facets of the same single thing. The
two forces aren’t precisely interchange-
able: Electromagnetic forces can stretch
between the stars. whereas the weak force
doesn’t even reach across the atomic
nucleus. That range difference arises
because photons, the quantum particles
that make up an electromagnetic held,
have no mass. In contrast, the particles
that make up the weak force field. the W and
Z bosons, are about 86 and 97 times as
massive as the proton,

Unfortunately, the persnickety stan-
dard model falls apart if theornsts
simply assign masses to the W, Z,
and other particles. So the masses
must somehow arise from inter-
actions of the otherwise massless
particles themselves. In the 1960s,
Peter Higgs, atheorist at Edinburgh
University in the UK., realized that
empty space might be filled with a
Field, a bit hke an electric field. that
could drag on particles to give them
inertia, the essence of mass. The
Field would consist of a new parti-
cle, the Higgs boson, lurking “vir-
tually™ in the vacuum,

Nature appears to tollow this
scheme. Using it, theorists predicied
the masses of the W and Z. And at
CERN in 1983, the two particles
welghed in just as expected, in colli-
sions energetic enough to pop them
out of the vacuum.

Now, mounds of data point to the Higgs.
For example, the lifetime and other proper-
ties of the Z depend on the cloud of virtual
particles Ditting around it like flies swarming
a rotten ham sandwich. Precise studies of the
Z sugeest that a Higes at most 200 nmes as
hefiy as the proton lurks in that cloud. Come-
paring the masses of the W and a particle
called the wop quark shows a similar thing,
says Gordon Kane, a theorist at the Univer-
sity of Michigan. Ann Arbor. “These are two
completely independent preces of evidence
that there is something that walks and talks
and quacks like a Higes.” Kane says. “The
existence of the Higes m the LHC range 1s

essentially certain”

Discovering the Higgs would complete
the standard model. But finding onfv the
Higes would give physicists little to go on in
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their quest to answer deeper questions, such
as whether the four forces of nature are
somehow different aspects of the same
thing. says Aldo Deandrea, a theorist at the
University of Lyon [ in France, “If you have
Just a Higgs that is consistent with the sian-
dard model. then you probably don’t know
what to do next.” he says. *'What then?™

Good taste and extra dimensions
Most researchers say they'll never face that
question because the LHC will discover
plenty ofother things, Many expect it to blast
out particles predicted by a concept called
supersyvmmetry ( SUSY), which posits a
heavier “superpartner” for every known par-
ticle. That may seem unduly complicated, but
SUSY solves problems within the standard
maodel, points toward a deeper theory, and
may even explain the mysterious dark matter
whose gravity holds the galaxies together.
*SUSY 15 unique in that it does all these
things automatically,” CERN' Ellis savs,
Most concretely. SUSY solves a techm-
cal problem caused by the Higgs boson
itself. The Higgs. too. must be shrouded in
virtual particles, and they ought w send s
mass skvrocketing. SUSY would explain
why the Higgs is as light as it appears to be,
because mathematically the effects of part-
ner and superpartner on the Higgs mass tend
to cancel each other. SUSY would also help
explain the origin of the Higgs, which is just
tacked onto the standard model but emerges
naturally from the structure of SUSY,

If it has the right mass, the
Higgs and nothing else
“would be the real five-
star disaster, because
that would mean there
wouldn’t need to be any
new physics.”
—Jonathan Ellis, CERN

interacts with normal matter. and the least
massive superpartner might just it the hill.
With all this evidence supporting it, SUSY
is almost oo beautiful to be wrong, some
theorists say. “All these clues could be mis-
leading,” Wilczek says. “but that would be a
really cruel joke by Mother Nature
really bad taste on her part.”

The LHC might also reveal Far wilder
phenomen:, such as inner parts to electrons
and other supposedly indivisible bits of mat-
ter, tiny black holes, or even new dimensions
ol space that open only at very high energies,
The spare room

and in

could explain, forexample. why gravity 1s so
much weaker than the other forces. “Some-
thing like extra dimensions | give a very
small probability.” savs Michael Tuts, a
physicist at Columbia University. “But the
potential is so big that it’s very exciting.”

A sure bet

None of these more exote possibilities 1s
guaranteed. And particle physicists say that
Just discovering the Higgs would be a tri-
umph, “If the Higgs is anything like theo-
rists predict, we will find 11, says Peter
Jenni, an experimenter at CERN. “We
shouldn’t be disappointed 1f we do.”

Physicists also admit that, regardless of
the intellectual foment it would cause, find-
ing nothing would create problems. at least
with the governments that paid for the LHC.
*Just imagine if we go to the CERN Council
and say, ‘Thank you very much, we've just
spent billions of Swiss francs, and there’s
nothing there,” " Ellis says, “1 think they
might be a tad disappomnted.”

However, finding only the Higgs may
make life nearly as difficult for physicists
trying o persuade governments o build the
next great particle smasher, the proposed
International Linear Collider (ILC). Costing
between $10 billion and $15 billion, the ILC
would map out the conceptual terrain
opened by the LHC (Science. 9 February,
p. 746). By colliding indivisible electrons
and positrons, the ILC would generate

cleaner collisions that should reveal

SUSY could also help details of new particles that will be

unify the four forces. The : nd obscured by the messy proton-on-
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A Sluggish Response to Humanity's
Biggest Mass Poisoning

Arsenic-laced water has sickened thousands in South Asia. After delays and false starts,
India is addressing the problem with a $500 million safe-water initiative

CHANDALATHI, INDIA—LUInul the mid- 194903,
the biggest foe of Gouchan and Renubala Ari
and their extended family was poverty. Then
a more insidious menace began to stalk the
Ari home in Chandalathi. a cluster of mud
huts on the edge of a vellow mustard field
some 60 kilometers north of Kolkata. The
First signs of trouble were brown spots on
their hands and feet that, as the months
passed, developed into thick calluses and
lesions, It was several years later that doctors
visiting the area recognized the hallmark
symptoms of arsenic poisoning,

Tests confirmed that water from the well
the Aris were using was laden with arsenic.
Their oldest son and his wile were diagnosed
with skin cancer, a disease linked with chronic
low-level arsenic exposure. Gouchan sold his
cow, goats, and ducks to pay for their treat-
ment. The couple died anyway. Afraid of suf-
fering the same fate, two vounger sons moved
to other parts of India. *Arsenic destroyed our
home.” savs Gouchan, a frail 76-vear-old who
witlks with a limp because of arsenic lesions.
“I'm tired of showing my calluses to
strangers.” adds Renubala. “Who can under-
stand our misery?™

wWww.sCiencemag.org

Thousands of families in the state of West
Bengal have been atfected by this blight.
More than 40 milhon people here live in areas
with elevated levels of nawrally occurring
arsenic in the groundwater. Authorities esti-
mate that 5 million in West Bengal drink
water with arsenic concentrations above the
government standard of 30 micrograms per
liter, In neighboring Bangladesh, more than
82 million people live in contaminated areas,
And the problem is widening: In recent vears,
rescarchers have
tound high levels of
groundwater arsenic
in several other
Indian states. includ-
ing Uttar Pradesh,
Bihar. and Manipur.

Although there are
no reliable statistics
on arsenic viclims in
India and Bangladesh,
one research group
has counted at least
14,000 of
arsenicosis in West

CaAsCs
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Home wrecker. Gouchan and Renubala Ari lost their
son and daughter-in=law to skin cancer attributed to
drinking arsenic-contaminated water.

arsenic scourge, sayvs Allan Smith, an epi-
demiologist at the Unmiversity of California,
Berkeley, is the “largest poisoning of a popu-
lation in history,”

It didn’t have to turn out this way
tainly not in India. whose government fre-
quently touts the country’s burgeoning sci-
ence and technology capacity, Here in West
Bengal. officials have had a quarter-century to
tackle the contamination. {Bangladesh
learned of the threat a decade later.) Yet the
covernment failed to investigate it adequately
or provide alternative water resources to
affected areas, critics charge. "For many
years, government officials accused us of
lyving and exaggerating the problem,” says
dermatologist Kshitish Saha, who uncovered
the first cases of arsenicosis while at the
School of Tropical Medicine in Kolkata,

Since the early 19905, when Indian author-
iies began w respond more vigorously 1o the
crisis. state and national governments have
pumped tens of millions of dollars into solu-
tions aimed at providing sate water. The
results have been lackluster, A 57 million ini-
tative to fit wells with arsenic Diltration units
Failed because of improper maintenance,
Another strategy—drilling deep wells that
bypass arsenic-tainted agquifers—has pro-
duced mixed results,

The most deplorable aspect of the tragedy,
critics say. is that Indian officials have resisted
educating villagers about the threat. partly out
of concern that this could lead w societal
unrest. This is unconscionable, says Dipankar
Chakraborti, an environmental scientist at
Jadavpur University (JU) in Kolkata. “1f peo-
ple are made to realize the dangers of drinking
arsenic-contaminated water, they will take
care of their own safety,” he savs,

West Bengal officials acknowledge that the
state erred. But they
sy that a half=billion-
dollar initiative now
under way to install
eight surface-water
treatment plants and
360 high-capacity,
deep wells fitted with
arsenic-removal Facil-
ities will provide a
long-term remedy to
what ranks as one of
the biggest public
health disasters of
the modern world.

cer-

Bengal alone. The

Mark of a killer. Renubala’s palms bear the brown
calluses that are a hallmark symptom of arsenicosis.
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delays,” says D, N, Guha Majumdar, a
gastroenterologist on West Bengal's arsenic
task force. "But the government is acting now.”

Shallow reactions
Until the mid-1960s, much of West Bengal
relied on untreated water from ponds, rivers,
and open wells; as a result, cholera and other
lethal waterborne diseases ok a heavy toll.
A savior arrived in the form of shallow tube
wells, pipes bored into the ground with a hand
pump at the top. When the technology for sink-
ing this sort of well became affordable. the
sovernment and private citizens began
installing them by the thousands. Deaths from
infectious diseases fell sharply.

But the tube wells spawned a
new epidemic. After Saha first
linked brown calluses to ground-
water arsenic in 1982, the local
government appointed a panel o
examine the problem and Find
countermeasures. Over the next
3 vears, teams from the School of
Tropical Medicine, the All India
Institute of Hygiene and Public
Health, and other institutions doc-
umented evidence of chronic toxi-
city among hundreds of villagers
in six districts of West Bengal.

Although some experts carly
on blamed the illnesses on indus-
trial pollution, it soon became
clear that the culprit was arsenic
in alluvial aquifers. Researchers
studying the phenomenon—seen
in many other countries, includ-
ing China, Vietnam. Chile, and
the United States—now believe
that soil microbes liberate arsenic
from harmless pyrites in the alluvium. Open
wells, even in arsenic-rich areas, typically
have low arsenic concentrations because
when the water stands exposed 1o air for days,
the metal binds to iron oxides and other com-
pounds and precipitates out of the water col-
umn. This does not happen in an enclosed
tube well.

The crisis persuaded Chakraborti o give up
a career in the United States and return to his
Kolkata roots in 1988 to found the School
of Environmental Studies at JU. Over the next

6 years, he and his group tested hundreds of

tube wells, as well as skin. hair, nail, and urine
samples. They found that arsenic contamina-
tion was widespread. In some areas, the gov-
ernment dug deep wells. But officials disputed
the magniude of the problem and ignored calls
from Chakraborti and others to hamess West
Bengal's plentiful surface-water resources for
a long=term solution,
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Frusirated, Chakraborti took off his
gloves. (It is easy to mistake the pugnacious
scientist for an activist. He once scolded the
state’s environment minister for smoking at a
meeting: on another oceasion, he advised a
prominent arsenic researcher to take a course
in water testing. ) Chakraborti organized an
international conference at JU in February
19935, at least in part, he says, o embarrass
officials into action (Science, 11 October
1996, p. 174). He put victums front and cen-
ter. T had 19 arsenic patients sitting in the
first row.” he says. Seventeen have since died.

The 1993 conference made Chakraborti
persona non grata to the state government: He

NE PAL BHUTAN

Brahmaputra

BANGLADESH
INDIA

Bay of Bengal

says he has been shut out ol government-
sponsored meetings and accused of being a
trantor. But the event had an impact. The next
vear, West Bengal officials requested 8200 mil-
lion from the national government for counter-
measures, receiving less than half of the
request, Part of the money expanded an mitia-
tive 1o sink deep wbe wells in an effort 1o ap
untainted water below the alluvial aquifers.
And in 1998, West Bengal began equipping
2400 hand-pumped shallow tube wells with
arsenic-removal units: 81500 adsorption tow-
ers packed with substances such as alumina or
iron oxide granules. The state also began
building a surface-water treatment plant in
Malda, one ofthe worst-affected districts.

For Chakraborti, this was not enough.
Between 1999 and 2003, he and his colleagues
evaluated the performance of nearly 600 of the
hand-pumped arsenic-removal units. They
uncovered numerous problems. Fifty units had

BURMA
. Areas where majority of wells contain more than 50 micrograms/liter of arsenic.

been installed in areas with potable ground-
water. while 73 were delivering water with
arsenic concentrations above the permissible
limit, And some 175 units allowed water
through with unacceptable levels of iron.
“Overall. the study showed that 82% of the
[units] were not useful,” the researchers
reported last year in the Warer Quality
Research Jowrnal of Canada. They blamed it
on a lack of maintenance, including a failure to
periodically replace adsorption media.

West Bengal officials dispute Chakraborti's
analysis. Amiva Banerjee. chief engineer of the
state’s Public Health Engineering Directorate,
claims that 70% of the mstalled arsenic-
removal units are working fine,
But he acknowledges that they are
not being maintained well. Even
before Chakraborti’s study came
out, the West Bengal government
in early 2006 announced that it
would no longer equip hand
pumps with arsenic-removal units,
“We realized that the government
cannot oversee the maintenance of
these units,” Banerjee says.

Chakraborti’s group has also
assatled the government’s strategy
for boring deep wibe wells indis-
criminately. In the past 10 years, the
researchers have found that at least
20 deep wells— 100 1o 150 meters
deep—in West Bengal’s North
24 Parganas and Murshidabad dis-
tricis have gone from having virtu-
ally no arsenic in the water at the
outset o concentrations ranging
from 30 to 130 micrograms per
liter {exceeding the S0-microgram
limit) within 7 years. Even now,
people seem blind to the risks: In interviews
with Science. some villagers in Morth 24
Parganas district said they trusted that the water
they drink from one of these wells is safe.
Chakraborti argues that deep tube wells should
be sunk only in arcas where there is a thick clay
barrier between the shallow, arsenic-contami-
nated aquifer and the deeper aquifer being
tapped. “Subsurface geology should guide the
strategy.” he says.

Others disagree. Alexander van Geen. a
geologist at Columbia University. 1s i strong
advocate of deep tube wells as a short-term
solution in Bangladesh. He says that mechani-
cal failure of the wells, notarsenic leaching into
deeper aquifers, is to blame for the handful of
tinted wells, “Because of flawed construction,
you end up drawing the shallow water.” says
van Geen, whose team has documented four
such failures out of 51 deep tube wells moni-
tored over 5 vears in the Arathazar region in

www.sCiencemag.org
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Bangladesh, Although he agrees with
Chakraborti’s push for surface water as a long-
term solution, van Geen says deep tube wells,
regularly monitored. are “hard to beat™ as a
source of safe water over the next 10 years,

Technical fixes may be debated, but
nobody disputes the need for better public
awareness, Years ago, the West Bengal govern-
ment decided to paint tube wells with potable
water blue or green and leave unsafe tube wells
unmarked—rather than paint them red, as sug-
gested by the government’s arsenic task force.
“The administration thought that would create
unnecessary panic,” sayvs Chandan Sengupta, a
task force member who formerly managed a
UNICEF project aimed at tackling the arsenic
problem. When JU researchers in the mid-
19905 took it upon themselves to paint unsafe
wells red. Chakraborti says, “one legislator had
the wibe wells painted green and went around
with a loudspeaker telling villagers that the
water in them was fine”

Overcoming inertia
The headquarters of West Bengal's Public
Health Engineering Directorate is located on

the sixth Hoor of a dull high-rise in the heart of

Kolkati. Dim stairwells are splattered with red
marks from people spitting paan, a popular
snack consisting of fragrant condiments
wrapped in a leall Hallways throng with ven-
dors making tea on hittle kerosene stoves, In a
large, open office room, desks are covered
with mountains of paper. but many of the
directorate’s clerks and mid-ranking employ-
ees are nowhere to be seen. Across the hall,
mides stand guard outside the private offices
of senior officials, such as chief engineer
Amiya Banerjee,

Banerjee says that
the government’s
handling the
arsenic crisis 1s now
robust, “We knew all
dalong that surface
water had to be the
long=term solution,
but we needed a quick
fix in the interim.” he
says, referring to the
deep tube wells and
arsenic-removal units
hand-pumped
wells, Banerjee also
defends the decision
not to paint unsafe
tube wells red explaining that doing so would
likely have deterred villagers from drawing
waler for safe uses such as washing,

In any case. Banerjee says, the government
15 now implementing long-term solutions,

of

for
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Defunct. Numerous arsenic-removal units installed
by the West Bengal government no longer work due
ta lack of maintenance.

A Young Scientist
Shaped by Adversity

KOLKATA—First his uncle succumbed. Then
his father, then his aunt. In 2004, when Kartik
Biswas saw his mother, Dulali, develop the same
lesions that presaged the deaths of his other
family members, he took a 5-hour ride by bus
and train from his village in Nadia district to
Kolkata to seek out Dipankar Chakraborti, a cru-
sading arsenic researcher at Jadavpur Univer-
sity. The encounter changed Biswas's life,
Chakraborti helped get Dulali admitted to
a government hospital. Tests confirmed
arsenicosis, and she underwent a skin graft on
her palm. After bringing his mother home,

NEWSFOCUS

Biswas spread the word on arsenic—for instance, by advising villagers which tube wells had
tested positive for arsenic in Chakraborti's lab—and collected water samples for further test-
ing. In 2005, Dulali got sick again and was diagnosed with skin cancer, Doctors amputated her
arm, but the cancer had already spread, and she died last October.

This fall, Biswas, who is completing a master's degree in geography at a local college, will join
Chakraborti’s lab as a Ph.D. student to study countermeasures to groundwater contamination.
Says Biswas, whose palms and feet bear the marks of mild arsenicosis, "Nobody should have to see

their mother suffer like | did.”

Groundwater will continue to be the mainstay.
Under a $500 million initiative funded jointly
by the state and national governments, West
Bengal is sinking 360 larze-diameter deep tube
wells equipped with arsenic-treatment facilities
to pipe water to 70% of the affected population.
Government engineers will supervise mainte-
nance of the weatment plants, Banerjee says,
Chakraborti contends that fitting each well
with an arsenic-treatment plant 1s a waste of
money, considering that only a small percent-
age of wells 1s likely
to become contami-
nated. Van Geen too
labels the plan as
flawed. “Instead of
setting up the treat-
ment plants right
away, it makes more
sense 1o L'I.L:!-i-l::_'l'l H |
pumping system that
could be connected to
an arsenic-treatment
module m the future it
the need arises.” he
says. [F the govern-
ment is determined to
install large arsenic-
treatment plants. he
argues, it would be wiser w purify water from
shallow. contaminated aquifers and conserve
the deeper, arsenic-free aguifers for future use,
Also under the West Bengal imitiative,
five surface-water treatment plants are being

=Y.B.

built. Together with three plants already
commissioned in North 24 Parganas. South
24 Parganas. and Malda. they will serve
30% of the affected population. To pay for
operating costs, the government will charge
Families a connection fee and about 81 a
month. That’s a risky strategy. Indian vil-
lagers typically don’t pay for water, which
officials acknowledge makes it difficult to
get them to switch from a public tube well 1o
a piped water connection. In the 3 vears that
the South 24 Parganas plant has been in oper-
ation, only 25,000 out of the 300,000 homes
intended to be covered by the plant have
taken a connection,

Other efforts under way include the distri-
bution of cheap domestic filters and a drive o
ensure that all 600,000 private tube wells are
tested for arsenic. Majumcdar of West Bengal's
arsenic task foree expects that evervbody in
West Bengal will have safe drinking water
within 3 vears,

Chakraborti is not as optimistic. And he

wonders how many more people will suffer if

awarengss 1s not made an urgent priority. On a
recent visit o Madia district, he meta man with
classic arsenicosis lesions who had never
heard about arsenic before doctors diagnosed
his disease last December. “This man drank
contaminated water for vears and then had w
sell hus land to find out what he was suffenng
from,” Chakraborti says. “What is happening
here 1s a grave injustice.”

=YUDHIJIT BHATTACHAR]EE
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edited by Etta Kavanagh

The Loss of a Valuable Dolphin

JERRY GUO'S ARTICLE "RIVER DOLPHINS DOWN FOR THE
count, and perhaps out™ (News of the Week, 22 Dec.
20006, p. 1860) revealed no sightings of a bain dolphin
{ Lipates vexillifer) during a recent comprehensive survey, IF
as expected, this species 1s truly extinet, then the loss to both
the natural and physical sciences is more profound than most
realize. This animal 15 one of only two species of iver dolphins
(the other being the Ganges river dolphin, Plaranisia gangetica)
that, although bereft of vision and olfactory sense, are able to
migrate, locate prev, and find mates while navigating in a highly
dynamic nvenne environment ( /), The biology of both species 1s poorly known.,

However. insight into their biology could be expected to lead to advancements in acoustic-
based sensors, geolocation, and navigation in extreme environments, as well as the develop-
ment of technologies to assist vision-impaired persons,

The loss of this orzanism highlights the need for unbiased priortzation of conservation bial-
ogy projects within the scientific community, Broader scientific potential contributions need to
be considered in addition to general ecosystem health. Perhaps, other species at nisk would
recerve more attention if the ramifications of their demise were better presented to the public,

MICHAEL D. KASS
Dak Ridge National Laboratory, Oak Ridge, TN 37831, USA.

Reference
1. See httpatnationalzes.siedu' Publications T ooGoen2 0035/ RiverDalphins . fm.

disrupt all actuvity tor 7 Ammal rTMS
research (with overexposure as in LD30 drug

nn.

The Ethics of Transcranial

Magnetic Stimulation

WHEN SCIENCE PUBLISHES RESEARCH USING
healthy human subjects, one assumes there
was minimal risk and’or vital clinical value.
This does not appear o be the case for the work
by D. Knoch and colleagues (“Diminishing
reciprocal Bumess by disrupting the right pre-
frontal cortex.” Reports, 3 Nov. 2006, p. 829),
Their results on the dorsolateral prefrontal cor-
tex’s role in judgments of fairness and sell-
interest are interesting, but they largely vali-
dated what was already suspected.
Experimental subjects received repetitive
transcranial magnetic stimulation (rTMS) for
13 min to produce “suppression of activity in
the stimulated brain region.” The rTMS gener-
ated an electric maelstrom powertul enough o

v SCiENCemang.org

toxicity studies) shows that anything studied
{e.g.. receptor levels) is modified. For rTMS
in humans, known risks range from headaches
o, more rarely, seizures or psychosis (/).
Long-term occult changes and self-reported
symptoms in healthy subjects have not been
studied, and rTMS continues 1o be used for
studies both fascmating and frivolous (just
check the literature),

The use of rTMS on healthy subjects does
not meet the definition of “minimal risk™
(45 CFR section 46,102 nsks...

. than those ... encountered in daily Life™)
We know that healthy subjects don’t risk
serzures or psychosis in thewr “daily hife”
What we don't know is what the residual

1ol :_':r':-"”.l.'f

effects of this activity-swamping tsunami of

electrical current are. The Report demon-

SCIENCE WOL 315

strates a navete about the possibility of rTMS
having long=term or negative consequences.
Oddly, some of these authors have used rTMS
to treat neuropsychiatrie disorders on the
basis ol its long-lasting effects (7). Roentgen's
technology was also once thought harmless,
and x-rays were used to check shoe sizes
(7). We know better now,

LESLIE SARGENT JONES
Associate Professor, Pharmacology, Physiology and
Newroscience, School of Medicine, Member,
Institutional Review Board, Unmiversity of South

Caralina, Columbia, 5C 29208, USA. E-mail: leslie.
jonesg@sche.sc.edu
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Response
WE THANK JONES FOR HER LETTER, WHICH

ofters the opportunity to discuss the satety of

transcranmial magnetic stimulation (TMS) and
the ethies of TMS research i humans and to
address common prejudices about its applica-
tion in healthy subjects. Research on human
subjects should indeed be done with utmost
attention to the protection of all participants,

An international workshop on the safety of

TMS held at the National Institutes of Health

i June 1996 concluded that the nsks of

single-pulse, paired-pulse, and slow repeti-
tive TMS (=1 Hz) are minimal for populations
without certain predisposing conditions, pro-
vided that appropriate satety guidelines and
precautions are followed (/). In our study, we
applied slow; 1-Hz repetitive TMS (rTMS)
in strict to the recommended
euldelines (/). which have been endorsed
by the International Federation for Clinical

adherence

MNeuraphysiology (2).

In predisposed patients, e.g.. those on cer-
tain medications or with underlyving neuropsy-
chiatric conditions, there 1s a rare possibility
for serious adverse effects, most notably a
setzure or the mducton of psychotic symp-
toms ( 3). However, these have never occurred
with slow rTMS in healthy subjects. In addi-
tion, in all our stdies, each subject partici-
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pated voluntarily and on the basis of the provi-
ston of all relevant informaton. The expen-
mental nature of the intended procedure was
made clear at the outset, and all participants
were fully informed ofany reasonably foresee-
able nisks ordiscomforts and about the fact that
they would not derive any direct benefit from
their participation in the study, This included
notification of the possibility of seizures.

Contrary tothe opinion expressed by Jones,
we firmly believe that the findings of our study
provide novel insights inw the role of the right
dorsolateral prefrontal cortex (DLPFC) n the
control of self=centered motives and in overrid-
ing economic temptations, Such findings may
have profound applications for a variety of neu-
ropsychiatrie conditions, For example, increas-
ing the level of activity in the right DLPFC
might promote the inhibitory control of pre-
potent. impulsive responses and therelore
diminish excessive risk-taking behavior in
patients with impulse control disorders. If so,
such an intervention might, for example, prove
useful in clinical populations with drug or non-
substance addictions (e.g.. pathological gam-
bling). in which impairments of decision-
making seem to reflect a breakdown of these
control processes (4). Preliminary findings in
cocaine addicts reveal that high-frequency
rTMS to the right DLPFC, which is thought to
increase cortical excitability in the targeted
brain region, reduces crving (3).

The ethical principles discussed in relation
to TMS research in human subjects were
initially articulated by Green er al. (6), and
subsequent discussions and updates have
appeared ( 7. &). We believe that our study fol-
lowed these articulated high standards and
thus disagree with Joness mplications about
the appropriateness of our experiment.

DARIA KNOCH,* ALVARO PASCUAL-LEONE,?

ERNST FEHR?
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Comparing Neanderthal
and Human Genomes

THE RECENT SEQUENCING OF SUBSTANTIAL
paris of Neanderthal DNA [*Sequencing and
anitlysis of Neanderthal genomic DNA L P
Moonan eral., Research Article, 17 Mowv. 2006,

p. 1113: 04)] was preceded by releases of

drafts of the chimpanzee and human genomes
in 2003 and 2001, respectively, Greeneral (1)
expect recovery of the complete Neanderthal
genome within the next 2 vears, which, it
15 hoped. will allow comparison of all three
genomes o examine the genetic basis of func-
tional differences between the species. With
regard o many evolutionary questions, Lam-
bert and Millar (2) sugeested that analyzing
differences between Neanderthal and human
brains would be of great interest,

However. although such comparisons are of

imterest, it 1s not the static genome but rather the
dynamic proteome that determines the pheno-
tvpe of an organism. Salient examples include
the caterpillar and the tadpole, which share
genomes with the butterfly and frog, respec-
tively, but which have very different proteomes
making them into very different organisms,
Thus, rather than performing untargeted com-
parisons of sizable genomes, we suggest that it
might be more useful to address this question
using a standard hypothesis-driven approach,
One such avenue might be the “fat wtilizaton™
hvpothesis. which holds that the key muta-
tons that differentiate us from Neanderthals
and great apes are in the genes coding for pro-
teins regulating fat metabolism, in particular,
those regulating the phospholipids in bram
syrapses (3, 4). Aspecilic search for varations
m genomic DNA or gene expression related to
lipid biochemistry and metabolism could be
carried out.

Charles Darwin was once asked it he
thought that natral istorians should collect
data without the prejudice of a preformed
lypothesis, or whether they should be obsery-
ing nature with a particular theory in mind (5).
In a stinging reply o his friend. the economist
Henry Fawcett, Darwin wrote that they may as
well “zo into a gravel-pit and count the pebbles
and describe the colours™ (6). Plus ¢a change. ...

THOMAS €. ERREN,! PAUL CULLEN,?
MICHAEL ERREN®
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Germany. Medizinisches Versorgungszentrum  fir
Laboratoriumsmedizin Dr. Loer, Dr. Treder, Hafenweg 11,
49155 Miinster, Germany. YInstitute of Clinical Chemistry
and Laboratory Medicine, Westphalian Wilhelms-University
of Miinster, 48149 Minster, Germany.
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Response
ERREN ETAL. APPEAR TO HAVE NO TECHNICAL
objections to our study, but rather put forth a
general philosophical objection to whole-
genome analysis. They would prefer that we
search for the molecular basis of human-
specific traits by focusing on particular
classes of genes speculated o contribute to
some biological difterence between humans
and other species. We fail w see the advamage
of this approach over unbiased whole-genome
comparisons. The reason such candidate gene
strategies were used in the past was due to
the lack of genomic data sets, The sequencing
of multiple genomes, including human and
chimpanzee, has removed this obstacle. We do
not know in advance which genes or other
functional elements have changed in human
evolution. It therefore seems shortsighted to
guess that mutations in lipid genes, 1o cite
the authors’ example. are responsible for
functional differences between human and
Neanderthal brains. If changes in genes regu-
lating fat metabolism do contribute to human-
specific traits, a whole-genome approach will
efficiently detect that signal. as well as all the
other genes that the authors’ “lipid-centric™
approach would miss.
EDWARD M. RUBIN
AND JAMES P. NOONAN

L.5. Department of Energy Joint Genome [nstitute, Walnut
Creek, CA 94598, USA, and Genomics Division, Lawrence
Berkeley National Laboratory, Berkeley, CA94720, USA.

Letters to the Editor

www.sciencemag.org



Receive a free TagMan™ Low Density Array Upgrade and 20 Free TagMan® Array cards”

Visit 7900HT.com to learn more.

Proven Performance in Labs Everywhere.
Customized for Yours.

The gold standard in real-time PCR

Used by researchers all over the world and referenced in hundreds of journals,
the Applied Biosystems 7900HT Fast Real-Time PCR System is the recognized
gold standard in real-time PCR.

Interchangeable blocks
Configurable and highly Hexible, the 7900HT Fast System offers user-interchangeable
thermal cycling blocks, cycling times as low as 35 minutes and automared plate

loading/unloading for higher chroughpur.

The world’s largest collection of assays
Choose from over 2 million TagMan™ Gene Expression, Genotyping and

miRNA Assays.

Easy, pre-loaded assays in a micro fluidic card format
For the ultimare in case-of-use, order vour assays pre-loaded in the 384-well
TagMan® Low Density Array.

-

To see how the 7900HT Fast System meets your changing research needs, visit www. 7900HT con

- .
AR e

A= Biosystems

* Recewe a Low Density Anay Lipgrads and 20 Free TghMan™ Low Density Anay cards with the purchasa of an Applied Biosystems FS00HT Fast Real-Tera PCA Syvtem. This o¥er cannot be combseed with other prmotions o deecunts Offer

vaalid wntil Manch 31, 2008, Void wiwemn prohiteted. Ths offer s for US customus only = inlematonal cestomers plsiss ingurs with your kacal sales ofice. Dther mstictions may apply Al prices eciude any appiicabls delvery andfon local
tax, Plaass contact your local Sales Representatre fof other dutails of this offer bitpfwwe T00HTcom

Far Research Use Only, Mot for use @ disgnostic procedures The Appled Biosystems JO0CHT Fast Real-Time PCR System o coversd by US Paients Moz E563581 erd B719548 The Appled Biosys
fems TS00HT Fast Real-Time FCR System base unit eguppad with i sample blodk module is an Acthorimd Themal Cyder for PCR and may be usad with FCA licerses available from Applied Bicsystems. s ez with
futhnsred Aeagents also prvides @ lmited PCA licenss in sccordance with the label rights sccompamying such 1eagerts. This wxtrument i keensed under U S Paters No. 6814.834 and conespording claims in is pon-ULS
conpbesparts and under oee of more of LS. Paterts Nem 5038 852, 5656450, 5333675, 5475600 of 6,703,236, or cormespnnding clams in their ron-U5. counterpans, for 1se m ressarch. Puichasa of the wstiument doss pof comvey
any nght o practice tha 5" rudease assay of any of the othes real-tees mathods o nights ender any ofher patert clamsof for any other applicateon sspressly, by implication, or by estoppal, Appled Booys s and AB |Design] am registersd
trademarks and Applen i3 a trademark of Applera Comporation or its subsidiaies n the LS and/\o certain other courtries. TagMan iza regitered iademark of Aoche Molsculir Systess, Inc. ©2007 Appled Biosystems. Al iights resenved



LETTERS

1666

What the Scientific
Community Can Do

IN HIS EDITORIAL "SHOW US THE MONEY™ (8
Dec. 2006. p. 1515). Donald Kennedy sug-
gests that the scientific community should tell
the Administration, the public, and Congress
what 1t can accomplish for our society. As
chairman and member of the executive
committee of the Association of American
Universities and as president of Morthwestern
University, which has made large investments
in human and physical capital over the
last decade, especially i the life and nano
sciences, [ want to do just that,

We can list many research-to-bedside
accomplishments. A discovery in our chem-
istry labs by Richard Silverman led to the drug
Lyrca, licensed to Phizer, which has proved an

effective neuropathic pain reliever for tens of

thousands of patients, Many other universities
can also point o new therapies and diagnostics
that were discovered or developed in therr lab,

The economic benefits of biomedical
research are equally striking. One only has o
look at the jobs created in the construction
industry when we built the Robert H. Lurie

Medical Research Center. the creation of

many new biotech companies from our re-
search efforts, or the mobilizing of private-
donor support to see the economic benelits.
The Chicago area has benefited mightily from
our efforts, as Atlanta has benefited from

Emory’s efforts and Baltimore from those of

John Hopkins,

Elias Zerhouni. director of NIH, is correct
to note that we in the research community
often take for granted the extraordinary
return on investments in NIH (“NIH n the
post-doubling era: realities and sirategies,”
Policy Forum, 17 Nov, 2006, p. 1088). He
refers to scientific and health care benefits.
I can also point to the economic returns
expressed in job creation and multiple effects
of investment from the partnerships among
the federal government. private donors, and
the research universities,

HENRY 5. EIENEN

President, Northwestern University, Evanstan, IL 60201,
UsA

TECHNICAL COMMENT ABSTRACTS

Comment on “Why Are There So Many
Species of Herbivorous Insects in

Tropical Rainforests?”
David A. Norton and Raphael K. Didham

MNovatry et al. (Reports, 25 August 2006, p. 1115) argued
that higher herbivore diversity in tropical forests results
from greater phwlogenetic diversity of host plants, not from
higher host specificity. However, if host specificity is related
to host abundance, differences in relative host abundance
between tropical and tem perate regions may Limit any gen-
eral conclusion that herbivore diversity scales directly with
host-plant diversity.

Full text at www.sciencemag.orgfcgifcontent/full/315¢
581916660

Response To CommenT oN “Why Are
There So Many Species of
Herbivorous Insects in Tropical
Rainforests?”

Vojtech Novotny, Pavel Drozd, Scott E. Miller,
Miroslav Kulfan, Milan Janda, Yves Basset,
George D. Weiblen

Morton and Didham suggest that differences in plant abun-
dance between tropical and temperate forests may influ-
ence the host specificity of hersivores in these forests. We
agree in principle but show that this is likely only for very
rare plant species in tropical forests. Studies of herbivores
hosted by rare plant species would help our understanding
of tropical plant-insect interactions.

Full text at www.sciencemag.orgfegiicontentfulli315/
SB191666¢
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SOCIAL SCIENCE

Dealing with Differences

A. Scott Hendersaon

Il socienes make decisions about the

distribution of goods and services,

Despotic regimes allocate them in
whatever manner they see fit. Governments
based on egalitanan prnciples, however, can-
not act capriciously. Their policies must be
predicated on Justice and fairness. But how
can states create such policies when individu-
als obviously differ from one another”? How, in
other words. do societies committed to equal-
ity deal with differences among people!

In The Measure of Merit, John Carson, a
historian at the University of Michigan, offers
an informative, exhaustively researched ac-
count of how France and America each
addressed this challenge. His narrative reveals
how positivism, the rise of social science, and
cultural beliefs converged to shape our mod-
em notions of intelligence.

Enhghtenment-era thinkers scorned the
advantages and disadvantages that Nowed
from one’s economic status or family back-
ground. They believed that a more rational
and just social order could be constructed on
the basis of merit or. to use a more historically
accurate term, “talents.” To
express this view, Condillac,
Helvetius, Rousseau, and other
philosophers  systematical by
analyzed a broad array of hu-
man aptitudes. Their discus-
10N Were II'.I'IF!UF[.'! nt 1:1.1!' Lwi
reasons. First, although they
did not always agree on the
particulars, they tended to
define talents as a multivalent
phenomenon that could be
enhanced by various means,
including education. Second,
as Carson notes, it was primarily philosophers

who undertook the early mvestigations of

intelligence (the term that would replace tal-
ents by the mid-19th century).

In perhaps the book’s strongest section,
Carson examines how positivism transformed
the study and perceptions of human intelli-
gence. Associated most closely with the
French philosopher Auguste Comte, posi-
tivism sought to apply the scientific method wo
social problems, Comte himself emphasized
the need for social theories w be predictive,

The reviewer is in the Department of Education, Furman
University, 3300 Poinsett Highway, Greenville, SC
29613-1134, USA. E-mail: Scott.Henderson@Furman.edu
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The Measure of Merit

empirically venhiable, practi-
cal. and materialist {not meta-
physical). Emphasizing these
criteria, Comte laid the foun-
dations of modern social sci-
ence. Positivism’s legacy, how-
ever, would miensify a growing
apprehension within the nas-
cent social sciences over exper-
imental methods that departed
from strict, almost mechanical,
objectivity. This near obsession
with objectivity could distort,
as well as clanfy. the phenom-
ena being examined. (Testing
something—mielligence, forex-
ample—suggests that there 15
a tangible entity to examine, sometimes a
debatable proposition. )

The French psychologist Alfred Bimet did
more than any other individual to apply posi-
tivism’s dictums to the study of intelligence.
Binet, with his colleague Theodore Simon,
devised the most comprehensive intelligence
test to that date. Yet, as Carson insight-

fully notes. the first version of

the test ( 1903) was never meant
to generate a single number to
describe an individual s mental
acumen, However, for reasons
that are not clear. between 1903
and 1911 Binet revised the test
by reducing the test adminis-
trator’s discretion (a certain
amount of subjectivity was
inevitable) and placing greater
emphasis on the mstrumental
outcomes (the test’s ability to
precisely locate an individual
on an intelligence continuum). Further revi-
stons, including introduction of an “intelli-
vence quotient.” by Stanford University psy-
chologist Lewis Terman in 1916, produced a
test that envisioned intelligence as biologically
determined. unitary, hereditary, and fixed
throughout an individual s hifetime.

Carson offers intriguing explanations for
why France and Amenca reacted differently to
intelligence tests. The French placed less
importance on them for several reasons:
prolessional amtagonisms, e.g., doctors and
teachers were unwillimg to cede therrauthonty
io psychologisis; intellectual trends, French
scholars bezan to emphasize subjectivity
imost notably, intuition ) over ngid objectivity:

Locating differences in head shapes. Phrenologists, such as
William Bally, argued for “cerebral localization of mental functions.”

mnstitutional exigencies, the French Army
(unlike the American military ) never adoped
and thus never validated the use of intelli-
oence tests: and the presence of fully func-
tional sorting mechanisms in France (a
national system of secondary schools and uni-
versities). Americans, on the other hand, con-
fronted different circumstances and were
theretore more willing w confer intellectual
and practical value on intelligence tests. Also
important were anxieties over the increasing
heterogeneity of American society and the
need, expressed by some. to create intellectual
and racial hierarchies 1o maintain social order.
Even so, Carson concludes that Americans
have never fully accepted intelligence (as
measured by narrowly designed tests) as the
only criterion of merit. Although Carson does
not fully explicate this ambivalence, he cor-
rectly notes it is manifest in current debates
over the Scholastic Aptitude Test,

The Measure of Merit offers a useful supple-
ment to books by Stephen Jay Gould () and
Steven Pinker (7). One miught wish that Carson
had devoted less attention to the 18th century
and more to the 20th—especially to political
scientist Charles Murray's contentious asser-
tions about the distribution of intelhigence (3).
Nonetheless, scholars in several disciplines will
find Carson’s arguments relevant and engaging.
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PUBLIC HEALTH

Plumb Crazy

Rehecca Renner

oday, scientsts know a great deal

about lead. Children and infants are

very vulnerable to this neurodevelop-
mental toxin, which can be harmful even in
very small amounts. Paint, dust. and soil are
the most common sources of lead. In many
places, the lead in soil came from the leaded
gasoline that was formerly widely used in
automobiles. Water, too, can be a source of
lead and recently some ULS. cities and regions
in Brazil, France. and Germany have had
problems with high levels of lead n their
drinking water.

But a hundred vears ago—before leaded
gasoline and the widespread use of leaded
paint—dnnking water contaminated by lead
water pipes was the main source of human-
ingested lead. In 1900, 85% of large US. cities
had lead pipes and so did most major European
cities. In regions supplied with corrosive
waters, such as Massachusetts and northem
England. tap water contained
hundreds of times more lead
than modem standards allow,

Those massive amounts
had massive consequences: in
The Girear Lead Pipe Disaster,
Werner Troesken concludes
they brought illness and fre-
quently death o millions of
people. As a point of compari-
son. Troesken (a historian at the
University of Pittsburgh) notes
that late- 19th-century women
trying to abort a baby would & =
often take pills made of lead
plaster, In towns with the worst
lead problems, a woman could
get the same dose of lead by drinking a glass of
water. Given these levels of contamination, it 1s
lintle wonder that in Massachusetis and north-
ern England lead water pipes appeared o
increase infant mortality rates and stillbirth
rates by up to 25%. By anv measure. this was
one of the most serious environmental disas-
ters of the past 200 years, and yet few people
recognized it at the time and almost no one
knows about it now,

Troesken unearths the catastrophe using a
combination of historical detective work
(focusing on England and Massachusetts) and
modemn epidemiolozy, He mines vast amounts

The reviewer is a science writer in Williamsport, PA, USA,
E-mail: rennen@ nasw.org
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of data and information by digging away at old
government reports, scientific papers. court
documents, and books. Then he applies mod-
ern statistics and knowledge about lead to
reveal what happened.

The harmful effects of lead water pipes
became apparent almost as soon as cities the
world over began to install them, Observant
doctors and scientists began attributing sick-
ness and death w lead pipes as early as the
1850s. Early in that decade, Erasmus Fenner.
a prominent New Orleans
physician. traced an epidemic
of colic and convulsions to the
ciy s expanding system of lead
waler pipes,

The British physician Nor-
man Porritt had an even more
sweeping understanding of the
problem. Perhaps his personal
experience may have piqued his interest in
lead’s effects. as he twice came down with lead
poisoning, Porritt noticed that eclampsia
(pregnancy-related seizures and coma) was
mostcommon in northern England and Wales,
where the water chemisiry was likely 1o dis-
solve lead. He published on the “cumulative

“Lead helps to guard your health.” The illustration for an ad in the November
1923 National Geographic, one of a series by the National Lead Company.

effects of infinitesimal doses of lead™ (1) and
wrote a 1934 book (2) to alert society to this
menace. Like Fenner, he was largely ignored.
Troesken shows that Porritt was right. Armed
with more data, epidemiological models, and
statistical methods that can control for con-
founding factors. he vindicates Porritt. The
rates of death from eclampsia were two to three
times as high in waters with a greater tendency
to dissolve lead.

Troesken notes that there are many reasons
why the evidence was ignored and the doctors’
warnings went unheeded, Chronic lead expo-
sure produces symptoms that are not unique.
and its effects are not so dramatic as the sudden
death associated with cholera and other infec-
tious diseases that wracked societies at the

The Great Lead Water
Pipe Disaster

by Werner Troesken

BOOKSETAL

time. [n addition, most doctors tended o focus
on adults rather than more-vulnerable chil-
dren. And although the problem was wide-
spread, it was not always associated with lead
pipes. For lead to contaminate water, the water
needs to corrode lead. The factors that cause
water to be corrosive can be subtle and make
drawing the causal link more difficult,

But scienufic arguments only partly
explain the failure of early-20th-century soci-
eties to accept the lead pipe problem. There
were social factors as well.
Municipalities were in denial
about the dangers. Lead pipes
were an expensive improve-
ment that brought pure water
to homes; how could that be
wrong? There was even a the-
ory to bolster their disregard:
the doctrine of protective
power, which held that over time most lead
pipes developed a protective interior coating
that inhibited subsequent uptake of lead. The
concept has merit in many cases, but cities
made the convenient mistake of expecting it to
apply universally. The courts compounded the
problem when judges decided that customers,
not municipalities. were responsible
for any contamination that came
from pipes installed by the cities.

Over tme, the massive levels of
lead in drnking water have declined,
Engineers have learned how to con-
trol the corrosiveness of water.
and lead pipes are gradually being
replaced. But Troesken's tale is more
than an interesting historical foot-
note. Lead water pipes are still in
use, and there are other sources of
lead in drinking water, including
solder and brass plumbing fixtures.
Between 2000 and 20035, Washing-
ton, D.C., faced a lead crisis in which
thousands of homes had elevated
lead in their drinking water: in the worst cases,
the contamination levels approached those
seen in the early 1900s. In many ways,
Troeskens account in The Grear Lead Water
Pipe Disaster resonates uncannily with
Washington's problem. A well-intended change
in water treatment had the undesired conse-
guence of increasing the water’s corrosiveness.
Public officials tried to explain the threat sway
with a modern version of the doctrine of pro-
tective power.
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CLMATE CHANGE

Carbon Trading Over Taxes

William Chameides.'* Michael Oppenheimer

s the United States moves inevitably
toward climate legislation, discussion
has shified from the science to the

olicy options for slowing emissions of
. =

carbon dioxide (CO,) and other greenhouse
gases. Some favor a tax on CO, emissions

referred to asa C tax ( /). Others favor Overn-
ment subsidies ( 7). Ifhigh enough to alter con-
sumer behavior, a carbon tax would reduce

emissions by raising the effective price of

carbon-intensive energy relative to carbon-
free sources. Subsidies may speed develop-
ment of specific, targeted low-C technologies.

Butamarket-based svstem with an econonty-
wide cap on emissions and trading of emis-
sion allowances would do the same, while
having distinet advantages ( 3). Most impor-
tant, a cap-and-trade svstem, coupled with
adequate enforcement, assures that environ-
mental goals actually would be achieved by a
certamn date. Given the potential forescalanng
damages and the urgent need to meet specihic
emission targets (4), such certainty is a major
advantage. A tederal cap-and-trade system
could be incorporated into existing emissions
trading frameworks and markets, such as the
Kyoto Protocol’s international market or sub-
national ones like the Regional Greenhouse
Gias Initiative,

Earth’s climate 15 agnostic about the loca-
tion and type of CO, emissions and 1s sensitive
only to the total burden of C( ), It makes sense,
therefore. to design a climate policy that taps
all possible avenues to limit net CO, emis-
sions. Trading of emissions across all sectors
of the economy addresses this by allowing
emitters w purchase carbon offsets from busi-
nesses that are able to lower their own emis-
sions below their allocation, If trading were
incorporated imo an international system, ULS,
firms and consumers could meet

emissions targets at reduced costs [
by substituting less expensive cuts

in, for example. developing coun- g "
tries, for expensive emissions cuts o
in the Unned States. Because g

investment would be funneled to % 3
£

0
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2004

Effect of carbon credits. U.5 green-
house gas emisskons for 2004 and 2025
with business as usual (blus); estimated
U.5. land-management offsets in 2025 at
515 and $50 per ton of CO, (green); 1
petagram = 1 billion tons (table S1).

Pollution credits exchanged for cash,

technologies that reduce CO, emissions at the
least cost, the overall expense of the program
would be minimized.

Cutting emissions of pollutants 1s admit-
tedly not as complicated as cutting CO, emis-
sions. and transaction costs can be a factor.
Nevertheless, the United States was able to
reduce sulfur oxide emissions ahead of sched-
ule and at 30% of the projected cost using
a market-based cap-and-trade system (35).
Elimination of lead from gasoline and phase-
out of vzone-depleting chemicals were also
facilitated by emissions trading programs.

Offsetting emissions by storing carbon in
soils, forests, and other forms of biomass in
the United States has the potential to offset
10 to 20% of ULS. enussions in 2025 at rela-
tively low cost (see chart below and table
S1). International opportunities also exist.
Deforestation of tropical ranforests is cur-
rently estimated to cause more than 7000 mil-
lion metrie tons per year of CO, emissions, the
equivalent of about 25% of worldwide emis-
sions from fossil fuel burning today; in 2023
the percentage is estimated to be about
15% (table 52). Using an international
cap-and-trade market
to compensate nations
for slowing deforestation
would bring a significant
block of emissions under
management, while pre-
serving irreplaceable eco-
systems and providing
income to developing eco-
nomies {6-4).

Ensuring the integrity
of such a system will
TCQUIne rgorous monitor-
ing. auditing, and regisira-
tion, Leakage (e.z., where

2025 515ton $501on

Carbon emissions trading ensures not only
that targets will be met by a specific date but
also fosters international cooperation and
development objectives.

reduced tumber harvest in one
location is replaced by increased
harvest elsewhere to meet demand

baselines in capped and uncap-
ped systems. and the full climate
effects of enhanced biological
erowth must be addressed (9111,
However. these problems are man-
ageable (/7). Frameworks and
methodologies for documenting
the size and validity of carbon off-
sets based on land-management
practices are available (12, [13).
Following such a methodology will not be a
trivial exercise. It will involve costs that will
affect those hoping to market offsets, But the
advantage of a market-based system is that it
provides an incentive for inmovation—which
can translate into inexpensive CO, emission
reductions. Why would we want to exclude any
sector of the economy from this competition,
let alone one with such large potential?

References and Notes

1. W H. Schlesinger, Science 314, 1217 (2006),

2. M. | Hoffert et al., Scrence 298, 981 (2002},

3. C-1.Yang M. Oppenheimer, (Tim, Change 8O, 199
(2007},

4. H.). Schelinhuber, Ed., Avaiding Dangerous Climate
Chonge (Cambridge Univ, Press, Cambridge, 2006).

5, Natronal Acid Preapitation Assessment Program Report
fo Congress: An Integrated Assessment (.5, National
Science and Technology Council, Washington, DC, 2005);
www.esrl.noaa.govicsd/AQRSreparts'napapre port5 . pdi,

6. P. Moutinha, 5. Schwartzman, Eds., Tropical Deforestation
and Climate Change (Amazon Institute for Environmental
Reseanch, Balim, Pard, Brazil, 2005).

7. R.Bonmig, 5. Schwartzman, M. Oppenheimer, ]. Bloomfield,
Science 288, 1763 (2000).

B. M. Santilli et al., Clim, Chonge 71, 267 (2005).

. F. Keppler et al., Nature 439, 187 (2006).

10. 5. Gibbard ef al., Geophys Res. Lett. 32, 123705 (2005).

11. L Olander, Do Recent Saentific Findings Undermine the
Climate Benefits of Sequestration in Forests? {Nicholas
Institute, Durham, NC, 2006); www.nicholas.duke.edu/
institute/methanewater.pdf

12, Nichalas Institute, Harmessing Forms and Forests in the
Low-Carbon Economy: How Lo Creale, Measure, and
Verify Greenhouse Gas Offsets Based an Stering Carbon
in Trees and Soil and Reducing Emsaons from Land Uise
(Duke Univ. Press, Durham, NC, in press).

13, |, M. Penman et al., Eds, Intergovernmental Panel on
Climate Change: Good Practice Guidance for Land Use,
Lond-Use Change, and Farestry (Institute for Global
Environmental Siralegies, Hayama, Kanagawa, |apan,
2003); www.ipcc-nggip.iges.orjpipublic/ gpglulucly
gpglulucfhtm.

w0

Supporting Online Material
www.sciencemaguorg/cgiicontentfulli31558191670/DC1

10.1126/5cience, 1138299

WWW.SCIENCEemag.org

for lumber), the credibility of

CREDIT (TOF) PETER MOEY



BIOCHEMISTRY

Balancing Cellular Energy

D. Grahame Hardie

besity and type 2 diabetes are disor-

ders of energy balance that are reach-

ing epidemic proportions worldwide,
A key target for drug development in this area
i5 the adenosine monophosphate-activated
protein kinase ( AMPK) complex. which regu-
lates cellular energy balance. For example,
AMPK 15 switched on in muscle during exer-
cise as a result of increased energy demand,
triggering metabolic changes such as the
switch from storing to consuming fats and
carbohydrate. AMPK activation dunng regu-
lar exercise helps 1o protect against obesity
and diabetes. and this protein complex is also
the target for antidiabetic drugs such as the
biguanides and thiazolidinediones (/). On
page 1726 of this issue. Townley and Shapiro

(2) describe crystal structures for the core of

the AMPK complex from fission yeast. The
study provides insights into binding of AMP
and adenosine triphosphate { ATP). which may
be very helpful in the design of new drugs.
Mammalian AMPK regulates energy bal-
ance by monitoring changes in the cellular
concentrations of the nucleotides AMP and
ATP. An increase in AMP concentration
indicating an energy deficit—switches the
kinase on, causing it to attach phosphate w
downstream target proteins, thereby switching
on proteins involved in ATP-generating path-
ways and switching ol those imvolved in ATP
consumption. Conversely, high ATP concen-
trations—indicating  enerzy sufficiency
prevent AMP from switching on the Kinase by
competing for binding at the same site.
AMPK and its relatives in nonmammalian
species are composed of a catalytic subunit
(te) and two regulatory subunits (f and ). The
nucleotide-binding sites are located in two
“Bateman domains,” each of which is formed
by two repeats of a pattern of amino acids
termed a CBS mouf (7). The nucleotide-

binding site has been modeled on the basis of

the structure of other Bateman domains and
on the locations of mutations causing human
heart disease that are known to interfere
with nucleotide binding (3. 4). Townley and
Shapiro now show how the subunits interact
in, and how the nucleotides are bound to. the
core of the affycomplex from fssion veast,

The author is in the Division of Molecular Physiology,
College of Life Sciences, University of Dundee, Dundee
DD SEH, UK. E-mail: d.g.hardie@dundee.ac.uk

The ability of mammalian AMPK to phos-
phorylate downstream target proteins is in-
creased =100-fold by attachment of phos-
phate w its ¢ subunit by another protein ( 5, 6),
This proten seems o phosphorylate AMPK
constantly. but the phosphate 15 normally rap-
idly removed by yet another enzyme, so that
AMPK immediately returns to the inactive
state, Binding of AMP 1o the ysubunit inhibits
this dephosphorylation (7. ). providing a
mechanism for converting the kinase to its
active state during tmes of energy deficit,
AMP binding also induces a change in struc-
ture that causes an addinonal activation: the
combination of the two effects produces

=1 000-fold activaton (%), However, neither
effect of AMP appears to occur with the
related protein from budding yeast (8), even
though the AMP-binding sites are conserved.

Large multiprotein complexes are ofien
difficult to crystallize because of their com-
plex shape and Hexibility, The strategy ad-
opted by Townley and Shapiro was to treat the

N-terminal
domain

The core of the complex. The structures of Townley and Shapiro (2)
contain the C-terminal domains of the o (yellow) and [3 subunits (red)
shown at the top, and the entire ysubunit, The [i and ¥ subunits inter-
act mainly via the central [} sheet. Bateman domains A (formed from
CB51 and CB52) and B (CB53 and CB54) face each other like mirrar
images, with domain B to the front in this view. A single AMP mole-
cule is bound in domain B, with the negatively charged phosphate
group (red oxygen atoms) interacting with a positively charged side
chain on CBS4. The approximate positions of two equivalent positive
side chains in human CB51 and CB52 are alsoindicated; these are not

conserved in the yeast enzymes.

The structure of the core of an enzyme complex
that senses and responds to changes in the
cell’s energy balance has been solved.

human complex with protein-degrading en-
Zymes to generate the more compact and rigid
core of the complex. This core contained
the entire ¥ subunit but only the C-terminal
domains of the o and 3 subunits, which were
known to be required for formation of the ey
complex. Bacteria were then programmed 1o
make this core complex by genetic manipula-
tion technigues, but suitable crystals were
obtained only with the protein from fission
veast and not with that from humans. This is
unfortunate, because little 1s known about the
Fission yeast enzyme, although its sequence is
more similar to that of the protein from bud-
ding yeast than to the one from humans,

In their structure, the C-terminal domain
of the o subunit has a compact shape. with the
Ceterminal domam of the 3 subunit snaking
around it (see the figure). There is minimal
contact between o and ¥ but extensive contact
between P and ¥. The amino acids involved in
the B-vinteraction tend to be similar in AMPK
relatives in all species, which suggests that the
subunit interactions will also
be similar.,

In the structures reported
by Townley and Shapiro, the
N- and C-terminal Bateman
domams (domains A and B)
face each other like mirror
images. Inerystals grown in the
presence of AMP or ATP. a mol-
ecule of each nucleotide was
bound in a very similar manner.
but only in domain B, Although

Mg, the ATP complex con-
tained no metal. This agrees
with findings that ATP binding
to the Bateman domains did not
require Mg®* (3). It also helps 1o
explain how AMP can compete
= effectively for binding with
ATPE even though the latter 1s
normally present at 100-fold
higher concentrations: Most
ATP in the cell is present as
the MgATP2 complex, where-
as the concentration of free
ATP is much lower and closer
to that of AMP

Bateman domain A was un-
occupied by nucleotide. despite
high AMP and ATP concentra-
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tions during crystallization. This was unex-
pected, because the 1solated Bateman domains
from the mammalian ¥ subumits bind two mol-
ecules of AMP or ATP (3). This 1s hikely to be
a genuine difference between the mammalian
and yeast enzymes,

In the new structures. a positively
charged side chain in domain B (lowest “+"
symbol in the figure) interacts with nega-
tively charged phosphate(s) on AMP or
ATP. A mutation of the equivalent side
chain in the human enzyme (y2 variant) that
causes severe heart disease also greatly
reduces binding of AMP( /0). In the human
enzyme, mutations in positively charged
side chains occupyving similar positions in
CBSI and CBS2 (upper “+" symbols in the
figure ) cause similar effects (3), supporting

the idea that domain A also binds AMP in
humans. Recently. my laboratory has pro-
vided evidence for a mechanism of activa-
tion of the human enzyme by AMP ([/)
that involves binding of AMP to these side
chains. These residues are not conserved in
the fission or budding veast enzymes,
which might explain why the latter is not
activated by AMP.

Resolving these remaining uncertain-
ties and anomalies will require structures
of mammalan L"-'l']'-llpt'q.'l';ﬁ in the presenee
of AMP or ATF. together with other meth-
ods to study domain interactions, espe-
cially of those domains not present in
the structures reported by Townley and

Shapiro. The effort will be very worth-
while if it facilitates development of new

drugs aimed at reatment of the epidemic
of obesity and diabetes.
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PHYSICS

How Does the Proton Spin?

Steven D. Bass

any particles, such as electrons. pro-

tons, and neutrons, behave like spin-

ning tops. Unlike classical tops,
however, the spin of these particles is an intrin-
sic quantum mechanical phenomenon, This
spin is responsible for many fundamental prop-
erties of matter, including the proton’s mag-
netic moment, the different phases of matier in
low-temperature physics, the properties of neu-
tron stars. and the stability of the known uni-

verse, In recemt experiments, a number of

research groups have been seeking to shed
some light on the puzzling ongin of spin and
how this might resolve some large discrepan-
cies between theory and experiment.

Particles such as the proton are actually
combinations of more basic entities called
quarks and gluons (which bind the quarks
together), One of the challenges to physicists
over the past 20 vears has been to understand
how the proton’s spin is built up from s quark
and gluon constituents, Models of the proton
generally predict that about 60 of the proton’s
spin should be carned by the intrinsic spin of its
three quarks. with the rest carried by orbital
angular momentum (that is. the quarks fying
around inside the proton). However. expen-
ments at CERN (European Organization
for Nuclear Research), DESY {Deutsches
Elektronen-Synchrotron ), and SLAC { Stanford
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Linear Accelerator Center) have taught us that
the contribution from the spin of the quarks
inside is small, only about 30% { /), This
shortfall offers a substantial challenge w our
understanding about the structure of the proton.
To sort this out, a vigorous global program has
produced about 1000 theoretical papers, and
dedicated spin expenments are under way at
CERM. DESY, Jefterson Laboratory, and RHIC
{Relativistic Heavy lon Collider) to map indi-
vidual quark and gluon angular momentum
contrbutions to the proton’s spin. These expen-
mients are now yielding exciting results (5).

The proton is described by quantum chro-
modyvnamics (QCD, the theory of quarks and
gluons) as a bound state of three confined
*valence™ quarks (6). The quarks have spin
142 and interact through the exchange of glu-

Protons are made of quarks and gluons, but
their spins don't add up. New experiments may
help resolve this discrepancy.

Spin story. Physicists use Feynman diagrams such
as this to express the sequence of events in a high-
energy particle collision. In one type of experiment,
a polarized muon (p) and a polarized proton (p)
approach each other on the left hand side. As they
interact, the muon exchanges a polarized photon
). Pairs of charm-anticharm quark particles {c-T are
produced; the precise number of these particles
created depends on the spin of the gluons (G in the
polarized proton, which allows the spin of the
gluons to be reconstructed.

ons, which have a spin of 1 (where spin is
quoted in units of Planck’s constant divided
by m). When we probe deep inside the proton,
the strength of quark-gluon and gluon-gluon
mteractions 15 small because of “asymptotic
freedom.” This unusual idea means that,
unlike some interactions, such as electrostatic
forces, the force between quarks and gluons
weakens as they get closer together. If a quark
tries to escape, though, the force becomes
stronger—so strong, in fact, that the quarks
and gluons are always bound inside nuclear
particles such as the proton; they are never
observed by themselves as free particles.

In low-ecnerey experiments, the proton
behaves like a system of three massive “con-
stituent” quarks carrving about 1/3 each of the
mass of the proton. When we look deeper
inside in high-energy experiments, these con-
stituent quarks dissolve mmto near massless
“current” quarks and a sea of quark-antiquark
pairs and gluons,

The spin experiments at CERN, DESY,
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Jefferson Laboratory, and SLAC involve fir-
ing high-energy electrons or muons at a target
of protons with aligned spins. The incoming
electron interacts with a target proton by
exchanging a high-energy photon that enables
rescarchers to probe deep inside the proton.
The photon can be absorbed by a quark polar-
ized in the opposite direction to the photon
but not by one polarized in the same direction
as the photon, This allows us to extract
information about the spinof the quarks when
one controls the spin polarization of both the
beam and the proton target. The RHIC spin
experiments involve high-energy polarized
proton-proton collisions, rather than electron-
proton interactions.

In analyzing these collisions. the key
questions { 7) are: What happens to spin in the
transition from current quarks (those probed
in high-energy experiments ) 1o constituent
quarks (the building blocks of the proton)?
How 1s the spin 1/2 value of the proton built
up from the spins and orbital angular momen-
tum of the quarks and gluons inside? Why is
the measured quark spin contribution so
small compared with quark model predic-
tions? Is the “missing spin” a valence quark
effect or attributable to the sea of quarks and
antiquarks? Are the excitations of the quark-
antiquark sea polarized in the opposite direc-
tien to the proton’s spin (thus canceling some
of the spin)?

The spin of the gluons that bind the proton
can sereen the spin of the quarks measured in
high-enerzy experiments, making the spin
look diminished, This effect 15 proportional o
the gluon polarization Ag. But how large 1s
this gluon polarizanon? The QCD vacuum is a
quantum superposition of an infinite number
of states characterized by nontrivial spin
structure. When one puts a valence quark in
this vacuum, its spin can become delocalized
50 that the total spin becomes a property of
the proton rather than the sum over the indi-
vidual quarks probed in high-energy expen-
ments. How big is this effect?

Measurements by the COMPASS (Com-
mon Muon Proton Apparatus for Structure
and Spectroscopy) Collaboration at CERN
and the PHENIX (Pioneering High-Energy
Nuclear Interaction Experiment ) and STAR
{Solenoid Tracker at RHIC) experiments at
RHIC suggest that the gluon polarization is
much too small to explain the difference
between the quark model prediction of ~6(04%
for the quark spin contribution and the mea-
sured value of ~30%, although it may sull
make an important contribution to the net
spin of the proton (3, 8). The COMPASS and
RHIC experiments use different processes o
access the gluon polarnizaton. The COMPASS
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measurements are extracted from the pro-
duction of charm particles (see the figure)
and charged pions with large transverse-
momentum in polarized muon-nucleon colli-
sions. The RHIC measurements are extracted
from high-energy particle production in
polarized proton-proton collisions, Mea-
surements of the sea polarization by the
HERMES (HERA Measurement of Spin,
where HERA is the Hadron Elektron Ring
Anlage Accelerator at DESY) suggest that
this is also small, oo small w resolve the spin
puzzle. and that the 30% quark spin contri-
bution is approximately saturated by valence
quark contributions ( ¥).

Mew., more precise gluon-polarization
measurements will soon be available from the
2006 data taken at COMPASS and RHIC.
Independent measurements of the valence and
sea-quark contributions will soon be available
from COMPASS, It will be interesting to
see whether these CERN data confirm the
HERMES results, Experiments at Jeflferson

Laboratory are probing the spin properties of

the valence quarks in kinematics, where they
are sensitive to the confinement process.

PERSPECTIVES

The planned 12-GeV upgrade of the facility
will make vital conmbutions to our under-
standing of orbital angular momentum contri-
butions to the proton’s spin,

Spin measurements have a bright future
and continue to challenge our understanding
about the structure of the proton and funda-
mental aspects of quark dynamics. Much
exciting progress has been made. The next
vears promise to be equally exciting.
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IMMUNOLOGY

Asymmetry and Inmune Memory

Dan R. Littman and Harinder Singh

Asymmetric cell division of lymphocytes ensures that our adaptive immune system maintains a
balanced production of two different types of T cells.

ur adaptive immune system 15

endowed with an enormous reper-

toire of antigen-specific cells (B and
T cells) that respond to and eliminate diverse
pathogens. The system can also recall previ-
ous infections and respond more rapidly and
effectively when reexposed to a pathogen, a
feature known as immunological memory,
How T cells differentiate into both short-lived
effector cells that combat infections and long-
lived memory cells that protect us for years
has been a central question in immunology
(/). On page 1687 in this issue, Chang ef al.
(2) propose that effector and memory T cells
are simultancously generated from the divi-
sion (mitosis) of a T cell after it responds to a
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microbial challenge. T cells appear to have
adopted an evolutionarily ancient means of
wsymmetrically partitioning cell fate determi-
nants, thus ensuring balanced production of
both T cell types and avoiding depletion of the
T cell repertoire.

When microbial pathogens breach our
mucosal barriers (such as the lining of the
gastrointestinal or respiratory tract), the
innate immune syvstem responds by process-
ing and presenting pathogen componentsto T
cells. Microbial antigens are loaded onto
major histocompatibility complex (MHC)
maolecules on the surface of dendnue cells,
and thus interact with antigen receptors on
the surface of pathogen-specific T cells. This
iteraction stimulates formation of an inter-
face known as the immunological synapse
{see the fgure) and involves redistribution
of other T cell surface components to the
synapse, including coreceptor molecules C D4
or CD8, adhesion proteins (integrins). and
cytokine receptors (3, 4),
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Very early in synapse formation, there is
localized polvmerization of the actin cvito-
skeleton and the microtubule organizing
center—the structure from which cyto-
skeletal microtubules radiate—orients
toward the synapse. Other components,
including evtoskeletal ezrin and moesin
and the cell surface protein CD43, redis-
tribute to the pole opposite the synapse (3),
Synapse function in regulating cytokine
secretion and T cell receptor signaling has

DENDRITIC CELLS

\

It cannot vet be ruled om
that the CD8™ and CD8¥ cells
used in the transfer experi-
ments are generated inde-
pendently rather than derived
from the same progenitor
T cell. Intravital microscopy
with fluorescently labeled
proteins could address that
issue and perhaps support

Asymmetric the asymmetric cell division

been intensely studied. and it had been cell division segregation of  model. As the generation of a
speculated that coupling of mitosis to dem;'leil:;aﬁtt: memory CDS T cell response,
the cyvtoplasmic polariza- -\\ but not an effector (cviotoxic)
tion that 15 induced upon CDE T cell response. requires
svnapse  formation could Synaptic proteins CD4 T helper cells (1), the
result in an asymmetric cell ) Peptide/MHC PARENIAL T CELL O T CRL role of T helper cells in the
division (6). 'E‘é‘; asymmetric division needs to
T cells remain in contact E i be addressed. Genetic analy-

r-1 o II Hi e 1 = . w5 1 H -1 - g o
:;'. h‘m:fh? pr_"h'_'m:'rﬁ dt.n. Polarity proteins Different daughters. Chang et al. (2) propose that the ™~ __“ t:'Ir "Ifm be m’"d";’i ;1“
e U.' s Tor =everal hours, daughter cell adjacent to the immunological synapse gives prove that components ol the
suggesting that contacts “’lﬂd Ezfém rise to an effector cytotoxic T lymphocyte, whereas that conserved Par pathway are
extend through mitosis (7). ® Numb derived from the distal pole differentiates into a long-lived Tequired to generate these

Chang er af. tested the asym-

metric cell division hypothesis

by analvzing T cells that were

engineered to express a T cell receptor spe-
cific for a Listeria monocyiogenes antigen.
The T cells were labeled with a fluorescent
dye and injected into mice infected with the
pathogen. Proliferation of T cells was moni-
tored ex vivo by stepwise dilution of the dve.
This permitted sorting of undivided yet acti-
vated T cells as well as those that had divided
once. Polarization of premitotic and mitotic
T cells was verified by localization of a micro-
wbule organizing center at the remnants of an
immunological synapse that sull displayed
clustered T cell receptor, CDS, and the inte-
grin LFA-1,

To determine if eytoplasmic polarization
could lead to distinet mitotic progeny. the
authors analvzed the subecellular distribution
of components of an evolutionanly con-
served asvmmetric cell division pathway.
In neuroepithelial cells of Drosophila
metanogasier, and in the Caenorabditis ele-
wans zyeote, this pathway uses a protein com-
plex of Par3, Part, and atypical protein kinase
C (Par pathway) for segregating cell fate
determinants to the apical cell pole before
mitosis (¥). Chang ef af. found that the atypi-
cal protein kinase C C localizes with a micro-
tubule organizing center at the pole opposite
the remnants of the immunological synapse.
In addition, Numb {(an inhibitor of Noich
pathway signaling) segregated away from
protein kinase C £, similar to what had been
described in asymmetric mitosis in Dro-
sophila epithelial cells (¥). Nonmuscle
mwosin 1L, which contributes to the exclusion
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memaory cell.

of Mumb from the apical pole in neuroblasts
{111, has also been implicated in actin-based
segregation of signaling components to the
immunological synapse (6). Together, these
findings suggest that signaling from the
synapse results inan asvmmetric mitosis that
resembles those in invertebrate systems,

Although it is generally assumed that
both effector and memory T cells can be
derived from the same progenitor T cell.
formal proof for such a lineage relationship
has been lacking (/). Chang et af. noticed
that after activation of the dve-labeled T
cells in injected mice, those cells that had
divided once could be separated into sub-
populations expressing high or low amounts
of CD8(CDS™ and CD8"), Presumably, this
corresponds to the daughter cells that are
generated proximally and distally. respec-
tively, to the synapse forged by the parental
T cell and dendritic cell (see the figure). In
fact, the CD8Y cells had phenotypic mark-
ers characteristic of effector T cells,
whereas the CD8" cells expressed memory
cell markers. When these cells were sepa-
rated and transferred into recipient mice.
both animal populations effectively eleared
an acute infection with L. monocviogenes.
However, when mice were infected 30 days
alter transfer of the two tvpes of T cells. the
CDR8" cells were much more effective at
clearing the microbe. These results are con-
sistent with activated T cells undergoing an
asymmetric division to generate effector
and memory daughter cells.

distinet T cell fates. Subse-

quently, it will be important to

identify the molecular deter-
minants of effector and memory cell fate and
explore how they are asymmetrically seg-
regated during the first cell division, as
well as how they promote distinet states of
gene expression,

One major mechanism for asvmmetncally
partitioning cell fate determinants involves
polarized ransport of RNAs (/2), and this
may also be used by T cells. The findings of
Chang ef al., along with those on asymmetric
cell division in the mammalian epithelium
(/3). suggest that the Par pathway may regu-
late both vertebrate stem cell and cellular dit-
ferentation fates in a variety of developmen-
tal contexts,
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The Next Great Earthquake

Robert McCaffrey

arthquakes with a magnitde 9 {MY) or
larger oceur very infrequently but can

cause widespread damage and loss of

life. as we saw with the Sumatra-Andaman
earthquake in December 2004, Most of these
earthquakes occur at the type of tectonic
boundaries where one plate slides at a gentle
angle beneath another (a process known
as subduction). Because they happen mostly
beneath the ocean, they often generate
destructive tsunami waves,
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There are more than 40,000 km of subduc-
tion boundaries i see the figure). The rupture
of any one contiguous segment ~800 km or
more in length can produce an M9 earth-
quake. Seismologists have long ried to deter-
mine which segments are more likely than

others to break. Yet. the MY earthquake of

2004 ruptured a segment that was thought to
be among the least likely to go. What governs
the frequency of these massive quakes, and
are all subduction segments capable of pro-
ducing one?

Earthquake frequency can be estimated on
the basis of plate tectonics. An M9 earthquake
accounts for about 20 meters of slip on the
boundary between two plates, which converge
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at 0,02 o 0,10 meters per year; thus, an aver-
age time berween them is 200 wo 1000 years,
assuming all the ship is by MY quakes. [ some
slip occurs through smaller quakes or creep.,
the interval will be longer.

From an observanonal standpoint. this
long interval is problematic, because in most
places. reliable records of earthquakes date
back only a century. Historie accounts and
geologic observations can be used to extend
the record but they lack detail.
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In places where long histories are avail-
able, the times between great earthquakes
appear to be highly irregular, In Cascadia, for
example, disturbances of the soft sediments
by shaking and deposits of sand by tsunamis,
both suggestive of past great earthquakes,
show an average time between events of 600
vears (/). However, the actual times range
from 200 1o 15300 vears, revealing a very large
randomness o when the margin breaks.

The world’s major subduction zones can be
divided into several segments based on natural
veologic changes or earthquake histories (see
the figure). Each segment is long enough to
produce an M9 gquake, Five have had MY
quakes in the past century: many others have
not produced quakes greater than M& n
recorded history. In the past few decades. seis-
mologists have focused on wying o correlate
this variable earthquake behavior with other

PERSPECTIVES

The 2004 Sumatra-Andaman earthquake
occurred at a surprising time and place; the
lessons learned may help costal communities
in the future.

properties of the different subduction zones.
An underlying premise was that, as a result of
zeologic factors, some subduction zones are
intrinsically incapable of generating an M9
quake. Iftrue, this would be important to know.

According to an early 1dea, the age and
speed of the subducting plate were important:
It the subducting plate was geologically
voung {and therefore warm and buoyant). or
moving quickly, or both, then its shallow tra-
jectory into the mantle would make it stick
more to the plate above it, leading 10 bigger
quakes (2). This idea had empincal support
from the 100-year historical carthquake
record { 7). Other similar suggestions based on

Danger zones. Subduction zone segments (blue
curves) and tectonic plate boundaries (brown
curves) with filled circles showing locations of
known earthquakes of M7.5 or greater since 1900.
Open circles show incomplete sample of inferred
largest earthquakes from 1700 to 1900 {6). Some
segments that are free of M9 earthquakes in the past
100 years had them in the previous 200 years.

plate mechanics were that the lateral motion
of the subducted plate in Earth’s mantle mod-
ified stress on the plate boundary (4) and that
thick sediments in the trench lubricated the
fault (5). The Sumatra-Andaman earthquake
oceurred in a very unlikely region, according
to these explanations ( 6).

In contrast to mechanical processes. sub-
duction of young, hot lithosphere heats the
Fault zone, and carthquakes may be inhibited
in this setting because high temperatures
within Earth promote ductile over briule
deformation (7). Regressions relating earth-
quake behavior to fauli-zone temperatures
gave similar statistical fits as the mechanical
models (). However, thermal considerations
put the Andaman subduction=zone fault in the
high-magmitude class: Its average temperature
is probably close to that of central Chile,
where the largest known subduction-zone
earthquake (MY.5) occurred in 1960 (9).

The rate of convergence between plates
can aflect the generation of great earthquakes
in another way. Theoretically. the frequency
of carthquakes of a given size increases with
the rate of the relative plate motion ( /1), It we
observe the earthquake process for a finite
time, it stands to reason that subducton zones
with faster slip rates and. hence, more fre-
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gquent M9s will have more MYs than those
that are slow. Indeed. the number of M9 earth-
quakes that have occurred in the past 100
vears ( five) is within one of those expected at
random if we take into account only the rate-
predicted intervals between them (/7). This
recurrence-time concept explains some of the
earlier positive correlations ol earthquake
size with slip rate. However, 1t differs funda-
mentally from the mechanical and thermal
explanations, in that the latter predict some
subduction zones to be incapable of having
an M9, whereas the former holds that they are
merely improbable.

The Sumatra-Andaman earthquake sur-
prised many Earth scientists by occurring in
an unexpected place. Earth gave us a stark
reminder ol the important difference between
improbability and impossibility. Our under-
standing of where and when the next great
earthquake will happen is in its infancy at
best. We have not had enough time to decipher
MY earthquake behavior. It wall take many
more centuries, or many more quakes. or

both, to understand the pattern, 1f one exists.

For policy purposes, one lesson we should
take away from the Sumatra-Andaman earth-
quake is that every subduction zone is poten-
tially locked, loaded, and dangerous. To focus
on some and ignore others may be folly.
Several are near densely populated land areas,
and the potential impacts of shaking and
tsunamis cannot be overstated. We leamed that
great earthquakes pose a unique hazard to
distant coasts: The long rupiure gencrated
tsunami waves that traveled over vast oceans
with Tittle loss of amplitude due to spreading.

The great reach of the 2004 sunami (/2),
and the expected long time interval between
such events, requires that these lessons persist
over a wide expanse of time and space. A
small amount of knowledge in the right place
can save many lives, as in the story of the 10-
yvear-old British girl who had learned of
tsunamis in school and warned fellow sun-
bathers in Thailand to run for lngher ground,
probably saving them (/3).

Even while we develop technology-

based global warning systems, we should,
by sustained education. embed the lessons
of 2004 in the cultural memories of all
coastal communities,
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A Plant Receptor with a Big Family

Erwin Grill and Alexander Christmann

he largest known family of proteins is

also, not surprisingly, mvolved in a

wide range of biological processes in
the animal world. Vital physiological func-
tions such as vision. taste, and olfaction
recruit G protein-coupled receptors to relay
external signals mto cells, 1o elicit the appro-
priate responses. Likewise. G protein—cou-
pled receptors mediate responses to endoge-
nous signals encoded by peptides. nueleo-
tides, or lipids, to adjust cell growth and dil-
ferentiation, metabolism, embryogenesis,
and development to current physiological
demands. The human genome encodes more
than 800 G protein—coupled receptors. In
contrast to this pervasiveness, plants seem
not to have evolved such a dependence on
these receptors. The genome of the plant
Arabidopsis thaliana encodes about 25
“candidate”™ G protein-coupled receptors
plasma membrane-localized proteins with a
seven-transmembrane topology that charac-
terizes this receptor family. Moreover, not a
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single ligand for a candidate plant G protein

coupled receptor has been known, Now Liu er
al.. on page 1712 m this issue (/). report that
a candidate G protein—coupled receplor of

Arabidopsixs is the receptor for the phyvtohor-

mone abscisic acid. This is sausfving not
only because it establishes the first func-
tional member of this receptor family in the
plant world. but it also identifies a long
sought after receptor for an important plant
developmental hormone,

Abscisic acid serves as a plant-specific
signal during development and in response to
environmenial stresses such as cold, drought,
and high concentrations of salt in the soil. The
physiological responses it elicits include the
closure of leaf stomatal pores to restrict tran-
spiration, adjustment of metabolism to toler-
ate desiceation and cold temperatures, and
inhibition of seed germination and seedling
growth. Biochemical and electrophysiologi-
cal studies provide evidence for both extracel-
lular and intracellular perception of the hor-
mone (2, 3). Recently, the nuclear RNA-bind-
ing protein FCA. which controls flowering
time (4), and the Mg-chelatase subunit H
located in chloroplasts (3). were identified as
intracellular abscisic acid receptors. Liu er af,

A hormone that controls plant development
and survival acts through a member of a
receptor family whose other members are
pervasive in animal cells.

now show that GCR2 is a plasma mem-
brane-localized G protein—coupled receplor
that specifically binds to naturally occurring
abscisic acid, but not to the physiologically
inactive isomer (trans-abscisic acid). to con-
trol stomatal closure, seed germination, and
seedling growth.

In addition to seven-transmembrane do-
mains, a G protein-coupled receptor has a
eviosolic domain that acts as a guanine-
nucleotide exchange factor for heterotrimeric
GTP-binding proteins (G proteins). Upon
binding to a ligand the receptor promotes the
exchange of bound GDP for GTP inan associ-
ated G protein: this results inreceptor dissoci-
ation from the G protein, The G protein itself
dissociates into Gor and Gy complexes that
then target downstream effectors such as
guanylyl eyvelase, protein kinases, or phos-
pholipases. There is only one canonical G,
one GB. and two Gy subunits expressed in
Arabidopsis. Previous functional analysis of
plant G protein subunits implicated their
mvolvement in phyvtohormone responses,
including abscisic acid signaling (6). In
mutant plants lacking Go (GPAL), regulation
of stomatal movement 1s impaired and germi-
nation is hypersensitive to abscisic acid (7),
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CREDIT: B HUEY/SCIENCE

The identification by Liu er al. of a physical
interaction between the G protein—coupled
receptor GCR2 and the Got subunit GPAL pro-
vides the missing Imk between a G protein and
abscisic acid perception. The authors show that
in plants lacking GPAL and GCR2, responses
to abscisic acid are impaired but not abolished.
This is consistent with a parallel or redundant
hormone response pathway that possibly
involves the intracellular hormone receptor in
chloroplasts. Analysis of mutant plants defi-
cient in both extracellular and intracellular
abscisic acid reception sites should clarify this
point. Altematively, GOCR2-related proteins and
noncanonical Got subunits might be function-
ally redundant in relaving an abscisic acid sig-
nal. The two known GCR2-related proteins in
plants share 42% and 63% identity at the amino
acid level with GRC2, and all three proteins are
structurally related to the mammalian peptide-
maodifying lanthionine synthetase C-like pro-
tein. L er ef. also found that the msensitvigy
or hypersensitivy of mutant plants that lack or
overexpress GCR2, respectively. to abscisic
acid depends on the Goe subunit GPAL This
points to a positive regulatory role of GCR2 in
abscisie acid signal transduction.

What happens then, when GCR2 15 acn-
vated by abscisic acid? In the classic paradigm
of G protein signaling (4), GPAT-GTP and
Gy are predicted to dissociate from the
receptor upon receptor-abscisic acid interac-
tion. GPAIl and Gy subunits then serve as
signaling molecules that remain tethered to
the plasma membrane (through lipid moi-
eties) (see the Nzure). G has been linked to
several plant hormone responses and shown o
inhibit lateral root initiation in response to the
hormone auxin, G also negatively regulates
abseisic acid signaling during germination
and early seedling development (7).

The effects of GPAL involve proteins that
bind to it. These include phospholipase
Dacl (PLDa), which is invoelved in stomatal
responses, and the cupin-domain protein
AtPirml, which functions downstream of
GPAT in seed germination and early seedling
development. In addition, the protein thy-
lakoid formation | interacts with GPAL and
links GG protein signaling to a sugar-sensing
pathway. Abscisic acid-stimulated phospho-
lipid cleavage by PLDwx generates the signal-
ing malecule phosphatidic acid in the plasma
membrane. Phosphatidic acid further pro-
maotes abscisic acid signaling by recruiting
ABII, a negative hormone response regulator
{ABII interacts with different cellular targets
such as the ranscription factor AtHBG to neg-
atively regulate abscisic acid responses), o
the plasma membrane; this relocalization of
ABII blocks its activity (). The interaction of

GPAL with PLDa is destabilized when GTP
binds the Got subunit (¥). This is compatible
with an abscisic acid-dependent release of
PLDut from the Gatsubunit,

In animal cells, phosphatidic acid recruits
the enzyme sphingosine kinase to the plasma
membrane and thereby controls generation of

Open stomata
ccR2AAAAR
vy Ty LT LT Y O —
@ ¥ ¥ Ga-coP -

i G pratein
Blocks
stomata
closure
CYTOPLASM
Recruited I

Guards on hormones. (Top) The aperture of a stom-
atal pore in a leaf is contralled by esmorequlation of
two guard cells. When the G protein—coupled recep-
tor GCR2 is inactive, the protein phosphatase ABI1
inhibits stomata closure by attenuating abscisic acid
signal transduction. {Bottom) Hyposmolic condi-
tions in guard cells {relative to surrounding tissug)
cause stamalta to close. This invalves activation of
GCR2 by abscisic acid, which triggers specific signal-
ing pathways that lead to closed stomata. Scanning
electron micrographs of stomata are from (14).
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the lipid sphingosine |-phosphate. Sphingo-
sine |-phosphate then acts as an extracellular
ligand for G protein—coupled receptors. In
plants, sphingosime l-phosphate promotes
GPA L -dependent stomatal closure (/) and
may also act via a G protein—coupled recepior,
GUR Mol Arabidapsis 15 a candidate G pro-
tein—coupled receptor, the ligand of which is
unknown, GCRI interacts directly with GPA
and functions antagonistically 1o GCR2 by
promoting germination and shortening the
time to flowering ( /1), This indicates a com-
peting interaction with GCR2 for GPA L Thus,
GPAL appears w represent a node where dil-
ferent signaling pathways converge.

The identification of GCR2 as an abscisic
acid receptor brings G protein signaling into
the limelight of plant research. To date, studies
of plant signaling have focused on leucine-rich
repeat receptors. The dmbidopsis genome
encodes more than 600 leucine-rich repeat
receptors. which are involved 1n pathogen
recoznition and i regulating numerous devel-
opmental processes. In contrast, the analysis of
predicted seven-transmembrane proteins has
been neglected. G protein-coupled receptor
candidates in Arabidopsis include the barley
mildew resistance locus O and heptahelical
proteins that are related to mammalian adipo-
nectin and progestn receptors (which posses
seven-transmembrane domains) (12, [3). It
is hard 1o predict how many different G pro-
tein-coupled receptors exist in plants and how
they might interact. The limited number of dif-
ferent heteromeric G protein subunits, how-
ever, provides an excellent system o function-
ally elucidate the specificity and integration of
G protein-coupled receptor signaling at the
level of G proteins.
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Alan G. MacDiarmid (1927-2007)

Ray H. Baughman

n 7 February 2007, Alan Graham

MacDiarmid died in Philadelphia at

age 79, after falling when about 0
depart for a visit to his native New Zealand.
He suffered from a blood disease that was
expected to soon end his life.

Alan MacDiarmid. who shared the 2000
Nobel Prize in Chemistry with Alan Heeger
and Hideki Shirakawa, believed that winning
the prize gave him a special obligation for
advancing humankind. His indomitable spirit
and sense ol responsibility never dwindled.
Having been close to death 2 months earlier in
China. he was back on the road this January to
a Department of Energy laboratory and his
institute at the Umwrml} of Texas at Dallas.
His planned 10-day trip o New Zealand
included a life-sustaming blood transfusion,
three kevnote lectures. discussions with gov-
ernment ministers, a TV interview, and a
likely last farewell to family.

Alan was born in New Zealand on 14 Apnil
1927, The ravages of the Great Depression
and long-term unemployment of his engineer
Father caused Alan to live in poverty during his
youth, Yet his family assisted other impover-
ished families as best they could. This tradi-
tion of helping others. which Alan did in so
many fields and countries. is an iImportant pant
of his legacy,

Adfter delivering milk in the early moming
on a bicyele, Alan began primary school
classes in a two-room school house, where
“most of my school chums were Maori boys
and girls from whom [ learned so much”™ (/).
In honor of the native Maori and his New
Zealand heritage. Alan danced the Maon haka
at the all-night student celebration ending the
Mobel Prize ceremonies, and at many other
celebrations with friends.

Alan’s love of chemistry began at age 10,
when he started to read his father’s chemisiry
textbook from the late 18005, Alan prema-
turely left high school to help support his fam-
ily. and fortunately found a part-time job as
lab boy and janitor in the chemistry depart-
ment of Victoria University College. 1t was
here that he earned his bachelor’s and master’s
degrees. His first published paper. in 1949,
was on the eyelic SN, molecule, which much

The author s at the NanoTech Institute, University of Texas
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later played an indirect role in his Nobel
Prize—winning codiscovery of metallic or-
ganic polymers.

Alan earned doctorates from the Uni-
versity of Wisconsin and Cambridge Uni-
versity and later became a professor at the
University of Pennsylvanma, where he made
pioneering breakthroughs
in silicon chemistry, which
earned him the 1971 Fred-
erich Stanley Kipping Award
of the American Chemical
Society. In 2002, he be-
came professor of chem-
istry and James Von Ehr
Distingwished Char
Science and Technology at
the University of Texas
at Dallas.

In the 19705, there was
much excitement about
newly discovered kinds of
metallic molecular charge-
transfer complexes, an area
in which Alan Heeger and
his group were making landmark discoveries,
Many researchers were trying to make insulat-
ing organic polvmers metallic—but either
with the wrong polymer or the wrong dopant,
Then, Mort Labes and co-workers at Temple
University  showed metallic conductivity
down o 4 K for the undoped inorzanic poly-
mer (SN) . which can be made from SN
MacDiarmid and Hee wer began to mll.lhnml..,
on (SN)_and found that bromine doping pro-
duced a IlJ fold increase in electrical conduc-

tivity. While visiting the Tokyo Institute of

Technology in 19735, MacDiarmid showed
Hideki Shirakawa golden crystals of !"s"\ll
and Shirakawa showed him films of his -1I—

very polyacetylene (CH) . Sharing a vision of

possibly transtorming (C II: from an insulator
into & polymeric metal, Shirakawa Joined

Heeger and MacDiarmid at the University of

Pennsylvania to make this happen.

The discovery that insulating organic poly-
mers could be converted into metallic conduc-
tors by doping earned Heeger, MacDiarmid,
and Shirakawa the Nobel Prize in C Iwnmir}
It has had enormous fundamental and practi-
cal importance. Realized or proposed prod-
vets include, for example, antistatic and corro-
slon-protection materials, electromagnetic
shields, Light-emitting devices, solar cells,

A. G. MacDiarmid, a chemist who co-discovered
metallic organic polymers, had a profound
sense of responsibility toward individuals and
humankind.

sensors, artificial muscles, transistors, super-
capacitors, batteries, and fuel cells,

A graduate student once ran into Alan’s
office saving that he might have accidenally
condensed acetylene, thereby potentially
creating a powerful bomb, as the acetylene
gas precursor to (CH)_ becomes highly explo-
sive when liquefied. The
fire department was called
and the building cleared.
Alan volunteered to go
alone into harm’s way
to eliminate the danger
With all others safely
behind walls, he tucked
a notebook nto his trous-
ers to reinforce protec-
tion afforded by bomb
disposal clothing, and
used a fishing rod to open
a valve and avert a poten-
tial catastrophe.

Alan was a hero in
many other ways. He cre-
ated nstitutes i New
Zealand, China, India, South Korea, Brazil,
and Texas, which emphasized Ninding sustain-
able solutions for the increasing need for
energy. Dunng conterence poster sessions, he
would focus on the work of voung people. He
would listen intensely to their presentations,
ask penetrating questions, and then frequently
and sincerely comment that “vour work 15 so0
very interesting.” This and other encourage-
ment from such a great scientist inspired gen-
erations ol students.

Alan was exuberant, loving. sensitive, and
active in responding to individual human
needs and those of humankind. His insights
and discoveries, both fundamental and ap-
plied, were cnitical for beginning the second
age of polymers. where polymers become
fully funcuonal electronic materials. There
would have been more institutes that he nour-
1shed and many more breakthroughs, ifhe had
lived just a little longer. He 15 survived by his
wile, a sister. and vwo brothers, his four chil-
dren. and nine grandchildren.
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Restoration of the Mississippi
Delta: Lessons from Hurricanes

Katrina and Rita

John W. Day Jr.,»* Donald F. Boesch,? Ellis ]. Clairain,® G. Paul Kemp,*

Shirley B. Laska,® William ). Mitsch,® Kenneth Orth,” Hassan Mashriqui,® Denise ). Reed,”
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Hurricanes Katrina and Rita showed the wvulnerability of coastal communities and how human
activities that caused deterioration of the Mississippi Deltaic Plain (MDP) exacerbated this
vulnerability. The MDP formed by dynamic interactions between river and coast at various temporal
and spatial scales, and human activity has reduced these interactions at all scales. Restoration
effarts aim to re-establish this dynamic interaction, with emphasis on reconnecting the river to the
deltaic plain. Science must guide MDP restoration, which will provide insights into delta restoration
elsewhere and generally into coasts facing climate change in times of resource scarcity.

he .\'lihhihhllPrl-l Dehaic Plain (MDP) is a

I 25.000-km*™ dynamic landscape of wa-
ter, wetlands, and low upland ridges,
formed as a series of overlapping delta lobes,
An understanding of how humans and Hurri-
cancs Katring and Ril affecied the MDP in
2005 requires knowledge about the complex
processes that formed and sustained the dela
for millennia before human impact. The dela
emerged about 6000 1w TOOO years ago alter
custatic sea level suabilized (Fig. 1) (7-3). A
variely of processes lormed and sustamed the
delta and inereased 11s overall spze (Table 1)
(). Riverine sediments were deposited at river
mouths and via overbank Mooding, crevasse (or-
miation, and older distributaries (2, 5). Crevasses
were usually shor-lived (<100 yvears) and formed
depositional splays about 10 km wide, as com-
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pared o hundreds of kilometers for delta lobes
(5 Many Tormer distributarics functioned, cither

pemmanently or seasonally, @t the beginning of

European colonteation, around 1700, A skeletal
framework of distributary ridecs and bamer islnds
() protected interior fresher wetlands from marine
forces and salwater intrusion (Fig. 1),
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To survive, the soil surface of coastal wet-
lands muwst grow vertically 1o Kecp pace with
local sea level. This 1s enical i the MDP, where
geologic subsidence causes a relative sea-level
risc (RSLR) of abowt | emyear as compared o
~1.3 mmivear of custatic SLR. Plamt growth
contributes organic soils; the rest of the ver-
tical growth comes from mineral sediments (7).
Riverine inputs benelit coastal wetlands in sev-
eral ways: Mineral sediments increase aceretion
and bulk density, nutrients enhance plant growth,
[resh water buflers saliwater intrusion, and iron
precipitates oxic sullides (8, ¥ The deposition
of older nver sediments resuspended from bays
and the nearshore Gull of Mexico or eroded
from other wetlands s especially impornant dur-
mg winter stoomns and humcanes (7, JO, 1) How-
ever, most sediment 15 introduced direetly rom
the river (12).

In the MDPE, bamier islands grow and dimimish
i conjunction with delme lobe cyeles (Fig. 2)
(/3). Coarser sediments are deposited ol active
aver mouths, and as the delta advances, sand is
transported laterally to form beach rdges. Adier
charnnel abandonment, deha-front sands are ne-
worked 1o fonm erosional headlands attached o
marshes behind the barrier. Waves and currents
rework and redistribute headland sands laerally
to fonn (knking barvier islands, and the slands
miove landward as sand is transponted in wash-

ciNew
oy .__CI':'__Ii':- ans

®

®

¥

Mississippi

*Bird Foot"
Delta

Fig. 1. The MDP was formed by a series of overlapping delta lobes as the river occupied different
channels. The delta is characterized by current and abandoned river channels, barrier islands, and
extensive coastal wetlands. Currently, about two-thirds of flow is discharged via the lower
Mississippi directly to the Gulf and one-third is discharged via the Atchafalaya River to a shallow
bay where a new delta is forming. The location of levees is shown on the lower river as well as the
location of the MRGO. The turbid plume shown on the right results from a river diversion. BP,

before the present. [Modified from (66)]
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over fars. As wellands deteriorate, a bamier island
are is formed. Over time, the bamiers fragment
mto smaller slands, and extensive washover ter-
races o sandy shoals are formed inshore of the
islands. eventually producing a submerged com-
plex of shoals and sand sheets, This process con-
tinugs until another distributary  channel forms
and the cyele begins again,

Deterioration of the MDP

Since 1900, about 4900 km® of wetlands in
coastal Louisiana have been lost at mies as high
as 100 km®/vear (J4, 15). Wetland loss is much
lower on the central coast, where the Archalalava
River, a distnbutary that carries one-third of the
Now of the Mississippi River, discharges mnio a
shallow inshore bay (/6). Loss occurs at the
wetland edge because of wave erosion and in
interior wetlands by submergence as soil accre-
tion fails 10 keep up with RSLR (/7). Most loss
was mitially intemal, but as wetlands opened up,
wave crosion has bocome more important (18),
Adthough a delta prows and decays as a natural
outcome of the delia lobe cyvele, the MDP ex-
pericnced an overall net growth for several
thousand years after the sea level stabilized.
Human activities during the 20th century re-
versed this trend (15, 17, 19).

The main cause of loss was the isolation of

the niver lrom the MDP (17, 19). The river is
now almost complately leveed. preventing over-
bank Mooding and crevasse formmation, so most
of its discharge is into the deep Gull of Mexico
{Fig. 1} With the exception of the Atchalalaya
River, all disinbutanes of the river have been
closed. The lower Mississippi is prevenied from
secking a shoner couse 1o the Gulf via the
Atchafalava by the Old River Control Structure,

Owver 15,000 km of canals have been dredged
for navigation, drainage, and logging, but most-
Iy for oil and gas development (/7). This and

the construction of impoundments have altered
the hydrology that sustains the svstem (20),
Spoil banks associted with canals reduce sheet
flow of water through wetlands (2/) Deep,
straight navigation canals Guse saltwater imtrusion
and the death of freshwater planmt comnumitics
(17, One of the most notable s the Mississippi
River Gulf Outlet (MRGO), a 1 2-by-300-m cinal
dradged through the Braton Sound Basin in 1963,
Saltwater intrusion via the MRGO killed thou-
sands of hectares of freshwater wetland forests,
As Katrina's path crossed Breton Sound, levees
along the MRGO wene breached and storm
surge limneled through the MRGO and imo the
Gull Intracoastal Waterway 1o contribute to the
Nooding of New Ordeans, The withdrawal of oil,
natural gas, and omation waters Jowened pres-
sunes in underlying geologic features, probably
causing downfaulting and inercasing the rate of
subsidence by two to three times during active
oil and gas production (22).

The construction of reservoirs in the Mis-
sissippi basin dramatically reduced the supply
ol both suspended and bedload sediments to
the dela (6). Inputs of sand are particularly
important for maimaining barrier islands; thus,
all bamrier islands in the deltaic plain are de-
terorating ([3) because the deterioration phase
of the barmier island cycle has accelerated
while the developmemt phase has been greatly
reduced.

Hurricanes and Mississippi Delta Wetlands

Hurmricanes are a regular, if episodie, foree in the
MDP. Thousands ol tropical stomms alfected
the delta as it grew over the past 6000 w 7000
years. Under some conditions, munofl” generied
by hurricane precipitation introduces fresh water
and nuirients that reduce salinity and enhance
coastal productivity (25). Humicanes also de-
posit large amounts of resuspended sedimenis on

Table 1. A hierarchy of forcings or pulsing events affecting the formation and sustainability of

deltas. [Modified from {4)]

Event Time scale Impact
Major changes in river 500-1000 years New delta lobe formation
channels {avulsions), major sediment
depasition
Major river floods 50-100 years Avulsion enhancement, major
sediment deposition, enhancement
of crevasse formation and growth
Major storms 20=25 years Major sediment deposition,
enhanced production
Average river floods Annual Enhanced sediment deposition,
freshening (lower salinity), nutrient
input, enhanced primary and
secondary production
Normal storm events Weekly Enhanced sediment deposition,
(frontal passage) enhanced organism transport,
higher net materials transport
Tides Daily Marsh drainage, stimulated marsh

production, low net transport of
water and materials
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wetland surfaces, helping o offset RSLR. and
thus are important for the sustamability of marshes
(7. 1. Hurmcanes Katrina and Rita were the
fourth and fifth most powerlul storms to strike
the MDP since 1893 with respect to maximum
wind speed at Jandfall, but were more remark-
able in both cases for the hundreds of kilometers
of the coast allected by a storm surge of more
than 3 m. As Kainna progressed across Breton
Sound and Lake Borgne o a category 3 storm
(sustained winds of 194 km hour '), it genermied
a stonn surge that exceeded 10 m on the Mis-
sissippi coast and measured up to & m southeast
of New Odeans, with up 0 2 m of additional
wave rureup i the most exposed locations (Fig, 3)
(24). In southeast Lowisiana, communitics un-
protected by levees were mundated, and the
stomm destroved  levees protecting eastern New
Orleans and St Bemard and Plaguemines par-
ishes 1o the south and cast. Floodwalls faled
along dranage and navigation canals connected
to Lakes Pontchartrain and Borgne, mundating
most of the rest of New Ordeans, Beciuse much
of this arca is below sca level, the floodwaters
remained lor 3 or more weeks while emergency
repairs were made and the water was pumped
out. More than 1500 people died as a direct or
indirect result of Hurricane Katrina, almost
100 of them in Louisiana.

Katrina and Rita deposited 5 to 10 em of
sediment over large arcas of coastal wetlands
(/7). But about 100 km?® of wetlnds in the
Breton Sound Basin lving in the storm path
were converted 1o open water (25). Although
somie of this arca s now 1 moor more deep, most
of the damaged arca is shallow mud Nas inter-
spersed with myrad marsh clumps uprooted
by the storm. The disturbance of buoyant low-
salinity marshes with low-density organic soils
often ocours during humicanes. The Cacmarvon
rver diversion siructure is presenily being oper-
ated 1o the maximum extent possible 10 enhance
marsh recovery in the most heavily affected area.
Initial observations indicate substantial marsh
COVETY.

Hurricane Rita made landfall near Sabine
Pass at the Lowsiana-Texas border on 24 Sep-
tember 2005, generating a stonm surge of up o
Sm (Fig. 3) and reflooding parts of New Or-
leans more than 200 km cast of landfall, Coastal
communitics in Cameron Pansh were destroyed,
and pans of the city of Lake Chardes expe-
nenced 2-10-3-m-deep ooding associated with
surge propagating up a ship channel. To the
east, the 30-10-30-km-wide Chenier Plain wet-
lands reduced surpe inland. Because of the lesser
stonm surge and lower population densities, fewer
than 10 people bost their lives directly as a result
of Rita’s winds and surge. Rita's surge displaced
residents from all Louisiang coastal panshes,
however, and drove salt water tens of kilometers
inland, Killing freshwater wetlands i anificially
impounded arcas (23).

Humcane Rita's highest storm surge was
nearly as great as the surge confronting the
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castern side of New Orleans during Katrina, but
had 1o cross 3010 30 km of Chenier Plain wet-
lands betore reaching main population centers,
whereas Katrma's surge was less impedad as o
traveled through large lagoons, degraded wet-
lands, and anificial channels, Bamer islands,
shoals, and wetlinds can reduce storm surge and
waves, but the full mnge of these effects is not
well capured at present by most numerical
models. Although it has been shown that dam-
age from the 2004 Indian Ocean
Isunami was less in communitics
sheltered by imact mangroves
{26}, the existence of an extensive
barrier sland system off” of the
Mississippi coast did not protect i
froum o 10-m surge dunng Katrina,
Observations of water levels indi-
cate that Rita’s surge was atienu-
ated at an average rate of 4.7 an
per kilometer of wetlmd  land-

cquilibrium depth of large bays along the
Louisiana coast. Although the relative effects
of shallow open waters versus intertidal wet-
lands on both waves and stomm surges from
strong hurricanes remain o be fully resolved,
it is clear that the intact barrier islands, wel-
lands, and ndges that once characterized the
coastal landscape of Louisiana allorded sub-
staptial protection o New Orleans and other
coastal communities that cannot be depended

Active Delta

scape where channels were not
present. This is similar 1o previ-
ous hurricanes, including Hum-
cane Andrew in 1992, indicating
stonm surge attenuation ol 7.9 ¢m
per kilometer for intact wetlands
along the centml Louisiana coast
(27-29).

Emergem canopics of forested
wetlands can greatly  diminish

Erosional

Headland with Flanking Barriers

-1. ‘ o N r

wind penetration, thereby reduc-
ing the wind stress available 1o
generte surface waves as well @s
stonmn surge (30, 37) The shelter-
ing cllect of these canopicd arcas
also atfects the feich over which
wave development takes place.
Shallow water depths atlenuate
waves via botom  friction and
breaking, whereas vegetation pro-

vides additional rictional drag and
wave attenuation (32) and also
limits static wave setup (33) Ex-
tracting cnergy from waves cither
by breaking or increased drg
reduces destructive wave action
on levees. Duning Katrina, wave-
mduced run-up and overtopping
washed away many miles of wrf-
covered canhen levees along the

Freshwater

Distributary

REVIEW

b large navigation channels, which may now
also require claborate gates and other closure
structures,

The Evolving MDP Restoration Effort

Planning the restoration of the coastal lndscape
requires the design of sustamable ceosystems that
integrate human socicty with the natural cnvi-
ronment (35-37) and work with mther than
against natural processes. Such ecological en-
gineering approaches rely pri-
marily on the encrgics of nature,
with human energy being used
in the design and control of key
processes, Because of the dimen-
sions of the delia’s problems,
traditional enginecring approaches
such as levee construction and the
placing of dradged sediments ane
also required. An important. goal
of MDP restomtion s the applica-
tion of the optimum mix of eco-
logical and standard engincering
approaches. With this in mind, four
general approaches 1o restoration
are being evaluated, planned, or
implemented in the MDP;

(1} Reconnecting the river o
the deltaic plain via river reintro-

Barrier Evolution in ductions, the reopening of old
Abandoned Delta distributarics, and crevasse-splay
Saltwater development (35, 37, 38), Ower
miarsh the past two decades, it has be-
come mercasingly clear than this
::'::_ will have w be done on a large
scale.
Submerged (2} Using dredged sediments
barrier to create and restore wetlands by
Submerged pumping them over distances of
sand sheet tens ol kilometers. This is ex-
nsive, but because dredged
STRRisets E;Iimenls can be used 1o -:n;gl(c
Inner-Shell Shoal Y ia i
—  Tidaliilet wetlands quickly, this technigue
L may be uselul for restoning wel-
- v » lands that would soon be lost or

i

MERGO (24), Few wallands or st
lands protected these levees from
high-cnergy  surge  currenis and
wiaves that broke on the levee face,
Conversely, other canthen levees nearby that were
overtopped by the Tow-velocity surge, but fronted
by extensive wetlands, escaped substantial dam-
age ().

Depending on the rate of RSLR, coastal
wetlands maintain 2 near-sea-level elevation by
tmpping sedimems and  foming  organic-rich
soils, Thus, wetlands play an important ke in
maintaining clevations near sea level, in contrast
to the -3 o —d-m elevations that charactenec the

Fig. 2. The barrier island cycle in the MDP. [Modified from (13)]

on today and must be replaced by mone mas-
sive levees.

Consequently, maintaining and, where pos-
sible, wsing deltaic processes to increase the
area of marshes, mangroves, and swamps in
strmegic locations would provide a self-sustaining
complement o the structural protection of
levees, Unforunately, the physical and hydro-
logic integrity of the wetlands southeast of
New Orleans has been greatly compromised

quickly creating large areas of
wetlands that would then be
sustained  through niver reintro-
ductions ( 3%).

(3) Restoring barrier islands
by pumping sands from offshore,
constructing groins and  break-
waters, placing riprap, and using
lences and plantings 10 stabilize
sand dunes (40, 41). Because

MDP barrier islands do not just migrate b
deterorate over time, restoration will require
ongeing maintenance. Restoration and mainte-
pance can be justified, however, because islands
reduce waves and storm surge and provide
important habitats in the coastal landscape, In
the future, the remobilization of sand rapped in
up-basin eservoirs may become a source of
coase sediments that will aid in maintaining
barier islands.
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Hurricane Katrina Storm Surge

Hurricane Rita Sto

Surge

Paths of Hurricanes Katrina and Rita

Fig. 3. A composite figure showing paths of Hurricanes Katrina and Rita, surge levels [in meters, as estimated by the ADCIRC model (67)], areas
flooded, sites of levee failures, and wetland loss due to the hurricane.

i4) Restonng hvdrological processes by re-
moving spoil banks, backlilling canals, closing
deep navigation channels (such as the MRGO),
installing locks (42), wapping sediments (43),
and protecting imerior shorelines against cro-
sion. Such restoration generally aflects a rela-
tively small area, but can be particularly
eltective il done in conjunction with diversions
s0 that river water is used most effectively.

Even with its bountiful natural resources, il
must be remembered that the MDP 15 a “work-
mg coast” (35, 44), and restoration must be in-
tegrted with navigation and  Nood-=protection
infrastruciure, agnculure, wuban development,
commercial and recrcational fishing, and oil and
zas production. In turn, these activities will have
to adapt w0 projects, such as diversions, that seck
o retwm the delta 0 a more natural state. This s
a lesson 1o be leamed regarding most delas,

Coastal restoration will be more effective if

it takes into account changes in fresh water sup-
ply, suspended sediment, and nuinent Muxes in
the .\ﬁh.\.imﬂ‘lpi River Basin (43, 463, It should
work cooperatively with effons 1o bettler manage

and restore the resources and environments of

the basin, mcluding the restoration of the Mis-
sourt and Upper Mississippi Rivers, reservorr
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management, the econnection of wetlands and
Nood plains, and reducing loadings of nutrients
from agricultural lands that result in hypoxia in
the Gulf of Mexico (4 749,

Cilobal climate change and the availability and
cost of encrgy have imponant implications for
dela restomtion (500, Accelerated sca-level rise,
changes in precipitation patiems, and changes
in the frequency and intensity ol hurricanes
(554 must be taken into account in design-
ing cllective restoration stmicgies. Less energy-
intensive restoration techniques  that use the
encrgics of nature, mther than dwindling and
costly fossil fuels (33, 47), should be empha-
siacd (31,

A MNew Institutional Framework

For most of the 20th century, public decsions
and investments in coastal Louisiana focused
on flood protection, navigation, oil and gas
extraction, or wildlife managemen
AWATCTI S ‘11- I.lll." I.lillll,:'l‘[hii'll]h q!]l{,! Tl ) .‘I.'\El_ﬁ.'“l,'\.'h

Carionw in_:_-

of w I.:|.li.l|:|l.| loss has Icmllh.'n.,l in C:rll.\i:{‘h;t;,l.l"ll;.' 1e-
gional advocacy and planning for substantial
public investments for restomtion of the MDP,
The federal Coastal Wetlands, Planning, Prowee-
tion and Restoration Act (CWPPRA) off 1990
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has provided up 1o S50 million per vear in the
United States, but it became apparent that larger-
scale restoration efforts were needed (36). A more
inclusive ecosvslem restoration  plan,
2050 Toward a Sustainable Coastal Louisiana,”™
was developed in 1998, which included a di-
verse amalgamation ol projects of various sizes
and purmposes located throughout the coastal
2one (57),

To lurher refine the Coast 2050 Plan, the
LS. Army Comps ol Engincers undertook the
Lousiana Coastal Arca (LCA) Ecosysiem Res-
toration Study (38). The LCA Study produced
detailed quantitative analyses of various restom-

“Coast

tion [catures and of the cost and ellectiveness of
suites of various features in achieving ccosysiem
benefits, mnging in total cost from 83 billion 1o
17 billion. The Office of Management and Bud-
get directed the Coms 1o prepare a scaled-back
LCA Plan that was submined 10 Congress in
January 2005 ( 35) It recommended authoriztion
of five “near-term critical CCORYSICIT restOrLon
|;,:I1ll[\,'h,“ H| .\\‘in;lh:n,‘ and Iu,'u|1|h.1|-:1'::} progrum, a
demonstrtion program, benelicial vse of dredged
matenials, and further investigations of other
near-lemm restomtion features, at a cost of nearly
52 billion. The Assistamt Secretary of the Ammy
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requested programmatic authorization lor cle-
ments tolaling 51.12 billion, which currently
awalls passage of a Water Resources Develop-
ment Act or some other statute.

A National Research Council review of the
LCA Plan concluded: “although the individual
projects in the study are scientifically sound,
there should be more and larger scale projects
that provide a comprehensive approach 1o ad-
dressing land loss over such a large arca. More
importantly, the study should be guided by a
detailed map of the expected future landscape
of coastal Louisiana that is developed from
agreed upon goals for the region and the na-
tion.” (59, ), Congress directed the Corps o
develop a plan for closure of the MRGO 1o deep-
drmait navigation, and in December 2006 the Comps
recommended that the channel be penmanently
blocked and not maintined even for shallow-
drafl navigation,

Before the humcanes of 2005, planning and
decision-making for delta restoration remained
largely separate from that for storm protection
and navigation (33} In LCA planning, restora-

tionn features were evaluated on the basis of

ceosystem benelits and linancial costs, so that
the most cost-effective aray of features could be
identificd. Benefits did not specifically include
the value of stomm damage reduction, and costs
were only linancial outlays by govemments, even
though the features might impose costs or vield
benefits 10 current  ccosystem users (such as
{ishers and ol and gas and navigation intencsts),
These analytical lmitations effectively  solated
restortion plan fomulation from other potential
synergies o contlicts with llood  protection,
storm damage reduction, and navigation,

It has become clear not only 10 scientists
and engineers (38) but also to a growing scg-
ment of the public and political leadership that
sustaining a coastal landscape is necessary 1o
ensure the habitability and economic enterprises
of the MDP (64, 37). The implications of this
new awareness are iwolold: First, activities that
could further diminish the coasial landscape
have to be adjusied so that they are consistent
with that sustainability: and second, ccosysiem
restortion cfforts must now  nclude stonm
damage reduction benefits as a major consider=
ation m the overall restormtion plan (38), In the
aftermath of the 2005 humricancs, the Louisiana
Legislawure created the Louwisiana Coastal Pro-
tection and Restoration Authority and Congress
dirccted the Corps to undeniake the 2-year Loui-
siana Coasial Protection and Restoration Project
{LACPR) in order o identify, describe, and pro-
pose a full range of Nood comrol, coastal res-
toration, and humicane protection measunes for
south Louisiana, Al this point, the preliminary
LACPR report and the preliminary dralt Sate
Master Plan (4/) deal predominantly with hur-
ricane protection barriers, including coastwise
levees with floodgates that could diminish the
sustainability of the coastal landscape, Much
remains o be done o integrmte humicane pro-

tection and coastal ccosvstem restoration in a
compatible manncr.

Nonetheless, the 2005 humcancs have also
given new impetus to more comprehensive and
aggressive coastal ceosvstem restoration ap-
proaches than those included in the 2005 LCA
Plan proposed o Congress. These include larger-
scale diversions, the long-distance conveyance of
sediment slumies, and reengineering ol the nav-
igational access at the mouth of the Mississippi
River so that more of the sediment load of the
river is retained in the nearshore zone to con-
tribute to constructive and sustaining  dellaic
processes, Furthermore, the damage wrought by
the hurricanes has lessened some previous social
obstacles 10 these more aggressive approaches by
forcing relocation away from the coast, cusing
losses of resources andlor infrastructure, and
lowenng public tolerance for obstructions by
namow interests. All of this is evidence that there
15 2 growmg recognition that della restomtion
and hurricane protection will demand a suite of
activities that are much greater in scale and
more profound than those considered barely a
decade ago.

The Gull of Mexico Energy Security Act,
signed into law in December 2006, gives Loui-
siana and other Gull Coast states 37% ol the
revenucs from newly opened oil and gas tracts.
Louisiana has constitntionally dedicaed these
revenues 1o coastal restoration and  protection.
Along with other anticipated revenue streams,
this could provide approximately 51 billion per
vear over 30 vears for these pumposes. Conse-
quently, the state may have the resources o
pursue coastal ccosyslem restoration on a scale
larger than any other ULS. region. This poses a
major challenge 1o science and science-based
planning to develop the most strtegic and
clfective sirategics, while minimizing the con-
Micts and maximizing the synergies in achicving
multiple social objectives within a sustainable
coastal landscape required for the future of the
region. At the same time, the substantial uncer-
taintics must be recognized, accepted, and incre-
mentally reduced through adaptive management
approaches that promote learning while exe-
cuting and enhancing the effectivencss ol lu-
ture decisions—for this must tuly be a long-term
commitment. That will requie substanual ime-
provemenis in science, enginecring,  planning,
and management capacity, operating with a sense
of urgency and purposc,

The restoration of the MDP is imponant not
only in iis own right, bul because it provides
understanding needad 1w contend with the many
other deteriorating delta systems around  the
word. Moreover, it serves as a model for adap-
tation o fuwre climate change in coastal eco-
systems more generally, Because ol high raes
of subsidence, the MDP presently has a mte of
relative sea-level rise equivalent 1o that predicied
for many coasts toward the end of this century,
Human impacts have caused both substantial
increases and decreases in freshwater inflow 10

REVIEW

parts of the coast. And the arca has one of the
highest frequencies of tropical cyclone impacts
in the wordd. The management approaches de-
veloped 1o restore and sustain the MDP i the
face of present-day Torces will undoubtedly in-
Muence uture adaptation to climate change im-
pacts ¢lsewhere, especially duning a period of
resource scarcity, In addition, the experience in
the MDP indicates that restortion on such large
scales requires long time perods and complex
stakeholder engagement.
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Gene Co-Inheritance and

Gene Transfer

Yaniv Brandvain,* Michael 5. Barker, Michael ]. Wade

he functional tmnsfer of mitochondrial

genes 1o the nuckeus is an enigmatic fature

of cukaryvolic genome evolution (/). In
angiosperms, [unctional gene mansler s chame-
terized by periods of siasis punctuated with bursts
of transferactivity, a binge vananee in the number of
transfors among hncages, and a high frequencey of
recent and a deanh of aneient ransters (2, 3). De
spite extensive documentation of mitonuckear pene
transfer in angiospenms, there is no well-suppored
explanation for this “unfathomable™ vanation (3},
Tor understand the vanation in mitochondnal gene
translocation (3) and the evolutionary forees al-
fecting genomic transfer, we examined the asoci-
ation between number of functional mitonuclear
gene transter events and angiosperm reproductive
e,

When a gene moves from the mitochondna to
the nuclews, its environment changes from a pai-
marily nonrecombining, haploid, uniparemally in-
hented mitochondrial gepome 0 a recombining,
biparentally inberiied nuelear penomse. Thus, the
evolutiomry  advantages of recombination may
drive mitonuclear gene transfer, because re-
combination allows mitechondral genes W eseape
degradation by Muller’s richet, the imeversible
accumulation of deletenious mutations., or increases
the rate ol spread of advantageous mutations (). 11
cither of these selective forces drives mitonuclear
gene rnsfer, more gene wansfer should be ob-
served in oulcrossing taxa because they experience
more effective recombination than selfing or clonal
Laxa

Although selling

and clonal reproduc- 0.8 s
tion diminish recombi-
nation, they increase
Oygre. the probability
that mitonuclear gene 0.6 -

pams m the same indi-
vidual are imherited
together and thus are
simultancously identi-
cal by descent. High
Dy conserves mitonu-
clear gene combinations
(5) across gencrations
as well as nuchear gene
combinations, increas-
ing the effectiveness of
selection on mitonuclear 0 -
and nuclear-nuclear epis- 0
Lasis ()

The opportunity  for
lunctional gene transfer

ot
'S

Percent of taxa with X transfers
=
[ %]

1
Inferred no. of independent mito-nuclear transfers (x)

beging with the incomporation of a mitochondrial
gene into a nuclear genome. The tansliened gene
must then acquire soquences confeming nuclear
expression and sequences trgeting the gene product
1o the mitochondnon (/). Lastly, the mitochondrial
copy st be silenced or lest from the population
while the nuelear copy s retamed, Throughow ths
complex process, high Oy prserves functional
gene combinations, whereas reproduction with low
Oppy breaks apan gene combinations, potentially
unitmg two nonfmctional complaments,

If' the process of gene tmnsler mvolves co-
adaptation of mitonuclear gene combinations, her-
itability of these combinations is necessary lor a
fesponse 1o sehection. Because adaptive linction
affer ransler requires simultancous genetic changes
in both genomes, it is probable that co-inheritance is
also cssential o successtul functional gene trnster
(50, A positive association between co-inheritance
and trnsfor numbers would provide suppon for
this hypothesis.

Altematively, mitonuelear transter could be a
neutral process, guided by rndom genetic difl, or
an adaptive process, guided by genes with additive
effeets on finess regardless of mating system.
Neather of these hypotheses makes any prediction
conceming the relationship between Oype and the
number of transfer events.

W tesied these competing hypotheses by ex-
amining the relationship between  independent
mitochondrial gene losses [documented in ()
and ancesiral Oypy (ranked as high, intermediate,
or low) across 170 angiosperm genera [see Sup-

BN
M High (N =18)
B Intermediate (N =862)
B Low (N = 90)

2 3 4 5 6+

Fig. 1. Distribution of inferred number of gene transfers by Uy,

porting Online Matenal (SOM) text lor cntena,
catcgorzation, justilication, and relerence of cach
Chas). Addams ef af. (2) infamed loss of essential
mitochondnal genes by Southem blots but did not
comfirm trnster between the mitochondna and
nucleus. Sequenced plant mitochondnal genomes
show that most infermed losses represent tue losses
and that functional copics of lost mitochondrial
genes ane usually found in the nuckas (£, 2), with
exceplions removed from our amlysis (deailed in
SOM text). Similardy, our inference of ancestral
reproductive mode is imperfea (SOM wexty, and
thus greater resolution of the tming of gene transler
would facilitate betier inference of ancestral Gy,
prowiding a stronger test of our hypothesis.

We found a stong, positive association be-
tween Oy and the mumber of functional gene
trnsler events (Speamman’s p = 0,233, two-tailad
P= 0002, Fig. 1), consistent with the prediction
that gene co-mhentanee facilitates functional gene
trnsler and opposite o predicions that sugped
these advantages are due to recombination (). The
range of varision in the number of tansfer events
and the value of Oypy within clades (Gg. S1) rules
out the possibility that this result is due to a phy-
logenic coincidence. Furthermore, a positive as-
sociation between Oy and gene trnsfer is
comsistent with the observed  phylogenetic dis-
tribution of many recent but fow ancient trnsiers;
il selling and clonal reproduction represent a *“dead
cnd™ (7, gene trnsfer in these high Oypg groups is
followed by their extinction,

Evidence that chloroplst-to-nuclear genc trans-
fers, movement of nuelear genes among chromo-
somies, or movement of genes between hosts and
vertically ransmitted endosymbionis ane associated
with higher O would further suppon our hypothesis.
Owverall, these findings and predictions demonstrate
that the heriability of gene combinations provides a
predictive framework for the evolution of genome
architecture.
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Far-Field Optical Hyperlens Magnifying
Sub-Diffraction-Limited Objects

Zhaowei Liu,* Hyesog Lee,* Yi Xiong, Cheng Sun, Xiang Zhangt

he diflraction limit of light, which s

causcd by the loss of evanescent waves

in the far feld that carry high spatial
frequency information, limits the resolution of
optical lenses 1o the order of the wavelength of
light used w image the object. Projecting a sub-
diffraction-limited image o the far leld
would require recovery of the evancscent waves,
A metamaterials-based superlens offers tha
possibility (). Although slabhike superlenses
have demonstrated sub-diffraction-limited res-
olution (/-4) imaging in the near field, mag-
nilication of subwavelength features into the
[ar licld has not been possible. [t was proposed
that a magnifying superlens could be con-
structed by wsing ey lindrcal metamatenals (5, 6).

Ol
(Lo

a3

Fig. 1. Magnifying optical hyperlens. (A} Schematic of hyperlens and
numerical simulation of imaging of sub-diffraction-limited objects. (B)
Hyperlens imaging of line pair object with line width of 35 nm and spacing
of 150 nm. From left to right, scanning electron microscope image of the line
pair object fabricated near the inner side of the hyperlens, magnified hyperlens
image showing that the 150-nm-spaced line pair object can be clearly
resolved, and the resulting diffraction-limited image from a control experiment :
without the hyperlens. (€) The averaged cross section of hyperlens image of the ¢!
line pair object with 150-nm spacing (red), whereas a diffraction-limited image
obtained in the control experiment (green). A.U., arbitrary unmits. (D} An
arbitrary object "ON" imaged with subdiffraction resolution. Line width of the
object is about 40 nm. The hyperlens i made of 16 layers of Ag/Al;0;.

23 MARCH 2007

Recent theoretical studies on an optical hyper-
lens and a metamaterial crystal superlens have
proposed the use of an anisotropic medivm
with a hyperbolic dispersion such that ordi-
nary evanescent waves propagate along the
radial dircction of the lavered metamatenal (7 9),
Microscopically, the large spatial frequency
waves propagate through coupled surface
plasmon excitations between the metallic Jay-
ers (f0, 11},

We demonstrate a magnifving optical -
perlens consisting of a curved periodic stack
ol Ag (35 nm) and AlLO; (35 nm) deposited on
a half-cylndrical cavity fabricated on a quanz
substrate (Fig. 1A} Sub-diffraction-lhmited  ob-
jects were inscribad o a 30-nm-thick chrome
layer located at the in-
ner surlace (air side).
The anisotropic meta-
material was designed
s0 that the radial and
tangential permittiv-
ities have different
signs. Upon illuming-
tion, the scattered eva-
nescent field from the
object enters the aniso-
ropie medivm and prop-
agates along the radial

the conservation of an-
oular momentuim, the
ngential wave veclons
are progressively  com-
pressod as the waves
travel ouward, resubing
in a magnified image
at the ouier boundary
of the hyperlens (7).
Once the magnilicd fea-
e is larger than the
dilfrction limit, it can
= then be moged with a
conventional optical mi-
caoscope. We caleulated
the clectromagnetic lickl
in a mctamaterials hy-
perlens by using the ac-
el metal loss (Fig 1A

In our experiment,
the object imaged with
the bvperlens was a pair
F-nme-wide lines
spaced 150 nm apan
(Fig. 1B). The magni-
ficd image (350-nm
spacing) can be clearly

an as 1
X [jsm)

VOL 315 SCIENCE

dircction. Because of

resolved with an optical microscope [numerical
aperture (NA) = 1.4]. thus demonstrating magni-
fication and propeciion of a sub-diflmctiion-
Imited wmage o the lar hicld. In a control
expenment, the line pair object was imaged with-
out the hyperlens, The line pair could not be
resolved because of the diffmction it (A NA =
260 nmp(Fig. 1, B and C). Because the hyperlens
supports the propagation of a very broad spec-
trum of wave vectors, it can magnily arbitrary
objects with sub-diftraction-limited  resolution.
The recorded image of the leners “ON" shows
the fine featurcs of the object (Fig. 1Dy The
subdiflraction resolution of 1 30 nm was achieved
(fig. 51 Alhough this work deals with the
cylindrical hyperlens, 1t should be possible
design a spherical hyperlens that can magmfy n
three dimensions. Unlike near-ficld optical mi-
croscopy that uses a tip to scan the object, our
optical hyperlens magnifics a sub-diffraction-
Imited mmage and projects 1 mto the far feld
This expenment demonstmies the capabality
of a hyperlens for sub-diffraction-limited im-
aging. The hyperlens magnifics the object by
transforming the scattered evanescent waves into
propagating waves in the anisotropic medium,
projecting a high-resolution image into the far
field, The optical hyperdens opens up exciting
possibilitics in applications, such as real-time bio-
malecular imaging and nanolithography.
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Asymmetric T Lymphocyte
Division in the Initiation of
Adaptive Inmune Responses

John T. Chang,** Vikram R. Palanivel,* Ichiko Kinjyo,* Felix Schambach,?
Andrew M. Intlekofer,® Arnob Banerjee,! Sarah A. Longworth,® Kristine E. Vinup,!

Paul Mrass,” Jane Oliaro,? Nigel Killeen,” Jordan 5. Orange,® Sarah M. Russel

Wolfgang Weninger,” Steven L. Reiner't

1 3.6

A hallmark of mammalian immunity is the heterogeneity of cell fate that exists among pathogen-
experienced lymphocytes. We show that a dividing T lymphocyte initially responding to a microbe
exhibits unequal partitioning of proteins that mediate signaling, cell fate specification, and
asymmetric cell division. Asymmetric segregation of determinants appears to be coordinated by
prolonged interaction between the T cell and its antigen-presenting cell before division.
Additionally, the first two daughter T cells displayed phenotypic and functional indicators of being
differentially fated toward effector and memory lineages. These results suggest a mechanism by
which a single lymphocyte can apportion diverse cell fates necessary for adaptive immunity.

he clonal selection theory of adaptive
I immunity suggests that proliferation of a
single lvimphocyie should provide sul-
ficient function for acute defense (eflector cells),
as well as the regencrmtive capacily 1o maintain
the selected lineage (memory cells). Throughou
metizeoan development and homeostasis, a con-
served mechanism is used w0 confor disparte
fates among  daughter cells. This  mechanism,
known as ssymmetric cell division, mvolves po-
lareed  alignmemt ol deternmunants of cell fate
perpendicular to the mitotic spindle, thus ensuring
the unequal inheritnee of crtical molecules and
divergence ol daughier cell faes (). Asvmmetric
cell division could thus represent a potential
mechanism o ensure that approprisic diversity
of cell fae anses from the clonal descendants ol a
single lvmphocyie during an immune response,
T cell interaction with antigen-presenting cells
15 characternized by oncitation of the actin and
tubulin cvioskelcton and asymmetric segregation
of signaling and adhesive proteins toward the site
of intercellular contact (2. With sustained signal-
img o the T eell, imercellular conjugation can Lst
for hours i vito (3). Although the immunolog-
ical symapse has not been fully resolved i vivo
(4. 33 recent time-lapse imaging of lymphoid
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tissue suggests that an activated T cell underzoes
sustained interaction with antigen-bearing den-
dritic cells (DCs) during the interval preceding its
first cell division (5-17),

If synapse-like polarity oceurs during the pro-
longed comact with DCs that precedes the fist T
cell division, it is possible that asymmetry might
ensue. Stable onentation of the orginal micro-
tubule organizing center (MTOC) in a synapse-
proximal positon through the tme ol mitosis
wortld result n the duplicate centrosome moving
1o the distal pole during prophase. I segregation
of signaling components was also maintained
during the interval of sustained contact, then
their orentation at a pole of the mitotic spindle
would fulfill the hallmarks of asvmmetric divi-
sion. Consequently, we explored the possibility
that asymmetric cell division can initiate differ-
entimtion associated with the adaptive immune
response of T cells.

Segregation of immune receptors and
ancestral polarity proteins in mitotic T cells.
Whether initial cytokinesis of naive T cells
occurs during conmact with DCs, or alter
dissociation from DCs, has not been resolved
(3. & 12, 13). We therefore tested the potential
tor asvmmetnc division by solaing T cells that
appearcd o be preparing for their first divi-
sion in vive and examining their subcellular
chamcteristics ex vivo (/14). Naive mouse CDS”
T cells transgenic for the P14 T cell receptor
were labeled with carboxy luorescein diacetate
succinimidyl ester (CFSE) and adoptively trns-
ferred into wild-type recipients. These recipients
had been infected 24 hours previously with in-
travenous recombinant Lisieria monocyiogenes
bactenia expressing a specific antigenic gp33-4
peptide epitope (gp33-L. monocitegenes) (14).
At 32 hours after tansfer, undivided donor T
cells (represented by the brightest CFSE peak)

were sorted by Mow cytometry and examinad by
conlocal microscopy. This approach  ensured
that we were examining T cells preparing for
their fimst division,

Undivided (parcntaly T cells were stained
with anuibodies against f-wbulin and various
T cell signaling proteins and readily identified
as activated blasts by their incrcased cell size
ifig. 51y Most of the blasts contained a single
MTOC, indicating that they were activated, but
premitotic, cells (Fig. 1AL far left), In more than
9% of such cells, the centrosome colocalized
with a polarized patch containing leukocyie
function-associated antigen- 1 (LFA-1L CDE, and
CD3 (Fig. 1A, far left). This polarity was not a
direct result of the adoptuve-trmnsfor process,
because tmnsferred naive T cells that had not
been exposed to antigen exhibited dilfuse stain-
ing of the same receplors (lig. 520 In contrmast
the polanty exhibited by components known o
participate in immunological synapse formation,
the localization of CDW, a nonsynaplic trans-
membrane receptor, was found to be diffuse in
T cells from infected recipients (Fig. 1A).

Although much less frequent than the pre-
mitotic blasts, mitotic cells (those in prophase
through anaphase) could be idemtificd by the pres-
ence of two oppositely Facing MTOCs (Fig. TA).
Like their premitotic counterparts, these mitotic
T cells exhibited pronounced polarized distri-
bution of LFA-1, CDX, and CD3 (Fig. 1A). As
with premitotic blasts, the synaptic components
colocalized with one MTOC, which consequent-
Iy represented one ol the two poles of the mi-
totie spindle (Fig. 1A) The mital cell divisions

we observed i this expernimental setting ol

CDE™ T cell responses were, therefore, charac-
terzed by partitioning of signaling proteins per-
pendicular 1o the mitotic spindle, a morphology
reminiscent of asvimmetric cell division,

We next examined i asymmetric T cell di-
vision could also be detected in CD4™ helper
T cell responses. Lesstmania-specitic T cell ne-
ceptor (TCR) wransgenic CD4™ T cells were
labeled with CFSE and adoptively transfemed
inte wild-type recipients that had been infecied
24 hours carlier with L. mejor (14). At 32 hours
aler the wanster, undivided blasts were exame-
ned for the localization of LEA-1, CD4, and the
receptor for mterferonsy (IFNyR), which polarnizces
to the immunological synapse during activation
of CD47 T cells in vitro (45). All three recepiors
colocalieed with the MTOC of premitotic blasts
and remained asvmmetrically panitioned in mi-
totic T4 T eells in vivo (Fig. 1C). Asymmetric
segregation ol signaling molecules may, thus, be
a feature of both major T cell subsets undergoing
the first division during an immune response,

On the basis of their suggesied role during
T cell migration and acuvation in vitro (/6),
we next examined the localization of ancestral
regulators of asymmetric cell division, protein
kinase C-L (PRCT) and Scribble, in CD8™ T
cells preparing for division, PRCT is a mamma-
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lian homolog of atypical PRC, a component of
cell polanty complex containing
7L Scnbble 15 a signature

another key polanty complex

an essenhal
Par-3 and Par-6 (/. [
component of
that 15 olten positoned opposite the atypical
Pk C-containing complex (f7) In premitotic T
cell blasts, PRCE was observed o localize op-
posie the MTOC
this asyvmmetnie position at the putative distal
pole (Figs. 1A and 2 Senbble
colocalized with the the putative

and persisted o mitosis at

). In contmst,
MTOC m
synaptic pole of premitotic blasts (g, 53), and
this, 100, persisted o milosis (Fig. 2% Thus, an
ancesiral pu|;u|l_\ network .:|'l;h;.ih'-.'. 1 be
catablished before mitosis and |‘h.'rx1:\|c-.|. e M
phase with chamctienstic orientation al opposite
poles of the mitotie spindle

Sustained synapsis required for asymmetry
during mitesis. To detenmine whether the asvm-
metry we observed in the nitial mitotic T cell

>

Wild-type (infected)

LFA-1

cDs

PKCL

CD3

CD90

Tubulin  Merge

Q

Pre-Mitotic

CD4 LFA-1

IFNYR

Tubulin  Merge

and fcam1™

Wild-type (infected)

was related to its sustaimed contact with
pathogen-associated DO belore division, we ex-
amined two altemative stimuli ehiciing cell divi-
ston m vive, In the (st ransgemie T cells were
translemed mto lymphopemie RAG L-delicient re
cipients o mitiate cell division in the absence of
pathogen. This form of division is called acute
homeostatic proliferation and does not depend
on specilic recognition of loreign antigen by 1
cells, but instead 15 mtated 0 response o self-
antigen m an environment devoid of other lvim-
phocytes (I8) In the second muodel, a foreign
microbial stimulus was wsed, but in I\'l.,'l|1i\'!|l:'\.
|:|n.".-.i|1:._' intercellular adhesion molecule 1 {ICAMI
and so unable 1o support LEA-1- dependent inter-
actions between T cells and DC's (/9. This muta-
tion was chosen because such imcgrin-cadherin
mlerctions  have been shown 10 be cribcal fon
.I"-_‘-IJIII':L'[Ji.L' LL'” l.li"'\.i."'-tll'll m Eanm-

han sk (2 and because DCs |..|.Lki|'::_' ICAMI

LA :.'.II'Ii/il:I:.:

Rag1-/- (uninfected)

do not suppont the sustained intervals of T cell
contact that charactenze productive immune re-
sponses (21

In both the umnfected lymphopenie mice
and the miccted CAMI-dehcient recipients,
".if.'ill\'ll.l.‘- cell division of the transferrad T cell
54

loss ol

population was supported (Fig. 30, g
There substantial
asymimetry in mitotic T cells retrieved from the

was, however, a
mutant mice, with dilluse distnbution ol synap-
tic and polarty proteins and no apparent. onen-
tation of these proteins W the mitotic spaindle (Fig
1. A and B)

Llllri|:= the |'-|1-Jm~ sl contact between

IThisse |':r|g|1|| os sugeest that events
I cell and
I plncdll!:.': the hirst T cell division, rather
than general mitogenic signaling, are required o
cstablish asy mmetry.

Asymmetric inheritance of fate determi-
nants in the first daughter cells. To determine

il asvmmeline scgresation ol synaptic proteins

lcam1-/~ (infected)

Tubulin

Tubulin  Merge
- 60
Mitotic E 40
o
=20

Tubulin  Merge

¥

LFA-1

1 Mml]
cDa cD3
W Wild-type (infected)

B Rag1-/- (uninfected)
O leam1-/- (infected)

Fig. 1. Asymmetric protein segregation in mitotic T cells responding to
infection. (A) Undivided P14 CD8" TCR transgenic T cells from spleens of
indicated recipients were harvested 32 hours after in vivo exposure to the

mitogenic stimuli (infection with gp33-L monocytogenes for wild-type

mice; lymphopenia for Rag1™ mice) and examined by confocal microscopy after staining for B-tubulin (red) and LFA-1, CD3, CD8, PKCC, or

CD90 (green). Panels are representative of nine or more mitotic cells per group. Far left panels are premitotic blasts from infected wild-type recipients (large
cell, but single MTOC); all remaining panels are mitotic cells (dual, oppositely facing MTOCs). (B) Ouannhcatmn of PDLEIFIFEd receptors on mitotic CD&" T cells

represented in (A). The number of mitotic cells examined for each receptor (per group of wild-type, Rogl™
LFA-1 (21, 30, 9); CDB (19, 27, 13); CD3 (15, 27, 9). *P <

0.025; **P -

= 0.001. (€C) Undivided donor qushmnnfn-ipecilic o4

, and lcam1™ mice, respectively) was as follows:

TCR transgenic T cells from

infected wild-type recipients were harvested from draining lymph nodes after 32 hours and stained with antibodies against [tubulin {red) and LFA-1, CD4, or

IFNyR (green). Polarity of LFA-1, CD4, and IFNyR was observed in 60% (n = 15), 78% (n =

23 MaA
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9), and 71% (n = 14) of mitotic cells, respectively.
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persists through mitosis, we examined cells

undergoing cvtokinesis. Sorted, undivided T
cells that had already responded to various
vive stimull were cultured in media contamng
cytochalasin B, 1o mhabit acun polymenzation,
belfore imaging (/4). This resulted in the armest
of cytokinesis i parent T cells attempting 1o
divide, vielding conjoined twin daughter sets.,
Costaining of CDE and PRCE revealed unequal
protemn inheritance i daughter T cells subse-
quent to the in vive immune response (Fig. 34A).
CDE and PROCE consistently segregated 1o oppo-
s1le |.|,|'.|;;h[|:r>-, in accord with the synapse-distal
localization of PROZ

hlasts

i ]‘ll-.,'ruilm'u' and mitotic

In contrast Li.]!"‘\ IIII1.1|.I"LI1E'I" acute ho-
MeosEtic r-ln]llrl.ulun. MCPICsCnLng non-antigen-
driven cell division, displayved uniform mbhentance
of CDE and PKCEC 10 both daughters (Fig. 3A)
Simalar results were oblamed  Trom Y iokinetic
cells examined directly ex vivo that wene not cul-
turcd in eviochalasin B (g, 85).

The asymmetrie segregation of CDE be-
tween conjomed twin davghter cells sugpested
that it might be possible o measure flow cylo-
mettic evidence lor this receplor disparity in
nascent daughier populations, In infected wild-
type recipients, bimedal distibution of CDS and
LFA-1 al:linl:l_u was evidem in bulk qu'-|'l|.||'.11 WE
of daughier T cells (Fig. 3B). In contmast, daugh-
ter T cells that had emerged from homeostatic
proliferation exhibited a unimodal distrbution
The bimodal

T cell division of the

of co-receptor staining (Fig. 3C)
staming evident in the first
immune response may, thus, have representoed
prosimal and distal doughter populations, with a
greater and lesser abundance ol synaptic recep-
tors, respoectiviely. However, why the putative dis-
tal davghter was not observed o proliferate
substantially bevond the first division (Fig. 3. B
and C) s nod evident and remains © be exploned.

Fig. 2. Bipolar segrega- CD3
tion of conserved regu-
lators of asymmetric cell
division during mitosis.
Cells from infected wild-
type recipients were har-
vested as in Fig. 1A and
stained for CD3 {(green),
f-tubulin (blue), and
LFA-1, PKCC, or Scribble
tred). Colocalization of
CD3 with LFA-1 and
Scribble was abserved in
94% {n = 16) and
100% (n = 10) of cells,
respectively. PKCL was
polarized opposite CD3
in 90% (n = 100 of cells.

whether
mvelved in cell fate might be asymmetrically
pantitioned in CDE T eells, we examined IFNyR
m cells responding 1w pp33-L

[ ascertain signaling pathways

IRV SCTICN.
Consistent with ns proxomal location e blasts
(fig. S6), preferential inheritance of IFNvR was

observed m the putative proximal daughter of

basced

conjomned twin sels, on ils segrezation
away from the putative distal daughter, which
[ PKCEC (Fig. 4).
Early m the immune response, the hizand lor
IFXNyR might be searated by CDE™ T cells them-
selves (fig. 561, neighborng natral killer cells,

DCs (2. IFN-y
signaling induces the key trmnserption factor,

[-bet i fig. ST, which s preferentially expressed

inherits the greater portion o

In activated CDS T cells,

in cflector cells companed 10 the memory lineage
2 %
=4).

1_. i
|E\-if .HIE':'::II-:!I“H:_{ L'U‘I.I.Id L.!.“'L'LS.J_\ (1§ il'ln.li.l'\.‘k!l_‘.

It 15 thus concewvable that differences

influence fate-associated gene expression i the
lirst daughiter T cells dunng an immune response.
Unequal mbentanee of Numb, an mlubitor

I Notch signaling, is another ancestral hallmark

of asymmetne cell division (/) In conjoined
twin cells, we observed preferennal mhertance
of Numb in the proximal daughter, based on its
coscgregation o daughiers that inherited greater
CDS (Fig. 4). Inheritance of Numb by proximal
ti..l:ll:.’_l!l'h_'l.\- was consistent with its Fepw ed lo-
calization at the immunological synapse in vitro
(25). Disparity in Notch signaling could con-
tribute o initial Fate divergence, because Notch
ligands have been found to be
pathogen-stimulated DCs (26). Like the asym-
metne inhentance seen for IFNyR, that of Numb
appeared speeific to danghier cells responding

nduced on

o micction, because only symmetric segregi-
tion ol these proteims was detected in the con-
joined twin sets arising (rom acute homeostatic
division (Fig. 4). Segregation of critical compo-

LFA-1 Tubulin Merge

PKCC Tubulin Merge

Scribble
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Tubulin Merge

nents of two fte-datermining signaling pathways
thus provides a possible mechanism for asyim-
metne T cell division o generate intraclonal di-
versily during the immune response.
Asymmetric division yielding effector- and
memory-fated progeny. Consistent with the
predicted mle for asvmmetric cell division in
specitving different dauglier faes, we observed a
promounced dispanty in phenotypic markers ol
eflector and memory cells between the putative
The
putative proximal daughters (possessing more
abundam CD8) were larger in size, had increased

proximal and distal davghters, respectively

:,:J:||1L||.'1| i1_~., and |,"~,|'u|;-\\\'|.| lovw levels of CDG2L
bt |'.i:.:hci levels of CDoY, CD43, D25, and
CD4d (Frg. 3A, Nz, S8), a profile consisten
with the effector lincage (27). In contrast, distal
daughters (those with less abundant CDE) had a
profile more consistent with the central memon
lincage (273 these cells were smaller, less gran-
ular, and expressed high levels of CD62L b
lower levels of CD6Y, CD43, CD25, and CD4Y
5A,

functional disparity in proximal and distal daugh-

(Fig. [z, S¥L We also observed coordinate

ters. Proxamal daughters exhibited greater ex-
pression of the effector gene products, [FN-y
and Granzyvime B (Fig 3B), whercas distal daugh-
ters ex hibited Ercier CxXp ession of interleukin-7
receptor a (IL-TRa) mRNA (Fiz. 3C), a marker
ol carly memaory precursors (8L

A prediction ol these observations is that the
effector-fated danghters will terminally differen-
tiate, without substantial regenerative capac-
iy
retain long-tenm developmental plasticity 1o both

In contrast, memory-Fated daughters would

selfrenew and terminally differentiate, consistent
with the recognized features of memory T eells
29} Consequently, both ellector and memon
precursors should be capable of prowction
whereas
controlled by

challenge, delaved
challenge should be beta the
memory-like precursors (28) To test this predic-
we sorted puative proximal and  disial

aganst an  acule

T,
davghters from primary recipicnts and trans ferred
them o a new s¢t of naive secondary recipients
that were challenged immediately or at 30 days
after with gp33-L
assess protection (J4)

transler manoctogenes o
AL 30 days aficer transier,
distal dawghters were indeed found to provide
measurably better protection than was Tound with
prozamal davehter T cells (Fiee 500
procjimal  davghters provided  equal or

However,
better
prodection than ther distal  counterparts when
S12).

Lwwe

challenged immediately afier wransfer (Fig
The functional the lirst
davehters were thus consstent with our assign-

propertics ol

men @ ctlector and momory precursors on the

biasis of phenotypic and functional markers.
Discussion. The

lu_:_'ln.'.,ﬂ SVNApse. s it has been studied in vitro,

Iim\']iun ol the i1||s|1||1m-
has remaimoed L‘[Ii:_tl'llilltL' {3, The L'ltlL'J‘::ijlj_r, oe-
oenition that the parent T cell and DC undergo
prolonged contact in vive relatively lae alter
initial activation (5-1) prompted us 1o consider
the possibility of a previously unknown function
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Fig. 3. Disparity in synaptic and polarity protein
inheritance of daughter CDB™ T cells. (A} Un-
divided P14 transgenic CO8® T cells from infected
wild-type or uninfected Ragl™ recipients were
cultured in media containing cytochalasin B for 4
hours at 37°C to arrest cytokinesis. Cells were then
stained for CDE (green), PKCC (red), f-tubulin
(blue), and DNA (grayscale). Cells undergoing
cytokinesis were identified by pronounced cyto-
plasmic cleft by brightfield and dual nuclei and
were scored for asymmetric segregation of stain-
ing between conjoined daughter cells. Merges of
CD8 with PKCC were superimposed onto both the
tubulin and brightfield images (fourth and seventh
columns, respectively). Asymmetric segregation of
CD8 in wild-type versus Ragl™ mice occurred in
69% (n = 29) versus 14% (n = 35) of twin sets,
respectively. The percent asymmetric segregation
of PKCC was 62% (n = 34) in wild-type and 14%
(n=29) in Rag1™" mice. For both molecules, the
incidence of asymmetry was significantly greater
in cells from wild-type compared to Ragl™ mice
(F = 0.001). In costaining experiments where both
molecules asymmetrically partitioned, CD8 and
PKCL segregated to opposite daughters in 100%
(n = 9) of wild-type twin sets. (B} Differential
abundance of synaptic proteins in the first

daughter T cells responding to infection. CF5E-labeled transgenic CD8* T
cells from infected wild-type recipients were analyzed by flow cytometry 48
hours after infection. Division, represented by CFSE dilution (x axis), and
receptor abundance (y axis) of all transferred cells (left upper panel} and CD8*

Fig. 4. Asymmetric inheritance of fate determi-
nants in the first daughter T lymphocytes. Cells
obtained and analyzed as in Fig. 3A were
costained for IFNyR and PKCC (upper rows) or
CD8 and Numb (lower rows), plus f-tubulin and
DNA. Asymmetric segregation of IFNyR in wild-
type versus Ragl™™ mice occurred in 77% (n =
13) versus 7% (n = 14) of twin sets, respectively,
The percent asymmetric segregation of Numb was
67% (n = 18) in wild-type and 13% (p = 15) in
Rag1™ mice. For both IFNyR and Numb, the
incidence of asymmetry was significantly greater
in cells from wild-type compared to Ragl™ mice
(P < 0.001). In costaining experiments where both
maolecules asymmeltrically partitioned, IFNyR and
PKCL segregated to opposite daughters in 100%
(n = 5) of wild-type twin sets, while CD8 and Numb
segregated to the same daughter in 10004 (n = 8)
of wild-type twin sets.

for the synapse: namely, tha 0 helps coordmate
asvmmetric cell division, Al its simplest level, a
mechanism lor asymmetric cell division might
provide a solution w an essential problem facing
:|i,!.':|'l1|1. e il1ir'|:|l.ll'.i|:'\.. If an mmune TESPN e WETT
{8 |'||.'j_:in from the acuvation and ]‘-mE:IL'!'.lI:IniI of
a single amigen-specific natve T ecll, simulia-
neous assignment of effector and memory prop-
ertics o two differenmt daughters would ensure
acute climination of the microbe, while preserving
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CD8 PKCL{ Tubulin
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" CFSE

CD8 LFA-1

IFNYR  PKCC

Rag1-/- Wild-type

CD8 Numb

Rag1-/- Wild-type

the uselul clone through a memory lincage n
the event that all effector cells die. Afer resolu-
tion of infection, the slow, cvtokine-driven pro-
liferation of memory T cells might then involve
symmetrne divisions 1o maintain stable numbers
t'l!.nil'lil'lill'l_'\ faned d:lu;"hk‘]' |.'|.‘L|.~. This mi-__:tn he
akin to the symmetric homeosiatic division we
observed for naive T eells transferred 1o antigen-
free, lymphopenic mice. Upon secondary expo-
sure o the pathogen, antigenpresentmg DCs might
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Tubulin Merge

DNA  Bright Merge

aEEna

Wild-type
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CFSE

M oA

CDs CcDs8

transferred cells (right upper panel) are shown. Receptor abundance (x axis) of
electronically gated daughter cells (second brightest CFSE peak only) is
displayed below. (C) Comparison of CD8 abundance in daughter cells arising
after infection (left) versus acute homeostatic division (right).

DNA  Bright Merge

DNA Enght

Merge
s

then coordmate another epsode ol asymmetn

in the memory T cell, leading to a werminally
differentiated effector lincage,
renewing memory lineage, Such a model 1s con-

as well as a sell-

sistent with the stem cell-like features that have
been proposed for memory T cells (29, 3/ and
is one that we are currently investigating by
cxamining the morphology and phenotype of
T cells and ther daughters in the ne-
Whether the

I
sponse o a secondary challenge.
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Fig. 5. Daughter CD8* T cells acquiring disparate
fates during immunity. (A} CFSE-labeled CD8" T
cells were analyzed as in Fig. 3, B and C, with
antibodies against CD8 and one of the following
molecules: CD62L, CD&Y, CD43, (D25, or CD44,
Phenotypic markers of effector and memory cells (x
axis) and CD8 abundance {y axis) of electronically
gated daughter cells (second brightest CFSE peak
only) are shown. Cell size represents forward light
scatter; granularity represents side light scatter.
Fluorescence intensity of surface receptor staining
is listed in fig. 58. (B} Cells were analyzed as in (A),
with antibodies to detect intracellular IFN-v or
Granzyme B. (C) IL-7Ra mRNA was measured by
means of real-time reverse transcription—polymerase
chain reaction from sorted proximal and distal
daughters. (D) Sorted proximal and distal daugh-
ters were transferred into new naive recipients.
Untransferred control and recipient mice were
challenged with L. monocytogenes either immedi-
ately (Acute) or 30 days (Delayed) after transfer,

RESEARCH ARTICLE

A ' . prox D Acute | Delayed
e | - — B :'i'."-.-ii'-‘_ d
! il | | sl distal g . 60 -
Q| . , B8 g
Cell Size Granul, CDB2L CD69 282
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Q rew— B 8 ™ dista E g 20
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_________________ #
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& o
= c{m "fd:?\ ‘50&5"
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@ A 2™ geta €6
(& o | é 4
o N2
IFNy Gran. B =
prox distal

Four days after infection, quantitative bacterial burdens in spleens were determined. Mean bacterial burden of recipient mice (left to right, n= 3, 4, 4, 4) is
expressed as a percentage relative to the burden of untransferred control mice. All groups were significantly protected relative to untransferred contrals (P <
0.006). After delayed challenge, distal daughters afforded significantly better protection than proximal daughters (*P = 0.03).

asymmetric daughters ol naive T cells are actu-
ally lated 1o become specialized subsets other
than effector and memory cells, morcover, can-
not be excluded at this time.

Although the progeny ol a newly activated
CDR" T cell may be capable of dividing and dif-
ferentinting without further exposure to antigen
(32, 33, it has been sugpested that efficient
CD4™ T cell responses may require continued
exposure o antigen by the iminal daughter cells
(12, 34). rasing the possibility that more than
one round ol asymmetne division might oeeur.
Reiterative rounds of asymmetry during the ini-
tial clonal expansion of a CD4 T eell might, thus,
tacilitate the diversilication ol cifecior choices
[T helper cell 1 (Tyl) Ty2, and Tyl7] in ad-
dition 1o, or instead of, simply genermting effector
and memory progeny. In this way, the spectium
of CD4" T cell effecior fates, which anse only
afier cell division (35), might all be represented in
the initial clopal burst. Therealter, only the most
useful of the diverse progeny might undergo
further sclection, on the basis of the type of
pathogen encountered. Indeed, the detorminants
than are seeregated in the mial CDE™ T cell di-
vision are also presumptive regulators of CD4°
Tul-Ty2 lincage choice (13, 26, 36-3¢), With
ever-improving methodology for in vivo imag-
ing and lineage tracing, it may soon be possible
to construct a detailed fate map of a single T cell
clonal burst during a vanety of immune chal-
lenges. For now, however, the role of asymnxtric
cell division in diversifying CD47 T cell e
remains to be fomally evaluated,

Although information from the environment
is essential in choice of cell fate, the faculiative
milicu of a migrating ¢ell has often made 1 dil-
ficult 1w idemtily the most cntical signals. I s
tempiing o speculate that the prolonged interlude
with the antigen-presenting ccll, which scemingly
coordinates the asymmetry of T cell division,

might be mirored in the behavior of other di-
viding lymphocyvies and in the interactions of
metastatic cancer cells with the eellular or extra-
cellular components of their provisional niche.
There remain numerous avenues o formally est
the prevalence and importance ol asymmetnic cell
division in adaptive immunity and in mammalian
development and homeostasis, Extensions of the
frmework presenied here might, thus, expand
the principle ol asymmetrie cell division 1o
varous stages of B and T lvmphocyite immunity,
or provide nsight mio the cdusive circumstances
preceding asymmetric division ol hematopoictic
and neoplastic stem cells (40, 41).
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Enhanced Bonding of Gold
Nanoparticles on Oxidized Ti0,(110)

D. Matthey, ). G. Wang, 5. Wendt, ). Matthiesen, R. Schaub,

E. Lagsgaard, B. Hammer, F. Besenbacher*

We studied the nucleation of gold clusters on Ti0,(110) surfaces in three different oxidation states
by high-resolution scanning tunneling microscopy. The three TiD(110) supports chosen were

(i) reduced {(having bridging oxygen vacancies), (ii} hydrated (having bridging hydroxyl groups),
and (iii) oxidized (having oxygen adatoms). At room temperature, gold nanoclusters nucleate
homogeneously on the terraces of the reduced and oxidized supports, whereas on the hydrated
Ti02(110) surface, clusters form preferentially at the step edges. From interplay with density
functional theory calculations, we identified two different gold-Ti0,(110) adhesion mechanisms for
the reduced and oxidized supports. The adhesion of gold clusters is strongest on the oxidized
support, and the implications of this finding for catalytic applications are discussed.

he discovery ol distmetive catalyiic prop-
I ertics ol dispersed gold nanopanticles on
oxide supports (/. 2) has stimulated ex-
lensive research activities (2-3), and a general
consensus now exists on several aspects of this
syslC. The size of the :_1:1!-.! |‘I;.L|:‘li-.'|¢.~. sulstan-
tiallv affects the catalvtic activity, and the gold
clusters must be smaller than 5 nm for high
catalytic activity o occur (6-8). The choice of
the oxide support influences the catalytic ac-
tivity, so there is a strong “support effect” in
addition to the “size effect” (2, 4, 9), and re-
ducible oxides are advantageous as compared
o nonreducible ones (9, 10y, However, the
relation ol the adhesion properties ol nano-
sized gold with eatalyue activity is sull unre-
solved. A number of studies (mainly catalysis
work done on high area suppont materials)
have reported that slightly oxidized gold (Au™).
in addition 1o metallic gold (Au"). is important
to achieve high activity of dispersed Au cal-
alvsts (2. 4. [f-16). In parallel, several surface
science studics of model svsiems favored an
interpretation. where oxygen vacancies have
boen invoked as being responsible for the sta-
bilization and activity of Au clusters on the sup-
port (17-2i)).

We studied the fundamental mechanizsms of
metal oxide-support adhesion by means of
scanning wnneling microscopy (STM) and den-
sity functional theory (DFT) calculations. We
compare the nucleation of Au clusters on one
support material that had been prepared in dif-
lerent oxidation states, We chose rutile TiOH 110}
as lhe model suppon because numerous studies
exist on the AwTiO; model system, and AuTi0,
is a pood catalyst for OO oxidation a1 low

Interdisciplinary Nanoscience Center (iINANO) and Depan-
ment of Physics and Astromomy, University of Aarhus, DK-
8000 Aarhus €, Denmark.

*To whom correspondence showld be addressed. E-mail:
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temperatures, as shown in the pioneenng studics
by Haruta (/. 6), Goodman (7, /&), and the work

ol others (24-23).

reduced

hydrated

The TiO0 110} surtace consists of alternat-
ing rows of lvelold-coordimated Ti (5T1) atoms
and protruding, twolold-coordinated bridging
oxveen (g atoms. The T atoms underneath
the Oy atoms are sixfold coordinated as any
other Ti atom in stoichiometnic rutile. An Ar
sputtered and vacuum-annealed TiOy(110) crys-
tal is an n-type semiconductor, and s surface
has a number of Oy, vacancies (5). The STM
images of the T 10} surface are dominmed
by clectronic effects (ie, bright rows corre-
spond o the Ti woughs), whereas geometricallv
protruding Oye atoms appear dark (5). Accord-
ingly, the faint spots that connect the brght Ti
troughs arise from Oy vacancies (Fig. 1TA) (24).

Starting with a clean, reduced TiOs( 110y
[r=TiOS1 110)] surface, we prepared two further
will-delined TiOW 110} surfaces under ultrahigh
vacuum conditions (24, 25). First, we produced
a hydrated TeOo( 110Y [£-Ti,( 1 10)] surface with
H adatoms, capping some of the Oy, atoms by
letting water dissociate in Oy, vacancies (Fig.
IB). The capping H atoms form bridging hy-
droxvls (OHg,) that appear as brighlter protru-

oxidized

Fig. 1. STM images of - (A), i (B), and o- (C) TiDx(110) surfaces before Au exposure (130 x 130 A%).
Symbols indicate Oy, vacancies (square), H adatoms on Oy, sites (hexagon), and O, atoms in the Ti troughs
(circle). Insets (30 x 30 A%) show the paint defects of interest enlarged. For the detailed preparation recipes,
see (25), (D to 1) STM images after 3% ML Au exposure at RT [1 ML is defined as 1.387 x 10™ atoms per om”
corresponding to Aw(111)). Image sizes are 130 x 130 A® [(D) to (F)) and 350 x 350 A? [(G) to (1),
respectively. In [ID) to (R, the heights of the Au clusters are given by contour lines at 1.2, 3.2, and 5.2 A
above the terrace. Directions are as indicated in (G), and tunnel parameters (tunneling current 4 < 0.1 nA,
tunneling voltage 1y = 1.2 V) are identical throughout the paper.
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sions between the Ti rows than those associated
with the On vacancics (24, 26). Sccond, we
prepared an oxidized T 1 10) [e-TiOs(1 10))
surlace by letting O dissociate in Oy vacncics
(24, 27), resulong m an o-TiO5( 110) surface
characterized by perfect Oy rows and by a
number of O adatoms (Oy) located in the T
troughs (Fig. 1C). These O, atoms show up in
the STM images as protrusions distributed along
the Ti troughs and are located on top of 31-Ti

sites (24, 26).

Au/h-TiO,(110)

Density (104 nm<)

Au/r-TiO,(110)

Au/o-TiO,(110)

m

Density (104 nm-2)

&0

50 =

D 300+
1 3% ML AWKTION110) at AT

&~ 2504 o aher flash 1o 68°C

E

=

5

=

.E

&

8 &§ 8 B

Adler exposing these three different TiOs( 110)
surfaces o Au [3% of a monolayer (ML)] at
rooin temperiture (RT), we observed  quite

different Au cluster morphologies. In case of

the r-Ti0=(1 10) surlace, numerous rather small
Au clusters are distributed homogencously on
the temaees (Fig. 1, D and G). In contrast, on the
B=TiO( 110y surface, we found Ly large Au
clusters that preferentially  decorate the siep
edges of the substrate, and no small Au clusters
on the wrmces are seen (Fig. 1, E and H).

@ 3% ML AWhTIO,(110) at -57°C
0 3% ML AuhTIOL[110) at AT

STM Height (A)

& 3% ML Awo-TIO(110) at RT

L =]

2 4 6 8
STM Height (A)

10

Fig. 2. (A) STM image of the h-Ti0,(110) surface after 3% ML Au exposure at —57°C (350 x 350 A%), and
(B} Au height histograms corresponding to Auh-Ti0(110) surfaces for substrate temperatures of —57°C
(hatched red bars) and RT (blue bars). The histograms rely on scanned areas of ~10° nm® each (~1000 Au
clusters per histogram). A threshold of 1.2 A above the terrace was chosen to ensure that exclusively Au
clusters are considered for the histograms. (C) STM image of the Aw/r-Ti0,(110) surface (350 x 350 A?)
prepared by 3% ML Au deposition at RT followed by heating up to 68°C. (D} Au height histograms
corresponding to Awr-TiDs(110) before (hatched red bars) and after (blue bars} heating of the sample. In
(D), the peak indicated by “u” corresponds to Au, trapped in Oy, vacancies. The armow in the inset indicates
large Auw, clusters that are a result of sintering. (E and F) Like (C} and (D) but for the Awo-TiO(110) surface.
In {F), the peak indicated by "a" corresponds to Auw, clusters of one layer height. No sintering was observed.

REPO
However, on the e-TiOw( 1 10) surdace, we again
found Au clusters o nucleate homogeneously
on the wemaces (Fig. 1, F and ).

The absence of homogencously  distnbuted
anall Au nanoclusters on the f-TiOs(110) sur-
face implics that monomeric Au (Aug ) and small
Au nanoclusters diffuse readily st RT on this
surface. This finding 15 in agreement with pre-
vious RT-STM studics addressing AwTiOy( 1 10}
(7, 17, 28, 29), where sintering ol incoming Au,
has been reported. In the present work, we found
homogeneously  distributed small Au clusters
also on the wrmees of the A-TiO=0 110} surface
when we cooled the substrate down o -37°C
betore exposure (Fig. 2, A and B). According 1o
these results, we infer that the meraction be-
tween Au clusters and the =T+ 110 surface 15
fairly weak (31). On the contrary, both for the
r=Ti05( 110} surface (with Oy, vacancics) and
the o-TiO( 110} surface (with O, atoms), the
results presented m Fige | moply that, on these
two TiO4( 110} surfaces, stronger Au-Ti0, -
teractions oceur than on the &-TiOL 110) surface.

Given the stronger interactions with the r-
and the o-TiOH 110} surfaces, we explored the
effect of heating on the Au cluster momphologics
on these two Titw surfaces (Fig. 2, C 1o F).
Staning points in these experiments were # and
a-TiOR( 110} surfaces that we exposed to 3%
ML Au ot RT (Fig. 1, D and G and Fig. 1. F
and I, respectively). After subsequent heating of
the samples 1o 68°C, Au simtering s clearly
cvident for Awr-TiIOL( 110} (Fig. 2C) but not for
Awe-TiO110Y (Fig. 2E). The different stabil-
iies of the Au clusters agamst sintenng on the
two TiOL(110) surfaces considered are even
more obvious when lookmg at the comespond-
ing Au height histograms (Fig. 2, D and Fy. For
reference, we also show the height histograms
obtained on the Au exposed surfaces before
heating (hatched red bars). After the heating of
the Awr-TiOx(110) surface (blue bars in Fig.
213), the shap feawre at Au clusier heighis of 1.8
to 2.6 A (labeled “a”) is almost three times less
intense than before. Because the “a™ peak come-
sponds 0 Ay trapped in Oy vacancics (sce
below), this result indicates that about two-thirds
of the Auy clusters have coalesced with other
Auy, clusters. The simtering of Auy/Au, clusters
on the r=TiO 110) surtace leads to the fommation
ol large Awy clusters with STM heighis up o 10
A (Fig. 2D, insct). Nothing in the STM data
points 1o the occurrence of a ripening mecha-
nism. Instead, our data are consistent with co-
alescence of Au, clusters as the prevailing
sintering mechanism,

On the o-TiOL( 110) surface, the Au height
histograms (Fig. 2F) show pronounced peaks
of identical imensitics at STM heights be-
tween 1.2 and 3.4 A (labeled “a™) both before
and after heating ol the sample. The charme-
teristic “a” peak found tor the Aw/o-TiO4( 1 10)
surface is less intense but broader than the nar-
row o peak typical for Auy on the ~TiOA 110}
surface. This result can be explained by the
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existence of many stable Au, cluster config-
urations on the o-TiOs( 110) surface, wheneas
only few stable Auw, cluster configurations
scem to exist on the w=-TiO-( 110 surface. The
clear dependence of the Au height distribution

on #=TiOs( 110} as opposed w the invariance of

the distribution on a-TiO5( 10y upon heating
to 6RZC reveals that the Aug, clusters bind more
strongly 1o the O-rich oxide suppon.

To rationalice the obtained Au cluster dis-
tributions afler Au exposure at BT, we com-
pared the diffusion of Auy on the three differem
TiO 110 surfaces of interest by means of DFT
calculations (/). In some distance of the point
defects, all three surfaces can be considered as
being stoichiometric [s-Tw(1 10 ] In this case,
the diffusion bamiers are found 1o be very low

(e, Auy readily diffuses an RT). Dilfusion of

Aup on &=TiOH(110) is possible not only in the
[001] direction but also in the [1T0] dinection
(Fig. 3A) Previous DFT caleulations hkewise
mdicate facile diffusion of small Au panicles on
stoichiometric oxide surfaces (20, 32-34).

For the A-TiO5(110) surface, we reached
identical conclusions because the diffusion bar-
riers are almost unchanged (Fig. 3B). However,
the Au monomers can be trapped at point de-
fects on the termees of the = and o-TiOS 110)
surfaces (right side of Fig. 3, C and D, respec-
tivelvy., In these cases, the barricrs ane high
enough to prevent diffusion events at RT, These
calculations are fully in line with our STM ob-
servations of homogencously distributed small Au
nanoclusters exclusively on the r-and o-TiOS( 110)
surfaces and sintering ol Au clusters on the

0.0+ A: 5-TiO;
—~ 05 i ;
3 .10 [0011——[1i0] ]

g D_UEB: h-TiOz 4
305 /\/’\-/_\ :
E 1.0 [001)*=——>[110] ]

[
3 u.uF: r-TiOz l

5 0.5 /\/\/\-
[001]«— L

-1.0
f

Adhesion Po

D: o-Ti
-1.0 o-TiO: 0, -vac
-15 .lDﬂi trapped by |
z ] 0 ]
2.0 P _
0 2 4 B 8 10
Reaction Path (A)

Fig. 3. Potential energy profiles for Au, cluster
diffusion on s- (A), k- (B), r- (C), and o- (D) TiO4(110).
The minima at which Auy is trapped at the point
defects on r- and o-TiD5(110) are indicated (ar-
rows; vac. means vacancy). On s- and o-TiD,{110),
Auy diffuses along the Oy rows, whereas, on f-and
r-Ti0(110), Au, diffuses along the Ti troughs.
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f-TiOa 1 10) surface afier Au exposure at BT dant protrusions in this size range revealed in the
(Fig. 1). STM measurcments,

In Fig. 4, we compare the energencally most On the o-TiO 1) surface, we observed a
favorable Au structures found i DFT caleula-  different distnibution of protrusions of Au, clus-
tions with the high-resolution STM images of  ters (Fig. 4, J to L), where some of the smallest
most abundant small Au, clusters, One-TiIOM10),  Aw wpographics are depicted. Because the O,
the smiallest Av-related protrusions (Fig. 4Djarise aloms serve as nucleation sites fr meoming Auy
from Ay in Oy vacancies, because the density of  (Fig. 3D, the O atoms are probably incorporated
these smallest protrusions increases upon Au ex- into the Ay, clusters, A one-to-one assigrnment of
posure at the expense of the density of the faimt measurad protrusions 1o certain Au-O, clusters is
protrusions ansing from Oy vacancies (77, 28).  not iavial, but the distinet height distnbution of
The second smallest protrusions found (Fig. 4, the Au clusters on the o-TiO5( 110} surface allows
E and F) originate from lincar Au rimers  us o distinguish between Aug clusiers consisting
(Auz). This assignment relies on the following:  of one, two, or even three Au layers (lig, 52),

(1) Au dimers (Aug)d are caleulated o adhere The DFT resuls of a more complate survey
less strongly o the support than Aus clusters for stable Ay, clsteswith [ <n<3andn =7 on
{Table 1), and (n) DFT calculations of two Auy  the thoee TeOw( 1 10) surfaces of mterest are sume-
conligurations, either svmmeincally (Fig. 4B} manezed in Table 1. As reference, we alo con-
or asymmetrically (Fig. 4C) attached to the Oy, sidered &TiO5( 1100, although this surface was
vacancy, preciscly reproduce the two most abun- — pot studied expenmentally. The most stable con-

Fig. 4. (Top) Most favorable structures
found in DFT calculations for Auy trapped
in an 0y, vacancy (A), Aus symmetrically A B
attached on an Oy, vacancy (B), and non-
symmetrically attached Auz (C). (D to F)
Zoom-in STM images (40 x 40 A?)
showing Au, clusters that are ascribed to
the calculated Au, cluster configurations,
Corresponding line profiles to these mea-
surements are shown in fig. S1. (Bottom)
Most favorable structures found in DFT
calculations for Auy (G), Aug (H), and Au;
N on mTiDzillﬂi..le to L) Zoom=in STM
images (40 x 40 A%) of Au, clusters at-
tached in the vicinity of O, atoms that
are tentatively assigned to the calculated
Au, cluster configurations.

~TiO,(110) Au, (n =1, n = 3)
™y ) '

0-TiO,(110) Au, (n = 1— ca.10)

Tpia-aw

|'d;='=-1

i

8588,
S
see

33

¥
1]

87,
.
L

¥
¥

Table 1. DFT-based APEs in eV (per Au, cluster) of the most stable Au, cdlusterswith 1= n<Sandn=7
on r-, fi-, 5=, and o-Ti02(110) surfaces, respectively. Some of these numbers are plotted in Fig. 5E (see also
figs. 53 to 57).

Gold cluster r-Ti0,(110) h-Ti0,(110) 5=Ti0;(110) o0-Ti0 (110}
Auy -1.14 —0.54 —0.61 —-2.38
Aug 071 —0.05 —0.10 -1.94
Auy -1.41 -1.26 -1.36 -3.09
Aug =0.57 —0.64 -0.97 —4.04
Aug -0.31 -1.04 -1.32 —=3.57
Ay -0.52 —0.87 -1.18 -3.83
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Ngurmations on =T 110} are two-dimensional
(2D) structures that are attachoed via the Oy,
atoms and thus are aligned in the [001 | direction,
As reported  previously, these structures adhere
only weakly (33) On the A-TiOs{ 110) surface, we
found ¢ven smaller adhesion potential encrgics
{(APEs) for the most stable conligurations, In
contrast, on the ~=TiO( 110) surface, Auy and Aug
bind relatively strongly in Oy vacancies, whereas
Auz, Auy (Au wtramers), Aus (Au pentamers),
and Aug (Au septamers) bind very weakly, Forthe
o-TIO 1) surface, we found extmordinarily
strong bonding of all Auy, clusters considerad,

According o the DFT results addressing »-
and e-TiO(1 10}, the encrgy for Aug cluster de-
tachment from the defects on the =T 110)
surfaces decreases mpidly with cluster seee bt
nod on the e=TiOs( 110} surdace, where the de-
tachment energy remains high, This means that,
for a given Au dispersion, a higher persistence
against sintering upon heating is likely o exist
on the o-Ti0L( 110} surface as companad 1o the sit-
uation on the r-TiO( 110} sudace. Thus, the DFT
results presented in Table | comoborate the STM
findings shown in Fig. 2. C o F

Fig. 5. (A} Charge density differ-
ence map of an Aus cluster attached
to an Oy, vacancy. Yellow spheres
and dashed circles mark positions of
Au atoms. Blue and red wsosurfaces
indicate depletion and addition,
respectively, of 0.05 &~ per A%, (O
Charge density difference map of
Al attached on o-Ti0»(110). Iso-
surfaces are defined as in (A). (B
and D} Electron charge density
difference (5p) for the same systems
as in (A and (), respectively, but
integrated over the x and y
dimensions of the super cell The 2
positions of O and Au atoms are
given with respect to the 5f-Ti atoms
(z = 0), whereby the label "2 = Au”
is used to indicate the 2z positions of
the two Au atoms that have identical
z values in the two Au, clusters
considered. (E) Plot of the calculated
APEs for the most stable small Au,
clusters (n = 1 to 4} as a function of
the “Ti0;(110) oxidation state”
{compare with Table 1),

Tor gain insight into why the Au, clusters bind
much more strongly on the o-TiCLKLTO) surface
than on the r~TiOH01 10} surface, we compared
clectron charge density difference maps for two
sclected Auy clusters (Fig. 5, A and C). For the
r=TIOS( 110) surface, we chose an Aug cluster
symmetncally attached in an Oy, vacancy, be-
cause we observed this cluster with the STM
(Fig. 4E) Analyzing the bonding qualitatively
in three dimensions (Fig. 5A), we found that
electron charge accumulates (red isosurfaces)
between the Au atoms and the subsirate 5T
upon adsorption, indicating the formation of co-
valent bonds, A more quantitative snalysis, whene
we only considered the charge  redistribution
pempendicular w the support, shows that the Au
atoms primanly expenence charge polanzation
upon adsompion (Fig. 5B).

On the o-TiO 1) surface, we studied the

extmordinaily stable Auyg cluster in the vicimty of

an O, atormne In this case, chage redistnbution 15
seen along the Au-0O bond axes (Fig. 5C), indi-
cating that the Au-0 bonds contribute 10 the
atlachment of the Auy cluster. The quantitative
analysis (Fig. 3D) reveals that clectron charge has

r-TiDE n»ﬁﬂz 911'(1!'2 +|::»-1‘itfl2
reduced ———» oOxidized

REPORTS

indecd been trmnsierred to the surface O atoms,
whereby the Aug cluster has become cationic.
This means that the bonding of Aug on the
o=TiO4( 1 10} surface is partially ionic.

Comnbution of fonic bonding i the cse of

Aug on a-Tis (110} s consistent with the cal-
culated atomic Au 3d populations upon adsorp-
tion of Auy and Aug on the r- and o-TiOy(1 10}
surfaces, respectively, As compared to Auy and
Aug in the gas phase, the total 5d population is
reduced by 0.24 and 0,36 ¢ for Auy/r=TiO5(110)
and Aug/o-TiO,( 110), respectively (36). The
larger reduction of the 5d populations for
Aug/o-TiOR( 110 can be traced back mainly 1o
the single Au atom that binds directly 1o the Oy,

atom, because this Au atom comnbutes 0,22 of

the 0.56 ¢,

The ditterent bond mechanisms of the con-
sidered Auw, clusters ( Fig. 5, A o D) reflect that
the reduced r~ and B-TiOL110) surfaces are
clectron rich (fomually having two and one ex-
cess electrons per Oy vacancy and OHye spe-
cies, respectively ), wheneas the o-TiOs( 110}
surface is elecwron deficient (formally missing
two clectrons per Oy atom). As a function of the
surface oxidation state, the Aug-TiOa(1 10)
adhesion is nonmonotonic forn = 1, 2, and 3
with the lowest adhesion strengths on the fi- and
T 110y surfaces (Fig. S5E). For these small
Ay, clusters, the adhesion strength inereases on
FTHOL 1100, because the covalent bonds be-
tween Ti and Au form more readily when not all
of the Ti atoms are in their fully oxidized state.
However, an adhesion mechanism  involving
cationie Au oceurs when the surface 15 oxidized
[T 110)], which leads 1w a much stronger
Au-support bonding than that on the r=TeOH 110)
surface.

In light of the presented experimental and
computational resulis, we doubt that O vacancies
on oxide surfaces are relevamt at all for the
stabilization of dispersed Au panticles under real
reaction conditions with wsually  high oxygen
pressures. Instead, our resulis suggest that, cven
under slightly oxidizing conditions as used here,
the Au particles are siabilized via Au-O-M
bonds (where M represenis a metal atom of the
supporting oxide). This imarpretation is in line
wilh recent reports on cationic Au species for Au
supportad on magnesia (M), cena (/2. 15), and
iron oxide (f4),

In all of the model stdics addressing Au
supported on tiania where the catalytic activity
of the sysiems considercd was shown, very high
oxyeen exposures had been used 1o prepare or
o “activate” the catalysts (7, &, /&, 23). This
observation is an additional reason why we
question previously proposed stracture models,
including our own (f7, 25}, where it was im-
plied that in O vacancies attached Au clusters
cause the catalyuic activity in “real” catalysts
(e, at high pressurc),. We propose that Au
particles dispersed on reducible oxides are better
catalysts than those supported on nonreducible
ones, because reducible oxides are more capable
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of lorming O-rich Au-suppont interfaces, Note
that O-nich surface terminations have been iden-
tified not only for titania (24, 37) but also for
several other reducible oxides, meluding vana-
dium and iron oxide (35).

A much stronger Au oxide support adhesion
exists on O-nch Au-suppont interfaces than on
O-poor oxide-support surfaces. For catalytic ap-

plications, this resull suggests the occurmence of

cationic gold at the Au-suppon interface as a gen-
eral feature, For the ~TiOy( 110) surface, we found

that Oy, vacancics allow for the stabilianion of

2old monomers and gold wimers, bt larger gold
clusters cannot be sulficiently stabilized, We om-
phastze that our approach of sudying the oxide
support in a range of oxidation sates is apph-
cable w numerous other model systems,
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An Atomic Seesaw Switch Formed
by Tilted Asymmetric Sn-Ge Dimers on

a Ge (001) Surface

K. Tomatsu,” K. Nakatsuji," T. limori,* Y. Takagi,® H. Kusuhara,? A. Ishii,* F. Komori®

When tin {Sn} atoms are deposited on a clean germanium (Ge) (001} surface at room temperature,
buckled dimers originating from the Sn atoms are formed at the Ge-dimer position. We identified
the dimer as a heterogeneous 5n-Ge dimer by reversing its buckling orientation with a scanning
tunneling microscope (STM) at 80 kelvin. An atomic seesaw switch was formed for one-dimensional
electronic conduction in the Ge dimer—row direction by using the STM to reversibly flip the buckling
orientation of the Sn-Ge dimer and to set up standing-wave states.

onsiderable effont has been devotad 1o
the switching ol clectonic conduction
through the movement of atoms. Alomic
switches have been formed between two clec-
trodes (such as a metal tip and a metal surface)
by controlling the surface migration of atoms or
the tormation and annihilation of an atomic bridge

Unstitute for Solid State Physics, University of Tokyo, 5-1-5
Kashiwanoha, Kashiwa-shi, Chiba 277-8581, Japan. RIKEN
Harima Instiite at Spring-8, 1-1-1 Kouto, Mikamuki-cho,
Sayo-gun, Hyogo 679-5148, Japan. *Department of Applied
Mathematics and Physics, Tottori University, 4-101 Minami,
Koyama, Tottori 680- 8552, Japan.
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(f-3). A molecular conformation change has
been proposed to create another type of nanoscale
switch (a molecular switch) (611} However, the
dircet observation of different conducting path-
ways with atomic resolution has been difficult 1o
achieve. One difficulty in comelating changes in
atomic positions with changes in conductivity is
that in most ol the systems that have been studied,
the conducting pathway 15 perpendicular 10 the
direction that can be imaged with scanning probe
methods, or the switching between conducting
and nonconducting configurtions is not wevers-
ible. We now report the observation of switching

VOL 315 SCIENCE

between conducting and nonconducting states ol
one-dimensional {1D) rows ol dimers on a semi-
conducting Ce (001 ) surface on which a sparse
coverage of Sn atoms had been deposiied. These
adatoms incorporate ino the dimer rows 1o
create buckled Sn-Gie dimers that can adopt two
differem conligurations that can be switched re-
versibly with a scanning unneling microscope
(STM) tip. We find that one of these configurm-
tions maintains the conductive frec-clecton state,
whereas the other reflects the conduction elec-
trons and sets up a standing-wave siate,

On a clean Ge (001) surface. two atoms
form a dimer with muluple bonds of & and o
comugations. The dimer ults (buckles) from the
surface plne, and the bonding © and antibond-
ing ©* states localize on the upper and lower
atoms of the dimer, respectively (/2). The Ge
dimers align in the [110] dircction, forming a
dimer row. The neighboring dimers in the same
dimer row are buckled in the opposite con-
figuration, and the &* electron behaves like a
1D free electron along the dimer row (/3) D
was recently shown that the buckling orientation
of the Ge dimer can be reversibly controlled by
a surface bias voltage of the STM (/4). This
conformation change is induced by inclastic
scattering of mjected camriers rom the STM up
to the surface under the clectric Deld, as a result
of the bias voliage,
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When we deposited submonolayer cover-
ages <04 monolayer (ML) (15)] of Sn atoms
onto the Ge (001 ) surface above room temper-
ature (BT a buckled dimer (X dimer), in wiuch
the electronic states were different from those of
the Ge dimers, was observed at the substrate
Cie-dimer positons in STM measurements at RT
(16, 17). Successive filled-state images (surface
bias volage Iy = 0.4 Vand tunneling current
I = 1.0 nA) of the Sn-deposited (<0.05 ML) Ge
(001} surface at 80 K are shown in Fig. 1, A to
C (%), and Fig. 1, D o F, shows the structural
models comesponding 1o the rectangular arca
surrounded by solid lines in Fig, 1A, There are
two stable superstruciures on the clean Ge (D01
surface characterized by whether the buckling
oncntation of the neighbonng dimer rows 15 out
of or n phase: a e(4x2) doman for out-ol-phase
orentations and a p2x2) domain for in-phase
oncntations (/2, /4 In Fig. 1A, most of the
dimer rows buckle imo the ¢f4x2) domain, ex-
cept for one X dimer, which appears higher in
the image than the other Ge dimers and is ob-
served at the substrate Ge-dimer position indi-
catad by the dotted circle.

The cidx2) and pd2x2) domains on the elean
Ge (001) surface can be reversibly exchanged
by STM below 80 K (£4). When we applicd a
pulse hias voltage 1y = +0.7 YV from -04 Vi
the cidx2) domain, the buckling orientation of
the dimers in the dimer row just under the tip
apex was reversed, and a pi2x2) domain elon-
gating in the dimer-row direction appeared. When
we scanned over this surface m 1y < 0.6 V, the
M 2x2) doman in the scanned area was erasod,
and the cdx2) domain reappeared. When the
bias voltage was 0.6 V < 1, < +0.7 V| the sur-
tace superstructure remained the same.

Alicr observing the surface shown in Fig. 1A,
we applied a pulse voliage ol +0.8 V for 500 ms,
with the tip height fixed at the position indicated
by the white cross in Fig. 1B, The feedback loop
ofthe STM control was cut at My, =04 Vand /
L0 nA 1o fix the tip height. A p{2x2) domain was
created by reversing the buckling orientation of

Fig. 2. (A and B) U dimer

Empty- and filled-state

images of the U dimer €
and [(C) and (D)l those & ©
of the L dimer. (Eand @ —
F) Structural models of B >
the U and L dimers. Ko

T

Emply-state
(+0.5 V, 1.0 nA)

c 0.12
0.08
- 0.04
0 (nm)
B D

the dimers i the dimer rows including the X
dimer, as shown i Fig. 1B, At this stage, the
image of the X dimer became the same as that of
the Ge dimer. Adter taking the image in Fig. 1B,
we subsequently scanned all of the imaged arca
at V=12 Vand /= 1.0 nA three times,
which retumed the ercated p(2x2) domain
back 1o the o(4x2) domain. This process also
reversed the buckling oricntation of the X
dimer back 1o the original position, and its
image height resumed, as shown in Fig. 1C. On
the same surface, we found that the X dimers
were imaged higher than the Ge dimer in the
pi2x2) domain for V= 0.4 V. Their apparent
height became the same as that of the Ge di-
mers for the same Iy when the domain
structure was changed to c(4x2). Thus, the sur-
lace superstructure does not govern the appar-
ent height of the X dimer,

These results give entical information on
the composition of the X dimer. 11 the X dimer
15 a chemically symmatne dimer, such as a
pure Sn dimer, it should be imaged in the same
manner, imespective of its buckling orientation.

Fig. 1. (A to € Suc-
cessive filled-state im-
ages of a Sn-deposited
Ge (001) surface ac-
quired at 80 K (1, =
-0.4V, /=10 nA) and
[(D) to (F}] the structur-
al models correspond-
ing to the rectangular
area in (A). The dotted
circles indicate the posi-
tions of the X dimer.
Between (A) and (B), we
applied a pulse voltage
of +0.8 V for 500 ms,
with the tip height
fixed at the position
indicated by the white

REPORTS

Hence, we can idenmtify the X dimer as a
chemically asvmmetric dimer, a Sn-Ge dimer.
Here we define the dimer imaged higher than
the Ge dimer n the filled-state image as a U
dimer. and that imaged like the Ge dimer as an
L dimer,

In order o determine which atom of the
Sn-Gie dimers s at the upper- or lower-atom po-
sition, we measurad the bias-voltage dependence
of these dimers, In the filled-state images (Fig, 2.
A and C), the upper atoms (where the © stales
localize) are imaged as protrusions, and in the
empty-state images (Fig. 2, B and Dy, the lower
atoms (where the n* states localize) are seen, The
Ll dimer was imaged higher than the Ge dimer in
both filled- and empty-state images (Fig. 2, A and
B, whereas the L dimer was imaged similarly
o the Ge dimer o the illed-state image and
higher than the Ge dimer in the emply-stale
image (Fig. 2, C and D). In the STM obser-
vation at RT, most of the X dimers exhibiat the
same bias-voltage dependence as that of the U
dimer (/6, I 7). Thus, the U dimer is more sta-
ble than the L dimer,

cidxZ)

(D pulse voltage of + 08V (Dscanat-12V

cross in (B). Between (B} and (C), we scanned the imaged area at V= -1.2 V and / = 1.0 nA. The
blue spheres in the structural models represent the X dimers.

L dimer

(side view)

Structural model

0.06

¥ 4 0.04

0.02

0 (nm)

U dimer L dimer
E g F Ge
Ge Sn
o
0aVv +0.06 eV
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We next examined the energies of these two
kinds of Sn-Ge dimers, on the basis of density-
functional caleulations (/7). The Sn-Gie dimer
with a Snatoam at the upper-atom position (Fig.
2E) was found to be 0.06 ¢V more stable than
that with a Sn atom at the lower-atom position
(Fig. 2F). We also calculated the enerzy of the
Ge dimer with a Sn aom in the sccond layer,
This dimer was 0.12 ¢V less stable than was the
Sn-Ge dimer with a Sn atom at the upper-atom
position, This result rules o the possible
substitution of Sn atoms ino the second layer,
Henee, the U and L dimers refer 1o the position
of the Sn atom (Fig. 2, E and F).

On the clean Ge (001) surface, a 1D free-
clectron system m the dimer-row dincction 15
formed by the empty n* clectrons, and each
dimer row can be regarded as an atomic wire. In
omder to investigate the conduction of the 1D
clectronic state, we observed standing waves
caused by the reflection atl the Sn-Gie dimers in
differential (V1) images. The dId1 signal is
proportional 1o the local density of states at a
specific enerzy level that comesponds to the bias
voltage.

Empty-state (Fig. 3A) and dlidl (Fig. 3B)
images of the same dimer row in the p(2x2)
domain with the L dimer reveal an electronic
standing wave (J9). lis wavelength incrcased as
the bias volage decreased, and we confinmed
that the band dispersion agrees well with that of
the =* band on the clean Ge (K1) surface (/3).

Fig. 3. (A and B)
Empty-state and diidl
images (, = +0.7 V,
! =10 nA) of a dimer
row including the L di-
mer and [(C) and (D)]
those including the U
dimer in the p(2x2) do-
main (19). (E} Line pro-
files along the dimer row
including the L or U di-
mer in the dlidV images.
The dotted circles in the
empty-state images indi-
cate the L- and U-dimer
positions,

L dimer

Fig. 4. Schematics of propagation
of the n* electrons around (A) the
L and (B) the U dimers. The red
and blue atoms represent Ge and
5n atoms, respectively, and the
yellow curve shows a conduction
pathway for the n* electron. The
n* electrons are reflected at the L
dimer because the Sn atom is
located on their pathway. In con-
trast, most of the =* electrons pass
through the U dimer because the
lower atoms are always Ge atoms
throughout the dimer row.

23 MARCH 2007
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Empty-state di'dy Empty-state di/dv

Thus, the =* electrons were reflected at the L
dimer. In contrast, empty-state (Fig. 3C) and
dfidl” (Fig, 300 images of the same dimer row
with the U dimer, acquired under the same
condition as the L dimer, did not reveal the
presence of any standing waves at the bias
voltage we used (=04 10 1.2 V). This means
that most of the o* electrons passed through the
U dimer without reflection. The large difference
in the reflection probability between the U and
L dimers (Fig. 3E) also appeared in the c{4x2)
domain.

These phenomena can be qualitatively un-
derstood by structural and electronie dilferences
between the U and L dimers (Fig. 4). On the
clean Gie (0 1) surface, the =* band exhibiting

frec-clectron character 15 mainly composed of

the atomuc orbitals of the lower-dimer aloms
(12, 13} In other words, the n* electrons prop-
agate along the dimer row through the lower-
atom side. The L dimer m the dimer row has a
Sn atom at the lower-atom posiion (Fig. 2F )
that is, the Sn atom s bocated on the n* clectron
path. The =* clectrons propagating along the
dimer row meet the Snoatom a the L dimer,
which can reflect the 7% electrons. However,
the U dimer in the dimer row has a Sn atom at
the upper-atom position (Fig, 2E), and the
lower atoms are always Ge atoms throughout
the dimer row. Thus, the n* electrons can be
scattered weakly by the U dimer. The elec-
tronic states of the Ge atom, however, should

V,=+0.7V,/=1.0nA

WM
™ U dimer

- -x

-

™ L dimer

{arb. unit, unnormalized)
y
:'I-

Distance (nm)
U dimer
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be perturbed by those of the Sn atom because
the Ge lower atom chemically bonds with the
Sn upper atom. The negligible reflection can
be attributed to the weak antibonding interac-
tion of © conjugation,

The U and L dimers can be reversibly ex-
changed by STM, and such exchange docs not
occur when the bias voltage is 0.6 V < J, -
H.7 W (Fig. 1), The results in Fig. 3 show that
an aomic switch can be formed for 1D clec-
tronic conduction on the dimer row. Unlike con-
ventional atomic switches (/-3), this atomic
switch is not accompanied by the mass trans-
port of atoms, but uses reversible conformation
change —that is, reversals of the dimer-buckling
onentation of a chemically asymmetric dimer. In
this sense, we can regard this switch as an atomie
seesaw switch, as illustrmted in the insets of Fig. 4
and in movie 51 (/7).

References and Notes

1. D. M Eigler, C. P. Lutz, W. E. Rudge, Nature 352, 600
{1991).

2. D. P. E. Smith, Science 269, 371 (1995).

3. F-Q. Xie, L Nittler, Ch, Obermair, Th. Schimmel,
Phys. Rew. Lett. 93, 128303 (2004),

4. | A Stroscio, R ). Celotta, Science 308, 242 (2004).

. K. Terabe, T. Hasegawa, T. Nakayama, M. Aono, Nature
433, 47 (2005).

. P Coltier of al, Scence 285, 391 (1999,

C. P. Collier ef al, Scence 289, 1172 {2000},

L |. Donhauser et of., Science 292, 2303 (2001,

. G. K. Ramachandran ef al, Science 300, 1413 (2003).

10. Y. Yasutake, Z Shi, T. Okazaki, H. Shinohara, Y. Majima,
Mano Left. 5, 1057 (2005}

11, M. Lastapis & ol, Scence 308, 1000 (2005).

12. M. Meedels, M. C. Payne, |. D. Joannopoulas, Phys. Rev. B
38, 5543 (1988).

13. K. Nakatsuji, ¥. Takagi, H. Kusuhara, A lshii, F. Komori,
Phys. Rev. B 72, 241308 (2005).

14, Y, Takagi, ¥. Yoshimote, K. Makatsuji, F. Komon,

Surf. Sci. 559, 1 (2004).

15. ML is defined as the number density of ihe Ge aloms on
the Ge (001) surface (1 ML = 6.25 = 10*® atams'em’,
Under these conditions, a few X dimers are formed per
20-by-20-nm area.

16. K Tomatsu, K. Nakatsuji, T. limor, F. Komori, Sudf. 50.,
in press; prepnnt available at hitp:iarxv.orglabs!
cond-matioT01517.

17. 5TM images of the X dimer at RT, details of our
calculation setup, and movie 51 demansirating
conductance switching with the buckled Sn-Ge
dimer are available as supporting material an
Soence Dnline.

1B. The STM measurements were performed at 80 K under
ultra~high-vacuum conditions (=1 x 10°7 Pal. 5n was
deposited onto a clean substrate at RT. The average Sn
coverage was less than 0.05 ML

19. The aifdV images were acquired by the lock-in technigque
with the tip feedback turned on. The bias voltage was
modulated by 80 mV {peak to peak) at 3.0 kM

20. We thank M. Yamada and ¥. Binghai for fruitful
discussion. This work was carmied out by joint research
at the Institute for Solid State Physics at the University of
Tokya.

wun

- -

Supporting Online Material

www.sciencemag onglegifcontentfull 3155819/ 169601
Materials and Methods

Fig. 51

References

Maovie 51

21 November 2006; accepted B February 2007
101124/ science. 1137848

WWW.SCIenCemac.ong



Magnifying Superlens in the Visible

Frequency Range

Igor 1. Smolyaninov,* Yu-Ju Hung, Christopher C. Davis

We demonstrate a magnifying superlens that can be integrated into a conventional far-field
optical microscope. Our design is based on a multilayer photonic metamaterial consisting
of alternating layers of positive and negative refractive index, as originally proposed by
Narimanov and Engheta. We achieved a resolution on the order of 70 nanometers. The use
of such a magnifying superlens should find numerous applications in imaging.

ptical microscopy 15 an invaluable
Olm:! for studics of materials and biolog-
ical entities. Imaging tools with ever-
increasing spatial resolution are requined i the
cument rate of progress in nanotechnology and
microbiology is o continue. However, the spatial
resolution of conventional microscopy is limited
by the diffraction of light waves to a value on the
order of 200 mm. Thus, viruses, proteins, DNA
molecules, and many other samples are impos-
sible to visualize wilh a regular microscope. One
suggested way 1o overcome this limitation is
based on the concept of a superlens (1), which
relies on the use of materials or metamatenals
that have negative relmctive index in the visible
frequency range. Near-field superlens imaging
was recently demonstrated (2, 33 but the tech-
nique is limited by the et that the magni ication
of the planar superlens is equal wo 1. Thus, a thin
planar supedens cannot be integrited into a
conventional optical microscope W image objects
smaller than the diffraction limiL
We describe the realization of a magnify-
ing superlens (Fig. 1A) and demonsirate s
integration into a regular far-ficld optical mi-
croscope. Our design is based on the theo-

Department of Electrical and Computer Engineering,
University of Maryland, College Park, MD 20742, USA
*To whom correspondence should be addressed. E-mail:
smoly@eng.umd_edu

Fig. 1. (A) Schematic of the
magnifying superlens integrated
into a conventional micrascope.
The plasmons generated by the
phase-matching structure illumi-
nate the sample positioned near
the center of the superlens. The
lateral distance between the im-
ages produced by the alternating
layers of materials with positive
and negative refractive index

retical proposals of an “optical hyperlens™ (4)
and “metamaterial crystal lens™ (5) and on
the recently developed plasmon-assisted mi-
croscopy technique (6), and in panicular on
the unusual optics of surlace plasmon polar-
ons (SPPs). The propertics ol these two-
dimensional optical modes and  convenient
ways o excite them are deserbed m detail m
(7). The wave vector of the SPPs is delined by

the expression
]
m( FdEm )1"
i \Eg T Emy

where epfwm) and e40w) are the frequency-
dependent dicleetnc constams of the metal and

ky = (1)

the dielectric, respectively, and ¢ is the speed of

light. Abowve the resonant frequency o described
by the condition

Emlor) = —eg4l{w) (2)

the SPP group and phase veloeities may have
opposite signs (Fig. 1B). The intemal structure
of the magnifving superlens (Fig. 2A) consists
of concentric rings of polyimethy l methacrylane)
(PMMA) deposited on a gold ilm surface. For
the SPP dispersion law for the gold-vacuum and
gold-PMMA intertaces (Fig. 1B} in the frequen-
cy range marked by the box, PMMA has neg-
ative refractive index na < 0 as pereeived by
plismons (the group velocity is opposite o the

grows with distance along the

radius. The magnified images
are viewed by a regular micro-
scope, (B) Real and imaginary
parts of the surface plasmon

wave vector k at the gold-PMMA and gold-vacuum interfaces as a function of frequency. In the frequency
range marked by the box, PMMA has negative refractive index as perceived by plasmons, whereas the
gold-vacuum interface looks like a medium with positive refractive index.

REPORTS

phase velocity . The width of the PMMA rings
i 15 chosen so that mydy = ~nads. where oy 15 the
width of the gold-vacuum portions of the
mterface. Although the imaging action of our
lens is based on the onginal planar superlens
idea, s magnification depends on the fact tha
all the mays in the superlens tlend w0 propagate in
the radial direction when nyedy = w2 (Fig. 1A)
This behavior was observed in the experiment
upon illumination of the lens with A = 495 nm
laser light (bottom pontion of Fig. 2B) for which
Hyely tizidy, The narrow beam visible in the

image is produced by repeating selFimaging of

the focal point by the aliemating lavers of mate-
rials with positive and negative refractive imdex.
On the other hand, if 31 5-nm Light s used, the
lens becomes uncompensated and the optical
ficld distribution inside the lens reproduces the
field distnbution in the nonmal “plasmonic lens™
as desenbed i (8 (op portion of Fig. 2B). How-

ever, in the complete theoretical desenption of

the magnifying superlens, the ray oplics picture
presented in Fig, 1A may need to be supple-
mented by the anisotropie effective medium the-
ory presented in (4, 5).

The magnilving action of the superlens is
demonstrated in Figs. 3 and 4, Rows of two or
three PMMA dots were produced near the inner
rng of the superlens (Fig. 3, B and C). These
ows of PMMA dots had 0.5-pm periodicity in
the radial direction. so that phase matching
between the incidemt laser light and surface
plasmons could be achieved (Fig. 1A). Upon
lumination with an external laser. the three
rows of PMMA dots in Fig. 3B gave rise 1o three
radial divergent plasmon “rays,” which are
clearly visible in the plasmon image in Fig. 3D
obtained with a conventional optical micro-
scope. The cross-sectional analysis of this image
across the plasmon “rays” (Fig. 3F) indicates
resolution ol at least 70 nm, or ~4/7. The lateral
separation between these mayvs increased by a

factor of 10 as the rays reached the outer rim of

the superlens. This increase allowed visualiza-
tion of the tiplet by conventional microscopy. In

i3 20 25 30 215 4D 45 S50 55

ke (aV)

a0 os 0
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Fig. 2. (A} AFM image of the magnifying
superlens made of PMMA rings on the gold
film surface. {B) Optical field distribution in the
magnifying superlens illuminated by external
laser in the frequency ranges where nydy; #
—,d; (top) and mdy = —n,d; (bottom).

a similar tashion, the two radial rows of PMMA
dots shown in Fig. 3C gave rise to two plasmon
rays, which are visualized in Fig. 3E

The composite image in Fig. 4 is a supempo-
sition of the atomic force microscopy (AFM)
image from Fig. 3A and the corresponding
optical image obtained by conventional optical
microscopy. It illustrates the imaging mecha-
nism of the magnifving superlens; The passage
ol plasmon rays through the concentric al-
ternating layers of matenials with positive and
negative relmetive index mercases the lateral
separation of the three rays (marked by armows at
lower nzht). Near the edee ol the superlens, the
separation is large enough 10 be resolved with a
conventional optical microscope, thus demon-
strating a magnilyving superlens in the visible
[requency range

he theoretical resolution of such a micro-
scope may reach the nanometer scale (/. 4). It
thus has the potent 1l 1o become an mvaluable
ool i medical and hiu|u:._'ic:|| il:l]:l:.',il]'__':, where
far-licld opucal imaging of individual vimses
and DNA molecules may become a reality. It
allows very simple, fast, robust, and straight-
forward image acquisition.

23 MARCH 2007

Fig. 3. AFM images (A
to €} and conventional
optical microscopy im-
ages (D and E} of the
resolution test samples
composed of three (A
and B) and two (C) ra-
dial rows of PMMA dots
(marked by arrows) po-
sitioned near the center
of the magnifying su-
perlens. The convention-
al microscopy images
presented in (D) and (E)
commespond to the sam-
ples shown in (B} and
(C), respectively. The
rows of PMMA dots give
rise to either three or
two divergent plasmaon
"rays" (marked by ar-
rows), which are wvisible
in the conventional op-
tical microscopy images.
(F) The cross section of
the optical image along
the line shown in (D)
indicates resolution of at
least 70 nm or - &/7. Z,
optical signal; X, distance.
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Fig. 4. (A} Composite of the AFM im-
age from Fig. 3A superimposed onto
the corresponding image obtained by
conventional optical microscopy, illus-
trating the imaging mechanism of the
magnifying superlens. Mear the edge

of the superlens, the separation of three rays (marked by arrows) is large enough to be resolved
using a conventional optical microscope. (B) The cross section of the optical image along the line

shown in (A) indicates the three rays.

We expect that unusual optical metamaterials
may be designed and implemented using the
principle of our magnitving superlens. Because
(ofy + o2 and the o pdfs ratio (Fig, 2A) are casy
o vary ]11‘.1”}, I|t|,' \,‘l[;.'\'“‘.\..' :|1llm1l|'|li'-i|; ne-
fractive index of the multilayer material may
be varied continuously from large negative 1o
large positive values. Thus, unusual nano-
photonie devices may be created in the visible

VOL 315 SCIENCE

requency range, such as the recently sug-
gested (9, 100 and demonstrated (/1) “invisibil-
I[‘:\. I.'Il.l,'!k, Ly
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Coupled Thermal and Hydrological
Evolution of Tropical Africa over
the Last Deglaciation

Johan W. H. Weijers,** Enno Scheful,’t Stefan Schouten,® Jaap 5. Sinninghe Damsté®

We analyzed the distribution of branched tetraether membrane lipids derived from soil bacteria in
a marine sediment record that was recovered close to the Congo River outflow, and the results
enabled us to reconstruct large-scale continental temperature changes in tropical Africa that span
the past 25,000 years. Tropical African temperatures gradually increased from ~21° to 25°C
over the last deglaciation, which is a larger warming than estimated for the tropical Atlantic Ocean.
A direct comparison with sea-surface temperature estimates from the same core revealed that
the land-sea temperature difference was, through the thermal pressure gradient, an important

control on central African precipitation pattemns,

ontinental climate change during the Lst
‘ deglaciation, especially in the tropics, is

nol as well understond as it is for the
oceans (/-3). For Affica, a consensus is amerg-
ing on past changes in humidity and their causcs
based on lake level and pollen studies as well as
the deuterium content of plant waxes (4-6), but
temperature records for such tropical continental
areas remain scarce and incomplete. In contrast o
the marine environment, lew quantitative lemper-
ature proxics exist for the eresirial enviromment,
and continuous long-tenm climate archives on land
are limited. For instance, pollen-hased vegetation
studies. a widely used method for environmental
reconstnuctions on land (5), are complicated in the
tropics because the effects of changes in lem-
periure are difficuli o distinguish from those of
changes in precipitation. Temperature estimates
based on another method, stable oxvgen isotope
contents of carbonates and silicates, are widely
apphicd in lacusinine sediments and speloothems,
However, although these estimates are appropri-
ate for high-resolution gqualitative paleoclimate
reconstructions (7, &), quantilication of climate
change in wemms of palcolemperiues requircs
tenuous assumptions about the past changes in
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pammeters that have influenced the source-water
composition. The scant paleotemperature  data
available for the African continent imply a tem-
perature difference of ~3.5% to 6°C between the
Last Glacial Maximum (LGM) and the present
day (2, 5, 9, 10}, but these data often represent a
relatively local signal or are incomplete records.
Thus, knowledge on Adrican tropical temper-
ature change over the last deglaciation is rather
limited, especially for the vast ropical rainforest
arca of the Congo Basin, Continuous, high reso-
lution, long-term records ol continental-scale tem-
perature change are much needed to improve this
knowledge and enable proper comparnison with
records of marine tempermture changes,

=15 o 15 ar

45 15 o 15

To gain benter insight into the central Adrican
temperature development over the last degla-
ciation, its relation o global climaic changes,
and its eflect on the continental hydrological

eyvele, we used the Methylation index of

Branched Tetracthers (MBT) and Cyelization
rtio of Branched Tetmethers (CBT) based on
branched glyeerol dialkvl glveerol tamethers
(GDGTs) (M) present in & manng cone recoverad
close w the Congo River outllow (GeoB 6518-1,
0573535, 11713, YE, water depah of 962 my, Fig. 1),
Using the MBT and the CBT, we reconstructed
the annual mean air temperature (MAT) of the
Congo River basin (12} which could be com-
pared with the sea surface temperature (55T)
record obtained from the same core (Fig. 2).
Branched GDGTs (fig. S1) are abundant core
membrane lipids derived from bacteria that
thrive in soils (17, 13, I4). As the soil erodes,
the GDGTs are Nuvially transported 1o the
ocean. Indeed, they have been shown o be an
excellent tracer of the fate of soil organic mat-
ter in the Congo deep-sea fan (/.3 and the Bay
of Biscay (/5) (fig. 32). The large catchment
arca of the Congo River (3.7 = 10® km?) ex-
tends from about 6°N o 1375 and from abow
13% 1 33°E in central Adrica (Fig, 1A), with cle-
vations between 300 and 1200 m except for
one small par, located at its eastern boundary,
that nses above 2000 m (/6). The wemperaure
estimates obtained from our marine core, there-
fore, represent a catchmeni-integrated tenmes-

trial temperature signal derived from land of

low 1o intermediate elevation. Analysis of the

awr

45"

o

Fig. 1. Overview maps of Africa. The position of core GeoB 6518, recovered close to the Congo
River outflow from a water depth of 962 m, and the extent of the Congo River drainage basin
{white outline) are plotted (A} on a digital elevation map of Africa [picture from NASA et
Propulsion Laboratory, California Institute of Technology] and (B} on a map showing the annual
MAT distribution in Africa [available in the database in (30)].

www.sciencemag.org SCIENCE VOL 315 23 MARCH 2007

1701




I REPORTS

1702

33 -
§ 'M -
=36 4
& GISP2 ice core
g 40 - qu*‘"'ﬂ"ur | J‘J\ .'
- -380
42 4 =
ﬂ’ifw‘»hﬁw\;ﬁ ACR L 400 ;
uﬂ\\
i . EPICADomeC [ “%0 §
25 1 ice core ;
24 - AL 440
€ 2 ——
- ngo Basin
§ 22 1 annual MAT
21 - - 26
20 - - 25
194 D 24 98
SSTGeoB6518-1 | 53
52 - [ 29 (2]
54 1 L 29
5.6 -
- =
2 58
6.0 4 more humid r =170
6.2~ Congo Basin F-160 2
8D plant waxes ==
-150 3*
L 140 2
Q
2 - L
14 'a'n, less humid e g
a— L _12u
e 0 'f/ sl "
2 | 1 -~
L 5 ’r\ P O
i 2 6 | f
g \V, AT land-sea
4 AA A _ AA AMA A A A A . .
0 5 10 15 20 25
Calendar age (ky B.P.)

Fig. 2. Temperature changes over the past 25,000 years in tropical central Africa compared with
African humidity changes and Arctic and Antarctic climate signals. (A) The Greenland lce Sheet
Project 2 (GISP2) 6*®0 record indicative of Greenland alr-temperalure fluctuations (31). SMOW,
standard mean ocean water. (B} The EPICA Dome C 6D record indicative of Antarctic air-
temperature changes {20). (C) The annual MAT record of the Congo Basin based on the MET index
and CBT ratio of the branched GDGT lipids of soil bacteria in core GeoB 6518-1. (D)} The S5T
changes in the equatorial Atlantic Ocean based on alkenone paleothermometry at site GeoB 6518-1 (6).
(E} A record of the average soil pH in the Congo Basin based on the CBT ratio of branched GDGT
lipids of soil bacteria in core GeoB 6518-1. (F) The &D record of Css n-alkane plant waxes in core
GeoB 6518-1 reflecting humidity changes in tropical central Africa (6). (G) The land-sea temperature
gradient between central tropical Africa and the tmp:cai Atlantic Ocean based on records (C) and
(D). Black triangles on the age scale indicate the 1 *C accelerator mass spectrometry radiocarbon
dates derived from mixed planktonic foraminifera used for establishing the chronology of core GeoB
6518-1 (6). YD, Younger Dryas; ACR, Antarctic Cold Reversal
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stable carbon isotopic content (8°C) of plani-
wax i-alkanes has shown that the Congo River
mainly dramed rminforest-vegetated arcas over
the past 20,000 years (6).

The main advantages of our record com-
parcd with previous climate reconds are its rel-
atively high temporal resolution (=200 years),
comtinuous nature, and large geographical cov-
erage (1., central wropical Africa), The nature of
our data allowed us 1o gain detailed insight into
the general development of wopical Adrican
temperature over the last deglaciation. The an-
nual MAT record ol the Congo Basin reveals an
overall wamming since the LGM [-24,000 10
IR000 calibrated years before present (-24 1o
18 cal ky B.P.)] of 47 10 4.5°C (Fig. 2C). This is
consistent with scant data on palcotempertures
from a few other locations in opical Adnica
oulside the Congo Basin,  Pollen-based  1wom-
perture reconstructions suggest an LGM  that
had been 47 1o 4.5°C cooler than today— that is,
~4°C eooler i the Burundi highlands (5) and
~4.5°C cooler in the southem Lake Tanganyika
basin (/7). Funthemmore, LGM temperatures that
were —3.5°C lower than today have been re-
ported based on TEXgs (tetracther index of
tetracthers consisting of 86 carbon atoms) lake
surface temperature reconstructions for nonhem
Lake Malawi (/). Larger differences between
LGM and present-day temperatures have been
reported based on analyses of stalagmite stable
isotopes and  groundwater noble gases, Such
amalvses indicated that temperatures were =5.7°C
cooler in a South Adrican speleothem (/8) and
5% 1w 6°C cooler m groundwater aquifers in
MNamibia and South Afnea (9, 79), but these data
were derived  from sites substantially  farther
south of the equatorial Congo Basin, Our record
indicates that deglacial warming has been of
similar magniiude for the whole of wopical
Alrica, from the western and central lowlands 1o
the eastem highlands.

The onsct of posiglacial wanming in our
record atabout 17 cal ky B.P. (Fig. 2C) is in line
with the Southern Hanispheric climate devel-
opment, with the European Project for lce
Conng in Antarctica (EPICA) Dome C Deute-
rivm record showing the onset of warming a
about 17.5 cal ky B.P. (20 (Fig. 2B) and abowu
17 cal ky B.P. in a stalagmite "0 record from
South Africa (/8). Recent work based on 05
exposure dating of moraines (3) has shown tha
in the mid-latitudes of both hemispheres, the
onset of the last deglaciation was near synchro-
nous at about 17.2 cal ky B.P: a similar timing
of 17.3 cal ky B.P. was inferred for the onset of
the last deglaciation in the South American
tropics of Peru and Bolivia, Our tropical tlemper-
ature record shows that the postglacial warming
in tropical cemral Africa started m the same time,
after a short cooling episode between 18 and
17 cal ky B.P, providing strong evidence for a
globally ssnchronous onset of the last deglaciation.

With values of 20.5% w0 21°C, emperatures
were rather constant during the LGM. The rte
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of subsequent deglacial wanming was highest
between 17 and 135 cal ky B.P. and between
115 and 9 cal ky B.P., with an average warming
of ~0.7°C ky"". During the intervening period
from 13.5 to0 11.5 cal ky B.P. tamperatures re-
mained relatively stable al abowt 22.5°C and
were, notably, not influenced by the Antarctic
Cold Reversal in the Southern Hemisphere or
by the Younger Dryas cold cpisode in the
Morhem Hemisphere, From 9 1o 5.5 cal ky B.P,
tempertures only rose slowly by ~0.3°C ky™',
caching maximum values of 23°C. During the
secomnd part of the Holocene, tempemtures
remained about 25°C, except for the last 0.7 Ry
when the temperature decreased slightly again
by 0.5% 10 1°C. The 24.5°C reconstructed from
the core-top scdiment is similar o the present-
day annual MAT of the Congo River basin,
about 23.7°C, based on weather station data (2/)
iFig. 1B},

Our record also enables a more detailed
comparison of wopical continental temperature
change with global climate development and
SST reconds, in panticular from the tropical
Atlantic Ocean. SST reconstructions based on
alkenone paleothermometry indicate ~1.7°C
lower S8Ts for the Indian Ocean and -2.7°C
lower S8Ts for the wopical Atlantic Ocean
during the LGM relative 1o Holocene temper-
atures (220, This agrees well with the -2.5°C
alkenone-based LGM-Holocene SST range at
this site (Fig. 2D), representative for the castemn
tropical Atlantic Ocean (6). Thus, compared
with the occan, the reconstructed continental
deglacial wamming of 4% 1 4.5°C 15 considera-
bly stronger. This difference between continenizl
and occanic deglacial wanming i the tropics 1s
in agreement with climate model studics, which
suggest that the average comtinental deglacial
warming in the tropics was about 1.5 times
stronger than the deglacial wamming of the trop-
ical oceans (24, 24). This amplified continenial
warming may have been becavse the continents
cool more during glacial times. At high and
mid-latitudes, the presence of a changed and
often reduced vegetation cover during glacials
results, through increased albedo, in enhanced
cooling of the land surface. However, in tropical
arcas, this effect s counteracied by o negative
feedback from reduced evaporation, which re-
sults from deercased ropical rainforest arca. The

reduced evaporation leads 1o a decreased loss of

latent heat and thus relatively wanmer surface
temperatures, As a resull, vegetation changes in
tropical Africa are thought to result eventually in
a negligible wemperiure effect (23), A more
likely explanation for the enhanced glacial cool-
ing ol the continental tropics may thus be an
increased pole-to-equator temperature gradient,
resulting in a strengihened and enlarged Hadley
Cell circulation (26) and, consequently, an in-
crease in relatively cool air tha Tows from
higher wward lower latiudes,

Because central Adrica seasonally  receives
airflow [rom both the Northem Hemisphere,

when the Intertropical Convergence Zone (ITCZ)
15 in its southemmost position, and the Southem
Henusphere, when the [TCZ 15 in its northern-
most position (4), its temperature evolution is
likely related 1o climate changes in both hemi-
spheres, This coupling w0 both hemispheres
supports the idea that the onset of the deglacial
warming in our record at about 17 cal ky B.P. is
global in character. It also might explain the lack
ol clear wmperature signals relaed to the Ant-
arctic Cold Reversal and the Younger Dryas,
which were asynchronous deglacial cold events
in the Southem and Northern hemispheres,
respectively (27), Compensation of these conling
events by wammer air from the opposite hemi-
sphere in the wopical realm apparemly resulicd
i the observed period of relatvely stable annual
MAT over equatonal tropical Africa from 13.5 10
11.5 cal ky B

MNotably, the difference in deglacial warming
between the continent and the occan should
have had an impact on continental hydrology
through the land-sea thermal gradient. Present-
day Afrcan minfall vadability s in large pan
associated with 85T distnbutions in the South
Atlantic Ocean in that the thermal pressure
gradiem diflers between the Alncan continent
and the occan surthee (28), A large negative
land-sca emperature gradicnt—that is, relatively
warm sea md cool comtinent—will result in a
generally off-land air Now, preventing moist air
from the ocean from Mowing onto the continent.
An advaniage of reconstructing continental Alfri-
can femperitures rom a marine core is the pos-
sibility ol comparing the resulis with 55Ts
derived from the same core (6) (Fig. 2D); we
used this companson o reconstruct the thermal
gradient between central Adrica and the ecasiem
cquaiorial Adlantic Ocean over the past 25,000
vears (AT gses: Fig. 2G). During glacial times,

the AT ud-sea record generally shows values of

17 10 - 3°C, which disappear rmther quickly afier
the onset of the deglaciation. Negative values
down o -2°C retum at about 12 cal ky B.F,
coincident with a fast 55T increase in the casicm
equatorial Atlantic Ocean, and gradually disap-
pear again af the start of the Holocene, During
the Holocene, the land-sca temperature gra-
dient was rather stable, with values just greater
than 0°C,

The influence of the land-sca thenmal gm-
dient on comtinental hydrology can be evaluaied
by comparison with central Adrican humidity
changes reflected in the Devierium content (861))
of plant-wax n-alkanes from the same record (4)
and with the soil pH record derived from the
CBT ratio of the branched GDGT membrane
lipids (Fig. 2. E and F). Large-scale soil pll
changes are assumed to reflect changes in pre-
cipitation intensity given that in the long term,
soil-leaching processes result in enther stronger
or weaker soil acidification as precipitation
increascs or decreases, respectively (29). Indeed,
the large negative values in the ATyngses record
correspond to relatively diy periods reflected in

REPORTS

the &1 recond and relatively high soil pH values
(Fig. 2, E 1o G}. Smaller negative or even posi-
tive values, indicating weak ofl<land or even on-
land air Now, comspond to welter conditions
and lower soil pH values. Thus, the kand-sca
thermal gradient apparently exerts a strong
control on central African precipitation pattems.,
The discrepancy between the AT jgees record
and the humidity records during the second pan
of the Holocene might be due 1o a very weak
land-sea temperature gradient in this time in-
terval than allowed other forcing mechanisms 1o
become predominant,

It has been suggested that the meridional
tropical-subtropical SST gradient in the South
Atlantic Ocean exerts a strong control on central
Adrican precipitation changes (6). This mecha-
nism works in the same dircetion as the land-sea
thermal gradient: A relatively warm tropical
occan will result in stronger mendional winds as
will as ofl-land winds, both preventing moist air
from Mowing from the occans onto the conti-
nenl. Before the Holocene, the land-sea thenmal
eradient was large and apparently exerted a domi-
nant control, whereas during the Holocene, when
the land-sea thermal gradient remained weak, the
mendional SST gradient increised and became
dominat in controlling precipitation in central
tropical Afrca, thereby causing increasingly dry

conditions (). Hence, the combined evolution of

land temperature and 55T in different parts of the
Adlamtic Ovean controlled precipitation pattems in
central Adrica during the past 25,000 years.
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A Vestige of Earth’s Oldest Ophiolite

Harald Furnes,™ Maarten de Wit,>* Hubert Staudigel,®

Minik Rosing,® Karlis Muehlenbachs®

A sheeted-dike complex within the -3.8-billion-year-old 1sua supracrustal belt (ISB) in southwest
Greenland provides the oldest evidence of oceanic crustal accretion by spreading. The geochemistry of
the dikes and associated pillow lavas demonstrates an intraoceanic island arc and mid-ocean ridge—like
setting, and their oxygen isotopes suggest a hydrothermal ocean-floor—type metamorphism. The pillows
and dikes are associated with gabbroic and ultramafic rocks that together make up an ophiolitic
association: the Palecarchean lsua ophiclite complex. These sheeted dikes offer evidence for remnants
of oceanic crust formed by sea-floor spreading of the earliest intact rocks on Earth.

phiolites represent sections ol oceanic
Oq:msi that were generated by sea-lloor

spreading and later emplaced onto con-
tinental margins (/). Originally, ophiolites were
assumed W represent oceanic crust formed at
mid-pecan ndges, but this view has changed
radically, and 1t 15 becoming clear that the ma-
jority ol ophiolites are generated in supra
subduction-zone environments (/) Depending
on their weetonie environment of formation and
their structural architecture and geochemical al-
tinitics, Phanerozoic ophiolites can be classified
into different types, but the majonty are geneti-
cally related 1o subduction environments (/. 2). A
complete ophiolite consists of submanne basaliic
volcanic rocks (mainly pillow lavas), sheeted
dikes, a plutonic complex, and upper-mantle
rocks. However, many ophiolites lack one or
more of these components (2). In Archean green-
stone belis, the absence of complele ophiolite
peudostratigraphics (in paticular, shecied dikes
and gabbros) has led many workers o conclude
that ophiolites are not represented in the carliest
stages of Earth's history (3-3) The oldest pur-
ported example 5 the 2305-milhon-ycar-old
Dongwanzi ophiolitc complex in the North
China craton (A1), which is a dispuied claim (7).
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It has been suggested that several Archean green-
stone belts host dismembered ophiolites (4, 9).
Nonetheless, the question of whether Archacan

oceanic crust formed by sea-lloor spreading was
relaed 1o Phanerozoic-like plate tectonics has so
far remained conjectural because of the absence
of compelling kinematic evidence 1o discriminate
berween origins through the honzontal motion of
plates a1 divergent plate boundaries or through
verical moton above mantle plumes. Sheeted
dikes provide an answer to these questions
because they form by sca-floor spreading and
accretion during horizontal movement at diver-
gent plate boundaries, and they are considered to
be crucial components of ophiolites. Here we
report the discovery of a sheeted-dike complex
within the Paleoarchean lsua supracrustal bel
(ISB). This and the associated rocks, together
with their compositions, make up a -3.8-billion-
vear-old ophiolite, which in twm has strong

Fig. 1. (A} Location of the ISB in
southwestern Greenland. The
black square shows the location
of the area detailed in (B). (B}
I5B and adjacent gneisses. (Inset)
Location of the area detailed in
(C), (€} Simplified geological map
of the western arm of the ISB,
showing locations (1 to 3) of the
100% sheeted-dike complex (3:

latitude 65.05.335°N, longitude

(I1SB)
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maps [B) and (C)] are modified
from {10, 13, 15
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implications about the carly tectonic and geo-
chemical evolution of Earth.

The ISB, siuated 1 southwestern Green-
land (Fig. 1A} detines an arcuate belt ~35 km
long and 2.5 km thick (Fig. 1B) that contains
a varety of igneous and scdimentary rocks
(£4, 1) In general, the rocks are strongly de-
formed and metamomphosed w0 amphibolite
facics, and prmary features are scarce, The main
lithologics of the ISB are metabasalts (amphib-
olites), metagabbros and ulimmalics associated
with metapelites, cherts, banded iron forma-
tions (BIFs), and felsic rocks (/1) now pre-
served as enclaves within the surrounding plutons
(Ikkattog and Amitsog gncisses) (Fig. 1B),

Pilloww structures and associated hvaloclastites
are commmon within the amphibolies (£2, 13) and
provide unequivocal evidence of submarine
lavas, Another major component (~530%) of the
ISB, a umit desenbed as “garbenschicler,” was

Fig. 2. (A) Well-preserved pillow lava exhibiting chilled margins (dark selvages) and pockets of

first considered to be denved trom malic intru-
sions (£, but his boen reinterpreted as a vol-
canoe sedimentary sequence containing  gabbro
sills (44, 13, 140 It has been sugeested that to-
gether these wssemblages represent oceanic-hke
crust that may have been obducted within an
acerctionary wedge 3.7 billion years ago, as a
result of plate tectonic-like processes (42),

Radiometric dating (U/Pb and Ph/Pb) has
shown that the ISB formed between 3800 and
3700 million vears ago (Ma) (£4). Whole-rock
Sm-Nd isochrons define ages of 3779 + 81 Ma
from metasediments and enclosing garbenschicler
(L5 and 3777 © 44 Ma from pillow lavas and
metagabbro ( /6), The later date is parly based
on samples collected from locaton 1 of this study
(Fig. 1C),

We examined a number of sections i the cast-
em part of the western ann of the ISB, mapped as
variegated schists (0} and amphibolites (13, 17)

interpillow hyaloclastite (IPH). (B) Ocelli-bearing pillows. The pale gray ocelli, originally spheres, give a
measure of the deformation that the rocks have suffered. (A) and (B} are from location 1. (C) Dikes with
intervening layers of volcanic rocks (V). (D} Nearly 100% sheeted dikes with minor amounts of inter-
dike volcanic material. Dikes can be traced along strike for more than 20 m. The white lens (bottom
right} is a plagiogranite (PG). (C) and (D) are from location 2. (E} 100% sheeted-dike complex. The

weathered-out zones are amphibole schist, originally chilled margins. (F} Two crosscutting layers (just
below the hammer head). (E) and (F} are from location 3. [(G) and (H}] Photomicrographs of the central

part of the dike (G), showing relict subophitic texture (plane-polarized light image), and chilled margin
of the dike {H), consisting predominantly of fine-grained amphibole (plane light image).
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within the area around locations 1 10 3 (Fig. 1C)
Location | shows well-preserved metabasaltic pil-
loow Java (Fig. 2A0, i places with small triangular
pockets of mtempilloww hyaloclastite (Fig. 2A).
Locally, the pillows contain felsic ocelli (Fig.
2B} and rare amygdales. The rocks are homoge-
neously deformed and contain a cleavage that is
subparallel 1w the lithological lavenng. Defommed
ocelli (originally spherical) indicate deformation
with 80 10 90% shonening perpendicular to the
cleavage and 200 w 250% extension along a
well-delined lineation plunging 72°5, At location
2, =13 km sowh of locaion 1 (Fig. 1C), the
sequence consists of tbular subpamllel dikes
with imtervening centimeter- 1o decimeter-thick
ones of lenuicular-to-imegular screens of vol-
canic material (Fig. 2, C and D, and hig. S1), and
locally, plagiogranine occurs |Fig. 2D and sup-
porting online material (SOM]}]. Approximately
S0 m futher south, at location 3, the nuxed
dikevoleanie sequence changes structurally

downward o a sheeted complex consisting off

0% tabular dikes (Fig. 2E and fig. S2), which
to the west is in tectonic contact with metagabbro
and ultramalic sheets. Individual dikes range in
width from 2 1o 30 em. Dikes have both one- and
(mostly) two-way fine-grained chilled planar
murzins (Fig. 2E) Cross-cunting dikes are also

observed (Fig. 2F). We examined a number of

sections across a 30-10-S0-m-wide subwvertical
sequence ol dikes, which we interpret as part of a
sheeted-dike complex with an estimated prede-
formation width of =200 m.

Petrographically, the central parts of the dikes
consist of lne-gramed (=300 pm) plagioclase,
amphubole (predomimant), and biotie with relie
subophitic texiure (Fig. 200 The dark green (com-
monly schistose) marginal zones, inferned o rep-
resent chilled margins (Fig. 2E), consist of dense
(=100 pm) monomineralic zones of amphibole
(Fig. 2H). These chilled margins of the dikes are
texturally and mineralogically similar to the mar-
gins of the pillows.

Mafic pncisses imerprated as metagabbros
occur as scattered outcrops within an arga of 100
by 100 m in the southwestem pan of the 1SB.
They are uniform amphibolites charmcterized by
centimeter-scale discontinuous lavers and lenses
of plagioclase in a homblende-quartz-plagioclise
matnx (fig. 83), representing a hghly deformed
and metamorphosed gabbroic texture. This cone
trasts with most [sua amphibolites, which tvpical-
ly consist of lithological units <1 m across strike
(Fig. 2, € and D). Felsic dikes of the Amitsog
gneisses crosscut the metagabbros and define the
varly Archean age of the lsua supracrustals,

The ulramalic rocks (g, 54, which ocour

maiinly along the boundaries ol the western belt of

the [SB. have been variably tmnsformed 10 ser-
pentinites and cale-silicate rocks by metasomatic
processes (M) These lavered  mcta-ultmmalic
rocks are associated with the sheeted-dike com-
plex (Fig. 1C) and metgabbro, sometimes with
uninterupted  tansitions from layered  ultrmalic
sequence into gabbros (18),
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Fig. 3. (A) Ti-V, (B) Zr-Zr/Y, (C) Ti-Zr, and (D) Y-Cr discrimination diagrams (1). The geochemical data
from the central-, outer-, and inner-arc tectonic domains (undifferentiated metabasalts) are from
(17, 19). The new geochemical data of this study are shown in red. The boninite data are from (21).
The Ti/V ratios in (A} are characteristic of the following: 10 to 20, island arc; 20 to 50, MORE; 20 to
30, mixed MORE and island arc; and 10 to 50, back-arc basins. Bon, boninites; IAT, island-arc

tholeiite; and WPB, within-plate basalt.

The peochemistry of pillow lava and dikes
trom locations | and 3 (Fig, 1C), as well as that
of the least aliered samples of previous siudies
(7. 19, has been plotied i discriminant dia-
grmms with various combinations of the relative-
Iy immobile elements Ti, V. Cr. Y, and Zr (/).
The new geochemical data (1able S1 and SOM)
demonstrate intrmoceanic island are and mid-
ocean ridge basali (MORB) affinities (Fig. 3), as
previously concluded (/9). Furthermore, the sim-
ilaritics i the concentrations of  incompatible
clements (Th, V. Zr. and Y') and their mtios (Z0Y)
strongly suggest that the pillow lavas and the
dikes are cogenctic, supporting our ficld obscr=
vations. regarding  their spatial and  temporal
relationships. It has been demonstrated that
the metabasalts ol the cenral garbenschicfer
unit are geochemically similar to boninites (/7)
(Fig. 3). The presence of boninites is impor-
tant in the evaluation of the tectonic environ-
ment, because they are generally associated
with modern intraoceanic island arcs and are
thought 1o be relmed 1o proto-are and back-arc
spreading (200-22), This magmatic progres-
sion suggests that ophiolites are geochemically
heterogencous and tha their tectonic evolution
may have involved initial sca-floor spreading,
followed by subduction mitation and one or
more episodes of are splitting and basin opening
(20, 21).
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Oxyveen sotope data from locations | and 3
(Fig. 1C) show thm the pillows are more cn-
riched in "0 than the dikes (Table 1 and SOM).

Although the ™0 values of the central pant of

the pillows mnge between 6.5 and 949 (avemge,
7.2). the dikes show a narrower range between
5.7 and 6.9 (average, 6.3) These rocks do not
record primary magmatic oxyveen solope values
but may record alieration by 0 1o +2 of the §'%0
value of scawater at a spreading rdge. The pil-
lows are more cnriched in 'O because they
altered at lower temperatures than did the dikes,
and oxvegen sotope fractionation decrcases in
magnitude with increasing  temperature  (23).
Collectively, these data and the relic subophitic
textures in the sheeted dikes are consistent with
the seawaterrock intermction during occan-floor
metamorphism  that takes place at modemn
spreading ridges (SOM) and which has been
documented in most ophiolites of Phanerozoic
and Proterozoic ages (24, 25) This linding is
also consistent with Nuid-inclusion studies on
amygdales in the ISB pillow breccias that
indicate alieration during early sea-floor- like
hvdrothermal metamomphism (26),

We provide three robust lines of evidence for
an lsua ophiclite complex as a vestige of Archean
supra-subduction-zone occanic aust, First, the
sheeted-dike complex and cogenatic pillow lavas
reprosent the upper-crustal section of a dismem-

Table 1. Summary of 50 results.

a'"0
(standard
Sample Type mean ocean
water)®

03-3.5 Pillow core 99
03-3.13 Pillow core [ %]
03-3.22 Pillow core 7.3
03-3.23 Pillow core 6.9
03-3.31 Pillow core 6.7
03-3.39 Pillow core b5
03-3.40 Pillow core 6.6
1A2-1G-06 Pillow core 6.8
1B4-1G-06 Pillow core 6.8
2A-1G-06 Pillow core 6.9
2B2A-1G-06 Pillow core 7.1
AZA-1G-06 Pillow core 6.8
5B1-1G-06 Pillow core 7.9
5C-1G-06 Pillow core 7.6
6B-1G-06 Pillow core 6.8
7-1G-06 Dike 5.9
B-1G-06 Dike 6.0
9-1G-06 Dike 6.1
16A-1G-06 Dike 6.0
16C-1G-06 Dike 6.3
16E-1G-06 Dike 6.9
16G-1G-06 Dike 6.9
17A-1G-06 Dike 5.8
17B-1G-06 Dike 5.7
“See SOM.

bered ophiolite. The shected-dike complex
provides compelling structural evidence ol hori-
zontal extension by dike injection m a spreading
ridge (SOM). Second, we reject the scenano off
dike injection above a plume head in a non-plate
tectonic environment, given the oceanic island
arc and MORB peochemical chamcierisiics off
the pillow lavas and dikes reporied here, wgether
with the daa from (/9). Funher. the boninitic
afTinity of the cemiral garbenschicler (/7) is sim-
ilar 1o thar of Phancrozoic supra-subduction-zone
ophiolites with a protracted  tectonomagmatic
evolution history (210, 22, Third, the oxvgen iso-
tope compositions of the pillow lavas and dikes
and their petrographic textures are compatible
with sea-floor hydrothermal maamorphism at a
sgpreading ndee. Although the strain history of
these rocks 1s not vet sulficiently well known
to permit a detailed reconstruction of the [sua
ophiolitc complex, we contend that the ISB
preserves vestizges of Earth’s oldest ophiolite and
oceanic crust. This implies that sea-lloor spread-
ing and subduction processes of Phancroeoic-like
plate wetonics were operating ~3.8 billion years
ago, as proposed by Komiva er af. (£2),
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Bottom-Up Determination of Air-Sea
Momentum Exchange Under a
Major Tropical Cyclone

Ewa Jarosz,* Douglas A. Mitchell,+ David W. Wang, William ]. Teague

As a result of increasing frequency and intensity of tropical cyclones, an accurate forecasting of
cyclone evolution and ocean response is becoming even more important to reduce threats to lives
and property in coastal regions. To improve predictions, accurate evaluation of the air-sea
momentum exchange is required. Using cumrent observations recorded during a major tropical
cyclone, we have estimated this momentum transfer from the ocean side of the air-sea

interface, and we discuss it in terms of the drag coefficient. For winds between 20 and 48 meters
per second, this coefficient initially increases and peaks at winds of about 32 meters per

second before decreasing.

he air-sea momentum exchange under a
I tropical evelone determines the oceanic
response 1o ils winds. An accurale estima-
tion of the exchange hence is required for
correctly forecasting storm track and intensi-
tv. as well as for accurately predicting stonm
SUrges, OCcan currents, and waves, and for
making hurricane risk assessments, particularly
because the frequency and intensity of ropical
cvclones are reportedly increasing (/). Con-
ventional methods of determining the air-sca
momentum transfer are from the atmospheric
side of the mterface and are based on mea-
surements of wind profiles near the ocean sur-
face or of wind wrbulence (2. These methods,
however, cannot work reliably for the extreme
high-wind conditions of’ a major ropical cy-
clone, becavse wind measurements near the
ocean interface are inevitably contaminated
from intense breaking-wave activities and sea
spray (3
Most available field measurements of sur-
face stress are for wind speeds minging from 4 1o

Naval Research Laboratory, Stennis Space Center, MS
39529-5004, USA.

*To whom correspondence showld be addressed. E-mail:
ewa.jaroszEnrlssc.navymil

tPresent address: Exxon Mobil Upstream Research Com-
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20ms ', The technigues employed estimate the
inter face momeniwm exchange as o wind stress, 1,
oiven by

% = py Co| W[ (1)
where pue is the air demsity. Cp is the drag
cocflicient, and | W/ is the velocity magniude of
the wind at a reference height (usually 10 m).

In open ocean conditions, as the wind
becomes stronger the range of surface waves,
which travel at slower speeds than the wind,
widens. Accordingly, Cpy increases as wind specd
increases (). This pattern of variability in Cp
15 commonly used i wave, surge, and circula-
tiom numerical models, which incorporate a
monotonic increase of the drag coclticient with
wind speed even under extreme wind conditions.
Such an assumpiion may resull in an over-
estimation of the air-sea momentum transfer and
lead 10 unrealistic model predictions or, pethaps
even worse, model tuning using bad physical

Justilications.

Recently, limited meteorological observa-
tions, theory, and experiments (3-8) suggest 2
reduction in the dmg coctlicient at high wind
spocds, generally greater than 30 m s Al these
efforts o evaluae the air-sea momentum ¢x-
change have been mude through meteorological
measurements, or theories and miodels developed

for the atmosphence boundary layer (Mop-down™
determination). Estimation of this exchange
can also be done from the other side of the
interface with full water-column occan current
observations. This method direetly detenmines
the stress at the interface based on ocean
currents and provides a very reliable and
accurale direet determination of the air-sca
momentum transfer under high winds (3).
However, this type of “bottom-up™ determina-
tion imposes the almost impossible require-
ments of deploving instruments in the occan
dircctly under the highly unpredictable path of
a major tropical eyelone and then having the
instruments survive the cnomous forees gen-
crated by the evelone.

On 15 September 2004, the center of
Hurmricane Ivan (al category 4 strengih) passed
dircetly over six cument and wavetide gauge
moorings on the outer continental shell in the
northeastern Gull of Mexico (9-72) (Fig. 1).
The instrumentation survived and measured
nearly ull ocean current velocity  profiles
dircctly under the cyelone. The resuliing data
set allows direct “bottom-up”™ determination of
the gir-sca momenium czwh'.mgc under exireme
wind conditions.

Exwreme winds of a tropical cyclone elicit a
four-stage response when passing over oocan
waters (9, £3) The first three stages make up the
“forced stage™ response. whereas the fourth siage
is the “relaxation stage.” Over the open ocean,
the foreed stage response 15 pnmarily baroclinic
{depth-dependent), with a weak barotropic
{depth-independent) response consisting of a
trough i sca surface height and an associaed
geostophic current that are set up almost
instantly (/3). Over the continental shelf, how-
ever, the forced response is quite different (9).
consists of a strong barotropic component tha
is not geostrophically balanced and a much
weaker baroclinic response. Thus, the directly
forced response on the continental shell’ should
be well described to the first order by the linear
time-dependent depth-imtegred honzomal mo-
mentum equations, Scaling analysis of current
velocity measurements recorded in the northeast-
ermn Gull of Mexico (Fig. 1) under Hurricane Ivan
supports this assumption, apecially for the along-
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Fig. 1. Regional map
and instrument locations.
Bathymetry (in meters)
is shown for the north-
eastern Gulf of Mexico.
Acoustic Doppler current .
profiler (ADCP) moorings 28N v

are denoted by black dots ~

(M1 to M6). The yellow

30N

| |

United States e

P -

triangle is Buoy 42040,
National Data Buoy Cen-
ter. Hurricane Ivan's path
is indicated by the dashed
red line, Two inserts in the
expanded map are a
colorized infrared image
of Hurricane lvan taken
by the National Oceanic
and Atmospheric Admin-
istration’s Geostationary
Operational Environmen-
tal Satellite—12 satellite
(lower right) and a Barny
mooring containing the
ADCP current meter (up-
per right).

26N-T

Latitude

24N~
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Fig. 2. Drag coefficient

'\ i\
', Gulf of Mexico
Y —

d -

for several resistant coef-
fidents. Cp is shown as a

function of the wind speed o

at 10 m (Wyg) for several
different resistance coeffi-
cients r (open black circles
—r=0.001 cm s green
triangles = r = 0.0505 cm
571 blue asterisks — r =
0.1 cm s7%). The solid lines
represent quadratic curves
fitted to the evaluated Cp
separately for each r.

Drag Coefficient (C)

o re000 cms
» v ¢ = 00505 em s
* rFeliems’
i . = ru 000 emy’
W . = = 00505 cma™

shell momentum [more discussion conceming
the along-shelf momentum balance is in (/4)]
given by

r-i- I|I -- ti- i |'2:I
it pff ff

where p is a reference density (1025 kgm ), f
is the Coriolis parameter (0,71 = 1074 s7h), U
and Mare the depth-imtegrated along-shell” and
cross-shellvelocity components, s the water
depth, » is a constant resistance coclTicient at

23 MARCH 2007

a0
Wind Speed (W, . m 1

the sea floor, and 14 15 the along=shell wind
alress.

The simplified dynamics given by Eqg. 2 may
not bold under all conditions. For instance, in this
case, the momentum balance breaks down once
the eye olthe storm has passed over the moorings
and the wind vectors rapidly motue 1807, When
this happens, the water column cannot respond
and change dircction as mpidly as the wind, and
these dynamics no longer hold. Additionally, the
momentum balinee may not hold for a mpidly
moving tropical cvelone or for a cyclone with an

VOL 315 SCIENCE
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N, -

crratic path for similar reasons. However, many
cyelones move slowly and steadily enough
over the shell for such an approximation 1o
hold.

The ar-sea momentum transler, expressed m

-

terms ol T, 18 estimated from Eq. 2 using our
ocean current observations. In atmospheric
studics, this exchange is commonly discussed in
tenms of the drag coeflicient (Cp). Wind stress
(T ) can be also defined as 1 = pyCnl W I,
where W, is the along-shell” wind velocity
component. Thus, for comparison with oiher
studics, we can determine Cp by inserting the
formula for t,, into Eq. 2.

rE')
— 3
vl (2}

c 13” (r {
BT e W, \

Resulis produced from evaluation of Eq. 3
arc shown in Figs. 2 and 3. The drag coelfi-
cient was derived Tor several different values
of the resistance coellicient (r) rnging between
0.001 cm s ' and 0.1 em s . These values of r
are similar 1o those used in other studics inves-
tiganing shell currents (/5 /8). Figure 2 displays
estimates of Cp for minimum (0.001 ¢cm s "),
mean (0.0505 cm s '), and maximum (0.1 ems™')
values of r used in Eq. 3, whereas Fig. 3 shows
results for = 0,02 cm s ' that is, the resistance
cociliciem that was determined from observa-
tions for the norheasiern shelf of the Gulf of
Mexico (/3), The results, especially for the wind
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Fig. 3. Drag coefficient as N

a function of wind speed. Cp
is shown for an observation-
based resistance coefficient,
r =002 cm s The red
open circles are the eval- 3- .
uated (, from the current
and wind observations, the
solid red line & a fitted
quadratic curve to the Cp
estimates, and the red
dashed lines are the 95%
confidence limits for this
quadratic curve. The black
dotted lines represent the 1+
window for Cp reported in

(6), whereas the blue dots

represent Cp reported in (4),

Drag Cosfficient (C,,)

speeds below 30 m s

result of measurement uncertainty and the need

. are somewhal noisy as a

to caleulate a velocity derivative, which tends 1o
enhance noise. However, they consistently
show a decreasing trend of € g Tor wind speeds
areater than 32 m s ', the lower threshold for a
category | hurneane on the Safli-Simpson Scale,
It is also apparent that the Cp values ane weakly
dependemt on the choice of the resistance eo-
ellicient and are larger [or mereasing values
of » The drag coclicient cstimates evaluaed
forr=0.1 em s are, on average, 20% greater
than those caleulated for ¢ = 0.001 cm s~ from
Eg. 3.

To produce the best representation of Cpy for
cach r, a second-order curve (a function of the
wind speedy was fied by a least-squares
technique 10 all estimaied values of Cp. The
curves are displaved in Figs. 2 and 3. Addition-
ally, the 95% confidence limits for the fitted
curve are shown in Fig. 3. The pattem of the
relationship between Cp and the wind spoed s
robust, but the curve coetlicients are determined
by the value chosen for # in Eg. 3. However, all
curves clearly show an initial increase of the drag
cocllicient and monotonic decrease as found by
recent studics (3-8) after reaching a maximum
value at =32 m s . Some of these studics (3, 19)
imply that the decrcasing drag at high winds
seems 10 be relaied o the spray, foam, and
bubbles from breaking waves that reduce the
drag and allow the hurmicane 1o slip over the sea.

With the nearly full water-column occan cur-
rent measurements, the only unknown term lefi
in the simplified equation of motion is the wind
stness, Thus, the behavior of the drag coeflicient
{Cp) can casily be estimated for a range of strong
winds, Despite the fact that the drag coefTicient is
evaluated differemtly here, esumates of O
determined “bottom-up™ reasonably replicate
the values determined “top-down™ in recent
studies (3-7) Results from our rescarch show
that Cp peaks at a wind speed near 32 m s " and
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] as an as = 55
Wind Speed (W, m &™)

then steadily decreases as the wind specd
continues 1o rise. Our values for Cp are in a
ange of Cp values found using metcorological
observations () for wind speeds greater than
32 ms ' but are higher for lower wind speeds.
These differences may be anrbuted 10 uncenain-
tics in the wind measurements and the applica-
bility of the simplified occan dynamics ot the
lower wind speeds.
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CRISPR Provides Acquired Resistance
Against Viruses in Prokaryotes

Rodolphe Barrangou,” Christophe Fremaux,? Héléne Deveau,” Melissa Richards,!
Patrick Boyaval,? Sylvain Moineau,’ Dennis A. Romero,” Philippe Horvath®*

Clustered regularly interspaced short palindromic repeats (CRISPR) are a distinctive feature of the
genomes of most Bacteria and Archaea and are thought to be involved in resistance to bacteriophages.
We found that, after viral challenge, bacteria integrated new spacers derived from phage genomic
sequences. Removal or addition of particular spacers modified the phage-resistance phenotype of the
cell. Thus, CRISPR, together with associated cas genes, provided resistance against phages, and
resistance specificity is determined by spacer-phage sequence similarity.

acteriophages are arguably the most
B;ﬂ'luml.',un biological entity on the planet

i f). Their ubiguitous distribution and
abundance have an imponant impact on micro-
bial ccology and the evolution of bactenal
genomes (21, Consequently, bacteria have devel-
oped a varicty of natuml defense mechanisms
that target diverse steps of the phage e cyvele,
notably blocking adsorption, preventing DNA

injection, restricting the incoming DNA, and
abortive infection systems. These antiviral bar-
riers can also be engineered and manipulated w
better control phage populations (2, J).
Numerous bactena have been selected by
bumans and vsed extensively for fenmentation
and biotechnology processes, Unfonunately, do-
mesticated bactena used in industral applications
are ofien susceptible to phage attack, including
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genera and species widely used as dairy culiures
(). Accordingly. the indusiry has devised vanous
strtegies 1o combat phage based on stran di-
versity, bactenophage-insensitive mutants, and
plasmids bearnng phage-resistance mechanisms,

Strepiococeus thermophifus is a low GO
Gram-positive bactenium and a key specics ox-
ploited in the formulation of dairy culune sys-
tems for the production of yogurt and cheese,
Comparative genomics analvses of closely
related 8. thermophilis strains have previously
revealed that genetic polvmomhism primarily
ogeurs il hypervariable loci, such as the eps and
ppa operons, as well as two clustered regularly
interspaced shont palindromic repeats (CRISPR)
loci (5-7). CRISPR loci typically consist of sev-
eral noncontiguous dircet repeats separated by
stretches of vanable sequences called spacers and
are oftentimes adjacent to cas genes (CRISPR-
associated). Although the function of CRISPR
loct has not been cstablished biologically, in
stheo analyses of the spacers have revealed se-
quence homology with forcign clements, includ-
ing bacteriophage and plasmid sequences (7-9).
Based exclusively on in silico analvses, several
hypotheses have been put forward proposing
roles for CRISPR and cas genes, which include
providing immunity against foreign genctic ele-
ments via a mechanism based on RNA inter-
ference (10).

We analyeed the CRISPR sequences ol vari-
ous 8 thermoplilns straing, including closely
related industrial strains and phage-resistant var-
iants (g 51 Differences in the number and
type of spacers were observed pamarnily at the
CRISPRI locus. Notably, phage sensitivity ap-
peared o be comelated with CRISPR1 spacer
content. Specifically, spacer content was nearly
identical between parental strains and  phage-
resistant derivatives, except for additional spacers
present in the latter. These findings therelore
suggest a potential relation between the presence
ol additional spacers and the differences ob-
served in the phage sensitivity of a given strain.
This observation prompied us to investigaie the
orgin and function of additional spacers present
in phage-resistant mutants,

First, we tested the hypothesis that CRISPR
loci are altered during the natral generation
of phage-resistant mutants. A phage=host model
system was selected, consisting of a phage-
sensitive wild-type 8. thermophilus sirain widely
used in the dairy industry, DGCCTT10 | wild
tvpe (WT)] and two distingt but closely related
virulent bacteriophages isolated from industrial
vogurt samples, phage 8358 and phage 2972 (/1)

YDanisco USA Inc., 3329 Agriculture Drive, Madison, Wi
53716, USA. “Danisco France SAS, Bolte Postale 10, F-86220
Dangé-Saint-Romam, France. *Département de Biodhimie et
de Microbiologie, Faculté des Sciences et de Génie, Groupe
de Recherche en Ecologie Buccale, Faculté de Médecine
Dentaire, Falix d'Hérelle Reference Center for Bacterial
Viruses, Université Laval, GIK 7P4 Québec, Canada,
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philippe. horvath@danisco.com
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Nine phage-resistanl mutants were  generated
independently by challenging the WT strain with
phage 858, phage 2972, or simultancously with
baoth (12}, and thar CRISPR ko were analyeed.
Differences were consistently  obsenved at the
CRISPRI locus, where 1 o 4 additional spacers
were inserted next to the 32 spacers present in
the WT strain (Fig. 1). The addition of new
spacers in response o phage infection seemed 10
be polanized wward one end of the CRISPRI lo-
cus. This is consistent with previous obseryvations
ol spacer hypervariability at the leader end of the
CRISPR locus in various strains (¥, [3). Se-
quence analysis of the additional spacers inseried

in the CRISPR] locus of the varous phage-
resistant mutants revealed similarity 1o sequences
found within the genomes of the phages used n
the challenge (Fig. 2 and fig. S2) Interestingly,
similantics were observed throughout the phage
genomes, in most unctional modules, both on the
coding and poncoding strands. No panticubar se-
quence, gene, or [unctional group scemed 1o be
targcted specifically, These mesults reveal that, on
becoming resistant 1o hacterophages, the CRISPR]
locus was modified by the integration of novel
spacers, apparently derived from phage DNA.
Sumprisingly, we observed that some strains
were resistant 1o both phages, whereas others

cash casi casé _cas? repeatispacer ragion ORF
LEREEER RN O ——
K- 4 5 7 0 1 13,141 17 18 19 20 2.
Sensitivity to 0858 Sensitivity to 02572
L-R - LR - R T L | AT B BE MGE BDY GT WY 0

WT,

SESHRE

513514

WTmmrz

1
R-%ﬂs 0511512

Fig. 1. Streptococcus thermophilus CRISPRL locus overview, newly acquired spacers in phage-
resistant mutants, and corresponding phage sensitivity. The CRISPR1 locus of DGCCT710 (WT) is at
the top. The repeat-spacer region of WT is in the middle: repeats (black diamonds), spacers
(numbered gray boxes), leader (L, white box), and terminal repeat (T, black diamond). (Bottom left)
The spacer content on the leader side of the locus in phage-resistant mutants is detailed, with
newly acquired spacers (white boxes, 51 to 514). (Bottom right) The sensitivity of each strain to
phages 858 and 2972 is represented as a histogram of the efficiency of plaquing (EOP), which is
the plaque count ratio of a mutant strain to that of the wild-type.

59 511 s1 54

512 55°

513

.-. is
I I I
| 510 | I|
| |
packaging! capsid il morpho 5 | hast | replical | franscription
_ ﬂ: morphogenesis | g e I Iyais | = : reguistion
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Fig. 2. 5 thermophilus phage genome maps with the position of sequences similar to the acquired
CRISPR1 spacers of the phage-resistant mutants. Spacers shown above and below the genome maps
indicate that the spacer matches a sequence on the (+) and on the (-} strand, respectively. An
asterisk indicates the existence of a SNP between the spacer sequence and that of the phage
genome (fig. 51). The genome sequences of phage 2972 (accession number AY699705) and phage
858 are 93% identical.
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were resistant only 1o the phage used in the chal-
lenge (Fig. 1), The phage-resistance profile
scemod comelated to the spacer content, such
that strains with spacers showing 100% identity
to sequences conserved in both phages were
resistant o both phages, such as spacers 83, S6,
and 87, In comtrast, when nucleotide polymor-
phisms were observed between the spacer and the
phage sequence [from | to 15 single-nucleotide
polymorphisms (SNPs) over 29 or 30 nucleo-
tides], the spacer did not seem o provide re-
sistance, such as spacers 51, 52, 54, 55, and 58
(Fig. 1 and fig. S2). In addition, when several
spacers were inserted (59 10 S14), phage re-
sistance levels were higher These findings indi-
cate that the CRISPR1 locus is subject o dynamic
and rapid evolutionary changes dnven by phage
exposure. Altogether, these results reveal tha
CRISPR loci can indecd be altered dunng the
genertion of phage-resistant mutants and also
cstublish a hnk between CRISPR content and
phage sensitivity, These lindings suggest that the
presence of a CRISPR spacer identical to a phage
sequence provides resistance against phages
containing this particular sequence.

S -

To determine whether CRISPR spacer con-
tent defines phage resistance, we aliered the
CRISPRI locus by adding and deleting spacers
(F2) and tested subsequent strin sensibivity 1o
phages. All constructs were generated and inte-
grated into the 5, thermapdiifus chromosome with
the system developed by Bussell and Klaenhammer
(14). We emoved the spacers and repeats in the
CRISPRI locus of stmin WTgses - and replaced
them with a single repeat without any spacer (/2)
The resulting strain WT ggss > SACRISPR | was
sensitive 1o phage 838, which indicated that the
phage resistance of the original phage-resistant
mutant (WTggss - 0) was probably linked 1o
the presence of S1 and S2 (Fig, 3),

Further, to address the entical question of

whether adding spacers provides novel phage
resistance,
strain WTgaera ™ with a version containing only
spacers 51 and 52 (£2) and wested whether the
phage sensitivity was .ﬂ'li:tlm.l Remarkably, the
resulting strain WTgogrn —pSI1S2 gained re-
sislance to phage 858, which suggested that
these two spacers have the ability 10 provide
phage resistance de novo (Fig. 3). Allogether,

W TY

1 kb

T
cas! cast HEP'EHF

I. WT ™51

. WT 3" S2ACRISPRN
L WTomsa ™52 pR

V. WTyxnpS152

V. WT e *3152: prass—
VI W e ™5" 52 peas 7~

Fig. 3. CRISPR spacer e
tivity. I, mutant WT
"L mutant WT gsa

IV, Wig2er2*®

z 21, mutant WTgq

w-ll +‘5‘.i$ 2.

1&‘ 1!!‘1-&'-“ nil'lb-Hﬂ" ]

==

meermg. cas gene inactivation, and corresponding phage sensi-
'“"Hcmspnl in which CRISPR1 was deleted:
=pR m which CRISPR1 was displaced and replaced with a unique repeat;
:pS152, mutant of strain Wlgoera®
placed with a version containing S1 and 52; V, WTgen
speasf— with cas7 inactivated. pORI mdlcates the integrated plasmid (12). The phage

y to D858 Sﬂrllllh'll to @29?2

BT 08 158 1h- WS

*4 in which CRISPR1 was displaced and re-
%::peas5— with cas5 inactivated; VI,

sensitmt:.r uf each strain to phages 858 and 2972 is represented at the bottom as a histogram of

the efficiency of plaguing (EOP).

laced the CRISPRI locus of
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these observed modilications establish the link
betwoen the CRISPR spacer content and phage
resistance.

In the process ol gencraling strain
WTasss > S*ACRISPRI, we created
Wlpsss > 2:pR, a variant that contains the inte-
gration vector with a single repeat msened be-
tween the ey genes and the native CRISPR locus
(Fig. 3). Unexpectedly, simin WTggss - pR
wits sensitive 1o phage 855, although spacers
51 and 52 ramained on the chromosome (Fig. 3).
Similardy, the WTgzg7: ™ :pS182 consiruct lost
the resistance w phage 2972, although spacer
54 is present in the chromosome (Fig, 3). These
results indicated that spacers alone did not
provide resistance, and perhaps, that they have
to be in a particular genctic context to be
cllective.

Although miial work suggested mvolvement
i DNA repair (1.5), the cumrent hypothesis is that
cas genes (5, 16) are mvolved m CRISPR-
mediated mmunity (J0). Consequently, we in-
activated two eas genes in strain WTgges o 0
(1 2y cas 5 (COG3513) and cas 7, which are equiv-
alent o siefd6S Tt 37 and se66 s fia61),
respectively (6, 7). The casd inactivation re-
sulted in loss of the phage resistance (Fig. 3),
and perhaps Cas3 acts as a nuclease, because it
contains an HINH-1y |'n. nuclease motif, In con-
trast, inactivaling cas? did not alter the resist-
ance to phage 8538 (Fig. 3). Interestingly, we
were repeatedly unable o generate CRISPRI
phage-resistant mutants from the cas7 knock-
out, perhaps because Cas7T is involved in the
synthesis and/or msertion ol new spacers and
additional repeats.

When we tested the sensitivity of the phage-
resistant mutants, we found that plague formation
was dramatically reduced. but that a relatively
small population of bacteriophage reiained the
ability to infect the mutants, We further analyzed
phage vananis denved from phage 858 tha
retained the ability to infect WTggss . In par-
ticular, we investigaied the sequence of the ge-
nome region comresponding 1o additional spacers
S1 and 52 in two virulent phage vananis. In both
cases, the genome sequence of the phage var-
iant had mutated, and two distinet SNPs were
identificd i the sequence corresponding 1o
spacer 51 (hg. S3).

Owverall, prokaryotes appear 1o have evolved
a nucleic acid-based “immunity” system where-
by specilicity is dictated by the CRISPR spacer
content, while the resistance is provided by the
Cas enzymatic machinery. Additionally, we spoc-
ulate that some of the cas genes not direetly
providing resistance are actually involved in the
insertion of additional CRISPR spacers and re-
peats, as part of an adaptive “mmune” response.
Further studics are desired 1o betier characienze
the mechanism of action and to identfy the
specific function of the various cas genes. This
nucleic acid-hased system contrasts with amino
acid-based counterpants in cukaryotes through
which adaptative immunity is not inheritable.
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The inheritable nawre of CRISPR spacers sup-
poats the use of CRISPR loci as tangets tor evo-
lutionary, typing, and comparative genomic studics
(9, 7-19) Because this system 15 reactive 1o
the phage environment, it likely plays a sig-
nilicant role in prokarvotic evolution and ccol-

ogy and provides a histonecal perspective of

phage exposure, as well as a predictive ool for
phage sensitivity, The CRISPR-cas system may
accordingly be exploited as a vinus defense mech-
anism and also potentially used 0 reduce the
dissemination of mobile genetic elements and
the acquisition of undesirable tmits such as ami-
biotic resistance genes and vinulence markers,
From a phage cvolution perspective, the inie-
grated phage sequences within CRISPR loci may
also provide addinenal anchor poins w beilnate
recombination dunng subscquent phage infee-
tions, thus increasing the gene pool 10 which
phages have access (20), Because CRISPR loci
are found m the majority of bactenal gencera and
are ubiguitous m Archaea (5, 13, 21), their study
will provide new insights into the relation and
codirccted evolution between prokaryotes and

their predators.
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A G Protein—Coupled Receptor Is a
Plasma Membrane Receptor for the
Plant Hormone Abscisic Acid

Xigang Liu,™* Yanling Yue,® Bin Li,* Yanli Nie,* Wei Li,” Wei-Hua Wu,? Ligeng Ma?*

The plant hormone abscisic acid (ABA) regulates many physiclogical and developmental processes
in plants. The mechanism of ABA perception at the cell surface is not understood. Here, we
report that a G protein—coupled receptor genetically and physically interacts with the G protein
ot subunit GPAL to mediate all known ABA responses in Arabidopsis. Overexpressing this receptor
results in an ABA-hypersensitive phenotype. This receptor binds ABA with high affinity at
physiological concentration with expected kinetics and stereospecificity. The binding of ABA to the
receptor leads to the dissociation of the receptor-GPAL complex in yeast. Our results demonstrate
that this G protein—coupled receptor is a plasma membrane ABA receptor,

bscisic acid (ABA) 15 an important
hormone that mediates many aspects off

plant growth and development, particu-
larly n response to the cnvironmental siresscs
(4-3). Several components involved m the ABA
signaling pathway have been ideniified (). Two
recent repors have shown that the nuclear RNA
binding protcin Mowering time control protein
(FCA) (5) and the chloroplast protein Mg
chelatase Hosubunit () are ABA receptors (6],
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Laboratory of Molecular and Cellular Biology, Hebei Normal
University, Shijlazhuang, Hebei 050016, China. State Key
Laboratory of Plant Physiology and Biochemistry, College of
Biological Scences, China Agricultural Umiversity, Beifing
100094, China,

*To whom correspondence should be addressed. E-mail:
maligeng@mnibs.ac.cn

23 MARCH 2007

In contrast, several carlier experiments had sug-
gested that extracellular pereeption is critical for
ABA to achieve its functions ( 7-9), Thus, other
ABA receptors, especially plasma membrane
localized receptors, may be the major plavers for
perceiving extracellular ABA and mediating the
classic ABA signaling responscs,
Ligand-mediated signaling through G protein
coupled receptors (GPCRs) is a conserved
mechanism tor the extracellular signal percep-
tion ai the plasma membrane in eukaryotic
organisms (/). The GPCR-mediated signaling
pathway plays a central role in vital processes
such as vision, taste, and olfaction in animals
(). However, the higher plant Avabidopsis
thaliana has only one canonical Go (GPAL)
subunit, one G subunit, and two Gy subunits
(12-16). The signilicance of these subunits in
plant systems s poorly understood; only one

VOL 315 SCIENCE

Arabiclopsis putative GPCR protein (GCR1 ) has
been characterized in plants (J7-20), and no
lizand has been defined for any plant GPCR.

To identily previously unrecogniaed GPCR
proteins in Arahidopsiv, we started by scarching
the Arabidopsis genome and found a gene
(GOR2, GenBank accession code ALlg52920)
encoding a putative GPCR. Transmembrane
structure prediction sugeesis that GCR2 15 a
membrane protein with seven tansmembrne
helices (g 81, A and B). The subsequent cel-
lular localization analyvsis confirmed its plasma
membrane localization in the tmnsgenic plam
ool {fig. S1C)L GCR2-vellow fluorescent pro-
tein (YFP) is detected in the membrane fraction
isolated from the GCR2-YFP transgenic plant.
Similar 1o GCRI1 (/¥), GCR2 s mostly asso-
cited with the membrane fracton (fig. S1D).
Furthermore, even after washing with deterzem
or a higher pH bulter, GCR 2 is retained with the
membranc fraction, suggesting that GCR2 is an
integral membrane protein (Gg. S1D).

One feature of the GPCR s 1ts ability o
nteract with G protein to form a complex. To
confimm the physical interaction between GCR2
and G, we used four dilferent approaches 1o
detect their interaction. We first used surface
plasmon resonance spectroscopy 1o investigate
the interaction between GCR2 and GPAL For
this purpose, we expressed and punified recom-
binant GCR2 and GPAL proteins in bacteria
{fig. 82). This in vitro assay clearly indicated
that GPAL s capable of binding 1w GCR2, where-
as no binding activity was detected between
GPAL and bovine serum albumin (BSA) (fig.
53, A and B). The dissociation binding con-
stant (Kg) for GCR2 and GPALis 2.1 < 107" M
(lig. S3C)
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The commonly used veast two-hybnd system
does not work for the GOR2-GPAL interaction
assay because of their membrane localization, so
we used a split-ubigquitin system (24 mstead o
investigate the GCR2-GPA L interaction in yeast,

This assay confimmed the reported interaction of

the full-length GCR1 with GPAL (/9), and the
full-length GCR2 also mtermcted with GPA
(g, S4A) The imeraction was abolished when
the C temminus of the receptor was blocked by
fusing the ubiguitin fragment (CubPLY) o the C
terminus of GOR2 iz S4A), We also found that
the C werminus of GCR2 (Caggogng. containing
the free O temminus and the predicted thind
cvtoplasmic loop ) interacted with GPAT, where-
as the N terminus (Ny_ag ) of GOR2 did no (g,

54, B and ), indicating that the C werminus of

GUR2 is necessary and suflicient for its imerac-
tion with GPAL

Bimolecular fuorcscence  complementation
was used o deteet the interaction between GOR2
and GPAL mn plant cells. GCR2 and GPAL -
teracted in Amabidopsis protoplasts (Fig. 1A)
Removal of the C terminus of GOR2 (Cagg gy}
abolished the interaction (Fig. 1. A and By This
indicated that the interaction between GCR2 and
GPAL is specific and that the C wemminus of GOR2
is nocessary forits interaction with GPA L We also
conlinned their in vivo imeraction by a coinumu-
noprecipitation assay. GOR2 and GPAL can be
coimmunoprecipitated; and we could detect GPA
in the immunocomples precipitated with an
antibody to FLAG from GCR2-FLAG runsgenic
plants{Fig. 1C). Thus, results from four distinet
assayvs all supported the mtemetion between
GCR2 and GPAL

To analvze the function of GCR2 in Arabi-
dopsis, we characterized three independent
Arabidopsis lines harboring the transferred
DNA insertions in the GCR2 locus, gorl-A.
gor2-2, or ger2-3 (fig. 83). Trnscript analysis
by reverse tmnscription polvimerse chain reac-
tion (RT-PCR) dewected no full-length GCR2
transcripts in any of the three mutant alleles, bu
all had the truncated wranscripts (fig. S5).

Arabidopsis seeds require desiccation or
dormancy to prevent premature germination
before harvesting. The freshly harvested wild-
tvpe seeds seldom germinate; however, freshly
harvested secds rom all three alleles of ger?
plants germinated well under the same condition
(Fig. 2A), indicating that the sceds from gor?
mutants lost seed dormancy, The sced dormancy
i5s mainly controlled by phytohommone ABA.
This result suggested that gorl mutamts arce
defective in ABA signaling. We therefone rea-
soned that the mulations in GCR2 lead 1w a
decreased sensitivity 10 ABA. We examined
other ABA responses in both wild-type and gor2
plants, We first checked the effect of GOR2
mutations on seed genmination in the presence
of ABA and found that all three ger2 mutants
were insensitive, whercas the sceds from GCR2
overexpressor lines were hypersensitive to the
ABA-inhibition compared with the wild-type

seeds (Fig. 2By We also found that the seedling
growth mhibition by ABA was substantially
reduced in the gor? mutants, but increased in
GUR2 overexpressor Iines compared with that

of the wild type (Fig. 2C). In the absence of

ABA, the gor? scedlings developed normally
and were indistnguishable from the wildaype
scedlings (Fig. 2C) ABA mediawes plam devel-
opment by comrolling the expression of” ABA-
mediated genes, and we thus compared the
expression of ABA marker genes in wild-ype
and gor plants. Three well-known ABA marker
genes, ROD2VA, KINI, and ABIS, were tesied.

This analysis confimmed that the expression of

ABA marker genes was substantially repressed
in the ger? mutams (fig. S6),

The ABA-induced closing and ABA-
mhibited openmg ol stomata are classical ABA
responses, We observed that both ABA-induced
stomata closing and ABA-mhibited stomata
opening wene msensiive in ger? comparcd with
gord sensiivily m wild-type plants (Fig. 2, D and
E ) and the stomata width is larper in ger? plants
than in wild-type plants (Fig. 2E). ABA regulates
inward K™ (K ,) channels 1o contro| the stomatal
aperure (22, 23). To determine whether GCR2
mediates the ABA regulation of K, channels in
stomatal guard cells, we applied paich-clamping
techniques to analvze the whole-call Ky, cur-
rents in guard cells from wild-type and ger2-J
plants. ABA inhibited K7, currenis in wild-type
guand cells but had no effeet on the K7y, currents
in ger2-l guard cells (Fig. 2F), thus indicating
the involvement of GCR2-mediated K7y in
ABA-induced stomatal closure. We also found
that stomata from GCR2-overexpressing plants
were hypersensitive o ABA-mduced closure

Fig. 1. Physical interac- A
tion between GCRZ and
GPAL. (A) Bimolecular

fluorescence complemen- YFP

tation assays indicating

the interaction of GCRZ:

emagglutinin (HA) With  Ge oo

a C-terminal HA tag, but

not the corresponding

C-terminal deletion con- GPAI-YFPY/ :
GCR2IL-YFP*

struct GCR2IL-HA (Ny_pgs)
with GPAL in vivo, Auto-,
autofluorescence. The B
scale bar represents 20
um. (B} The GCRZ:HA-
YFC®, GCRZIL:HA-YFPE,
and GPAl:cMYC-YFP"

GPAL-YFP™
GCRI-YFP™

proteins were expressed  GPAL-YFP®
in the protoplast Pro- pop
teins from Arabidopsis  vyF

protoplasts expressing

REPORTS

compared with the sensitivity of the wild-type
plamts (Fig, 2G). The stomata closure delects
resulted ina greater water loss in the leaves ol the
three gor? alleles compared with that i wild-type
leaves, whereas water loss was reduced m GORZ2-
overexpressing plant eaves (fig, 575 All ol these
results indicate that ger? plants are insensitive o
ABA, whereas GCR2-overexpressing plants are
hypersensitive to ABA, demonstrating the in-
volvement of GUR2 inall major ABA responses
in Arabidopsis.,

The ger2 plams exhibit all known major
ABA defects, The GPAL null mutam (gpal) is
also defective in ABA-induced stomamal open-
ing and inward K channel regulation in guarnd
cells (22), Expression pattem analysis shows
that CCR2 and €P4) share a very similar ex-
pression pattern (fig. S8, A and B). We also
examined the functional signilicance of GCR2-
GPAL interaction by checking the ABA re-

sponse in the gerlepal or overexpressor of

GOR2Y or GPT m different genctie background
using stomatal closure as an assay. We found that
GPAL was involved in both ABA-controlled
stomatal opening and closing (Fig. 2E and fig.
58, C 1o E). The defect exhibited by ger2gpal
in ABA-induced stomatal closure was similar to
the defect exhibited by gor? or gpal (fig, SRC),
Transgenic lines overexpressing GOR2 or GRS
were hypersensitive 1o the ABA response; how-

ever, the effects caused by the overexpression of

GOR2 or GPAT were dependent on GPAL or
GCR2, respectively (g, S8, B, C, and E), indi-
cating that GCR2 and GPA function together to
transduce the ABA signal.

Criven that ger? exhibits detiects in all known
ABA mesponses and that GCR2 is a plasma

Bright field Merged

a-FLAG Abs [P

Col-0 GCRLFLAG
= + - +
—
" .

GCR2:HA-YFC®, GCR2IL:HA-YFP®, or GPAL:xMYC-YFP™ were extracted and the sample was analyzed on
a 12% 5D5—polyacrylamide gel electrophoresis gel. GCR2 or GPAL was detected with the use of anti-HA
for GCR2-YFC® or GCR2IL-YFPS, or anti—c-Myc for GPAL-YFP™. (C) Coimmunoprecipitation (Co-IP) assays
verifying the interaction between GCRZ and GPAL in planta. Total proteins from wild-type (Col-0) and
GCR2:FLAG transgenic plants were used for in vivo Co-IP with antibodies to FLAG. Immunoprecipitated
proteins were probed with antibodies (i) to GPAL and to FLAG. An anti-FLAG cross-reacting band is

shown as the loading control.
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Fig. 2. The gcr2 mu-
tants exhibit all known
ABA defects. (A) The
ger2 seeds lose the seed
dormancy observed in
the wild type (WT).
Freshly harvested seeds
germinated on water-
soaked filter paper for 7
days. The scale bar rep-
resents 2 mm. (B) The
ger? seeds are insensitive
to ABA-inhibited seed
germination (mean =
5D; n = 4). The germina-
tion percentage was
determined 3 days after
growing in 172 Mura- GCRIOE
shige and Skoog (MS) —

media. (C) The seedling

A

Germination (%)
3

GFORI0OE 1]

e n

ABA comcentration (M)

el
ns ] L] n

development in god s
insensitive to ABA. Seeds
were grown on 12 M5
media with (right} or with-
out (lefty 0.3 uM ABA
for 10 days. GCRZOE,
GCRZ overexpressor line.
The scale bar represents
1 cm, (D) The ger2 plants
show defects in ABA-
induced stomatal closure
(mean + 50; n = 3). {E)
The gor2 and gpal plants
are insensitive to ABA
for stomatal opening
imean = SD; n = 3).
WS, Wassilewskija. (F)
The inward K* channel 0
in ger? guard cells i
insensitive to ABA. The

Stomata width (pm)
b Lad a L

—

WT(Coll) pord! pool) pordd WT(WS) gpal-

F WT o+ 0pM AR

the

geell & M ARA

WT # 18 01 ABA

=

grdd o 1 sl AR

H

G
Aﬁ' w!u' wrempna i ] wwezngnans

Do -smsinnn 0 crmnn 26 gvi v

5' ERE] :
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I
NE e WT o0 M AR

: i W & 3l ABA
b= g0 & s ARA
e vl # B pM AR

=40
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data in the graph (bottom) are presented as mean + SE (n = 4, 3, 5, and & for wild type, wild type+ABA, gcr2-1, and ger2-1+ABA, respectively). (G)
Overexpressor of GCRZ2 confers increased ABA sensitivity for stomatal closure (mean = 50; n = 3).

membrane receplor, we examined whether GCR2
is an ABA receptor. For this pumpose, we first
checked whether GCR2 could bind ABA. We
observed that ABA bound 1o GCR2 but did not
hind 1o denatured GCR2 protein (Fig. 3A) As a
positive and negative control, ABA also bound 1o
FCA but not BSA or GPAL (Fig. 3A). The binding
ol ABA to GCR2 prodein is dependent on pH, and
the optimum pH s betwoen 7.0 and 7.5 (g 59).
Stereospecificiy of GCR2 binding 1o the biolog-
wcally active (+)-ABA was tested in competition
assays, Trms-ABA and (- FABA mnalogs did not
compete for the GUR2-binding sie (Fig. 3B
The specific binding of ABA o purificd
GUR2 could be saturated with increasing amounts
of ABA (Fig. 3C). Scarchard plot analysis exhibits
a linear patiem (Fig. 3D), suggesting a single
binding site for ABA in GCR2. The equilibrium
dissociation constant (Ag) for the GOR2-ABA
complex is 2001 oM (Fig, 3D), which is consistent

with the physiological concentmtion range of

ABA in plants,
Ligand binding to the GPCR induces the
dissociation of the GPCR -G protein complex to

23 MARCH 2007

release Ga and the Gy dimer, thus activating
the downsircam signaling evenis (/6. 240, To
test whether the binding ol ABA to GCR2 could
dissociate the GUR2-GPAL complex, we used
the split-ubiquitin system 10 reconstitute this
imitinl ABA signaling event in veast. Application
of the physiologically active form of ABA
[(£RABA or (f)}ABA] indeed dismupted the
GUR2-GPA L imteraction, whercas the phy siolog-
ically inactive fonms of ABA analogs [(- ABA
or trans-ABA | did not atfect the imteraction be-
tween GOUR2 and GPAL, as mdicated in the
colmmunoprecipitation assay (Fig. 3E). This re-

sult again clearly confinmed that the binding of

ABA w0 GCR2 is stercospecific,

In the split-ubiquitin yeast protein interac-
tion assay, the downsiream reporter genes
(HIS3, ADEZ, and fac) were activated if the
two assaved proteins imeracted with cach other
(20, We reasoned that the binding of ABA 10
GOR2 could repress the expression of reponer
genes as a result of the dissociation of GCR2
and GPALL This predicuon was verified (hig.
S10) The addiion of a physiologically active

VOL 315 SCIENCE

form of ABA repressed lac expression, whereas
phvsiologically inactive forms of ABA (- ABA
or rans-ABA] did not (fig. S100. As a control,
ABA did not affect the expression of the reporter
gene in oo reconstiinted K ATPASED (KAT1)
EAT 1 pathway in the same split-ubiguitin sysiem
(lig. S10}. In addition, the expression ol another
two reporter genes, HIS3 and ADE2, was
necessary for yeast proliferation m a sclection
medium. The addition of ABA substantially
repressed the proliferation of yeast expressing
GCR2 and GPAL but did not allect yeast
prodiferation mn expressing KAT 1-KAT | system
(Fig. 3E). Together, these results indicated that
the effect of ABA on reponter gene expression
was specilic for the GCR2Z-GPAL ineraction,
further supporting that the binding off ABA 10
GOR2 results in the dissociation of the GCR2-
GPAL complex.,

Terrestrial plants are immohile and incapable
of escaping unlavorable environmental condi-
tions such as drought or cold. Instead, they rely
heavily on ABA to survive these conditions,
Thus, how plants perceive and tmnsduce the

wWww.sciencemag.ong



Fig. 3. Binding of ABA
to GCR2Z. (AJ ABA binds
to the purified GCR2
protein (mean = S0; i =
3), (B) GCR2 binding of
ABA is stereospecific
(mean + SD). (C)} ABA
binding to GCR2 behaves
according to saturation
kinetics. The specific
and nonspecific bind-
ings are represented by
top and bottom curves,
respectively (mean = 50;
n = 5). (D) Scatchard plot
analysis of ABA binding
shows a linear relation-
ship with the square of
the comelation coefficient
r? = 0.99, and maximum
binding is 0.8 mol mol™
protein with Ky = 201
nM {mean = S0; n = 5.
(E} ABA disrupts the
GCR2-GPAL interaction
in yeast. (Top} Co-IP as-
say. After 10 uM ABA was
added to the medium for
20 min, proteins were -
isolated. The relative in- E

tensity of the immuno-
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:
v
.
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z

g
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{mol mol™"' protein nM")

Free "H (+)-ABA (aM) E

GCRI-HA IP

signal to the control i
indicated by the num-
ber below each band.
WEB, Western blot. (Bot-

Control (£)-A

tom) Yeast growth assay. ~ @= H.n

The proliferation was ob- ‘G‘C“:‘ - -
served 7 days after the ad- -
dition of 10 uM (£HABA  GCOR2-NubG

and 1 mM methionine, i
NubG, ubiquitin N ter-
minus | 13 G mutation,
The scale bar represents .

2 o, (F)Schematic mod- NP C-KATL )
el for GCRZ-mediated

ABA signaling pathway,  <AT1-Cub
GDP, guanosine diphos-

GPAL-Cub +

L-GPA1 !‘ “Qﬂ
H - ﬂb 1_- **E

BA (#)-ABA (-}ABA frans-ABA

II? H 13

phate; GTF, guanosine 5 -triphosphate; PLD, phospholipase D.

ABA signal is a lundamental question. It has
been shown that GPAL was involved in ABA-
medined stomatal response and seed  gemmi-
nation (f9, 22, 25)% a putative GPCR GCRI
interacted with GPAL 1o negatively regulate
ABA signaling (/%) We now describe the char-
acterization of a new GPCR. GCR2, in Arabi-
dopsis, We conclude that GCR2 is a najor ABA
receptor on the bisis of the following evidence:
(i) Loss-of-function ger? exhibits all known
ABA defecis: (1) an overexpressor of GOR2
shows an ABA-hypersensitive phenotype: (iii)
GOR2 binds ABA with a high allinity and rca-
sonable dissociation constants, and the binding 1s
stereospecilic and abides by roceplor Kinctics;
(iv) GOR2 1s localized in the plasma membrane;
(v GCR2 geneucally and physically interacts
with GPAL; and (vi) the binding of ABA 1w

GUR2 dismupts GOR2-GPAL interaction. Notably,
the gor? mutants stull display ABA responses.

This may be due 10 the weak nmature of the

mutations (fig. $3) or functional redundancy with
GUR2-related prodeins, given that there ae two
other GOR2 homologous genes in the Arabidopsis
genome. Consistent with this latier possibility,
the semidominant phenotype and partial comple-
mentation of gor? by GOR2 cDNA expression
(fig. S11) suggests the possible interference be-
tween GUR2 and its homologs,

The following model of ABA signaling can be
envisaged. A GPCR, GCR2, which is a plasma
membrane localized ABA receptor, imteracts with
the Gofly complex, Binding of ABA 10 GCR2
results in the release of the G protein and disso-
ciation of the heterotnmene complex mio G and
the Gy dimer o activate downstream ABA el

7

g

nﬂuzz%

]
Fold molar excess

K¢=20.1 1M
R
L]
b

ABA bound to GCR2 (mol mol™' protein)

Siematal clesure and spening
Lenl water lons
Exprassion of maker genew

fectors and to rigger the ABA responses (Fig.
3F). Thus, our results idenuficd an ABA re-
ceplor and 1ts target protein, a heterotnmernc G
protein,
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Tunability and Noise Dependence
in Differentiation Dynamics

Giirol M. Siiel,* Rajan P. Kulkarni,? Jonathan Dworkin,?

Jordi Garcia-Ojalve,® Michael B. Elowitz**

The dynamic process of differentiation depends on the architecture, quantitative parameters, and
noise of underlying genetic circuits, However, it remains unclear how these elements combine to
control cellular behavior. We analyzed the probabilistic and transient differentiation of Bacilfus
subtilis cells into the state of competence. A few key parameters independently tuned the
frequency of initiation and the duration of competence episodes and allowed the circuit to access
different dynamic regimes, including oscillation. Altering circuit architecture showed that the
duration of competence events can be made more precise. We used an experimental method to
reduce global cellular noise and showed that noise levels are correlated with frequency of
differentiation events. Together, the data reveal a noise-dependent circuit that is remarkably
resilient and tunable in terms of its dynamic behavior,

hree aspects of genetic circuits control
I dynamic cellular behaviors: the circuit
architecture or patiern of regulatory inter-
actions among genetic clements; quantitative pa-
rameter values, such as promoter sirengths; and
stochastic fuctuations, or “noise,” associated
with the concentration of cellular components,
A tundamental biological question is how these
three aspects ol genetic cincuits combine 1o
determine cellular behavior, s vanability, and
its potential to evalve ().

Competence in B, subiilis is a stress responsc
that allows cells to take up DNA from the envi-
romment (2, 3). Dilferentiation into compelence i1s
trnsient (Fig. TA) (). The gendic basis for this
behavior is a circuit mvolving comf” and coms
(Fig. 1B). The tanscription factor Comk is neocs-
sary and suflicient for differentiation into com-
petence (5, 6}, ComK positively autorcgulaics its
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and Department of Applied Physics, California Institute of
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Enginyeria Muclear, Universitat Poltémnica de Catalumya,
Colom 11, E-08222 Terrassa, Spain.

*To whom correspondence should be addressed. E-mail:
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own expression but is degraded by the ClpP-
ClpC-MeeA protease complex (Fig. 1By (7-9).
ComS competitively inhibits this degradation and
is repressed in competent cells, forming a negative
feadback loop (4, 10, 11}, The circuil operates as

i

A

|

Comik

Pea g J, Toome |

Time

an excitable svstem in which a relatively small
perturbation induces a larger and stercotyped ne-
sponse, as occurs with action potentials in neu-
s, [or example i, 121 Compelence events ocour
only m a fmction of cells and may be dnven by
noise in underlying circut components (4, 7,4, 13).

Two kev chametenstics of competence are its
probability of initiation, Py, and the mean dur-
tion of tansicnl CoMpeIencs events, T, (Fig
LAY Py denotes the chance per cell division that
an individual cell will become competent. Compe-
tence events can be quantified by mutomated time-
lapse fluorescence microscopy using  uorescent
reporter genes under the control of the ComkK-
specilic com promoter and the comS promoter
{denoted P and P s respoctively) (4.

Two parvmeters that are expected 1o alfect the
behavior of the circuit are the basal expression
res of comk and comy, denoted by oy and ag,
respectively (Fig. 1B and Eq. 51). To manipulate
these parameters, we chromosomally integraed
an additional copy of cither com¥ or comK under
the control of an inducible promoier, denoted
Pjyp generating the Hyper-ag and Hyper-ug

ag

I
L.

Comi

Fig. 1. Competence is a probabilistic and transient differentiation process regulated by a genetic
circuit. {A) The rate of entering the competent state from the vegetative state is denoted by Py The
amount of time spent in the competent state is denoted by t.,mp. The ComK transcription factor
concentration is high (pink region) when cells are competent and low (green region) when they are
growing vegetatively. (B} Map of the core competence circuitry. Key features include positive
transcriptional autoregulation of comK and a negative feedback loop in which ComK inhibits
{possibly indirectly) expression of ComS, which in turn interferes with degradation of ComkK. The
graphs below the P.yme and Peyms promoters define parameters used in the text: Expression rates
change from iy to i and [is to s respectively, as ComK concentration increases during competence.
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strins, respectively [see Supporting Online Ma-
terial (SOM) text]. To systematically scan a mnge
of values for ag and ag, we made tme-lapse
Muorescence movies of these strains on media
contaming different concentrations of the inducer
isopropyl-f-p-thiogalactopyranoside (IPTG)
(Fig. 2, A and B).

We investigated how ay and ag combine to
regulate Pig. Without IPTG, Py was ~3% in the
Hyper-tiy strain, unchanged from its wild-type val-
ue. Py increased mapidly with basal comb ex-
pression (Fig, 20), Increased expression of comk
in the Hyper-ug strain also showed a transition 1o
an oscillastory regime, in which cells repeatedly
went in and out of the competent state (Fig. 2A),
At ag =20 times its wild-type value, ag™, all
cells emered competence (Fiz 2, A and C).
Coms, like Comk, is necessary for compelence.
However, expression of Py,~comS had a modest
effect on initiation, increasing Py, 0 -20% (Fig,
200 Thus, Py was predomimantly reguolated by
ity rather than ag.

Fig. 2. ay and as qual- A
itatively change the
dynamics of the com-
petence circuit and in-
dependently tune the
probability of initiation
(P} and mean duration
(tcomp) Of competence
events. (A and B) Film-
strips and Pmg-fp time
traces (for individual cells)
of competence events
obtained in Hyper-ay
(PuyparcomK) and Hyper-
tts (Pyg-comS) strains at
the IPTG concentrations
and times (hours) in-
dicated. Poymstfp and
Pomsifp activities are
depicted in red and green,
respectively. Sporulat-
ing cells are seen in B
white. Cells that did not
sporulate were prone to
lysis toward the end of
movie acquisition. (€ to
E} Quantification of results
obtained from Hypery
and Hyper-isg strains at
various IPTG concentra-
tions are depicted in
red and green, respec-
tively. (C) Response of
P to changes in i or (U]
ag (mean x SD). (D) -
Respanse of tegmp to s o
and ay (mean = SD). (E)
Independent control of
Pigis @nd T omp by 1y and
g Circuit parameters.
Shown in light red and
light green are discrete

th“ufp
P| ;mns'ﬂp

chﬁ-‘cfp
P - urﬂi'yfp

We next considered the effects of the same
periurbaions on Temp. INCreasing ag up to ~4.5 =
g™ causad no increase in Teamp (F12. 2D). On the
other hand, in the Hyper-tg strain, Teemp increasad
with increasing expression of  PpgrcomS (Fig.
2D). Thus, Teamp was predominantly regulated by
ag mther than ay, Togaher, these resulls show
thiat Piggy andd Tegny can be tuned independently by
ay and g, respectively (Fig, 2E).

To bener understand the effect of com¥
CAPIESSION 0N Tggemp We constructed a “6-8"
strain in which Ppsrcom® was expressed from a
low-copy number plasmid, effectively increasing
the activanad production mie, s, by a factor of 6
over its wildype value, fs™. Unlike Pyp-coms$,
this construct retains the regulation found m the
wild-type Pms promoter, including its negligible
basal expression rate, ag™. Despite this increase
in g, excitable behavior was maintained, as 53 ¢
5% (= 7151 of competent cells successtully
exited the competent state, comparcd with 6% +
T% (n = 8B3/136) of wild-tvpe cells. By contrast,
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increasing ag to ~3 = Bs™ in the Hyper-ag strain
prevenied the majority of competent cells from
cxiing [213 + 5% (n = 26/122) of competent
cells exited (table 54)]. The repressibility of the
rtural Prges promofer is thus eritical for main-
taining excitability (4). These results show tha
excitability can be reliably maintained over a
broad range of g valucs,

To beuer understand independent tuning
of Piiy and tegmpe a5 well as reliable mainte-
nance of excitability, we developed a model
of the core interactions in the competence
regulation circuitry (Fig, 1B and SOM 1ex1). We
used stochastic simulations 1o account for in-
tiinsic noise of biochemical reactions (/4). We
also analyeed the comesponding continuous mod-
¢ w determine parmmeter dependence and
identity a biologically reasonable pammeter
regime i which the discrete mode] produced
results consistent with experiments. We required
the contmuous model o reman in the excatable
regime as the g value was varied by a lactorol'6

Cc

0.1 1

T eomg (OUMS)
aS3hE8s8&E

20 25 W 3B 40
tm[hnum}

100

stochastic simulations of the model for parameter variations comparable to those analyzed experimentally. (Inset) Schematic depicting the effects of «y and wg on

competence dynamics.
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and we required its stochastic counterpart o
generate the observed independem tunability of
Py i Tegnp. We identificd a pammeter set that
accounts for both mamtenance of excitability at
high ps and independent wmability by ag and oy,
Analysis of the mode] is desenbed i detail in the
SOM 1ext (/5),

Within the modcl, increasing oy incrcased the
probability that vegetative cells reach the mini-
mum concentration of ComK necessary 10 initi-
ate competence, explaining the strong effect of
g on P (Fig, S3). Increasing ag, on the other
hand, did not rise Py arbitrarly high because
initiation ol competence is limited by Muctuations
in Comk exprossion (Fig. 2E and fig. S6),

In the model, we also analyzed Tome Exil
{rom competence requires ComS 1o be degraded.
When the basal production rate ol ComK 1s less
than its activated production rate (o < i),
ComS degradation, and thus Ty, 15 unallected.
On the other hand, as g s mereased from zero,
production of ComS offsets its degradation,
prolonging competence duration.

Consistent with experimental resulis, in the
model increasing ay switches the system from
excitable o oscillatory dynamics, further distin-
guishing oy from s (fig. 53). Increasing og akes
the system directly from excitability 10 a bistable
regime in which P < 1, but, once initiaed, most
cells remain tmpped in the competent state. This
behavior was also observed in expeniments where
no oscillawory behavior was seen at inlermediate
g values (Fig. 2B)

Asin the experiments, cells in the mode ean
become stuck in competence. When the basal
production mie of Comk. exceeds its activated
production e (ay = Py ), Comk levels cannot
be reduced in competence, and cells become
trapped in the competent state. A similar elleet
occurs at high ag values, because a new siable
slale arses al compelence-mainiaining concen-
tmtions of Comk (Fig. 87). However, in this
case, exit of competence remained possible as a
result of noise, which destabilizes the newly
formed compeient state (see Section S14 of
SOM text). This is consistent with expenmental
observations showing that, even at the highest
imduction levels in the Hyper-aS strain, -20%
of cells successtully exited competence.

Toexplore the efficcts of perurbing the circuit
architecture, we reengineered the competence
circuit using Rok, a protein that binds 10 Pox
and represses s expression (f6), We inseried a
copy of ek under the control of P, creating
an additional negative feedback loop onto comk
{Fig. 3A). In this “CompRok™ strain, as expected,
Piie remained unchanged from iis wild-type
values (—3%). The mean value of toppe. on the
other hand, was reduced, as was its cell-cell
vanability. In CompRok. tony = 13.9 + 3.4 hours
(mean = SD, n = 30), compared with Teomp =
2002 + 9.9 hours (mean = S0, 0= 31) in wild
tvpe (Fig. 3By This reduction in cell-cell var-
iability showed that the precision of Tegmp can
be improved over its wild-type value. In the

23 MARCH 2007 WVOL 315 SCIENCE

model (Fig. 3B, insets), this result can be ex-
plamed as follows: Exit [rom competence occurs
when the absolute number of ComS molecules 1s

very low and the relative size of stochastic Tuc-
tuations therelore increases. These effects increase
the vanability I Tegpy. In the CompRok straim,

Fig. 3. Architectural change to the
MeK5 circuit reduces variability of
competence durations (Teomg). (A)
Competence circuit was rewired to
introduce an additional transcrip-
tional negative feedback loop onto
comk, generating the CompRok
strain. (B) Fluorescence time traces,
normalized by their maximum val-
ue, from Pyms-cfp in the CompRok
strain or the wild type. Traces have
been aligned with respect to time of
initiation of P expression. For
each panel, corresponding discrete
stochastic simulations of CompRok
and wild-type competence circuits
are shown as insets,

A

000
10 1

2 3 4 5 67 8 9

4 -]
Normalized call length Mormalized cell length

Fig. 4. Moise in gene expression and probability of competence initiation (P} decreases with increasing
cell length. (A} Cell-cell variation in gene expression (shades of gray) is expected to decrease in elongated
conditional ftsl mutant cells compared with wild-type cells. (B) Noise decreases with increasing cell length:
Dots represent Pp.-fp expression (normalized by mean) and length of individual conditional ftsi¥ mutant
(Fili-H) cells induced with 5 pM IPTG. (Inset) Coefficient of vaniation (CV) of Prypyfp xpression as a function
of cell length (black) compared with discrete stochastic model prediction (gray). (C) Overlay of phase contrast
and Pmecfp fluorescence (red) snapshots of Fili-S0G cells with increased cell length. (D} Experimentally
determined P (black line) drops with increasing cell length consistent with discrete stochastic simulations
{gray line). Error bars in (C) and (D) denote one SD. (See 53.4 SOM text for details on calculation of Py}
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however, the additional negative feadback allows
exit from competence o occur at higher ComS

and Rok concentrations, reducing the sensitivity of

Teamp 10 stochastic fluctuations (fig. S10)

It is not known whether competence initiation
is controlled by noise, as in the model. To west the
mpact of noise on compelence mitiaion, we sct
out to globally modulate the amount of noisc in
the cell. We used a B subailis strain in which the
fisI gene, which is necessary for seplation, was

replaced by an inducible copy. In the absence of

inducer, septation was inhibited, resulting in elon-
gated filamentous cells, Each flament was com-
posed of multiple cell units, all sharing eytoplasm,
Within a filament, diffusion s expected o el
fectively average cell contents, reducing noise in
gene expression, without aflecting mean concen-
tratioms of cellular components (Fig, 4A) (7). In
some bacterial mutants that have elongated
lilamentows momphologics, cellular growth, nucle-
oid density, protein expression, and other physio-
logical characteristics appear nommial, even though
cellular volume is greatly increased (g, 512)
(f8-20). We imegrated an inducible Py, -vip
construct and measured the effect of cell length
on cell-cell NMuetuations in vellow Nuorescent
protein (YFP) expression (Fig. 4B). We found
that noise does indeed decrease with increasing
length (Fig, 4B, inset). A simple model of tran-
seription and wranslation (24-24) that incorpo-
rates the continuity of flamentous cell growth
produced qualitmively similar results (Fig, 418,
L, and SOM ext). Thus, cell size can in this
case be used 1o modulme gene expression noise.

How docs noise affect the probability ol ini-
tation of competence? To answer this question,

msel,

we induced filamentation in the conditional fisH*

strain at the beginning of;, or belore, movie acqui-
sition and quantificd Py as a function of cell
lengih.
cells ot the moment they initiated compeience, as
detected by P expression (Fig, 4C). As a
comparison, we also measured length distibu-
tions for noncompetent cells at a similar distri-

bution oftimes, We plotted the relative fraction of

cells that initiated competence at a given length,
comparcd with the total number of cells a that
length, The results showed that Py, decreased as
cells clongated (Fig. 4D and SOM text), A simi-
lar decrease in P was observed i correspond-
ing simulatons ( Fig, 4D, To wst if the reduction
in Py could be due to factors other than di-
minished noise, we examined wo promoters, Pys
and Pypeng. both strongly regulated under these
conditions. SpollA is a master regulator of spor-
ulation, a competing starvation response, and
high concentrations of SpodA inhibit compe-
tence (). Conversely, Pme €Xpression is nec-
essary for competence, Mean expression of both
P ouns and Py was unaflected by cell length (fig.
S17}). This supports the idea that gene expression
levels are independent of cell length under these
conditions and that Py depends on noise,
Noise may play at least three different func-
tional roles in competence. First, noise could be

We determined length distributions of

responsible for the observed variability in dura-
tion, Second, noise may be neccssary 1 maimn-
tamn excitability over a wide parameter range,
by inducing cscape from states of high ComK
concentration. Third, noise appears 10 have a
pivotal role in competence initiation (Fig. 40)
and thus should be considered alongside geneuc
parameters and circunt architecture 10 compre-
hensively understand differentiation at the single-
cell level,

Quantitative analysis of a genetic system be-
vond its nommal operating regime, including
gene exprossion strengths, eircuit architecture, and
noise levels, strongly constrmins dynamical mod-
els. The competence regulation system main-

tains excitable behavior over a broad range of

parameter values, Expermentally, oy and oy
enable Pigipand Teamp o be tuned independent-
ly, allowing the system, in theory, 1o adapt 1o
independent selective pressures duning evolution,
The cmewt can also access different dynamic
regimes, such as oscillation and bistabality, m-
dicating its potential o evolve alternative quali-
tative behaviors.
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Temporal Frequency of Subthreshold
Oscillations Scales with Entorhinal
Grid Cell Field Spacing

Lisa M. Giocomo,* Eric A. Zilli,®

Erik Fransén?

Michael E. Hasselmo*

Grid cells in layer Il of rat entorhinal cortex fire to spatial locations in a repeating hexagonal grid, with
smaller spacing between grid fields for neurons in more dorsal anatomical locations. Data from in
vitro whole-cell patch recordings showed differences in frequency of subthreshold membrane potential
oscillations in entorhinal neurons that correspond to different positions along the dorsal-to-ventral
axis, supporting a model of physiclogical mechanisms for grid cell responses.

he enorhinal cortex plays an imporan

I role i encoding of spatial  mformation
(1-3) and episodic memory (4), Many laver

I pewrons of rm entorhinal conex are gnd cells,
firing when the mt & in an amay of spatial locations
forming a hexagonal gnd within the environment

- 7h The spacing of firng flickds n the gnd vanes
with anatomical position of the cell along the dorsal-
ventrl axis of emorhingl conex, s measured by
distance fom the postrthinal border (3. Newrons
closer o the dorsal border of entorfhinal corex have
shoner distances betwoen finng fields, Computa-
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tional models explicitly predict that differences in
grid ficld spacing should correspond to differ-
cnocs I ntnnsic frequencies of neurons along
the dorsal-to-ventral axis (3, &), This could provide
systematic vanation in the gain of a movement-
speed signal for path integration (2, 3, 9),
Subthreshold membrane potential oscillations
i entordinal contical stellate cells ( /0) anse from
a single-cell mechanism involving voliage-sensitive
cumrents (/1 13) and could conribute 1o network

Yenter for Memory and Brain, Department of Psychology,
Program in Neuroscience, Boston University, 2 Cummington
Street, Boston, MA 02215, USA. *School of Computer Science
and Communication, Royal Institute of Technology and
Stockholm Brain Institute, SE-100 44 Stockholm, Sweden,

*To whom correspondence showld be addressed. E-mail:
hasselmo@bu edu (M.EH.); giocomo@bu.edu (LM.G)

dvnamics (/4). We necorded subthreshold oscil-
Lations Trom 57 stellate cells in laver 11 of medial
centorfunal cortex (Ng. S1)in shees from different
anatomical positions along the dorsal-ventral axis
by using whole-cell patch clamp techniques ( 7.5).
The position of cach honzontal slice was mea-
suned individually relative to the domsal surface of
the brain (Fig. 1A),

Stellate cells in dorsal enmorhinal corex
showed higher temporal frequencies (/) of sub-
threshold membrme potential oscillations com-
pared with lower frequencies in cells from more
ventral entorhinal slices (Fig. 1 B). Dorsal cells
{(n = 31 were defined as eells recorded in slices
taken between 3.8 mm [the border with postrhinal
conex (Ja6)] and 4.9 mm from the dorsal surface of
the brain, Ventral cells (v = 27) were defined as

cells recorded inslices between 4.9 and 7.1 mm
from the domsal surface. Because the group
means of the frequency of subthreshold oscil-
lations recorded from these populations (Fig. 1B)
can depend upon the mean membrane potential
voltage, we performed this analysis sepamtely for
data gathered at different approximate holding
membrane potentials of 30 mV and 45 mV.
The mean frequency in dorsal cells was signif-
icantly higher than the mean frequency in ventral
cells for measurements at about —50 mV (dorsal
mean / + SEM = 6.42 = 0,40 Hz and n = 28;
ventral /= 4.23 £ 032 Hz and n = 25; P <
0.001) and 45 mV (dorsal mean [+ SEM

708 = 0.50 Hz and n = 14; veniral /= 4.88 +
0.539 He and 1 = 7; P < 0,01). Frequencics were
determimed by an automated autocormelation anal-
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Fig. 1. Higher frequency of subthreshold oscillations in dorsal versus ventral
entorhinal cortex. (A} Top, dorsal view of brain after slicing. Bottom, sagittal
view showing anatomical location of horizontal slices A to H. (B) Mean
frequency of subthreshold oscillations for neurons from dorsal slices (3.8 to
4.9 mm bregma) and ventral slices (4.9 to 7.1 mm bregma) at =50 mV and
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—45 mV. Error bars indicate SEM. (C) Subthreshold oscillation frequency
plotted versus anatomical distance from dorsal surface. (D) Examples of
subthreshold oscillations at —50 mV in dorsal regions (left) and ventral
regions (right). (E) Corresponding autocorrelations used to measure
frequency in (D).

B, & Dorsal c
— = W
g, B Ventral £
z Bl e
£, E\
i i 7
L] L]
is as L1 A

Location from dorsal surface (mm)

Fig. 2. Differences in resonance properties of neurons in dorsal versus ventral
entorhinal cortex. (A} Examples of resonance responses of neurons in dorsal (blue)
and ventral entorhinal cortex (red) in response to ZAP stimulus (black). (B)
Histogram of mean peak resonance frequency for neurans in dorsal versus ventral
entorhinal cortex. (C) Resonance frequency plotted versus anatomical distance
from the dorsal surface.
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ysis algorithm (J5) and were used throughout
unless otherwise noted. The significant difference
betweoen mean frequencics was replicated  with
analyscs using the peak in the power spectm for
data at 50 mV (dorsal /= 486 £ 037 Heand n =
28 veniral F=344 £ 025Hzeand n=25: P =<
0.01) and 45 mV (dorsal /= 554 + 049 He
and s = 14;venwral /=376 + 03] Heand n = &;
P < 0.01) (fig. 52). The resting membrane po-
tential, fidng threshold, resistance, and age |dor-
sal mean age + SEM = 198 + 0.4 days and
ventral age = 19,1 + 04 days, P value not signil-
icant (NS)] did not contribute o the difference in
the frequency of oscillaions observed between
neurons from dorsal versus ventral slices (/£3),
Entorhinal neurons showed a systematic dil-
lerence i subthreshold oscillation frequency when
plotted  for different kocations along the dorsal-
ventral axis (Fig 1C) for data at -50 mV (r= 0,48,

slope = —1.26) and at 43 mV (= (.60, slope =
A
B 250 ms
....... f 20 mv
250 ms
Cw -69 to -65
! Linear fit
L B -64 to -60
©0 o = Linear ﬂt
£ |
T w
R
8
g Foi)
F 1]
] . . .
15 45 83 &8 73
Location from dorsal
surface (mm)

2.48). This pattern resembles the differcnce in
spatial penodicity of gnid cellk proviewsly recorded
fromn layer [T at differemt positions along the dorsal-
ventral-axis in awake, behaving aninals (3, 7). Ex-
amples of subthreshold oscillations recorded from
individual enmorhinal neurons illustraie the diffor-
ence in dorsal versus ventral frequency (Fig 1D,
300-ms scgnents of the amoconclations com-
puted for the samecells in Fig, | D demonstrate the
difference in paak-to-peak wavelength (Fig. 1E).

The frequency of subthreshold oscillations has
been shown 1o comelale with the peak frequency
of membrane potential resonance at rest (60 10

i mV) in emorhinal neurons (/7). We evaluated
the resonant frequency of neurons by delivering a
20-slong impedance amplitude  profile (ZAP)
stimulus and measunng the mput frequency that
causcd the largest amplitude depolanzation of
membrane potential, Individual examples of the
response 1o the ZAP stimulus are shown for four

r—

5mv
50 ms

|5 mv
ms

D= [l -69 to -65
g we  Linear fit
m B -64 to -60
= Linear fit
il [+ ]
L o
g »
I
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L&)
g Fut]
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15 35 55 1.5 | &
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Fig. 3. Relationship of subthreshold membrane potential oscillations to sag potential. For single neurons
in dorsal (A) and ventral entorhinal cortex (B), traces on left show membrane potential responses to
multiple current injection levels. Single traces (right) show sag potentials at higher resolution. (C) 1, of
sag potential (ms) plotted versus anatomical location. (D) 7, of sag potential plotted versus subthreshold

oscillation frequency.
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neurons from dorsal entorhinal slices (Fig, 2A)
and four neurons from more-ventral slices. The
resonant frequency of stellate cells was signili-
cantly higher in dorsal eclls compared with that in
ventral cells (dorsal frequency = 6,13 + 0,41 He
and i = 18 ventral frequency = 4.45 + 0.40 Hz
and n = 14; P = 0,01) (Fig. 2B). There was no
signilicant difference in resting potential between
the populations used for this analysis (dorsal
potential = -60.12 + 0.26 mVand n = 18; ventral
potential = 6011 + 0.26 mVand n = 14 P NS).
Resonant requency was systematically higher in
dorsal regions when plotted in relation 10 anatom-
ical location (= 0,51, slope = - 1.18) (Fig. 2C).

To analyee the relationship of subtlireshold os-
cillations to other intrmsic properties, we measund
the change mmembrane potential dunng a hvper-
polarizing cument injection that usually caused a
slow depolarzing shifi (a “sag”™ of the membrane
potential). The sag was it with a dual exponential
cquation starting just afier the trough of the sag and
endimg near the end of the cument injection at stcady
state potential (Fig. 3, A and B). The faster of the
two time constants () of the sag wis measured for
hypempolanzing current steps that ended at steady-
state membrane voltages of -699 o 65 mV (V1)
and at steady-state membrane voltages ol - 64.9
o 60 (V2) The time constant (1)) of the sag in-
ercased with depth on the dorsal-ventral axis (a
VI, r= 055 and slope= 96T st V2, r =061 and
slope = 8.23) (Fig. 3C), with significantly faster
values of 7y in maore-dorsal portions compared with
more-ventral portions at V1 (dorsal 1, = 23,37«
|24 ms and n = 1 T; ventml 7y = 3552 £ 181 ms,
n=14: P<000)and at V2 (dorsal ;= 22.37 4
160 ms and o= 11 ventral 1 = 3471 + 268 ms
and = 17; P< 0.01). The ty of the sag comelmed
with the frequency of subthreshold oscillations
(at V1. /=063 and slope = .32 at V2, r=0.65
and slope = 4100 (Fig. 3D). Volage-clamp studies
are necessary o confinn underlving currents. A
potential candidate is the h cument, which has been
shown to underlic sag in siellate cells (/7, 12).

The differences in emporal frequency shown
in this siudy corespond io differences in spatial
perodicity of unit linng observed with extracel-
lular recording in awake, behaving animals (5-7).
Neurons @il more-dorsal locations show higher in-
tnnsic subthreshold oscillation frequency in vitmo
and samaller spacing between pnd ficlds in vivo,
Plots of the reciprocal of wmporal frequency ver-
sus anatomical position (Fig, 4A) reveal slopes
similar w0 the slope of gnd field spacing ()
relative to anatomical position (Fig. 48).

These data suppornt the pradiction of a model
(SOM text) (3, &) related w0 other models of grid
cells and theta phase precession (£8-20), In this
model, grd cell periodicity anses rom an inter-
lerence patiern generated by intrinsic wmporal
oscillations in the soma and dendrites of a single
cell, During simulmed rat movement, cells mod-
wlated by head dircction and speed (7, 27, 22)
shift the frequency of dendritic oscillations (con-
sistent with volage effects on frequency), The
erid pattern is the product of intererence by thiee

www.sciencemag.org SCIENCE VOL 315 23 MARCH 2007

1721



REPORTS

dendritic oscillations, each receiving a different
head dircction input, shifting in and out of phasc
with soma oscillations i proponion o distance
miowed in the preferred dircction of cach head di-
rection cell. Spiking occurs when all three dendrites
are in phase with the soma, causing oscillitions
o cross threshold (Ags. 54 and S5) Spiking doces
not alter soma or dendritic phase but occurs with
theta rhythmicity, consistent with in vivo recond-
ings in entorhinal cortex (5-7) and hippocampus
2.9, 18} and potentially Giusing precession rela-
tive to field potential oscillations (3, &, 19, 20,
The model (3, 8 was modified o include shifis
in dendrtic frequency propontional o soma fre-
quency and 1o use a scaling factor, £ = (67 (g,
S6), determined from the experimental data. Simuo-
latnons {SOM text) (Fiz. 4, C and D) demonstmied
that differences in temporal frequency of somatic
oscillations result in ditferenmt grid Gield spacing,
Insertion of the expenmentally detenmimed value
for subthreshold osallation frequency { /) at a par-

A s
“19-50mv ¥
(EE ‘ -45 mv -
5 4

= Linear fit
= Linear fit

1/frequency
& @
g B

ticular anatomical location resulted in simulated
erid cell spacing that matches data (7) on grid ocll
spacing (Cr) at the same anatonical location (figs.
54 and 87)

The maodel demonstmtes one possible mech-
anism {or path integration (2) and supports the
pradiction that systematic vanation in gain of a
movement=specd  signal could underdic  diller-
ences in grd Geld spacing (2, 9, The model is
compatible with maintenance ol grid cell repre-
sentations by persistent firing (23) or atractor
dynamics arising from patterned excitatory con-
nectivity (2, 24, 25). Long-term stability of grid
fields could require place ccll input dependent
on external landmarks (3, 8, 26). Differences in
intrinsic frequency along the dorsal-ventral axis
of emordunal conex could contnbule 10 dif-
ferences in place field size along the septal-to-
temporal axis of the hippocampus (9, 27).

The systematic differences in minnsic tem-
poral frequency may provide multuple scales for

Distance {(mm) from the dorsal surface

[ Dorsal

High frequency (6.42 Hz)

|20 cm

Spacing (cm)

LAYER N
-

Distance (pm) from postrhinal border

Ventral
Low frequency (4.23 Hz)

|20 cm

Fig. 4. Subthreshold oscillations may underlie differences in grid field spacing. (A) Reciprocal of oscillation
frequency plotted versus anatomical depth for anatomical range matching a previous publication (7) as shown
in (B). {C and D) Simulations of grid cell model (3, 8). Top, gray indicates trajectory of simulated rat. Red
indicates firing locations. Bottom, firing rate map (red, maximum; blue, no spikes). Grid field spacing is small
for mean dorsal oscillation frequency of £.42 Hz (C) and larger for mean ventral frequency of 4.23 Hz (D).
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coding of both space and time, Periodic repre-
sentation of the environment o multiple spatial
scales could prove essential to mechamisms of
path mtegration (2, 3, %, 28), consistent with im-
paiments alter entorhinal kesions (/). Coding of
cominuous dimensions by inlermcting  fregquen-
cics could also allow the coding of continuous
relative time necessary for episodic memory (2¥).
These results suggest that, beyond simple sum-
mation of input, neural processing involves in-
teractions ol svnaplic input and interference
between intrinsic froquencies (8, 9, 18, [9),
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Emergence of Novel Color
Vision in Mice Engineered to Express
a Human Cone Photopigment

Gerald H. Jacobs,™ Gary A. Williams,* Hugh Cahill,*>** Jeremy Nathans®*%*

Changes in the genes encoding sensory receptor proteins are an essential step in the evolution
of new sensory capacities. In primates, trichromatic color vision evolved after changes in

X chromosome—linked photopigment genes. To model this process, we studied knock-in mice
that expressed a human long-wavelength—sensitive (L} cone photopigment in the form of an
X-linked polymorphism. Behavioral tests demonstrated that heterozygous females, whose retinas
contained both native mouse pigments and human L pigment, showed enhanced long-wavelength
sensitivity and acquired a new capacity for chromatic discrimination. An inherent

plasticity in the mammalian visual system thus permits the emergence of a new dimension of
sensory experience based solely on gene-driven changes in receptor organization.

he retinas of most nonprimate mammals
I contain two classes ol cone pholopigments
that suppon dichromatic color vision (7). A
cone pigment most sensitive 1o shont (S) wave-
lengths is encoded on an autosome, and a sccond
cone pigment most sensitive o middle (M) or
long (L) wavelengths is encoded on the X chro-
mosome, Many primate lineages have added an
additional type of M or L pigment, permitting the
evolution of trichromacy (7). In Old World pri-
miates, the third cone pigment arose by duplication
of the ancestal X-chromosomal cone pigment
aone (3. By contrast, in most New World mon-
keys, cone pigment diversity denves rom poly-
morphic vanation in asingle X-linked gene (4, ).
In heterozyzous females, X-chromosome inactiva-
tion produces a mosaic of spectrally distinet cone
types, which provides the foundation for tnchro-
macy. The polymomphic X-linked pigment genes
in New World monkeys may represent the an-
cestral amangement for primates, as judged by the
observation that the same three amino acid sub-
stitutions confer the spectral difference between M
and L pigments in all present-day primates (3).
Color vision requires both multiple photopigments
and approprate neurd winng, and it has been
argued that the organization of the primate retina,
and in particular the low-convergence midget bi-
polar and ganglion cell system, is such that the
addition of a new class ol cone photoreceptors
may be all that s required for comparing M
versus Lo cone signals (6-8),
Our experiments used genetically engineered

mice o model the first step in the cvolution of

primate trichromacy. We asked whether the sud-
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den acquisition of an additional and spectrally

distinet pigment and its production in a subsel of

concs suflice o pennit a new dimension of chro-
matic discrimination that would imply that (i) the
mammalian brain is sufliciently plastic that it can
extract and compare a new dimension of sensory
input and (i) the heterozy gous female primate that
first inherited an additional X-chromosome allele
would have immediatcly enjoved a selective ad-
vantage with respect 1o chromatic discrimina-
tion, We produced a line of mice in which most
ol the coding sequences of the normal mouse
X-chromosomal M pigment gene [speclying a
pigment with wavelength of maximum absorp-
LON Ay =310 nm, hercafier “M™] was replaced
with a human L pigment ¢DNA (specifying a
hybrid pigment with a g, of =556 nm, herealier
“L 9. A similar knock-in mouse has recently
been produced (70 As in New World monkeys,
breeding viclds mice with three distinet com-
plements of M/L pigments: Males and homaoey-
pous females have either M or L pigments, and
heteroey gous females have a mixture of the two
pigments. Eardier we observed that cones con-
taining the L pigment could trnsduce light
signals with an efliciency roughly equal to that
of native M cones, as judged by the electroretino-
gram (ERGY, and that the responses of individual
retinal ganglion cells (RGCs) in M/L helero-
zvgoles showed substantial cell-to-cell vanability
in chromatic sensivity despite the large number
of cones that contribute to the receptive ficld center
of a ypical mouse RGC. This functional hetero-
geneity lkely reflects the spatial graiminess of M
versus Locone temitoncs created by X<chromosome
inactivation, which is consisten with the ~30-pm
average diametars for X chromosome - inactivation
patches in the retina (9).

We lirst performed an analysis of cone-based
spectral sensitivity using ERG Micker photometry
(1) [see also supponting online material (SOM)].
The mouse S cone pigment is maximally sensitive
in the ultravielet mnge (12, £3)% we minimized its
activation by using lights of relatively long wave-
length, Spectral sensitivity  functions, obtained
from mice whose retinas contained cither the M

REPORTS

pigment (1 = 12 mice) or the L pigment (0 = 17
mice), were fied with photopigment absorpion
functions (Fig. 1. A and B). The spectral maxima
(512 and 556 nm) are close w those detenmined by
carlier measurements of these pigments (9, £2, 13).
Spectral sensitivity  functions, similarly obained
from 86 M/L heteroeyeotes (Fig. 10), were best it
by lincarly summing the spectra from mice with
cither M or L pigments. On average, there is a
twolbdld larger comribution from the M pigment
than from the L pigment (presumably reflecting a
bias in the M:L cone ratio), and there is substantial
individual varability in this relative weighting
iFig. 1), The laner likely reflects stochastic vari-
ation m X-chromosome inactivation (/4),

Although hoteroeygotes have, on average,
greater M othan L sensitvity, this s not because
the L pigment compromises cone viability or
function. First, immunolabeling with antibodies o
ML opsin demonstmated nearly identical densities
of M or L cones i retinas from animals expressing
only one or the other of these pigments [mean M
cone densities +SD = 8129 + 995 per mm® and
mean L ocone densitics 5D = B288 £ 952 per
mm® (1 = 2 mice for cach genotypel]. Second,
ERG voltage versus intensity (Flog £) functions
recorded from M or L retings are indistinguishable
when the intensity ol the stimulating light is
specified according 1o its caleulated effectivencss
for cach pigment (Fig. 1E), moplying that signals
from the L and M pigments activate the ERG with
the same efliciency.

To examine whether vision is altered by the
added photopigment, we tested mice in a be-
havioral three-altemative torced-cholee disenmi-
nation sk, In this sk, the animal was reguired o
idenuity which one of the three test panels was
illuminated difterently from the other wo, with the
location of the correat choice varying randomly
between rals (75). The L pigment has greaier
sensitivity 1o long wavelengths than does the M
pigment, so one might expect enhanced behavioral
sensitivity 10 such lights in mice whose retinas
contain the L pigment. Increment thresholds were
determined for 11 mice (four having only M
pigment and seven ML heterozvgotes) by briefly
adding either of two monochromatic iest lights
(500 and 600 nm) to one of the three stimulus
pancls, all of which were continuously tlurminated
with an achromatic hight. The threshold differences
batween the 500- and 600-nm test lights were
significantly smaller for M/L heterosvgotes (Fig.
| F), indicating that these mice can extract visual
information from L cones.

Color vision implics the ability o discriminate

variations in spectral composition imespective of

variations in intensity, To assess this possibility,
we derived brightness matches between a mono-
chromatic west light and a senes of standard lights
of dilferent wavelengths (see SOM) and then
asked whether mice could discnminate between a
S00-nm test light and two identical standard lights
of 600 nm. At cach mial, the location of the s
light varied rndomly among the three pancls, and
its intensity varded rmandomly in steps of 0.1 log
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units to encompass a range of <05 log units
arcund the brnghtness match. As a control, we first
tested a mouse whose retina contained M but not
L pizment. As expected. despite extensive testing
(totaling ~15.600 tnals), no significant diserim-
ination was achieved (open circle in Fig. 2A)
With the use of the same procedures, two ML
heterosygoles also filed 1o show evidence of
color discrimination (open square and tangle in
Fig. 2A; 16,000 trals per subject ),

The two M/L heterozygotes that failed in the
wavelength discrimination had relatively skewed
M:L rtios (TH:22 and 65:35). Unbalanced rep-
resentation of M and L cones has little impact
on human color vision ({6, {7), but, with smaller
nummbers of concs, we thought that this might not
be true for mice. Adter extensive tmiming (<17 (00
mals), an M/L heterozygote with a more ba-
lanced M:L mitio (44:56) successlully discrimi-
mated S00-nm from 600-nm lights. The avermged
asymplotie perffomunce across the full mnge of
brightness varation at this et wavelength s n-
dicated by the vertical bar and amow in Fig. 2A,
The test wavelength was then progressively dis-
placed in steps of 5 or 10 nm toward 600 nm: the
mowse succeeded at each of these discriminations
until the test and standard lights were separated by
=101 15 nm, at which point discrimination filed,
This process wis repeated lor six other standard
lights covering the mnge from 370 10 630 nm,
vielding in cach case a qualitatively similar result,
As an intemal control in these exporinents, trials in
which the test and standard lights were sct 1o the
same wavelength were mndomly interspersed. The
cumulative results of this control procedure (Fig.
2B} show that (1) diserimunation fuled when both
chromatic and brighiness cues were eliminated
and (i1) the derived brighiness maiches accurately
predict the points of discrimination failure. Two
additional M/L heteroeyvgotes also succeeded at
the color discrimination task (Fig. 2A).

For the M/L heterozygotes, wavelength dis-
crimination varied across the range iesied,
being most acute at 390 w 600 nm (Fig. 2C).
The U-shaped wavelength discrimination fune-
tion is qualitatively like those for other dichro-
matic visual systems (/); in particular, it is similar
o wavelength discrimination functions for hunan
tntanopes (/8), a dichromatic subtype in which
color vision is based only on M and L pigments
with peaks at 330 and ~360 nm, respectively. At
present, we cannot fully explain the variation
among M/L heteroeyotes in the color discrimina-
tion task, but it presumably reflects some com-
bination of individual variation in M:L cone mtio,
vagarics in the spatial distribution of cone types
vis-d-vis RGO receptive felds, or cenmal factors
related o memory, imelligence, or motivation,

To assess dichromatic color matches, we used
a test lighn that was composed of an additive
mixture of two monochromatic lights, Using the
same brightness control measures as before, we
progressively added 620-nm light o 330-nm light
to determine what proportions could be diserimi-
nated from two monechromatic standard  Iights

23 MARCH 2007

(60 and 380 nm, in successive experiments).
Results ebtained from the M/L heteroeygote with
an ML ratee of 4456 (solid cireles in Fig. 2A) are
summanzed in Fig. 2, D and E. In both cases, this
animal successfully discriminated the combina-

tion of test lights when it was composed largely of

the 330-nm component. However, as mone of the
620-nm component was added, discrimination
became more difficult, cvenwally dropping 10
chance performance, thereby defining a color
match, Dichromatic color matches can be pre-
dicted by calculating the proportions ol each test
light at which the net quamal absomption in the two
pigments s equal o the absomion from the stan-
dard light, These predicted matches (downwand-
pointing blue arrows in Fig. 2, D and E) are close
1o the acal location of discnmimanon Falure, as
15 also seen for a human equivalently tested (red
square and red arrow in Fig, 200, These nesulis

sl

2.0

imply that color vision in this M/L heterogy gous
mouse is based on a companson of quantal catches
between the M and L pigneents,

In primates, midget bipolar and ganglion cdls
mediate the chromatically opponent M versus L
color vision pathway (/9, 200, Like many non-
primate mammals, the mouse lacks a midza
system( 24), and thus the color vision documented
in M/L heteroieygotes must be subserved by other
s, Most mouse RGCs have a receptive licld
center with an antagonistic sumound (22), albeit a
weak one, and chromatic information could be
extracted based on dilferences in M versus L inpun
o these two regions. In a vanation on this idea,
chromatic mlormation could also be eximeted
simply based on variation among RGCs in the
todal M versus L werghtings,

In ML heteroeygous mice and in heteroey-
gous New World monkeys, the stochastic process
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Fig. 1. (A) ERG spectral sensitivity for mice expressing the M pigment. Data points are mean values for
12 animals. The curve is that for the best-fitting photopigment absorption function. (B} Mean spectral
sensitivity function for 18 mice expressing the human L pigment. (C) Spectral sensitivity for 82
heterozygous mice. The curve is the best-fit linear summation of curves derived from those in (A) and (B).
(D) Distribution of the L:M cone weightings required to best fit each of the heterozygous mice
represented in (C). (E) Mean V-log / functions obtained from activation of either mouse M or human
L pigments. Light intensity has been specified according to its calculated effectiveness on each of
these pigments. sec, seconds; sr, steradians. For derivation of the fitted functions, see SOM. (F)
Increment-threshold measurements. The inset schematizes the discimination context in which, on each
trial, a monochromatic test light was added to any one of the three panels, all of which were steadily
illuminated with identical achromatic light. The colored bars depict the difference in the thresholds
obtained for 500- and 600-nm test lights for mice whose retinas contained either mouse M (n = 4 mice)
or both M and L {7 = 7 mice) pigments. Error bars in [(A) to (Q)] and [(E) and (F)] indicate 2 SDs.

VOL 315 SCIENCE

WWW.SCIenCemac.ong



{ X-chromosome inactivation) by which M versus
L cone temitones are generated and the presumed
lack of any modecular distinction between M and
L cones other than pagment content have parallels
i a necent model for M oversus L cone develop-
ment in Old World primates, in which M versus L
pigment gene expression 15 hypothesized 1o occur
in a stochastic and independent manner in cach
cell, unaccompanied by any other differences in
gene expression (233, The successtul acquisition of
chromatic discrimination based on X-chromosome

inactivation lends indirect support 1o this Old
Waorld primate model by demonstrating the pos-
sibility of behaviorl trichromacy in the context
ol a stochaste process for receplor determumat k.

These results have gencral implications for the
evolution of sensory systems. In the visual, ol-
lactory, and gustatory syslems, genclic manipu-
lations have cither added a new receptor protein to
the existing complament of reeeptors or replaced
an endogenous receplor protein with a new one
(24-27). In each case, the behavioral or electro-
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Fig. 2. Tests of color vision in mice. (A} Wavelength discrimination. The inset symbolizes the context in
which the mouse was required to detect which of three stimulus panels was distinctively illuminated; its
luminance and position relative to that of the standard wavelength (600 nm) were randomized from trial
to trial. Lower left symbols show asymptotic performance levels (for the final 100 trials + 1 5D) for three
animals at the calculated brightness match (see SOM) and for values + 0.1 log units from that point (the
open circle indicates the mouse with M pigment; the open square and triangle indicate M/L heterozygotes
with M:L ratios of 78:22 and 65:35, respectively). The solid circles connected by lines are the asymptotic
performance levels achieved at the calculated brightness match by the M/L heterozygote with an M:L
ratio of 44:56. Averaged performance over the full range of luminance variation for a test wavelength of
500 nm (brightness match = 0.5 log units) is indicated by the vertical line (arrow). The solid tiangles and
solid squares show results from two other heterozygous animals (M:L ratios of 46:54 and 53:47,
respectively). For the latter animal, the standard wavelength was 610 nm. (B) Results from the
embedded brightness control test. The circles are asymptotic performance levels for cases where the test
and comparison lights were set to the same wavelength and the test light was systematically varied in
luminance relative (re) to the value required for a brightness match. The results were cumulated across
seven standard wavelengths. The horizontal dashed line indicates chance performance. (C) Wavelength
discrimination functions for heterozygous knock-in mice. Each point plots the wavelength difference (AR}
between the test and standard wavelengths that is required for successful discrimination (at the 95%
confidence levell. Symbols for individual animals are the same as those in {(A). The dashed line
connecting standard wavelengths of 580 and 570 nm for one female indicates that it failed to
successfully discriminate a test light of 510 nm from a standard of 570 nm, and thus Al for that standard
must exceed 60 nm. (D) Color-matching data. Plotted are asymptotic levels of performance achieved by
an M:L heterozygous mouse (44:56 M:L ratio) at the brightness match where the test light was a variable
mixture of 530- and 620-nm lights, and the standard light was 600 nm. The location of the predicted
match based on the M and L photopigments is indicated by the blue arrow. The match made by a human
trichromat (red square) is shown along with the predicted human match (red arrow). (E} Color-matching
data. Details are the same as for (D) except that the standard light was 580 nm. The shaded area in [(A)
and (B)] and [(D} and (E)] indicates chance performance (at the 95% confidence level).
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phyvsiological responses show the predicted ex-
pansion or modification of sensitivity, However,
these carlier expenments ware not designed o
ereate an addmonal class of sensory neurons or o
facilitate the emengence of neural circuitry  for
comparng new and existing sensory responses, In
the present experniments, X-chromosome inacti-
vation has provided the means to both express a
non-native receptor protein and 1o localize it o a
distinet ¢liss of primary sensory neurons, Our
observation that the mouse brain can use this in-
[ommation 10 make spectral discrminations implics
that allertions in receptor genes might be of
immediate selective value not only because they
expand the mnge or types of stmuli that can be
detected but also because they permit a plastic
nervous system o discriminate between new and
cxistmg stimuli. Additional genctic changes that
refine the downstream neural circuitry o more
clliciently extract sensory information could then
follow over many gencrations,
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Crystal Structures of the Adenylate
Sensor from Fission Yeast
AMP-Activated Protein Kinase

Robert Townley' and Lawrence Shapiro®®3*

The 5'-AMP {adenosine monophosphate)-activated protein kinase (AMPK) coordinates metabolic
function with energy availability by responding to changes in intracellular ATP {adenosine
triphosphate) and AMP concentrations. Here, we report crystal structures at 2.9 and 2.6 A
resolution for ATP- and AMP-bound forms of a core afiy adenylate-binding domain from the fission
yeast AMPK homolog. ATP and AMP bind competitively to a single site in the vy subunit, with
their respective phosphate groups positioned near function-impairing mutants. Unexpectedly, ATP
binds without counterions, amplifying its electrostatic effects on a critical regulatory region

where all three subunits converge.

MPK senses the onset of enenzy limitation
and initiates adaptive responses, including
regulation of key enevmes in cach of the

major branches o' metabolism: fatty acid and sterol
synthesis, sugar metabolism, protein synthesis, and

Fig. 1. Overall struc-
ture of the adenylate
binding region from
5. pombe AMPK with
bound AMP. The ATP-
bound form is nearly
identical (fig. 56) and
reveals no global struc-
tural changes attrib-
utable to nucleotide
identity. (A) Ribbon dia-
gram of a single hetero-
trimer, with o, [3, and
subunits colored yellow,
blue, and green, respec-
tively. The single mole-
cule of bound AMP i
shown in CPK represen-
tation, and connections
to the GBD and KD at
the N-termini of the i
and a subunits, respec- N
tively, are indicated. (B)
View rotated 90°, high-
lighting the adenylate
binding entrance (AXP)
and phosphate binding
tunnel, which is capped
on the putative KD-
interaction surface by
a polar flap from the [
subunit. The structure
corresponds to a het-

A

DNA replication (/-3). Long-tenm regulation by
AMPK is controlled by phosphorylation of tran-
scripion [actors and  co-activators thal  regulate
cach of these metabolic functions (). Mammalian
AMPEK is activated by binding 10 AMP. but this

" B

tunnel

erotrimer defined by
limited proteclysis, as
indicated in (C): hatched
regions were excluded.
Each of the two crystal
forms reported here in-
cludes a dimer of trimers
in the asymmetric unit
(D). Analytical ultracen-

trifugation analysis also demonstrates a dimer of trimers configuration.
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f-flap
Phosphate

Putative
KD interaction

activation is inhibited by ATP (/-3). Because ccl-
lulwr adenosine diphosphate (ADPYATP rtios
remam neardy constant due to the equilibrium
meintained by adenylate Kinase, it is thought that
AMPK activity in vive depends primarily on the
ATP/AMP ratio, the pramary determinant of cel-
lular energy charge (5). Lowered ecllular energy
charze can arise cither from inhibition of ATP syn-
thesis, lor example, in hypoxia or starvation (), or
by increased ATP consumption, as occurs in skel-
ctal muscle dunng exercise (6, 7. When energy
charge is low, active AMPK inhibits numerous
ATP-consuming pathways and also activaies
mobilization of imracellular encrgy  stores o
produce ATP. Conversely, when enenzy charge is
high, AMPK mactvation s favored, leading o
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enhancement of encrgy stormge and use. AMPK
also functions in organism-level cnergy homeo-
stasis by responding 1o systenucally circulating
hommones, meluding leptin (8), adiponectin (Y),
and resistin (/0),

Canonical AMPKs are affy heterotrimers
(£-3). Although gene fusions between the [ and
v subumits are found m some plant species, the
overall domain architecture of the cnzyme is con-
served inall cukarvotes (7). In humans, multiple
genes encode isoforms of cach AMPK subunit
(el w2, B, B2, y1, 2 and ¥3) (1), The a subunit
includes a typical serine-threonine Kinase domain
near the N erminus and a C-terminal regula-
tory domain characteristic of AMPKs. AMPK
[ subunits are required for mmer assembly and
subcellular localization of the AMPK complex
(/2. 13). Many B solorms melude a glyeogen-
binding domain (GB D), for which structures are
now known (/4). The heart of AMPK regu-
lation by adenylate binding 15 thought o reside
m y subumits, which are composed of four
repeated eyvstathionine frsynthase (CBS) do-
mains ({5171 A number of CBS domain crystal
structures have been determined (/8- 204, but only
one rocent structiure included a bound ligand (21).
Biochemical and genetic studics have produced an

3 AAT R

N

Fig. 2. Nucleotide binding. (A} Stereo diagram of AMP bound within the
subunit. Adenine and ribose moieties are bound by functional groups within
the CB53-CB54 domain pair; however, the terminal a-phosphate forms salt
bridges with two Arg side chains (yR139 and yR141) donated from CBS
domain 2. {B) One protomer exhibits a single ATP conformation (ATP 1),
whereas the other (C) adopts multiple alternate conformations (ATP 2). ATP

initial view of interactions among AMPK sub-
units () wherchy [ subunits play a central role in
heterotnmer formation through interactions with
both a and y subunins. Trimer imteraction sites on
baoth a and [§ subumis have been mapped 1o ther
respective C-temminal regions (22), Nonctheless,
the precise molecular architecture of the AMPK
heterommer has not been defined.

We produced a timer lagment from the
AMPK genes of the yeast Schizosacohammnoes
pontbe, which vielded two distinet crystal fonms
that diffiact X-rmays w0 2.6 A (for the AMP complex)
and 2.9 A (for the ATP complex) resolution. The
trimer core consists of residucs ad40 0 w576,
(205 10 B295, and the whole of the v subunit, vl 10

v334 (Fig. 1) The structure omits two regions of

the AMPK complex: the B subunmit N-tenminal
GBD ({4 and the N-tenmimal kinase domain of o,
both of which have been chameterzed crvatallo-

graphically (23, 24). Although the ausymology of

5. pennbe homologs has not been mvestigated, se-
quence conservation among AMPKs from dif-
lerent species suggests that the structures presented
hene will be representative for this protein class,
We determined erystal structures by seleno-
methionine muliwavelength asnomalous difliac-
tion (MAD) phasing (25) for both AMP- and

REPORTS

ATP-bound crystal forms that cach contained a
dimer of mers in the asymmetne unit (Fig. | and
table S1). The potential imponance of this dimer
of mmers s underscored by a human Wolll-
Parkmson-White syndrome mutation [human
12 Asn*—[1c*® (N48R]), corresponding 1o
& pombe v5247 ( 26))] that maps 1o the imerface.
Further, dimerzation is consistent with the ob-
servation from Mamorstein and co-workers that
rutants that disrupt Kinase domain (KD) dimeri-
gation in vitro fail to disrupt sucrose nonfennenting
L ISNFL) complex dimerization in vivo, suggest-
ing association through other domains (23}, Each
AMPEK trimer is roughly mangular, with a wide
base formed by the v subunit, which associates
with a tight aff complex that forms the narmower
apical doman (Fig. 1, A and B). The o subunn
C-termmal doman forms a compact, muxed o
domain (hg. S1) that is topologically related
the kinasc-associated domams (KADs) of micro-
tubule aflinity-regulating kinase {MARK ) Kinascs
(271 The B subumt C-termmal region lacks an
independent hydrophobic core (fig. 52) and
wraps wholly around the o KAD (Fig. 1, A and
B. and fig. S4). forming extensive hydrophobic
conacts. These features suggest an obligate na-
ture or aff complexes,

ATP

binds through a set of protein ligands identical to those used by AMP, ac-
commodating the [§ and ¥ phosphates of ATP by adopting a compact helical
structure for the triphosphate group (B). Electrostatic surfaces of the putative
kinase-binding face, looking into the phosphate tunnel, show that the charge
potential of the tunnel entrance is largely positive (blue) when AMP is bound
[(D) and (E)] but negative (red) when ATP is bound [(F) and (G).
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The ¥ subunit forms an elliptical disk with an
agquesus pore in the center. An adenine nucleotide
15 bound at the interface between CBS domuains 3
and 4, positioning the phosphate groups in the
pore. UBS domains 1 and 2 form the interface with
the aff complex (Fig. 1, A and B, and fig. 85), The
v interface to af is mediaed primarly by
interaction of a two-strnded B shect from the
subunit, which hydrogen bonds with the 31 suand
of ¥ w0 form a three-stranded intersubumit ( shect
(Fig. | and fig. 85). This result disagrees with a
recent mutagenesis study that concluded that there
is no direct binding between §oand vy (25 In
contrast 1o the aff complex, very few hydrophobic
interactions are formed between [ and v, with this
ierface formed mainly through vdrogen bond-
ing and salt brdge interactions, suggesting that fy
association may not be obligaory.

The y subunit structures reported here provide
mitial views of CBS domains binding their regula-
tory ligands. A single molecule of cither ATP or
AMP binds at the same site, between B strinds 6
and 7 of CBS3 and § strands 9 and 10 of CB54
(Fig. 20 ATP and AMP bind in nearly identical
conformations and use the same set of ligating res-
idues. In addition 1o these structural elements from
CBS3 and CBS4, CBS2 abko contnbutes critical in-
teractions important for binding the nucleotide phos-
phates. Remarkably, outside the localieed nuclootide
binding regions, no substintial structural changes
attributable to bound nuckeotide are observed among
these four independent mimers (g S6)

In bath ATP- and AMP-bound structures, a
hydrophobic cleft formed from the side chans

A

Fig. 3. [{A) and (B)] Functional mutations map within the phosphate

from CBS3 (y1210 and yP22(0) (26) and CBS4
(1303 and yF292) sandwich the adenine ring, The
N2 ring nitrogen hydmogen bonds to the backbone
carbonyl groups of yA 196 and yA2 18, The ribose
moiety is bound in a polar pocket in CBS4, in
which the nbose 2" and 3 hydroxyls are hydrogen
bonded to side chain atoms of yT191, D308, and
¥5303. In the AMP complex structure (Fig, 2A),
the erminal AMP a-phosphate forms sall brdges
with the side chain of the conserved residue
YR29 in CBS4 and two residues in CBS2, yR139
and YR 141, Excellent electron density is observed
for all AMP atoms in the complex structure (fig.
S7). The ATP phosphates are ligated by an
identical st of arginine side chains (Fig. 2, B
and Oy however, yR290 hgates the weominal -
phosphate, and yR139 and yR141 have poor
density and appear to adopt muliiple confornu-
tions in coordinating the a- and [ phosphates,

In AMPEK, unlike the vast majonity of ATP-
bound protein structures, no clectron density lor
metal counterions is observed bound 10 ATP.
To conlirm this observation, we performed ex-
periments with erystals grown in the presence
of 2 mM GdCly. The G lanthanide ion is known
to efectively substite for Mg®™ in ATP sub-
structures (2Y) and provides a large anomalous
signal Tor crystallographic experiments, Anoma-
lous difference maps revealad no bound ions (fig.
S5T7). These observations suggest that ATP-hound
metal counterions must be stripped before binding
o AMPK, where charge halance is provided
mainly by the side chains of arginine residucs,
This agrecs with the price ohservation fromm Hardie

and co-workers that Mg is not required for ATP
binding by purificd y subunits (/6.

Our structural findings arc in agreement with
the reported relative binding affinitics of AMP
(=100 uM)y and ATP (=400 pM) for a protein
encoding fragments of the CBS3 and CBS4 do-
mains of the human 42 subunit (/6). However,
the apparcnt absence of regulation by AMP of
S, cerevisiae AMPK activity (3, 31) raises the
passibility that nucleotide-dependent regulation
of § pombe AMPK may differ from that of the
human eeyme, Cellular ATP concentrations are
higher than AMP concentrmations, ofien by an
order ol magniude, Even when ATP concentr-
tions [all, leading w AMPK activition, ATP con-
centrations generally remain higher than AMP,
Thus, tighter binding to AMP s a functional re-
quircment for AMPK. The structures presented
suggest how AMPEK binds ATP more weakly than
AMP. This appears 1o be accomplished, at least n
part, through the necessity for stapping ATP of
shiclding ions for binding to the adenylate sensor:
Further, the adenylate binding site is better able to
accommodate the smaller AMP ligand: The a
phosphate of AMP and the y phosphate of ATP are
coordinated by the same Arg side chains, and the
positions of the two terminal phosphates are nearly
the same (Fig. 2 and lig. S6),

The overall orcntation of nucleotide binding,
lor both AMP and ATP, siates the nucleotide
phosphates toward an intemal cavity that we refer
to as the phosphate tunnel, which spans the breadth
of the y subunit disk (Fig. 1B) In both ATP- and
AMP-bound fornes, the surface-exposed nucleo-

surface of this tunnel, positioned between the terminal phosphate of the

binding tunnel, a large internal cavity that traverses the y subunit, shown  bound nucleotide and the putative kinase-binding face. Two orthogonal

in red. The majority of known function-impairing mutants map to the

23 MARCH 2007 VOL 315
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tide groups include parts of the adenine ring and
the phosphate-distal face of the nbose moicty,
These surface-exposad groups are wdentical in both
AMP- and ATP-bound structures, suggesting that
the nucleotide-binding face of the AMPK regu-

latory mer 15 unlikely o function as the site of

activation modulmed by adenylate binding. The
primary  differences  baween AMP- and  ATP-
bound fonms of the heteroiimer lie within the
phosplate wnnel. One substantial difference be-
tween the ATP and AMP complexes is in the sur-
face clectrostatic potentials at the disal exit of the
phosplate tnnel, the putative Kinase-interaction
face (Fig. 2, Do G This suggests the possibility
that the diflerent eflects of'these ligands might anse
from the charge difference between the mono- and
tnphosphate groups of AMP and ATP,

Prior studics have identified a number of mu-
tations within the regulaiory heterotrimer that le:
to impaired function of AMPK, primarily in the y
subumt (/). These mutations include an insertion in
helix E at position y91 (32, and a poml mutation at
5247 (NABSL in human 23 (33}, which is found
within the dimer-ol-trdimers interface region. How-
ever, the large majority ol functionally important
mutations, which include changes to residues
R0 (human ¥2 RE31) (34), yRI41 (human ¥2
H383) (32), V56 (human y2 R302) (35), and
YT162 (human 2 TH0ON) (33), are all found lin-
ing the interior surfice of the phosphate wnnel
(Fiz. 3. A and B), Residues vR290 and yR 141 co-
ordinate nucleotide phosphates: however, the other
mutations, relative w the bound nuclootide phios-
phate groups, are positioned  funher toward the
protein surface opposite o the nucleotide bind-
g Eee. This faee ol the molecule, where o, [5, and
¥ subuniis meet, may constiute a region for KD
interaction, and we thus refer w it as the putative
kinase domain inicraction face (Figs. 1B and 3).

The phosphate twnnel traverses the ¥ subunit,
delining a lge void that is capped on the KD-
binding face by a polar loop from the [§ subunit, We
relor 1o this loop, which includes residucs 244 1o
255, as the i Map. The region of the § 1lap tha
covers the phosphaie wnnel includes only polar and
clarged residucs and makes no contacts o the
hydrophobic core, suggesting the possibility  for
structural wamangement. The B ap appears o be
highly mobile (avamge B oo of 84.3 At inthe
lfour independent [ subunits, & compared with an
overall average B factor of 51.6 A? for all protein
atoms) and adopts shightly different conformations
in the fowr independem copies of the structures
presenied here. The majority of y-subunit mutations
that affect AMPK activation are positioned within
the phosphate wnnel, between the emminal phos-
phate of bound AXP and the B flap. Because the
dilference between the inhibitory (ATP) and acti-
vating (AMP) ligands is in the nmumber of phos-
phiates placed within the nmnel and because mutants
that affect kinase activation also lie within this
tunnel, it appears likely that this represents a crtical
regulatony region,

We have presented erystal structures tha
define the core heterotimeric architecture for

AMPKs, The 8 pombe AMPK binds cither
AMP or ATP @t a single site, suggesting that
activating ligands such as AMP arc likely to func-
twon by displacing the mbubnory  higand ATP
Nonetheless, possible binding of additional reg-
ulmory nucleotides in the comext of nuclemtide
mixtures or the holoenzyme complex cannot be

excluded. Although a detailed understanding of

the mechanism off AMPK regulation will require
structunes of the holoenzyme, the structures pre-
sented here should provide an entry point for the
rational design of AMPR-directed therapeutics.
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Structure of Nup58/45 Suggests
Flexible Nuclear Pore Diameter by
Intermolecular Sliding

Ilvo Melcdk, André Hoelz,* Giinter Blobel*

The nucleoporins Nup58 and Nup45 are part of the central transport channel of the nuclear
pore complex, which is thought to have a flexible diameter. In the crystal structure of an «-helical
region of mammalian Nup58/45, we identified distinct tetramers, each consisting of two antiparallel
hairpin dimers. The intradimeric interface is hydrophobic, whereas dimer-dimer association occurs
through large hydrophilic residues. These residues are laterally displaced in various tetramer
conformations, which suggests an intermolecular sliding by 11 angstroms. We propose that
circumferential sliding plays a role in adjusting the diameter of the central transport channel.

he nuchsr pone complex (NPC)Y mediones

I the selective exchange of macromolecules
between the nucleus and cyioplism, The

NPC is a nnglike structure with an cight-fold svm-
metry, A cemral channel s embraced by nngs and
spokes that are attached w the pore mambrne
domain ol the nuclear envelope (1, 2), Composod
of a sct of proteins wermed nucleoporins (nups), the
NPC s one of the largest supramolecular as-

semblies in the aukarvotic cell (120 megadalions
in venebrmtes) (3). Abow 30 different nups are as-
sembled ino multiprotein subcomplexes that serve
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as the “building blocks™ of the NPC (4, 5). Mod-
cling studics have suggested that most nups are
constructed from one or two of a small number
of structural domains: coiled-coils, a-helical sole-
noids, [ propellers, and natively unfolded see-
ments containing  phenylalanine-glyeine repeats
(FG orepeats) (6), Current translocation models
(3, 79 arc based on the transient, low-alTinity
binding ol cargo-loaded transport factors to FG
repeats (f0-12), Large-scale structural rear-
rangements that oceur in response 1o transport
include the consiriction and dilation of the cen-
tral channel, as well as structural alierations of
the peripheral assemblies of the NPC (2, /13- 76),
However, at present, the molecular details of the
structura] changes of the NPC are unknown.

The cemral channel of the NPC s lined by the
Nuph2 complex, which consists of Nup62, Nup3s,
Nupsd, and Nupd5 (/7). The constituents of the
Nuph2 complex display a similar domain organi-
zation, in which a ~200-nsidue a-helical region is
lanked by FG repeats (Fig. 1A) (18). Of'these two
distmet structural clements, the a-helical regions are
likely 1o form the permeter of the channel, whersas
the lanking. temacle-like FG repeats sample the
space around the channel, entropically occluding it

The a-helical regions of all four nups have
been predicted 1w form coiled-coil domains that
consist of subdomains separated by shont con-
necting scgments (/&) Nup38 and Nupds are
altematively spliced forms that difTer only in their
unstructured region (/%) The veast homologs are
essential for cell viability (20-22) and for the
formation of a functional “minimal™ NPC (23).

We assembled a Ratmes norvegicns Nuph2
complex that comains the predicied  structured
regions of Nuph? (residucs 322 10 325), Nupsd
restducs 115 w0 5100, and Nup38 (nesidues 239 10
415). Through monitoring the Tormation and
stability of complexes, a serics of N- and C-terminal
deletion constructs was desiened. We identilied a
stable Nupt2 complex core that is composed of
residucs 322 10 325 of Nuph2, residucs 346 10 494
of Nup3<, and residues 327 10 415 of Nup3s (Fig.
1. A and B). The minimal core domains of Nup3s
and Nup43 are kentical, and therefore, we nefer to
Nup58 and Nupd3 as Nup3Rd43, using the nesidue
numbering of NupSs in the wext below,

Fig. 1. Organization A
and dynamic behavier
of the Nupét2 complex.
(A} Domain structures of
Mup58, Nupd5, Nup54,
and Nupé2. The a-helical
regions (dark blue), un-
structured regions (light
blue), FG repeats (black
lines), and the numbering
of the Nupé2 complex
fragments are indicated.
(B} Coomassie-stained
SD5—polyacrylamide gel

Nup62 iwim 23

Reconstituted Nup62 complexes form
concentrtion-dependent dynamic ssemblics, as

Judged by sire-exclusion chromatography  (Fig,

1C). In addition, we analyzed the behavior of a
Nup3845 fragment containing nesidues 327 10 399
(fig. S11 As do the Nup62 complexes, the Nupis/
45 fragment exhibited substantial concentration-
dependent mobility, again indicating a dynamic,
dimer-tetrmmer equilibrum in solution, At low salt
concentrations, NupS8/43 foms a stable trmmeric
assembly, which suggess that the association is
govemed by electrostatic intemctions ( fig. S1).

From the purilied Nup62 core comples, only
the Nup5843 core domain, composed ol res-
idues 327 1o 4135, crystallized, whereas Nupb2,
Nup34, and excess Nup5845 remained intact in
the drop soluton (fig. 52). Two mdependent
crystallization conditions vielded two Nup38d3
crystal forms, one belonging o the tetragonal
space group P4:22 and the other 1o the orho-
rhombic space group C222,. The stuctures of
both crystal forms were solved by single-
wavelength anomalous dispersion (SAD). using
osmium-denvatized crvstals. The final model
was refined to a 2.85 A resolution with an R, 4
of 25.0% and an Rgee of 28.8% and contains
residucs 327 1o 411, No clectron density was
observed for the final four residues that are pre-
sumied 1o be disordered and therefore have been
omitted from the final model (table S1),

NupSR45 wwamers in the two independent
crystal forms exhibit entirely  differemt crvstal
packing amangements. The asymmeiric units of
the tetragonal and onhorhombie crystals contain 4
and 18 Nup38ds protomers, respectively. In the
packing of both erystals, the Nup3845 weamoers
resubt from the dimenzaion of identical dimers. In
cach of the two crystal forms, the wiameric
Nup3545 assemblics are topologically identical,
but display distinet structural differences. As the
overall lindings are similar, we will focus our
discussion on the structural infornation obtained
from the wwagonal cryvstal form.

The Nup3%43 protomer folds into an antipar-
allel hairpin structure, in which two e helices (the
N and the C helix)y are connected by a shon loop
(Fig. 2A). The C helix protrudes from the haimpin
structure and exposes three tenminal helical tums.

B Cc
us TenE

Nups8 hﬁmilﬂﬁﬂi 55
NUp45 Hﬂg mhlll 513

mmkﬂm

HUpE) —=

HUpSd —=

m
mi-—

The four protomers in the asymmetnc unit of the
tetragonal crystals are similar, and the topologi-
cally equivalent Cor carbons supenmpose with a
root-mean-square deviation of ~0.4 A, Further-
more, the protomers dimenee in an antiparallel
amangement, in which the N and C helices ol one
profomer pack against the N and C helices of the
second protomer, forming a four-helix bundle with
an interprotomer angle of ~156° (Fig. 2A), The
two protomers in the dimer are pomanly held
together by numerous van der Waals contacts ( 1ig.
83), burying ~2.3550 A* of surface arca, The
comparison of the average-temperature B-factors
of the entire model (~43 A%) with the buried
dimerization interface residues (-34 A%) suggests
a rigid and well-defined dimer mterface. The
overall dimensions ol the dimer ane about 82 by 24
by 21 A, Except for surface residucs, the dimer is
svmmetne with a pseudo- two-fold axis running
through the dimeniztion interlace,

The two identibied teramenc assemblics in both
crystal forms consist of two dimers that mteract
with cach other i a*head-to-head” ovientation with
their N helices. Therelore, the resulting tetmmeriza-
tion interface is composed exchsively by the four
N helices that form two antiparallel, interwined
pairs (Fig. 2B). The two tetramers (conformer 1 and
2) of the tetmgonal crystal form have two-fold
roaticnal symmetry, and the two-fold symimetry
axis of cach tetrumer coincides with a erystallo-
graphic two-fold axis. However, although the
crystallographic two-fold axis runs perpendicular
i the long axis of the weimmenzation interface in
one tetrumer, it mns paradlel o the long axis in the
other (Fig. 2B). The enstllographic consequence
i that two of the four protomers i cach etrmer
ane identical. The two conformers dilfer by an -6 A
bueral displacement of their dimer subunits along
the long axis of the wewramerzation interface (Fig.
20 We identified two similar, structurally distinet
ietrameric assemblies in the orthorhombic crvsial
form fconformer 3 and 4) which exhibits an
entirely differem crvsial packing amangement (fig.
S4). The conformation of these teramers does not
appear 10 be dominated by the crystal packing, as
the crystal contains seven structurally independent
ictrameric assemblics that give nise o wo con-
formations. Al seven tetramers contain a two-lold

o127 13 14 15 16 17 [mi)

showing results of electrophoresis of the purified Nup62 core complex. (C) Gel filtration profiles of the minimal Nup62 complex at the indicated protein concentrations.
The elution positions for molecular mass standards are shown. All profiles were obtained in a buffer containing 150 mM NaCL
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axis, which, as do the tetramers in the tetrmgonal
crvstal fom, mun ather paralle] (three tetramers,
contormer 3) or popaendicular (four tetmmers,
conformer 4) to the long axis of the dimer-dimer
nterface. However, in contrast to the tetragonal
crvstal fomm, only one of the seven tetamenc
assemblics 15 generted by a crvstallographic two-
fold axis (conformer 3). Thus, the observed
tetrameriation plasticity s likely an impontant

functional feature of the oligomerization of

NupS845, Funhermore, the dimer-tetramer dy-
namics observed in solution likely result from the
reversible association of NupS8/43 dimers,

In contrast 1o the dimerization interface, which
i5 almost entirely hydrophobic, the interactions

Fig. 2. Structures of tetrameric A
Nup58/45 assemblies from the -
tetragonal crystal form. (A) Rib-
bon representation of a Nup58/
45 dimer, showing protomer A
in green and protomer B in gray;
{right) a 90° rotated view. A
pseudo—two-fold axis (red) is
indicated. (B) Ribbon represen-
tations of the two tetrameric
conformers, indicating the loca-
tion of the crystallographic two-
fold axes (orangel, which run
differently through the two tet-
ramers. (Right) A 90° rotated
view. The different colering of
dimers (blue, conformer 1; pur-
ple, conformer 2) illustrates the
alternative tetrameric configu-
rations of the two conformers.
Symmetry-related protomers are
indicated. Conformers 1 and 2
are constructed by the protomers
A and B, C and D, and their
symmetry-related protomers A'
and B’ and C and D', respective-
ly. (€} Superposition of the two
tetrameric Nup58/45 conform-
ers. The unique protomers of the
two tetrameric assemblies are
superimposed onta protomer A
of conformer 1 to highlight the
lateral shift between the differ-
ent conformers. For clarity, only
one protomer of each superpo-
sition is colored. The N and C
termini are labeled according
to (B). The inset is expanded in c

Fig. 3. !

protomer A

between the two dimers are solely electrostatic,
which explains the salt concentration-dependent,
dynamic behavior of Nup38d45 m solution. The
tetrmerization interface is formed by an extensive
side-chain hydrogen bond network that ties the N
helices of the four protomens 1ogether (Fig, 33, In
this tetmmerzzation interface, most of the infome-
tions occur within cach pair of aligned, antiparallcl
N helices, mvolving primanly the side chains of six
residues (Arg™, Glo*™, An®, GIn™*®, Gl*,
and Asn®™) of cach protomer. Together, these
residugs form a continuous electrostatic surface, in
which allemating positively and negatively charged
side chains are distnbuted in the center of the
interface. The nwmjonty of the interactions are

protomer B

Ly |

REPORTS

mediated by direct imenmolecular contacts, al-
though some residucs make hydrogen bonds
through water molecules tapped at the protein-
protem interface. The etrmgonal crystals contain
two tetrumeric NupdSEs conforme s that together
comain four unique pairs of N helices. By
superposition of all four pairs of N helices, we can
discem four different configuration states (states 1o

IV that exhibit a maximum kateral displacament off

~11 A (Figs. 2C and 3). Furthermore, the
superposition reveals that the laeral displacement
between the two asymimelnic leimmeric NupS843
conformers results from aliemative hydrogen-bond
networks, in which each side chain of the same sat
of imterace residues Tas the propensity o switch

mieraction pariners, For example, the side clain of

As™s engages four different residucs in the two
tetramers and forms hydrogen bonds with Gin™*,
A G or GIb™ (Fig. 3). Ovenll, the
Nup384s core domain s highly comscerved in
verichrales (ligs. S5 and S6). The residucs of the
Nup58/45 that are crucially involved in the
formation of the dimer-dimer interface are invarian

across vertebrates, underlining the significance of

the NupS8/45 homo-tetramer.

The identification of multiple interaction states
in which rigid Nup5843 dimers are sequentially
shified along the dimer-dimer interface for a
distance of =11 A suggests an intermolocular
sliding mechanisme In general, sliding requires a
series of energetically equivalent states along a
sliding pathway with low transition energy harriers
{24, Owr sliding hypothesis is strengthened by the
finding that the Nup3845 core domain fomms a
salt concentration-dependent, dynamie dimer-
tetramer cquilibrium in solution; this implics that
Nup3&d3 dimers loosely associate and are indecd
capable of freely rearranging into distinet 1etm-
menc conformations. Each of the four states por-
travs a snapshot of the structural alierations that
occur when two Nup38/45 dimers slide against
cach other on an ~11 A shiding pathway (Figs, 2C
and 3. and movies 51 10 53).

The reamrangement of the dimer-dimer interac-
tion surtace that results in the formation of aller-
native hydrogen-bond networks is cnabled by an
adaptable clectrostatic surface with two major stnuc-
wral features: (1) The imeraction surface 15 con-
structed by a group of residucs that arc amuged ina
chockerboard-like distribution and tha ane capable
of switching interaction partners by acting altema-
tively as cither hydrogen-bond donors or acceplors,
or as both. For example, Asn™ aliemates its roles
in clectrostatic interactions with Gln**, A",
GIn™, and GI™"; (i) the plasticity of the in-
teraction surface is supponied by the relatively high
Nexibility of long side chains, In contrast 0 shon

side chains, long side chains are capable of

sampling a substantially lager volume For interac-
tion parners, a& illustrted by the allemate con-
formations of the side chains of Arg™ and Gln™
m the different Wwirumernic assemblics,

The central channe] of the NPC has the ability
to alter its diameter (2, /3, /4, 16). The mutual
amangement of subunits within a single Nup38/435
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tetramer can be altered by a sliding distance of at
lcast ~11 A. Nup58 and Nup45 are the most
abundant constituents of the NPC (4. We propose
that circumferential sliding of Nup3845 in the
channel penmeter results in an adjustable diameter
In response 1o tmnsport activity, In such a poten-
tially circular, eight-fold symmetric amangement
of wtrameric Nup3843 modules in which cach
can expand by —11 A, the diameter of'the channed
could increase by <30 A (Fig. 4, A and B).

In the assembled NPC, Nup38 and Nup4s are
intimately associmed with Nup34 and Nup62

Fig. 3. Molecular details
of the intermolecular
sliding of two Nup58/45
dimers. The direction and
the approximate sliding
distance are indicated by
black arrows. States | and
IV are derived from con-
former 1; states Il and 11l
are derived from con-
former 2. The helices are
colored and numbered
according to Fig. 2, and
critical interface residues
are labeled and individu-
ally colored in all four
states according to state |
(top). For clarity, only two
of the N-helix pairs that
generate the tetrameriza-
tion interface are shown.
The electrostatic interac-
tions between two sliding
N helices are represented
by red dashed lines, and
water molecules are vi-
sualized as blue spheres,

Fig. 4. Model of pore dilation by
intermolecular sliding of NupS&/
45 tetramers, (A} Schematic repre-
sentation of the Nup58/45 sliding
module. The four N helices that
generate the tetramerization inter-
face (orange), the C helices (light
bluel, and the C-terminal FG re-
peats (black) are indicated. The
sliding of the Wup58/45 dimer
surfaces formed by the N helices
is facilitated by an alternative
hydrogen bond network (red and
green thin lines). Because the C
helices with the attached FG re-
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(F7, 08, 25, 260 Although the atomic structures for
Nup3d and Nuph2 have not been determined, they
share a sumlar domam organizaton and contain
conserved, amplupathic a-helical regions that may
also permit sliding (fgs. 57 0 59 A multiple
beltlike amangement of such “sliding modules™ in
the channel penmeter along a nucleocytoplasmic
axis may facilitate Jocalized changes in channcl
diameter as cargo passes across (Fig, 4C). The FG
repeats are (lanking the a-helical regions of the
channel nups and function as a restrictive bamier
and transpont facilitator, It s conceivable that

s

peats are likely to project to the inside of the central channel, the sliding N helices would face in the opposite
direction. (B) Schematic representation of the central channel shown along the nucleocytoplasmic axis. Eight
Nup58/45 tetrameric assemblies are circularly arranged to form a ring (red bars). The sliding of two Nup58/
45 dimers against each other results in an overall extension of the Nup58/45 tetramer (green bars) that, in
turn, causes the dilation of the central channel of the NPC. (C) Localized changes in channel diameter
by a-helical sliding in response to transport of cargo (red spheres) across the central channel (green).

hinding ol transpon factors and substrate o FG
repeats is coupled to sliding of the amphipathic
helices i the penmeter of the transpon channel,
The shiding of such a-helical regions may
extend 1o other nucleoporins, because the expon
of preribosomal subunits has been shown to de-
pend on the yeast homologs of Nup38 and
Nuph2 (27), as well as the cotled-coil domains
of Nup214 and Nup88 (28), Our hypothesis of
large-scale shiding Facilitted by a-helical sur-
laces to adjust the diameter of a wansport chan-
nel for the passage of cargo is o our knowledge
not found elsewhere and may be limited 1o
macromolecular transpornt across the NPC,
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Magnetic Molecule Isolation System

The MultiMACS Separator is a magnetic molecule isolation instrument for manual or
automated use. Up to 96 samples such as mRNA, protein, virus particles, or biomole-
cule complexes can be extracted and purified in parallel via gentle, column-based
procedures, This compact instrument can be integrated into robotic systems or oper-
ated manually on the bench, and centrifugation and vacuum steps are not needed.
The isolation procedures rely on the small, paramagnetic MACS MicroBeads coupled
to oligo (dT), protein A, protein G, streptavidin, or antibody molecules. Even small
amounts of target molecules are captured.

Miltenyi Biotec For information +49 2204-8306-0 www.miltenyibiotec.com

Genotoxicity Screening Assay
GreenScreen HC is a novel human cell-based
genotoxicity screening assay. Developed in a
simple microplate format requiring less than 1
mg of compound, the assay is easily automated
using standard laboratory equipment. According
to the manufacturer, the GreenScreen HC's com-
bination of high specificity and sensitivity make
it the first in vitro mammalian cell assay suitable
for early candidate screening. The test is designed
to avoid the high number of positive results that
can lead to lime-consuming and expensive ani-
mal studies al the preclinical stage.

Gentronix For information +44 161 606 7268
www.gentronic.co.uk

Real-Time PCR System

The StepOne Real-Time PCR System provides an
easy and cost-effective way to conduct real-time
polymerase chain reaction (PCR) experiments in
a variety of applications that include gene
expression, viral load, and genotyping experi-
ments. Beginning users can benefit from the
intuitive software wizards thal guide them
through set up, operation, and analysis. Experi-
enced users seeking a personal real-time PCR
system can customize experiment design param-
eters such as thermocycling protocols and
nucleic acid template types. The low-throughput
system features a space-saving small footprint.
Applied Biosystems For information
800-327-30022 www.appliedbiosystems.com

Faster RT-PCR

Fastlane Kits streamline real-time reverse tran-
scription-polymerase chain reaction (RT-PCR}
analysis of cultured cells. By eliminating the
need for RNA purification, the kits allow users to
carry out real-time RT-PCR directly from cell
lysates. The kits are suitable for experiments
requiring rapid, high-throughput gene expres-

sion analysis, such as validation of small interfer-
ing RNA-mediated gene knockdown. The kits
take only 12 minutes to prepare cell lysate,
which can be used directly in reverse transcrip-
tion or in real-time, one-step RT-PCR. To ensure
reliable gene expression analysis in subsequent
real-time PCR, RNA is immediately stabilized
upon cell lysis and genomic DNA is effectively
eliminated using a novel buffer.

Qiagen For information +49 (0) 21033-16410
www.giagen.com

Homogenizer

The Dispomix instrument for sample homoge-
nization and dispersion combines sterility with
safety and ease of use. The closed, disposable
Dispomix Tubes protect the sample and the
emvironment from the moment of sampling to
the final product transfer without the need for
further sample manipulation. A septum ensures
clean liguid transfers prior to and after the pro-
cessing on the Dispomix Drive. The tube effec-
tively avoids cross-contamination, aerosols, or
contact by personnel with potentially infectious
or toxic material.

Xiril For information +41 55 254 7777 waw.xiriLcom

Orange Fluorescent Dye

A novel orange fluorescent dye can be used as a
nuclear stain with living cells or as a cell loca-
tion dye to define cell perimeter in a variety of
cell-based assays. Water-soluble and mem-
brane-permeable, CyTRAK Drange is suitable
for live-cell imaging applications such as
nucleus/cytoplasmic and cyloplasm/ecyloplas-
mic membrane translocations, nucleus/cyto-
plasm translocations, and cell/cell boundary
interactions as well as cell-based high-content
screening and high-throughput screening,
fixed-cell, and fluorescence in situ hybridiza-
tion assays. This versatile fluorescent dye is

compatible with existing protocols and usable
across a wide range of imaging platforms. It can
be wsed in live cells in combination with com-
mon fluorophores such as green fluorescent pro-
tein fusions, fluorescein isothiocyanate (FITC)
labeled antibodies, and far-red dyes. It permits
the rapid staining of the nuclei of live or fixed
cells, fluoresces at 615 nm, and is stable both
photochemically and biologically. No cell lysing,
washing, or ribonuclease is needed for use.
Axxora For information BO0-200-0065
WNH.AXX0MA.C0m

Modular Detection Platform

The Paradigm Detection Platform is a modular
system that allows easy configuration by the
user, It features a selection of cartridges that can
be interchanged in less than five minutes to meet
different assay needs. Designed for labs with
mulliple users and applications, the high-
throughput detector can read in formats from &
to 1536 wells. Eight different cartridges will be
available, based on detection modes including
fluorescence polarization, time-resolved fluores-
cence, dual-fluorescence (including fluorescence
resonance energy transfer), and luminescence.
A monochromator-based absorbance cartridge
will also be offered. The system software comes
with a portfolio of generic protocol templates for
the most common detection measurements.
Assay protocols for third-party chemistry kits are
also included.

Beckman Coulter For information 714-993-8955
ww.beckmancoultercom

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 AAARS of any products or materials mentioned is not
implied. Additional information may be obtained from the
manufacturer or supplier.

www.sciencemag.org SCIENCE VOL 315 23 MARCH 2007

| __\NEwpPRODUCTS

www.sciencemag.org/products

1733



3
:
0
:
g
&

ScienceCareers.org

Classified Advertising

From life on Mars
tolife sciences

For full advertising detals, go to
wwLsCiencecaneersong and click on
For Advertisers, or call one of our representatives,

United States & Canada

E-mail: advertise@sciencec areers.org
Fax: 202-289-6742

IAN KING Sales Manager/Industry
Phone: 202-326-6528

DARYL ANDERSON West/Midwest/Canada
Phone: 202-326-6543

ALLISON MILLAR Mortheast/Southeast
Phone: 202-326-6572

Europe & International

E-mail: ads@science-int.couk
Fax: +44 (0) 1223 326532

TRACY HOLMES 5ales Manager
Phone: +44 (0) 1223 326525

CHRISTINA HARRISON
Phone: +44 (0) 1223 326510

SVITLANA BARNES
Phone: +44 (0) 1223 326527

LOUISE MOORE
Phone: +44 (0) 1223 326528

Japan

|ASON HANNAFORD

Fhone: «81 (0) 52-757-5360
E-mail: jhannaford@sciencemag.jp
Fax: +81 (9) 53-757-5361

To subscribe to Scemce:
TIN5 Canadacall F02-3 266417 or 1-B00-T31-493%
Inthe rat of the world call «44 i) 1223306515

Soienoe muioes owery of fo 10 sCmen it5 ads for offeahe
and |t SsCrimis ory Linguape in scoomaaoe with LS
and nondl 5. liw. Sinie we ahe aa RS rational foursad,
Wap iy see s brom noas UL 5. comtnes thal seques
appleations e speiife demagraphic froupd. Since U5
Ly St S8 APy 1 SERET CUT A W [y B3 3400
maodaie recruiting practioes of of her couniries. However,
W ETMDErAgE DuT Aeaders bo alest us b any ads tat they
feel re dbcriminatony or olfensie.

ScienceCareers.org

We know schersoe | \FY¥T

1734

23 MARCH 2007 VOL 315 SCIENCE

POSITIONS OPEN

Skidmore College secks an ASSOCIATE DI-
RECTOR for its Microscopy Imaging Center
(SMIC). The successtul candidate will be cxpecred
to help run our microscopy facilitics and work with
faculty and students in microscopy-based teaching
and rescarch activities. The ongoing job dutics will
consist of maintining the microscopes, image cap-
mire systems, preparatory equipment, and labora-
torics of SMIC, The Associare Direcror will help
prepare and process materials for microscopy, train
individuals on different microscopy systems, and
maintan our image archives and website. The Asso-
ciate Dircetor will also participate in teaching and
grantwriting uppnrtuniliu as tome permts. SMIC 1=
an integratcd unit with fluorescence, confocal laser
scanning, scanning clectron, EDS .md transmission
clectron microscopy (TEM) “facilitics.

Candidares must have a Master’s or Ph.D. in the
natural scicnoes, preferably biology or micropaleon-
tu]ng\ and signiticant prcru.nu. i mcroscopy and
microscopy-based preparation protocols. TEM and
ultramicrotomy skills are highly desirable.

Please send curnculum wvitac, three letters of rec-
ommendation, and a portfolio or publications demion-
strating proficiency in light and electron microscopy.
Application review will begin on Aprl 15, 2007, and
will continue untl the positon is filled.

Mease send applications to: Dr. David Domaoeych,
Department of Biology, Skidmore College, 815
North Broadway, Saratoga Springs, NY 12866,

PMease note: This position is subject 1o May 2007
budger approval,

Shiddnrore Colloge &5 comnritted to being an fnchisive campais
commniimity and, as an Egqeal Oppornniry Bmplayer, does not
dizeminsimare i ity lriving or ensploynrem pracices on the basis of

I-gru.!rr. e or rr.rrrmr'r]'. colar, aatdoeral argEn, r|'|'JI1_'::lr|, e,

dizability, faomily or prarieel sre, or sexrl omfeation,

FACULTY POSITION in NEURAL and BE-
HAVIORAL SCIENCES. The Mennsvhvania State
University, College of Medicine, Depantment of New-
ral and Behavioral Sdences, in conjunction with the
Program on Educaton in Human Seructure, in
Hershey, Pennsvlvania, invites applications for a
tenure-cligible faculty position at the ASSISTANT
PROFESSOR or ASSOCIATE PROFESSOR
level, Candidates must hold a Ph.D., M.D., or cquiv-
alent degree. Candidates should have experience in
teaching gross anatomy and will play a major role in
this ream-taught course. The successful candidare
will be expected to establish an acrive rescarch pro-
gram in neuroscence. The Department of Mewral
and Behavioral Scicnces provides cxcellent facilitics
and opportunities for collaborative rescarch and par-
ticipation in graduate training programs. Applicants
should send curriculum vitae, statement of rescarch
interests and goals, and conmact information for
three refercnces to: Search Committes, Depart-
ment of Neural and Behavioral Sciences, H109,
Penn State College of Medicdne, P.O. Box 850,
500 University Drive, Hershey, PA 17033.
Closing date for applications: May 15, 2007. For
vour health, Hershey Medical Center is a smokefree
campus. Pom State is commitied o Affimeative Action,
Equad Opgrortnity and the diversity of its worffonee,

ANATOMY /PHYSIOLOGY INSTRUCTOR

Santa Monica College is aceepting applications for a
full-time, tenure-track Anatomy/Thyisolopy Instructor
for fall 2007, Will teach lecture Maboratorny courses in
human anatcmy and human physiology, Master's in
any biological saence, or Bachelor's m any biological
scicnoe and Master's in biochemistry, biophysics, or
marine science, or the equivalent. A strong back-
groand in haman physiology is prefored, Salary is
543,798 w 5103,536. Deadline to apply: April 17,
2007, For a districe applicaton and  complete job
descnprion, please call telephone: 310-434-4336, or
write to Santa Monica College, Human Resources,
1900 Pico Boulevard, Santa Monica, CA 90405, or
visit the website: htpe/ Swww.smeedu. Eguel Oppor-
funiry ﬂ:'rrJIJnrJ'r:

POSITIONS OPEN

ASSISTANT /ASSOCIATE PROFESSOR of
MICROBIOLOGY

Oklahoma State University Center for Health
Saences, College of Osteopathic Medicine, is seck-
ing to fill a full-time, tenure-track faculty position in
the l'h.pnrtmn..nt of Bischemistry and Llur:}l\u:lnp
This position requires a Ph.1, degree in microbiology,
relevant postdoctoral expenience, and a demonstrated
potential for excellence in both medical mycology
weaching and rescarch, Interested candidates must
apply online at website: hops: / fjobs.okstate.edn,
job number 02870, Affimuive Action/Equal Opgrortar-
mity Employer.

ASSISTANT PROFESSOR
Microbiology and Cell Science
DIRECTOR
Electron Microscopy and Bioimaging Laboratory
University of Florida

The Microbiology and Cell Science Department
and the Interdisciplinany Center for Biotechnology
Rescarch (ICBR) ar the University of Florida invite
applications for an Assistant Professor tenure-track
position to develop an externally funded research
program in bioimaging and direct ICBR microscopy
core faality.

Technical support staff will be provided to
perform the daly service tasks of this ICBR rescarch
facility. As Director, the incumbent will be charged
with sctting the vision and acquiring the resources
necessary to make this TCBR facility among the best
in the nation. Candidares with interests in applying
modern bicimaging technology, including elecrron
microseapy, to important problems in cellular and/
or molecular biodogy are especially encouraged to
apply.

Applhcants must have a Ph.D., postdoctoral ex-
perience, and a strong publication record. The suc-
cessful candidate 5 cxpected to participate in our
undergraduate and graduvate programs. A vy com-
petitive starmup package and salary are available to the
successful candidate. Details of the Deparoment and
ICBR may be found ar websites: hup:/ /microcell.
ufledu and hop: //www.biotech.ufl.edu. Submin
applicarions as a single PDF file containing a cover
letter, curriculum vitae, and summary of research in-
terests to Dr. Peter Kima (e-mail: pkima@ufl.
edu). Three letrers of reference should also be senr
dircetly to e-mail: pkima@ufledu. Review of appli-
cations will begin on Apnl 2, 2007, The Univemity of
Florida is an Bl Chpprartienity furpf.l]u.

FACULTY POSITION
University of Wisconsin, Madison
Veterinary Pharmacology

The Department of Comparative Biosciences,
School of Veterinary Medicine invites applications
for a tenure-track faculty position (ASSISTANT or
ASSOCIATE PROFESSOR). Qualifications in-
clude Ph.D}. or equivalent, postdocoral expencnce,
commitment to excellent teaching, and ability to
develop an extramurally funded research program.
Preference will be given o rescarch arcas comple-
menting existing deparrmental strengrhs, Teaching
responsibilitics nclude partdpation in veterinary
pharmacology instruction. To apply, send curdeo-
lum vitae, brief statements of research interests and
teaching philosophies, and three letters of reterence
to: Gordon 5. Miwhell, Chair, Department of
Comparative Biosciences, University of Wiscon-
sing 2015 Linden Drive, Madison, W1 53706.
Apply by April 20, 2007, For addinonal information,
sce website: horp:/ Swww.ovetmed.wisc.edu,/
iﬂb&.hlﬂll. .'E.I.IMII l'Jppwﬂr.lu!r-".-”i'jnu.lml.' Action J:'mﬂp}\:r
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e NATIONAL INSTITUTES OF HEALTH

UPCOMING JOB OPPORTUNITIES
-’ Department of Health and Human Services
National Institutes of Health (NIH)

National Institute of Dental and Craniofacial Research (NIDCR)

The Office of the Scientific Director (05D, Division of Imramural Rescarch (DIR ), National Institute of Demal and Craniofacial Rescarch (NIDCR) secks a Deputy
to the Scientific Director {Senior Investigator eligible or Sentor Scientist, Cat. 1) The mission of the DIR is to improve oral, dental and cramiofacial health through re-
search, research training, and the translation of discoveries to the public domain. The Division accomplishes this mission by 1) performing distinctive basic and
clinical research that emphasizes high quality and relevance 1o health; 2) training the next generation of researchers in s laboratories and clinic, and 3) translating
the results of its rescarch through pubhcations and technology transfer.

The meumbent will serve as the Deputy Scientific Director for NIDCR wath responsibility for management of a large scientific program and full delegation of
authority 1o act for the Scientific Director, DIR, in matiers rélated 10 the overall operation of the Institute s intramural research program. Specific responsibilities
include aspects of administration that suppon and fagilitate the DIR scientific mission. These may inclode, for example, coordinating reporting activities, assisting
in budget preparation, preparation of the institule’s Emergency Response Plan, overseeing renovations, serving asa ligison to the Executive Secretary 1o the Board
of Scientific Counselors in preparation for reviews, reviewing and approving routine administrative actions and, when necessary, substituting for the Scientific
Director in representing the NIDCR/DIR. The incumbent may be supported 1o carry oul a focused independemt research program, with associated effort being
consistent with the duties of the Deputy Scientific Director. I the area of the individual s research expertise is appropriate, then (s)he may be involved in assisting
in the planning and evaluation of the Division’s research programs.

Applicants must have a DDS/DMD/MD/or Ph.D. degree and documented experience in leading an independent rescarch program, as well as an interest and will-
ingness o suppont the basic and elinical research programs of the NIDCR/DIR. In addition, they should have knowledge of all policies and procedures of the NIH
mtramural program.  Applications from minoerities, women and persons with disabilities are encouraged.

Applicants should submit a current CV, Bibliography and the names and contact information for three referees to! Pamela Melnnes, DDS, MSe.(Dent.), Search
Committee Chairman, Director, CIBID, NIDCR, Bldg. 45, Room 4AN-12B, Bethesda, MD Z0892-6402, Tel: 301-594-2419 Fax: 301-480-831%9, Email:

pmcinnesinider.nihagoy. Applications will be accepted until May 4, 2007, Salary commensurate with qualifications and experience.
Moare detailed information about NIDCR can be oblained on our Home Page. Visit us at:

hitp: fwww.aider.nih.gov/Rescarch/Intramural/

NIDDK @)

Signal Transduction & Molecular Genetics
in Tumorigenesis

Postdoctoral Fellowships are available in the Division of Intramu-
ral Rescarch, NIDDK, NIH. Members of the Metabolic Discases
Branch of NIDDK helped discover two genes causing hereditary
endocrine cancers (MEN] and HRPT2). Efforts are directed at the
function of menin, the encoded protein from the multiple endocrine
neoplasia type 1 (MEN1) tumor suppressor gene. Beginning with
protein-protein interaction methods and laer using models: such as
from mousc-breeding, several menin pariners have been idenuficd.
This lab also collaborates extensively with other labs on the XIH
campus to study endocrine tumors. The positions involve creativity
and laboratory expertise with cutting-cdge methods. Applications are
ivited from individuals of the lighest caliber who have obtained
a Ph.DD. or MDD, degree within the last 5 vears. Salary and benefits
will be commensurate with the experience of the applicant. Interested
candidates should send their curriculum vitae, list of publications, a
letter stating their interests and the names of three references to the
appropriate individual by e-mail or by regular mail (Stephen Marx
MD, Bldg. 10 Rm. 9C101, NIDDK/NIH, Bethesda, MD 20892:
Marxsi mail. NTH.gov).

" Deputy Director
Fogarty International Center (FIC)

The NIH is seeking exceptional candidates for the position of Deputy Director, Fogany
International Center {F1C) w0 advance healih through imemational scientific cooperation
and 1o promode and support scientific research and raining internatonally to reduce dis-
paritics in global health. This position offers a unique opportunity for the right individual
1o assist the Director, FIC in providing strong and visionary leadership o an orgenization
dedicated to miemational health and global collaboration, This position serves as Deputy
1o the Director, FIC incoordination of all activities reluted to the mission and fenc tions of
the Center, in the development and execution of plans and policies of the FIC and in the
allocation of resources. The Deputy Director provides expen advice and counsel to the
Director on the development of and opporiunities for international research and research
capacily building; on the development and coordination of inlemational agreements in
which the NIH panticipates: and on the development and dissemination of information,
nationally and isternationally, on the Center’s intemational research and training -
tivis, Applicants may browse the FIC Home Page at hupe/www, fic.nibogov. Applicants
must possess an MO, PhuD., or equivalent degree and be an experienced administrator
with a broad intermational programmatic or scientific background; able to interact with
full authority; have the demonstrated capability wo plan and direct programs of interna-
tional imponance; and have the ability to communicate with and obtam coopertion of
the public, private and international organizations and individuals from the interational
sector. Salary is commensurate with hisher qualifications and experience. Full Federal
benefits mcluding leave, health and life insurance, long-term care insurnce, retinement,
and savings plan (401K equivalent) will be provided. A detailed vacancy announcement
that meludes application procedunes s available &t httpdwww.jobsnihgov (under
vacancy announcement FIC-07-174209). Questions may be addressed w Ms. Yolette
Lee, 301-594-2792 e-mail: leeyolim mailnih.gov. CV and bibliography, including a
statement addressing the qualifications, must be received by April 30, 2007.

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS




James Graham Brown Cancer Center
Tumeor Immunology
Faculty Position

A tenure-track faculty position ot the rank of Assistant Professor has
opened ina collaborative research group focused on cellular and molecu-
lar tumor immunology, The successful candidate will be provided with
generous stan-up funds, a competitive salary, a primary tenure-track
academic appointment in the Depanment of Microbiology and Immunol-
oy within the School of Medicine, and ample research laboratory space
in proximity o the extensive core facilities of the Brown Cancer Center.
Successful candidates will have, or be expected o establish, a produc-
tive extramurally funded research program and will bring teaching
and mentoring capability 10 the immunology Ph.D. graduste program.
Preference will be grven to candidates with current NCT funding and‘'or
who are capable of establishing collaborative research interactions with
several ofthe existing members of the Tumor Immunobiology Program.
The rank of Associate Professor will be considered for individuals who
have an established research program and significant ex tramural research
funding. Additional mformation on the rescarch progrmms may be found
at httpzfwww louisville.edu/medschoolimmunology and hitp:
Hbrowncancercenter.org bee2 05 rescarch/progranaspy.

Applicanis must have 2 or more vears of postdoctoral research expen-
ence with elearevidence of productivity and fundability. The search will
remain open until the position is filled. Applicants should send a v
containing an abstract of research interest 10 bobstout(@ louisville.cdu
and arrange for 4 leers of reference to be sent to:
Raobert [ Stout, PhO., Professor and Chairman
Department of Microbiology and Immunology
School of Medicine
University of Lovisville, Health Sciences Center
Louisville, KY 40292

University of Lowisville is an Egeal Opportanite Emplover;

UNIVERSITYOF
BIRMINGHAM

School of Biosciences

We invite applications from outstanding candidates for
three academic positions, as follows:

Chair in

Molecular Cell Biology Ref: H38137
Readership in
Molecular Ecology Ref: H38138
Readership in
Proteomics/Genomics Ref: H38139

Informal enquiries may be directed to the Head of School,
Professor John Heath on tel: 0121 414 7533 or
e-mall |k heath@bham.ac.uk

We plan to hold interviews in late May/early June.

Further details and the procedure for applying can be
obtained from Sally Johnson = +44 (0)121 415 8116;
fax: +44 (0)121 414 7043;
emailsenior-appointments@bham.ac.uk;

web: wwwhr.bham.acuk/jobs

Closing date: 30 April 2007.
A University of Fairness and Diversity

Work-Life Balance Award Winner 2003 and 2004, 5W¢“
By

MRC Laboratory for Molecular Cell Biology
Group Leaders

We are seeking new Group Leaders with research interests in Molecular Cell
Biology. The posts will be ideal for scientists with three o six years
postdoctoral research experience wishing 1o establish independent research
careers, but established Group Leaders will also be considered.

The MRC Laboratory for Molecular Cell Biology is located in modern
resgare b Gacilite s on the mam University College London (UCL) campus in
central London, It currently houses the MRC Cell Biology Unit (cight
laboratorics), as well as groups funded by Cancer Rescarch UK, The Royal
Society and The Wellcome Trust through UCL. Work in these groups is
focussed on understanding fundamental aspects of cell biology and their
relation to human disease. The new Group Leaders will be selected o
enhance or complement the curremt research arcas. The LMCEB has an
mteractive environment, excellem facilities, with particular expentise in
imaging, an innovative four-year Graduate Programme and close links o
the UCL scientific community. Further information on the Instituie can be
found a htt pafwww.oclacuk/LMCB/. Informal enguiries can be directed
o Professor Mark Marsh {m.marsh®@wcl.ac.uk ).

Successful applicants will be expected to win competitive personal fellowships
fronm funding agencies such as The Welloome Trust, Cancer Rescarch UK or
the MRC. Applicams should send a full Curriculum Vitae, a brief outline of
research mterests, and the names and addresses of four referees 1o:
Professor Mark Marsh
MRC LMCE, UCL, Gower Street
London WCIE 6BT, Uk
Closing date: 1 May 2007
UCL Taking Action for Equality

mrprL. Max F. Perutz
Laboratories

a\lh

The Max F. Perutz Labormtories (MFPL) are a joint venture of
the University of Vienna and the Medical University of Vienna.
MEPL was created to strengthen rescarch and (raining at both
Universities and o provide fertile grounds for new developments
in the molecular life sciences (for more information please visit
us online at www.mfpl.ac.at),

Faculty Openings

Junior Group Leader Positions
(Molecular and Cell Biology)

We invite outstanding scientists in the ficld of Molecular and Cell
Biology, covering all rescarch areas that seck to understand cellular
functions at the molecular level.

Group leader positions are offered initially for five years and
include imernationally competitive salaries and a generous stan-
up package.

Applications should include a CV, a brefl summary of past rescarch
and Tutere plans, up to three representative papers, and the contact
addresses of three referces. Please email your application 1o
positions @ mfpl.ac.al. c/o Graham Warren, Closing date lor
applications is May 1, 2007,

MFPL wants (o increase s share of female rescarchers and we
cxplicitly encourage women to apply for these group leader
positions.

) iversitat - (s




Forschungszentrum Karlsruhe
in der Helmholtz-Gemeinschaft

&

Universitat Karlsruhe (TH)
Research Unh’ﬂrﬂl‘r - founded 1825

The Karlsruhe Institute of Technology (KIT) invites
applications for the joint positions of

Director
of the Institute for Biological Interfaces at the Forschungs-
zentrum Karlsruhe

and

Professor (W3) of Molecular Biology
(Nanobiology)

at the University of Karlsruhe (Technical University).

Applicants are expected to have a strong scientific re-
search profile in the field of nanobiology, for example in the
areas of molecular or cellular interactions at nanostructured
surfaces, or the nanostructuring of biclogical multifunctional
materials. The successful candidate will head the Institute
of Biological Interfaces (IBG) at the Forschungszentrum
Karlgruhe. The research activities of the IBG form a major
part of the Forschungszentrum’s Nanobiology Program.
The IBG, the Institute of Toxicology and Genetics and the
Nano and Microsystems Program of the Forschungs-
zentrum work tightly together with the CFN (Center for
Functional Nanostructures) excellence cluster of the
University of Karlsruhe to promote the close cooperation
of groups working in the fields of biclogy, chemistry, physics,
material science and electrical engineering. These research
activities from the Forschungszentrum and the University
of Karlsruhe will be integrated into the Center for Nano-
science of the Karlsruhe Institute of Technology (KIT).

The successful candidate is expected to take part in the
teaching of molecular bioclogy at the Faculty of Chemistry
and Biological Sciences of the University of Karlsruhe.
Habilitation or eguivalent scientific expenence is expected.

We are an equal opportunity employer, but as we wish to
increase the proportion of females in higher management
we especially encourage qualified women to apply for
this position. In the case that applicants are equivalently
gualified, handicapped candidates will be selected pre-
ferentially.

Applications including information about the candidate's
previous research and lecturing experience as well as
reprints of five major publications should be addressed to
Professor Dr. Reinhard Maschuw, Chairman of the
Executive Board of Forschungszentrum Karlsruhe
(acting head), Postfach 3640, 76021 Karlsruhe,
Germany by May 04, 2007.

| Internet: www.fzk.de

Ruhr-University Bochum

Germany's Excellence Initiative

".
Research
School

1. International Call for
Research School Fellowships

| Research School scholarships are offered as
employment contracts for

| Met salary after taxes approx. 1.100 € per month
[E13/2 TVL)

| Net salary for engineers efter taxes approx. 1.800 €
per month [E13 TVL)

| In addition 1.000 € p.a lump sum for consumables
and travel

| PhD fellowship for three years

Deadline for application is April 30, 2007.
Details on the research fields and admission procedure can be
obtained at www.rub.de/research-school /application.html|

Life Sciences

| Macromolecular Networks

and regulatory pathweys | biotech-
m: protain mﬂlrm'h
| mwmm

mml’ NBUrGECIBNGS | PercapLon,
f and mamory | developmant and
plasticity of Nerous Systom

Humanities and Social Sciences

| Biomadical Ethics and Public Health
ciiltura, raligion and iliness | mtercultusal
beo-ethics, end of life msums in chiness
| meuroethics, clnical ethi

| Drganisation and Transformation
of Semantic Spaces

| Religion and Secularisation

empiricalsocial ressarchiesp. quantitative

methods). Sociology of relio

| Human Security in the Process
of Globalisation

effects of globalisation on growth and dis-

tribution in countries [quant-

LativE BpproBches

Tha coordination s handled by the Central Coordination Oifice [CCO) of the
Ressarch School. Further details regarding the announcement can be obtained

Bt waw_rub.de/stalenboerse. htmi
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Physiology and Biophysics Faculty

Stony Brook University's Depariment of Physiology and Biophysics, School of
Madicine, invites applications for two tenure-track positions at the assistant or
associate professor level. The Department of Physiology and Biophysics maintaing
facilities for faculty that include a confocal microscopy core (FCS. molecular
tweezer, and TIRF) and a biochemical core. In addition the: Institute for Molecular
Cardiobogy is housed with the Department of Physiology and Biophysics with
transiational research interasts that inclede cardiovascular physiology and stem
cell biology. The Medical School also provides a variety of services including
fluorescence associated cell sorting (FACS), ONA sequencing facilities,
proteomics, and gene chip analysis.,

First position will have primary appointment in Physiology and Biophysics. We
are interested in outstanding clinician scientists with interests in human genetics,
pediatric cardiology, cardiac electrophysiology, signal transduction, or systems
physiotogy research bul will consider any qualified candidate, The successiul
candidate will be expected to maintain an extemally funded research program
and participate in medical education with limited clinical responsibility
Required: M.0., M.D/Ph.0., or equivalent, board certification. Clinical
respansibility will be limited 1o 20% in a clinical department appropriate

to the candidate’s clinical expertise.

Second position will have an appointment in Physislogy and Biophysics

with primary respansibility within the Institute of Molecular Cardiology.
Required: Ph.0. or equivalent. Arcas of interest include stem cell biology,
proteomics, signal transduction, heart failure, and cardiac regeneration.
Successful candidates will be expected to conduct a vigorous independent
research program and interact productively with ongoing research programs in
stem cell biology and cardiac regeneration. Candidates with active funding and a
background in proteomics, biochemistry, and cell bialogy are encouraged to apply,
Please send cover letter and C.V. to: Sparch Committee, Department of
Pivwsiology and Biophysics, Health Sciences Center, Basic Science Tower

T6-Aoom 140, Stony Brook University/SUNY
Stany Brook, NY 11794-8661 ST“NY
|it

Equal Opportunity/Alfirmative Action Employer
Visit www.stonybrook eduw/io 1o apply enline and
for employment information

Ml THE ROYAL
)J& SOCIETY

Support for collaboration between UK and India

For many years, the Roval Socicty has supponed collaboration with India

through shor visits, networks, joint projects and the Incoming International

Fellowships scheme. More information on these ongoing activitics can be

found on our website: www.royvalsoc.acukfunding,

In order to further strengthen scientific links, the Royal Socicty has recently

entered into an agreement with the Indian Councal for Sciemtific and Industrial

Rescarch (CSIR) to support a number of UK-India joint projects and

fellowships:

B Joint Projects support collaborative research between UK and Indian
scientisis. Funding is available to cover the mobility cosis of UK
researchers and Indian researchers based in CSIR institutes (o engage
O i Project Spanning two years,

Deadline: 13 June and 13 December 2007

B C5IR India-Royal Society, UK Industrial Research Fellowships aim 1o
foster science and technology links between the Uk amd Incia, and in
particular 1o enhance knowledge transfer in science and technology
between CSIR laboratories and UK industry andfor academia.

O Indian scientists holding a permanent position at a CSIR institute
can spend between 6-12 months working either in UK industry, a
UK research institute or higher education
instilute.

O UK scientists based in industry, a UK research institute or higher
education institute can spend between 6-12 months at o CSIR
laboratory in India.

Deadline: 3 May 2007

For more information on these Joim Projects and Fellowships, please visit
the Roval Society website: www.orovalsoc.ac.uk/CSIR, or email
international @ rovalsoec.ac.uk

Posilions Available
Division of Experimental Medicine
Immunology of Chronic Infectious Diseases

The Department of Medicme of the University of California San Francisco
is estoblishing o Division of Experimental Medicine with its laboratory
space based at San Francisco General Hospital, not far from the new
Mission Bay campus. The Division welcomes applications from physician
scientists and PhD sciemtists engaged in hypothesis-driven, patient- or
disease-oriented research on the immunology of chromic infectious
disesses in humans. Appointments will be made ot the Assistant to Full
Professor level in the In-Residence senes, depending upon qualifications,
Successful candidates will also become members of the UCSF Graduate
Program in Biomedical Sciences. Particular attention will be devored 1w
those who could assume the role of Associate Director, wath
responsibilities to help the Director form the program, providing leadership
and mentorship o the staff. Expenence in management of karge wcams
required. Favorable attention will also be devoted to those applicants who
could serve o= a foculty sdvisor and supervisor of the following core lab
functions; Flow Cytometry Core P containing a high-speed multiparameter
cell sorer and several multiparameter flow evtometers. Animal Model
Core P providing animal models of chronic infectious discases on site amd
collaborating with other animal model cores elsewhere. Core Immunology
Lab P focused on the analysis of immune phenotype and function in
humemns.

Applicants musi have a MD and'or a PHD and demonsiraied poieniial io lead an
independent rescarch program. Nationally compentive stan-up packages arc
available. If intercsied, please send CV and three letters of reference to:
JALIMike) MceCune, MD, PhD, Chicf, Division of Experimental Medicine,
Departiment of Medicine, University of Calilfornia at San Francisco, Chair,
Translational Rescarch Search Committes, Bldg 3, Rm 602, San Francisco
General Hospital, 1001 Poirero Ave., San  Franciaco, CA  94110;

mmecun e gladstoneucsfedu.

I'J!L'.'S.F PP nrduhunrl"‘.k sl ;'l;rn'ﬁrn'. !n.'-l::ﬁmx. n'\-n:n.'ulr. e 4':lmn]¢rurll'!.l SErCE
Tuzs prepared Hem fo condribute fe owr commmibiment o diversity and excellence. The
University s an Equal Opportenity/Afirmative Action Employer. All qualified
applicamis are encoereged to apply, inclwding mimorilies and woner,

NATURE PUBLISHING GROUP SEEKS
MARKETING MANAGER

Nature Publishing Group, publishers of Mature, the world-renow ned weekly
journal of scence, and a family of related saentifie purmils, seeks a Marketing
Manager to drive the sales and promotion of the Nature family of journals in
Japan and throughout the Asia-Pacific region. The Marketing Manager will
be based st NPG Mature Asia-Pacific in Tokyo, the he adquaners for Nature's
Asia-Pacific operations.

The Marketing Manager will occupy a senior position managing a
comprehensive marketing program to promote NPG journals, and in
particular, the senes of physical science titles (Nature Photonics, Nature
Manotechnology, Nature Physics and Nature Materials) published under the
Muture brand, NPG has been aggressive in adding new titles 1o its list in
recent years, with the latest journal (Nature Geoscience) scheduled for
publication beginning in January 2008, This is a challenging position,
requiring the opening of new markets to g quality product.

Applicants should have an interest in science and strong skills in traditional
marketing methods, including direct mail, as well as web based marketing
tools. Prior expenence in a Marketing position, preferably i a science-
related industry, is preferned. As your key region will be Japan, fluency in
cither English or Japanese, with business-level ability in the other, will be
essentinl. Korean or Chinese language ability would also be desirable, but
are not essential. The candidate should be proactive, willing and able 1o
leamn guickly, and comfortable working in a multi-cultural environment.

The Marketing Manager should be highly motivated and results orientated,
and be ateam player in the Asia-Pacific marketing team. They shall report
1o the Senior Marketing Manager and shall be able to call upon the resources
of the NPG Nawre Asia-Pacific office, which currently has more than 40 full-
time stafl.

A performance-based bonus scheme is also offered. The successful applicant
will be qualified 1o receive reimbursement for relocation expense, Applications,
including a CV and salary history, as well as a statement outlining your
suitability for the position, should be sent by e-mail, fax or post to

Peter Yoshihara, Senior Marketing Manager, NPG Nature Asia-Pacific,
Chiyoda Building 5F, 2-37 Ichigayatamachi, Shinjuku-ku, Tokyo 162-
0843 Fax: +81-3-3267-8746. p.voshihara @ natureasia.com




Life Sciences Careers

@NUS

The National University of Singapore [NUS) is one of the premier rosearch universities in
the Asia-Pacilic. The Office of Life Sciences (OLS) al NUS is aclively ssaking
outstanding individuals to join the University for academic and research appointments.
OLS coordinales, imtegrates and synargizes the various e sciences programmes at
HUS and ils afilaled research instilules. We have opanings lof lenure-rack positions in

Assistanb/AssociabeFul Professomhips.

Department of Biological Sciences
Faculty of Science

Faculty Search
The Departmeanti of Biological Sciences,National University of Singapore

(MUS)invites applications for tenure-track faculty positions at Assistant

Diseasss Platform Technologles Professorship and Associate Professorship levels,
- : TF Established in 1905, NUS has evolved into a guality teaching and research-
Ageinghim milogy : Birachirl Bokogy | Fovcliossl Ganomics intensive institution,which is internationally acknowledged as one of the finest
biology [ Angicgenesis | Bicengneering / Tissue Engineering universities in the Asia-Pacific.We are the larges! life sciences department in
Haparolegy Irnranclogy MUS and have established state-of-the-art research facilities for structural
Infectious discases Miedicinal Chemistry | Toxicology | Clinical trials biology, functional genomics, developmental biology and biodiversity Faculty

NUS offers compatitive salary package, conducive ressarch envinonment and atiractive
star up lunds comparable to most North American universities. Successiul applicants will

bo appoinied as faculy in related academic departments.

Singapore is 8 vibran! garden city with year round tropical climate and rich multicultural
hetitage. Many lop intermational scienlisls have made Singapare their home taking
advantage of the excelienl aciiities and strong funding suppert for RAD,

Wabsite hilpiwww,.ols.nus odu.sg
Email; olshead@@nus edu.sg

For furthar information, please conlact

Director, Office of Life Sciencas
—— 7 Mational University of Singapore

mambears can expect compeatitive salary levels and generous research
support and start-up packages as ai the lop universities in USA and Europe.

Preference will be given lo applicants who speclalize in the fellowing areas:

1. Structural biclegy and functional genomics, including cryoelection
microscopy and mass spectromelry
Chemical biclogy

Computational bsology and systems biclogy

Environmental toodco

Meurcbiology and stem cells biology

¢ Host-pathogen interaction

Outstanding individuals oral experience and strong commitment
to resgarch and teaching are encouraged to send an application (farm
downloadable from www .nus.adu.sg).along with curriculum vitae,a briafl
research plan azd namas of three axlernal referoes lo:

|k

Singapore

Head,Department of Blological Sclences

o National University of Singapore
14 Sclence Drive 4
Singapore 117543

Republic of Singapore =
Fax: (65) BTTI567T1 = |
Email: dbshead@nus.edu.sg

FACULTY POSITION
Cellular Electrophysiology

Depariment of Cell Biology and
Molecular Medicine

The University of Medicine and Denosery of
Mew Jersey - Mew Jersey Medical School -
Department of Cell Biology and Molecular
Medicing and the Cardiovascular Research
Instituee, is seeking applicants for a tenure or
non-tenure  track faculty position with
emphasis on myocardial and/or vascular
electrophysiology. Applicants should have a
Ph.D,, M.D., or VM and have demonstrated
excellence in basic scence research.

Strong core facilicies in pathology, physiology
and expenimental surgery are avarlable to
support the cellular/molecular sciences

CW's including mames of at lease three references,
and a description of research interests should be
sent to: Stephen F. Vatner, M.D., Chair,
Department of Cell Biology and Molecular
Maedicine, Cardiovascular Research Institute,
UMDN)-New Jersey Medical School, 185
5. ﬂrangd Avenue, MSB Eﬁﬂ?. PO Box
1709, Mewark, M) 07101-1709. E-mail;
vatnersfiPumdnj.edu. UMDN] is an AAED
Employer, MF/D/Y and i3 a member of the
University Health Systems of New |ersey. For
maore information, Vst www.umdnj.edu/hreeb.

UMDN]J

X NEW JERSEY
Y [[] MEDICAL SCHOOL

Linivevairy of Wi & Dustntry ol Mo devisy

Y| Health Sciences Center

NEW ORLEANS

Dean
LSUHSC School of Medicine

The Louisiana State University Health Sciences Center School of Medicine in New Orleans invites
apphcations and nommatons for the posinon of Dean of the School of Medicine, The successful
candidate will be responsible for all facets of activity in the school, mcluding undergraduate medical
cducation, resident and fellow progrom acereditation, continuing medical education, faculty recruit-
ment and retention, climical practice development in public and private venues, and nuriuring and
development of basic science, clinical science and translational research programs. The successful
candidate will also be responsible for the finances of the School of Medicine. The successful can-
didate will work with the Chancellor’s Office and Dean’s Office adminstrations, provide oversight
and leadership to the faculty group pracuce (LSU HealthCare Network ), and mterface with vanous
hospital entities and therr admamstrations, The successful candidote must be capable of representing
the School of Medicine to various diverse agencies and constituencies. The successful candidate will
have a MDD, PhD or MD/PhD and will also be board-centified in his or her specialty and eligible for o
licensed 1o practice n Lowsiana, if relevant. He or she must demonstrate leadership abality, a proven
commitment to education and climical service, and the ability to provide vision for the school that
builds on its histonc strengths, Achievements in teaching, multi-disciplinary collaborative rescarch,
mentorship, and administration that promote an imclusive environment are essential. The successful
candidate must be gualified to be appointed at the professonal rank in aceordance with School of
Medicine and LSLT System cntenia; the compensation package will be competitive.

Candidates should provide a Curriculum Vitae including o full list of admimistative accomplishments
and scientific pubhications, and a bnel statement of educational, research, service, and admimisirative
interests, skills and strengths. These matenals should be forwarded electronically or by conventional
mail o Kurt Varner, PhD, Professor and Interim Head, Department of Pharmacology, LSUHSC
School of Medicine, 1900 Perdido St., New Orleans, LA 70112; kvarnei@ Isuhsc.edu.

Review of applications will commence immediately and will continue until the position is filled.

LSUHSC iv an Equal Opportiitv/Affirmarive Action Emplover

£
?
3




Does your next career step
need direction?

have a great new research idea.

Science(C:
We know science

| L . o
TA: .
You know, ScienceCareers.org ) "
: is part of the non-profit AAAS
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g \ Igot the offer I've been
_ dreaming of.
With thousands of job postings, _ i 4
it's a lot easier to track down a / 3
career that suits me S/

y Now what?

I want a career,
not just a job

y

There's only one place to go for career advice if you value the
expertise of Science and the long experience of AAAS insupporting
career advancement - ScienceCareers.org, The pages of Science
and our website ScienceCareers.org offer:

s Thousands of job postings * Funding information
* Career advice articles and tools  * Metworking opportunities

WWW.SCiEﬂCECEII’EEI’S.OI’g




From physics to nutrition

For careers in science,
turn to Science

Looking for a great
science career?

Ll o e i Bbirn o o
Vi wam S e ang

T S i, B  — N e, w5 B s,
& A o e e e et o R e et

-'-"“"-l'--lllﬂ-“ - e i ——
VR . g b

If you wanl your career to bear fruit, don't leave it to  firmly founded on the expertise of Scierice, the premier
chance. Al 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 s the natural selection. WWW.SCiencecareers.org

Features include:

* Thousands of job postings * Resume/CV Database ScienceCareer-s‘Ol-g

= Career tools from Next Wave = Career Forum

We know science RYAAAS

= Grant information




Howdo
Postdocs
Spell

Success?

Here’s your link to career advancement

AAAS s at the forefront of advancing early-career researchers
—offering job search, grants and fellowships, skill-building
workshops, and strategic advice through ScienceCareers.org
and aur Center for Careersin Scence & Technology,

NP4, the National Postdoctoral Association, is providing a
national voice and seeking positive change for postdocs
partnering with AAAS in career fairs, seminars, and other
events. In fact, AAAS was instrumental in helping the NP3,
get started and develop into a growing organization and
avital link to postdoc success.

IFyou're a postdoc or grad student, go to the AAAS-NPA link
to find out how to spell career success.

AAAS.org/NPA

NATIONAL
POSTDOCTORAL
ASSOCIATIDW

MVAAAS




Looking for
Career Advice?

Then don’t forget to read the Science Care
Features for fresh perspectives from leadin;
science writers.

UPCOMING FEATURES:
April 6— Careers in Cancer Research
April 20 — Postdoctoral Careers: Tra
April 27 —Biotech and Pharma

| ScienceCareers.org

Also available online
www.sciencecareers.org/businessfea

2007 Jupiterlmages Corporation

HARVARD UNIVERSITY
Assistant/Associate Professors
Department of Genetics and Complex Diseases

NEUROSCIENTIST

The American University of the Caribbean
{ALIC), School of Medicine, an internaviomally
accredited instinurion with over 3,500 physidan
gradianes, secks a Meuroscientist with a Ph.D.
degree in dther Meumscience, Neuroanatomy,
[ er.l.r::|>|'|}'.\i.u!l|.|-|§|.‘. or an M., dq;hnr with
teaching operience in neuroscience. Al

The Department of Genetics and Complex Discases (GCD) at the Harvard School of Public Health
(HSPH) invites applications for tenure-track positions m the level of assistant professor, Excepticnal
associate professor candidates will also be considered. GCD is a major new initiative in the basic
seiences in the HSPH Division of Biological Sciences. Through imegrative programs in biology and
genetics, the GC D group seeks to generate basic rescarch insights related o complex human diseases.
Current areas of researc h inc lude nutrient sensing. protein translation and degradation. nuclear hormone
receptor signaling, seeretion and vesicular transport, oxidative and genotoxic stress response, DNA
repair of oxidative damage, tumor metabolism, and regulation of carbohydrate, lipid, and energy homeo-
stnsis, Successiul applicants will hold a PhD and/or MD degree and will have a record of outstanding
productivity inan arca that complements the existing research and training goals of the department.
The candidate should possess the ability 10 work collaboratively with other scientists and the scholarly
qualities required 10 mentor doctoral students in the graduste program in the Division of Biological
Sciences. Generous start-up packages and state-of-the-an research facilinies will be available, GCD has
particular interest in recruiting individuals with research interests in the following arcas:

« Aping in model organisms, including mice

Organclle biology and dysfunction, particularly mitochondria or endoplasmic reticulum

Control of protein synthesis, folding, and degradation

Mechanisms of signal processing and integration, especially in the context of encrgy and nutrient
sensing, Muxes and homeostasis

Tumor metabolism

Inflammatory and stress responses with emphasis on chronic metabolic or degenerative diseases
Integrated physiology and genetics of complex discases using cellular or mouse models; for example,
neurclogical degeneration with metabolic dysfunction as an underlying feature

.1.|14|'|!u:|.n1:n dhoadd have 1EIIUI¥ I.'.l.::lfriﬂh.‘t‘ 1
LOME-aconedised medical schools. Candidares
with veaching awards from medical students will
be given p:rli'.'n:l':.l:. We are rﬂr'ti.\:u|.1.r|}'
II'I‘.I'th'Ij mn L'Il'l.llllil.ﬂﬂ “'J'I':l E'I.H\T tlt .‘JIIIt? ]
integrate nouroscience with other basic-clinical
sclences.

The AUC faculty, largely drawn from the U5,
is stromgly commined vo the highest qualiny of
modical education. Cur smident body & quite
culwrally diverses the majorin are ULS. cirizens.
AUC is locaed in Se. Maamen, a 1'll:||!l|.|hrll:|-:u'i.'|l
destination, asily reachod by nonstop fights
from major US. aa-coast dies.  Medical
sudents complete their pre-clinical mining in
St Maareen, and ther dinieal rottions in dhe
1.5, UK, or Irdand.

Review of applicants will begin immediarchy
and continue wnil the position has been filled
Interesied  candidates  should  dearonically
submit a curriculum vita with a brief summary
of teaching interests, and contaa informarion
finr three references w D Susan DeMiesquita,
Chair Meuroscience  Seach Comminee  at
sdemesquita@ancmed.edu.

Visie our website wwwancmed.edu o lcam
more about malicl eduction and |:|-|!1!lm'|u||i-
pies at AL,

www.aucmed.edu

Please send o letter of application, including o statement of current and future research imerests,
curriculum vitae, sample publications. and the names of three references to the following address.
Applicants should ask their three references 1o write independently to this address:
Chair, GCI Search, c/o Julic Gound
Department of Geneties & Complex Diseases
655 Huntington Avenue, Building 11, 107
Boston, MA 02115

™ American University of the Caribbean
; Sekool of Medicne

The Harvard School of Public Health is committed to increasing the representation of womer and
mtinerities in fis foculn, and enconrages applications from smeh candidates.




What’s the quickest
link to advances in
the world of science?

AAAS Advances—the
free monthly e-newsletter
exclusively for AAAS
members.

Each month, AAAS members keep up
with the speed of science via a quick
click on the newsletter Advances.

Look for the next issue of Advances
delivered to your inbox mid month. Look
up archived issues at aaas.org/advances.

Features include:

* Aspecial message lo members from
Alan Leshner, AAAS CED

* Timely news on U.5. and international
AAAS initiatives

* |ust-released reports and publications

* Fulure workshops and meetings

* (areer-advancing information

* AAAS members-only benefits

All for AAAS members only.

aaas.org/advances
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Q. AAAS

WhO’S hElplﬂg bring “ As a child | got very interested in space travel.

When | was six my father gave me some
books on rockets and stars. And my universe

the gift of science

suddenly exploded in size because |
realized those lights in the sky | was
looking at were actually places.

to everyone?

| wanted to go there. And | discovered

that science and technology was a gift
that made this possible. The thrill of most
Christmas presents can quickly wear off. But I've
found that physics is a gift that is ALWAYS exciting.

I've been a member of AAAS for a number of years.
I think it's important to join because AAAS represents
scientists in government, to the corporate sector, and
to the public. This is very vital because so much of
today's science is not widely understood.

| also appreciate getting Science because of the
breadth of topics it covers. It gives me a great
grounding for many activities in my professional life,
such as advising government agencies and

private corporations. ’ ’

Jim Gates is a theoretical physicist and professor at
the University of Maryland. He's also a member
of AAAS.

See video clips of this story and others at

www.aaas.org/stories

5. lames Gates Jr., Ph.D.
Thearetical physicist
and AAAS member

MYAAAS

ADVAMCING SCIENCE, SERVING SQCIETY




Who’s working

for science?

Top quality research depends on comprehensive support.
AAAS is present at every stage of the process — from
advising on funding policy initiatives Lo tracking the U5
Federal R&D budgeting process. As Lhe experls, we
brief Congressional staffers and representatives from

to increase support

governments around the world. And only AAAS Funding
Updates — sent out monthly — provide continual coverage
of R&D appropriations. By actively working o increase
support for research, AAAS advances science.
To see how, go to Www.aaas.org/support

MYAAAS

ADVANCING SCIEMNCE, SERVING SOCIETY
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#» RUSH UNIVERSITY
MEDICAL CENTER

BADIATION ONCOLOGY INVESTIGATOR
Chicago

ity Medical Center is secking a mid

nded, laborarory-based Oncology

Rush Unive

o senior-ley

Investigator,/Faculty Member for the Deparement of

Radianon Oncaology. The successful candidate wall
be cipeaed to collaborte with other oncology
investigators and cliniians, and to pursue trans-
lational issucs approprate to radiation oncology.
Opportunity includes academic faculty  position
with temure; joint appointment with appropriate
basic =cience department; participation in Radiation
Therapy Oncology Group rranshnonal studics; col-
legial environment with seven sendor faculty members;
and competitive salary and benefits. Ideal candidare
will possess cither a PhD), degree or MDD/ Th.ID,

degrees and will have a demonstrated track record of

success in tramslanonal, oncological investigations,
Program bulding s an essential component of this
PI:“II:]':H.'I.

PMease contact: Ross Abrams, M.D., Chairman
and Hendrickson Professor, Department of Radi-
ation Oncology, Rush University Medical Center,
500 5. Paulina, 013 Awium Building, Chicago,
IL 60612-3833. Telephone: 312-942-5771 or
312-942-5751. E-mail: ross_a_abrams@rush.edu.

DIRECTOR
University of California, Santa Barbara
Mational Center for Ecological Analysis
and Symthesis

Applications and nominations are invited for the
position of Director of the National Center for Eco-
logical Analvsis and Svnrhesis, a research center at
the University of Calitornia, Santa Barbara (UCSE).
The Center is supported by the National Sdence
Foundation, matching funds from the University of
California and the Santa Barbara campus, and private
cnbies,

The Center promotes collaborative rescarch on
fundamental questions in ecology and many adjacent
disciplines by supporting visiting scientists in Work-
ing Groups ( about 500 scicniists a vear) and resident
sabbarical (six a vear) and postdocroral associates
(about 18 a vear). The Center also has a large rescarch
and applicanons project in informatics and a Conser-
vation and Feoiree Management Program,

For more information, please visit website: hrepe//
www.neeas.ucsb.edu,

Applications and nominations should be submitted
electronically 1o e-mail: neeas_search@msi, ucsh.edu
and will be accepted until April 16, 2007, or untl
the posiion is flled. Applications should mclude a
letrer of interest, curriculum witae, and mames of three
peaple who have agreed o provide letters of recom-
mendation. The letter of interest should indude a
vision statement for the Cenrer and the applicanc’s
carcer goals, For information about the search, con-
tact: Steve Gaines, Scarch Committee Chair, e-mail:
gaines@msi.ucsbh.edu; telephone: 805-893-3764.

The Center is especially interested i candidares

who can contribute to the diversity and excellence of

the academic commumity through rescarch, eaching,
and service.

UCSE uoan Equal Opportinity A finnatioe Ao
Eimployer,

RESEARCH ASSOCIATE with cxpericnce in
protein purification, Send resume to: MUK, Jain,
Case Western Reserve University, School of
Medicine, 2103 Coriell Road, Cleveland, OH
44106. Must reference job code FF2007. tqual
f.].ﬂ;l:hl]‘rlhl'f;' f.".lrjllllqlrrr.

RESEARCH ASSOCIATE wath cxpencnce in
pathology. Send resume to: V., Pompili, Case
Western Reserve University, Department of Car-
diology, 2103 Comell Road, Cleveland, OH
44106, Must reference job code FFLOOT. Eguad
Clpportipnity Limployer

1748
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POSITIONS OPEN

FACULTY POSITION in QUANTITATIVE
ECOLOGY
Texas A%M University

Department of Wildlife and Fisheries Scences

The Deparement of Wildlife and Fisheries Sciences
at Texas A&M University secks an outstanding in-
dividual to join the faculty as an ASSISTANT
PROFESSOR in quantitative ceodogy. This position
1% a 1 2-month, tenure-track appointment. This new
position is charged with building a successtul teaching
and rescarch program focused on quantitabive ap-
proaches to coology, conservation, and management
of wildlife and fishery resources. Appropriate ancas of
rescarch specialization include investigation of popu-
lation abundance /dyvnamics and speaes interacnons,
statistical and numerical modeling of ccological pro-
cesses in space and rime, and bicinformaries.

Candidates must have a Th.D. in an appropnate
ficld and a record of rescarch accomplishment as evi-
denced by authorship of peer-reviewed pablications.
A record reflecting acquisinon of extramural rescarch
funding and cxperience in university-level teaching
also 15 desirable.

Additional information on this position, the
Department, Texas A&M University, and the Inter-
disciplinary Rescarch Group in Ecology and Evolu-
tonary Biology can be found ar website: heep://
www.wisc.tamu.edu and website: htep: /fech.
tamu.edu.

To apply, submit clectronic cumcoulum vitae, and
statements of teaching and rescarch interests, plus
contact information for three references to: Dr,
Daniel Roelke, Search Committee Chair, e-mail:
droclke@tamu.edu. Preference will be given o
applications reccived by May 25, 2007, Applicarons
receivied after this dare are nor guaranteed a review by
the Search Commirtee. The position will remain open
until a suitable candidare s wennfied.

Texas ALM University &5 am Bgual  Opportisity
Employer that secks diversity in its workforee, siident bady,
did programe partiapeior.  Tlog meguinng asistane o de
dpplicanion provess shioeld contact the Search Committee Chair,

FACULTY POSITION in NEUROGENETICS
The Department of Physiology at the Medical
College of Wisconsin { MOW) invites applications for
a renure-track faculty position ar the ASSISTANT
or ASSOCIATE level with rescarch interests in
studving genetic channelopathies of the central and
peripheral nervous svstem underhing disease stares.
Favored candidates will complement the Depart-
ment’s strengths in understanding physiologic mech-
anisms of rhythm pgeneration in respirastory control
and cpilepsy, cardiovascular and renal physiology.
The Department faculty are dosely tied to, affiliated
with, and prosimate to the MOW Human and Maolec-
ular Generic Center (housing the National Hearr,
Lung, and Bloed Instmce Program of Genomic
Applicarions), the Cardiovascular Center (housing
the MNatiomal Instiure of Neurological Disorders and
Stroke — Mrogram Project Grant in stroke ), the Bio-
technology and Bicengineering Center { housing the
NHLBI Center of Protcomics), and the Center of
Kidney Rescarch. We also have a close collaboration
to investigate human cpilepsy with pediatne and
adult departments of neurology. Thus, superb op-
portunitics exist to collaborate, We addiionally have
an outstanding graduare program in physiological
genomics and systems biology and support of this
program through teaching graduate and medical
students is expected. The candidate must hold a
I'h.D. and for M.D, degree. Applicants should send
their curriculum vitae, statement of interest, amnd three
lerrers of recommendation 1o: Allen W. Cowley, Jr.,
Ph.D., Chairman, Department of Physiology,
e-mail: cowley@mew.edu, website: http:/ S www.
phys.mow.edu/index.htm.  Equal Oppostunity Enr-
Ployer. Persons with Exsabilites / Miwonvies/ Bevvales £ Veewerans,

RESEARCH ASSOCIATE with cxponence in
medical mycology. Send resume to: M. Christ, Case
Western Reserve University, School of Medidne,
11100 Eudid Avenue, LKS 5028, Cleveland,
OH 44106, Must reference job code FE3007, Eqpal
Chyppportuiity Employer,

VOL 315 SCIENCE

POSITIONS OPEN

ASSISTANT PROFESSOR of FORENSIC
SCIENCE

Oklahoma State University Center for Health
Sdences, College of Osteopathic Medicine, is seck-
ing to fill a full-time, tenure-track Faculty position in
the Department of Forensic Sciences. The Assistant
Professor of Forensic Science will teach, conduct
relevant research, and mentor graduate students en-
rolled inthe Graduate Program in Forensic Sciences,
It is expecred thar the incumbent will be knowl-
cdgeable both in their individual subspecialty of
forensic scicnee, but also with the ficld as a whale so
that students who graduate from the program wall
be well-trained and able to casily join the workforce
as a competent forensic scientist, Dodorate degree
required (Fh.D.). Muost have expericnce in the prac-
tice of forensic science with potential to become an
effective teacher and rescarcher, or, expenience teach-
ing forensic science and close ries to pracritioners
in their discipline of forensic science.  Expenience
working in a forensic serring is highly desirable,
especially one associared with law enforcement.
Intellectual cunosity and a dedication to graduate
mstruction are musts. Interested  candidates must
apply online ar website: hitps: / fjobs.okstate.edu,
jul‘l number 02880, Affirmnative Action/Egeal Crpporta-

.'rrr]' .f:-m!:fn]u'r.

ASSOCIATE CHIEF of STAFF for RE-
SEARCH AND DEVELOPMENT, Saint Louis
Veterans Affairs Medical Center. Full-time, Board-
certificd, health care specalty Physician responsible
for overall coordination and evaluation of rescarch
activitics. Paroapates with Direcror and Cluef of
Staft in managing health care programs, particularly
those arcas where integranon of RS D programs can
have a beneficial cffect on patient care. Provides
advice and guidance in admimistration and technical
matters to investigators, and aids in recruitment,
appointment, and emplovment of R&D personnel.
Arranges for review of publications, scienrific
exhibits, and public informarion releases of R&D
activities. Provides financial management: preparing
estinmates of budgetary requirements and adminis-
tering R&D funds. Contact: Alice Taylor, Human
Resources, telephone: 314-894-6620. Lgual Cyp-
pominnty Enployer.

POSTDOCTORAL POSITION
Harvard Medical School

Positions available 1o study DNA damage and
transcriptional mechanisms invalved i aging and
neurodegencrative discases. Projects focus on ge-
nomics, DNA damage, and the bwlogy of genes
involved in aging, Aleheimer’s, and Parkinson’s dis-
casc. For reference, see: Narure 429:883, 2004; [
Biad, Chem, 280:36895, 2005; Hum, Mol, Gener.
14:1231, 2005; Newron 33:677, 2002, Expenence
in molecular biology, genomics, or transcriprion is
desirable. Send curnculum vitae, a brief description
of rescarch experience, and names of three references
to: Dr. Bruce Yankner (e-mail: bruceyankner@
childrens.harvard.edu).

ASSOCIATE CHIEF of STAFF for EDUCA-
TION, Saint Louwis Veterans Affairs Medical
Center. Full-ime, Board-cemified, health care spe-
cialty Physician responsible for overall coordination
and evalvarion of educaton activities; dirccaly re-
sponsible 1o the Chief of Staff. Identifics training
needs and opporunities; coordinates submission of
cducational proposals and requests; and manages
facility educarional resources. Member of the Haos-
pital Education Committee and serves as Regional
Medical Education Center hason, Field representa-
tive of and advisor to the Associate Chiet Medical
Director tor Academic Affairs. Contact: Alice Taylor,
Human Resources, telephone: 314-894-6620.
Equal Chppartnprity Enployer

WWW.SCiencecarears.org



GRANTS

IBD in Developing Countries

Grants Available

We are interested in receiving innovative research proposals designed to
elucidate the factors that may explain the low incidence of IBD in developing
areas of the globe. Proposals should be exploratory in nature and designed

as pilot projects aiming to explore new ideas. The research should shed light
on the factors that determine low versus high areas of prevalence of the
disease. The research should ultimately be helpful in uncovering the etiology
of IBD and the factors that enhance or prevent the genesis of the disease.

M Letters of Interest from qualified nonprofit institutions
are accepted year-round.
M Visit www.broadmedical.org for application guidelines.

M Contact us at info@broadmedical.org for more information.

b m r broad medical research program
The Broad Foundation

~ Science
s 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 postdoc in academia or in industry?

Let a trusted resource like ScienceCareers.org help you
answer these questions. ScienceCareers.org has partnered
with moderator Dave Jensen and four well-respected advisers
who, along with your peers, will field career related questions.

Visit ScienceCareers.org and start an online dialogue.

e
Bring your career

concerns to the table. Dialogue
online with professional career We know science AIAAAS
counselors and your peers.
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"NCEAS

FOSTDOCTORAL RESEARCHER in
QUANTITATIVE ECOLOGY
Mational Center for Ecological Analysis
and Syvnthesis (NCEAS)
University of California Santa Barbara

MNational Cenrer for Ecological Analysis and Svn-
thesis (NCEAS) secks a Postdoctoral Scientist o
develop quantitatve analvses and models regarding
ceological thresholds of potential concern that in-
formn the management of key conscrvation issues
within the Kriger National Park ecosyvstem i South
Africa. Analyses and models will be implemented
using, an cstablished data management framework,
the Kepler scientific worktlow system. The candidate
will have a commitment to testing and extending
Kepler by working closcly with other sdcngists and
technologists that are developing the Kepler frame-
work, Principal research skills must include satistical
dara analysis and quanritative modeling rechnigues,
and a background in some ccological or environ-
mental science field. The candidate will collaborare
with scicntists from Kruger National Park, South
Africa, on the quanmntative management of savannah
coosystems, The conservation issuces will span a suite
of indicators from mulople taxonomic groups and
both biotic and abiotic ecosvstem components. The
position will include outreach with Kruger scentists
regarding the use and interpretation of the models
and amalyses that are produced. Further detals, in-
cluding application instructions are available on the
NOEAS website: hup:/ /www.neeas,ucsb.edu/
opportunity. Consideration of applications  begins
immediately and will contnue uneil filled.

FACULTY POSITION in MOLECULAR/
CELLULAR MICROBIOLOGY,
INFECTIOUS DISEASE IMMUNOLOGY
Department of Biomedical Sciences,
University of Maryland, Baltimore {UMB)

A full-time tenure-track faculty position at the
ASSISTANT or ASSOCIATE PROFESSOR level
is currenthy available. We are interested in outstand-
ing individuals who will cstablish independent
rescarch in maolecular or cellular microbiology, or
infectious discase immunology, with a focus on mo-
lecular mechanisms of pathogenesis, the cell biology
of infecion, or molecular/cellular mechanisms of
the host response o infection. The successtul ap-
phicant will join an intemationally recognized com-
munity of rescarchers with related interests in
infection and immunity across several depantments
in the Dental and Medical Schools. As the Depart-
ment has recently acquired two new FEI clectron
microscopes, qualificd rescarchers with expertise
andfor interest in exploiting or developing leading
edge methodologies involving crve clectron micros-
copy or clecrron tomography are particukarly encour-
aged o apply

For more information on rescarch in molecular /
cellular microbiology at University of Marvland, Bal-
timore, please visit websites: htep:/ /bms.dental.
umaryland.edu/, hipe/ /medschool.umardand.edu /
Microbiology,/, and httpe/ /medschool.umaryland.
edu/CVD /.

Minimum qualifications: 'h.D). in micobiology
and immunology, cell biology, or related disapline.
The position will remain open untl it is filled wich a
qualificd candidate. To apply, please submit curric-
ulum virae, summary of rescarch and weaching inver-
eus, and the names and addresses of three references
toe Patrik Bavoil, Chair, Biomedical Science
Search Committee, Room 9205, Department of
Biomedical Sciences, University of Maryland
Baltimore, Dental School, 650 West Balumore
Street, Baltimore, MD 212001, e espedally encotrnge
wopren gind anfnorities to apply. The Limipersiry qr'.'l.J'.rrr.f.mJ
i an Affimnatioe Adion /Egual Esmployment Opportiity /

ADA Employer
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POSITIONS OPEN

DIRECTOR, ELECTRON MAGNETIC
RESONANCE PROGRAM

The Natomal High Magnetic Field Laborarory
{NHMFL) in Tallahassee, Florida, is sccking a senior
rescarcher in electron resonance to lead the existing
Elecron Magnetic Resonance Program. The Pro-
gram currently comprises four feulty-level in-house
scientists who develop high field instrumentation,
assist the external vsers, and develop therr own re-
scarch interests. In addition to the n-house rescarch
and outside collaborations, there 15 strong mtcrac-
tion with the clectron paramagnetic resonance labao-
ratones at Florda State University (FSU) and the
University of Florida (UF) in the arcas of strucrural
biclogy, chemistry, physics, marerial science, and com-
putation. The EMR Program feamres unique high-
frequency spoctromcters (up to 800 GHz) and access
o uniquely high magnetic fickds (up w 45 T) Re-
search focus ndudes mano-scale magners, metallo-
proteins, and instrument and technology developmient
for hagh-frequency, nme-domain EMB. Other oppor-
tunitics include the use of 2 unique TH-infrared light
source currently under design for installanion ar the
NMHMFL in the five to ten-vear timeframe.

Minimum qualifications include a Ph.I. in phys-
ics, chemistry, biology, or related. The successful can-
didate has a track record of outstanding scientific
scholarship, and is expected to define and develop a
multidisciplinary long-term vision for the Program.
Scnior scientists with a strong international reputa-
tion and strong publication and  grantsmanship
records are encouraged o apply. Particular rescanch
interests in one or more of the following areas s
preferred but nor required: molecular magners and
other nano-scale magnetic marenal and /or metallo-
protein structure and function. The appointment
will be cither ar the SCHOLAR SCIENTIST level
(nontenure track) i the NHMFL or a PROFES-
SORIAL postion in an appropnate academic de-
partment at FSLL

To apply, please send your curnculum vitae and
cover letter describing vour expericnce, along with
names and contact information of three references
i Prof. Peter Fajer, Chair, Electron Magnetic
Resonance Director Search Committee, National
High Magnetic Field Laboratory, Florida State
University, 1800 E. Paul Dirac Drive, Tallahas-
see, FL 32310-2740, telephone: B50-645-1337,
fax: 850-644-1366, or e-mail: fajer@magnet.
fauedu. The selection will start on Aprl 15, 2007,
and will continue until positon is filled. As Equal
Opparimity / Access S Affimranive Aaim Enployer.

NEUROSCIENCE

Oberlin College invites applications for a one-to-
two vear, noncontinuing position beginning July 1,
2007, Each vear incumbent will teach two sections
introductory neuroscience laboratory and cither two
upper-level lecture courses with one accompanving
laboratory, or one introductory course Sseminar and
one upper-level course with laboratary, Position open
o all applicants, bur candidares with expertise in de-
velopmiental and cellular neuroscienee are cncour-
aged o apply. Ph). required (in hand or expecred
by July 1, 2007).

Submit applications including, curriculum vitae,
three letters of recommendanon, and transenpis by
Aprl 15, 2007, o Lynne Bianchi, Neuroscience
Department, Oberlin College, Oberlin, OH 44074,
Applications may be reviewed untl position filled.
Afirmative Action/Equal Opportunity Emplayer

Full-time MICROBIOLOGIST for Atlanta,
Georgia, location, Responsible for developing tech-
nigues and providing assistance (o vafous countrics
in the areas of molecular diagnosis (i.c., HIV viral
low antirerroviral resistance testing, immunopheno-
twping (i.c., CD4-testing ). Implement laboratory ac-
uvities overscas using How eytomerry. Must have a
Fh.ID. degreec in microbiology, or a related field.
Forcign degree equivalent accepted. Must have one
vear of expenence in the job offered or position with
same duties. Send resumes to: Kari Knowles, ATA
Services, Incorporated, Reference 888, 165 5. Union
Boulevard, Suite 350, Lakewood, CO 80228,

VOL 315 SCIENCE

POSITIONS OPEN

Two FPOSTDOCTORAL POSITIONS arce
available in the Center for Cardiovascular Scicnces
at Albany Medical College. The successful candi-
dates will have a Ph.D. degree and proven rescarch
ability as demonstrated by publications in peer-
reviewed journals and letters of recommendarion.
They wall also posscss a strong knowledpge base in
biochemistry, cell biology, signal transduction, mo-
lecular biology and physiology.

The laboratory of Dr. Mohamed Trebak =
accepring applications for a Postdocroral position
that s avalable immediately., Topics of rescarch
focus on endothelial cell signaling, specifically, the
role of transient receptor potental (TRI) jon
channels-mediated calcium entry and reactive oxy-
gen species in endothelial cell proliferation and
angiogenesis, This laboratory uses a wide range of
technologies including parch clamp electrophysaol-
ogy, caleium imaging, molecular and cellular biolo-
gy, and biochemical techniques. Special attention
will be given to candidates with expertise, or the
desine to obtain traming, i the ficld of calaum
imaging and patch clamp electrophysiology,

Interested indmviduals should send a cover letter
and curriculum vitae and provide contact infor-
mation of three references, preferably by e-maiy) o
Dr. Mohamed Trebak ar e-mail: trebakm@mail.
am.edu.

The laboratory of Dr. Peter Vincent is accept-
ing applications for a Postdoctoral position that s
avatlable immediatelv. The research focus of the
laboratory s centered on the role of endothelial cell
adherens junctions in the regulation of endothelial
functions including maintenance the endothelial
barricr and angiogenesis. The laboratory uses a
varicty of ccll and molecular rechniques as well as
in virro funcrional assavs, Special arrention will be
given to candidares with expertise, or the desire o
learn, morphological techniques induding fluores-
cence recovery after photobleaching and  fluores-
cence loss in photobleaching,

Interested candidates should send a letter of
interest, curriculum vitae, and three letters of nefer-
enee tor D, Peter Vincent at e-mail: vincenp@mail.
ame.edu,

PHYSICIST

Lawrence Berkeley Mational Laboratory has a
unique opportunity for a Physicist to help quantify
myocardial function using single photon computed
romography, Must have experience with finire cle-
ment techniques, reconstruction software, and bio-
medical imaging data. Job incledes rescarch in
discovery of new scintllation marerals. Ph.D. or
equivalent experience is highly preferred. Apply a
website: http:/ fobs. bl gov. Choose scarch, then
enter job 20369 in kevword feld. Afimatie Aoion/
Equal Employment Opportuniry.

KETPLACE
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Nikkon
Confocal Microscope Systems

Live Cell Confocal imaging just took a quantum leap.

Ar Mikon, innovalion mwins lhruul__;h L-'ue-.-}dhpn':] wig do. Ca:;f_‘- i p-;_:nlr'|t O
groundbreaking family of Digital Echipse Confocal Microscopes, three systermns
that add speed, resolution and sensitivity (o any research application

LiveScan SFC Confocal System

LiveSean utdizes proprietary Swept Field Confocal technology, which eombines
the advantages of spinning disk confocal imaging with the visual precision of high
resolution conventional live cell microscopes. It's the first system to offer the user
the choice of selecting multiple pinholes or multiple slit scanning positions,
resulting in faster imaging while matched to the objectve confocal capabilities

C1si Spectral Imaging System

The C1si marries conventional flucrescence imaging with spectroscopy, creating a
system that enables acquisition of spectral data faster and more accurately than
ever before, With its one-shat acquisition ability, exclusive Diffraction Efficiency
Enhancement system, and new FRAP and FRET macros, the Clsi eliminates the
need for cumbersome custom filter sets and provides an efficient. nondestructive
and cost effective solution for acquiring optimum wavelength coverage at high
spectral resclution

C1Plus Modular Confocal System

With its ultra-compact modular design, the C1Plus features high performance scan
head optics technology to generate faster image acquisition times and deliver true
laser point scanning, 4-channel contocal imaging along with improved resclution,
contrast, and flucrescence

Learn more about Nikon Digital Edlipse Confocal Microscopes at
v nikonconfocal com or call 1-800-52-NIKOM

Photomicrograph courtesy of Thomas Desrinck O 2007 Non Instruments inc, * 1.800-52.NKON
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The Eyes of Science
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THE KEYS TO HIGH PERFORMANCE

ntroducing the Kobak Image Station 4000mm Pro: the newest addition to the industry standard Image

Station line brings precision automation and ease of use to an entirely new level. The 1S4000mm Pro
features a new automated high-pertormance 10X zoom lens and computer-controlled 10 excitation and
} emission filter systems, providing reproducible and quantitative imaging of chemiluminescent,
|

fluorescent, and chromogenic labels in gels, blots, plates and more. With 4-million pixel resolution, >4 QD

A4000mm Pro provides the optimal combination of precision, performance and versatility

e

dynamic range and optional x-ray and radioisotopic imaging capabilities, the Kobpax Image Station
|

»

www.kodak.com/go/imagestation5

Calatiee Kodak

LS, 1-B77-747-4357 exp. cod -
Molecular Imaging Systems
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