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M. P. Machner and R. R. Isberg

The bacterium that causes Legionnaires” disease recruits a host pratein that

megulates vesicle trafficking by mimicking host activating proteins.
10.1126/science. 1149121
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Characterization of gene families that cannot be cloned in the commaon bacleria
Escherichio coli suggests that increased dosage and expression of cerlain genes are

toxic to the host. )
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REPORTS CONTINUED...

CLIMATE CHANGE

Southem Hemisphere and Deep-Sea Warming Led 435
Deglacial Atmospheric CO, Rise and Tropical Warming

L. Stott, A. Timmermann, 8. Thunell

Dating of benthic versus near-surface plankton in a Pacific Ocean
core shows that southern high latitudes warmed 1500 years before
the ropics during the last deglaciation.

PALEOCLIMATE

Mixed-Layer Deepening During Heinrich Events: 439
A Multi-Planktonic Foraminiferal 8**0 Approach

H. Rashid and E. A. Boyle

Massive releases of icebergs into the North Atlantic during the last
glacial period, and the associated storminess, penodically mixed

the ocean to greater depths than usual.

GEMETICS

Wasp Gene Expression Supports an Evolutionary Link 441
Between Maternal Behavior and Eusociality

A L Tothetal

Analysis of a set of genes expressed in the brain of a primitive wasp
shows that the care shown by worker wasps toward siblings probably
evolved from maternal care behavior,

MOLECULAR BIOLOGY

JM]D6 Is a Histone Arginine Demethylase 444
B. Chang, Y. Chen, Y. Zhoo, R. K. Bruick

An enzyme is discovered that removes methyl groups from

arginines in histone proteins, which together with DNA form

the bulk of chromatin and help regulate gene expression.

MOLECULAR BIOLOGY

Demethylation of H3K27 Regulates Polycomb 447
Recruitment and H2A Ubiquitination

M. G. Leeetal

An engyme is described that removes methyl groups from a ysine in a
human histone protein, a modification thought to help regulate gene
expression. five p. 403; Repart p. 444

MOLECULAR BIOLOGY

Permuted tRNA Genes Expressed via a Gircular RNA - 450
Intermediate in Cyanidioschyzon meroloe

A Sama et al.

RNA transcribed from split, noncontiguous transfer RNA genes in

red algae is circularized, joining the discontinuous segments

and allowing processing into mature transfer RNA,

PLANT SCIENCE

Trojan Horse Strateqy in Agrobacterium 453
Transformation: Abusing MAPK Defense Signaling

A. Djamei, A, Pilzschke, H. Nakagami, 1. Rajh, H. Hirt

A bacterial plant pathogen co-opts ane of the plant's own defense
proteins to facilitate transfer of its infectious DNA into the nucleus.
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MOLECULAR BIOLOGY

Structure of a NHE] Polymerase-Mediated DNA 456
Synaptic Complex

N. C. Brissett et al.

Broken, nonhomalogous prokaryotic DNA is repaired by a DNA
polymerase thal enables each end to search for complementarity

on the opposing end.

STRUCTURAL BIOLOGY

Structure of Hexameric DnaB Helicase and Its 459
Complex with a Domain of DnaG Primase

5. Bailey, W. K. Eligson, T A. Steitz

The structures of the two enzymes that initiate replication on
single-stranded DNA show that one stimulates the other by
stabilizing it as a hexamer in an activated conformation,

CELL BIOLDGY

Network Analysis of Oncogenic Ras Activation 463
in Cancer

E. C. Stites, P. C. Trampont, Z. Ma, K. 5. Ravichandran

A model of cell signaling reveals why only one mutated form

of an oncogene ocours in tumars and suggests a strategy for
selective inhibition of oncogene-containing cells.

ECOLOGY

Light-Responsive Cryptochromes from a Simple A57
Multicellular Animal, the Coral Acropora millepora

0. Levyetal.

Primitive photoreceptors ina reef-building coral respond to subtle
changes in light, suggesting that they help trigger the mass spawning
of corals on the Greal Barrier Reef.
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EDITED BY STELLA HURTLEY AND PHIL 5ZUROMI

<< Clocks in the Corals

Moonlight triggers the synchronized spawning of reef-building
corals; however, the mechanism underlying detection of moon-
light by these animals is largely unknown. Levy et al. (p. 467)
now demonstrate the presence of ancient blue-light—sensing
photoreceptors, cryptochromes, in the reef-building coral
Acropora millepora (phylum Cnidaria). Cryptochromes regu-
late entrainment of the circadian clock of higher animals and
plants. Expression of two coral cryptochrome genes, oyl and
cry2, was rhythmic under a light-dark cycle but not in constant
darkness. Expression of cry2 varied with the full moon. This
work suggests that cryptochromes not only function in the cir-
cadian clock of plants and higher animals, but may trigger the
synchronized spawning of the Great Barrier Reef.

CREDITS (TOP TO BOTTOM: OVE HOBGH-GULDBERG: H. LEE ET AL

Insights into Wasp
Eusociality

The observation that "worker” insects will care for
their siblings rather than reproduce themsebes is
a hallmark of eusociality, a form of altruism that
has long fascinated biologists, including Darwin.
Toth et al. (p. 441, published online 27 Septem-
ber) tested the idea that this behavior evolved
from early expression of “maternal care genes”
prior to reproductive development in the wasp
Polistes metricus. Unlike the better-studied honey
bee, both workers and reproductives display
maternal (brood provisioning) behavior in this
wasp, but at different times. Similarities to the
sequenced genome of the honey bee were used 1o
identify a set of wasp genes expressed in the brain
ar known to be relevant to behavior. Reproductive,
maternal females had gene expression patterns
more like nonreproductive, maternal females
{workers) than like reproductive, nonmaternal
females (queens).

Finite, Huge, and Complex

Many physical systems, such as the atmosphere,
transportation networks, and the Internet, are
highly complex, and researchers have devoted
much effort to modeling these systems mathe-
matically. However, mathematics itself can also
be a complex system, in which seemingly simple
principles produce an exploding number of
objects or structures. Foote (p. 410) reviews the
case of finite group theory, which features such
examples as the Enormous Theorem requiring
15,000 pages of proofs, and the Monster group
containing 10°* elements. The ways in which

www.sciencemag.org SCIENCE VOL318

mathematical concepts result in complex struc-
tures may help us understand the complexity of
physical systems and vice versa.

Tracing Mercury's

Movements

Mercury has many isotopes, and changes in its
isotapic ratios may provide clues for tracing its
movement in the environment. Bergguist and
Blum (p. 417, published online 13 September;
see the Perspective by Lamborg) now show that,
in addition to the normal mass-dependent frac-
tionation of isotopes that is typically seen, the
odd isotopes of mercury under certain reduction
conditions show evidence of a mass-indepen-
dent fractionation (which has been shown previ-
ously for oxygen and sulfur). Through experi-
ments in the lab and with fish from Lakes Michi-
gan and Champlain, this isotopic signature
was used to trace the loss of methylmercury
by photoreduction.

From Mussels to
Multiuse Coatings

Surface coatings often must be
tailored to the substrates—hence
we use different formulations to
coat plaster walls versus wood
trim. H. Lee et al. (p. 426) show
that surfaces dipped into slightly
basic dopamine solutions
{inspired by the adhesives used
by mussels) develop a palymeric

19 OCTOBER 2007

coating that can be readily modified by second-
ary reactions. The polydopamine coating is
generic and can be applied to surfaces of differ-
ent materials {metals, polymers, and ceramics),
as well as complex or patterned surfaces. The
coated polydopamine surfaces can undergo two
types of secondary reactions, such as metalliza-
tion and self-assembled monolayer formatian.

The Inside Scoop on
Gold Nanoparticles

Metal nanoparticles are generally nonuniform
and characterized by microscopy, but well-
defined large metal clusters {more than 100
metal atoms) have been synthesized and charac-
terized by x-ray diffraction. In the examples for
platinum group metals, the metal-metal banding
is strong and dominates the packing of metal
shells. Through a careful growth technique,
Jadzinsky et al. {p. 430, see the cover and the
Perspective by Whetten) obtained a crystalline

. sample of nanoparticles each containing
102 gold atoms and have solved the
structure by x-ray diffraction to a resolu-
tion of 1.1 angstroms. The decahedral
core geometry is consistent with prior
hypotheses, but surface groups exert a
strong influence on the outer gold shell
and contribute to the electron count
that stabilizes the cluster. The self-
interactions of organosulfur-
capping ligands create a rigid layer

that imparts chirality to the clusters,

Continued on page 357
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CREDT: BAILEY ET AL

This Week in Science

Continved from page 355
Warming from the Cold Places

The details of how the different parts of the climate system act and interact during changes from
glacial to interglacial states are still being resolved. Stott et al. (p. 435; published online 27
September; see the 28 September news story by Kerr) construct a chronology of high- and low-
latitude climate change at the last glacial termination, in order to help answer the questions of
where warming originated, and why. Their data, derived from both benthic and planktonic
foraminifera recovered from the same marine sediment core, indicate that deep-sea tempera-
tures in the western tropical Pacific warmed about 1500 years before the surface waters did, a
result of the earlier warming of the high-latitude surface water from where the deep water origi-
nated. The deep-sea warming also preceded the rise in atmospheric CO,, which suggests that
increasing insolation at high southemn latitudes caused a retreat of sea ice that led to warming
there and further afield.

Unwinding and
Priming DNA

Most DNA polymerases can only initiate
DMNA synthesis on a primed single-
stranded (ss) DNA substrate. In eubacte-
rial cells, DNA unwinding and priming
is achieved by a complex of the DnaB
helicase and the DnaG primase. The
interaction between DnaB and DnaG
stimulates both of their activities, but how this is achieved has been unclear. Bailey et al.
(p. 459) repart crystal structures of unliganded hexameric DnaB and its complex with the heli-
case binding domain (HBD) of DnaG. The two domains of DnaB pack with different symmetries
to provide a two-layered ring structure, Three bound HBDs stabilize the hexamer in a conforma-
tion that may increase its processivity, and a potential ssDNA binding site on DnaB may guide
the DNA to the DnaG active site.

More Different Than Expected

A method for identifying genomic structural variants (SVs, a type of variation including copy-
number variants) is described by Korbel et al. (p. 420, published online 27 September). Paired-
end mapping can quickly identify the location of the breakpoints at high resolution and deter-
mine in most cases exactly where in the genome they occur. With this method, the analysis of
DMA from two individuals of different ethnic backgrounds shows unexpected amounts of SVs
between individuals, which indicates that people are more genetically diverse than previously
realized. Among the important findings is the observation that S5Vs are associated with certain
(but not all) types of repeats, as well as unique sequences; insights also emerge into mechanisms
by which 5Vs arise.

Off with the Methyl Marks

The methylation of histones, proteins that make up the bulk of chromatin in eukaryotes, plays a
critical role in the epigenetic regulation of gene expression. Although the enzymes that put this
mark onto chromatin are well known, the class of enzymes that take it off again, the Jumonji C
(JmjC) family of demethylases, are a more recent discovery (see the Perspective by Rivenbark and
Strahl), Although several JmjC lysine demethylases are known, no JmjC protein has been identified
that can remove methyl groups from arginine residues in histones. Chang ef al. (p. 444) now
report the discovery of an enzyme, IM)D6, that demethylates histone H3 at arginine 2 and histone
H4 at arginine 3, marks that are likely a critical part of the "histone code” that modulates chro-
matin function. Di- and trimethylation of histone H3 on lysine 27 (H3K27me2-3) are exclusively
repressing signals and are implicated in X-chromosome inactivation, imprinting, stem cell mainte-
nance, circadian rhythms, and cancer. The enzyme that places the marks has been known, and now
M. G. Lee et al. (p. 447, published online 30 August) have identified the human enzyme, UTX
(ubiguitously transcribed mouse X-chromosome gene), a JmjC domain-containing protein (similar
to other demethylase enzymes), responsible for removing the H3KZ 7me2-3 marks and promoting
the activation of gene expression.
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CREDTS: (ABOVE MICHAEL COLLOPY. (RIGHT) WOLFGANG RATTAY/REUTERS

Norman Borlaug was
awarded the Nobel Peace
Prize in 1370, Since
1986, he has been
engaged with Jimmy
Carter and the Nippon
Foundation of Japan in
African agricultural
development and is
currently president

of the Sasakawa Africa
Association,

Feeding a Hungry World

MEXT WEEK, MORE THAN 200 5CIENCE JOURNALS THROUGHOUT THE WORLD WILL
simultancously publish papers on global poverty and human development—a collaborative
cftort to increase awareness, interest, and research about these important issues of our time.
Some 800 million people still experience chronic and transitory hunger each year. Over the next
50 years, we face the daunting job of feeding 3.5 billion additional people, most of whom will
begin life in poverty. The battle to alleviate poverty and improve human health and productivity
will require dynamic agricultural development.

Breakthroughs in wheat and rice production, which came to be known as the Green Revolution,
signaled the dawn of applying agricultural science to the Third World’s need for modern
techniques. It began in Mexico in the late 19505, spread to Asia during the 1960s and 19705, and
continued in China in the 1980s and 1990s. Over a 40-year period, the proportion of hungry
people in the world declined from about 60% in 1960 to [ 7% in 2000. The
Green Revolution also brought environmental benefits, If the global
cereal yields of 1950 still prevailed in 2000, we would have needed nearly
1.2 billion more hectares of the same quality, instead of the 660 million
hectares used., to achieve 2000% global harvest. Moreover, had environ-
mentally fragile land been brought mto agricultural production, the soil
erosion, loss of forests and grasslands, reduction in biodiversity, and
extinction of wildlife species would have been disastrous.

Today, nearly two-thirds of the world’s hungry people are tarmers
and pastoralists who live in marginal lands in Asia and Africa, where
agro-climatic stresses and/or extreme remoteness make agricultural
production especially risky and costly. Africa has been the region of
greatest concern. High rates of population growth and little application of
improved production technology during the past three decades have resulted in declining per
capita food production, escalating food deficits, deteriorating nutritional levels among the
rural poor, and devastating environmental degradation. There are signs that smallholder food
production may be turning around through the application of science and technology to basic
tood production, but thisrecovery is still fragile. But African capacity in science and technology
needs strengthening, and massive investments in infrastructure are required especially for
roads and transport, potable water, and electricity.

For the foreseeable future. plants—especially the cereals—will continue to supply much
of our increased food demand. both for direct human consumption and as livestock feed to
satisty the rapidly growing demand for meat in the newly industrializing countries. The
demand for cereals will probably grow by 507 over the next 20 years, and even larger harvests
will be needed if more grain is diverted to produce biofuels. Seventy percent of global water
withdrawals are for irrigating agricultural lands, which contribute 40% of our global food
harvest. Expanding irrigated areas will be critical to meet future food demand, but expansion
must be accompanied by greater efficiencies in water management.

Although sizable land areas. such as the cerrados of Brazil, may responsibly be converted to
agriculture, most food increases will have to come from lands already in production. Fortunately,
productivity improvements in crop management can be made all along the line: in plant breeding,
crop management, tillage, fertilization, weed and pest control, harvesting, and water use,
Genetically engineered crops are playing an increasingly important role in world agnculture,
enabling scientists to reach across genera for useful genes to enhance tolerance to drought, heat,
cold, and waterlogging, all likely consequences of global warming. 1 believe biotechnology will
be essential to meeting future food, fieed, fiber, and biotuel demand.

The battle to ensure food security for hundreds of millions of miserably poor people is far
from won. We must increase world food supplies but also recognize the links between population
growth, food production, and environmental sustainability. Without a better balance, efforts to
halt global poverty will grind to a halt,

—Norman Borlaug

10.1126/science. 1151062
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EDITED BY STELLA HURTLEY AND JAKE YESTON

The global extinction of a species is the end point of a series of smaller-scale local extinctions of populations. Hence, the
causes of extinction can be understood by studying patterns of extinction at the local scale. Species vary in their intrinsic
vulnerability to extinction, and there is a range of extrinsic factors that can influence a population’s survival; the probability
of extinction might depend on the interplay of these two broad considerations. To study these questions, Fréville et al. took
advantage of the Park Grass experiment, in which the fate of populations of herbaceous plants subjected to different fertilizer
treatments have been followed for 60 years at a site in southeast England. The interactions of 11 intrinsic factors
(life-history traits relating, for example, to reproduction and growth) with four extrinsic factors (such as nitrogen enrichment
and acidification) were investigated. It transpired that population extinction could in most cases be related to the interaction
of just one life-history trait with one extrinsic factor, but that the pairs of factors differed in different species. These findings
point the way to a more accurate and predictive science of extinction, which will in turn provide a new tool for conservation

CREDITS(TOP TO BOTTOME M. DODIVAMAMTAPHOTOLIBRARY PAUL TAYLOR/GETTY IMAGES

managers attempting to reduce the rate of local extinctions caused by human activity. — AMS

CHEMISTRY
Pulling Copper Along

Copper is a commaon choice for constructing
pipes that carry drinking water because of its rel-
atively strong resistance to corrosion, but over
time oxidative chemistry can introduce metal
ions into the streams
emerging from the
faucet. A complex
series of factors con-
tributes to the ion
concentration, rang-
ing from the water's
pH to the precipita-
tion equilibria of
various hydroxide,
oxide, and car-
bonate salts, as

well as biochemical
processes that accompany the formation of bac-
terial biofilms on the pipes’ inner surfaces. In
general though, a simplifying assumption has
been that the agueous copper ion concentration
is limited by diffusion during stagnant periods
between flow, when water rests in the pipe. Calle
et al. have now found that the influence of flow
dynamics cannot in general be neglected.
Through a series of measurements on a pipe sys-
tem connecting a well to a household in Chile,
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they uncovered concentration patterns suggest-
ing that a significant quantity of ions is dislodged
from surface biofilms by virtue of interfacial
forces arising during flow. Thus, the interplay of
hydrodynamics with sorption equilibria in these
systems merits further study. —]5Y

Environ. Sci. Technol. 41 10.1021/es07 107 9b

(2007).

MEUROSCIENCE
Too Quick to Glimpse?
An optical illusion can help define

"T which parts of the brain are responsi-
ble for human consciousness. Peaple
cannot consciously perceive a number
flashed an a screen for 16 ms if it is
quickly followed by another stimulus

in the same area. As the time between the two
stimuli increases, the first stimulus becomes visi-
ble; that is, it is accessible to the person's con-
sciousness. Del Cul et al. recorded elecirical brain
waves from people's scalps as they were shown
these stimuli and reparted to the investigators
whether they were visible or invisible, One brain
wave in particular, P3, occurring 270 to 400 ms
after the beginning of the trial, correlated with
conscious perception of the stimulus. This wave
seems to arise from sudden simultaneous activity
in several parts of the brain, spedifically the
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Ecology B8, 2662 (2007).

frontal, parietal, and temparal cortices of both
hemispheres. These data are inconsistent with
several proposed correlates of cansciousness,
including the rapid induced activity in the visual
areas of the brain and the later more distributed,
but still local, neural reverberations. Rather, they
suggest that conscious perception is associated
with a sudden global reverberation of neural
activity, about 300 ms after the stimulus, encom-
passing several cortical areas bilaterally, — KK
Plos Biol 5, 10.137 Vjournal.pbio 0050260
2007).

GEOLOGY
Heat Bursts in the Highlands

Because rocks are good insulators, it is generally
thought that temperatures deep in the crust
evolve slowly, rising and falling over millions to
tens of millions of years. Rapid pulses of fluid or
the intrusion of hot magmas can heat or cool
racks more quickly, as can rapid uplift along a
fault (which juxtaposes hot and cold rocks at a
rate faster than heat conduction). Thus meta-
morphic processes are also thought to act over
these time scales. Ague and Baxter challenge
some of these notians in well-studied metamor-
phic rocks in Scotland, known as the Barrovian
metamorphic belt and thought to represent bur-
Continued on page 363
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ial and heating of rocks during continental colli-
sion. They show that concentrations of a trace
element, strontium, across the mineral apatite
are surprisingly variable. Laboratory data imply
that if the minerals were at the temperatures
inferred for the host rocks for even 1 million
years, diffusion should have homogenized any
gradients, Thus the authors infer that the racks
were heated and cooled in less time. This would
seem to require rapid heat input by fluids and
rapid exhumation, but at scales and rates that
start to challenge what have been thought to be
geologic limits. Stay tuned. — BH

Earth Planet. Sei. Lett. 261, 500 (2007).

EDITORS' CHOICE

mally switched back, and showed a staircase rise in
conductance with ultraviolet light exposure that
was attributed to the presence of several molecules
bridging the SWNT gap. — PD5
I Am. Chem. Soc. 129, 10.10215a073127y
(2007,

ECOLOGY
Kelp in the Depths

Kelp forests are exceptionally productive marine
ecosystems, iconic of high-latitude, shallow, cold
waters. There are a few rare records of tropical
deep-water species, but these are thought to be

ChemBridge’s
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cidence of the water tem-
perature, bottom depth,
and light penetration with
nutrient drculation, they
derive a map of potential

Although most realizations of molecular
electronics make use of metallic leads, sin-
gle-walled carbon nanotubes (SWNTs) can
also serve as contacts. Oxidative cutting

Melanocortin-4 Cell-Based Agonist
Screening Experimental Results:

leaves carboxylate-decorated ends that can tropical kelp beds, a rough GPCR Resulls: Diverse Controk:
be covalently linked to diamine molecules so contour of 25 to 236 m. A 25 Hits shawing SAR 5 weak hits

that the SWNT is reconnected through the quick look offshore of the +10,000 compounds  +10,000 compounds
molecule via amide linkages. Whalley et al. Galapagos Islands indeed randomly selected from a similar

now use this approach to study ethene- revealed kelp at around 60 from the ChemBridge ‘control’ diversity
bridged dithiophene and dipyrrole deriva- m depth. The authors also GPCR targeted library screened
tives that photoconvert from ring-opened to predict extensive kelp Lm:’"""d m‘:::ﬁ“’
ring-closed forms. Ultraviolet irradiation of forests off Brazil, West

the ring-opened thiophene derivative created a Africa, and the Malay Archipelago. Essentially, GPCR Library Properties:

wherever clear tropical water allows light to pen-
etrate into cooler depths and bathymetries allow
nutrient upwelling, kelp should survive in the
tropics. Hence, even in strong EL Nino years,
tropical kelp can escape surface warming. — CA

conjugated ring-closed form that was 25 times
more conductive. Unlike the case for molecules
bridging gold break-junction electrodes, neither
visible light exposure nor heating recovered the
open isomer, which the authors attribute o the

* Comprised of =10 unpublished 'preferrad
templates’ mimicking beta-turns, and
using in-house building blocks,
culminating from a four year R&D effort

* Over 15,000 drug-like, highly pure, small

greater energy dissipation from the excited state in Proc. Natl_ Acad. 5¢i. U.5.A 104, molacule compounds
this system. The pyrrole derivative could be ther- 10.1073/pnas.0704 778104 (2007). - Successful identification of both agonists
and antagonists

* Drug discovery advancements by several
Independent laboratories
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<< How Clocks See the Light

The circadian clocks that requlate daily rhythms in various processes in

l‘ AAAS living organisms are entrained to a 24-hour cycle by mechanisms that
detect daily changes in the amount of light in the environment. Client Statement
www.stke.o rg Hirayama et al. show that hydrogen peroxide (H,0,) can function as a “We are very pleased with the quality of the

required signaling molecule to transmit the sensation of light to
changes in timing of the biochemical clock. In zebrafish, oscillators present in peripheral tissues
and organs are sensitive to exposure to light. The authors used 23 cells to show that exposure of
the cells to light caused increased production of H,0,. Exposure of the cells to H,0, increased
expression of zebrafish Cryptochrome and Period genes (which encode components of the core
clock machinery) with a time course similar to that observed when cells were exposed to light.
Catalase is an antioxidant enzyme that can degrade H,0,, and the authors confirmed that light
exposure stimulated expression of the z2Caf gene, but did so with a delayed time course consistent
with its possible function in a negative feedback loop ta cyclically suppress expression of the clock
genes that initially resulted from light-induced generation of H,0,. In mammalian cells, H,0, did
not influence the expression of the clock genes, but mammalian peripheral tissues are not respon-
sive to light. The identity of the phototransducer in the zebrafish system remains unknown. — LBR
Proc. Notl Acad. Sci. US.A 104, 15747 (2007).

ChemBridge GPCR-focused library,
particularly since the library helped us to
resurrect several projects that we had
previously dropped due to lack of leads.”
Jaremy Caldwell, Ph.D.

Director of Molecular and Cellular Biology
Genomics Institute of the
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Rock Candy

For Martians?

A chilly wilderness quest has led a Canadian
researcher to a new mineral that may be more
at home on Mars. Ronald Peterson, a mineralo-
gist at Queen's University in Kingston, Canada,
first suspected the existence of the exotic sub-
stance in 2005, when the Mars rover
Opportunity kicked up magnesium sulfate dust
and photographed lens-shaped holes in sedi-
mentary rocks on the cratered plain of
Meridiani Planum. Peterson and his colleague
Ruiyao Wang posited that the rover had spotted
evidence of a novel platelike form of magne-
sium sulfate—a low-temperature cousin of
Epsom salts, with 11 water molecules in its
structure instead of the usual seven. To make
the case for the mineral, Peterson and col-
leagues set out to find it on Earth,

Mear the shore of a frozen-over lake in
British Columbia, Peterson spotted kilograms of
snowy off-white crystals growing amid the
shredded bark of a dead tree trunk. The wood
fibers had wicked up water along with magne-
sium and sulfate from old mines nearby. The
team packed up samples on dry ice, and
Peterson rushed them back to his lab. Warking
outside to keep the samples cold, he examined
the crystals under a microscope and later con-
firmed their structure by x-ray diffraction. The
mineral, christened meridianiite, is described in
the Oclober issue of American Mineralogist,

“Mew minerals that we find are usually tiny
fly specks,” Peterson says. “It's unusual to find
one in kilograms.” Mars's polar ice caps might
harbor much more of the mineral, he says.
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Tongues Untied

A new center at the University
of California, Irvine, is the
first to specialize in using
drugs to treat stuttering.

Stuttering affects
approximately 1% of the
adult population worldwide,
says Gerald Maguire, the psy-
chiatrist heading the new center,
which opened 4 October. (Even the
ancient Egyptians had stutterers among their
ranks—and a hieroglyph to depict the condi-

tion.) Speech therapy is standard treatment,
butit tends to help children more than adults,
Maguire says.
Although no drug has been approved by
the U.5. Food and Drug Administration for
treating stuttering, a handful of studies
have suggested that off-label use of
dopamine-blocking antipsychotic drugs
can be helpful, Maguire says. He has
taken low doses of the antipsychotic drug
olanzapine for almost 10 years to treat his own
stutter. "Now my speech is more automatic,” he
says. "l used to be constantly anxious, can-
stantly monitaring my words.”

Patients at the clinic could also elect to enroll
ina clinical trial to test the stutter-stopping
ahility of pagoclone, a drug that boosts activity
of the neurotransmitter GABA. {Maguire acknowl-
edges receiving consulting fees and research
support from the company that makes the drug
as well as from Eli Lilly and Co., the maker of

EDITED BY ROBERT COONTZ

Drugs may boost old-school
therapy for stutterers.

olanzapine.) "It's a great
thing to try,” says Dennis
Drayna, a geneticist who
studies stuttering at the
National Institute on Deafness
and Other Communication
Disorders in Bethesda, Maryland.
e ] Researchers ha-.rf_- 1ung_'suugl_1t
drugs to treat stuttering, with mixed
results, Drayna says, but given its prevalence,
“a good pharmacological therapy would be a
great advance.”

Into the Woods

Looking for historical maps of
Spanish woodlands? Curious
about which invasive species
have put down roots in Estomia’s
boreal forest? Drop by the newly sprouted
Euroforest Portal, from the European Forest
Institute and Finland’s University of Joensuu,

Visitors will find hundreds of annotated links
to forest information for more than 40 coun-
tries. You can check the results of Germany's
most recent forest inventory, browse an atlas of
Russia's remaining pristine forests, or read a
World Wildlife Fund repart on Europe's involve-
mentin the illegal logging trade. For students,
the site also lists opportunities for research and
training in forestry. ==

forestpartal.efi.int

Fending Off a Killer

Boys have amused themselves for ages burning holes in
leaves—or roasting the odd ant—by concentrating sunlight
through a hand lens. The same technique may someday save
civilization from destruction. A research team at the
University of Glasgow in the U.K. has analyzed nine methods
proposed for deflecting an asteroid from a collision course
with Earth. The winner: concentrating sunlight on the aster-
oid to create a jet of hot gas that would nudge it off course.

The Glasgow group, led by space systems engineer
Massimiliano Vasile, considered everything from hitting the
asteroid with a speeding projectile to mounting a rocket on it
Most practical were asteroid-orbiting light-focusing mirrors
and nearby nuclear blasts, they concluded in a presentation
early this month. "We preferred the solar solution,” says
Vasile, “It's as effective as nuclear and less risky,” one risk with
nuclear being shattering the target into debris that could then strike Earth like a shotgun blast.

A swarm of 20-meter "mirror bees” could be launched within 20 years, the group says. The
most important lesson from the work, says planetary physicist Jay Melosh of the University of
Arizona, Tucson, is “to realize there are viable non-nuclear options for deflecting asteroids.”

“Mirror bees” sting an Earth-
menacing intruder.
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told them, get organized and raise money to help,” Cheung says.

Last month, the fundraising effort got under way as seven
fathers of children with neuroblastoma completed a cross-country
bike ride dubbed “The Loneliest Road.” lt netted $200.000. More
than 60 families have formed a group called Band of Parents to
raise the 52 to 53 million needed for the project. “From a grants
standpoint ... there's no discovery aspect” to humanmzing 3F8,
making it unappealing to government funders. says Thomas
Melgar, a physician whose 6-year-old son Austin has neuro-
blastoma and who is on the Band of Parents executive committee.
“We want to be involved,” he says, in determining what type of
neuroblastoma research is pursued.

CHECKING IN
NEW HOME, NEW PURPOSE. The new presi-
dent of the Human Genome Organisation
(HUGQ) says the 18-year-old international
group should try to
find common ground
on pressing privacy
and ethical issues
now that the human
genome has been
sequenced. Edison
Liu, a noted cancer
researcher who
directs the Genome
Institute of
Singapore, began his
3-year-term this summer and recently initiated
HUGO's mave from London to Singapore.
“HUGD has to have a new role, " says Liu,
who served as director of clinical sciences at the
National Cancer Institute in Bethesda,
Maryland, before founding the Singapore insti-
tute in 2001. He says increasing scientific capa-
bilities means that the developing nations of
Asia and Latin America will not only benefit
from but also contribute to the rapid advances
in genomic medicine.

MONEY MATTERS
SHARING GOOD LUCK. A billionaire cancer
survivar is putting $100 million into a new

Got atip for this page? E-mail people@aaas.org
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Pioneers
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NOT ALONE. Dozens of parents whose children suffer from neuroblastoma, a rare and
deadly childhood cancer, have banded together to fund a drug development cftort at
Memorial Sloan-Kettering Cancer Center (MSK.CC) in Mew York City. The idea came
out of a meeting this summer between patients’ families and MSKCC pediatric oncol-
ogist Nai-Kong Cheung (left), who more than 20 years ago developed a therapy for the
disease, a mouse antibody called 3F8. Answering questions about the most urgent
needs in neuroblastoma, Cheung pointed out that humanizing the antibody—replacing
the mouse genes in the antibody blueprint with human ones—would reduce immune

resistance to the therapy. “1

institute at the Massachusetts Institute of
Technology (MIT) in Cambridge to help
geneticists, molecular biologists, and engineers
combat the disease,

David Koch, an MIT grad, is executive vice
president of Koch Industries Inc., an industrial
powerhouse in the chemical, mining, timber,
and banking fields. Koch, 67, has an estimated
net worth of $17 billion, good for ninth place
on Forbes’ list of the 400 richest Americans. He
also has a political streak, running unsuccess-
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fully as the vice presidential candidate for the
Libertarian Party in 1980.

The David H. Koch Institute for Integrative
Cancer Research will open in 2010 and will be
led by MIT biologist Tyler Jacks. More than two
dozen researchers and engineers will work
together on new therapies and advanced diag-
nostics. “As a cancer survivor, | feel especially
fortunate to be able to help advance” efforts to
conguer the disease, says Koch, who was diag-
nosed with prostate cancer 15 years ago.

<< MOVERS

PAN-EUROPEAN. Finnish molecular biolo-
gist Marja Makarow has become the first
woman to be named head of the European
Science Foundation (ESF), headquartered
in Strasbourg, France. Makarow, currently a
research administrator at the University of
Helsinki, says she wants to build stronger
scientific links across Europe by developing

pilot programs that encourage cooperative funding and networking, in addition to
strengthening existing programs such as the European Collaborative Research scheme,
She also wants to see the 33-year-old foundation play a bigger role in the policy arena by
engaging researchers from different disciplines, including the social sciences.

“There are opportunities to learn from each other.” she says of ESF’s 75 member
organizations from 30 couniries. “Our great challenge is that money does not cross

borders.

... The vast majority of research money lies with national agencies.”

Makarow will succeed outgoing chief John Marks in January 2008.
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GLOBAL WARMING

Selecting flower
colar

Nobel Peace Prize Won by Host
Of Scientists and One Crusader

The announcement came as a shock to Robert
Watson, “It would never have crossed my
mind that a scientific assessment process
would be named in a Nobel Peace Prize.” he
says. "It anyone had told me that could hap-
pen, | would have said, *You have to be smok-
ing something.” "™ But stone-cold sober
the Norwegian Nobel Committee was
when it awarded the prize to the United
Mations—sponsored Intergcovernmental Panel
on Climate Change (IPCC}—which Watson

and Al Gore’s ability to bring the message to
politicians and the public™ has worked well,
says Bert Bolin, the first chair of IPCC. Mot
that their work is done. There's still the matter
of steeling the public’s will to meet the costs
of countering the threat.

On the [PCC side, the winners are legion.
“This is an honor that goes to all the scien-
tists and authors who have contributed to the
work of the [PCC,” says Indian engineer and
economist Rajendra Kumar Pachauri, cur-

- ¥ ‘-' *
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Winners all. IPCC chair Rajendra Kumar Pachauri (feft}, representing several thousand scientists, and Al Gone
share the Nobel Peace Prize for creating and spreading knowledge of climate change.

chaired from 1997 to 2002—and to Al Gore
tor their “efforts to build up and disseminate
greater knowledge about man-made chimate
change™ because such change may increase
*“the danger of violent conflicts and wars,
within and between states,”

The odd-couple winners area good match,
most scientists believe. On the one hand,
there's the organization of thousands of
unpaid, nearly anonymous rescarchers metic-
ulously assessing the state of climate science;
on the other, a former politician using that sci-
ence to underpin his media-savvy campaign
to save the world from climate catastrophe.
“The combination of IPCC, with its very
careful examination of scientific knowledge,

19 OCTOBER 2007 VOL 318 SCIENCE

rent [PCC char. The award recognizes a vast
amount of unpaid hard work on their part,
says geoscientist Michael Oppenheimer of
Princeton University, who has served IPCC
in various capacities since the United
MNations established the body in [958,
*There’s an incredible amount of time
involved,” he says, flying to meetings in
every corner of the world, hammering out
consensus, responding to thousands of
reviews, and extracting government
approval word by word for three different
working groups for cach report (Science,
9 February, p. 754). “There is a price,” says
Oppenheimer. “People burn out.”

Working against burnout is “a sense of

Early human
settlement

community responsibility.” says Oppenheimer.
“A free society provides the space so you can
do science” and create knowledge. In return,
he says, climate researchers serve on IPCC to
distill that knowledge in a credible way for
policymakers. Adds Watson: “They want
informed political decisions. 1f they want
their science to be part of informed policy-
making, the IPCC is the vehicle.” And then
there is self-interest, 1 get more out of |PCC
than I put in,” says Oppenheimer. “1PCC
meetings are very useful.” They force a eriti-
cal analysis of a scientist’s own specialty and
provide exposure to the top people in other
fields. scientists say.

The other winner of the prize is far more
tamiliar to the public. But Gore has also been
well-known to the scientific community for
decades. Scientists say few politicians have
relied upon or mvolved more researchers in
their policy work than Gore. “My relation-
ship with Al Gore was born in combat.” says
climate researcher Stephen Schneider of
Stanford University in Palo Alto, California,
who recalls a 1981 hearing then-representative
Gore held in which Schneider opposed a
move by the Reagan Administration to cut
climate resecarch. “We were soldiers in the
same war .., for 25 vears.”

Climate researchers have known Gore as
the rare policymaker who brings scientists
in—and listens. When he visited Lamont-
Doherty Earth Observatory in Palisades,
New York, as a senator, recalls geochemist
Wallace Broecker. “he said, ‘1 don’t want a
tour. 1 just want to sit around a table with
some of your climate people.” ™ While Gore
was writing his 1992 book Eaveli in the Balance,
recalls atmosphenc chemist Michael McElroy
of Harvard University, the then-senator spent
2 hours on the phone nailing down a “pretty
subtle chemical point™ about ocean aciditica-
tion. “He came into these issues with a vis-
ceral feel that this was an important issue,”
says McElroy, “like the Vietham War had
been when he was a young man.”

Schneider thinks the award to both Gore
and 1PCC recognizes their dual roles in
promoting climate science. “We provide the
credibility the Gores and Blairs and
Schwarzeneggers need,” he says of the panel,
And Gore's treatment of that science? " Hedid
a pretty zood job of communicating complex
scientific information to a lay audience,” says
McElroy of Gore's film An fnconveniens »
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Truth. It it was a scientistdoing it, it would be
different. Butl dontthink there were any glar-
ing errors.” The publicity. Broecker says,
accomplished far more than IPCC's scientists
could have done on their own: “Gore put it in
a way that people listened. We're much further
along to meaningtul action [to cut emissions]
because of him.”

IPCC led the way, Watson says. [ts reports
forging increasingly strong links between
human activity and global warming were
instrumental in moving nations toward draft-

NMOBEL PRIZES

mg and signing the Kyoto Protocol for cutting
greenhouse gas emissions, he says. But more
recently, says Oppenheimer., other forces have
come into play: high oil prices and a new
energy crisis; events ascribable to global
warming, such as the dwindling of Arctic sea
ice; and weather events such as Hurricane
Katrina that are at least analogs of weather ina
greenhouse world,

And then “along comes Al Gore,” says
Oppenheimer. The end result has been an
explosion of media attention and in the United

Origins of
seafaring

States, unprecedented political debate and even
emission-cutting legislation. But it's not over,
warns political communications researcher
Matthew Nisbet of Amenican University in Wash-
ington, D.C. IPCC and Gore may have raised
awareness broadly and stoked concern among
the already environmentally attentive, but by
Misbet's reading of the polls, the broad support
for erissions cuts that will hurt is nowhere near
there. Activists, he says, need a new message.

-RICHARD A. KERR AND ELI KINTISCH
With reporting by Pallava Bagla.

Chemistry Laureate Pioneered New School of Thought

Mow that’s a birthday present! Instead of
receiving the random necktie on his 7 st
birthday last week. Gerhard Ertl was
awarded this year’s Nobel Prize in chem-
istry. Ertl, a physical chemist at the Fritz
Haber Institute of the Max Planck Society
in Berlin, Germany, won for developing
methods that reveal how chemical reac-
tions take place on metals and other sur-
faces. Those techniques have led to results
as diverse as new catalysts that remove
poisonous carbon monoxide from car
exhaust and an understanding of how
stratospheric ice crystals supercharge
chlorine’s ability to destroy the planet's
protective ozone layer.

“This is really well deserved.” says Ralph
Muzzo, a surface chemist at the University of
I1linois, Urbana-Champaign. “Ertl isa
titan.” John Vickerman, a chemist at the Uni-
versity of Manchester in the UK., agrees.
“The reactions occurring at surtaces are very
difficult to probe because there are so few
molecules involved, and they frequently
occur very rapidly.)” he says. “Furthermore,
the scientist has to distinguish what is hap-
pening in a layer one molecule thick from
the rest of the solid. Ertl developed very
sophisticated physical tools to identify the
chemistry occurring at the surface.” The
Royal Swedish Academy of Sciences, which
awards the Nobel Prizes, says Ertl was
selected not for developing a particular tool,
technique, or discovery, as is often the case,
but because “he established an experimental
school of thought for the entire discipline.”

One early example was in figuring out

www.sciencemag.org SCIENCE VOL 318

how ron-based catalysts convert hydrogen
and nitrogen into ammonia, a critical indus-
tnal process for making fertilizers. This con-
version, known as the Haber-Bosch process,
combines dinitrogen molecules from the air
with dihydrogen molecules. Earlier studies
had revealed that the slowest step in the
process was one in which nitrogen molecules
adsorb onto iron particles in a manner that
primes them for combining with hydrogen.
Rescarchers didn't know whether the tightly

\NUE

Many happy returns. After Gerhard Ertl won the Nobel on his birth-
day, colleagues toasted him with champagne and German pretzels.

bonded nitrogen molecules reacted with
hydrogen intact or whether they broke apart
first. Using spectroscopic techniques and
other tools, Ertl revealed the complete
seven-step process whereby nitrogen and
hvdrozen molecules land on an iron surface,
break apart, and react to form ammonia.
After receiving the announcement last

Wednesday, about 200 of Ertls colleagues
toasted him with champagne and German
pretzels on the shaded lawn of the Fritz
Haber Institute. After Ertl ficlded a few
questions from TV reporters, the crowd broke
out in a rousing round of “Happy Birthday
to You" (in English).

In an earlier phone interview with
Science, Ertl was guick to offer credit to
fellow researchers, His field, he says, was

propelled by the parallel development of

many surface characterization
techniques. And, he adds, many
scientists were adept at applying
them—including Gabor Somor-
jai of the University of Califor-
nia, Berkeley. with whom he
shared the 1998 Wolf Prize in
Chemistry for their work in sur-
face science. “1 was a little bit
disappointed he didn’t share [the
Mobel Prize] with me,” Ertl says.
Last week, several chemistry
bloggers went further, arguing
that Somorjai deserved recogni-
tion for his vital role in laying the
foundations of surface science.

For his part, Somorjai says
simply that he does not under-
stand how award decisions arc made. But he
notes that in the 19805, he began steering
away from ultrahigh-vacuum surface sci-
ence to study reactions at solid-liquid inter-
taces, among other things. By contrast,
Somorjai says, “Ertl stayed in there all
through his life.” -ROBERT F. SERVICE
With reporting by Gretchen Vogel in Berlin, Germany.
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Three Economists Lauded for Theory
That Helps the Invisible Hand

Scottish philosopher Adam Smith asserted
that when everyone acts out of self-interest,
everyone will eventually benefit, as if a
benevolent “invisible hand™ molds the econ-
omy. Economists now know that view is
naive: In some situations, rational people will
act in ways that leave everybody a loser. But
such dreary outcomes can sometimes be
avoided, thanks to work that earned three
Americans the Nobel Prize in economics,
Leonid Hurwicez of the University of
Minnesota, Twin Cities, Eric Maskin of the
Institute for Advanced Study in Princeton,
MNew Jersey, and Roger Myerson of the Uni-
versity of Chicago, Illinois, developed
“mechanism design theory.” The theory
w» aims to find schemes, or “mechanisms,” that
= ensure that acting in self-interest will indeed
lead to benefits for all. Today. its applica-

NIDHURWIC

to right) have won the Nobel Prize in economics.

tions range from how best to auction broad-
cast rights and other public resources to con-
tract negotiations and elections.

“At first, | thought it was some kind of a
joke,” says Hurwicz, of hearing of his award.
At 90, Hurwicz is the oldest person to win a
Nobel. He says colleagues had told him that he
might win, “but not in recent years.” The prize
iswell-deserved others say. “1 was riding in the
car [and discussing the prize] with somebody
vesterday, and these were the three names that
came up,” says W. Bentley MacLeod, an econ-
omist at Columbia University,

Mechanism design theory staris with the
recognition that unbridled self-interest doesn’t
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Everybody wins. Leonid Hurwicz, Eric Maskin, and Roger Myerson (left

always lead to the greater good. For example,
ifthe people of a town were asked to chip in to
build a bndge, each person would benefit by
underestimating his or her share and letting
others bear the cost. So for lack of funds, the
bridge would never get built. That sort of a
logically unavoidable lose-lose situation is
known as a Nash equilibrium,

In the 1960s, Hurwicz pioneered the
study of how to avoid such dead ends by fid-
dling with the rules of an economic or social
interaction so that the most beneficial state
and the inevitable equilibrium state are one
and the same. “It’s a little Machiavellian,”
says Gabrielle Demange of the Paris School
of Economics. “You design a game so that in
the end the Nash equilibrium comes out to be
what you want.” For example, each person
could be required to pay what otfhers think
the bndge is worth. thus elim-
inating the incentive to lie.

Maskin. 57, and Myerson,
56, expanded on Hurwicz’s
work. In 1977, Maskin devel-
oped a criterion for determin-
ing just when it’s possible to
find rules that will guide self-
interested participants to the
desired end. Starting in the
late 1970s, Myerson showed
that whenever a mechanism
exists. it is also possible to
find one that gives partici-
pants an incentive to tell the
truth, an insight that makes
it much easier to devise prac-
tical mechanisms.

Relying heavily on game
theory, the laureates” work
has been largely abstract and formal. “My
methodology 1s to invent simple little
worlds in which there is just a bit that we
don’t understand and can study,” Myerson
says. Mevertheless, the theory may play a
role in confronting perhaps the most com-
plex and pressing problem facing humanity
today, climate change, by helping to set up
incentives that encourage consumers and
countries to minimize greenhouse gas emis-
sions, “Mechanism design should definitely
be pertinent to the problem,” Maskin says.
“But first we have to decide exactly what
we're trying to accomplish.”

=ADRIAN CHO

Sequestration (in) Rocks

Last week, the U.5. government took two
impartant steps on the long road to testing the
feasibility of burying carbon dioxide to combat
global warming. The Depariment of Energy
chose three sites in Texas, North Dakota, and
Alberta, Canada, to inject 1 million or more
tons of CO, from coal plants in an effort to
sequester carbon emissions from power plants.
And the Environmental Protection Agency said
that it would begin crafting rules on regulating
such large-scale injection projects. Therules
will help maintain clean drinking water during
massive injection projects.

=ELI KINTISCH

New SETI Array Deployed

Microsoft co-founder Paul Allen threw a switch
last week christening an array of 42 antennas
designed to search for signals from other
intelligent life in the universe. Although the
Search for Extraterrestrial Intelligence (SETI} has
been going on for more than 3 decades, the
Allen Telescope Array will expand the search
1000-fold in the next 20 years and eventually
could include 350 antennas at a site 480 kilo-
meters north of San Francisco, California. Allen
has pledged 511.5 million for the venture,
whidch Congress forced NASA to abandon in
the early 1990s ~ANDREW LAWLER

Nuclear Deal in Deep Freeze

NEW DELHI, INDIA—The U.5.=India nuclear
agreement hit a roadblock last week when
India’s Communist parties threatened to with-
draw their support from the government if the
pact went forward. The deal is likely to be con-
signed to cold storage, politicians say, possi-
bly to be resurrected in 2009 after both coun-
tries have held national elections.

The completion of the process leading to
the so-called 123 Agreement would have
allowed India to purchase equipment and
fuel for its civilian nuclear program on the
U.5. and world markets, ending 4 decades of
isolation following India's explosion of a
nuclear device in 1974, Prime Minister
Manmohan Singh repeated his support for the
plan, calling it an “honorable deal, good for
the country, good for the world.” But in a tacti-
cal climb-down, Singh noted that although it
would be a “disappointment” if the deal does
not go through, it would not be “the end of
life." Reacting to the announcement, M. R.
Srinivasan, a member of the Indian Atomic
Energy Commission, said, A delayed deal i
better than a bad deal.” -PALLAVA BAGLA

19 OCTOBER 2007

375



I NEWS OF THE WEEK

376

EVOLUTION

Natural Selection, Not Chance, Paints the Desert Landscape

Desert snow, a flower that lives in the
Mojave Desert, has a colorful history
literally and figuratively. The five-petaled
Linanthus parrvae comes in purplish-blue
and white varieties; it sometimes carpets
dusty landscapes in a single color and some-
times in a blue-white mosaic. Sixty years
ago, studics of these patterns provided key
support for a powerful evolutionary theory.
Now, two evolutionary biologists have found
that the theory doesn’t hold in this species.

At issue is the relative role of random-
ness in genetic differentiation within a pop-
ulation, Did the chance increase in fre-
quency of a new version of a gene—for
example, one that tinted desert snow blue—
and the luck of the draw result in the blue
blooms flourishing in some places and not
others? Such serendipity is
called genetic drift, and it
contrasts with the idea that
fitness in a particular envi-
ronment—natural selec-
tion—not chance, 15 respon-
sible for the successful
spread and distribution of
these blue and white flowers.

Researchers began study-
ing Linanthus in the carly
19405, most notably systema-
tist Carl Epling and evolu-
tionary biologists Theodosius
Dobzhansky and Sewall Wright.
Epling and Dobzhansky,
and later Wright, attributed
the flowers’ distribution to
genetic drift: Blue flower
seeds happened to land on the
far side of a particular rmvine,
for example, and spread, iso-
lated from the white ones by
the forbidding habitat at the
bottom of the ravine.

Epling later decided that
natural selection was impor-
tant, but Wright, based on his
continued work with this
species, concluded that genetic
drift was key. He proposed
that the larger a population, the more likely
new versions of a particular gene would
take hold in a subset of that population,
setting the stage for some subsets to head in
diftferent evolutionary directions. He called
this idea the shifting balance theory. That
work has been cited more than 1400 times.
Monetheless, evolutionary biologists have

been arguing ever since about how right
Wright was.

In 1988, Douglas Schemske of Michigan
State University in East Lansing and
Paulette Bierzychudek of Lewis & Clark
College in Portland. Oregon, decided to
weigh in on the controversy. *Because none
of these studies had directly estimated natu-
ral selection, we thought it was necessary to
mount a long-term Field project to resolve
the dispute.” Schemske recalls. That year,
they started tracking the distribution and
fitness of Linanthis.

They reported in 2001 that natural selec-
tion could be intense, playing a larger role
in shaping the distribution of flower color
than Wright realized. Now, in an early
online release of Evoelurion, Schemske and

of white and blue Linanthus parryae (fop) vary across arid landscapes.

Bierzychudek have pinpointed strong envi-
ronmental differences that likely keep blue
flowers to one side of the ravine and white
flowers to the other. The work “provides a
very nice historical perspective on this key
system, one that has crept into a lotoftextbooks.”
notes evolutionary biologist Michael Lynch
of Indiana University, Bloomington. “They

clearly dont come down on the side of Wright”

Schemske and Bierzychudek focused on
two 500-meter-long swaths along a
25-meter-wide ravine with blue flowers on
the west side and white ones on the cast.
Over 7 years, they counted the blue and
white blossoms and noted changes in the dis-
tribution of the two colors. They looked at
the distribution of allozymes—different
versions of a given protein—in flowers on
both sides of the ravine. In addition, they
planted some white-flower seeds on the west
side and blue-flower seeds on the east and
vice versa. monitoring seed production in
these experimental plots. Because one year
was quite wet and another quite dry, the
researchers were able to assess the two col-
ored flowers” fitness relative to precipita-
tion. They also analyzed the makeup of the
soil and plant communities on both sides
of the ravine. finding big differences in
both. “1t was rigorous fieldwork and care-
ful analysis, work that addresses impor-
tant questions with exceptional clarity,”
says plant population biologist Vincent
Eckhart of Grinnell College n lowa.

The sides were more than 95% blue or
white, But the distribution of the allozymes
did not parallel that of the flower color. Had
genetic drift caused the color pattern, the
distribution of at least some allozymes
should have been skewed as well, Schemske
and Bicrzychudek note. In the seed-
transplant studies, each color flower typi-
cally did best on its own turf, indicating that
selection played a role. “Our data strongly
suggest that it's no accident that there are
only blue survivors on the west side and
only white survivors on the east side,”
says Bierzychudek.

Furthermore. the soil and community
composition of the two sides of the ravine
were different—one side had a much higher
proportion of creosote bushes, for exam-
ple—providing strong evidence of environ-
mental differences that could favor one
flower color over another.

“The study shows the imimportance of drift
in Linanthus,” says evolutionary biologist
Masatoshi Nei of Pennsylvania State Univer-
sity in State College. “In this sense, [the] find-
ing shakes the ground of the shifting balance
theory.” But he is cautious about making gen-
cralizations, given that other studies suggest
otherwise: “The relative importance of selec-
tion and drift depends on the genes and
populatons smudied.™ ~ELIZABETH PENNISI

19 OCTOBER 2007 VOL 318 SCIENCE www.sciencemag.org

CREDTS: O, W SCHEMSKE AN D P BIERZYCHUDEK, EVOLUTION [ADVARNCED ONLINE, 2007, BLACKWELL PUBLEHING INC.



ARCHAEOQOLOGY

Coastal Artifacts Suggest Early
Beginnings for Modern Behavior

Modern humans first appear in the fossil
record of Africa between 160,000 and
195,000 years ago, with skulls and bones that
are virtually indistinguishable from ours. But
looking like us doesn’t necessanly mean that
they acted like us. Indeed, rescarchers have
debated intensely about when Homo sapiens
began to act sapient by producing complex
tools and manipulating symbols.

Mow, an international team of researchers
says that some key elements of
modern behavior were in place
by 164,000 years ago, pushing
back the appearance of some
of these activities by 25,000 to
40,000 years. The team found
complex stone bladelets and
ground red pigment-—advances
usually seen as hallmarks of
modern behavior—coupled
with the shells of mussels,
abalone, and other inverte-
brates in a cave in South Africa.
These ancient clambakes are the
carliest evidence of humans
including marine resources in
their diet, according to a report in
this week's issuc of Marnure,

Mot everyone agrees that the
artifacts add up to a major cogni-
tive shift. But to palecanthropolo-
gists such as Sally McBrearty of
the University of Connecticut, Storrs, the
package provides “strong evidence™ that
these people were manipulating symbols.
That “supports the gradual rather than sud-
den or rapid accumulation of more complex
behaviors,” adds Alison Brooks of George
Washington University in Washington, D.C.

The team found the shells, tools. and
picces of red ochre cemented in the wall of a
cave at Pinnacle Point on the Cape of South
Africa, on the coast of the Indian Ocean.
Using uranium series and optically stimu-
 lated luminescence dating, the team dated the
sediments to about 164,000 years, during a
a glacial period that left Africa cool and dry.
These humans might have started to eat
marine resources as a “famine food” because
of a harsh environment, says team leader
Curtis Marean of Arizona State University’s
i Institute of Human Origins in Tempe.
Although the team found no human
% bones, the ancient people did leave behind a
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trail of stone flakes that the team 1dentifies as
bladelets, small points used by more recent
humans as advanced projectile points. If so,
this would push back the appearance of true
bladelets by at lecast 90,000 years. Other
researchers caution, however. that the points
may have been made by accident rather than
on purpose. The pieces of red ochre were
worn down, suggesting that these people
were using ochre paste as glue to make com-
plex tools or perhaps even as body paint. Says

Room with a view. Early Homo sapiens ate shellfish and worked
with achre and stone tools (fnset) in this South African cave.

Marean: “You put that dietary, technological,
and cultural package together, and all of a
sudden it looks like archaeological sites from
2000 years ago.”

But using “little bits of red ochre™ pales
in comparison with the advances that appear
50,000 years ago in Europe. when humans
began to draw animals, shape beads, and
bury their dead in elaborate graves
changes that enhanced reproduction and are
linked to dramatic population expansions,
says paleoanthropologist Richard Klein of
Stanford University in Palo Alto, Califormia.
By themselves, the Pinnacle Point artifacts
would not confer such a significant repro-
ductive advantage, says Klein.

Marean, however, thinks the behavioral
changes were so important that they might
have been one of the catalysts for the birth
of our species. He is searching even older
sediments to pinpoint when these behav-
iors emerged. =ANN GIBEONS

I=

OPE

Remains Remain Controversial

Jockeying over what constitutes a native
American may resume after the Senate Indian
Affairs committee approved a bill (5. 2087)
late last month that would redefine the term
under the Native American Graves Protection
and Repatriation AcL Pro-research groups say
the change could prevent scientists from
studying ancient remains, whereas Indian
qgroups say it would merely clarify the law's
original intent.

Tribal activists have been trying to reverse
a federal court ruling in 2004 that said the
law did not apply to the 9000-year-old bones
of the culturally unidentified Kennewick Man,
clearing them for scientific study. 5. 2087, a
collection of technical amendments to Indian
law, adds two words to the definition of “Native
American” to make it cover any member of a
tribe or culture that is “or was” indigenous to
the United States. With a crowded fall calen-
dar, no Senate floor vote is expected in the
near future. Representative Doc Hastings
(R=WA) is expected to reintroduce a measure
in the House shortly that would counter the
proposed change.

=CONSTANCE HOLDEN

NSF Shortens Drilling Season

A funding crunch is forcing the National Sci-
ence Foundation (NSF) to shorten by 4 months
annual deep-sea drilling operations begin-
ning in 2009, according to Steven Bohlen of
the Joint Oceanographic Institutions {JO1), the
N5F-funded operator of the U.5. drill ship
JOIDES Resolution. "Qur operating costs are
well beyond what we anticipated,” he says,
due to the escalating costs of ship fuel,
drilling gear, and maintenance. Add in NSF's
commitments to support ocean-observing sys-
tems and non=drilling-ship operations, and
“there are not sufficient funds to support the
drill ship for science for the entire year,” says
Bohlen. )OI will be pursuing work with petro-
leum companies and other science agencies
that Bohlen hopes will fill in the looming
gaps. "We're definitely scrambling here.
We're worried, " he says.

"Is it a big deal?” says Terry Schaff, direc-
tor of government relations with Woods Hole
Oceanographic Institution in Massachusetts.
“It would be good if there was enough funds
to run it for a whole year,” he says. But most
ships that run U.5. academic oceanographic
research run between 250 and 300 days a
year, he points out. "Most of the ships haven't
run a full year for a while. It's not a terribly
unusual situation,”

-RICHARD A. KERR
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ASTRONOMY

Space Sighting Suggests Stardust
Doesn’'t Have to Come From Stars

Microscopic rubies and sapphires arise in
black hole winds. Using NAS A’ Spitzer Space
Telescope, astronomers spotted the telltale
spectroscopic fingerprints of these unpolished
microgems in space near a supermassive black
hole. Many other dust species also showed up,
including crystalline minerals that make up
sand, glass, and marble. Team leader Ciska
Markwick-Kemper of the University of
Manchester, UK., says the find may help
explain the abundance of dust particles in the
very carly universe.

“It's a spectacular find” says astrochemist
Rens Waters ofthe University of Amsterdam in
the Netherlands. “If pressures and tempera-
tures in supermassive black hole winds are
tavorable for dust production, huge quantities
of dust could be produced in this way”

The universe started out with a mixture of
hydrogen and helium, the two lightest ele-
ments. Heavier elements such as carbon, oxy-
gen, silicon, and magnesium formed by
nuclear fusion in the first generation of
extremely massive stars. Supemova explosions
then dispersed these heavy elements through
space, where some of them condensed into
dust particles—the building blocks of plancts
such as Earth. However, many components of
dust form only in the calm outflows of dying
sunlike stars. So astronomers have been

SCIENCE FUNDING

baffled to observe healthy amounts of dustata
time in the universe’s history when sunlike
stars were still in their infancy.

In 2002, astrophysicist Martin Elvis of the

W : ]

Matter maker? Perishable compounds near the heart of a galaxy hint
that the universe has more than one way of cooking up cosmic dust,

Harvard-Smithsonian Center for Astrophysics
in Cambridge, Massachusetts, suggested that
dust could form in the winds of supermassive
black holes that sit in the cores of young galax-
ics, sucking in matter with their enormous
gravity. These gluttonous monsters are “messy
caters,” says Sarah Gallagher of the University

U.K. Spells Out Boost in Medical Research

In 10 years as the LK. government s finance
chief, Gordon Brown engineered substantial
and steady growth in research funding. Now,
as prime minister, Brown is continuing that
trend. Last week, the government’s Compre-
hensive Spending Review (CS5R }—a state-
ment of spending plans issued every 2 or
3 years—signaled a boost of £300 million
(about S600 million), to £1.7 billion, in med-
ical and health research over the next 3 years.
“This is nothing less than good news,” says
Hilary Leevers, acting head of the Campaign
for Science and Engineering inthe UK,

The government had previously announced
that it intended to boost the overall level of
funding for science and university rescarch
from £5.4 billion to £6.3 billion over the same
2008-11 period. CSR reveals how that
increase will be divvied up. Around half goes
to the LLK.S seven research councils, which

distribute grants to scientists at universities and
national labs. They will see their £2.8 billion
annual funding boosted on average by 5.4%,

The emphasis on medical and health
research continues a process begun earlier.
In 2006, Brown appointed David Cooksey. a
venture capitalist who has advised the govern-
ment on medical research. to figure out the
best way of combining all the government’s
medical and health research spending into
a single fund. Last December, acting on
Cooksey's recommendations, Brown created
the Office for Strategic Coordination of
Health Research (OSCHR,).

OSCHR oversees the activities of the Med-
ical Research Council (MRC) and the Depart-
ment of Health's Natnonal Institute for Health
Research to promote a new emphasis on
“translational” research—taking basic science
results and turning them into usable drugs or

NEWS OF THE WEEK I

of Califomia, Los Angeles, spilling and blow-
ing much of their food into space, including
heavy elements from supernovae. The balmy
temperatures and high densities in these winds
could forge dust particles, including crystalline
silicates and tiny rubies, from these elements,
Elvis theorized.

MNow, analysis of light from a supermassive
black hole in a galaxy some 8 billion light-
years away supports Elvis’sidea. Inthe Spitzer
observations, Markwick-
Kemper, Gallagher, and their
colleagues detected many min-
eral species previously seen
only in the outflows of dying
sunlike stars, such as forsterite
(Mg, Si0, ), periclase (MgO), and
corundum (AL O,), the mineral
that constitutes ruby and sap-
phire. Because many of those
minerals are easily destroved by
energetic radiation from stars or
by interstellar shock waves, the
observations suggest that the
dust has been freshly formed in
the black hole winds.

The case isn't closed. In their
paper in the 20 October 155ue
of The Astrophysical Journal
Letters, Markwick-Kemper and her colleagues
note that part of the carly universe’s dust could
still have come from supernova gjecta. Says
Watcers: “The ongin of dust is still shrouded in
lots of mysteries.” ~GOVERT SCHILLING

Gavert Schilling & an astronarmy writer in Amersfoort,
the Metherlands,

treatments. CSR—which does not need parlia-
mentary approval—boosts the combined
budgets of these two bodies by £300 million.
“There’s been a need for an increase for some
time, and a need for a better connection
between the MEC and the Department of
Health.” says Michael Rutter, clinical vice
president of the Academy of Medical Sciences.
although he expressed concem that the empha-
sis on translational research “doesn’t lead to a
reduction in funding for basic science.”
Leevers has similar concerns. The research
councils have recently begun requinng infor-
mation about the economic impact of research
on grant applications, a change that some
researchers worry would put basic research
proposals at a disadvantage. “The government
ardently believes in the dave toward innova-
tion.” she says. “But you have to have the
bedrock on which to innovate” ~DANIEL CLERY
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ON THE NIGHT OF 17/18 OCTOBER 1977,

a Lufthansa airliner sat on the tarmac of

Mogadishu airport in Somalia and the
world held its breath. Four days carlier,
terrorists from the Popular Front for the
Liberation of Palestine had hijacked the
Bocing 737 en route from Majorca to
Frankfurt and demanded 5135 million and
the release of | | members of an allied ter-
rorist group, the Red Army Faction (RAF),
who were in prison in Germany. Over the
following days, the plane landed in Rome,
Larnaca, Bahrain, Dubai. and Aden before
coming to a stop in Mogadishu, where the
hijackers dumped the body of the pilot
whom they had shot—out of the plane.
They set a deadline that night for their
demands to be met.

At 2 a.m. local time, a team of German
special forces, the GSG 9, which had been
tailing the plane across the Mediterranean
and Middle East, stormed aboard. In the fight
that followed, three of the four terrorists were
killed and one was captured with bullet
wounds. All the passengers were rescued
uninjured. Far from the action, the resolution
of the hijacking had a surprising side effect:
the Joint European Torus (JET), an experi-
mental nuclear fusion reactor being planned
by European nations, ended up being built in
the United Kingdom rather than in Germany.

19 OCTOBER 2007 VOL 318 SCIENCE

..,..W!H tonal scientific facilities,
..p"m 10 |"Hi|-.:_:_u&ﬁ Bvensh

""' 14 35 11*

P

On the day the hijacking ended, British
prime minister James Callaghan arrived in
Bonn for a summit meeting and was met by
German chancellor Helmut Schmidt with
the words: “Thank vou so much for all vou
have done.” The reason for his gratitude was
that Britain's Special Air Service (SAS), the
Army’s special forces unit, had advised the
GSG 9 and provided them with specially
designed stun grenades, which the German

Golden age. CERN's dedication in 1955 made the
lab a model for big international projects.
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commandos used to incapacitate the hijack-
ers during the storming of the plane.

Because of this help, Schmidt settled an
issue that had recently divided the two coun-
trics; where to build JET, Most of the nine
members of what was then the European Eco-
nomic Community ( EEC) supported Culham
near Oxford, but Germany was holding out
for Garching. home of its own fusion research
lab. At a cabinet meeting the day after meet-
ing Callaghan, Schmidt backed Culham, and
on 25 October, the site was approved by EEC
research ministers,

It's not often that acts of terronsm play a
part in international research collaborations,

but there comes a time in the development of

many such projects—usually around the
issue of choosing a site—when national
pride and cross-border rivalries can take over
from technical considerations, In such situa-
tions, the scientists who have caretully nur-
tured a project for years become bit players as
international power politics 15 played out.
When politicians stumble, the process can
become so divisive that it threatens the whole
project and international relations as well.
Such was the case with ITER, a global fusion
research project that is the successor to JET,
In late 2003, ITER site-selection process
descended into 1R months of mudslinging
and frantic shuttle diplomacy. Although an
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Payback. Help in storming hijacked Lufthansa flight
181 got Britain an experimental fusion reactor.

amicable resolution was finally achieved,
there were moments when the project’s future
looked in doubt. and many consider the
episode a low-water mark in international sci-
entific collaboration. “I haven’t talked with
anyone who was happy about the ITER
process, even those who won,” says an inter-
national official who asked not to be named.

Soisthere abetter way to choose the site for
an international facility? Those projects cur-
rently on the drawing board—including the
next multibillion-dollar particle physics
machine, the International Linear Collider
(ILC}—don’t seem to have agreed
on the best method, but with the
scars of ITER still raw, they are
treading very carefully,

Physicists with a mission

The model for international col-
laborations, most agree. is CERN,
Europe’s particle physics lab.
Soon after the Second World War,
a group of prominent physicists,
including Pierre Auger, Isidor
Rabi, Eduardo Amaldi, and Lew
Kowarski, bullied, coaxed, and
cajoled European governments
and the continent’s physicists into
supporting an international parti-
cle physics lab. The aim was both
to rebuild European scienceandto
toster international cooperation.
In February 1952, 11 nations
signed up to the provisional
CERN and soon four sites were
under consideration: Geneva,
Copenhagen, Paris, and Arnhem
in the Netherlands,

A site-selection committee
began visiting the sites prior to a meeting ofthe
provisional CERN council in October 1952,
By this time. Pans had slipped in the rankings
because it was considered too big, too expen-
sive, and plagued by labor strikes. Copenhagen
was strongly opposed by the French. Geneva
made a strong case as an international city:
home of the defunct League of Nations, and
with good tax and customs terms. Reportedly,
on the day the selection committee visited
Arnhem, it was pouring with rain, The panel
found a town with only two hotels, no univer-
sity, no international school, and only a few
foreign newspapers at the train station news-
stand. At the council meeting in October., the
delegations lined up behind Geneva,

The next hurdle was Swiss public opin-
ion. Eastern bloc countries had declined to
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Join the project. and communist politicians
in Switzerland exploited the resulting Wesi-
ern bias. They claimed that the lab would
become part of the LLS. atomic system, con-
trolled by bomb manufacturers. A heated
debate in the Geneva state council spilled
out into fistfights in the corndors. Voters in
the Canton of Geneva, fearing the health
effects of radiation and a threat to Swiss
neutrality, petitioned for a referendum on
CERN,. to be held on 29 June 1953. In the
run-up, physicists made a hectic round of
specches and rallies—the city was abuzz
with scientific debates. On the day, only
7332 voted against the lab—fewer than had
signed the original petition—and 16,539

re .S

Undone deal. The European Synchrotron Radiation Facility wound upin Grenoble
after last-minute political maneuvering changed the site from Strasbourg.

voted in favor. On 1 July 1953, the provi-
sional council voted CERN into existence.
The center soon became a model for other
cross-border collaborations: the Institut
Laue-Langevin (ILL. a neutron source), the
European Molecular Biology Laboratory
(EMBL), the European Space Agency (ESA),
and the European Southern Observatory
(ESO). Relatively fow sparks flew in the dis-
cussions over siting these organizations. ESA
i5 headquartered in Paris, but has other facili-
ties in all its major funding countries apart
trom the United Kingdom, ESO has its base in

in Chile. “Everyone is happiest when the
[location] issue doesn’t come up,” says the
international official, such as when the best
site is not in one of the funding countries.
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But such harmony grew increasingly diffi-
cult to maintain as politicians became increas-
ingly interested in scientific facilities for the
international prestige they brought and the
money they injected into local economies. In
the mud-1970s, European researchers identi-
fied the need for a large synchrotron radiation
source, a provider of intense laserlike x-rays for
physicists, materials scientists, and molecular
biologists. By the early 1980s, many countries
had expressed interest in hosting the machine
but it boiled down to horse-trading between the
main backers, France and Germany. According
to CERN physicist Horst Wenninger, President
Frangois Mitterrand and Chancellor Helmut
Kohl decided the 1ssue over a break fast cup of
coffee: The site for the European
Synchrotron Radiation Facility
(ESRF) would be Strasbourg on
the French-German border.

But in 1984, researchers and
politicians in the French city of
Grenoble began agitating for a
rethink. According to current
ESRF director Bill Stirling, the
then ILL director Brian Fender had
suggested a vacant site next door
to hus facility to build on synergies
and common services. Grenoble is
also home to a number of French
national research centers, and
prominent scientists lobbied
Mitterrand and other politicians.
With clections looming, Mitterrand
struck a new deal with the
Germans, “They were furious in
Strasbourg,” Stirling says. But
ESRF's roubles weren't over. The
geology of the site was not ideal,
and it was surrounded by vibration-
causing roads and rivers. After
errors inconsiruction, the concrete
slabs supporting the beam lines
had to be relaid. But after its difficult birth,
the world’s first third-generation synchrotron
Wils @ great Success.

Since ESREEF, the movement to build large
pan-European labs has faded. These days. it is
more common for governments to beef up an
existing national lab with new facilities and
recruit international partmers to help shoulder
the burden. Germany is currently starting
construction on two such examples: the XFEL
x-ray laser at its DESY particle physics lab
near Hamburg and the Facility for Antiproton
and lon Research (FAIR) at the GS1 heavy ion
research lab at Darmstadt,

The bigger they come ...
In recent years, scientists’ ambitions have
increasingly taken on aglobal scale, and as the
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budgets get bigger, the stakes get higher. The
most ambitious project, and the one that really
tested the powers of diplomacy was ITER,
anexperiment designed to prove fusionis a
viable source of power for humankind
(Science, 13 October 20006, p. 238).

The ITER project was started in the mid-
| 9805, After a global design effort, a redesign,
the departure of some members, and the
arrival of others, the delegations tfrom six part-
ners—China, the European Union (E.LL),
Japan, Russia, South Korea, and the United
States—gathered in Washington, D.C_, in
December 2003 to choose between two candi-
date sites and sign the agreement that would
set the construction ball rolling, at a total cost
of some 512 billion. “The higher the stakes,
the more difficult the decision is.” says
Achilleas Mitsos, the E.Us former director
general of research,

The political atmosphere at the Washing-
ton meeting could not have been worse. The
E.Us proposed site was at Cadarache in
southern France, and relations between
France and the United States were subzero
tollowing France's opposition to the 1rag War,
which had begun earlier that year. According
to Mitsos, who was the EUs chiet negotiator,
the United States was determined to get a
result in Washington and was unambiguously
in favor of Japan’s proposed site, Rokkasho,
“Clearly, the game was not going to be casy.”
Mitsos says.

Despite enormous pressure, the E.UL dele-
gation played the long game and comvinced the

other partners that further technical studies of

the two sites werne needed, Those studies still
tailed to signal a clear winner, although Euro-
pean researchers asserted that Rokkasho's
position in northern Japan had too high a risk
of earthquakes. whereas the Japanese charged
that Cadarache was too far from the coast and
it would be impossible to move large compo-
nents that far by road. Japan upped the stakes
by oftering to pay not the required 40% host
contribution but 50%. The E.U., after much
handwringmg, followed suit,

The EU. negotiators realized that m order
to win they had to come up with a face-saving
tormula for the loser. The E.U. opened direct
discussions with Japan on a set of extra
fusion-science facilities to be built in
whichever country did not get the main reac-
tor. Negotiations over this “broader approach
to fusion” continued in a theoretical fashion
through the second half of 2004 and into
2005—Mitsos says he traveled to Tokyo twice
a month while other officials shuttled between
other capitals. “Russia and China every day
became more pro-Cadarache, and the LS. and
Korea every day became less insistent on
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Rokkasho.” he says. Finally, in June 20035,
Japan agreed to back Cadarache. “The
broader approach was the deciding factor. It
allowed Japan to not come out as the loser,”
Mitsos says.

How will the next megaproject avoid the
pitfalls that ITER stumbled on? “We're try-
ing hard not to duplicate ITER,” says Barry
Barish, head of the global design cffort for
the ILC project, but “if there’s a process, |
don’t know what it1s.”

The ILC is the next big machine on particle
physicists’ shopping list. Researchers around
the world are currently working on a detailed
design for the machine and theyve done some
testing of “sample sites” in the United States,
Europe, and Japan. “We're very early in the
process, but probably
our biggest lesson
from ITER is to avoid
the *all or nothing” sit-
uation,” Barish says.
Although the machine
has to be in one place,
its high-tech compo-
nents will be designed,
built. and tested at
sites across the globe,
and it will be managed
and governed as a
global facility.

Drawing another
lesson from ITER,
ILC’s funders have
become actively in-
volved in the plan-
ning, even at this cary stage. lan Halliday, tor-
mer head of the UK. Particle Physics and
Astronomy Research Council, helped set up
Funding Agencies for the Linear Collider
(FALC), which, he says, will allow interested
parties to “talk about what everyone wants,
identify problems early on, and learn how
everyone’s funding works.” FALC has already
acted to smooth out tensions over issues, such
as whether to use superconducting magnets in
the accelerator or conventional technology, and
who should lead the design effort. “It's a grad-
ual process. We might end up without a
shootout, but it's in the lap of the gods,” he says.

Experts in such international negotiations
dismiss the idea that there is some magic for-
mula for resolving disputes. “There isn’t such
a thing," says Stefan Michalowski, executive
secretary of the Organisation for Economic
Cooperation and Development's Global Sci-
ence Forum, a talking shop for senior scien-
tists and science administrators, “Don’t try to
create general principles,” he says, but at acer-
tain stage in a project’s planning, “get every-
one to agree on the rules.” He cites the case of
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the International Neuroinformatics Coordi-
nating Facility (INCF). a small collaboration
for which he was asked to head the site selec-
tion committee. All 15 member countries
agreed on the criteria for selection before-
hand. His committee worked through the
process and made its recommendation. “Not
everyone was happy, but no bones were bro-
ken and the losers got overit.”

Although there may not be a magic for-
mula, some sort of oversight authonty could
play a role. “The only thing that will make a
difterence is a substantial, European-level cen-
tral fund for facilities,” says Peter Tindemans,
spokesperson for the European Spallation
Source, a neutron source that has been on the
drawing board for more than a decade and will

No shootout? Negotiations over
the International Linear Collider
have gone smoothly, so far.

soon be choosing a site, E U, officials have
been thinking along similar lines. When they
proposed plans for the latest tranche of the
multivear Framework research program, it
contained funds to pay for as much as 20% of
the construction cost of pan-European proj-
ects. E.U. officials “could participate to pro-
vide a package deal. come up with a plan to
link projects, and allow everyone to have a
stake,” says Mitsos. He adds that they even
drew up a table, laying out details of funding
and where each future facility would go so that
all countries got a fair division of spoils.

In the budget negotiations last year for the
seventh Framework, the funds for infrastruc-
ture were slashed and the program can now
only help out with the preparatory stages of
projects. But Mitsos believes that, n Europe
at least, the E U, will eventually take on the
role of dealmaker and guardian of faimess in
international projects. “The possibility to
draw such a table exists. 1'd be surprised if we
didn’t try again.” As for global facilities,
they Il have to continue to make up the rules as
they go along. -DANIEL CLERY
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ALZHEIMER'S DISEASE

Fresh Evidence Points to
An Old Suspect: Calcium

Proteins known to contribute to Alzheimer’s pathology have been linked to disturbances
in calcium ion regulation that could underlie neuronal death in the disease

Imagine that police discover hundreds of dead
bodies over the course of a year and the same
suspicious-looking man is standing near each
one. A strong circumstantial case for murder,
of course. But given that the exact cause of
death is uncertain in each case and that no one
witnessed the suspect with any obvious
weapon, prosecutors would still have a hard
time convicting him.

That’s essentially the circumstance facing
Alzheimer's disease researchers. For years,
they've thought that the pro-
tein f-amyloid causes the neu-
rodegeneration underlying the
tatal illness, but they remain
unsure about how it kills brain
cells. Now, the mystery may be
bemnming to unravel.

MNew evidence supports an
old, but somewhat neglected,
idea: that f-amyloid, perhaps
by forming channels in neu-
ronal membranes, slays brain
cells by making them unable to
regulate their internal concen-
trations of ions, particularly
calcium ions. Such changes
can be*ominous,” says Charles
Glabe of the University of
California, Irvine (LICL). *You
just can't go around punching
holes in membranes™ without
endangenng the neuron.

But B-amyloid is only part of the emerg-
ing picture. Two additional suspects. known
as presenilin 1 and presenilin 2 (PS1 and
P52). have also been linked to Alzheimer’s
pathology because mutations in their genes
can cause the disease. Evidence now indi-
cates that these proteins, too, normally help
maintain calcium ion concentrations in neu-
rons and that the disease-causing mutations
disrupt this function.

If 50, this would be a new role for the pre-
senilins, which were previously shown to con-
tribute to Alzheimer’s pathology by clipping
f-amyloid out of a larger precursor protein
called APP. Butifa calciumimbalance does in
tact cause newron death in the disease, a new
therapeutic strategy may be possible. “You
might block calcium flux as a way of prevent-

ing neurodegeneration.” says Sam Gandy, an
Alzheimer's researcher at the Mount Sinai
Medical Center in New York City.

Calcium overload

The idea that calcium overload might be the
final insult that finishes off brain neurons in
Alzheimer’s emerged in the mid-1980s,
mainly from a hypothesis put forward by
Zaven Khachaturian, then director of the
Alzheimer’s program at the National Institute

Cell membrane
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Calcium ion portals. Presenilins regulate calcium ion release by the ER into the cyto-
plasm whereas B-amyloid may form channels that allow the jons in from the cell exterior.

on Aging (NIA) in Bethesda, Maryland.
Khachaturian, who now heads up the Lou
Ruvo Brain Institute and Keep Memory Alive
in Las Vegas, Nevada, says that he wanted
researchers to focus more on finding the
underlying mechanisms of neurodegeneration
rather than just describing the brain pathology.

At about the same time, however, much
of the Alzheimer’s field began concentrat-
ing on J-amyloid as the likely nerve cell
killer—in part because it's found in the
abnormal plaques that stud the brains of
Alrheimer's patients. Even more convine-
ing evidence came when rescarchers found
that mutations in APP cause an early onset
form of the discase.

Then in the early 1990s, Nelson Arispe of
the Uniformed Services University of the

Health Sciences in Bethesda, Maryland, and
his colleagues provided a possible link
between f-amyloid and the calcium hypothe-
sis. When they exposed artificial membranes
designed to resemble the cell membrane to
f-amyloid, the protein formed channels in
the membrane. “Those channels were very
particular,” Arispe says. “They only permit-
ted the flow of cations [positively charged
ions],” such as calcium, into the cell. That
fits with numerous obscrvations over the
years that exposing nerve cells in culture to
B-amyloid causes an increase in their internal
calcium ion concentrations.

More recently, Arispe and his Uni-
formed Services University colleague Olga
Simakova provided further support for the
idea that calcium disturbances underlie
B-amyloid’s toxic effects. They found that
application of B-amyloid to nerve cells
maintained in lab cultures produced an
immediate rise in intracellu-
lar calcium concentrations
followed by the death of the
cells. Both effects, they
reported in the 9 May 2006
issue of Biochemistry, could
be inhibited by a peptide they
designed to block B-amyloid
calcium channels.

Arispe isn't alone in
reporting that f-amyloid
seems to form ion channels.
In 2005, Jorge Ghiso of New
York University in New York
City, Ratnesh Lal of the Uni-
versity of California, Santa
Barbara, and their colleagues
found that B-amyloid, as well
as several other proteins that
produce similar deposits in
various tissues, form chan-
nels in artificial membranes.

Yet not everyone is persuaded by the chan-
nel evidence. Glabe and his colleagues find that
f-amyloid increases the permeability of both
artificial and normal cell membranes, but this.
he says. doesn’t seem to depend on the forma-
tion of ion channels. In this case, f-amyloid’s
eftects weren't specific; the protein increased
the cross-membrane movements of both nega-
tively and positively charged ions.

Glabe proposes that f-amyloid causes a
generalized thinning of neuronal membranes.
If that happens, he says, a cell would become
leaky and have to work a lot harder to maintain
normal internal ion concentrations. This could
have a number of harmful effects, including
the generation of reactive oxygen specics, a
normal but nonetheless cell-damaging
byproduct of metabolism.

Mitochondria
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The discrepancics between the two sets of
observations remain unresolved. 1 always
assume we are both nght. We're just not doing
the same experiments.” Glabe says. For the
time being, other Alzheimer’s researchers
have taken something of'a “wait-and-see™ atti-
tude about whether f-amyloid forms mem-
brane channels for calcium ions. “No one has
proved it with rigor that would allow it to
become dogma, but no one has disproved i,
cither,” says Gandy.

But there is another way in which -amyloid
may mmcrease calcium entry mto neurons: by
altering the activity of the receptors that
respond to stimulatory signals. Eardier this year,
a team led by William Klein of Northwestern
University in Evanston, lllinois, found that
f-amyloid increases the calcium influx that
occurs when the neurotransmitter glutamate
activates the so-called NMDA receptor.
Intriguingly, the researchers also found that
memantine, a drug designed to inhibit NMDA
recepior activity that has been approved for
treating Alzheimer’s, blocks this action of
f-amyloid—an indication that drugs that
restore calcium balance in neurons might
indeed be therapeutic options for the disease.

From the inside
Whereas J-amyloid apparently atfects cal-
cium entry through the outer cell membrane,
the presenilins exert their effects on an inte-
rior membrane. Calcium ions not only enter
the cell from outside when a neuron is stimu-
lated, but they are also released into the cyto-
plasm from internal stores, primarily from a
membrane-bound compartment called the
endoplasmic reticulum (ER). Thats where
the presenilins, which are located in the ER
membrane, come in. “Presenilin mutations
somehow cause a bigper calcium release
from the ER when glutamate stimulates a
cell,” says Mark Mattson, whose team at the
MNIA Gerontology Research
Center in Baltimore, Mary-
land. 15 one of several who
made the finding.

This might be because cal-
cium concentrations in the
ER are elevated to begin with
in cells bearing presenilin
mutations. What causes that
cxcessive accumulation has
been unclear, but the answer
may lie in new work from Ilya
Begprozvanny of the Univer-
sity of Texas Southwestern
Medical Center in Dallas,
Bart De Strooper of the
Flanders Interuniversity
Institute for Biotechnology

WWW.sCiencemag.org

(VIB4) and K. L. Leuven
in Leuven, Belgium, and
their colleagues.

In expenments done over
the past year or two, both on
artificial membranes and on
cultured nerve cells, they
found that the normal prese-
nilins are membrane chan-
nels that allow calcium ions
to leak passively from the
ER into the cytoplasm.
However, preseniling carry-
ing Alzheimer’s mutations
no longer function as cal-
cium leak channels. Prese-
nilin mutations “overload
the ER with calcium, and
you get excessive release on
[nerve cell] stimulation,” Bezprozvanny pro-
poses. To Mattson, this sounds plausible.
These results. he says, “seem to provide a
molecular explanation for what we saw.”

Other researchers, however. contend that
presenilin mutations alter calcium handling in
a different way. Frank LaFerla and his col-
leagues at UCT have looked at how presenilin
mutations alter calcium release from the ER
through two previously identified ion chan-
nels, known as the ryanodine and IP3 channels
because they are activated by those chemicals.
“When you stimulate either of them, you get a
lot more calcium release in [PS] mutant cells
than in normal cells.” says LaFerla,

Through studies of mice genetically engi-
neered with PS1 and other genes to develop
Alzheimer’s-like brain pathology, LaFerla,
Grace Stutzmann, then a postdoc in his lab, and
their colleagues found changes in the ER’s han-
dling of caleium oceur in neurons even before
the animals’ brains developed the plaques and
tangles characteristic of Alzheimer’s. This find-
ing. reported in the 10 May 2006 issue of the
Jowrmal of Newwovscience, indi-
cates that the calcium changes
might play a pnimary role in
inggering neurodegeneration,

Some of the increased
calcium release from the
ER in PS-mutant cells may be
due to greater expression of
the ryanodine receptor, the
LaFeda team has found. In as
yet unpublished work, the

Al lit up. As indicated by the red
color, nedrons bearing mutant
preseniling (middle and bottam)
release much more calcium into
the cytoplasm when stimulated
than do normal neurans (top).
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Early proponent. Zaven Khachaturian
is a long-time advocate of the calcium
hypothesis,
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researchers also observed
that the presenilins are
needed for the normal
operation of the SERCA
pumps that move calcium
1ons back into the ER after
a neuron has fired. Not yet
known 1s whether PS muta-
tions affect SERCA pump
operation. But if they
increase it, the ER could
become loaded with excess
calcium ions.

Mutations in the APP and
presenilin genes together
account for less than 1% of
all Alzheimer’s cases. The
other 90%, mostly of the
late-onset variety, fall into
the so-called sporadic category, meaning that
their causes aren’t known. There are, however,
indications that changes in calcium handling by
newrons could be contributing to Alzheimer's
susceptibility as we grow older. Some of this
evidence comes from Olivier Thibault, Philip
Landtield, and their colleagues at the University
of Kentucky College of Medicine in Lexmgton.

In work reported early last year in the
Journal of Neuroscience, these researchers
looked at several indicators of calcium func-
tion in neurons obtained from the brains of
rats at ages ranging from 4 to 23 months.
Beginning at 12 months, which is middle age
for rats, the neurons underwent several
changes that should make them hyper-
excitable, a response similar to that scen in
cells with presenilin mutations. Changes such
as these “could conceivably set the stage for
Alzheimer’s by making neurons more vul-
nerable to further insults.” Landfield says.
Those insults could include the increase in
P-amyloid deposits that also occurs with age
or membrane damage caused by reactive
OXYEEn species,

Proving that similar calcium changes
occur in humans could be difficult as
researchers can’t perform the same experi-
ments on human brain neurons that Thibault
and Landfield performed on rats. Conse-
quently, the acid test of the calcium hypoth-
esis in Alzheimer’s disease will likely await
possible clinical trials of drugs that inhibit
calecium movements into the cytoplasm.
That's “the only way to test cause and cffect
in sporadic Alzheimer’s,” Bezprozvanny
says. Although researchers are beginning to
test inhibitors of calcium release on cells in
culture and animal models of Alzheimer's,
it's still too early to tell whether they will
find agents suitable for trials in humans.
=]JEAN MARX
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Dirty Science: Soil Forensics
Digs Into New Techniques

Geologists, chemists, and other scientists are developing better ways of matching soil

samples to help catch and convict criminals

A woman and her mother are reported miss-
ing from a township east of Adelaide in
South Australia, The next day, the woman’s
car is found 160 kilometers away with a dirty,
bloody shovel in the trunk. When her son
shows up in a nearby town and tries to get
assistance for the broken-down car, police
arrest him. But the suspect refuses to talk,
and with no bodies to provide evidence or
even prove someone is dead, the desperate
police seek help.

They call in a team of forensic soil scien-
tists to analyze the shovel. The minerals, acid-
ity. and moisture level of the soil on the shovel
lead the team to suggest that the police search
a gravel quarry i the Adelaide Hills, where
days later a fox uncovers a body. The next day,
the second body is found near the first. The
son confesses to killing his mother and grand-
mother and is sentenced to 18 years in prison.

Although 1t could be a television episode
of C8/, the case was real—and so were the
soil scientists, who now work at the Centre
for Australian Forensic Soil Science
{CAFSS) in Adelaide, created in 2003 fol-
lowing the team’s successful intervention in
this 2000 double homicide, CAFSS analyzes
soil for investigations from murder to envi-
ronmental pollution, helps train new foren-
sic scientists, and conducts research on new
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soil-analysis techniques, It has become well
known among Australian detectives. “Ten
years ago, police wouldn’t have wanted to
talk to us,” says Rob Fitzpatrick, the center’s
director, “Mow we can’t cope with the num-
ber of cases.”

Soil evidence has been used to link crim-
inals to crime scenes for more than a cen-
tury. But in Australia and elsewhere, the
recent automation of techniques and the
ability to get information from smaller sam-
ples have made soil forensics an increas-
ingly popular tool in criminal investigations.
Scientists are now also exploring new ways

Case closed. Scientists traced soil on this shovel to
the burial site of two murder victims.

of applying microscopy to dirt and of ana-
lyzing the plant waxes and microbial DNA
within it.

Traditionally, soil forensics has been vul-
nerable to legal attack by defense lawyers
because expert witnesses can testify only to
whether samples are similar, versus the
more absolute nature of a DNA or finger-
print match. Although some protocols are
well-established—a soil sample is always
scaled and locked, for example, and at least
two people must be present while it’s being
analyzed—the field has vet to settle on the
best means to analyeze each soil type,
explains Lorna Dawson of the Macaulay
Institute in Aberdeen, U.K. One project
aimed at standardizing old methods and val-
idating new ones is the SoilFit project, led by
Dawson and her colleagues. The effort also
aims to provide a systematic database of soil
fingerprints across the United Kingdom.

Reflecting the growing interest in apply-
ing new scientific techniques to soil, foren-
sics researchers in Perth, Australia, last year
hosted the first international conference on
the topic. drawing several dozen attendees.
This month, a second meeting m Edinburgh,
UK., is expected to bring together between
100 and 200 researchers, crime investiga-
tors, and forensic experts. “There’s a lot of
information in soil,” says Dawson,

Fertile ground

Analyzing soil samples has a distinguished
history in literature and real life. Sherlock
Holmes uses soil to deduce Dr. Watson's
peregrinations based on the dirt of his
shoes in the 1890 work The Sign of the
Four. A decade later, in the first known
instance of soil evidence being used in a
criminal investigation, German chemist
Georg Popp helped authorities obtain a

&7 .

coating

Grounds for conviction? Scanning electron microscopy images of soil found on a suspect (Aghth and from a
control (feft) sample reveal differences on the microscale.
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confession in a murder case near Freiberg,
Germany. Popp connected dirt from the
trouser cuffs and fingernails of the main
suspect to the crime scene.

Matching soils is no small task. Soil is
dynamic and part alive: A teaspoonful holds
more than a million organisms, and soil
microbes are constantly dying out or explod-
ing in number. Water also leaches away
compounds and introduces others as it trick-
les through. And soil is sensitive. Disturbing
dirt—even by scooping a sample—changes
it: Drying it alters its chemistry, exposing it
to wind rounds out sharp edges on grains,
and sealing it, such as in an evidence bag,
can prompt a flurry of fungal growth. Such
delicacy means that seil can only
be pronounced in court as simi-
lar to or dissimilar from a possi-
ble source. Still, combining a
few dirt characteristics can offer
a compelling case for, say, link-
ing a sample on a shoe to one in
the back garden.

For the past few decades, soil
scientists have used a variety of
tools in ecriminal investigations.
Ground-penetrating radar is able
to pinpoint burial sites for indi-
vidual bodies as well as mass
graves, X-ray diffraction can
uncover the minerals of the soil,
infrared spectrometry deter-
mines the chemical pedigree,
and analysis of diatoms and
pollen provides biological clues
to dirt’s provenance.

Not all of those technigques
can be applied to a given soil
source, however. And others
often require a greater sample
size than the crime scene inves-
tigators can produce—hence the push tor
new, robust ways that require less dirt with
which to work. As a visiting research fel-
low at CAFSS a few vears ago, geologist
Duncan Pirnie of the University of Exeter,
LK., saw how an automated scanning
electron microscope could boost the avail-
ability and effectiveness of soil forensics.
About 20 minerals occur in most soils, he
cxplains, but what makes each sample
identifiably distinct is the relative abun-
dance of each mineral.

The CAFSS microscope, called QEM-
SCAN, finds both the mineral composition
and its relative abundance from just 10 mg
of dirt—350 times less than previously
required. A similar instrument was origi-
nally developed for mining applications by
Australian scientists, and the design was
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then adapted for use in forensic applications.
QEMSCAN will analyze in | hour what
would take a mortal days. and the scope’s
objective analysis triumphs over simple
visual analysis of soils by people.

For a murder case i 2003, Pirrie hauled
501l evidence from the United Kingdom to
Australia for analysis, then promptly setup a
QEMSCAN at his own university. Pirrie,
who also conducts research on climate
change in cretaceous Antarctica and on the
effects of mining on coastal zones, says his
lab is the only one in Europe with such a
forensic scope. Today, the lab is called on
about once a month to analyze traces of soil
for murder and assault cases.

Tiny clue. New methods can link
a soil sample to its source Using a
small fraction of a gram.

Several new soil-analysis techniques
remain a topic of lab research rather than
court cases-—at least for now. Organic sub-
stances among a soil’s minerals can also
offer an opportunity to match samples. One
of Dawson’s projects funded under the Soil-
Fit umbrella looks at profiling soils by the
mementos plants leave behind. Plants have a
waxy covering to keep them waterproof. The
mix of organic compounds—alkanes, acids,
sterols, and other alcohols—is unique to
cach species and persists in the soil, some-
times for thousands of years. Dawson and
colleagues are now refining a means of
extracting the waxes to identify plants,

Jacqui Horswell. a soil microbiologist at
the Institute of Environmental Science and
Research in Porirua, New Zealand, is pursu-
ing another means of matching soil sam-
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ples: DNA, Millions of species of fungi and
bacteria form complex communities in dirt,
vet most remain unknown to scientists.
Fewer than | % of bacterial species can be
cultured in the lab, she explains. But by
applying a technique that chops DNA at
specific target sequences and analyzes the
length of the segments, Horswell can pro-
file most of the bacteria in 200 mg of soil.
The method doesn’t identify individual
species. Instead, without the need to culture
any microbes, it produces a DNA signature
for the organisms within the soil. Horswell
and her research team published their first
DMA soil profiles in 2001, and they hope
that in another 3 years their database of soil
DMNA signatures will be large
enough to be useful in court,

From science to law

Indeed, getting a new forensic
technique established well
enough for courts to recognize it
can be a challenge. The SoilFit
project, started in 2003 with fund-
ing from the U.K.’s Engineering
and Physical Sciences Research
Council (EPSRC), is one cffort to
give soil-matching more reliabil-
ity as evidence. For prosecutors to
better survive legal challenges in
court, “we need a comprehensive
survey of soil types in the United
Kingdom" to substantiate the
conclusions of an expert witness,

undergraduate law programs at
Aberdeen Business School. To
that end. EPSRC gave Dawson’s
team a £350,000 grant to analyee
all feasible combinations of soil
types—such as loams, peat, and
alluvial soils—and vegetation such as
grassland, heather, and forest. To date.
they have tested an array of analysis tech-
niques on all 120 combinations and are
now comparing each technique’s accuracy
to work out which ones work better for
which soil combinations.

EPSRC funded SoilFit under its Crime
Initiative, which seeks to bridge crime-
fighting services and academic research to
benefit UK. citizens. The project is “devel-
oping a community of researchers active in
[fighting] crime,” says Peter Hedges, head
of EPSRC Economy, Environment and
Crime Team. Dawson predicts that the Soil-
Fit database will be ready for detectives and
prosccutors in 2008, Sherlock Holmes
would be pleased. =KRISTA ZALA
Krista Zalais a freelance writer in Los Angeles, California.
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says Derck Auchie, director of
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Maritime feat. The first
boats may have been
made of bamboo.

ARCHAEOLOGY

In Search of the World's Most

Ancient Mariners

Researchers debate the capabilities of the first human voyagers, who traveled the
waters of Southeast Asia at least 45,000 years ago

CAMBRIDGE, U.K.—We humans are terres-
trial animals, yet we spend a lot of time gaz-
ing wistfully over bodies of water. We flock
to the seashore or the lakeside at the slightest
sign of mild weather and celebrate the
romance of the sea in art and literature. Early
scafaring was central to the spread of civi-
lization, and today thousands of vessels ply
the world's oceans, searching for fish and
hauling billions of tons of cargo.

Despite the importance of seafaring to
culture, however. archaeologists are not sure
how, when, and why humans first ventured
into the oceans. The earliest known boats,
hollowed out logs found in the Netherlands
and in France, are at most 10,000 years old.
And the earliest indirect evidence for sea
crossings in Europe—human occupation of
Cyprus and the Greek island of Milos—dates
to only 12,000 to 13,000 yvears ago. Yet
ancient archaeological sites in present-day
Australia, Indonesia, and other Southeast
Asian islands suggest sea crossings at least
45,000 years ago, soon after modern humans
first left Africa.

At a meeting here last month,” three
dozen archacologists and maritime histori-
ans sifted through the evidence for seafaring
through the ages. They debated, sometimes
sharply, whether the earliest mariners
crossed the sea purposely or by accident,

*Global Origins and Development of Seafaring,
Cambridge, U.K., 9-12 September 2007.
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“There is a danger in accepting either of these
extreme positions,” says William Keegan, an
anthropologist at the Florida Museum of
Natural History in Gainesville. “But | have
no problem belicving that people who were
exploiting coastal resources had developed
the ability to cross the water gaps in question
by 50,000 years ago.”

The meeting also heard dire warnings that
rising sea levels—which are already at least
50 meters higher than when modern humans
first took to the oceans—might put evidence
crucial to resolving these questions out of
reach. “There are drowned terrestrial land-
scapes that were occupied by our ancestors,”
says archaeologist Jon Erlandson ofthe Uni-
versity of Oregon in Eugene, “But we know
almost nothing about them.”

Blown about in a bamboo boat?

Although most archaeologists have
assumed that seafaring was
invented by cognitively
advanced modern
humans, onc car-
lier hominid seems
to have jumped the
gun, In 1998, a team
led by archacologist Michael Morwood of
the University of New England in Armidale,
Australia, dated stone tools on the Indonesian
island of Flores to 800,000 years ago, when
Homo erectus was known to inhabit the
Southeast Asian mainland. The occupation of

Seaworthy. This log boat
from the Netherlands is

Flores almost certainly required a sea cross-
ing, and Morwood suggested at the time that
the cognitive abilities of H. erectus might be
“due for reappraisal” (Seience, 13 March
1998, p. 1635.)

Yet the lack of other evidence anywhere
near so early suggests to many rescarchers
that this was a fluke that did not require tech-
nology. Perhaps a small band of hominids
was blown out to sea on floating vegetation,
as occasionally happens to other mammals
who then found island populations. The pos-
sibility that /1. erectus evolved in isolation on
Flores for thousands of years, eventually
becoming the tiny H. floresiensis, ak.a. the
Hobbit, supports the rarity of traveling to or
from Flores.

“Flores is the exception that proves the
rule in terms of when seafaring really
began,” says Atholl Anderson, a prehisto-
rian at the Australian Mational University
{ANU) in Canberra. Erlandson agrees:
“Otherwise, H. erectus should have colo-
nized Australia and the surrounding
1slands.” Yet although the trek to Australia
could be accomplished by relatively short
hops across a multitude of islands, there
15 no evidence that H. erecrus ever made
that journey. Modern humans were the
first hominids in Australia, arriving no
carlier than 60,000 years ago, and many
archacologists are skeptical of dates car-
lier than 45,000 years. Even then, it's hard
to differentiate true scafaring from a bit
of boating gone wrong, says archacologist
Gieoff Bailey of the University of York in
the U.K. “It remains an open question
whether the move into Australia was a
purposeful, high-tech exercise in skilled
navigation or a low-tech process of
almost accidental drift that resulted in the
opening up of a maritime universe.”

Both viewpoints were in evidence at the
meeting. [n her talk, ANU archaeologist Susan
O Connor argued that

modern humans did
not necessanly require
sophisticated seafar-
ing skills to colonize
Australia and nearby
islands. She proposed
that early humans trav-
cled by simple bam-
boo rafts—probably
already used to explore
rivers and estuaries—then drifted out to sca
and were blown about by the monsoon,

And island hopping was casier in the past.
About 45,000 years ago, sea levels were
roughly 50 meters lower than they are today.
As a result, Australia, New Guinea, and

nearty 10,000 years old.
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Tasmania formed a single continent known
as Sahul. whereas Borneo. Java. and the
Malay Peninsula were joined together in a
continental shelf called Sunda (see map).
Although the earliest dates for modern
human occupation of Sahul are controver-
sial, excavations on several islands north of
Sahul have produced radiocarbon dates of up
to 45,000 years ago—including ("Connor’s
own excavations at Jerimalai Cave on East
Timor, which recently clocked in at 42.000
vears, 1f Sahul was colonized as carly as
60,000 years ago, O'Connor contended, then
humans’ fairly leisurely spread supports a
more accidental than purposeful journey.
O'Connor concluded that when the colo-
nizers did venture farther out to sea, travel-
ing 180 kilometers to the islands of Buka by
28,000 years ago and 230 kilome-
ters to Manus by 21,000 years
ago, their earlier seafaring expe-
rience might have “preadapted”
them to later innovations in boat-
ing technology, including larger
vessels made of wood and the use
of sails. Nevertheless, O"Connor
and others stressed. there is no
direct archaeological evidence
for the use of sails that early,
indeed none at all betfore about
7000 years ago in the Near East.

The short chronology

O'Connor’s scenario, which
archacologists call the “long
chronology™ for the coloniza-
tion of island Southeast Asia,
was challenged at the meeting
by archaeologist James O"Connell
of the University of Utah in Salt
Lake City. In the last few years,
O'Connell, together with
archaeologist Jim Allen of La
Trobe University in Bundoora, Australia,
has argued from a detailed analysis of
radiocarbon dates for a “short chronology™
that puts the occupation of Sahul no earlier
g than about 50,000 years ago. He pointed
S out that by 45,000 years ago modern
humans had colonized a number of islands

% between Sunda and Sahul, called the Wal-

2 lacean Archipelago, which stretched at
least 1000 kilometers even when sea levels
were at their lowest. Reaching many of
these islands required sea crossings of 30
to 70 kilometers, sometimes against the
currents. Most animals from Asia never
achieved these crossings, implying that
humans must have used technology to do
it. That 5000 vears of colonization, (0" Con-
nell said, represented a relatively short
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“archaeological instant.” Rather than drifi-
ing, O'Connell argued. early seafarers
must have had “marine-capable water-
craft” and keen navigation skills.
Tobolster his argument, O’ Connell pointed
out that remains of open-ocean fish, meluding
tuna and sharks, have been found at numerous
island sites dating more than 40,000 years ago,
an indication that the colonizers already had
boats capable of deep-sea fishing.
O'Connell also cited recent demo-
graphic simulations by anthropologist John
Moore of the University of Florida in
Gainesville and others, suggesting that suc-
cesstul colonizations require a minimum
founder group of 5 to 10 women of repro-
ductive age and a similar number of men.
“The odds that the members of a small

AUSTRALIA

Lake Mungo |
.l o4 f

B Present land

B Formerly land,
now unde water

Changing seascape. Lower sea levels exposed more land during glacial periods
(shown here at 22,000 years ago) and made ocean crossings easier.

group cast adrift by chance, then tossed up
on an isolated shore, could generate a suc-
cessful population are long indeed.”
0’Connell concluded.

The conflicting talks drew varied reac-
tions. "My tendency would be to side with
[O'Connell],” says Keegan. “For me the
issue is what was socially possible. Humans
live in groups, and successtul colonists tend
to reproduce those groups. They have a bet-
ter chance of survival if they can maintain
contact with their parent community,” for
example, by making return sea voyages
back home. But Anderson counters that the
relatively mild, tropical conditions around
Sahul 45,000 years ago and the abundance
of species of giant, wide-diameter bamboo,
perfect for making rafis, ensured that acci-

NEWSFOCUS I

dental voyagers would survive at sea. “If
people were habitually using bamboo [rafis]
to explore coral reefs and lagoons, and if
they did so as family groups. then the
chance of an accidental passage was always
there.” Moreover, Anderson says, even such
simple craft were capable of carrying a
“viable colonizing group of 5 to 10 people™
and could be blown across the sea “within a
few days.”

Bailey notes that “island Southeast Asia
ofters all the right conditions for just such a
gradual process.” including warm seas and
“lots of very productive marine resources
like fish, sca mammals, turtles, and shellfish,
which would have encouraged exploration of
offshore islands.”

Indeed, Bailey suggests that the special

conditions in Southeast Asia
might explain why the earliest
evidence of seafaring is there
rather than in the Mediter-
ranean, where seafaring only
shows up about 13,000 years
ago—even though modern
humans occupied southern
Europe beginning at least
40,000 years ago. “The Mediter-
ranean offers a stark contrast,”
Bailey says. *When it comes to
marine tertility and productivity
of offshore resources, it is very
nearly at the bottom of'the world
league, with little tidal move-
ment ... and temperature gradi-
ents that trap nutrients on the
seabed below the zone of photo-
synthesis.” Erlandson agrees:
“One of the take-home mes-
sages of the meeting was that
the development of seafaring
capabilities was not universal,
but was contingent on a variety
of ecological and cultural conditions.”

The other take-home message. Erland-
son says, is that the current rise in sea levels
caused by global warming, and the acceler-
ated erosion of coastlines, “is threatening
our best source of information about such
conditions.” Because ancient boats would
have been launched from shores now under-
water, the best chance of finding evidence
for them lies in exploring coastal sites where
the ancient shoreline is near the present one,
for example, where the land falls off steeply
into the sea. Yet most of these sites, Erland-
son says, “are actively eroding and countless
others have already been destroyed. Enor-
mous amounts of information will be lost in
coming decades unless we find, date, and
excavate them.” -MICHAEL BALTER
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Of Aging Mice and Men

LIU ETAL. (REPORT, "AUGMENTED WNT SIGNALING
in a mammalian model of accelerated aging,” 10
August, p. 803 ) have elegantly shown how alter-
ations in Wnt signals contribute to the suffering of
klotho-deficient mice, but not every sick little
rodent is a suitable model for human aging. The
pathological features and short life span of klotho
mutant mice have been shown to reflect hypervita-
minosis D, secondary to ablated responses to
Fgt-23 (/-3). The same syndrome appears in
Fgt-23 mutants and can be cured by deleting the
| -et-hydroxylase gene that increases the activity of
the vitamin. In both mutants, the features repre-
sented as evidence of “premature aging™ can be

eliminated simply by putting the mice on a diet low in vitamin D. Perhaps vitamin D depriva-
tion will turn out to be the long-sought cure for aging, but in the meantime, it would be wise to
view with some skepticism the claims that klotho and similar developmental mishaps provide

convenient shorteuts for learning about mechanisms of “real”™ aging.

RICHARD MILLER

Genatrics Center and Department of Pathology, University of Michigan, Ann Arbor, MW 48109-2200, USA.
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Response

THERE ARE MANY AREAS IN AGING RESEARCH IN
which there 15 some disagreement. One
question in dispute is the degree to which
observations in simple organisms, such as
postmitotic worms, can inform our under-
standing of mammalian aging. Similarly,
reasonable people disagree on the role, if
any, of cellular senescence in organismal
aging. We appreciate that there is also con-
siderable disagreement regarding how much
mammalian models of accelerated aging
can teach us about the normal aging process.

Our study centered on a set of observa-
tions suggesting that the Wnt family of pro-
teins could bind to klotho, a protein whose
absence has been linked to an accelerated
aging phenotype in mice. Genetic evidence
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suggests that alleles of klotho are also asso-
ciated with variation in human longevity ( 7).
Nonetheless. we agree with Miller that con-
siderable care must be taken when using the
existing accelerated aging models as an
indication of the normal aging process. Our
opinion is that studying models of rapid
aging will be usetul in teasing out the under-
lying mechanisms of how we age, although
we understand that Miller does not share
that opinion. Hopefully, we will all live long
enough to find out who is right.
HONGJUN LIU AND
TOREN FINKEL

Cardiology Branch, National Heart, Lung, and Blood
Institute, NIH, Bethesda, MD 20892, USA.
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PERSPECTIVES

Replicating Genome-Wide
Association Studies

GENOME-WIDE ASSOCIATION STUDIES PROMISE
to significantly expand our knowledge of host
control of deadly pathogens. Lurking in the
background of these studies, however, is a seri-
ous methodologic issue. Individuals who par-
ticipate in the cohorts used in genome-wide
association studies are often ethnically and
racially different from their fellow citizens who
do not participate in these studies ( /), more
imporiant, they are markedly different from the
populations of developing couniries with the
highest burdens of mfectious diseases.

The Report “A whole-genome assoc-
1ation study of major determinants for host
control of HIV-17" (. Fellay et al., 17 August,
p. 944) demonstrates how much can be
learmmed from the study of a highly moti-
vated, largely European cohort. Unfor-
tunately, rather than suggesting that readers
strive to replicate the study findings in dif-
ferent populations, J. Fellay et al. instead
proceed directly to discussion of “directions
for therapeutic intervention™ and “urgency
in carrying out similar studics for other
infectious diseases.”

In rushing these issues, the authors over-
look several important points. Similar studies
conducted in different geographic regions
may fail to find the same associations, and
may even find difterent associations. The
highly polymorphic nature of human MHC,
different pathogen strains, or gene-environment
interactions could all result in vanability of
associafions across populations in different
regions. In some cases, such as the CCRS5-
A32 mutant allele, genetic associations spe-
cific to geographic region may indeed aid
drug or vaccine target discovery (2). How-
ever, a premature focus of financial and intel-
lectual resources ona few specificalleles may
throw out the baby for the bathwater.

MARK H. KUNIHOLM

Department of Epidemiology, Johns Hopkins Bloomberg
School of Public Health, 615 North Wolfe Street, Balimare,
MD 21205, USA
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Response

WE RECENTLY REPORTED THAT THREE POLY-
morphisms significantly influence host
response to HIV-1. Two of these polymor-
phisms associate with viral load during the
asymptomatic set point period, and the
third associates with a measure of HIV-1
disease progression.

Kuniholm raises the question of whether
the associations could be “replicated” in
other geographic regions and suggests that it
would have been preferable to evaluate this
rather than moving to practical applications
of the findings.

Our original study imcluded samples
from multiple European populations, both
north and south: the effects observed can-
not be viewed as the result of a specific
cohort or geographic region within Europe.
In the original study, we also replicated all
three discoveries in a fully independent set
of samples.

Kuniholm is correct that genetic effects
are sometimes observed in some population
groups and not others, The current consen-
sus view is that when a polymorphism is
present in different geographic regions, it
tends to have a similar effect, but causal vari-
ants do vary in frequency among different
groups (/,2). Indeed. one of our associations
is known to be rare or absent in some geo-
graphic regions. Absence of a relevant
genetic variant in a particular population
does not in itself limit the applicability of
new knowledge: The example of the CCR3-
A32 varniant illustrates this point by demon-
strating that a medication of universal use
can indeed be developed on the basis of

Letters to the Editor

Letters (~300 words) discuss material published
in Science in the previous 3 months or issues of

general interest. They can be submitted through
the Web (www.submit Zscience.org) or by reqular

mail (1200 New York Ave., NW, Washington, DC
20005, USA). Letters are nol acknowledged upon
receipl, nor are authors generally consulted before
publication. Whether published in full or in part,
letters are subject to editing for clarity and space.

genetic information from one human popu-
lation. The question of the geographic dis-
tribution of causal polymorphisms is an
important one, but it is separate from the
question of whether the polymorphisms
have important clinical effects in the
groups under study. Indeed, we are cur-
rently expanding our study to include mul-
tiple cohorts from the United States and
from Africa.

DAVID B. GOLDSTEIN
Center for Population Genomics and Pharmacogenetics,

Duke Institute for Genome Scences and Policy, Duke
University, Durham, NC 27710, USA
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A Measure of Respect for
Translational Research

IT WAS A PLEASANT SURPRISE TO SEE A SPECIAL
feature (“Carcers in translational rescarch,”
17 August, p. 966) in Science focusing on
translational rescarch and its opportunities,
risks, and challenges. In their respective arti-
cles, 8. Carpenter (p. 966) and K. Garber
(p. 968) highlight the concerns that transla-
tional researchers have about not being able
to satisty traditional measures of scientific
success, including number of publications
and impact factors. This apprehension is
well founded. More worrisome is the sce-
nario in which the onus is placed on the
members of the translational community o
prove their worth. 1 think it 15 too much.
Measures of basic research productivity are
well established, but the same 15 not true
for ranslational research. I agree with Wu's
advice (p. 967) to “go with what you pas-
sionately care about, because it’s a long row,
no matter how you hoe it,” but | also sym-
pathize with June’s lament (p. 969): “1
have scen several instances since 've been
at [Penn] where promising translational
researchers had to go back and just do basic
rescarch in order to assure their promotion.”

It iz time to think seriously about how to
develop critena for quantitatively evaluating
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translational work. “Bench-to-bedside™ and
“lab-to-clinic™ research will otherwise suffer
from a perennial problem of lack of recog-
nition. Considering the risk of failure in
translational research, we need to be open-
minded and adopt measures that focus not
only on success but on honest effort.
Achievements such as partnenng, patents,

LETTERS

considered on par with publications for
assessment and promotion. Successes in
translational efforts should be provided with
“impact factors” commensurate with the vol-
ume of work, time taken. or importance in
terms of clinical or pharmacological utlity.
ABHAY SHARMA

Institute of Genomics and Integrative Biology, Mall Road,

clinical trials, and drug screening should be  Delhi 110007, India.

CORRECTIONS AND CLARIFICATIONS

Mews Focus: “Accidents spur a closer look at risks at biodefense labs” by ). Kaiser (28 September, p. 1852). The highest bio-
containment level is “biosafety level 4,” not “biosecurity level 4, as stated in the article.

Mews of the Week: “Lapses in biosafety spark comcern” by |. Couzin (14 September, p. 1487, Areport by the Centers
fior Disease Control and Prevention (COC) incorrectly noted that its last inspection of Texas ARM University's biosafety
program prior to July had been in February 2007, COC has since noted that this was a typo. The inspection took placein
February 2006.

Special Issue on Attosecond Spectroscopy: Reviews: “The future of attosecond spectroscopy” by P H. Bucksbaum
(10 August, p. 7&6). In the second line of the legend to Fig. 1, the phrase “two cojoined coins” should read “two cojoined
cones.”

Reparts: “PDZ domain binding selectivity is optimized across the mouse pro- F
teome” by M. A, Stiffler et al (20 July, p. 364). The position numbers
appeared in the wrong order in Fig. 3F. The corrected panel is shown here.

principal axis 1

Reports: “Genome plasticity a key factor in the success of polyploid wheat
under domestication” by . Dubcovsky and ], Dvorak (29 June, p. 1862). In the
final reference, Mational Research Institute should have been Mational
Research Initiative.

principal axis 2

Reports: “Thrice out of Africa; Ancient and recent expansions of the honey

bee, Apis mellifera” by C. W. Whitfield et al, (27 October 2006, p. 642). 2,
Several critical references were left out of the final manuseript. In dis- 25
cussing the fact that “ample evidence shows that both European and 25
African alleles oocur in Africanized populations” (p. 644), we should have —4 -3 -2 =1
referenced two studies that first demonstrated introgression between invad- position

ing Africanized and resident European honey bees in Texas: M. Pinto ef al.,

Evolution 58, 1047 (2004) and M. Finto ef af., Genetics 170, 1653 (2005). In addition, these studies showed no differ-
ences between mitotypes of Africanized and European beesin the later years of Africanization. References to this con-
clusion should have been cited at the end of the first paragraph on p. 645. We greatly regret that these references were
omitted, and for this we extend our apologies to Pinto ef al. The North American portion of this effort was built upen the
Pinto ef al. work, It was only because we could make use of many of the same bees used in the Pinto ef al. study that we
were able to corroborate the results of Pinto ef al. and then expand on them, showing thatthe lack of correlation between
milNA and nuclear DNA involved markers distibuted throughout the nuclear genome, and examining in more detail
the relationships between M-, C-, 0=, and A-derived genomes,

principal axis 3

TECHNICAL COMMENT ABSTRACTS

Comment on “"Human Neuroblasts Migrate to the Olfactory Bulb via a Lateral
Ventricular Extension”

Nader Sanai, Mitchel 5. Berger, Jose Manuel Garcia-Verdugo, Arturo Alvarez-Buylla

Curtis et al. (Research Articles, 2 March 2007, p.1243) claimed discovery of a human neuronal migratory stream to the olfac-
tory bulb along a putative lateral wentricular extension. However, high levels of proliferation reported with proliferating cell
nuclear antigen were not confirmed using different markers, neuronal chain migration was not demonstrated, and no serial
reconstruction shows a true ventricd ar extension,

Full text at www.sciencemag.orgfogiicontentfull 318/5849393b

Response to Comment on “"Human Neuroblasts Migrate to the Olfactory Bulb
via a Lateral Ventricular Extension”

Maurice A. Curtis, Monica Kam, ULf Nannmark, Richard L. M. Faull, Peter 5. Eriksson

In contrast to a previous study of Sanai et al., ourstudy had the advantage of uwsing serial sagital sections of the human basal
forebrain, combined with S-bromo-2'-deaxyuridine labeling, rigorous magnetic resonance imaging, and polymerase chain
reaction analysis, We believe these methads comvincingly demonstrate the presence of a rostral migratory stream in the
human brain that resembles that in other mammals,

Full text at www.science mag.orglegifcontentfull/318/58493 93¢
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ECONOMICS

Genetically Capitalist?

Samuel Bowles

oseph Townsend’s 1786 broad-

side against Englands poor

laws tells the story of a
South Seas island on which the
Spaniards had placed a few goats
that eventually overran the island
their numbers and starvation fluc-
tuating in tandem. English pirates
preved both on the goats and on
Spanish shipping, so eventually
the Spaniards introduced a pair of
grevhounds, hoping to eliminate the goats, As
greyhounds multiplied and the goat popula-
tion crashed, hunger overtook the grevhounds.
The goat population revived and “a new kind
of balance was established.” Townsend's point:
“The course of nature may be easily disturbed,
but man will never be able to reverse its laws.”
As a result, governments” attempts to elevate
the poor were “absurd” and “impractical” ().

Townsend anticipated Thomas Malthus’s
Essay aon the Principle of Population (2)
by more than a decade. Gregory Clark’s A
Farewell to Alms continues this tradition, On
the cover, a ghoulish begging hand reaches
toward the reader.

Clark 15 an economic historian (at the
University of California, Davis) whose quan-
titative studies are highly regarded. He calls
his book “an unabashed attempt at hig history,
in the tradition of The Wealth of Nations, Das
Kapiral, The Rise of the Western World, and
... G, Germs, and Steel” Clark seeks toex-
plain why sometime “around 800" England
but not other parts of the world broke out of
the Malthusian trap illustrated by Townsend’s
goats and greyhounds, and why economic
stagnation persisted even into the 21 st century
in some parts of the world. “Then,” he adds,
“we will understand the history of mankind.”

The puzzle of England'’s take-off has chal-
lenged generations of scholars (3-3). Ifacon-
sensus exists today, it echoes both Adam
Smith and Karl Marx: mstitutions made the
difference, whether limited government, com-
petition for profits, the expansion of markets,
secure property rights, the enclosure of com-
mon lands, or empire, Clark dissents from this
view and provides a number of telling coun-

The reviewer, the author of Microeconomics; Behavior,
nstitutions, and Evalution, 5 at the Santa Fe Institute,
1399 Hyde Park Aoad, Santa Fe, NM B7501, USA, and in
the Department of Political Economics, University of Siena.

E-mail: bowlesgsantafe.e du
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A Farewell to Alms
A Brief Economic
History of the World

by Gregory Clark

Princ aton University Press,
Princeton, NJ, 2007,

432 pp. $29.95,£17.95,
ISBM 9780691121352.

terarguments. Building on
the ideas of Oded Galor
and Omer Moav (6), he
proposes that it was not
institutions but people that
changed and that their new
values—"thrift, prudence,
negotiation, and  hard
work™—led them to save,
work, and invest in ways
that would eventually bring
gbout the industrial revolution,

This theme is reminiscent of Max Weber,

who, in The Protestant Ethic and the Spivit of

Capiralism (7), held that by transforming
profit secking from amoral weaknessto aper-
sonal duty, Calvinism became capitalism’s
midwife. The idea that differences in values
might explain societal differences or histoncal
change never penetrated economics. A widely
accepted, 1f empirically implausible (8),
methodological fiat due to Gary Becker and
George Stigler held that “one does not argue
about tastes for the same reason that one doces
not argue about the Rocky Mountains—baoth
are there, and will be there next year, too, and

Georges de la Tour's St. Joseph, the Carpenter (1640s).

are the same to all men™ (V). Recent advances
in experimental economics have challenged
the fiat (/0. but Clark is nonetheless swim-
ming against the current.

Unlike Weber. for Clark the lever that
changed values was not religious conversion
but biology: the rich enjoyed higher fitness
than the rest and their “capitalistic attitudes™
spread as a result. Clark’s companion paper
“Genetically capitalist?” (/1) sumsitup: “The
triumph of capitalism in the modern world
thus may lie as much in our genes as in ideol-
ogy or rationality.”

Here is the argument; (i) “unusually in
England,” from 1250 on rich commoners
had more surviving children than the rest;
{ii) the children of the rich also became rich
and had higher-than-average reproductive
success: (iil) the distinctive wvalues that
accounted for their economic success would
eventually propel the industrial revolution:
{iv) these values were transmitted to their
descendants either culturally or “perhaps™
genetically: (v) and therefore proliferated:
(vi) eventually springing England from the
Malthusian trap.

Clark’s own research documenting the
reproductive success of wealthy Englishmen
(1) and the tendency of their oftspring also to
be rich (i1) is convincing. But was this really
unusual? Rich commoners outproduced the
poor throughout early modern Europe and
in other pre-industrial societies (/2). Clark’s
only evidence that this was not
the case in Japan and China con-
cerns samurai and Qing nobility,
But English nobles, too, had
lower-than-average reproductive
success prior to the 18th century
(excessiveducling). Sothe Japanese
and Chinese data do not support
Clark’s claim. The link between
parental and offspring wealth was
not uniquely English ({2},

Personality differences con-
tribute to individual differences in
economic fortunes, but hard evi-
dence for the particular set of val-
ues implied by (1) 15 intrmsically
hard to come by and Clark
provides none. Data from mod-
ern cconomics suggest that
personality influences individual
success, but the effects are quite
modest (12-14).

Parents transmit personality
traits to their children, and there is
good evidence that genetic trans-
mission is involved for some
social behaviors (£ 2, 15, 16). How-
ever. none of this evidence con-
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cerns hard work, patience, or the other values
that Clark stresses. And the correlations
between parental and offspring measures of
personality are strikingly low. Joln Loehlin’s
survey of 859 such correlations found a mean
value of 0.13—and the correlation for the
personality dimension most relevant to
Clark’s argument (“conscientiousness™) is
evenlower: 0.09( /7). Thus whether genetic or
cultural, parental influence on descendent
preferences is quickly dissipated across the
generations, which makes point (iv) unlikely.

Clark’s evidence that interest rates and
interpersonal violence declined and that
Londoners in 1800 worked long hours (by
comparison with hunter-gatherers) did not
convince me that (v) is true. A more serious
shortcoming concerns (vi). The behavioral
foundations of the incessant and cumulative
innovation that made the industrial revolution
are more plausibly to be found in Joseph
Schumpeter’s Dionysian entrepreneurial types
than in a workaday penchant for diligence,
prudence, and patience.

But let's ignore the fact that the world is full
of prudent. hardworking, and patient people
who nonetheless remam poor and suppose that

these dispositions explain both individual and
societal economic success. If from 1250 or
even earlier these “capitalistic” values were
spreading as the surplus children of the rich
cascaded down the social ladder, why do we not
observe a gradual acceleration of the economy
beginming in the 13th century rather than the
abrupt take-oft that Clark documents occurring
more than half a millennium later? And why
did the equally capitalistic Netherlands not also
take oft? The argument thus explains neither
the location nor the iming of the first escape
from the Malthusian trap.

Clark’s barbs at economists and the World
Bank reflect his view that their prescription
for poverty—"getting the institutions right™—
is less important than people getting their
values right. Clark also favors less-restrictive
immigration policies. Along with the sug-
gested genetic explanation, Clark’s pull-up-
vour-socks message to today’s poor (as it will
inevitably be read) ensures both controversy
and a wide readership.

A Farewell 1o Alms asks the right ques-
tions. and it is full of fascinating details, like
the speed at which information traveled over
two millenmia (pror to the 19th century, about

BOOKS eTaL I

one mile per hour). Clark’s combination of
passion and erudition makes his account
engaging. When a light bulb goes off in my
head. the first thing | ask myselfis “Would this
be interesting if it were true?” Clark’s thesis
definitely meets that test.

But I doubt that it is true. Clark anticipated
this reaction in his preface: “far better such
[“controversial™] error than the usual dreary
academic sins.”
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PUBLIC HEALTH

A Crisis Is a Terrible
Thing to Waste

Paul 5. Keim

ith 9/11 setting the stage for

the anthrax letter attacks. many of

us in the United States were too
busy to analyze the impact of this crisis on
public health, We were, in fact,
responding to the crisis in an
all-too-consuming manner. As
the adrenaline rush and crush-
ing work load lightened. many
LS. biodefense leaders began
to design a road map tor infec-
tious disease and public health
efforts. The 2001 terrorist at-
tacks provided the political
mmpetus to create a sustainable
biedefense infrastructure and
skilled workforce for the long-
term benefit of public health in
the Umited States. Government
is notorious for impulsive
spending sprees that fade with a changing
political environment. Was this for real, or the
latest Washington knee-jerk reaction?

In Are We Readv? David Rosner and
Gerald Markowitz revisit the events and
actions of that time to determine if we have,
indeed, wasted the opportunity to do some-
thing sustainable and with a long-term impact
on public health. Rosner (a professor of pub-
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lic health and history at
Columbia University) and Marko-
witz (a professor of history at the
City University of New York) do
this through extensive interviews
of the individuals involved in New
York City, as well as officials at the
state and national levels, followed
by analysis and recommendations.
Their approach is based on largely
anecdotal evidence, but they offer
an impressive amount that is sup-
ported by numerous citations and
interviews. The interviews are
interwoven with a historical per-
spective and analysis, making fora
compelling review.

The book covers the chaos in New York
City following 9/11 and the anthrax letters
incidents and how these events shifted priori-
ties of public health. Not surprisingly, the
authors document that the effects encom-
passed every aspect of life in the city. From
high school administrators to the governor,
uncertainty about the dangers and responsibil-
ities was common. But so too were tales of
leadership, coordination, and unselfishness
such as the story of seniors, who had hived
through previous disasters and wars, comftort-
ing their caregivers. While the political leader-
ship played a role, Rosner and Markowitz are
more skeptical than past and
current sound bites about its
importance. Their presentation
places the events in the context
of New York political and
social history. They conclude
that the effectiveness of New
York s response was only par-
tially due to the contemporary
political leadership and more
due to institutional structures
built over many vears.

Long-neglected state pub-
lic health departments were
suddenly in the limelight after
9/1 1. with newfound impor-
tance to their governments and cinzens.
Ronald Cates of the Missouri Department of
Health and Senior Services noted that “A lot
of people who couldn’t spell *public health’
now saw public health as the equivalent of
the Department of Defense.” Yet, as the
excitement faded, the reality remained that
federal funding was often targeted for highly
specitic bioterrorism projects (e.g., smallpox
vaccination), while routine essential services
were floundering due to a lack of resources.
Local experiences across the country were
uneven, with some states managing the
influx of resources well while others did

i
By
Early response. Hazardous materials experts enter the Hart Office

Building, which had been closed after the discovery of an anthrax-
laced letter in Senator Tom Daschle’s office.

not. The 9/1 1-induced {or at least -acceler-
ated) economic recession decreased state
revenues—decreases that were invariably
passed on to the state agencies. In some
cases. this furthered the disparity between
federally funded bioterrorism programs and
traditional public health services. Many
of the numerous experiences recounted by
the authors document the states’ struggles to
“dually use™ the bioterrorism funding both
for biodefense and to strengthen the overall
public health infrastructure.

The failed smallpox vaccination program
imitiated in December 2002 was driven by fed-
eral priorities yet had to be implemented at the
state and local levels. To state officials, the
true nature of the threat was not obvious. Asa
result, many of them did not fully engage in a
program that was funded at less than its true
implementation cost. In addition, the public
did not fully recognize the threat, and an
already-existing, organized anti-immuniza-
tion community was fighting all vaccination
programs. Lastly, in a healthcare environment
severely affected by malpractice litigation, the
risk of downstream liability and the poten-
tially high costs of compensation to vaccina-
tion victims posed a threat to caregivers and
healthcare administrators. As Gene Matthews
{Georgia State University) summanzed,
“there were three concerns: Liability, compen-
sation, and risk asscssment . ... these 1ssues got
mixed up with each other.” This smallpox vac-
cination program was not coupled to overall
public health development. Georges Ben-
jamin (American Public Health Association)
noted that single-minded attention to small-
pox “sacrificed core public health activities.”
Rosner and Markowitz point to this program
as an example of how federal dictates to the
states were ill-fated, mismanaged and detri-
mental to long-term infrastructure goals.

Public health is accomplished at the local
level, but the Centers for Disease Control and
Prevention (CDC) 15 the federal authority and
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was instrumental in the national response to
the events of 2001. Whereas the anthrax letter
attacks occurred in only five states, the other
45 states were consumed with testing thou-
sands of suspicious powders and letters to
reassure a frightened public. In fact, the nega-
tive results from the state labs were critical in
the definition of the event boundaries and
allowed the CDC to focus onthereal attack. In
the preceding year, the CDC had implemented
a nationwide laboratory system for “anthrax”
testing. In the absence of this system. all sam-
ples would have been sent to Atlanta for test-
ing in a facility already operating over capac-
ity Dispersed investments in infrastructure
development are cited as the most important
federal response to the terrorist attacks. Prior
to 9/1 1, bioterrorism preparedness at the CDC
was slowly becoming a more important activ-
ity as the budget increased incrementally.
Rosner and Markowitz provide glimpses
of the conflict within the government between
those devoted to bioterrorism preparedness
and those skeptics unconvinced that this focus
was appropriate. Many of their interviews are
rife with hindsight as public officials try to re-
write history to place theiractivities inthe best

light. Conflicting interviews will allow read-
ers to assess for themselves the CDC’s actual
preparedness for bioterrorism. Optimistically,
the CDC'’s post-9/1 | response to the outbreak
of severe acute respiratory syndrome (SARS)
was universally seen in a positive light.
Whatever the CDC was before 9/11, it is
clearly a very different organization today and
much better prepared for public health crises.

Rosner and Markowitz weave commentary
and analysis throughout the book but conclude
with some basic lessons learned. First, ina cri-
sis the available public health infrastructure
makes all the difference in the quality of the
local and federal response. Although timely
leadership was important, it was effective only
within the constraints of what the previous
vears' efforts had provided. Because of the
unpredictability ofthe next ensis, public health
nfrastructure is the single most important way
of preparing the nation. Second, the authors
argue for a redefinition of public health to be
more comprehensive and to include the mental
health of the population. Inaddition to the tra-
ditional concern with the physical well-being
of the population, social and economic health
need to be included in the response to crises.

BOOKS eTaL I

Third they observed that the failure to com-
municate honestly to the public, even if offi-
cials have good intentions to calm a chaotic sit-
uation, will lead to the subsequent mistrust of
all communication. Lastly, the authors recom-
mend that clear lines of authority need to be
established in a cnisis. Local authonty need not
be usurped. but decisive leadership. perhaps
from the federal level, is critical.

Rosner and Markowitz provide a well-
researched account that should have an
impact on the implementation of future pub-
lic health policy. Their extensive interviews
and use of public statements offer readers the
opportunity to assess their research and to
judge their analysis and commentary. The
first-person reports of the chaos of the
moment, especially in New York, will en-
lighten the naive and invoke harsh memories
for readers who more intimately lived through
the events. So, the question remains: Are we
ready? Although the authors advocate one
path forward, we should never expect that the
struggle to improve public health will be
complete or finalized. Preparedness is an
ongoing and consuming endeavor.
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The Science and Business of
Genetic Ancestry Testing
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t least two dozen companies now

market “genctic ancestry tests” to

help consumers reconstruct their
family histories and determine the geo-
graphic origins of their ancestors, More than
460,000 people have purchased these tests
over the past 6 years ( /), and public interest is
still skyrocketing (/—4).
Some scientists support
this enterprise because
it makes genetics acces-
sible and relevant; oth-
ers view it with indiffer-
ence, seeing the tests
as merely “recreational.”
However, both scientists
and consumers should
approach genetic ances-
try testing with caution
because (1) the tests can
have a profound impact
on individuals and com-
munities, (ii) the assum-
ptions and limitations
of these tests make them less informative
than many realize, and (i) commercializa-
tion has led to misleading practices that rein-
force misconceptions.
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The Impact of “Recreational Genetics”

Although genetic ancestry testing is often
described as “recreational genetics,” many
consumers do not take these tests lightly,
Each test costs 5100 to 5900, and con-
sumers often have deep personal reasons
for purchasing these products. Many indi-

viduals hope to identity
biological relatives. to vali-
date genealogical records,
and to fill in gaps in family histories.
Others are searching for a connection to
specific groups or places in Eurasia and
Africa. This search for a “homeland”™ is
particularly poignant for many African-
Americans, who hope to recapture a history
stolen by slavery. Others seek a more
nuanced picture of their genetic back-
grounds than the black-and-white dichotomy
that dominates LLS. racial thinking.
Genetic ancestry testing also has serious
consequences, Test-takers may reshape their
personal identities, and they may suffer emo-
tional distress if test results are unexpected or
undesired (5). Test-takers may also change
how they report their race or ethnicity on gov-
emmental forms, college or job applications,
and medical questionnaires (6). This could
make it more difficult to track the social expe-
riences and effects of race and racism (6).
Genetic ancestry testing also atfects broader
communities: Tests have led African-Ameri-
cans 1o visit and financially support specific
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Commercially available tests of genetic
ancestry have significant scientific limitations,
but are serious matters for many test-takers.

African commumities. Other Americans have
taken the tests in hope of obtaining Native
American tribal affiliation (and benefits like
financial support, housing, education, health
care, and affirmation of identity) or to chal-
lenge tribal membership decisions (7).

Limitations
It is important to understand what these tests
can and cannot determine. Most tests fall into
two categories. Mitochondrial DNA (mtDMA )
tests sequence the hypervariable region of
the maternally inherited mitochondrial
genome. Y-chromosome tests analyze short
tandem repeats and/or single nucleo-
tide polymorphisms (SNPs) in the
paternally inherited Y chromo-
some. In both cases, the test-taker’s
haplotype (set of linked alleles) is
determined and compared with hap-
lotypes from other sampled individu-
als. These comparisons can identify
related individuals who share a com-
mon maternal or paternal ancestor,
as well as locations where the test-
taker’s haplotype is found today.
However, each test examines less
than 1% of the test-taker’s DNA and sheds
light on only one ancestor each generation
(). A thirdtype of test (DNAPrint’s Ancestry-
ByDNA test) attempts to provide a better
measure of overall ancestry by using 175
autosomal markers (inherited from both
parents) to estimate an individual’s “bio-
geographical ancestry.”

Although companies acknowledge that
mtDNA and Y-chromosome tests provide no
information about most of a test-taker’s ances-
tors, more important limitations to all three
types of genetic ancestry tests are often less
obvious. Forexample, genetic ancestry testing
can identify some of the groups and locations
around the world where a test-taker’s haplo-
type or autosomal markers are found, but it is
unlikely to identify all of them. Such infer-
ences depend on the samples in a company’s
database, and even databases with 10,000 to
20,000 samples may fail to capture the full
array of human genetic diversity in a particu-
lar population or region.
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Another problem is that questionable sci-
entific assumptions are sometimes made
when companies report results of a genetic
ancestry test. For instance, when an allele or
haplotype is most common in one popula-
tion, companies often assume it to be diag-
nostic of that population. This can be prob-
lematic because high genetic diversity exists
within populations and gene flow occurs
between populations. Very few alleles are
theretore diagnostic of membership ina spe-
cific population (%), but companics some-
times fail to mention that an allele could have
been inherited from a population in which it
is less common. Consequently, many con-
sumers do not realize that the tests are proba-
bilistic and can reach incorrect conclusions.

Consumers often purchase these tests to
learn about their race or ethnicity, but there is
no clear-cut connection between an individ-
ual’s DNA and his or her racial or ethnic affil-
iation. Worldwide patterns of human genetic
diversity are weakly correlated with racial and
ethnic categories because both are partially
correlated with geography (%), Current under-
standings of race and ethnicity reflect more
than genetic relatedness, though, having been
defined in particular sociohistorical contexts
(i.e., Europezan and Amencan colonialism). In
addition, social relationships and life experi-
ences have been as important as biological
ancestry in shaping individual identity and
group membership.

Many genetic ancestry tests also claim to
tell consumers where their ancestral lincage
originated and the secial group to which their
ancestors belonged. However. present-day
patterns of residence are rarely identical to
what existed in the past, and social groups
have changed over time, in name and compo-
sition ( /(). Databases of present-day samples
may therefore provide false leads.

Finally, even though there is little evidence
that four biologically discrete groups of
humans ever existed (¥), the AncestryByDMNA
test creates the appearance of genetically dis-
tinct populations by relying on “ancestry
informatnve markers” (AIMs). AIMs ane SNPs
or other markers that show relatively large (30
to 50%) frequency difterences between popula-
tion samples. The AncestryByDNA test exam-
ines AlMs selected to differentiate between
four “parental” populations (Africans,
Europeans, East Asians, and Native Ameri-
cans). However, these AlMs arenot found inall
peoples who would be classed together as a
given “parental” population. The AIMs that
characterize “Africans.” forexample, were cho-
sen on the basis of a sample of West Afnicans,
Dark-skinned East Africans might be omitted
from the AlMs reference panel of “Africans™

because they exhibit different gene variants
({1-13). Furthermore, some of the most
“informative™ AIMs involve loci that have
undergone strong selection (/4), which makes
it unclear whether these markers indicate
shared ancestry or parallel selective pressures
(such as similar environmental exposures in
different geographic regions) or both.

The problems described here are likely
responsible for the most paradoxical results of
this test. For instance, the AncestryByDNA
test suggests that most people from the
Middle East, India, and the Mediterrancan
region of Europe have Native American
ancestry (/3). Because no archaeological,
genetic, or historical evidence supports this
suggestion, the test probably considers some
markers to be diagnostic of Native American
ancestry when, in fact, they are not.

Thus, these tests should notbe seen as deter-
mining the race orethnicity ofa test-taker. They
cannot pinpoint the place of origin or social
affiliation of even one ancestor with exact cer-
tainty. Although wider sampling and techno-
logical advancements may help (76), many of
the tests” problems will remain.

Effects of Commercialization

Although it is important for consumers to
understand the limitations of genetic ancestry
testing and the complex relation between
DNA, race, and identity, these complexitics
are not always made clear. Web sites of many
companies state that race is not genetically
determined, but the tests nevertheless pro-
mote the popular understanding that race is
rooted in one’s DNA ({7)—rather than being
an artifact of sampling strategies, contrasting
geographical extremes, and the imposition of
qualitative boundaries on human variation.
Because race has such profound social. polit-
ical, and economic consequences, we should
be wary of allowing the concept to be rede-
fined in a way that obscures its historical
roots and disconnects it from its culmral and
SOCIOECONOMIC context.

It 15 unlikely that companies (and the asso-
ciated scientists) deliberately choose to
mislead consumers or misrepresent science.
However, market pressures can lead to con-
flicts of interest, and data may be interpreted
differently when financial incentives exist,
For scientists, these incentives include paid
consultancies, patent rights, licensing agree-
ments, stock options, direct stock grants, cor-
porate board memberships, scientific advi-
sory board memberships, media attention,
lecture fees, and/or research support. Because
scientific pronouncements carry immense
weight in oursociety, claims must be carefully
evaluated when scientists have a financial

stake in them. Unfortunately, peer-review is
difficult here, because most companies main-
tain proprietary databases.

As consumers realize that they have been
sold a family history that may not be accurate,
public attitudes toward genetic research could
change. Support for molecular and anthropo-
logical genetics might decrease, and histonically
disadvantaged communities might increase
their distrust of the scientific establishment
(18). These tests may also come up in medical
settings: Many consumers are aware of the
well-publicized association between ancestry
and disease. and patients may ask doctors to
take their ancestry tests into consideration when
making medical decisions. Doctors should be
cautious when considering such results (/9).

We must weigh the risks and benefits of
genetic ancestry testing, and as we do so. the
scientific community must break its silence
and make clear the limitations and potential
dangers. Just as the American Society of
Human Genefics recently published a series of
recommendations regarding  direct-to-con-
sumer genetic tests that make health-related
claims (2{1). we encourage ASHG and other
professional genetic and anthropological asso-
ciations to develop policy statements regarding
genetic ancestry testing.
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Sampling the Sun

Kurt Marti

or several years, astronomers and cos-

mochemists have been moving toward a

scenario in which the Sun did not form
as an isolated star, but as a member of a clus-
ter in a dense molecular cloud that fostered
high-mass star formation. We have known for
some time that the abundances of elements in
the Sun are generally consistent with those
observed in primitive carbonacecous mete-
orites (except for volatiles). Now, on page 433
of this issue, Meshik ¢ al. (1) report direct
data on the isotopic composition of the Sun
from samples of solar material collected by
the NASA Genesis mission launched in 2001.
Such data will help resolve the questions of
how the solar system formed and in what type
of environment.

A few elements in the Sun (such as the
noble gases) were first studied in components
of meteorites that were exposed to the solar
wind before rocks formed on asteroidal sur-
faces, as well as in lunar soils returned by the
Apollo missions, These soil grains were found
to contain gases embedded in their surface
layers (at depths less than 200 nm), consistent
with stopping ranges of solar wind particles.
This information was somewhat confusing, as
discussed by Grimberg ef af, (2), who reported
data from stepwisc ctching analvses of foils
recovered from the Genesis mission. These
collecting foils. into which the solar particles
slammed, show that solar wind plasma has
one well-defined neon isotopic signature,
whereas the surface layers of lunar soils
showed two different signatures.

Recent research has suggested thatisotopic
abundances in the Sun and in other objects of
the solar system may not be entirely uniform.
Radiation from an early active Sun, galactic
mamma and particle radiation, or catastrophic
events such as mass gjection or supernova
events of neighboring stars in the forming star
cluster may have altered isotopic abundances
m different locations. Such violent events may
have injected both radioactive and stable
nuclides and dust into the evolving solar neb-
ula, possibly challenging some of the assump-
tions currently made for the distribution of
radioactive parent elements that are necessary
for deducing the earliest history of the solar

The author is in the Department of Chemistry and
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The composition of solar wind particles
collected by the Genesis mission will fill gaps
in our understanding of how the Sun and
solar system formed.

Studying the solar wind. The Genesis spacecraft sampled particles of various energies emitted by the mil-
lion-degree corona of the Sun (shown in the light of fonized helium). The image is adapted from data from
the Solar and Heliospheric Observatory.

system (3). Such injections may also account
tor some of the observed vaniations in isotopic
abundances in elements such as oxygen (4)
in different regions of the solar nebula.
Researchers have found well-preserved preso-
lar matenals embedded in primitive carbona-
ceous chondntes, and these provide extensive
records on the history of galactic clement syn-
thesis [ for reviews sce (3]

Meshik er af. report precise isotopic data of
the noble gases neon and areon in foils of solar
wind collectors carried by the Genesis space-
craft and recovered after its crash-landing. The
gases were collected dunng specific ime pern-
ods in which the solar wind had different
speeds, and theretore the data sampled differ-
ent solar processes and activities. Although
solar wind collection experiments were con-
ducted on the Moon during the Apollo mis-
sions (6). the high-precision 1sotope ratios
from Genesis are averaged over much longer
collection times than were the Apollo ratios.
The solar wind isotopic signatures in foils of
collectors on the Moon and on Genesis show
no significant changes, although Ne/Ar abun-
dance ratios vary by more than 30%.

Animportant message in the Genesis data
is that isotope ratios in the high-speed wind
stream (from coronal holes) and in low-
speed wind, as well as in winds during coro-
nal mass ejections, are all consistent and
show no evidence for significant isotope
tractionations. This will help to revise solar
models and mechanisms of transport from

sources in magnetic structures of the chro-
mosphere and from transition zones to the
corona, which are generally considered to be
responsible for observed elemental fractona-
tions. Detailed analyses of possible isotopic
fractionations between the regimes of solar
wind plasma and the solar convective surface
arc cssential for the selection of solar data as
the standards in the evaluation of solar system
isotopic struchures,

Grimberg e al. (2) reported data from
another Genesis foil and showed that the
depth-dependent concentration of neon is
consistent with a single solar component, and
Meshik er al. now document single solar iso-
topic signatures of neon and argon. However,
both compositions differ from those observed
in the terrestrial and martian atmospheres and
also from 1sotopic abundance data observed in
meteorites. The solar isotopic abundances
now provide a new sct of references for the
interpretation of observed isotopic data in
solar system matter. No isotopic references
currently exist for some of the most abundant
elements in the Sun, such as oxygen and nitro-
gen. Solar wind nitrogen embedded in the top
surface layer of a lunar rock over the past 2
million years was reported to contain 3.8%
more °M than the nitrogen in the terrestrial
atmosphere (7). Because erosional processes
on the Moon apparently affected solar neon
isotope ratios, we should not be surprised at
modifications in the nitrogen data.

Fortunately, a number of foils have survived
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{not without degradation) the crash-landing of
the Genesis instrument. Planetary and solarsci-
entists are awalting new information on the iso-
topic abundances of other elements collected
by Genesis foils. Because solar isotopic signa-
tures have been inferred only indirectly from
abundance data in meteorites, these new solar
reference data are in great demand for proper

interpretations of observations on planets and
inmeteorites. They may helpto fill some of the
gaps in our understanding of how objects in the
solar system formed and evolved.
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GEOCHEMISTRY

A New Twist for Mercury

Carl Lambhorg

ceording to the biogeochemist William
AFitzgcmld, studying mercury is like

being “on the trail of a silvery comet
whose path is full of surprising twists and
turns™ (). This volatile and mutable element
has offered up yet another twist, as reported
by Bergquist and Blum on page 417 of this
issue (2).

Based on kinetic effects, heavier isotopes
should be less reactive in proportion to the
square root of the mass of the atom or mole-
cule involved in the reaction. Yet, Bergquist
and Blum found that '""Hg and *"Hg did not
conform to this mass-dependent behavior
(sce the figure). Previously, such “mass-
independent fractionation™ (MIF) had only
been documented for oxygen and sulfur
during photochemical reactions involving
ultraviolet radiation (3).

This finding offers a potentially powerful
new tool for understanding the cyeling of mer-
cury in the environment. Becawse of its
unusual volatility in the elemental state, mer-
cury 15 easily exchanged between water and air
and between land and air. resulting in global
dispersion through the atmosphere (4). The
process starts with the reduction of Hg™ to
Hg" vapor by biotic or abiotic reactions, result-
ing in supersaturation in surface waters of
lakes and the ocean or high concentrations in
soil mterstices. The volatile Hg" then spends a
few months to a few years in the atmosphere
(5). Oxidation by vanous radical species leads
tothe formation of the much less volatile Hg''.
which is rapidly removed from the air, closing
this loop in the overall mercury cyele.

These fluxes, particularly from water to air,
are difficult to measure directly. The findings
of Bergquist and Blum could change that,
because the initial Hg®™ reduction step may be
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largely driven by ultraviolet radiation, imprint-
ing an MIF signal on the mercury isotope dis-
iribution. The authors also found a MIF signal
in the light-driven demethylation of mono-
methylmercury (MeHg). the form of mercury
that accumulates in biota. Thus, the magnitude
of MIF signals in mercury isotope distribu-
tions in natural samples should be related to
the impact of Hg*" and MeHg photoreduction,
because the product (Hg") escapes the system
by water-to-air exchange. Bergquist and Blum
offer an initial example: Using their labora-
tory-determined fractionation factor, they sug-
gest that the MIF signal in fish can beused asa
record of the amount of mercury lost from a
lake or the ocean as a result of photoreduction
and water-air exchange,

This report of MIF of mercury isotopes is
not the first for an environmental sample, nor
should it have been unexpected in hindsight.
As the authors point out,
ultraviolet radiation has
previously been used to
separate mercury isotopes
under laboratory- and pro-
duction-scale conditions, as
part of nuclear weapons
research. Jackson ef al pre-
viously reported MIF sig-
nals inaquatic animals and
sediments from lakes (6).
However, these are diffi- -
cultmeasurements to make,
requiring dedicated ins-
truments and scrupulous
attention to fractionation
eftects that anse during the
analysis. Thus, results sug-
gesting MIF from complex
natural media are liable
to be met with skepti-
cism. Bergquist and Blum
obtained their data during
controlled laboratory experi-

Amount of reductionevasion

198

In some light-driven reactions, mercury”s
reactivity depends on its isotopic mass in
unexpected ways, possibly allowing this
element to be tracked in the environment.

ments and for natural samples, lending enor-
mous credibility to the finding.

Bergquist and Blum find not only mass-
independent, but also mass-dependent frac-
tionation. They and their colleagues ( 7) have
documented mass-dependent fractionation in
both photochemical and biological reduction
of Hg*'. This form of fractionation could also
be very useful in tracking the biogeochemical
cycling of mercury and may, in conjunction
with MIF measurements, allow the impact of
bactenal reduction on natural samples to be
isolated and studied.

These reports are part of rapidly evolv-
ing research into heavy-clement isotope
fractionation made possible by advances
in ultraghigh-precision isotope ratio mass
spectrometry (8, 9). For mercury, these
studies suggest that fractionation abounds
and is a fairly substantial signal. This could

effects

Expected from mass-dependent kinetic
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Not dependent on mass. During photoreduction of Hg?* and MeHg in
natural waters and the subsequent water-to-air exchange of Hg®, heavier
isotopes are expected to react more slowly and to become more enriched in
solution (dotted line). Bergquist and Blum show that even-numbered mer-
cury isotopes follow this pattern, but odd-numbered isotopes instead
exhibit mass-independent fractionation.
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be enormously useful for tracking the var-
ous biogeochemical transformations in
the mercury cycle. However, fractionation
could be so prevalent that the signals we
wish to capture are obliterated as mercury
winds its way through its various environ-
mental incarnations.

Much work remains to be done before the
mass-dependent and mass-independent sig-
nals can be interpreted fully. For example,
detection limitations forced Bergquist
and Blum to conduct their experiments at

MOLECULAR BIOLOGY

ratios of mercury to chromophoric dissolved
organic matter that were orders of magnitude
higher than in natural waters. But these are
surmountable problems, leading to the next
twist in the trail of an irresistible geochemi-
cal mystery.

References

1. W.F. Fitegerakd, Geochim. Cosmachirm, Acfo 68, 1961
12004),

2. B, A Bergguist, ). D. Blum, Science 318, 417 (2007);
published online 13 September 2007 (10,1128
seience. 1148050),

Unlocking Cell Fate

Ashley G. Rivenbark and Brian D. Strahl

ontrol of cell fate 1s a complex and
‘ poorly understood process. It 1s

largely directed by the epigenetic reg-
ulation of gene expression—changes in gene
function without changing the underlying
DNA sequence. Epigenetic regulation is
mediated partly through altering chromatin,
the DNA and protein constituents of chromo-
somes, Twopapers in thisissue, by Changetal.,
on page 444 (/) and Lee et al. on page 447 (2),
advance owr understanding of how epigenctic
changes control cell fate and organismal
development through the removal of histone
methylation, a chemical modification of spe-
cific chromatin-associated proteins,

DMNA is packaged within the cell s nucleus
through its interaction with histone proteins
{(H2A. H2B, H3, and H4), which forms chro-
mosomal regions that are either permissive
or repressive for gene expression. Methyl-
ation of histones controls transcription by
allowing chromesomal regions to toggle
between “on” and “off™ states. Moreover,
this modification is reversible.

Homeotic (Hax) genes are fundamental in
controlling embryonic development and stem
cell renewal. In most differentiated cells, Hax
genes are repressed by Polycomb group (PeG)
proteins such as EZH2 (Enhancer of Zeste
Homolog 2) methyltransferase, which timethy-
lates histone H3 at lysine 27 (H3K27me3).
According to Lec ef al., a decrease in this spe-
cific modification during cell differentiation
{3) is due to UTX, a demethylase specific for

H3K27me3, UTX belongs to a family of
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A genetic repregramming “switch.” UTX and
IMJD3 demethylate histone H3 (H3K27me3). They
also associate with the MLL complex, which methy-
lates histone H3 (H3Kdme3). This coordinated
removal and addition of distinct methylation marks
define an epigenetic “switch” for regulating genes
that control development and cell fate.

enzymes that uses a Jumonji C (JmyC) domain
to catalyze demethylation on lysines (4).
Another H3K27me3 demethylase, Jumonji
domain-—containing 3 (JMJD3), has also re-
cently been identified (5-7).

H3K27 di- and trimethylation typically
localize to the promoter region of develop-
mentally regulated genes like the Hox gene
clusters, Polycomb repressive complex |
(PRC1). which contains histone H2A mono-
ubiquitylating activity, is recruited to Hox
genes to mediate their repression (8). Now,
Chang er al.. Lee e al., and the other new
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Histone demethylation is associated with
the activation of genes that control cellular
development, differentiation, and the
determination of cell fate,

reports (5-7) show that the enzymes UTX
and JMJD3 are recruited to Hox promoters,
remove H3K27me3, and reverse this repres-
sion. Although UTX and IMJD3 appear to
function in different contexts, and their indi-
vidual or combined roles are not yet clear,
their ability to control development is conclu-
sive. For example, targeted inhibition of UTX
in zebrafish and its counterpart in nematode
results in posterior and gonad developmental
defects, respectively (3, 7). Differentiation of
bone marrow progenitor cells upon cytokine
stimulation is also disrupted in the absence
of IMID3 (6). Thus, H3K27me3 is a crucial
mark in deciding cell fate.

Are there distinct roles for UTX and
JMID3 in early embryogenesis and/or in
late differentiation? Both enzymes target
H3K27me3, but UTX is constitutively ex-
pressed. whereas JMJD3 expression is in-
duced in response to extracellular cues. Also.
Lee eral. find that UTX 1s recruited to Hox
genes in differentiating cells, implying that it
may survey H3K27me3 globally and selec-
tively remove H3K27me3 when given the
correct developmental cues. Determining the
roles of these enzymes, and other possible
H3K27 demethylases, in developmental tran-
scription cascades is a important next step.

Is removal of H3K27me3 alone enough to
change cell identity or fate? The answer
appears to be no. Several of the UTX/IMID3
studies also found that loss of H3K27me3
was followed by another epigenetic change—
trimethylation of histone H3 at lysine 4
{H3K4me3), which is linked to active gene
transcription. Remarkably, UTX and JMID3
arc components of the MLL (Mixed Lineage
Leukemia) protein complex that methylates
H3E4. indicating that removal of H3K27me3
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is coupled directly to formation of transcrip-
tionally active chromatin. Thus, cell fate
change involves selective recruitment of
multiple histone-modifying activities that
precisely alter the epigenetic landscape to
activate specific developmental programs, a
finding consistent with the “histone code™
hypothesis (¥). In the case of Hox genes,
selective removal and addition of H3K27me3
and H3K4me3, respectively, define a histone
code or chromatin “switch™ for reprogram-
ming genes that control cell development
(see the figure). Epigenctic switches like
UTXAIMID3-MLL will no doubt occur in
numerous other chromatin-mediated events
{e.g., replication and DNA repair). Whether
other epigenetic modifications such as DNA
methylation contribute to the UTX/JMID3-
MLL switch will be interesting to determine.

The identification of histone demethylases

raises the question of how epigenetic states are
propagated from one cell generation to the
next. If histone lysine methylation is reversible,
how are epigenetic states inherited? Is it
through histone arginine methylation? Until
now, no arginine demethylases were known,
Although enzymes convert methylarginine to a
new amino acid (citrulling ), this process is irme-
versible and changes the primary amino acid
sequence (10, 11). Chang et al. identify the first
arginine demethylase, JIMID6, which selec-
tively converts methylarginine back to arginine.
This finding forces us to question whether there
will be any mechanisms for epigenetic inhen-
tance that are not reversible,

Cell fate plasticity through reprogram-
ming of the epigenome could explain such
phenomena as amphibian limb regeneration
and the reprogramming of somatic cell nuclei
during animal cloning, processes that reverse

a terminally differentiated state. It is intrigu-
ing to speculate whether the underlving mech-
anism for reprogramming the epigenome in
these events involves histone demethylation
by UTX/IMID3.

References
1. B Chang,Y.Chen, ¥. Zhao, R. K. Bruick, Science 318,
444 (2007).
2. MG Lesetal, Science 318, 447 (2007); published
online 30 August 2007 (10112 &/sclence. 114904 2).
3. L A Bover of al., Mature 441, 349 {2006},
4. R).Elose, Y. Zhang, Nat. Rev. Mol Cell, Biol 8, 307
(2007).
K. Agger of ai,, Mature, 10,1038 naure0s145 (2007).
F. De Santa & al., Cell, 10.10164.colL2007 08,019
(2007).
F Lan ef al., Nabure, 10,1038 natured6192 {2007).
H. Wang ef af., Mature 431, 873 (2004).
B. D. Strahl, €. D. Allis, Mature 403, 41 (2000).
G L. Cuthbert ef al., Cefl 118, 545 (2004).
. Y. Wang et al, Science 306, 279 (2004).

oo

[l =
H Do m

101126/ cence, 1150321

ASTRONOMY

Simmering, Not Boiling

Christian R. Kaiser

he space between individual galaxies

in clusters of galaxies is not empty. It

contains hot, ionized gas, which cools
rapidly by emitting x-rays. Because of these
energy losses, the cooled gas should continu-
ously flow to the centers of galaxy clusters
under the influence of their enormous gravita-
tional field. Here the gas should condense
completely and form stars at a rate approach-
ing a few thousand solar masses per year in
some cases ().

In fact, this enommous star formation rate is
not observed (2). nor do clusters contain the
predicted larpe quantities of relatively cool gas
{3). Something is reheating the gas at a rate
equivalent to about one supernova explosion
every 30 years. However, supemovae within
the galaxies cannot provide this energy,
because they would strongly pollute the cluster
gas with heavy elements (4), and we do not
observe this. As recent work shows, more
promising, “clean’ heat sources are the power-
tul gas outtlows driven by the release of gravi-
tational encrgy from matter falling onto very
massive black holes at the centers of galaxies
embedded in the clusters. The interplay of
radiative cooling and heating by outflows over
cosmic time may explain the properties of
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current clusters and the galaxies inside them.

The central regions containing black holes
are called active galactic nuclei (AGN), and
they produce short-lived outflows carrying
enough energy to entirely remove the gas from
the central region of the cluster. Although
such catastrophic outflow events may play a
role during the formation of galaxies in the
carly universe (5), the heating in present-day
clusters is much gentler. AGN outflows inflate
bubbles of extremely energetic, magnetized
plasma in the cluster gas (see the figure),
which we observe by their radio wave emis-
sion or through the lack of x-ray emission of
the gas pushed aside (6).

The bubbles are much lighter than their
surroundings and start to move in the gas
buovantly away from the center of the cluster

Black holes at the center of galaxy clusters can
drive strong outflows of gases that limit the
rate of star formation.

Central heating. The hot gas in galaxy clusters is
denser toward the center than in the cluster outskirts.
Radiatively cooled gas flows inward, If unchecked,
this flow will strengthen, causing high rates of star
formation in the central galaxy. The black hole in the
central galaxy may drive a powerlul gas outflow if it is
accreting matter from its immediate surroundings.
This inflates bubbles of hot gas (green) that can move
buoyantly in the atmosphere of the cluster. The bub-
bles heat the cluster gas, reducing or even stopping
the cooling flow. In their wakes, the bubbles lift up
cold gas (blue arrows) from the central galaxy which
has been enriched with elements heavier than hydro-
gen and helium by the stars in this galaxy.

(7). As they move, they dissipate part of their
energy to the cluster gas, thereby heating it.
The situation 15 similar to boiling water in a
pot in which bubbles of steam buovantly rise.
However, the entropy of the water in the pot
is highest at the bottom of the pot and de-
creases higher up. In galaxy clusters, the
opposite applies (§). The heating by AGN out-
flows must be gentle enough to preserve the
negative entropy gradient,

The buoyant motion of the bubbles also
drags interstellar gas from within the host
palaxy of the AGN into the cluster gas farther
out, The interstellar gas is much colder than the
cluster gas and rich in elements heavier than
hydrogen and helium. Using the Doppler shifts
of atomic emission lines, researchers have
measured the velocity field of this uplift in the
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wake of the bubbles and thus constructed a
detailed picture of the buovant flow in the clus-
ter gas (V). Again, the buoyant motion cannot
be too vigorous, as this would be inconsistent
with the observed gradients in the abundances
of heavy elements in the cluster gas (/).

The distribution of gas in clusters is
remarkably similar between systems (). The
uniformity of clusters seems to indicate a
closely balanced equilibrium between radia-
tive cooling and AGN heating, both spatially
and in time. Observations only provide us with
snapshots of the cluster evolution. Therefore, it
is difficult to understand how the compara-
tively short-lived and spatially confined AGN
outflows can achieve this delicate balance,

In recent years, sophisticated numerical
fluid simulations of the AGMN-cluster gas
interaction {{ /) have progressed rapidly to
include more and more of the relevant physi-
cal processes. For example. simulations indi-
cate that the distnbution of energy throughout
the clusters may be facilitated by gas motions
in the cluster gas induced by their ongoing for-
mation as nodes within the large-scale cosmic
web ofmatter (1 2). However. itis possible that
the state of the ionized and magnetized cluster

gas is not well described by currently available
computer simulation codes (/3).

Another major puzzle in the field is the
synchronization between the cooling gas and
the AGN activity. The AGN needs to turn up
the heat just at the right time: otherwise, the
cluster gas would become colder than obser-
vations find, In principle, the problem looks
casy to solve. The black hole in the AGN
needs to acerete gas to drive an outflow. This
fuel could be provided by the cooling gas in
the cluster itself, and a feedback loop may be
established (/4). The problem is that the gas
needs to travel several thousand light years,
from the cluster all the way down to the AGN,
with a size comparable to our solar system,
Along the trip, it must lose all of its angular
momentum in order to accrete onto the black
hole, rather than to end up in a huge gas disc,
rotationally supported against further contrac-
tion. It is not yet clear how the cooling gas
from the cluster can be funneled to the black
hole tast enough o enable a feedback loop.

Despite all of the problems listed above,
AGN outflows seem set to explain the contin-
uing presence of hot gas in galaxy clusters. 1t
will be interesting to see how the new vast sur-

PERSPECTIVES I

veys planned at wavebands extending from
radio to x-rays will shed light on the remain-
ing problems through the provision of very
large numbers of observed galaxy clusters. At
the same ime. new numerical codes and sim-
ulations will help us unravel the evolution of
cluster under the influence of AGN simmenng
{but not boiling).
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Why Genomes in Pieces?

LauraF. Landweber

icrobial eukaryotes take ample de-
Mmurﬁ along the route from DNA to
messenger RNA (mRNA) and pro-

tein. Some of their tricks continue to erode
the notion of a gene beyond its natural sub-
division into functional exons and nonceding
mirons (/). Two discontinuous genetic systems
described in this issue further challenge this
dogma. On page 415 of this issue, Marande
and Burger report a fully scrambled mitochon-
drial genome in Diplonema papillatum, a
free-living relative of discase-causing try-
panosomes (2), and on page 450. Soma ef al.
describe a set of scrambled transfer RNA
(tRNA) genes inthe nuclear genome of the red
alga Cvanidioschvzon merolae (3). The find-
ings are reminders thata genome sequence can
be a far cry from knowledge of gene products.
Moarande and Burger explode the notion of a
gene with mRNA building blocks present as
“modules” of ~165 base pairs, cach on a sepa-
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rate chromosome in the mitochondria of the
protist £ papillanem. Construction of a com-
plete mRNA requires joining up to nine
modules through a mechanism that appears
distinct from known forms of RNA splicing,
the processes that join exons in eukaryotic
mRNA. Although split genes occur in other
systems (including Chlannvdomonas, Euglena,
Alveolata, plants. and Diptera), rarely are the

Backwards. tRMAs in C. meroloe assemble from
scrambled genes. Red plastids autofluoresce; blue
color is DAPI stain (14).

Some microorganisms are evolutionary puzzles
in that their genomes contain encrypted genes
that are descrambled into gene products.

scrambled pieces “sewn” back together to cre-
ate a contiguous gene or RNA. Some excep-
tions are gene unscrambling in ciliates () and
the bursicon gene in mosquitoes (5). Trans-
splicing of RNA (&) and even proteins ( 7)
can also merge functional regions located on
dispersed elements of prokaryotic { 7) or eukar-
yOtic genomes,

The pathway for gene assembly in diplone-
mid mitochondria may provide a clue to the on-
gin of U-insertional RNA editing, which makes
a modest appearance in the report by Marande
and Burger as six non-DNA-encoded uracil
(U) residues that join two RNA modules.
Perhaps the ancestral role of guide RNAs that
direct U insertion and deletion in the related
kinctoplastid protozoa was to provide a tem-
plate scaftold to link modules. Such small anti-
sense RMNAs may later have gained a role in
RNA editing, possibly under selective pressure
to repair a region or restore a reading frame
after loss or erosion of a module.

Soma er al. describe a new layer of t(RNA
processing in the red alga C. merolae: circu-
lady permuted tRNAs, with the coding region
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tor the RNA 3’ end located upstream of the
coding region for its 3"end. Although circular
permutation has been a laboratory tool for the
study of RNA structure and fimetion for vears,
true biological occurrences were previously
known only inphage (&) and ciliate mitochon-
dria (%), Maturation of tRNA is an elaborate
RNA- and protein-driven cascade of clipping,
coiffing. and adorning an initial RNA tran-
script (10). Soma et al add one more decryp-
tion step to this assembly line,

Why do quirky genetic architectures emerge
and persist? Some genetic systems may pro-
vide a source of evolutionary novelty, For
example, module recycling or shuffling could
generate new gene products without destroy-
ing the old ones or requiring duplication (/).
So far, the gene products in O papillatiam
seem conventional, but examination of the
mitochondrial proteome may tell otherwise,
Some genetic systems may be molecular fos-
sils—neutral vestiges of the past without any
special benefits, It is parsimonious to assume
that the earliest organisms had split genes, for
instance (). but because all extant life has
been evolving for the same length of time
from a common ancestor, one cannot infer the
preservation of ancestral genome organization
without detailed mapping of ancestral and
denved characters on a reliable phylogeny.

Another possible explanation for rococo
genetic systems is atavism, in which some
biological mechanisms revert back to an
ancestral state, although presumably with
modification, in a new, derived genetic back-
ground. Some of these events may appear to
recapitulate features of primitive genomes,
providing indirect clues as to how early
genetic systems could have functioned.

There is also pure chance, a scenario that is
probably slightly deleterious. Unconstrained
by dogma and size, why shouldn’t microbial
life explore a broad range of possibilities?
Protists. often reproducing asexually in the
wild. would gradually accumulate small muta-
tions and genome rearrangements that would
be cnppling without a mechanism to mitigate
the effect. Acquisition of a new mechanism
may be successful if the organism can recruit a
preexisting cellular function or template for
repair or rearrangement and then elaborate on
the basic mechanism, leading to fixation and
expansion of a complex genetic system.

Reductive evolution could account for the
svelte genome size (16.5 Mb) of C. merofae
and perhaps even some of its quirky genome
architecture, if a few spandrels arose as by-
products of genome compaction. This is con-
sistent with its recent placement as a derived
lineage within an outgroup of red algae (7).
Genome reduction may lead to intrachromo-
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some rearrangement ( /2) or overlapping genes
in related protists (/ 3), as either a consequence
of, or adaptation to. small size. Germ-line
rearrangements can also yield gene duplica-
tions, which would be trimmed back under the
sword of reductive evolution. Thus, the model
that Soma et al. propose tor the ongin of a per-
muted tRNA gene is feasible. albeit via sec-
ondary acquisition: tRNA gene duplications
could emerge along with other germ-line
recarrangements, and then the 5' end of the
upstream gene would be lost, as well as the 37
end of a downstream gene, leaving the organ-
ism no choice but to exploit such a resulting
permuted gene, if it can. The only option would
be to rescue it by adding a few more acrobatic
steps to the already-complex tRMNA-processing
cascade ( /(). Clearly there is a need for a suite
of tRNA sequences, or better yet, comparative
genomes, both closely and distantly related to
C. merolae, w decipher the evolutionary his-
tory of its permuted tRNA genes.

Evolution is atinkerer, and its products are
not necessarily neat or elegant. Like a Rube
Goldberg invention, it builds upon existing
parts, embracing all their gawkiness but grad-

PERSPECTIVES I

ually smoothing out operations with opti-
mization over fime. The biological results are
often robust systems that. in the case of pro-
tists, may not seem so at first glance.
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Nano-Golden Order

Robert L. Whetten and Ryan C. Price

An experimental tour de force reveals the crystal structure of a gold-thiolate nanocrystal
compound and the surprising nature of the gold-sulfur bonding.

since antiquity in the medical, decorative,

and theological arts, have at last begun to
succumb to total structure determination, the
sine qua non of the molecular sciences. On
page 430 of this 1ssue. Jadzinsky er al. report a
breakthrough in this field: the total structure
determmation of a large gold-thiolate cluster
(/). The work will help to nail down the
detailed structure of self-assembled monolay-
ers (SAMs), which are chemically modified
gold clectrodes with applications from sens-
ing to nanolithography (2).

Atomic structures of ever larger molecules
are determined by x-ray crystallography, but
structural studies of nanometer-scale metal
clusters (3) or of surfaces are still challenging,
In the case of clusters, creating identical clus-
ters can be difficult, although important

:[r'tdescenl eold nanostructures, exploited

The authors are inm the School of Chemistry and Bio-
chemistry, Georgia Institute of Technology, Atlanta, GA
30332, USA. E-mail: whetteng chemistry. gatech.edu

exceptions have been reported (). Surface
diffraction studies also encounter numerous
resolution-limiting problems. such as large
contributions from subsurface metal layers
and multiple scattering effects.

The molecules used to create SAMs on
gold surfaces (see the figure, top panel) con-
sist of an organic group {K) linked via a sulfur
atom (S) to gold substrate atoms (Au).
Extended SAMs on crystalline substrates are
typically highly ordered allowing the orienta-
tion of the R group to be determined. but the
structure of the buried head group is often
only inferred. However, structural models
built on the basis of such inferences (sce the
figure, top panel) have been hotly contested.

Because chemical bonding is largely a
local affair, one approach to attacking
this nanostructure problem is to use gold
nanocrystals as the metal substrate (sce the
figure, bottom left) (4, 5), on the assumption
that the gold-thiolate bond is constant at all
scales and that a suitable sample will crystal-
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lize for total structure determina-
tion. Massive thiolate monolayer-
protected gold clusters of various
dimensions and with different
R groups have been produced
usually from decomposition of
the corresponding nonmetallic
Au(l)-thiolate precursors (sce the
figure, bottom right). The chemi-
cal and electrical properties of
these clusters usually closely

Tail B

resemble those of the extended S-Aul-5

SAMs, They remain exception- @; _5@} Shntind
ally stable during size separation EF R/

and analysis, stimulating claims @ﬁ LR = P
of molecular levels of homo- ol GO S
geneity, but until now no total B DS ) gsL@
structure determination has been '_-';1 G 2~

achieved ().

Enter Jadzinsky er al., who
report the successful isolation,
crystallization, and structure de-
termination of a cluster with 102
gold atoms and 44 RS groups
(see the figure, bottom left). They
accomplished this feat by using
water-soluble, rigid aromatic ben-
zene thiolates (7) with a carboxy-
late group (not shown in the
figure) on the opposite side of the
aromatic ning from the sulfur
atom, Crystallization trials with the reaction
products yielded large single crystals suit-
able for x-ray diffraction measurements,
Given the great effort previously expended to
deduce structural aspects of such clusters, it
is a relief to find that the structural features
of the cluster are mostly familiar (&), al-
though they are combined in ways that could
not have been guessed.

Seventy-nine of the 102 gold atoms form
a truncated-decahedral cluster. This “grand
core” has gold-gold bond lengths and coordi-
nation consistent with bulk metals, sup-
ported gold nanocrystals, and a prior model
for gold-thiolate clusters ~1.5 nm in diame-
ter (¥). In an unexpected twist, the [5-atom
caps at each pole are rotated with respect to
the ideal compact decahedral shells, yielding
denser packing and placing all 40 surface
atoms of the grand core on the surface of a
common sphere,

The remaining gold atoms form an outer
shell that interacts strongly with the thiolate
sulfur atoms. Jadzinsky er al obtained a clear
picture of this interaction (the “surface-
chemical bond™). The results are in striking
contrast to the standard model (see the figure,
top), in which independent thiyl groups are
attached directly to close-packed gold sub-
strates. Rather, the binding mouf exemplifies
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Eaul_s model
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Self-assembled monolayers

the “divide-and-protect™ model (/7), in which
oligomernic aurous Au(l)-thiolate complexes
interact weakly with the surface atoms of the
grand core (see the figure, bottom left).
Surface species of this type have analogs in
known anionic complexes (see the figure,
bottom right) ({1, 12).

The weak interactions of the thiclates with
the surface atoms of the grand core are least
well understood. A strongly polar, if not ionic,
interaction is suggested by the distinctive
anchoring of thiolate sulfur atoms in formally
anionic complexes (10, {1) to single substrate
gold atoms in a correspondingly positive core.
The close approach of Au(l) atoms within the
Au(SR), adsorbates to the surface atoms of
the grand core is consistent with relativisti-
cally enhanced dispersion interactions (J3).
To gain additional insight, thermodynamic
measurements and first-principles theory are
crucially needed.

It is intriguing that the cluster’s composi-
tion—with 102 gold atoms and 44 thiolates—
suggests an additional electronic origin for its
stability. In metal-cluster physics, electronic
rules of cluster stability are well established.
According to these rules, filled concentric
angular-momentum shells of electrons confer
electronic structural stability to a cluster,
One such filled shell requires 58 electrons to

Gold(l)-thiolate complexes

How do thiolates bind to gold? Several binding modes for self-assembled mong-
layers have been suggested (top). Gold-sulfur binding modes in the 102-gold-atom
cluster reported by Jadzinsky ef ol (1) (bottom left) may reveal the structure of self-
assembled monolayers. Gold(1)-thiolate compounds have also been structurally char-
acterized (bottom right). in all panels, gold atoms are depicted as yellow circles,
sulfur as orange circles; the hexagons denote a phenyl (-C H, ) aromatic hydrocarbon.

occupy 29 delocalized orbitals.
This number is achieved
exactly if each of the 102 gold
atoms donates one electron
to delocalized orbitals, and if
each of the 44 thiyl radicals
(RS") formally takes one elec-
tron into a localized orbital.
Electronic rules of cluster sta-
bility have been used widely in
gas-phasc clemental clusters,
but only rarely in molecular
cluster chemistry (/4): the
current results suggest that
they should perhaps be applied
more widely.

It is fortuitous that a simple
procedure {reductive degrada-
tion of oligomeric precursors)
vields a self-assembled, dis-
crete compound (/.5) that con-
tains structural organization
consistent with known prece-
dents and classification (7).
The known properties of
nanoscale clusters can now be
rationalized in terms of atomic
ordering. Do structures of this
type hold generally for flatter
clusters and extended SAMs,
tor smaller clusters with more
highly curved surfaces, for non-aromatic
R groups. and for diverse gold-plated and
gold-alloy nanostructures? If so, then there is
hardly a published interpretation (for exam-
ple. of clectron transfer, capacitance, or
density) that will not be in need of revi-
sion or reinterpretation.
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Mathematics and Complex Systems

Richard Foote

Contemporary researchers strive to understand complex physical phenomena that involve many
caonstituents, may be influenced by numerous forces, and may exhibit unexpected or emergent behavior.
Often such “complex systems” are macroscopic manifestations of other systems that exhibit their own
complex behavior and obey more elemental laws. This article proposes that areas of mathematics,
even ones based on simple axiomatic foundations, have discermible layers, entirely unexpected
“macroscopic” outcomes, and both mathematical and physical ramifications profoundly beyond their
historical beginnings. In a larger sense, the study of mathematics itself, which is increasingly surpassing
the capacity of researchers to verify “by hand,” may be the ultimate complex system.

ince antiguity, humankind has pondered

and debated the “unreasonable effective-

ness of mathematics” in its apparent ability
to explain physical phenomena, an enigma elu-
cidated by Wigner [(1), p. 1]: "Mathematical con-
cepls wm up in entirely unexpected connections.
Morecover, they ofien permit an unexpectedly
close and accurate description of the phenomena
in these connections.” ln necent years the scientif-
ic community has coined the rubric “complex
system™ Lo describe phenomena, struclures, ag-
gregates, organisms, or problems that share some
common themes: (i) They are inherently compli-
cated or intricate, in that they have factors such as
the numbser of parameters affecting the system or
the rules poverning interactions of components of
the system; (ii) they are rarely completely deter-
ministic, and state parameters or measurement
data may only be known in terms of probabilities;
(iii) mathematical models of the system are
usually complex and involve nonlinear, ill-posed,
or chaotic behavior; and (iv) the sysiems are
predisposed o unexpecied outcomes (so-called
“emergent behavior™). Familiar examples include
weather systems, biological and chemical
systems, social networks, transporiation and en-
gineering infrastructure sysiems, and the Intermet
(2-4).

In these examples, the complex systems are
physical phenomena that rescarchers aticmpt o
model mathematically, But areas of mathematics
itsclf may be viewed as complex systems exhib-
iting many of the characteristics of the physical
structures, including discemible “layers” closely
analogous 10 microscopic or macroscopic sirata
in physics, biology, and other sciences. As we
struggle to better understand and systematize
precise notions embodying physical complex
systems, and ultimately to fathom the potential
for mathematics to model these, a closer look at
“abstract” complex mathematical systems is in
order. We may then hope to glean from the
theoretical setting a more rigorous grasp of some
mathematical underpinnings that characterize

Department of Mathematics and Stafistics, University of
Vermant, Burlington, VT 05405, USA. E-mail: foote@math.
uvm.edu

complex systems in the natural world, and there-
by make a chink in the Wigner conundrum.

Background from Group Theory

Some developments in finite group theory are
useful illustrations of the idea that aspects of
mathematics repeesent inherently complex systems
[see (5) for other examples). Finite group theory
emerged from a confluence of many ideas in
18th- and 19%h-century abstract algebra, most
notably the general insolvability of polynomial
cquations by radicals as pioncered by Galois
around 1830 (see below), Galois showed that
cach polynomial is associated to a mathermatical
structure called a group, and the roots of the poly-
normial can be written i tems of radicals ivolbving
its coefticients —generalizing the familiar formula
for rmots of quadratic equations—if and only if the
associated group can be “factored” (in a way
made precise shortly) into smple group factors
that all have prime order. This suecinet formula-
tion of the comerstone of what is now known as
Galois theory is possible with historical hindsight:
The axiomatic formulation of the concept of a
group first appeared in 1882, and shonly thereafter
it was shown that every finiie group—these are the
ones in Galois theory—has a “unigue factorzation™
inio simple group factors (the simple group factors
need not have prime onder in peneral, however).
Before going further, a digression into some
precise concepts from abstract algebra is essential
for understanding the scope of the “complex
system” initiated by Galois and his cohort. A group
is any sct (7 that has an operation on pairs of ele-
menis of ¢ satisfying some simple axioms. The
operation between elements g and b of G is de-
noted @ * b; note that in specific groups the opera-
tion may be addition, marix multiplication, fimction
composition, etc., depending on the exact nature
of the elements in &, The axioms for a group are:
1. The operation is associative: a * (b * ¢) =
(@ *bh)*c forevery a, b, cin G
2. There is an identity, denoted by the symbaol
f,suchthat / *a=a* [ =a, foreverya in &,
3. Every element @ in 7 has an inverse,
denoted by o', such thata ' *a~a*a™ = I.
A group is called finite if the underdying set
(7 contains only a finite number of elements; the

order of & 1s the number of clements in G,
Groups abound in mathematics: The most fa-
miliar examples are the set of all integers, the set
of all rational numbers, or the set of all real num-
bers, where in each instance the operation is
addition, the identity is the number zero, and the
inverse of an element is ils negative, Likewise,
the nonzero rational or real numbers (but not the
integers) form a group under the operation of
multiplication, where identity is the number 1 and
the inverses are reciprocals, Note that in general the
group operation need not be commutative; that s,
weneed not havea * b=5b* o, forevery a, b in G,

Finite groups arise naturally in many contexis;
the most familiar are as groups of symmetries of
geometric or physical objects. A regular u-sided
planar figure or s-gon has 2n symmetries, and
these symmetres form a group under the opera-
tion *, where a * bdenoles “first apply symmetry
4 and follow that by applying symmetry a to the
n-gon” (this is just function composition, as one
computes the composition f[g{x)] of functions
fand g in caleulus). Such symmetry groups are
not, in general, commutative—for example, the
group of six symmetries ol an equilateral trangle.

A nonempty subset H of a finite group G is
called a subgroup of ¢ if it is closed under the
group operation: Whenever a, b belong to the
subset M, their group product ¢ * b also belongs
to H (in this siluation, / is a group in its own
right). A subgroup H of a group G is called
nomal if it satisfies a “weak commuiativity™
rule: aH = Ha, for every a in G, where aff 15 the
set of all products a * &, overall fr in H (likewise,
Ha is the setofall i * &),

The fundamental imporiance of nommal sub-
groups, first realized by Galois, is that the whole
group & may be “factored” or “collapsed” into a
new group by “collapsing” the set of all the cle-
ments of A to a single point, and likewise calling
each set aff a single point in this new group; the
operation in this new group inherits from the orig-
inal group via the rule (@fH) * (bH) = (a * 0,
where g and b are arbitrary elemenis of G. The
resulting new group is called the quoticnt group of
G by H and is denoted as G/H. This quotient
group has order equal to the order of G divided by
the order of H, and there is a natural “projection
map” from the original group to the quoticnt group
that is compatible with both their operations,

We may view the group G as “covering” the
group G/ by nsheets, where H has o elements,
Figure | illustrates this when & is the group of
real numbers (operation addition), G/H = U the
unit circle in the complex plane (which isa group
under multiplication of complex numbers), and
the projection map is o: 8 — expli0) (where His
the subgroup of G consisting of integer multiples
of 2r, and o 15 infinite).

It is reasonable o view a group ¢ possessing
a nomal subgroup A as “factored” into two
smaller groups, M and G/, and many global
propertics of the original group might be inferred
from propertics of these “factors.” Indeed, this
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process nay be continued in a finite group by
factoring both H and G/H in tum by their nonmal
subgroups, and so on inductively until one ob-
tains a sequence of factors that cannot be broken
down further. These imeducible factors, the
“primes” of group theory, arc the simple groups:
A group is called simple if it has at least two
elements and its only normal subgroups are the
obvious ones—namely ( itself and the subgroup
oforder | consisting ofonly the identity element.

The above process il lustrates that every finite
group has a “factorization™ into simple groups.
It is also quite elementary (the Jordan-Holder
Theorem) to prove that for any given &, although
different routes may be taken to achieve factori-
zations into its simple components, the number
of factors and the intrinsic type of the factors are
independent of the route (5). In other words,
every finite group possesses an essentially unigue
factorization into simple Gictors, in much the same
way as an integer factors uniquely into primes, The
simple groups are thus the primes or “atoms™ of
finite group theory.

Galois exploited this “atomic™ de-
composition in an astounding way. [t is
quite clementary 1o show that finite
aroups whose orders are prime numbers
are always simple (there is essentially a
unique group of pame order p for each
prime number p). Galois proved that to
cach polynomial of degree o there is
associated a finite group in such a way
that the roots of the polynomial may be
expressed in termms of radical expressions
invalving its coefficients (as is the case
for quadratics) it and only if the simple
factors for its group all have prime order.
He went on to show that there are
polynomials of degree 5 {or any higher
degree) whose groups contain simple
factors that are not of prime order; this is
the famous “insolvability of the guintic™
theorem of Galois and Abel. This theorem was
the first inkling of the complexity of this branch
of mathematics: The existence of a simple group
containing 60 clements—which is the smallesi
simple group of nonprime order-—is the obstruc-
tion to there being an algebraic formula for the
roots of a quintic polynomial.

This and many other properties of groups fall
into the realm of elementary abstract algebra
nommally covered in a substantial college-level
introduction [see (6)]. One may argue that this
clementary, axiomatic field of mathematics,
although perhaps complicated and mathematical-
Iy deep, does not constitute a rue complex sys-
tem in the current scientific parlance, Indeed, one
might contend that finite group theory, being
compleiely deterministic, cannot beget emergent
behavior, but perthaps can only produce “un-
expected” results (or, to a Platonist, unexpecied
theorems may be uncovered), The import of this
case study, however, is o reexamine some of the
fundamental premises of what attrbutes truly are
the hallmarks of complex systems. After all, ivis
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futile to try to predict truly unpredictable or ran-
dom systems; rather, the aim of complex systems
is to explain and understand the local (“atomic™)
workings and rules of a system, and then to make
global connections and inferences based on this
knowledge. Finite group theory may help to serve
as a paradigm for this thesis. Pursuing our
historical explication, we discem at least three
“lavers™ or “jumps in complexity,” even within
this seemingly elementary discrete realm,

The Classification of Finite Simple Groups

In the 1880s the quest began to classify finie
smmple groups, in the sense of listing them all in
“tanulies™ that enjoy common siructural properties.
For example, given any natural number n = 1 and
any finite field F (such as the integers modulo p,
for any prime p), the set of all # * » matrdces of
determinant | with entries from F becomes a
sinple group after we factor out the scalar matri-
ces (except in a handful of small ases). This col-
lection of (linear) simple groups constitules one

Y

S—

U

Fig. 1. Projection map ¢ from the real numbers G onto the
circle group U.

family, indexed by the two parameters # and F
[see (3) for other examples and precise defini-
tions]. By the carly 1960z, 18 infinite familics of
simple groups were known. In addition, there
were five simple groups not belonging o any of
these familics, the five Mathicu groups; these
were named “sporadic simple groups.” At that
time, however, there was litile progress toward
showing that this list was complete.

A breakthrough to the next level of complexity
occurred in 1962 when Feit and Thompson proved
the celebrated Odd Order Theorem (7): The only
simple groups containing an odd number of ele-
menits are those of prime order. This proot, which
occupics an entire joumnal issue, consists of 255
pages of intricate, delicate, and ingenious mathe-
mialics; considerable effors to simplify it since then
have met with only modest success. This exem-
plifics a not uncommon phenomenon in mathe-
matics: A theorem with a stikingly elementary
formulation may—initially at least—necessitate
a very complicated proof. The Feit-Thompson
Theorem, although a fully anticipated result, none-
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theless spawned the first “quantum jump™ in tech-

nical virtuosity that practitoners would need in

order to surmount problems in this arena Nu-
merous proofs more than 100 pages in length

sprang forth, including Thompson’s successor 1o

the Odd Order Theoren, the N-group Theorem

{#), requiring more than 400 pages of proof,

In the carly 1960s, a number of experts in the
field felt that the complete determination of all
finite simple groups—the Classification, as il
was termed-—was well within reach, and the 18
families plus five sporadic Mathicu groups would
constitute the complete list. A blow 1o this pre-
sumption fell around 1965 when Janko discov-
ered a sixth sporadic simple group. A cascade of
other sporadic simple groups emerged in subse-
quent years, sometimes singly and sometimes in
mini-families of two or three. The Classification
(%) was essentially completed around 1980, al-
though a final 1200-page component appeared in
print only in 2005,

The Classification theorem siates that every
finite simple group belongs o one of the
following families:

1. The groups of prime order,
2. The altemating groups 4, for n = 4,
3. The 16 families of groups of Lie
type over finite fields (each has infinitely
many members), or
4. The 26 sporadic simple groups.
This culmination—deamed by Gorenstein
(1th the Enormous Theorem—required
10,000 to 15,000 joumsal pages spresd over
some 500 articles, written mostly between
1950 and 1980 by more than 100 mathema-
ticians, This is the genome project of finite
group theory! 1t astounds not only by viriue
of its technical complexity, length, and
intricacy, but by the emegence of a wholly
unexpected and endgmatic sagele of sporadic
exceptions. The mdimentary “clementary
particle” structural axioms for group theory
have produced an ultimate “atomic™ amay of
simple groups of astonishing beauty, symmetry,
and diversity.

The Classification provides an esseniial
foundation for unraveling the structure of finite
groups. However, just as molecules and com-
pounds arc not completely determined by their
list of constituent clements, a given finite group is
not uniquely determined only by its list of simple
factors; how the factors are “bonded™ is crucial.
For example, in Fig. 1 the group & of real nume
bers factors as G/H = U] the circle group, where
# 1s the group of integer multiples of 2r: how-
ever, this factorization is not “symmetric™ There
is no subgroup of K of G where GK is M
moreover, there are many different groups having
the same two factors M and U Constructing
larger groups from smaller constituents falls un-
der the rubric of the “extension problem,” which
is ubiquitous throughout the study of mathemat-
ical structures, Even for finite groups, a cate-
gorical solution to the extension problem is
unattainable, and the universe of finile groups
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may be viewed as an infinitely varicgated cate-
gory whose “states” or “molecules” are the groups
themselves. [n this context, the Classification is a
prototy pe for the study of other complex systems,
inasmuch as it provides both structural “germs”
and manageable subsystems from which mean-
ingful results may be extracted,

Companson of the Classification to genome
research is not facetious, as the intent, scope, and
ramifications of these two massive endeavors are
not dissimilar. It would divert us too far afield to
list new results that have acerued from the Clas-
sification, some within group theory aself bul
many in other arcas of mathematics (5). Howey-
er, one promoniory epitomizing the next “layer”
of mathematics may be viewed as an oulgrowth
of the Classification,

The Monster and Moonshine

The largest of the 26 sporadic simple groups
is the Fischer-Ciriess *Monder,” containing about
107* dements; it is the nexus of a new level of
complexity. Around 1978, McKay noticed strik-
ing coincidences between the dimensions of the
smallest linear spaces on which the Monster
could act and Fourier coefficients of the classical
modular function j{t), well known from
complex analysis and Riemann surface theory
(5). The smallest nontrivial action (ie., linear
representation) of the Monster ocours in dimen-
sion 196,883, which is | less than the coefficient
of the linear term in the g-series expansion of

Jit), where g = explit). MeKay's observations

which were expanded, honed, and systematized
by Thompson, Conway, Norton, and others
(J1y—provided an almost exact one-to-one cor-
respondence between classes of elements in the
Monster and cerain modular functions as-
sociated o Riemann surfaces of genus zero
(1.c., compact ong=dimensional complex manifolds
with no holes). The connections were astonishing
and myysterious: remarkable “coincidences™ be-
tween a structure that emerged from finite group-
theoretic rescarch and modular functions over
the complex numbers, an arca familiar o math-
ematicians and physicists for more than 100 years,
Conway coined the fanciful moniker “Monstrous
Moonshine™ for them, partly to reflect the slightly
“illicit” (and tantalizing) nature of what, at the time,
was based almost entirely on dimby lit speculation.

Much work has been done in an atlempt o
cxplain the Moonshine connections (/2), culmi-
nating in a full verficaton of the Moonshine
conjecturcs by Borcherds (/3), for which he was
awarded the Fields Medal in 1998, Building on
work of others, Borcherds developed new math-
ematical structures, now known as Borcherds-
Kac-Moody algebras, generalizing the familiar
notions of simple Lie algebras, and used these as
the comerstone of his proof. Perhaps even more
stariling, indeed at yet another “level” of com-
plexity, is Borcherds's use of ideas from pertur-
bative string theory (or conformal field theory) in
this work. In hindsight, Gagnnon [(12), p. 27]
observed, “Almost every facet of Moonshine finds

a natural formulation in conformal field theory,
where itoften was discovered first,” Yet although
Borcherds established the rAgorous mathematics
verifying the conjectures, it is perhaps safer o
characterize his contribution as shedding more
light on, rather than fully illuminating, the root
causes for these connections,

There is some speculation that there is a 26-
dimensional model of space-time for which the
Monster is its group of symmetries. IF trug, this
would be an ultimate laver of complexity on
which simple groups have left their imprint. A
recent conference (/4) highlighted the ground-
breaking importance of this rescarch: “The
[Borcherds-Kac-Moody| algebma J° seems to
be the natural object to define the Monster and it
is conjectured that other (maybe even all) spo-
radic simple groups arise as automorphism groups
of some vertex operator algebras as well. On the
other hand, verlex operator algebras are essen-
tially the chimal algebras of conformal guantum
field theories and the latter—providing a concept
to describe symmetry in two-dimensional critical
systems—are one of the objects of greatest in-
terest in modemn physics. There exists a special
class of quantum field theories called minimal
models which are believed 1o constitute in a cer-
tain sense the building blocks of all other con-
formal field theories and the classification of all
such minimal models is actually one of the most
important problems in theoretical physics and has
attracted growing research interest during the last
years."” Indeed, in the spint of Wolfram { {5), one
might speculate even further that some of the fin-
damental laws of nature or cosmology are, in some
fashion yet to be uncovered, compatible with the
group axioms, which may then shed some new light
on the “unreasonable effectiveness of mathematics.™

Conclusion
Scientific research, as with physical sysiems,
evolves over time through generally incremental
changes punctuated by breakthroughs, culmina-
tions, and unforeseen outcomes. As the field of
finite group theory epitomizes, new resulis in a
piven arca ofien initiate surges of cffort and
focus the expenditure of resources; as such, the
pursuit of knowledge has facets in common with
biological colonies, financial markets, etc. The
hurman element is an essential agent in the evolu-
tion of mathematics as a complex system, and
the “layers™ of complexity mimor the “knowledge
states™ in this adaptive process. Compuiers ane
now taking an increasingly important (and con-
troversial) role in both verfying and discovering
new mathematics [see, e.g., (5, /6)]: and so we
stand on the threshold of a new dynamic where
mathermatics, the very foundation of science, may
produce and build on results that are humanly
unverifiable by cven the combined effort of the
community, and the veracity of certain results may
only be known with some degree of probability,
To reiterate, this case study is intended not
Just as a primer of advances in finite group the-
ory, bul as a test case from which we may glean

some general principles for both the characten-
zation and study of complex systems. Evidently,
complex systems may evolve from structures ac-
cording to very elementary rules or transition
laws; the seemingly “deterministic™ nature of such
foundations may belie their ultimate intricacy and
unpredictability, A combination oftechnical depth
and breadth of relevance should be essential facets
of any complex system, Moreover, each should
have “layvers™ of depth that are reasonably dis-
cemible to experts, even if there may be some
disagreement about the precise nature of this term
or where the “boundaries™ of the layers lie. There
should be some cross-fertilization of ideas, out-
comes, and motivations spanning the lavers (even
if practitioners work prinsarily in only one layer).

A complex system must have a substantial
impact on systems other than itself; from s study,
some larger principles, insights, technigues, or con-
nections should accrue. Emergent behavior is not
sufficient to chamcterize a complex system; rather,
a legitimaite hallmark is unexpected behavior that
leads to deeper understanding of the system or
relationships to other phenomena not heretofore
considered relevant to the system.

Finally, the study of complex systems should
be the exclusive purview of no one but the re-
sponsibility of everyone; Each scientist, mathe-
matician, or researcher unfurls the mysteries of
nature and humankind in small, deliberate steps.
Science embodies the ability o verify, reproduce.
and convince others of the veracity of one's dis-
coveries, so the work of scientists is inherently
incremental and precise. On the other hand, it is
incumbent on us all to work toward enhancing the
understanding of “big picture” issues within our
own disciplines and bevond; each of our disci-
plines must iself exhibit the inherent facets of a
complex system, or our resgarch is surely nugatory.
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Mitochondrial DNA as a
Genomic Jigsaw Puzzle

William Marande and Gertraud Burger®

itochondrial genomes exhibit consid-
erable diversity in chromosome form
and number as well as coding content
(1), and they have adopted various modes of
transcript maturation, such as RNA editing (2)
and trans-splicing (3). The mitochondrial DNA
(mDNA) of Diplonema papillatum, a member
of the free-living diplonemids, the sister group of
kinetoplastids (4), 1s composed of =100 regularly
structured chromosomes & kbp (class A) or 7 kbp
{class B) in size (5). We show that the constant
region of each chromosome, which is identical
within each size class, covers ~95% of the
molecules: a short (<500 bp) varable region
(casselte) encloses adistinet gene picce (module)
of 60 to 351 bp (Fig. 1 A and tble 51).
Analysis of genomic (250 kbp) and transcrip-
tome (35 kbp) sequences (6) reveals a conven-
tional complement of mitochondrial genes coding
for ribosomal RNAs, apocytochrome b, and sub-
units of cytochrome oxidase, NADH (reduced
form of nicotinamide adenme dinucleotde) de-
hydrogenase, and ATP {adenosine triphosphate)
synthase. Without exception, corresponding tran-
scrpts are contiguous, whercas the genomic
coding regions are fragmenied into at least three
pieces. For example, the cox/ gene (specifying
cytochrome oxidase subunit 1) consists of nine

modules, two of which (modules 1 and 4) are
encoded on class B and all others on class A
chromosomes (table S1).

How are these systematically modulanzed
genes expressed? Polymerase chain reaction
(PCR) amplification with total genomic DNA
docs not reveal concatenated gene modules,
which rules out splicing at the DNA level. Like-
wise, fragmentation of gene products does not
occur, because Diplonema’s cDNAs are conlig-
uous. What remains is module concatenation at
the RNA level, as experimentally confirmed by
Northem hybridization and cDNA sequencing
(65). In Northem hybrdizations of polyadeny lated
[poly(A)] RNA, a probe containing the C-terminal
most gene module of cov! (mY) identifies nine
distinct bands: the mature cox/ mBENA, an RNA
species of ~250 nucleotides (nt) (m9 alone), and
combined modules 8 plus 9 (mB..m9), 7 plus 8§
plus 9 (m7..m%), etc. to m2..m9 (Fig. 1B,
lame 1) Similar resulis are obtained wath other eoxd
modules as probes, except that individual tran-
seripts of intemal modules show up exclusively
in total, not in poly(A), RNA (Fig. 1B, lanes 2
to 5, asterisks). The cIINA library constructed
from poly{A) RNA contains the same intermedi-
ates seen in Worthern experiments (fig. S1). To
summarnize, (i) gene modules are ranscribed in-

A B 7 s kb
=20
- —— - g
- —— — - | Fo—
LI ¢ 1 iy | i
— - -‘__ =1.0
coxt-mé CT T B4
-
[ 11 2 -0.5
3 T - ’
C  rodunm - ’ e
. JAGERCE * * -
mRNA §. . aseacoueiiesene, ¥ -

LEC0CTC. . . mES miEsS mis mid mid
module 15 psh ot pA ot pA

Fig. 1. (A) Representative mitochondrial chromosomes of Diplonema. Green and blue arcs are the
constant region; the green portion is identical in chromosomes of the same class; the blue portion is
identical between chromosomes of class A and B. Cassettes include a gene module (red box) and flanking
regions (orange boxes). (B) Northern hybridization with polyadenylated {pA) or total RNA (tot). Probes are
cox1 coding regions, i.e., the C-terminal (m%, lane 1) and two internal modules (m5, lanes 2 and 3; md,
lanes 4 and 5). Triangles point to bands, and asterisks indicate transcripts of individual modules. The
presence of bands in lanes 2 and 4 that are not seen in lane 1 indicates ligation of non-poly(A) transcripts
and suggests that different pathways of module assembly exist. Rows of red boxes symbolize
polyadenylated transcript intermediates. (C) cox1 mRNA with nonencoded uridines {blue) between md
and mS. Genomic sequences of gene modules and module-flanking regions are indicated in red
uppercase and orange lowercase letters, respectively.
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dividually, (i) only transcripts of C-terminal gene
modules undergo polyadenylation, and (i) con-
tiguous mRNAs are generated via concatenation
of separate module transcripls.

Transcript processing in Diplonema mitochon-
dria is differant from known trans-splicing (3) be-
cause sequences adjacent to coding regions are
ncither conserved nor do they display landmarks
of group [, IL or spliceosomal introns. In addition,
module junctions do not ocaur at known organ-
ellar intron insertion points, which are otherwise
found in highly conserved gene regions. This
suggests an RNA processing mechanism, whose
detailed biochemistry remains to be uncovered,
for Diplowema’s discontinuous mitochondrion-
encoded genes.,

Lastly, we detected polential evidence for
BNA editing (Fig. 1C). A run of six nonencoded
uridines in the cox/ transenpt between modules 4
and 5 specify amino acids in the deduced Cox|
protein that align unambiguously with homologs
in other species. Three lines of evidence suppont
that this insert results from RNA editing rather
than a minimodule: (i) gene modules observed in
Diplonema mitochondria are =10 times longer,
{ii} there is no occurrence of six thymidine or
adenines in the available -250-kbp mtDNA
sequence, and (iii) wridine-based (insenion
and deletion) RN A editing operaltes in the sister
group of diplonemids, the kinetoplastids ( 7). We
posit that RNA editing in Diplonema is directed
by (vet undetected) puide RNAs but that their
primary role is alignment of cognate module
transcripts, Thus, we hypothesize that transcript
maturation in Diplonema mitochondria requires
ligase, nuclease, and helicase—activities present
in kinetoplastid editosomes (7).
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Mass-Dependent and -Independent
Fractionation of Hg Isotopes by
Photoreduction in Aquatic Systems

Bridget A. Bergquist and Joel D. Blum

Mercury (Hg) isotopes can be used as tracers of Hg biogeochemical pathways in the environment
The photochemical reduction of agueous Hg species by natural sunlight leads to both mass-dependent
fractionation (MDF) of Hg isotopes and mass-independent fractionation {MIF) of the odd-mass isotopes,
with the relation between the MIF for the two odd isotopes being distinct for different photoreduction
pathways. Large variations in MDF and MIF are observed in fish and provide new insights into the
sources and bicaccumulation of Hg in food webs. MIF in fish can also be used to estimate the loss
of methylmercury via photoreduction in aquatic ecosytems.

ercury (Hg) is a globally distributed
and extremely toxic pollutant (1. 2),
and its mobility and bioaccumulation
are highly dependent on speciation and reductive-
oxidative cycling in the environment (3). Both
inorganic and methylated Hg species have severe
health effects in humans, but it is monomethyl-
mercury (MeHg) that is thought to be the main
species involved in bioaccumulation in the food
web and human exposure via fish consumption
(4). Human activities, such as coal combustion,
and natural Hg fluxes release lage amounts of
inorganic Hg to the atmosphere either as a gas
(Hg") or as the reactive Hg"™ species (2, 3). In
aquatic systems and sediments, a small fraction
of the Hg" is transformed to the bioavailable
MeHg form (5). Although Hg poses a proven
health risk, much of the natural cycle of Hg is not
well understood (), and new approaches are nec-
essary o betier clucidate, track, and quantufy Hg
sources and transformations in the environment,
Stable isotope fractionation of light elements
(C, H, 0, 5, and N) is widely used to identify and
trace biogeochemical pathways. Recent analyti-
cal advancements, especially in multicollector
inductively coupled plasma mass spoctrometry
(MC-ICPMS), have allowed for stable isotopic
studies of many heavier clements [>40 atomic
mass units (amu)], including Hg. Hg has seven
stable isotopes (196, 198, 199, 200, 201, 202, and
204 amu) with a mass difference of 4%, active
redox chemisiry, a volatile form (Hg"), and a
tendency to form covalent bonds, thus providing
many opportunities for isotopic fractionation, A
large range in & Hg values is observed in
natural samples, with most samples displaying
mass-dependent fractionation (MDF) (6-12). A
small body of data also suggests that natural
samples sometimes display mass-independent
fractionation (MIF) of Hg isotopes (13, /4). Only
a few other isotopic systems have been shown to

Department of Geological Sciences, University of Michigan,
1100 Morth University Avenue, Ann Arbor, Ml 43109, USA.
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display MIF, the most notable of which are O
and S (/5-17). In both cases, the application of
MIF has proven very useful in a number of
fields, including cosmochemistry. paleoclima-
tology, physical chemistry, atmospheric chem-
istry, and biogeochemistry.

We documented MIF of Hg isotopes during
a natural process, constrained the potential mech-
anism of isotope fractionation, and applied the
MIF observed in natural samples to guantify
the photochemical reduction of Hg species in
the environment. The reduction of Hg species
to Hg" vapor is an important pathway for the
transfer of Hg from aquatic systems to the atmo-
sphere ( /8, /9) and can occur by photochemical

6
i A a‘-’"ﬁ ‘
2. o
éﬂ W 3 |® Ilgrz photo
% : o MeHg photo|
-2 1 _.-"‘" | T |
“MDF | & dark abiotic |
g ' A biological |
2
| 18 _ad
Z o
= /
- &
S
r;q 1A _,r"'
-2 y . . ' y
-2 -1 (] 1 2 3 4
EEIIEHE {%ll

B
B

m
ARL
{20-22), biological (23, 24), or abiotic organically
mediated (235) mechanisms. Understanding the
controls and determining the relative importance
of the different reduction mechanisms is important
to quantifying how much Hg is retained within
an ccosystem that can be methylated and/or
bioaccumulated.

Photochemical reaction experiments and
MIF. We siudied photochemical reduction of
aqueous Hg ™ and MeHg by natural sunlightina
quartz reaction vessel with dissolved organic carbon
{DOC), Photoreduction resulted in both MDF
and MIF of Hg isotopes. In all the experiments,
isolopic fractionation followed Rayleigh-type
fractionation in such a way that lighter isotopes
were preferentially reduced and removed from
the vessel. Although the rate of the MeHg photo-
reduction was slower (a 20% loss after 300 min)
than the rate of Hg ™ photoreduction (=907 loss
after 300 min), the MeHg r:xgcrimcntq resulted in
larger sotopic fractionation (™" tucreacant =
0.9987 and 0.9983) than the Hg ™~ experiments
{oe = 0.9994). No detectable MeHg was reduced
during the dark abiotic control experiment, but
20% of the Hg ™ was reduced after 300 min in the
Hg ' dark control experiments, and the resultin
isotopic fractionation was larger than in Hg ™~
photoreduction (o = 09980 and 0.9987). This dark
abiotic Hg'” reduction probably resulted from
organically mediated reactions ( 25). The reduction
experiments were performed st Hg concentrations
above environmental levels (60 o 100 ng's) and
with continuous sparging and removal of the
produced Hg" from the reaction vessel, which hin-
dered Hg” photo-oxidation. Therefore, reduction
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Hg. 1. Hg isotopic compositions, with 5°*Hg plotted against (A) 5°™Hg, (B) 5°*Hg, (0 §°*Hg, and (D)
5t Hg. Shown are of the Hi.;:+2 photoreduction experiments, the MeHg photoredudtion experiments, and
dark controks from this study along with biological reduction experiments (1.2). The solid line plotted in
each is the theoretically predicted MOF based on the 5°*Hg value (40, 41). Isotopic compositions and MOF
are reported in delta notation relative to a National Institute of 5tandards and Technology Hg standard

(SRM 3133) with *®Hg in the denominator: §**Hg =

1000 x [ ™ Reamoi™ "  *Rem 3133) — 1], where

w15 the mass of each memury isotope between 199 and 204 amu For matuml samples, the
reproducibility of replicate analyses is typically better than +0.15%. (20, SE) for 8°®Hg.
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rales measured in our expenments are higher than
rates observed in nature, and the resulting fraction-
ation factors may not be directly applicable to
natural systems. Details of the methods, nomen-
clature, and fractionation factors modeled forall of
the reduction experiments are summartzed in the
supporting onling material (SOM) (26).

The most striking observation of our experi-
ments is that only photochemical reduction re-
sulted in dramatic MIF [up to 2.5 per mil (%)),
and it did so only for the odd isotopes of Hg (Fig. 1).
In contrast, the dark abiotic reduction experiments
(this study), and the biological reduction ex-
periments from Kritee er al. (12) followed only
MDF for both the even and odd isotopes. As the
photoreduction of Hg progressed, odd isolopes
were preferentially refained in the reactor, with the
slower MeHg photoreduction experiments dis-
playing more MIF than the Hg ™ photoreduction
at the same extent of reaction (Fig. 2). Further-
more, allhough the overall rate of redudtion of MeHg
in each photoreduction expenment did not change
significantly with different concentrations of DOC
(1 and 10 mg of C/liter: see SOM), the degree of
MIF was larger for the higher-DOC experiment.

The relation between the MIF for the two odd
isotopes can be used o distinguish the different
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Fig. 2. MIF of reactor samples from the photo-
reduction experiments plotted as a function of the
fraction of Hg remaining in the reactor. Three exper-
iments along with dark abiotic controls are plotted:
(#) photoreduction of Hg™” with 1 mg of Clliter of
DOC, (w) photoreduction of MeHg with 1 mg of
Chiter of DOC, (#) photoreduction of MeHg with
10 mg of Cliter of DOC, and (a) dark abiotic
controls. A***Hg is plotted with the solid symbols
and A*™*Hg with lighter shaded symbols. MIF is re-
ported using capital delta notation and is the devia-
tion in the measured isotope ratios from the
theoretical value based on mass-dependent ki-
netic isotope fractionation. 6°%Hg is used to es-
tablish the theoretical mass-dependent values for
5'"Hg and §*""Hg according to the kinetic mass-
dependent fractionation law (40, 41), and the
theoretical MDF is subtracted from the measured
isotopic composition using the following formu-
las A™Hg = 1000 x [(In{(5***Hg/1000) + 1)) —
0.2520 x (In((5°**Hg/1000) + 1))]; A***Hg =
1000 x [(In((5°°*Hg/1000) + 1)) - 0.7520 x
(In{(5°**Hg/1000) + 1))]. The reproducibility of rep-
licate analyses for natural samples for A*™Hg and
A Hg is typically better than +0.10%. (2a, SE).
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photoreduction pathways and could allow for the
identification of specific chemical pathways in
nature. Plotting A" Hg versus A”™"'Hg reveals a
significant difference in the relation between the
two odd isotopes for the photoreduction of Hg™
versus MeHg (Fig. 3). For the Hg™ photo-
reduction, A" Hg and A™Hg have similar
values at the same extent of reaction. However,
A"™Hg is larger than dﬁ'”Hg for the MeHg
photoreduction experiments. Despite the fact that
the two MeHg photoreduction experiments (1
and 10mg of C/liter) display different degrees of
MIF at the same extent of reaction (Fig. 2), the
relation between A" Hg and A”"'Hg is the same
for both experiments (Fig, 3). This result suggests
that the reaction step that resulted in MIF for the
MeHg experiments is dependent on the amount
of DOC, but it is probably the same mechanism
causing MIF in both MeHg experiments.

The observation of large MIF in the photo-
chemical reduction expenments raises the ques-
tion of the mechanism of isotope fractionation,
MDF arises from differences in zero-point
vibrational energics and thus differences in bond
strengths of isotopes due to their diffedng
masses, and can be expressed in both kinetic
and equilibrium processes (27, 28). [sotopic frac-
tionation that does not follow MDF is both
predicted and observed (J5-77, 29-33). Two of
the plausible mechanisms relevant to Hg MIF are
the nuclear field shift effect (29, 33) and the
magnetic isotope effect (30-32).

Both the nuclear field shift effect and the
magnetic isotope effect predict differences in iso-
tope fractionation between even and odd isolopes
that are mass-independent. Deviation from mass-
dependent scaling between isotopes occurs in the
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Fig. 3. A”Hgversus A’ Hg for the photochemical
reduction experiments and fish tissue samples. Dark
abiotic controls all plot at the origin. The fish tissue
samples plotted are from three sites in Lake Michigan.
Marine dogfish (Squalus acanthias) reference
standards [DORM-2 (muscle) and DOLT-2 (liver), see
50M] are also shown. The New England lake fish are
not included because only A*™Hg was measured for
these samples. The slopes are 1.36 (+0.02, 2 SE) for
the MeHg photoreduction experiments, 1.00 (+0.02,
2 SE), for the Hg** photoreduction experiment, and
1.28 (+0.03, 2 SE) for the fish tissue samples.
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nuclear ficld shift effect becaunse this effect is
dependent on the nuclear volume and nuclear
charge radius, which do not scale linearly with
the number of neutrons. Even/odd staggering of
the isotopes results because the odd isotopes have
ground-state energies closer to those of the
adjacent lower-mass even isotope, Nuclear ficld
effects become more important with the in-
creasing mass of an element and should be
significant for heavier elements such as U, Hg.
and T1(29, 33). In a recent modeling study (33),
it was predicted that equilibrium isotope frac-
tionation of Hg due to the nuclear field shift effect
should be larger than mass-dependent effects,
and the MIF attnbutable to the nuclear field shift
effect should be largest for EWHF and **Hg and
to a lesser extent for *"'Hg and """Hg.

The magnetic isotope effect is predicted to
result in a more pronounced difference in the
behavior of odd versus even isotopes. Only the
odd isolopes have nomezero nuclear spin, nuclear
magnetic moments, and hyperfine splitting. This
makes the reaction rates of radical intermediates
that undergo spin conversion significantly differ-
ent for radical pairs that involve magnetic nuclei
versus nommagnetic nuclei (30-32). Thus, the
magnetic and nonmagnetic isotopes @n be pref-
erentially accumulated in different reaction produck
in chemical processes with radical intermediates

001 4 O Chadley m!
0 # Wash. Isl. |
.5 T T i T g
] 200 400 600  BOO
fish muscle Hg (ng/g)
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B =094 .o by
ey 3.5+ .-'-'-%.;
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Fig. 4. (A) 8°"Hg plotted as a function of the Hg
concentration (nanograms/gram) in fish muscle
for burbot fish (Lofa lota) sampled from Lake
Michigan. (B) The MIF (A*"*Hg) plotted against
the MDF (§°**Hg) for the same fish samples as in
{A). Fish samples were collected at three sites in
Lake Michigan: Leland, Charlevoix, and Washing-
ton Island. Also shown are the correlation co-
efficients (%) for all the fish samples in (A) and
for the Leland site in (B),
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that arc branching and'or reversible. For example,
in a reaction where a radical pair starts in a triplet
state, the radical pairs with magnetic nuclei un-
dergo more rapid trplet-tosinglet state conversion
than the radical pairs with nonmagnetic nuclel and
may preferentially recombing o regencrate the
starting molecule (37, 32). In contrast to the nudear
ficld shift effect, which can be expressed in both
equilibrium and kinctic reactions, the magnetic
isotope effect is purely a kinetic phenomenon,
Although we cannot unequivocally differen-
tiate between the nuclear field shift effect and
magnetic isotope effect, or a combination of
these effects, it appears most likely that the
magnedic isotope effect is responsible for the MIF
observed in the photochemical reactions con-
ducted in this study. The proposed mechanisms
for photochemical reactions of Hg and DOC
include radical intermediates such as Hg™ and
"HelCl (22, 34), which would facilitate the
magnetic sotope effect. Another observation in
support of the magnelic isolope effect as the
likely MIF mechanism in the photoreduction
experiments is the difference in the relations be-
tween A" Hg and A™"'Hg for different reaction
pathways (Fig. 3). The nuclear field shift does not
provide a clear mechanism for differing fraction-
ation pattemns for different reaction pathways. The
nuclear field shift effect also predicts MIF anom-
alies in A™*Hg (33), which we did not observe.
MDF and MIF of Hg isotopes in the en-
vironment. The observation of MDF and MIF
in laboratory experiments raises the possibility
of applying He sotopic vanations o understand
Hg in environmental systems, For instance,
having an isotopic tool to help understand Hg
bioaccumulation would be useful in the same
way that 8'°N is used in food web studies (35).
5""“Hg, a measure of MDF, is strongly cor-
related with fish muscle Hg concentrations for
burbot fish (Leva foma) from Lake Michigan
(Fig. 4A). Because the Hg concentration in fish
muscle generally correlates with the size, age,
and trophic level of a fish (34, 37), this resuli
suggests that 5 Hg is also related to these pa-

rameters. Additionally, the Hg in fish becomes
isotopically heavier with increasing Hg concen-
tration, indicating that isotopically light Hg is
excreted by fish as they age. Thus, MDF of Hg
traces Hg bioaccumulation and excretion in fish.

MDF, however, is not the only isolopic signa-
ture preserved in fish, We have also found that fish
dj_.%'ila}' a lage range in MIF (up o 4% in
A™"Hg). Ina plot nl’ﬁmHg against A™'Hg (Fig.
5), representing MDF against MIF, three groups of
fish samples (from Lake Michigan, New England
lakes, and the ocean) occupy different regions of
the plot Different He sources andlor Hg trans-
formations in aquatic ccosystems may explain con-
trasts in the MIF and MDF between these groups of
fish. Despite these differences in the extent of MIF
and MDF found in the fish muscle samples, the
relation between the MIF of the two odd isolopes in
all of the fish has a similar slope to that found for
photoreduction of MeHg (Fig. 3). This is consistent
with the finding that fish bioaccunwulate mostly
MeHg and that a majority (=80%%) of Hg present
in fish muscle is MeHg (38).

The similar slopes of A" Hg versus A*™"'Hg
for the MeHg photoreduction experiments and
the fish samples suggest that the MIF observed in
fish is a signature imparted to the MeHg while it
was in the photic zone before it was incorporated
into the food web, and that the original MIF of
the MeHg remained unperturbed despite addi-
tional MDF processes occurring within the food
web, This interpretation is also supported by
results from two sites in Lake Michigan, for
which all of the fish from a given locale have
similar MIF despite large ranges in MDF (Fig,
4B). At a third site in Lake Michigan, there was a
strong correlation between & ™“Hg and A™"'Hg
(Fig. 4B). Although this could indicate that there
are processes during bioaccumul ation in the food
web that produce both MDF and MIF, it is more
likely that the cormelation represents a mixing ling
between two different sources of MeHg with two
distinct signatures of MIF for this group of fish.
These cormelations of MDF with the size. age,
and trophic level of fish, along with the MIF

Fig. 5. MIF (A*"'Hg) ¢ 3

plotted 25 a function of ® 0 e sty
MDF (6?%Hg). Hg iso- _ 37 mg AF @ MeHg photo
topic data are plotted &£ | g - ﬁ— a @ A dark abiotic
from the photoreduction 2 2 5 ' - A biological
experiments, dark abiot- 2~ o

ic controls, fish muscle = B fish muscle, M1
samples from Lake Mich- [ fish muscle, NE
igan () and New En- ¥ Twh reference
gland (NE) lakes, and e : 3 : 3 = sids (marine)
marine dogfish (Squalus A 2 1 0 1 ) 3

acanthias) reference stan- ’ 5™l (%)

dards [DORM-2 (muscle) ¢

and DOLT-2 (liver), see SOM]. The biological reduction experiments (12) are plotted as well. The fish tissue
samples from Lake Michigan are from burbot fish (Lot lota) musde and from three locations. The fish muscle
samples from the New England lakes are from two different lakes and from three spedes [yellow perch (Peren
flavescens), chain pickerel (Esax niger), and pumpkinseed (Lepomis gibbosus)]. Location and sample details can
be found in the SOM. Error bars are 20 emors (2 SE) of replicate analysis except for the New England lake fish
samples, These New England lake fish samples were measured earlier in the development of the method without
replicates, and larger uncertainties of £0.3%. for 3*°*Hg and +0.2%. for A**Hg were applied to these samples.
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signatures in fish, can potentially be used to
understand the sources and cycling of Hg in
addition to bioaccumulation of Hg in food webs.

MIF in fish could further be used to quantify
the loss of MeHg via photoreduction in aquatic
ecosystems, Using the MeHg photoreduction
experiment (1 mg of C/iter) and the relation
between the fraction of Hg remaining in solution
and A"'Hg, a Rayleigh distillation model can be
fit 1o the data and a relation derived between
these parameters. This relation can then be
applied 1o the A*"'Hg preserved in fish tissues
to cstimate the MeHg lost via photoreduction in
the ecosystem, The MIF in Lake Michigan fish
suggests that ~68 + 8% (1 5D of the MeHg was
lost via photochemical reduction before incorpo-
ration into the food web. The New England lake
fish are of several species from two small lakes,
and estimated losses are smaller, ~25 + 8% and
~55 + 8% of MeHg, for the two lakes. In general,
the magnitude of the above MeHg losses via
photoreduction agrees with other estimates from
freshwater systems (2J, 39) and supports the
hypothesis that this is an important pathway for
the removal of MeHg from agualic ecosystems.
However, we caution that the relation between
MIF and the fraction of MeHg lost via photo-
reduction depends on the concentration of DOC
{and possibly the type of DOC) and may be site-
specific, so the estimates given here will need to
be confimed with experiments using natural
water from specific sites.

Implications for the global Hg cycle. Be-
cause fish, and presumably other organisms in
aquatic food webs, accumulate Hg with positive
MIF (enrichad in the odd isotopes), a complemen-
tary reservoir must exist with negative MIF Hg
{depleted in the odd isotopes). If positive MIF Hg
is retained in the agueous system afier photo-
reduction of Hg species, then negative MIF Hg
may be released to the atmosphere as Hg". Be-
cause Hg cycles between several active pools near
Earth's surface and Hg" has an atmospheric resi-
denee time of about 1 year (), there should be the
opportunity for isotopically distind Hg' to be
transporicd away from the aguatic sysiems in
which it was produced and be deposited else-
where. The preservation of both MDF and MIF in
environmental reservoirs of He will depend on the
mass balance of He sources, but the observation
of even a small degree of MIF in soils or other
atmospherically denived pools would suggest that
photochemical cycling of He species plays a sub-
stantial role in the global cycle of He. Thus, we
expect that the MDF and MIF recorded in natural
environmental samples will contribute to the un-
dersianding and quantification of important pro-
cesses in the global cycle of He.
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Paired-End Mapping Reveals Extensive
Structural Variation in the

Human Genome
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Michael Egholm,*t Michael Snyder’*t

Structural variation of the genome involves kilobase- to megabase-sized deletions, duplications,
insertions, inversions, and complex combinations of rearrangements. We infroduce high-through put
and massive paired-end mapping (PEM), a large-scale genome-sequencing method to identify
structural variants (5Vs) ~3 kilobases (kb) or larger that combines the rescue and capture of paired ends
of 3-kb fragments, massive 454 sequencing, and a computational approach to map DNA reads onto a
reference genome. PEM was used to map SVs in an African and in a putatively European individual and
identified shared and divergent 5Vs relative to the reference genome. Overall, we fine-mapped more
than 1000 SVs and documented that the number of SVs among humans is much larger than initially
hypothesized; many of the SVs potentially affect gene function. The breakpoint junction sequences
of more than 200 5Vs were determined with a novel pooling strategy and computational analysis.
Our analysis provided insights into the mechanisms of SV formation in humans.

tructural variation of ke segments (=50 kb)

of the human genome was recently found

to be widespread in healthy individuals
(/-4), with ~4000 affected genomic loci cur-
rently listed in the Database of Genomic Vananis
{ DGV (). Structural variants (SVs) may have a
more significant impact on phenotypic variation
than single-nucleotide polymorphisms (SNPs)
(4, 3). SVs have been implicated in gene expres-
sion varation ( 5), fanale fertility (4), suscoptibility
to HIV infection (7), systemic autoimmunity (&),
and genomic disorders such as Williams-Beuren
syndrome and velocandiofacial syndrome (9, 10).
Thus, understanding the full extent of structural
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varation is important for undersianding pheno-
typic vanation and genctic disease in humans,
Previous methods for detecting 5Vs used com-
parative genome hybrdization—aray-CGH, which
involves DNA  microarrays and deteds copy-
nurnber varants, or CNVs () and fosmid paired-
end sequencing (FPES) (3)—at relatively low
resolution (=50 kb for amay-CGH, =8 kb for
FPES). Note that these methads map SVs below
the resolution where breakpoints can be detecied
(for array-CGH) or are laborious (for FPES), Con-
sequently, breakpoint junction sequences of a
limited number of SVs and'or CNVs have been
reporied (2, 3. 1), Methods for compeehensively

SCIENCE

datecting SVs of <10 kb, which may encompass
most vadants, and for mapping breakpoinis ane
lacking: thus how SVs aftect genes and the mech-
anisms by which 5Vs form are not known,
Development of paired-end mapping for
detecting 5Vs. In order to identify 5Vs more
accurately, we developed paired-end mapping
{(PEM), which involves the preparation and
isolation of paired ends ol 3-kb frpments
{72), and their massive sequencing with 454
technology (Fig, 1) (/3). The large number of
paired-end reads was optimally mapped to the
human genome computationally (72). Structural
rearrangements were identified as  significant
difterences between the fragments identified by
the paired-end reads and the comesponding re-
gions of the reference sequence. Five different
signatures (i to v) were used to predict SVs (/2)
{Fig. 1B). (i) Deletions relative to the reference
genome were identified by paired ends spanning
a genomic region in the reference genome longer
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than a specified cutoff (Fig. 1). (i) Simple in-

sertions relative to the reference genome were  fained sequences connected to a distal locus on
the basis of their paired ends. (iv) Inversions were  sertions contained sequences connected to a distal

predicted with paired ends that spanned a region

RESEARCH ARTICLES I

shorter than a cutoff, (i) Mated insertions con-  detected through a relative orentation different

from the reference genome. (v) Unmated in-
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Fig. 1. (A) Flow chart illustrating PEM. (i) Genomic DMNA was sheared to
yield DNA fragments ~3 kb; (ii) biotinylated hairpin adapters were ligated to
the fragment ends; (iii) fragments were circularized (i) and randomly sheared;
(v) linker (+) fragments were isolated; (vi) the library was subjected to 454
sequencing (13). (vii) Paired ends were analyzed computationally to de-
termine (viii) the distribution of “paired-end spans” (shown for a single

Insertion, unmaled

454 sequencing pool). (B) Types of SVs. Deletions were predicted from
paired-end spans larger than a specified cutoff D; simple insertions had a
span < cutoff I; inversions are seen when ends map to the genome at
different relative orientations; other types of insertions (defined in the text
as mated and unmated) were detected with evidence of sequence integration
from a distal locus.

Table 1. Validation of 5Vs identified by PEM. Amay-CGH experiments were scored for indels in NA15510 not shared with NA1B505. An additional 88 5V
breakpoint junctions were deduced from the Celera assembly (table 51). Totals are underlined. Genomewide estimates of 5Vs are 761 for NA15510 and 887

for NA18505.
Intarsaction SVs confirmed ﬁbﬂ.F!“ PCR spanning SV events with
Total with (no. of validated
5Vs SVs/CNVs in by Celety Array-CGH inversions h‘raak?uint saq_um.mi o
DGV assembly indicated) junctions breakpeint junctions
Female of presumably European ancestry (NA15510)
SVs detected 472 278 104 ! 2 157 52
by PEM
SV indels 422 249 95 31 132 51
Inversions 50 29 b 2 25 1
Female of African ancestry (MA18505)
SVs detected 825 495 103 2 354 61
by PEM
SV indels 753 454 97 328 59
Inversions 72 41 [} 2 26 2
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locus: one of the two expected breakpoints ne-
mained undetected. Unless stated otherwise, we
treated insertions and deletions as “SV indels,”

chrd

R

| Sl

C o
N

because a deletion in one individual comresponds
to an insertion in the other, These events can be  required that SVs were supported by at least two
distinguished with additional analyses (see below).

For all reamangement types (1 o v), we

independent paired-end reads to eliminate false-
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Fig. 2. 5Vs identified in two humans. (A) 5Vs mapped onto chromosomal
ideograms (12). Right side: Red, deletion; blue, insertion; and yellow, in-
version. Double length indicates S5Vs observed in both individuals. Left side:
Log-scale size of an event (events =1 Mb are drawn at same length,
corresponding to the maximum length of a line); unmated insertions [Le, events
lacking a predicted breakpoint and thus size information (22)] and simple
insertions (12) are depicted with 1-kb lines; line colors indicate repetitive
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sequences in +3-kb window of the predicted breakpoint junction (12): red, SDs:
blue, LINEs; yellow, LTRs; green, satellites; black, two or more repetitive ele-
ments with equal frequency; gray, no repeat association. The arrow indicates
the region in (B). A high-resolution image of this figure is available as fig. 51.
(B) Amplified view of chromosome 4 region. SVs in NA18505 are indicated with
dashed lines ivalidation: squares); NA15510, dotted lines (validation: drcle). SVs
shared between individuals are solid nes. Colors are as in (A).
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positives that may anse from rare chimerical
constructs that can form dunng the ligation
reaction (F2), This approach identifies deletions,
inversions, mated insertions, and unmated in-
sertions that are -3 kb or larger, as well as
simple insertions 2 1o 3 kb in size. From two
or more paired-end sequences per SV, we ob-
taincd an average breakpoint resolution of 644
base pairs (bp) (72}, a range that facilitates the
validation of §Vs by polymerase chain reaction
(PCR).

PEM detection of 5Vs in the human genome.,
We applied PEM 1o map 5Vs in the genomes of
two mdividuals: a female (WNA15510) in which
297 SV events had been mapped with FPES (12)
and a second female (NA18505: Yoruba, Ibadan,
from Nigeria) previously analyzed in the inter-
national HapMap project (/4). The ancestry of
MALS510 is unknown, however, the individual
appears 1o be of European descent as descnbed
below. We sequenced over 10 million (KAL5510)
and 21 million (NA185035) paired ends, vielding
effective coverages of 2.1- and 4.3-fold relative to
the six billion-base pair diploid genome (12) to
identify ~62% and 93% of the SVs, respectively
{12y, We identified 1175 SV indels (853 dele-
tions, 322 insertions, Le., 39 simple, 82 mated,
200 unmated) and 122 inversions, for a total of
1297 SV events (Tahle 1 and tables S1 and S2).
For 20% of these events, only one out of two
expected breakpoint junctions were identified
(particularly in the European sample, which lacks
saturation). Extrapolating o full coverage, we
predict 761 and 887 SV events relative to the
reference genome for NAI5510 and NALSS0S,
respectively, at this level of resolution. 5Vs were
distributed throughout the genome with a num-
ber of hotspots (Fig. 2). such as an 8-megabase
(Mb) region at 22q11.2 containing 13 SVs and
an 18-Mb region &t 7gll conining 29 SWs,
Both regions are involved in relatively frequent
genomic disorders (velocardiofacial syndrome and
Williams-Beuren syndrome, respectively), and 5Vs
in healthy individuals at those loci were pre-
viously observed at lower resolution [e.g, (2)].

We compared the Vs identificd m NA15310
to those in NATB505 and found that nearly half
(45%) of the predicied SV's were shared between
them (table S3): that is, 43% of the deletions,
52% of the insertions, and 43% of the inversions
(4 2). Thus, a considerable fraction of the SV events
occur commonly in the population and are pre-
sumably ancient It is also possible that “common™
SVs are due to errors in the human reference
sequence. However, this is likely to be rare, as 18
of 19 cases we tested by PCR contained the
reference sequence in one or more DNA samples.
Thus, many of the detected events are bona fde
SVs and likely 10 occur commonly in humans,

We were able to confinn 41% of all deletion
and inversion evenis predicted in (3 for
MNA15510. Because only 62% of NALS510 is
covered in our study, extrapolation o full cov-
erage predicts that PEM would identify ~65% of
all 8Vs predicted in (), including 70% of the
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Fig. 3. SV size distribution, sequence coverage, genes, and distribution of gene categories. (A) Size
distribution of SVs (NA15510 and NA18505 combined). Arrow indicates the lower size cutoff for
deletions. (B) Cumulative number of base pairs affected by SVs in relation to SV size (NA18505 only).
(€} Solid line indicates cumulative number of RefSeq genes intersecting with 5Vs in relation to SV size
(NA18505 only). Dashed line, randomly shuffled 5V locations within the local genomic context (£50-kb
window) exhibit an increase in gene overlap. (D) Enrichment or depletion of GO (annotation level 3)
biolagical processes for genes intersecting with SUs (NA15510 and NA18505 combined). Annotations
represented by <10 genes are designated “other” and are gray. **Significant enrichment in genes
belonging to a category (P < 1e*) (12); *significant depletion (P < 0.001).
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Fig. 4. Validation of SVs. (A) A 170-kb deletion detected with both array-CGH and PEM. (B) PCR
products validating SVs as originally predicted from NA18505 (lane 2). Lanes 1 to 4 use DNAs from
NA15510, NA1B505, NA11997 (HapMap CEU, cell lines derived from 30 trios of European
descent), and NA18614 (HapMap CHB, Han Chinese from Beijing), respectively. Primer sequences
can be found in table 56. (C) Fiber-FISH validation of heterozygous inversions in NA18505. The
inversion in the upper panel was independently validated in NA15510. Altemnating patterns of
fluorescent labels from adjacent probes indicate genomic rearrangement.
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deletions. False-positives may account for some
of the discrepancies between studies, although
83 and 97% of predicted events were confimmed
by (3) and us, respectively (see below). [t is also
possible that these two swdies have different,
conservative thresholds [see (3) and (12)], re-
ducing the identification of tue events. Regard-
less, PEM identified an additional 407 SVs (377
SV indels, 30 inversions) in NA15510 not pre-
viously detected, including many events <8 kb
and also larger varants. Similarly, more 5Vs
were detected in NATE505 than those previously
identified at lower resolution (4), with an addi-
tional 813 SVs identified and finc-mapped.

The majority of $Vs detected by PEM were
small (Fig. 3). About 65% of all 5Vs were <10 kb
and 30% were <35 kb: however, 153% of all pre
dicted SVs were larger than 100 kb and events
up to megabase level in size were predicted: size
distributions were similar for NAIS510 and
MNALE505, In addition, the size and extent of SVs
found indicates that healihy individuals differ by
several megabases of nucleotide sequence (Fig,
3B and table 51). We analyzed the fraction of
heterozygous and homozygous SVs by PCR
analysis (for both NA15510 and NA18505), and
we searched for the allele represented in the
human reference genome with paired-end se-

quences [for NAISS0S (/2)]. Our results con-
firmed a previous study (3) and revealed that
23% and 15 to 2074 of the SVs in NAL5S510
and NA 18503, respectively, are homoeygous (12).

SV validation. To validate PEM-5Vs, we
performed PCR analysis on 40 randomly chosen
samples with five sets of primers spanning
predicted breakpoint junctions (/2). Of 34 SVs
that could be scored, 33 (97%) yielded a single,
clear PCR band at the expected size range (/2).
SVs were also confirmed and validaied with
five additional approaches: (i) comparison with
SVs in DGV (2), (ii) comparison with an altema-
tive human genome assembly (“Celara assembly™),
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Fig. 5. Sequencing and analysis of SV breakpoint junctions. (A) PCR frag-
ments spanning 5Vs were pooled and sequenced; breakpoints were deter-
mined from assembled contigs or =2 sequencing reads. (B) Representative
sequenced SVs shown in relation to previous SV and/or CNV assignments
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(iit) DNA microamay-based high-resolution
comparative genome hybridization (armay-CGH)
(13, I6), (iv) fiber-based, fluorescence in situ
hybridization (fiber-FISH), and (v) a one-pass
PCR assay spanning SV breakpoint junctions.

We found that 59 and 60%, respectively, of
MALS510 and NAIB305S SVs intersected with
SVs represented in DGV (Table 1): the figures
increase to 91 and 9%, respectively, for variants
in the range 50 to 500 kb (/2). Because the reso-
lution of most 3Ys in DGV s low (=50 kb) (17), 1t
is unclear whether the ovedapping varants cor-
respond to the same event. Companson with the
Celera assembly confirmed 104 (22%) and 103
(12%4) of the NAI3510 and NAIRS0S SVs, re-
spectively (/2). A higher fraction of events is
probably shared with the Celera assembly, as
many (=200) SV regions aligned poorly or co-
incided with gaps in the Celera assembly and
were thus excluded from this analysis (/2). The
observation that a higher fraction of $Vs is shared
between NAIS510 and the Celera assembly
(which is primarily derived from a donor of
European ancestry) indicates that NA15510 is
of European origin.

Arcay-CGH experiments compared
NALSS510 DNA o NALRS0S DNA with a sel
of eight oligonucleotide tiling arrays covering
nonrepetitive regions of the genome. OF 48
MNA1551 0-specific indels represented by at least
10 probes on the array [our detection limit (12)),
31 (65%) were validated by amay-CGH (see Fig.
4 and tble 81). The imperfect overlap may be
because either some NAIS510 SVs intersect
with 8Vs in NAISS05 and thus may not vield
pood array signals and'or array-CGH misses a
portion of true-positive events ().

For four inversions, not reported previously in
DGY (2), we performed fiber-FISH on stretched
DNA and located PEM-identified inversion break-
points at the comect position for three (Fig. 4 and
table 51). We were unable to detect the fourth
inversion, presumably because its size (=4 kb) is
below our detection limit for fiber-FISH.

In order to validate SVs for downstream se-
quence analyses, we funher analyzed 261 SVs
predicted in WNAIS510 and 616 predicted in
MAIE505 in a one-pass PCR test, focusing pri-
marily on SVs not represented in the Celera
assembly, For 249 SVs, DNA from a total of
four individuals was analyzed (Fig. 4): NA15510,
MAIBS05, NAIIYWT (European ancestry), and
MALB614 (Asian), As a result, 58% of the pre-
dicted SVs were validated by PCR wn one or
more individuals, including the sample in which
the 8V was ongnally identificd. For the tests per-
formed on all four individuals, 89% shared $Vs
among twao or more individuals and 48% shared
SVs in all four individuals. We also examined seg-
regation pattems of five SVs in parent-offspring
trios and observed Mendelian segregation pattems
of SVs in nine meicses (/2), Thus, their presence
in multiple individuals and their Mendelian segre-
gation pattermns indicate that the majority of SVs
are genctically stable and unlikely o have Brmed
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de novo or in the cultured cells that were an-
alvzed (4). Altogether, 551 unique SVs were
validated by amay-CGH, fiber-FISH, the Celera
assembly, and’or PCR (table S1).

Overlap of 5Vs with genes and functional
elements. We compared the locations of pre-
dicted SVs smaller than 100 kb [for which
assigned sizes had high confidence (12)] with
annotated genes and functional clements. We
found that many (17%) of the 5Vs in both
individuals may directly affect gene function by
removing exons or fusing annotated protein-
coding genes (40 RefSeq genes), by being posi-
tioned in introns (243 genes), or by altering gene
copy number or orientation (32 genes). The
fraction of SVs affecting genes is slightly less
than that expected by chance (Fig. 3C), which
suggests selective constraint against SVs (4). We
also analyzed protein-coding genes by their gene
ontology (GOY) functional classes, Consistent with
previous observations (/-4), we found genes
involved in organismal physiological processes
(e.z., immunity, and cell-cell signaling: both with
P < 1&': hypergeometric test: Bonferroni
correction) o be enriched with SVs (12), wheres
ganes involved in cellular physiological processes
were depleted (P < 0001) (Fiz. 3D) Genes
encoding profeins involved in interactions with
the environment such as immune response,
perception of snel, and perception of chemical
stimuli were paricularly likely to harbor SVs (12)
Retrovirus- and transposition-related proteins
also contain more SVs than expected by chance.

Genomewide analysis of 5Vs and assodiated
breakpoints. To study SV formation, we deter-
mined the sequences surrounding breakpoint
Junctions with a new high-throughput approach
(12). PCR products containing breakpoints were
pooled and sequenced with 454 technology
(f3), and contigs were assembled (Fig. 5A).
Breakpoints for a nonredundant set of 114 Vs
were deduced with either a high-quality contig
or at least two separate 454 reads (table S1).
This method was most successtul for 5Vs with
breakpoints in regions that cither have non-
identical DN A sequences or share short (<200-bp)
identity at the junctions, The sequence data also
allowed us to identify 344 putative SNPs located
adjacent to the sequenced SVs (/2), which may
serve as future prediciors for the SWs (table 54).

The 114 sequenced 5Vs included evenis con-
firmed by the Celera assembly. Manual ingpection
of sequence alignments in 14 cases indicated that
all 14 comesponded to the same SVs evident in
the Celera assembly (/2). We thercfore included
in our analyses an addittonal 88 (nonredundant)
SVs confinmed by the Celera assembly for which
breakpoints could be assigned with high confi-
dence, which yielded a total of 202 $Vs identi-
fied by PEM with determined breakpoint junctions
(188 SV indels and 14 inversions), The types of
events observed from sequenced 5Vs were sim-
ilar to those deduced from the Celera assembly.

We initially examined the association of
breakpoint junctions with elements in the human
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genome. Several studies [eg., see (J0)] have
suggested an association of SVs with segmental
duplications (SDs); following the analysis scheme
in (f48), we find that 28 of 202 SVs have at least
ong breakpoint that directly intersects an SD
[-2.6-fold enrichment over the genomic back-
ground, P < 0.0001 from penmutations (/2)].
Furthermore, many SVs occumred in shont o
medium-sized repetitive elements [30 for Al
SINEs (short interspersed nuclear elements), 74
for L1 LINEs (long interspersed nuclear elements),
3 for L2 LINEs, and 30 for LTRs (long terminal
repeats)]). Out of the later, L1 elements are
significantly enriched (with P < 0.01), whereas
L2 clemenis appear significantly depleted (P <
D00 L Finally, Ale elements are not signifi-
cantly enriched near 5Vs, despite previous
reports (/).

Mechanisms of 5V formation and effects on
genes. Detailed manual analysis of the break-
point junctions of SV indels revealed likely mech-
anisms as to how most SVs arse (see Fig, 5, B and
C)and, in most cases, allowed us to diginguish
insertion and deletion events. For example, entire
L1 elements with polyi A) tails near the breakpoint
jundlions are infered o be inserion events: recom-
bination between homologous regions resulting
in sequence loss indicates deletions. Insertion and
deletion events can be further confirmed by com-
parison with other primate sequences (/2).

Most 5V indels originated from non-
homologous end-joining (NHEJ) (56%) and
retrotransposition events (30%). NHED (27), in
which breakpoint junctions were flanked by non-
homologous regions [except for shor stretches
of identical sequence (“microhomology™), typi-
cally <5 bp, that flank the junction] was preva-
lent even among large SVs (Fig. 4A and able S1)
and in regions with large SDs. Most (90% of)
retrotransposition events were due w L1 elements,
although a small fraction (8%) comesponded o
SWVA [a composite element that was derived from
three other repeats: short interspersed nuclear
element-R, VINTR (variable number of tandem
repeats), and Aln] clements (21). We also ob-
served one instance of retroposition by an en-
dogenous retrovirus, despite conflicting reponts
suggesting that these are not active or move in-
frequently in humans (2/). Our finding indicates
that these elements have been mobile in rela-
tively recent human history {(22). DNA ranspo-
sition events (20) wene not observed.

SVs have been found to be associated with
duplicated regions, which suggests that many
form by nonallelic homologous recombination
(MAHR). Even though SVs and SDs are strongly
associated, relatively few events (14% of all 8V
indels) are likely mediated by NAHR [recog-
nizable through homologous regions flanking the
breakpoint junctions (12)]. NAHR was rare ¢ven
for large SVs as only 2 of 21 5V indels =20 kb in
size originated from NAHR. OF these, 18 were
formed through WHEJ, and for one, the mecha-
nism was nol assigned. NAHR events were
located in: (i) highly repetitive clements: Ll
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elements (four cases), LTR elements (five cases),
SINEs (six cases) and simple sequences (bwo
cases), and (i) high complexity regions: SDs (five
cases) and unique DNA (five cases). As an
interesting example of the laer, we observed a
fusion involving the prokein-coding regions of two
olfactory-receptor (OR) genes, OR31A4 and
(OR5142, resulting in a new gene predicted to
encode a prodein identical to OR31A4, with
upstream regions from GR51A2 (Fig. 5, B and C).
ORS1A4 and OR51A2 are found in the rhesus
monkey: their presence con firms that the “ances-
tral” region contains both genes and that SV
formation involved a recent gene-fusion event
We suggest that deviation in gene content for the
large OR gene family may lead to diversity of
olfactory perception in the human population.

In addition to NHE], retrotransposition, and
MAHR, other evenis may have oceurred or
could not be assigned. In four cases, simple
sequence DNA was present at the breakpoint
Junctions; NAHR or other mechanisms may be
involved in their formation (23} Four cases were
unassigned, and two sequenced SVs closed gaps
in the human reference sequence (see, e.g., Fig. 5,
B and C).

We also amalyeed 14 inversions. Four indances
of homologous recombination between invened
repeats (HRIR) were observed: sumpnisingly, the
remaining 10 inversions appeared (o involve evenis
that do not require homology. Overall, a larpe
fraction of all of the 5Vs we sequenced (at least
57%) had one or both breakpoints i nomrepetitive
sequence, indicating that high-complexity genomic
regions are subject to stuchral vanation

Discussion. PEM enabled global detection of
SVs at 3-kb msolution, and an average resolution
of breakpoint sssignment of 644 bp. We identified
~1300 SVs in two individuals, which suggests

that humans may differ to a greater extent in SVs
than in SNPs when considering the total number
of nucleotides affected. To date, most human
genome-sequencing  projects do not directly
analyze SVs. Our study reveals that, given their
high frequency, it will be essential W incorporate
SV detection into human genome-sequencing
projects (24). Overall, PEM is a cost-cflective
methed both for improwving genome assemblies
and for revealing SVs present in the genome for
a better understanding of human diversity.
PEM has several advantages over existing
methods, First, PEM increases resolution of SV
detection to the level of confinmation by PCR,
and resolution can be further improved by more
carclul selection of evenly sized DNA  frag-
menits for circularization. Second, PEM does not
require preparation of a DNA library that in-
volves cloning. However, the short size of frag-
ments (3 kb used in this study hampers the
detection of simple insertions =3 kb, although
larger insertions can be detected by their mated
ends. Similar to other SV detection methods, a
limitation of PEM is that 5Vs in regions with
multiple copics of highly similar and long (=3 kb)
repeats are difficult o identify. Fortunately, al-
though 45% of the human genome is composed
of high-copy number repeat elements, these are
ofien sufficiently divergent or short and can thus
be distinguished by PEM. Additional refinements
of PEM are also possible and will eventually
allow detection of all Vs in the human genome.
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Mussel-Inspired Surface Chemistry
for Multifunctional Coatings

Haeshin Lee,* Shara M. Dellatore,” William M. Miller,>* Phillip B. Messersmith™***

We report a method to form multifun ctional polymer coatings through simple dip-coating of abjects in
an aqueous solution of dopamine. Inspired by the compasition of adhesive proteins in mussels, we used
dopamine self-polymerization to form thin, surface-adherent polydopamine films onto a wide range of
inorganic and organic materials, including noble metals, oxides, polymers, semiconductors, and
ceramics. Secondary reactions can be used to create a variety of ad-layers, including self-assembled
monolayers through deposition of long-chain molecular building blocks, metal films by electroless
mefallization, and bioinert and bioactive surfaces via grafting of macromole cules.

ethods for chemical modification of
Mbulk malerial surfaces play central
roles in modem chemical, biological,
and materials sciences, and in applied science,
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engineering, and technology (/-+). The exist-
ing toolbox for the functional modification of
material surfaces includes methods such as self-
assembled monolayer (SAM) formation, func-

SCIENCE

tionalized silanes, Langmuir-Blodgei deposition,
layer-by-laver assembly, and penetically engi-
neered surface-binding peptides (5-9). Although
widely implemented in research, many available
methods have limitations for widespread practi-
cal use; specific examples include the require-
ment for chemical specificity between interfacial
modifiers and surfaces (e.g., alkanethiols on
noble metals and silanes on oxides), the use of
complex instrumentation and limitations of sub-
strate size and shape (Langmuir-Blodgett depo-
sition), or the need for multistep procedures for
implementation (layer-by-layer assembly and ge-
netically engincered surface-binding peptides).
Development of simple and versatile strat-
egies for surface modification of multiple classes
of materials has proven challenging, and few
generalized methods for accomplishing this have
been previously reported (/). Our approach is
inspired by the adhesive proteins secreted by
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mussels for attachment to wet surfaces (7). Mus-
sels are promiscuous fouling organisms and have
been shown to attach to virually all types of
inorganic and organic surfaces (/2), including
classically adhesion-resistant materials such as
poly(ietrafluorocthylene) (FTFE) (Fig. 1A). Clues
to mussels' adhesive versatility may lic in the
amino acid composition of proteins found near the
plaque-substrate interface (Fig. 1, B to 1), which
are rich in 3 4-dihydroxy-L-phenylalanine (DOPA)
and lysine amino acids (/3). In addition o partici-
pating in reactions leading to bulk solidification of
the adhesive ( /4-16), DOPA forms stong covalent
and noncovalent interactions with substrates /7).

DOPA and other catechol compounds perform
well as binding agents for coaling inorganic sur-
faces (f8-23), including the electropolymerization
of dopamine onto conducting electrodes (24);
however, coating of organic surfaces has proven
much more elusive. Hypothesiemg that the co-
existence of catechol (DOPA) and amine (lysine)
aroups may be crucial for achieving adhesion o a
wide spectrum of materials, we identified dopa-
mine as a small-molecule compound that con-
tains both functionalities (Fig. 1E). We show that
this simple structural mimic of Mytilies edulis foot
protein 3 (Mefp-5) is a powerful building block
for spontancous deposition of thin polymer films
on virtually any bulk material surface and that the
deposited films are easily adapted for a wide
variety of functional uses.

Simple immersion of subsirates in a dilute
aqueous solution of dopamine, buffered 1o a pH
typical of manne awironments (2 mg of dopamine
per milliliter of 10 mM trs, pH 8.5), resulted in
spontancous deposition of a thin adherent poly-
mer film (Fig. 1. F to H). Analysis by atomic
force microscopy (AFM) indicated that the poly-
mer film thickness was a function of the immer-
sion time and reached a value of up to 50 nm after
24 hours (Fig. 1G), X-ray photoelectron spec-
troscopy (XPS) analysis of 25 diverse materials
coated for 3 hours or more revealed the absence
of signals specific o the substrate (solid red bars
in Fig. 1 H: sec also fig. 51), indicating the for-
mation of a polymer coating of 10 nm or more in
thickness, Little variation in the atomic campositon
of the coating was found (blue circles in Fig, 1H),
suggesting that the composition of the polymer
coating was independent of the substrate com-
position. The nitrogen-to-carbon signal ratio (NC)
of 0.1 to 013 15 similar © that of the theordical
value for dopamine (N/C = 0.125), implying that
the coating 5 derived from dopamine polymenza-
tion. Evidence for dopamine polvmenzation was
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found through analysis of the modification solution
by gel permeation chromatography (fig. 52) and of
coated substrates by time-of-flight secondary ion
mass spectrometry (TOF-SIMS) (fig. 53). Poly-
mer was found both in solution and on the sub-
strate, with TOF-SIMS cleady mevealing dgnals
comespondmg o dibydmoxyphenylcontaming poly-
mer fragments, Although the exact polymeriza-
tion mechanism is unknown at this time, it is
likely to involve oxidation of the catechol 1o a
quinone, followed by polymerization in a manner
reminiscent of melanin formation, which oceurs

REPORTS I

through polymerization of structurally similar
compounds (25) (fig. 83).

The polydopamine coating is able to form on
virtually all types of material surfaces (Fig. 1H):
noble metals (Auw, Ag, Pt and Pd), metals with
native oxide surfaces (Cu, stainless steel, and
NiTi shape-memory alloy), oxides [Ti0);, non-
crystalline Si0,, crystalling 810, (quartz) Al.Oy,
and Nba0s], semiconduciors (GaAs and SisN4),
ceramics [glass and hydroxyapatite (HAp)], and
synthetic polymers {polystyrene (PS), poly-
cthylene (PE), polycarbonate (PC), polvelhylence
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Fig. 1. (A) Photograph of a mussel attadhed to commercial PTFE. (B and € Schematic illustrations of the
interfadal loation of Mefp-5 and a simplified molecular representation of characteristic amine and catechol
groups. (D) The amino acid sequence of Mefp-5 (13, 34). (E) Dopamine contains both amine and catechol

functiona groups found in Mefp-5 and was used as a

molecular building block for polymer coatings. (F) A

schematic illustration of thin film deposition of polydopamine by dip-coating an object in an alkaline
dopamine solution. (G) Thickness evolution of polydopamine coating on Si as measured by AFM of patterned
surfaces. (H) XPS characterization of 25 different polydopamine-coated surfaces. The bar graph represents the
intensity of characteristic substrate signal before (hatched) and after (solid) coating by polydopamine. The
intensity of the unmodified substrate signal is in each case normalized to 100%%. Substrates with characteristic
XPS signals indistinguishable from the polydopamine signal are marked by "N.A." The blue circles represent
the N/C after polydopamine coating (details of ¥PS data analysis are available in fig. 51 and table 52).
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Fig. 2. Polydopamine-assisted electroless metallization of sub-
strates. (A to €) Electroless copper deposition on polydopamine-
coated nitrocellulose film (A), cin (B), and three-dimensional plastic
object (C). (D) Schematic representation of electroless metallization
of photoresist-patterned surfaces coated with polydopamine.
Photaresist (blue) was removed before silver metallization (left)
or after copper metallizmtion (right). (E and F} Scanning electran
microscopy images showing micropatterns of silver on 5i (E) and
copper on a glass substrate (F).

Fig. 3. Polydopamine-assisted grafting of various organic
molecules. (A) Schematic illustration of alkanethiol monolayer
(top right) and PEG polymer (bottom right) grafting on
polydopamine-coated surfaces. (B) Pictures of water droplets
on several unmodified {(left), polydopamine-coated (middle),
and alkanethiol-grafted (right) substrates. Substrates investigated
include organic polymers [PTFE, PC, and nitrocellulose (NC)],
metal oxides (5i0. and Ti0,), and noble metals (Cu and Au).
Contact angle values are shown in table S1. (C) NIH 373 fibroblast
cell adhesion to unmodified glass ("Bare”) and OEGE-terminated
alkanethiol monolayer formed on pelydopamine-coated glass.
Error bars indicate SD. (D to F) Total internal reflection fluo-
rescence (TIRF) microscopy of Cy3-conjugated Enigma homolog
protein adsorption to mPEG-NH;—grafted polydopamine-coated
glass (48-hour exposure to protein solution) (D), bare glass
(30-min exposure) (E), and mPEG-silane immobilized on bare
glass {48-hour exposure) (F). (G) NIH 373 fibroblast cell adhesion
to bare surfaces (black) and to polydopamine-coated surfaces
after grafting with mPEG-5H (red) (prencrmalized data are
available in table 53). Error bars indicate SD.
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terephthalate (PET), PTFE, palydimethylsiloxane
(PDMS), polyetheratherketone (PEEK), and poly-
urethanes [Carbothane (PUT ) and Tecoflex (PU2) ;.

The polydopamine coating was found to be
an extremely versatile platform for secondary re-
actions, leading o tiloring of the coatings for
diverse functional uses, For example, the metal-
binding ability of catechols (24) present in the
polydopamine coating was exploited to deposil
adherent and uniform metal coatings onto sub-
strates by electroless metallization. This was dem-
onstrated through deposition of silver and copper
metal films via dip-coating of polydopamine-
coaled objects into silver nitrate and copper(11)
chlonde solutions, respectively (Fig. 2). Metal
film deposition was confirmed by XPS and TOF-
SIMS analysis, which demonstrated successful
metal film deposition on several ceramic, poly-
mer, and metal substrates: nitrocellulose, coinage
metals, commercial plastics, Si;Ny, glass, Au,

A
[ |
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e
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1
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4 led le2 lel  leo
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Ti0,, Si0y PC, PS, PEEK, NbyOs, ALO;, and
NiTi (figs. 54 and 55). Metal coatings were suc-
cessfully applied in this manner to flexible poly-
mer substrates and bulk objects with complex
shapes (Fig. 2, A to C), as well as to flat surfaces
in which the polydopamine coating had been
paticrned by means of standard photolithography
techniques (Fig. 2, D o F), Unlike many other
approaches 1o electroless metallization (27), the
use of (immobilized) colloidal metal seed par-
ticles was unnecessary for spontaneous formation
of adherent metal films. In the case of silver film
deposition, the apparent reductive capacity of the
polydopamine sublayer was sufficient to elimi-
nate the need for additon of an exogenous
reducing agent in the metal salt solution, implying
oxidation of the underlying polydopamine layer.
Polydopamine coatings also support a variety
of reactions with organic species for the creation
of functional organic ad-layers. For example, un-

= = = -
- > w F=1

Fraction adherent cells
o

?\j
%
\

2 mg/mL HA

Fig. 4. Polydopamine-assisted grafting of a biomacromolecule for biospecific cell interaction. (A)
Representative scheme for HA conjugation to polydopamine-coated surfaces. (B) Adhesion of MO7e
cells on polydopamine-coated PS increases with the HA solution concentration used during grafting.
Error bars indicate SD. (O Bioactive HA ad-layers were formed on polydopamine-coated glass, tissue-
culture PS, and indium tin oxide (TO), as demonstrated by attachment of MO7e cells (red bars).
Competition with soluble HA (blue bar) confirmed that cell adhesion was due to grafted HA. Error bars
indicate 50. (D to F) Polydopamine-modified PS grafted with HA (0.5 mg of HA per milliliter of 10 mM tris,
pH 8.0) retains bioactivity during long-term culture with MO7e cells. Images taken after normal-force
centrifugation show almast 100% attachment of expanding MO7e cells at days 2 [2760 + 390 cellsiem? (D))
and 4 [5940 + 660 cellsicm® (E). In the absence of HA, the polydopamine-coated surface supported
similar levels of MO7e cell expansion at day 4 but did not support cell adhesion [610 = 630 cells/am® (Fi].
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der oxidizing conditons, catechols react with
thiols and amines via Michael addition or Schiff
base reactions (/4, 28) (fig. S3B). Thus, immer-
sion of polydopamine-coated surfaces into a
thiol- or amine-containing solution provided a
convenient route 1o organic ad-layer deposition
through thiol- and amine-catechol adduct foma-
tion (Fig. 3A). We demonstrated this approach
for deposition of organic ad-layers in the form of
alkanethiol monolayer, synthetic polymer, and
biopolymer coatings.

A monolayer of alkancthiol was spontane-
ously formed through simple immersion of
polydopamine-coated substrates (Fig. 3B). Mono-
layer formation on the polydopamine sublayer is
believed to involve reaction between terminal
thiol groups and the catechol/quinone groups of
the polydopamine coaling, in a manner analo-
gous 1o the reaction between thiols and noble
metal films in the formation of conventional
SAMs. Alkancthiol monolayers formed by this
approach are likely to contain defects but
nevertheless appear to be functionally similar to
conventionally formed SAMs. We therefore refer
to these monolayers of alkanethiols as “pseudo-
SAMs" (pSAMs). For example, spontancous
formation of pSAMs with the use of methyl-
terminated alkanethiol (C12-SH) was suggested
by water contact angles of greater than 1007 (Fig.
3B and table 51) (29) and XPS spectra revealing
the presence of sulfur in the modified surfaces
{fig. S6). pSAMs were formed in this way on at
least seven different materials, including several
ceramics and polymers.

Through proper choice of secondary reactants,
polydopamine coatings can be transformed into
surfaces that have specific chemical properties,
such as the suppression of nonspecific biological
interactions or the promotion of specific oncs
(23, 24). We first demonstrated this by fonmation
of pSAMs from heterobifunctional molecular pre-
cursors on polydopamine-coated surfaces as de-
scribed above, pSAMSs erminated by oligo(ethylene
glycol) (OEGH) were found to be largely resistant
toward fibmoblast cell attachment (Fig. 3C), be-
having in a gqualitatively similar fishion o nonfoul-
ing SAMSs formed on gold (30)

Girafiing of polymer ad-layers onto polydo-
pamine coatings was accomplished through the
usc of thiol- or amine-functionalized polymers in
the secondary reaction siep, giving rise 1o bio-
resistant and/or bivinteractive surfaces. For ex-
ample, fouling-resistant surfaces were made by
covalently grafting amine- or thiol-terminated
methoxy-poly(ethylene glyeol) [(mPEG-IWH- or
mPEG-5H) in 10 mM tris, pH 8.5, 50°C] to the
polydopamine-coated surface (fig. 87). mPEG-
NH>-modified polydopamine-coated glass exhib-
ited substantial reduction in nonspecific protein
adsorption as compared with uncoated glass and
also outperformed glass surfaces modified by a
silane-terminated PEG in terms of fouling resist-
ance afier 2 days of conlinuous exposure to pro-
tein solution (Fig. 3, D wo F). Similary, mPEG-SH
grafting onto a variety of polydopamine-coated
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substrates led to dramatic reduction of fibroblast
cell attachment as compared with the unmodified
substrates (Fig. 3G and table 53). The polydopa-
mine coating itself was supportive of fibroblast
cell adhesion at a level similar to that of bare sub-
strates |for example, the total arca of attached
cells on 1.08 mm” of polydopamine-modified
Si0, [(46 £ 1 4) = 10° pm~ | was similar to that
of unmodified Si0s [(55 + 8.6) = 10° um’]},
leading us to conclude that the observed de-
crease in cell adhesion was due to the grafied
mPEG-5H.

Finally, we enginecred polydopamine surfaces
for specific biomolecular interactions by forming
an ad-layer of the glycosaminoglycan hyaluronic
acid (HA). HA/receptor inleractions are importani
for physiological and pathophysiological pro-
cesses, including angiogenesis, hematopoictic
stem cell commitment and homing. and tumor
metastasis (34, 32). Partially thiolated HA (33)
was grafled onto a varety of polydopamine-
coaled substrates (Fig. 4), and HA ad-layer bio-
activity was measured via adhesion of the human
megakaryocytic M07e cdl line. Unlike fibroblasis,
MO7e cells did not adhere to polydopamine but
did adhere 1o HA-grafied pol ydopamine surfaces
in a dose-dependent manner (Fig. 4B). Together
with decreased binding in the presence of soluble
HA (Fig. 4C), these findings are consistent with
expression of the HA receptor CD4H by MOTe
cells(fig. S8). Polydopamine and HA-grafied poly-
dopamine surfaces were biocompatible, as evi-
denced by similar levels of MOTe cell expansion
as compared with cell expansion on tissue-cullure
PS surfaces, although only the HA-grafted poly-
dopamine surfaces supported cell adhesion (Fig. 4,
D o F, and fig. 59).

We introduced a facile approach to surface
modification in which self-polymerization of do-
pamine produced an adheremt polydopamine
coating on a wide variety of materials. Poly-
dopamine coatings can, in tum, Serve as a ver-
satile platform for secondary surface-mediated
reactions, leading ultimately to metal, SAM, and
grafled polymer coatings. This two-step method
of surface modification is distinctive in its ease of
application, use of simple ingredients and mild
reaction conditions, applicability to many types
of materials of complex shape, and capacity for
multiple end-uses.
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Structure of a Thiol

Monolayer—Protected Gold
Nanoparticle at 1.1 A Resolution

Pablo D. Jadzinsky,™** Guillermo Calero,** Christopher ). Ackerson,'t

David A. Bushnell,* Roger D. Kornberg't

Structural information on nanometer-sized gold particles has been limited, due in part to the
problem of preparing homegeneous material. Here we report the crystallization and x-ray structure
determination of a p-mercaptobenzoic acid (p-MBA)—protected gold nanoparticle, which comprises
102 gold atoms and 44 p-MBAs. The central gold atoms are packed in a Marks decahedron,
surrounded by additional layers of gold atoms in unanticipated geometries. The p-MBAs interact
not only with the gold but also with one anaother, forming a rigid surface layer. The particles

are chiral, with the two enantiomers alternating in the crystal lattice. The discrete nature of the
particle may be explained by the closing of a 58-electron shell.

anometer-size metal particles are of
Nl'und,amcntal interest for their chemical
and quantum electronic properties and
of practical interest for many potential applica-
tions ([, 2). With the development of facile
routes of synthesis (3), gold nanoparticles coated

19 OCTOBER 2007 VOL 318

with surface thiol layers have been studied in
most detail. The particles are typically hetero-
geneous as synthesized, and though their size
distribution may be narrowed by fractionation or
other means (4-9), no atomically monodisperse
preparation has been reporied, and no atomic

SCIENCE

structure has been obtained. Electron microscopy
(EM) (10, 11), powder x-ray diffraction (PXRD)
(12}, and theoretical studies have led to the idea
of Marks decahedml (MD) and truncated octa-
hedral geometries of the metal core, with crys-
talling packing and {111} faces (f3). According
to this idea, discrete core sizes rgpresent “‘magic
numbers” of gold atoms, arising from closed
geometric shells (/4). Allematives of amomphous
{15}, molten, or quasimolten (/6) cores have also
been proposed. The structure of the surface thiol
layer is similarly obscure. The natre of the gold-
sulfur interaction (f7), the fate of the sulfhydrd
proton { /&), and the conformation of the organic
moiety all remain to be detenmined. The thiols ae
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Fig. 1. X-ray aystal struc-
ture determination of the
Aly(p-MBA)y, manopar-
tide. (A) Elecron density
map (red mesh) and atomic
stucture (gold atoms de-
picted a5 yellow spheres,
and p-MBA shown as
framework and with small
spheres [sulfur in cyan,
carbon in gray, and oxy-
gen in red]). (B) View
down the cluster axis of

the two enantiomeric particles. Color scheme as in (A), except only sulfur atoms of p-MBA are shown,

Fig. 2. Packing of gold
atoms in the nanoparticle.
(A MD (2,1,2) in yellow,
two 20-atom “caps” atthe
polesin green, and the 13-
atom equatorial band in
blue. (B) View of the MD
with the axis horizontal,
showing the fec planes
bz, B, v, and a). When
viewed in the direction
of the arrow, the fourth
plane {u') overlaps with
the first {a), confarming
to the definition of fcc
planes. (C) \iew of the
MD with the axis per-
pendicular to the page,
showing how it may be
regarded as five twinned
crystals. (D) Same view
as in (C) but showing hcp

exchangeable and presumed to be mobile, further
impeding structural analysis (9, 20).

Through systematic variation of solution con-
ditions for gold nanoparticle synihesis, we have
obtained particles sufficiently uniform in size for
the growth of large single aystals, opening the
way 0 x-ray structure determination. We report
here on x-ray analysis of a nanoparticle whose
gold corc and surface thiol structures differ
markedly from what had been anticipated. The
gold particles were coated with p-MBA and crys-
tallized from a solution containing 40%% methanol,
300 mM sodium chlonde, and 100 mM sodium
acetate, at pH 2.5 (7). The crystals were in the
centrosymmetric space group e, so diffraction
showed no anomalous differences. We obtained
initial phases using dispersive differences between
data collected at the Au Ly, edge and a low-emergy
ramole, giving an clectron densty map that revealed
102 gold atoms and 44 p-MBAs All electron den-
sity was accounted for by the structure (except for
solvent waler), so the clusters were entirely homo-
geneous and the numbers of gold atoms and p-
MBAs were precise (Fig. 1A). The structure was
refined at a resolution of 115 Ao R, o and B
of 8.8 and 9.5%, respectively. The panticles proved
to be chiral, with hall of an enantiomer in the
asymmetric unit of the crystal (Fig. 1B and mble 51).

Most gold-gold distances in the core lie in the
range 2.8 to 3.1 A (figs. S1 and S2). The core
may be deseribad as a 49-atom MD (2,1.2) with
four atoms on the central axis, two 20-slom caps
with Cs symmetry on opposite poles (expanding
to 89 the number of gold atoms wath fivefold
rotational symmetry), and a 13-atom band with
no apparent symimetry on the equator (Fig, 2A).
Altematively, the MD may be described as five
twinned face-contered cubic (foc) or hexagonal
close-packed (hep) crystallites (Fig. 2, B w )
(227 All 102 gold atoms are found In environ-
ments with 12 nearest neighbors—fce, hep,
icosahedral, or tuncated decahedral—except that
atoms near the surface lack from | 1o 10 neigh-
bors. The 13 equatorial atoms occupy two different
enviromments, which deviaie slightly from local
hep or runcated decahedral (figs. 83 and 54). It &
the number and geometry of the equatorial atoms
that impsirt chirality to the core, and the devations
from local symmetry may refledt the interaction of
the equatorzal atoms with the p-MBA monolayer,

Gold atoms up to 5.5 A from the center of
the particle do not contact sulfur, those in a shell
of radius 6.0 to 6.3 A bind one sulfur, and those
in a shell of radius 7.5 to 8.0 A bind two sulfurs
(Fig. 3A and fig. 553 All sulfur atoms lic in a
shell of radius 8.3 + 04 A and bind in a bridge
conformation (23) o two gold atoms; at least
one of the gold atoms binds two sulfurs, form-
ing a “staple” motif (Fig. 3, B and C). The gold-
sul fur distance ranges from 2.2 10 2.6 A (fig. 56).
Giold-sulfur-gold angles are 807 (o 115°, and sulfur-
gold-sulfur angles are 1357 1o 1757 (fig. S7). Ifthe
surface is taken as all gold atoms interacting with

crystallites. When viewed in the direction of the ammow, the third plane (&) overlaps with the first (5),  sulfur, then the coverage by p-MBA (thiol:gold
conforming to the definition of hcp planes. ratio) is 70%, which is much higher than the val-

www.sciencemag.org  SCIENCE VOL 318 19 OCTOBER 2007 431




432

ues of 31 and 33% for benzencthiol (24) and
alkanethiols (/7) on Au(l11) surfaces, reflecting
the curvature of the nanoparticle surface,

The thiol monolayer is stabilized not only by
gold-sulfur bonding but also by interactions be-
tween p-MBA molecules. These interactions are
of three types: phenyl nngs stacked on one an-
other with the centers offset by the ring madius
(Fig. 4A), phenyl rings interacting at right angles
(T-stacking) (Fig. 4B), and sulfur interacting with
a phenyl ring (Fig. 4C). Eighieen of the sulfur
atoms are located over the face of a phenyl ring at
a distance of about 3,55 +0.25 A, similar o sulfur
atons engaged in anpmeatic-thiol © hydrogen bond-
ing in proteins (2510 Almost all sulfur atoms are

e *
“:s
* i""i‘

A B EE

®*H*»H
e 5

- -

Fig. 3. Sulfur-gold interactions in the surface of
the nanoparticle. (A) Successive shells of gold
atoms interacting with zero (yellow), cne (blue), ar
two (magenta) sulfur atoms. Sulfur atoms are cyan.
(B) Bample of two p-MBAs interacting with three
gold atoms in a bridge conformation, here termed
a staple motif. Gold atoms are yellow, sulfur atoms
are cyan, oxygen atoms are red, and carbon atoms
are gray. (C) Distribution of staple motifs in the
surface of the nanoparticle. Staple motifs are
depicted symbolially, with gold in yellow and
sulfur in cyan. Only the gold atoms on the axis of
the MD are shown (in red).
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dlso engaged in lone par bonding to a phenyl edge
(23). Most p-MBAs are linked through chams of
such interactions extending from one pole of the
nanoparticle t the other (Fig. 4D). This ordering
of p-MBAs exemplifies the “self-assembly™ of a
thiol monolayer on a gold surface (26).

The chains of p-MBA interactions extending
across the nanoparticle establish the chirality that
is apparent from the view of the nanoparticle
down the MD axis (Fig. 18). Most sulfur atoms,
bonded to gold atoms in two different shells and
to a phenyl rng, are also chiral centers. One
enanfiomer has 22 sulfur centers with /# con-
figuration, 18 with § configuration, and 2 with
no readily assigned chirality, because they are
bonded to two gold atoms in the same shell,

The pairing of enantiomeric paricles in the
erystal demonstrates a suface complementarity of
the particles (fig. S8). Inlerparticle interadions in
the crystal thus reflect the chimlity of the surface
thiol laver. These interactions are of several types,
Hydrogen bonding batween carboxylic acids oc-
curs at many orystal contacs (fig. 59), in some
cases mediated by water molecules (27). Such in-
teractions are freguent near the equator, where the
phenyl rings extend outward from the particle sur-
frce. The pMBAs from different mnopanticles in-
terdigitate  through  phenyl-phenyl  interactions,
especially at the MD poles (fig. 810). Such in-
teractions can explain the common finding that
distances between neighboring dusters in two-
dimensional gold particle anays are less than twvice
the length of the fully extended thiol (25, 29).

The very existence of a discrete Au o p-MBA )y,
nanoparticle is a notable finding from this work
Discrete sizes have bean explained in the past by

geomarncal or elecronic shell closing. The arange-
mant of gold atoms, with polar caps and an
equatorial band, argues against geometrical shell
closing. If, however, each gold aiom (5d"6s')
contributes one valence elecwron, and 44 are
engaged in bonding to sulfur, then 58 electrons
remain, comesponding to a well-known filled shell.
Indeed, a naked cluster in the gas phase contining
58 gold atoms shows exceptional stability (30-32),

There are several connections of the Ay
nanoparticle structure with previous work. First,
structures of small gold, silver, and platinum clus-
ters, and of larpe plabnum-palladivm  clusters,
include fivefold symmetry clements and, n one
case, also include thiols brdging between pairs of
gold atoms (33-36). Second, EM, PXRD, and
theoretical studies of large gold clusters have given
results that are consistent with a MD (70-12).
Third, theoretical studies have raised the possibil-
ity of distinct gold-sulfur units capping a central
gold core (37). Fourth, the fec packing in the core,
with a gold-gold distance of 2.8 to 3.1 A, come-
sponds with the fee packing in bulk metallic gold,
with a gold-gold distance of 2.9 A. Fifth, the
staple motif, containing altemating gold and sulfur
atoms (Fig. 3C), resembles the gold-thiol poly-
mers believed to represent intermediates in the
process of nanopanticle formaton (3%). Finally, cir-
cular dichroism messuraments on gold nanoparticle
preparations have shown chiro-optical activity (39).

We have screened 15 erystals derived from
multiple pold nanoparticle preparations and ob-
tained the same Augg dructure, so the unusual
armangement in the 13-gom equatorial band s a
consigent result, Other nanoparticle preparations,
however, which have also given rise o larpe single

Fig. 4. p-MBA/-MBA interactions in the surface of the nanoparticle. Color scheme as in Fig. 3B. (A)
Phenyl rings stacked with faces parallel. (B) Phenyl rings stacked edge-to-face. (C) Phenyl ring interacting
with sulfur, (D} Chains of interacting p-MB&s, extending across the surface of the nanoparticle, indicated by

a different color for each chain.
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crystals, will doubtless reveal ather core structures,
from which rules or principles of core assembly
may ultimately be derived. It remains to investigate
the chemical and physical properties of the Auy g
nanoparicle, as well as o explore the theoret-
ical basis of the gold packing and gold-thiol
interactions that we have observed,
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Constraints on Neon and Argon
Isotopic Fractionation in Solar Wind
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To evaluate the isotopic compasition of the solar nebula from which the planets formed, the relation
between isotopes measured in the solar wind and on the Sun’s surface needs to be known. The Genesis
Discovery mission returned independent samples of three types of solar wind produced by different
solar processes that provide a check on possible sotopic variations, or fractionation, between the solar-
wind and solar-surface material. At a high level of precision, we observed no significant inter-regime
differences in ““Ne/*2Ne or **Ar*®Ar values. For 2"Ne/*2Ne, the difference between low- and
high-speed wind components is 0.24 + 0.37%; for **Ar/*®Ar, it is 0.11 + 0.26%. Our measured
*®a¢ "8 ratio in the solar wind of 5,501 + 0.005 & 3.42 + 0.09% higher than that of the terrestrial
atmosphere, which may reflect atmospheric losses early in Earth’s history.

lanctary materials formed from a disk of

gas and dust around the early Sun, which

we refer to as the solar nebula. As a stan-
dard model, planctary scientists assume that the
clemental abundances and especially the isotopic
compositions of elements in the nebula are
uniform and that the nebular composition s
preserved in the solar outer convective zone ().
Thus, allowing for relatively well-undersivod
nuclear and physical/chemical isotope fractiona-
tion, terrestrial isotopic compositions should be
the same as in other solar-system materials. To
very high precision, this appears to be true for
nonvolatile clements (/). However, the standard
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model fails for the isotopes of O, H, N, and the
noble gases where large varations (compared ©
nonvolatile elements) are observed among ler-
restrial, lunar, meteoritic (asteroidal), and martian
materials (2-4). Because of the nuclear conver-
sion of D to *He, solar H is monoisotopic, and
*He*He is greatly enhanced. Despite these ex-
ceptions, the surface layers of the Sun should
preserve the nebular isotopic compositions of C,
N, 0, and the noble gases (3, H),

Plasma flowing from the Sun as the solar
wind permits the sampling of solar matter. The
Apollo Solar Wind Composition (SWC) exper-
iment { 7) measured relatively precise He, Ne, and

19 OCTOBER 2007

Ar isotopic compaositions for 1-to-3-day periods
in 1969-1972. Here, we address whether the
isotopic compositions of Ne and Ar, measured in
the solar wind, have changed (“fractionated™)
from those measured on the surface of the Sun,
Ulvsses and Advanced Composition Explorer
{ACE) spacecrafi daia have shown that relative
proportions of elements in the solar wind are
fractionated by amounis comelated with the
elemental first ionization potential { FIP) (&), FIP
fractionation presumably arises because of the
preferential extraction of ions relative to atons
during transport into the solar corona from lower
levels (9). Although the FIP is an atomic
propery, FIP fractionation models (%) predict
some isotope effects, but in many specific
maodels, these effects are small, The acceleration
of heavier elements from the solar corona into the
solar wind can be due to their collisions with protors
{(“coulomb drag™), and if the drag is incomplete,
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heavy-clement dersity enhancements result (111, £7).
These enhancements depend on ion mass as well
as change and would fractionate isotopes.

Genesis exposed materials to the solar wind
for 27 months (December 2001 0 April 2004)
(12). Separate samples of the three types
(“regimes”) of solar wind were collected. Re-
gime-specific collector amays were deployed
according to the flow regime that was present, as
determined by on-board solar-wind monitors (/3).
These regimes were: (i) low-speed, mostly less
than 475 kmv's but allowing for hystercsis during
transitions (/3); (i) high-speed. onset generally
525 km's; and (11} coronal mass ejection (CME).
CMEs are spectacular bubbles of plasma erupted
in discrete events, We use the shorthand labels (1)
L, (i) H. and (iii) CME for these regimes, in
addition to bulk solar wind. The quality of the
regime separation has been verified by compari-
son with data from other spacecraft for the Genesis
collection periad; for instance, the H regime sample
is verified to be composed of coronalhole makenial
by association with a low 070" mtio using O
chargestate data from the ACE/Solar Wind lon
Composition Spectrometer instrument ([4).

Genesis carried different collectors that were
optimized for specific elements. Here, we repont
Me and Ar results from aluminum-deposited-on-
sapphire (AloS) collectors. The low atomic num-
ber of Al minimizes backscatter. AloS has low
blanks and high noble-gas retention (13, 76). AloS
has probably suffered some He loss: therefore, we
report only Ne and Ar resulls.

An infrared (IR)-laser-extraction technigue
was specifically designed (77), as it selectively
evaporates only the Al film on the [R-transparent
sapphire substrate. Because the laser interacts
with only Al and does not impinge upon the
sample-sysiem walls, laser extraction of AloS has
low blanks. Further expenmental details are
available in the supporting online material (/6),

When compared with data fom the Apollo
SWC foils ( 7), our findings for Ne and Ar isotopic
and clemental ratios validate these results but are
significantly more precise (Table 1, fig. 51, and
tables 81 and 52). Small (1%) but stanstically sig-
nificant interlaboratory  variations cxist between
reported bulk Genesis *Ne/*Ne values (18, 19), but
for assessing inter-regime difterences, the precision
of the data from one laboratory and instrument is
what is important. To a high degree of precision,

our data show no measurable differences in the
*Ne S Ne ratio among different regime samples.

WAr is rare in solar composition but dominates
atmospheric Ar because of the strong depletion of
noble gases in the formation of Eath and the
subsequent production from YK decay in temestrial
rocks. The measured **Ar composition (table $2)
can be accounted for by system blanks with no
clear contribution from particulate contamination
resulting from the crash of the recovery capsule. At
the 2a level, there are no variations in **Ar Ar
values among the different solar-wind regime sam-
ples (Table 1). CME **Ar™Ar is slightly heavier
than the others at 1o bul the uncerdainty for this
regime is almost twice as large, suggesting statistical
variations. The difference between the L and H
regimes for **Ar/™Ar is 0.11 + 0.26% (less than
). Our bulk samples define a precise solar-wind
*Ar** Ar composition of 5.501 + 0.005.

The highest scientific objectives for Genesis ane
to measure the solar isotopic compositions of N
and O, for which there are unexplained variations
among planetary materials Even smuall isotopic
fractionations between the solar wind and the solar
surface are of major imporance for planetary sci-
ences. Genesis independently sampled three re-
gimes formed by different solar processes. If
isotopic fractionation oceurs, il & plausible that the
amownts would vary among the regimes; thus the
comparison of regime Ne and Ar isotopic compo-
sitions will test for fractionations. Specifically,
coulomb drag effects (17) predia that fractionations
depend directly on mass and mdirectly on speed;
consequently, a smple, measured quantity o assess
solar-wind isolopic fractionation is the fractional
difference between an L and an H regime sample:
Qualittively, lightisotope enrichment (for exam-
ple, enrichment in *“Ne/”Ne values from L regime
samples, relative to those from H regime samples)
is predicted. The fradtionation should be larger for
Ne®Ne than for **Ar™ Ar because of a larger
relative-mass difference. The solar He'H matio is
double that of the solar wind (20). [f coulomb dmg
is a major cause of the HeH difference, then solar
solar-wind fractionation may be significantly
greater than the differences between regimes,

We found no significant varations in the iso-
lopic mm['rmtlmq of Ne and Ar at the lo level,
For ""Ne/~Ne, the L versus H regime difference is
01.24 + 0.37%, comresponding to an upper limit of
0.98% at the 2o level. Qualitatively similar limits

Table 1. Ne and Ar isotopic and elemental ratios from AloS collectors. MNe is corrected for

backscattering. Errors are 1o.

f:t’l"i'm _— 2oNe 2 Ne *4Ar*Ar 20N/ Ar
Bulk, 852.83 days 13.972 = 0.025 5.501 + 0.005 59 (5)*
High-speed, 313.01 days 13.956 = 0.041 5.502 + 0.010 66 (6)*
CME, 193.25 days 13.979 = 0.031 5.467 + 0.017 59 (5)*
Low-speed, 333.67 days 13.990 = 0.031 5.508 + 0.010 46 (4)*
Apollo SWC (7) 13.7 + 0.15 5.4 + 0.15 49 + 7
Terrestrial atmosphere (28) 9.80 + 0.08 5.319 + 0.011 0.524 + 0.002
Q122 13.7 5.33 0.049

*Mumbers in parentheses indicate 9% estimated errors based on the scatter in measured amounts of 2"Ne and *Ar,
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would apply for O and N. For “*Ar™Ar, the L
versus H regime difference is 0.11 + 026%, cor-
responding 10 a 2o upper limit of 0.63%,

Unlike isotopes, elemental ratios among the
different regimes are not expected to be constant.
Because of systematic calibration uncertainties,
only relative *'Ne/™ Ar results are interpretable. The
*"Ne""Ar emors (precision) (Table 1) are estmated
1o be about 9%, on the basis of replicate analyses of
the *'Ne and *“Ar fluxes in the bulk sample (tables
S1and $2) At the 1o levd, “Ne ™ Ar ratics for the
CME and H regime samples are the same, but L
regime samples differ from the other two by about
25%. Ne has a higher FIP than Ar, so even though
the solar abundances of Ne and Ar are unknown, the
lower “"Ne/“Ar value for L samples indicates a
greater FIP fractionation for the low-speed solar
wind. This agrees with spacecraft data based on
O/Si ratios (27). The Apollo SWC *"Ne/™Ar
value 15 closest o our L regime value, and most
of the Apollo SWC collection occurred under
low-speed conditions ( 7).

A standard approach to obtaining solar abun-
dances is 1o extrapolate corelation plots of solar-
wind compositional variations to some known
solar value (6) In our case, there ane no vanations
o extrapolate; thus, our solopic data support the
previously made association of solar-wind and
solar-nebula Ne and Ar isotopic compositions (22).

As carly as the 19605, meteoritic data on noble-
gas isolopic compositions challenged the standard
maodel of an isotopically homogeneous solar neb-
ula. Today these data are partially undersiood in
terms of the large contributions to bulk metcorite
noble-gas concentrations by extant presolar grains
{4). However, presolar grains cannot account for
the observed Oand N isotopic variations among
planetary materials (2, 4) and for the relatively
large amounts of isotopically distinct noble gases,
variously referred to as “planctary™ or “Q" (22).

The Apallo SWC (7) expenment showed that
the solar-wind “"Ne/~Ne ratio was highly cn-
riched compared to the temestnal atmospheric
ratio (Table 1). This proved that volatile-clement

. : FE=

E ILmnr Feg
g‘- Lunar Reg. Lhﬁﬁq
E 55 : s
&

: Apolio

. Eﬁgu (reviead]
' SOHO
5 & BH & 8
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Fig. 1. Comparison of solar-wind Ar measure-
ments: Apollo SWC foils (7, 28), lunar regolith
(Reg.) (26, 27), SOHO (25), and termrestrial
atmosphere (29).
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1solopic compositions vaned among  planetary
materials, For “"Ne™ Ne, the 38% difference may
reflect isotopic fractionation accompanying an
carly loss of the terrestrial atmosphere (27), an ex-
tremie example of chemical physical mass-dependent
isolope fmdionation. However, the repont by Clayton
in 1972 of “non-mass-dependent” O solope frac-
tionations (24) dearly showed that sotopic varations
in volatile elements reflect isotopic inhomogene-
itics in the solar nebula, an unequivocal failure of
the standard model.

A major problem that remains is that of un-
derstanding the differences between solarwind so-
topic noble-gas sbundances and those of melconitic
() noble gases (27) (Table 1). These abundances
should have been sanilar if, as expected, ) noble
gases ae samples of the solar nebula tmpped in
maeoritic maledal. Can a sngle mass-dependent
fractionation process simultaneously explain lae
differences in *Ne™Ne and amall but significant
differences in other noble-gas sotope rtios, such
as ""ArAr between () and solar-wind noble
gases? Although fractionation during adsorption
onto grain surfaces has ofien been discussed. the
fractionation process is basically unknown.

Unlike those of Ne, Ar isolopic varations, al-
though widely believed o oexis, were not quan-
titatively well-defined. Isotopic ratios from spacecrafi
instruments such as the Intermational Solar and
Heliospheric Observaiory (SOHOVmass time-of-
flight spectrometer (25) (Fig 1) have insufficient
precision 1o address planetary science issues (eg,
differences between solar-wind and terrestrial
10 Ar/ ™ Ar ratios). The short Apollo SWC exposure
did not yield a sufficiently precise *Ar**Ar value
to distinguish the solar and atmospheric mtios (7).
A higherdhanderrestrial solar "°Ar™Ar mtio is
safely infemed from studies of lunar soils, but there
has been debate on how mudch higher it can be, with
*Ar™Ar values reported between 548 and 5.80
(26, 27). Comections for excess **Ar from galactic
cosmic-ray nuclear reactions present a challenge in
interpreting lunar-soil data. Genesis data require
negligible galactic—cosmic-ray corrections. This,
plus higher analytical precision, significantly
improves the accuracy of the solar-wind and the
atmospheric **Ar*® Ar difference. Our solar-wind
*Ar** Ar ratio (Table 1) is higher than that of the
terrestrial atmosphere by 342 + 0.09%. This
should lead to improved constraints on models
for temestrial atmospheric loss. 1t is also signif-
icantly higher than the **Ar/™Ar value of “Q".

The significantly increased preasion of Ne
and Ar solarawind isotopic compositions have
yielded no differences among the Genesis egime
samples. Nevertheless, we have not proved that
there is no Me or Ar isotopic fractionation between
the Sun and the solar wind. Our data clearly put a
constraint on such fractionations, but at present the
strength of the constmint is not known, A
“unified” theoretical appmach evaluating FIP and
coulomb drag fractionations in the context of
formation models of the different solar-wind
regimes is required. If fractionations between the
Sun and the solar wind arc large but the same for
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all regimes, then the absence of inter-regime iso-
topic vanations 15 inconclusive, Altematively, the
fractionations among regimes could be large and
the lack of inter-regime variations quite consirain-
ing. The goal of the Genesis mission is to provide
higher-precision solar-wind composition data,
leading to better theories of solar-wind fractiona-
tions, which, in tum, will lead to improved solar
abundances for planetary science pumposes,
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Southern Hemisphere and Deep-Sea
Warming Led Deglacial Atmospheric
CO, Rise and Tropical Warming

Lowell Stott,™* Axel Timmermann,” Robert Thunell®

Establishing what caused Earth’s largest climatic changes in the past requires a precise knowledge
of both the forcing and the regional responses. We determined the chronology of high- and
low-latitude climate change at the last glacial termination by radiocarbon dating benthic and
planktonic foraminiferal stable isotope and magnesium/calcium records from a marine core
collected in the western tropical Pacific. Deep-sea temperatures warmed by ~2°C between 19 and
17 thousand years before the present (ky B.P.), leading the rise in atmospheric CO; and tropical—
surface-ocean warming by ~1000 years. The cause of this deglacial deep-water warming does not
lie within the tropics, nor can its early onset between 19 and 17 ky B.P. be attributed to CO,
forcing. Increasing austral-spring insolation combined with sea-ice albedo feedbacks appear to be

the key factors responsible for this warming.

he data obtained from high-latiude ice
cores establish a close temporal relation
between varying concentrations of atmo-
spheric CO4 and atmospheric temperatures dur-
ing glacial terminations ( /), However, uncertainty
in the gas-age chronologies and inadequate tem-
poral resolution in many proxy climate recon-
structions have hampered efforts 1o establish the

exact phasing of events during glacial termina-
tions, a necessary step in understanding the phys-
ical relation between COz forcing and climate
change (2. Arguably, the most robust estimate of
changes in mean global temperatures that ac-
company glacial terminations is the amount of
heat stored in the oceans. The large size of the
oceanic reservoir and the long residence time of
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deep waters mean that deep-water tempermtures
reflect a globally averaged record of Earth’s
radiative-heat balance (3). Al present, we cannol
quantify changes in ocean heat content at the last
glacial termination. However, because deep wa-
ters formed at high latitudes carry with them the
nearly conservative propertics of temperature
and salinity, it is possible to establish the rel-
ative timing of high-latitude versus low-latitude
climatic change at glacial terminations by dating
co-oceurming benthic (bottom-dwel ling) and plank-
tonic (surface-dwelling) foraminiferal paleotem-
perature records in a marine core from a tropical
location that has sufficient temporal resolution.
We used radiocarbon ("C) dating to establish the
timing of the deep-sea and tropical-surface-
ocean temperature changes during the last glacial
termination and compared this history with the
timing of CO; change and deglacial wanming in
the southern high latitudes during the last placial
termination.

Marine sediment core MD98-2181 from the
Morotai Basin (Fig. 1) is ideally suited for doc-
umenting the timing of both deep-sea and tropical-
surface-water temperature change during the last
glacial termination because the sediments at this
site are an admixture of planktonic and benthic
foraminiferal carbonate that accumulated at rates
of 50 to 80 cm/thousand years (ky) over the past
glacial-to-interglacial transition (4). Sampling this
core al the centimeter scale provides a temporal
resolution for each sample of ~25 o 50 years (5).
This core was recovered from a depth of 2114 m,
where it was bathed in the upper Pacific Deep
Water, a water mass whose temperature and sa-
linity are acquired within the Southem Ocean (6).
The site is also located within the Pacific Wanm
Pool (7), where the 8'*0 and Mg/Ca of planktonic
foraminifera record the temperaiure and salinity of
westem tropical Pacific surface water (8, 9),

We compiled 42 planktonic (4) and 8 mixed-
benthic (Table 1) "*C ages from late glacial and
Holocene sections of this site (Fig. 2). Broecker
et al. (/) noted previously that the benthic/
planktonic "C age difference from the glacial
termination horizons of this core averages ~1 300
years, similar to the "*C offset between surface
and decp waters today (fig. 52). Of the eight
benthic/planktonic pairs we have from the de-
glacial section, the average age difference is 1493
(367 ) years, similar (o Broecker ef al.'s estimate.
The reservoir age of surface waters in the source
region of the Pacific Deep Water may have been
slightly older during the glacial period, which
would explain the somewhat higher surface/
deep-water age difference in the glacial samples
(/7). However, given the small range in A e, we
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Fig. 1. Location of tropical sites (MD98-2181, MD98-2176 and MD98-2170), high—southern latitude
Ocean Drilling Program site 1233, and the EPICA Dome Cice core. At 2100 m, the MD98-2181 site
is bathed by the Pacific Deep Water (supporting online material). The depth of the isopycnal surface
o, = 27.6 kg/m? (relative to the 0 m) is shown with color shading (39), pre-bomb **C ages from the
Global Data Analysis Project data set (40) are interpolated onto o, = 27.6 kg/m® (contour lines),
geostrophic velocity on o, = 27.6 kg/m® is shown (blue and magenta vectors, the scale of the magenta
vectors is reduced by 60% relative to the blue vectors for better visibilityl, and the locations of marine

cores are indicated.

Table 1. Benthic foraminiferal **C ages from the Morotai Basin core MD98-2181 (6°N, 126°E, 2.1 km).
All **C measurements were conducted at the Woods Hole Accelerator Laboratory. NOSAMS, National
Ocean Sciences Accelerator Mass Spectrometry.

NOSAMS

Depth . . . 1% age Error
(em) a;::::}: Benthic species (years) lyears)
751 05-55868 €. mundula 8,950 50
B61 05-55869 €. mundula 10,350 65
1086 05-54924 C. mundula 14,550 70
1211 05-54928 Mixed benthics 17,150 85
1286 05-54925 Mixed benthics 18,500 130
1486 05-55820 Mixed benthics 21,800 95
1561 05-60238 Mixed benthics 23,600 1460
1711 05-60246 Mixed benthics 26,900 120

Fig. 2. "C ages of planktonic (solid
circles) and benthic foraminifers (open
circles) from MD98-2181. The average
benthic/planktenic **C age difference is
1493 (£3 67) years through the late glacial
and early deglacial portion of the core. 14C
dates for terrestrial wood from the glacial
section indicates that the surface reservoir
age in the Western tropical Pacific was not
much higher during the glacial period (10).
14¢ data from 941 to 961 cm were excluded
because of a sediment disturbance at this
depth {4).
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see no evidence for a substantial shift in the
surface/decp-water age difference and therefore
estimate that the transit time of deep water from
the Southern Ocean to the north equatorial Pa-
cific was ~1000 (£300) years during the glacial

penod, as i the modem ocean (/2). The con-
version of "*C ages to a calendar-age model was
performed with the CALIB 5.02 routine using the
Marine(4 calibration data set (f3). A reservoir-age
comection of 560 years was applied for the plank-
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Fig. 3. Temporal phasing of the Pacific deep- and tropical=surface-water deglacial stratigmphy compared
with the EPICA Dome C CO; record (1), The averaged mean longitude spring insolation (21 August to
20 November) at 65°S insolation and the Dome Fuji ice core temperature deviation (AT,;,.) relative to the
mean of the last 10 thousand years is shown (34). The yellow shading spans the time period between the
initial warming of deep-sea temperatures and the onset of tropical Pacific S5T warming. The Dame C CO,
record was plotted on the GISPIl gas-age model (15) by syndhronizing the GISP Il and Dome C CHy
stratigraphies. The deep Pacific 3*®0 record is based on multiple species of benthic foraminifera from MD98-
2181 (Cibicidaides mundula, blue circles; Uvigering costata, red drcles; Uvigering hispida, black squares;
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tonic samples younger than 13,000 years; a comec-
tion of 630 years was applied for older samples.
At each stratigraphic horizon, the benthic foram-
iniferal ™0 value reflects the dezp-water iemper-
atre and oxygen isolope composition acquired
from the Southem Ocean ~1000 years earlier
{fig. 82). Therefore to compare the temporal phas-
ing of decp-water- and tropical-surface-water
changes at the deglaciation, an independent
chronology was established for the benthic §"*0
record by adding 1000 years (o the planktonic
calendar age at each core horizon,

Previous siudies (8, 9, 14-18) have shown
that during the last glacial termination, tropical
Pacific sea surface temperatures (SSTs) began to
warm al ~I 7.5 thousand years before the present
{ky B.P.) and that the warming preceded the first
major shift in seawater §'°0 associated with the
disintegrating glacial ice sheets (/7). The timing
of tropical SST warming is best documenied in
the MD98-2181 core, which has the highest
sediment-accumulation rate and the most detailed
" age control of the available cores (fig. S1).
However, two other closely associated cores,
MDY8-2176 and MDY8-2170, compliment the
MD98-2181 S5T record and provide a composile
representation of the Westem Pacific Warm Pool
during the last deglaciation (8). During the Last
Glacial Maximum, the S5Ts at these sites aver-
aged 26°C (Fig. 3) (8, 9). 55Ts increased by
~1°C between 17 and 16 ky B.P. and by 14.6 ky
B.P. they had reached ~28°C across the Warm
Pool. The deglacial wamming within the tropical
Pacific Warm Pool occurred in close association
with increasing concentrations of atmospheric
COa (/4); this finding has provided support for
hypotheses that call on the CO5 increase itsel o
explain the deglacial warming (J/9-27). However,
the exact phasing between the COy increase and
the tropical SST warming is not well established
because of the uncertainly in assigning gas ages
t0 COy records (f, 22-24). In the Dome C ice core,
for example, the concentrations of both CO2 and
CH, begin to increase above their glacial values
at 5325 m. In the European Project for lee Coring
in Antarctica { EPICA) Dome C 2 (1) time scale,
this comresponds o a gas age of 17.3 ky BE,
which would mean that the initial rise in C0O5
occurred essentially simuliancously with warming
in the tropical Pacific. However, by synchronizing
CH, records from the Amtarctic Dome C core and
the Greenland lee Sheet Project (GISP) core (23)
and adopting the GISPII gas-age model, the initial
€0, rise could be shifted to as early as 18 ky B.P.
and therefore slightly earlier than the tropical SST
warming (Fig, 3). In either case, the concentration
of atmospheric COx did not begin o rise until
after 19 ky B.P.

If atmospheric COs was the sole diver of
deglacial emperature changes, the deep-sea tem-

peratures should reflect this with an appropriale
lagged relation that would account for the re-
sponse time between CO4 forcing and the tumover
time of deep waters. The Pacific is the best
candidate for testing the emporal relation because

Cibicidoides wuellerstorfii, green diamonds; red squares, Uvigering sp.) and is depicted on an age scale that
represents the surface conditions at the source region of the Pacific Deep Water. The gray shading indicates a
~200-year uncertainty in the benthic ages. A disturbed interval between the 941- and 961-cm sections of
MD98-2181 encompassing the interval associated with the Antarctic Cold Reversal is excluded. ppmv, parts
per million by voelume; VPDB, Vienna Pee Dee belemnite.
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it 15 volumetrically the largest deep-waler reser-
voir. Shackleton (/9) recognized the phasing
similarity between 8"™0 of O, gas trapped in the
Vostok ice core (25) and the orbital-insolation
record (June insolation at 65°N) and argued that
the O, record reflects the influence of solar-
insolation forcing vis-d-vis ice-volume variations,
He tuned the deep-sea (benthic) 8'"0 record from
Pacific core VM19-30 to the Vostok 02 §'°0
stratigraphy and applied the orbital-insolation
chronology 1o it. The advantage of this approach
would be to provide an estimate of the deep-sea
temperature change, which is the residual benthic
5'%0 signal that is not accounted for by the Vostok
0, 80 record. However, this method also
imposed a phase relation between the deep-sea
temperature change and the ice-volume compo-
nents of the benthic 'O record. As a result, the
“tuned” VM 19-30 benthic §™0 record does not ex-
hibit any deglacial 50 change until ~15 ky B.P,
nearly 3000 years afler atmospheric CO; began
to rse (Ag. 52). In a subsequent study of deep
Pacific temperature changes during the last gla-
cial termination, Martin ef al. (20) used Mg/Ca-
based estimates of benthic temperature change to
argue that deep Paafic temperatures warmed by
2°C during the glacial termination and that the
magnitude of these deep-sea temperature changes
was consistent with a forcing by CO, during
the deglaciation. Here again, the issue is timing.
Did deep-sea temperature change lag the CO4
forcing” The records used by Martin et al. (20) 1o
argue for the CO, forcing of deep-sea temper-
atures were also wned to the obital-insolation
record through a cross correlation of benthic &'°0
records to Shackleton's VM1 9-30 record, Conse-
quently, these cores do not provide an indepen-
dent constraint on the emporal relation between
temperature change and COw concentration.

We circumyvented the assumptions associated
with tuning benthic records by independenty
dating benthic foraminifera from MD98-2181
(Table 1). In Fig. 3, the independently dated
MD98-2181 benthic 5'°0 stratigraphy (represent-
ing Southem Ocean surface conditions 1000 years
carlier] is compared with the westem wopical Pa-
cific SST reconsiructions, The maximum benthic
5"%0 values occurred between 20 and 19 ky B.P.
Three species of benthic foraminifera exhibited a
"0 value of 4.8 per mil (%) during this time
period, a value that 15 1.8%e higher than mod-
em benthic values at this site. Taking the mean
ocean glacial-to-interglacial 3'°0 shift to be
1%a (1%, 26-30), the observed | 8% difference
between Holocene and glacial "0 values at
MD98-2181 implies that temperatures at 2100 m
in the Pacific were ~2.5°C colder and/or the
"0/'0 of the deep water was substantially
higher at the glacial maximum. Pore-water Cl
profiles from deep-sea sediment cones suggest
that decp waters were more salty during the Lasi
Glacial Maxmium, perhaps by as much 1% (30),
but there is no evidence to suggest that the "0/"°0
of the Pacific deep waler was substantially
higher (afier comrecting for the 1% ice-volume
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effect) (37), Considering these results together
with the Mg/Ca data from the eastem Pacific (32)
indicates that the primary influence on the early
deglacial benthic &'°0 evolution was tem-
perature change. The benthic 5'"0 values from
MDY8-2181 began o decrease from the cold
glacial maximum valuesat 191w 18.5 ky B.P. and
decreased progressively by ~0,5%. over the next
100 years, If this 0.5%. decrease was entirely
due to temperature, it means that nearly all of the
glactal/interglacial deep-water wanming occurred
before 17.5 ky B.P. and therefore before both the
onsel of deglacial warming in tropical Pacitic
surface waters and the increase in atmospheric
COy concentration,

A comparable warming has also been ob-
served in surface-water records from the mid-
latitudes in the south Pacific (33). At this latinde
the surface waters also warmed by 2°C between
19 and 17 ky B.P, leading the tropical warnming
by ~10(K) years (Fig. 2). The onset and temporal
evolution of deglacial wamming over the Antarctic
continent (34) also matches the deep-ocean record
of warming (Fig. 3). These records, together with
the synchronous retreat of mid-southem-latitlude
glaciers (35), confim that the onset of deglacial
warming throughout the Sowuthem Hemisphere
occurrcd long before deglacial warming began
in the tropical surface ocean. An early warming
in the Antarctic has important implications for
understanding what may have caused an
asynchronous deglacial wamming pattern be-
tween the low and high southem latiudes. In
particular, it means that the mechanism respon-
sible for initiating the deglacial events does not
lie directly within the tropics itself, nor can these
evenis be explained by COs forcing alone. Both
C0Os and the wropical S8Ts did not begin o
change until afier 18 ky B.P. (22), approximaie-
Iy 1000 vears after the benthic "0 record
indicates that the Southern Ocean was warming,

The rise in Southem Occan temperatures co-
incided with the retreat of Antarctic sea ice and
high-glevation glaciers in the Southem Hemi-
sphere (36, 37). The explanation for the carly
wanming in the Southem Hemisphere could in-
volve increasing springtime solar insolation, which
is well correlated with the retreat of sca ice and
with the history of sea-salt accumulation in the
Antarctic Dome C ice core (fig. 55). We suggest
that the wrigger for the initial deglacial warming
around Antarctica was the change in solar
insolation over the Southem Ocean during the
austral spring that influenced the retreat ofthe sea
ice (34). Retreating sea ice would have led 1o
enhanced Ekman transport in the Southem Ocean
and decreased stratification due to stronger air-
sea fuxes. We hypothesize that these forcings
promoted enhanced ventilation of the decp sca
and the subsequent rise in atmospheric CO-,
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Mixed-Layer Deepening During
Heinrich Events: A Multi-Planktonic
Foraminiferal 5'°0 Approach

Harunur Rashid“?* and Edward A. Boyle®

Proxies from Greenland ice cores and North Atlantic marine sediment cores document repeated
extreme climate swings of a few decades to millennia during the last glacial cycle, including periods of
intense ice rafting called Heinrich events {HEs). We have found similar oxygen sotope variations recorded
in mixed-layer—and thermocline-dwelling planktonic foraminifera during HEs 0, 1, and 4, suggesting that
three foraminiferal taxa calcified their shells at similar temperatures in a homogenized upperwater
column. This implies that the surface mixed layer was deeper during HEs. Similar deepening occurred on
the northern margin of the ice-rafted—debiris belt, implying that these deep mixed layers during HEs were
widespread in the region. We suggest that an increase in storminess during HEs intensified the vertical
mixing of meltwater from ice rafting in the upper ocean.

ate Pleistocene Heinnch events (HEs)
I {/-3)in the North Atlantic are identified
by distinct ice-rafted - detritus (IRD) layers
primarily derived from the Laurentide lee Sheet
(). Eight such events coincided with the coldest,
stadial phase of some Dansgaard-Ocschger (D/0)
events in Greenland ice cores over the past -65 (00
years. /0 events ty pically start with an abrupt 9
to 15°C (5) warming over a few decades or less,
followed by gradual coaling over several millen-
nia The potential of HEs to reduce or halt North
Adlantic Deep Water (NADW) formation by pre-
venting convection in the northem North Adlantic
and hence the northward penetration of the North
Adlantic Current (NAC), with implications for high-
latitude heat budgets, has been explored (6, 7).
Mumerical modeling siudies support the notion
that freshwater forcing would be capable of sub-
stantially altering the site and sirength of NADW
fommation (6-&), Most carlier studies used single
species of planktonic foraminifera to document
the freshening and cooling of the surface of the
orth Atlantic during HEs. As a result, the de-
tailed impact of these fresh waters on upper water
masses (i, the mixed-layer and thermocline
waters) could not be assessed. We used oxygen
isotopes on multiple planktonic foraminifera to
show that a substantial perturbation of the entire
upper water masses occurmed during HEs,

HEs were identificd by peaks in IRD (%),
Neogloboguadring pachyvderma [sinistral (s)]
(o), and lighter oxygen isotopes in plankionic
foraminifera (2) [supporting online material (SOM)
text, Methods] in sediments from Chain 82 Sta-
tion 50 Core 20 (CHNE2-20) piston and patch-
ing trigger cores (43.30°N, 29.52°W; 3020 m of
water depth) (9), CHNS2-20 was retrieved at the
southerm margin of the IRD belt (70) and thus

Yollege of Marine Science, University of South Florida,
140 7th Avenue South, 5t Petersburg, FL 33701, USA,
‘Department of Earth and Planetary Sciences, Massachu-
selts Institute of Technology, 77 Masachisells Avenue,
Cambridge, MA 02139, USA,
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preserves a record of ice rafling, but it was sit-
vated south of the polar front even during the
Last Glacial Maximum (LGM) (Fig. 1). Oxygen
isotopic analyses were performed in planktonic
foraminifera N, pachvderma (s) and dextral (d)
and Globigerinag bulloides (SOM text).

The identification of HEs was constrained by
16 published (9, /) and new radiocarbon ()
accelerator mass spectrometry (AMS) dates and
the identification of the Vedde Ash Zone (1))
(table $1). "C AMS ages were calibrated © calen-
dar years before the present (cal ve B.R) (12, 13),
The sedimentation rate varied from 2,15 to 4.5
emthousand vears (ky) during the Holocene. Six
C AMS dates between 35 and 44.5 cm and
between 74.25 and 80 cm suggest that during
the HED and HEI periods, sedimentation rates
could have been as high as 20 and 28 cmvky (11),
respectively. Mean sedimeniation rates are ~5
emvky in marne isotope stage (MIS) 3.

HEI, HE4, and HES are identified by an in-
crease in %o IRD and % N. pacfderma (s), a
decrease in the concentration of total planktonic
foraminifera, and a lighter "0 in planktonic
foraminifera (Fig. 2). HED is identificd by a

REPORTS I

decrease in the concentration of foraminifera, an
increase in % N, pachyderma (s), and a lighter
&0 in plankionic foraminifera. The absence of
IRD in HED suggests a subdued ice-rafting event
restricted o the northem latitudes (2, 74). HE2
is identified by a modest increase in % IRD
and low foraminiferal concentration, HE3 is less
well defined, but the low foraminiferal con-
centration, a single peak in % IRD, and a lighter
"0 in N. pachvderma (d) mark its presence.
HE4 has well-defined % [RD and % M.
pachyderma (s) peaks at the beginning and a
more subdued peak in % [RD during the latter
part, as observed elsewhere in the IRD belt (/5).
HES exhibits two IRD and %0 N pacinederma
(s} peaks. The basal IRD peaks in H4 and HS
are dominantly composed of detrital carbonate,
whereas the latter IRD peaks are of a mixture of
detrital grains of various origins.

In the area of the core site, & bulloides has
been identified as a mixed-layer-dwelling spe-
cies commonly found between 0 and ~30 m of
water depth (J6-78). The distribution of G.
bulloddes is associated with the spring bloom
{16, 19) in the North Atlantic. N. pachvderma
{d) lives at slightly deeper depths (between ~30
and 100 m) (19, 20), and N. perelnderme (s) isa
deep-dwelling species commonly found at water
depths ranging from ~100 to 250 m (i.e., in the
upper thermocling) in the polar to subpolar en-
vironment. Holocene stratification of upper water
masses is manifested in divergent 5"°0 values
of the different foraminiferal species (Fig. 3A).
Our oxygen isotope data show that the 6.
bulloides 8O displays the lightest values,
whereas N. paclyvderma (5) consistently shows
enriched values and V. pachvderma (d) shows
intermediate values. However, converging §'°0
values were measured in N, pachyderma (s and
d) and &, brlloides consistently in HEO, HEI,
and HE4 (Fig. 3B), demonstrating that during
HEs all three planktonic foraminifera calcified
at similar hydrographic conditions (that is, tem-
perature and &'°0 of surface water). HED differs
slightly from the other HEs by exhibiting 5''0

Fig. 1. Location of cores discussed

in this study. The trajectory path of
the icebergs (thin black arrows)
and those of the NADW (thick
dotted lines), Labrador Current
{LC), West and East Greenland Cur-
rents (WGC and EGC) (thin dashed
lines), and NAC (thick solid lines)
are shown. The position of the IRD
belt & shown by the gray shaded
area, and iceberg routes and NAC
are drawn according to Ruddiman
(10).
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that is lighter for N, pachyvderma (s and d) and
enriched for G. bulloides. Conversely, during
the non-Heinrich intervals, distinct &0 diver-
gence among these planktonic foraminiferal spe-
cies suggests that stratification in near-surface
walers was reestablished at the core site.

The planktonic foraminifera did not respond
uniformly during all HEs, During HES, Nl pacin-

derma (d) and G. hudloides show identical "0
values, whereas N pachvderma (5) exhibits
heavier values, Both N, pachvderma (s and d)
show lighter 80 values during HE3, whereas
8"0 in G. bulloides did not change from pre-
HE3 conditions. Lighter 60 is not recorded in
the planktonic foraminifera during HE2, These
data suggest iniense mixing of upper waiers dur-
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Fig. 2. Composite depth {in centimeters) in core CHN82-20 was achieved by patching trigger and piston
cores , acconding to Boyle and Keigwin (9, 11), as the upper part of the Holocene section was lost during
coring. Values of (D IRD per gram, (ii) % of M. pachyderma (s} (%Nps), (i) total concentration of
planktonic foraminifera per gram, and () %0 in N. pachyderma (s) are plotted as a function of depth.
Yellow bars and thin verti@l dashed lines represent Heinrich and DV/O ice-rafting layers, respectively.
Downward arrows show 2*C dates converted to cal yr B.P. with calibration programs (12, 13). Clear bubble-
wall ash shards, correlated with the Vedde Ash Zone (11), were identified at 45 cm. The thin horizontal
dashed line represents 500 IRD per gram (SOM text). HO, Heinrich event 0, a to d, DVO ice-rafting events.
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Fig. 3. (A) (i) IRD per gram and 5*%0 in (i) N. pachyderma (s), (iii) N.
pachyderma (d), and (iv) G. bulloides in core CHNB2-20 as a function of
age (ky B.P.). lsotopic analyses were conducted on the 150- to 250-pm-
size fraction to minimize any gametogenic effect. Yellow bars, vertical
dashed lines, and the thin horizontal dashed line are the same as in Fg. 2. (B)
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ing HED, HEI, and HE4 and, by extension, sug-
zest homogenization of the upper 250 m, despite
the freshwater input from melting icebergs. The
earlier IRD peak in HE4 precedes the conditions
with similar N paclvderma (5), N pachyvderma
(d), and G. bulloides §"0 values, when the IRD
peak is lowar, Four minor IRD events {(events a
to d) in which varous planktonic spedes showed
a mix of similar and non-similar 3'°0 values
were also identified (Fig. 3A). For example, §'°0
values in G bulfoddes and N poclvderma (d) are
similar but endched for N. pachvderma (s) in
IRD event d. The lack of convergence in 60
values among the planktonic foraminifoa sug-
gests that the mixing was restricted to only the
uppermost water column during the minor [RD
events in comparison to the HEs. In addition, the
upper water masses are not well mixed between
19 and 35 ky B.P. and between 38.5 and 48.2 ky
B.P, in companson to the period of MIS 2 (Fig.
3B). Enriched §'%0 in G, bulloides, as com-
pared with the N. paclvderma (d) baween -27.5
and 44 ky B.P., suggests the enhanced ventilation
into the themmocline (20). As a result, subpolar-
dwelling G. hufloides were transported and de-
posited at the core site.

A published data set from core CHA9-K09
{22} from the northwestern margin of the IRD
belt shows similar evidence for uniform water-
mass conditions. G. bulloides and N paclveer-
ma (s) 80 values along this core are identical in
HEs 1 to4 and in H5a (3) (fig. $1). This implies
that the incomplete evidence of uniform near-
surface water in HEs in CHNE2-20 may reflect
its position at the southern margin of the IRD
belt (/). To our knowledge, no other records on
multiple species of planktonic foraminifera during
HEs and other time intervals from the North
HS

HO Hiab HZ c H3

o

Age (ky B.F)

{i) IRD per gram and 50 in (i) N pachyderma (s) (Nps), i) N. pachyderma
(d) {Npd), and (iv) G. bulloides (Gb) in core CHN82-30 as a function of
age (ky B.P.). 6'°0 values on N. pachyderma (s), N. pachyderma (d), and
G. bulloides were plotted with the same scale and exhibited identical
values during HO, H1, and H4.
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Adlantic are available, except a recent record
from the Irsh margin by Peck ef al. (23). The
authors recorded identical 50 N, pachyderma (s)
and G, bulloides values during the LGM that were
attributed W a continuous discharge of meltwater
from the British Iee Sheet and vear round mixing
that homogenized the upper waters.

Several processes can create variability in the
5'""0 of foraminifera, Seasonal variability was
interpreted by Ganssen and Kroon (/9) to explain
why G. bulloides 8 *0 was more positive than
G. inflata "0 in the modem North Atlantic at
57N, which was atiribuied to a later seasonal
period of G bulloides production further south.
The uniform 8'*0 of the foraminifera during HEs
would require improbable ecological changes in
preferred depth-habitat zones or in seasonal
behavior if these values were not the result of
uniform upper-water-mass conditions. Upwell-
ing of '""O-depleted water produced by brine-
rejection at higher latitudes might affect the §'°0
of deeper-dwelling foramini fera; however, it is
difficult to imagine it influencing &'°0 values in
all three taxa. Without a decrease in temperature
by ~2.5°C, it is impossible o lower the salinity
by 0.8 per mil (%) (24) (and by extension to
lower 8'°0 by 0.5%«) while remaining along the
same isopyenal surface, which by itself would
corespond to a (.5% increase in the 8'°0 of
calcite. Because these effects cancel cach other
out, such a mechanism is inadequate to explain
the anomalously low &'"0 values in all three
planktonic foraminifera (Fig. 3B),

Intensified vertical mixing and deepening of
the mixed layer during HEs is the mechanism
remaining to explain the data. Atmospherc con-
ditions directly influence the mixed layer through
turbulence, and wind driven Langmuir circula-
tion could be the prime driver of the wrbulence
(23, 26). As a result, the upper ocean often be-
comes well mixed to depths as great as 600 m
(27). Our "0 data from planktonic foramini-
fera that live at different depth ranges illustrate
the extent of this process, suggesting that during
the times of HEs the near-surface waters were
homogenized by stronger mixing.

During the last glacial cycle, large ice sheets
in the Northern Hemisphere and steeper merid-
ional temperature gradients in the atmosphere
must have reorganized atmospheric circulation,
As a resull, winter sca-ice cover extended fur-
ther south, and glacial winds were stronger and
more zonal (28, 29). These winds would have
intensi fied the vertical mixing and wrbulence in
the upper water masses. It is counterintuitive to
visualize such a mechanism during HEs when
the glacial North Atlantic was flooded with meli-
waler resulling in stronger stratification. However,
our 5 "0 data demonstrate that homogeniza-
tion of upper water masses did oceur, suggesting
that this mechanism functioned at the core site,
Additional evidence of this mechanism comes
from the measurements of Ca™ and Na' ions
derived from sea salt and continental dust in the
Greenland ice core (30). Both Ca™ and Na© ions
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in the ice core show rapid inoreases from their am-
bient concentration during stadials, Abrupt, many-
fold increases of these chemical species suggest
that storminess during the glacial period caused
stromger vertical mixing at the aimosphere/ocean
boundary at the subpolar and subtropical fronts.,
The question of why weaker homogenization
of near-surface waters occurred duning other VO
cveles not associated with HEs could be mised,
because Greenland ice core data show similar
patiems of glacdochemical species. One possibil-
ity is that unfavorable composition or insufficient
volumes of meltwaler were available o perturb
the near-surface walers during these D/O ice-
rafting cycles as the icebergs originated from
the smaller ice sheets, Hence, even though the
glacial climate was windier and stormier, the
near-surface walters continued to be stratified.
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Wasp Gene Expression Supports an
Evolutionary Link Between Maternal
Behavior and Eusociality

Amy L. Toth,™ Kranthi Varala,” Thomas C. Newman,* Femando E. Miguez,”
Stephen K. Hutchison,* David A. Willoughby,* Jan Fredrik Simons,* Michael Egholm,?
James H. Hunt,* Matthew E. Hudson,® Gene E. Robinson™®

The presence of workers that forgo reproduction and care for their siblings is a defining feature of
eusociality and a major challenge for evolutionary theory. It has been proposed that worker behavior
evolved from maternal care behavior. We explored this idea by studying gene expression in the

primitively eusocial wasp Polistes metricus. Because little genomic information existed for this species,
we used 454 sequencing to generate 391,157 brain complementary DNA reads, resulting in robust hits

to 3017 genes from the honey bee genome, from which we identified and assayed orthologs of 32
honey bee behaviorally related genes. Wasp brain gene expression in workers was more similar to
that in foundresses, which show maternal care, than to that in queens and gynes, which do not.
Insulin-related genes were among the differentially regulated genes, suggesting that the evolution of
eusociality involved major nutritional and reproductive pathways.

major challenge in biology is to under-
stand the evolution of animal society in
wlecular erms. Eusociality is the most

extreme form of cooperation, typified by indi-
viduals that care for siblings rather than repro-

duce themselves, e, “workers.” The evolution
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of eusociality has been ascribed to kin or colony-
level selection (f, 2}, but these explanations do
not specify mechanistic routes,

[t has long been suggested (3-5) that sibling
care by hymenopieran (ant, bee, wasp) workers
evolved from matemal care, which involves pro-
visioning brood by foraging for food and then
feeding them, According to this idea, two prin-
cipal behaviors exhibited by solitary Hymenop-
tera, reproduction (egg-laying) and matemal care
{brood provisioning), became uncoupled during
the carly stages of social evolution (6), and these
behaviors eventually occurred in separale castes,
queens and workers, respectively (7). Linksvayer
and Wade (8) added a molecular dimension to
this idea by predicting that sibling care and
maternal care behaviors should be regulated by
similar patterns of gene expression.

W used Polistes paper wasps to test Linksvayer
and Wade's idea. Polisres are primitively cusocial,
which means that although individuals special-
ize as either workers or reproductive individu-
als, these two castes are less distinet than in
advanced eusocial species. In Polistes, both
workers and reproductives display provision-
ing behavior, but at different points in the life
of a colony. Advanced eusocial insects, by con-
trast, have morphologically distinet queen and
worker castes, and in some species, such as the
honey bee, queens no longer exhibit any ma-
ternal care. which precludes comparing the
molecular basis of sibling and matemal care.
Primitively cusocial insects like Polistes afford
the opportunity to explore the molecular basis
of matemal and worker behavior within a sin-
gle species.

We measured brain gene expression in 87
individuals from four distinet behavioral groups
of females from naturally occurmring colonies of
the emperate specics Polisies mericus (Fig, 1A).
Foundresses are females that establish new col-
onies in the spring, often as solitary individuals,
Foundresses exhibit both reproductive (egg-
laying) and maternal (foraging and brood-
feeding) behavior. Afier reanng a first generation
of female brood that develop into workers,
successful foundresses become queens and cease
carng for brood. Workers take over provisioning
the brood-—their siblings—by foraging for food
and then feeding them; workers show little, if
any, reproductive behavior. By contrast, queens
focus exclusively on reproductive behavior
Giynes are reared late in the season; they engage
in no reproductive or matemal care behavior (9).
Adfter successfully mating, gynes overwinter and

"Department of Entomology and Institute for Genomic
Biclogy, Uriveraty of llincis at Urbana-Champaign, Urbana,
IL 61801, USA. “Department of Crop Scences, University of
Illineis at Urbana-Champaign, Urbana, 1L 61801, USA, 1454
Life Sciences, Branford, CT 06405, USA. *Department of Bi-
ology, University of Missourd at 51, Louls, St Louis, MO 63121,

then become foundresses (70). We hypothesized
that brain genc expression pattems in P mefricus
workers and foundresses should be most similar
to cach other from among these four groups, be-
cause they both show brood provisioning behav-
ior despite their different reproductive status,
Alternatively, if brain gene expression mone
closely reflects reproductive behavior, expression
in foundresses and queens should be most similar
to each other.

Social behavior is a complex and polygenic
trait, so an appropriate test of the idea that ma-
temal and worker behavior share a common mo-

Fig. 1. P metricus wasp A
brain gene expression
analysis tests the predic-
tion that maternal and

lnd Gynes

lecular basis requires analysis of multiple genes
in different pathways. But Polistes wasps, though
venerable models for studies of social evolution
(11, 12), have until recently lacked genomic
sequence information (/3). To provide a ready
source of test genes for quantitative reverse
transcription-polymerase chain reaction analysis,
we used 454 sequencing to obiain 45 megabascs
(Mb) in 391,157 cDNA sequence fragments
from the £ metricus brain transcriptome (/4.
We were interested to see whether this low-cost,
high-throughput sequencing method would be
successful for this purpose, despite short se-

Hepuamlhannd?mﬂhnlngsmuanr
melrcus Foundresses, Ouesens,

Workers

Previsloning ptm:l:;ﬂnq

worker (eusocial) behavior

Quaen

Gyne

share a common molecu- RPN [Ty
lar basis. (A) Similarities  won-
and differences in repro- raproductive | (sibiing care)

ductive and brood provi-
sioning status for the four B

behavioral groups ana- -
byzed in this study: found- -15 11 15
resses {n = 22), gynes (n =
200, queens {n = 23), and
workers (0 = 22). Each
individual wasp (total of
87) was assigned to a
behavioral group on the
basis of physiological
measurements (I4). (B
to D) Results for 28 genes
selected for their known
involvement in worker
{(honey bee) behavior. (B)
Heatmap of mean expres-
sion values by group and
a summary of analysis of
variance (ANOVA) results

Foundress

¥

Pmin28
PmEhai

Pmini2
Pmicip
PminfT

§ F mealrcus gane

PmCGTT8T 1-iike
Pmoxidonaduciaze

Pmmcp
PmGE10722-kke
Pimjdp

PmCGI3283-lkn

PmS'P.ﬂHE

PmCGR005-ike
PmiLP2
in.l'.':‘ﬂ
Pml'r.ms

Putative function

Nuclelc acid and Zn binding (19)

CGEA10-like cxidofeductass {13)

cGMP-dependant probein kinase, foraging behavior [21)
Translalion inlliation factor 28 (19)

Cuw/Zn supercotide dismutase {19)

Monocartoxylate poder {15)

No Drosophils artholog, no known functian [79)

Profein folding (13)

Mo known funclion in Drosophia (18]
Insulin-like receptor 2 {25)

Translationally controfed tumeor protein [18)
Insubn-like receptor 1 {26)

Growth factor activily (18]
Failed axon connections, axoncgenesis (15)
Insukn receplor substials [25)

Mo known funclion in Drosophéa (18]
insubn-like peptide 2 (25)
Elungar.im factor 38 (19)

for each gene. Genes were Endopapidase iohibiir (1) -
:[l:stered L:.?,r'] I;;nearjs %;ﬁ“ﬁﬂ&h.’m {28)
clustering ; those in

red showed significant FMERKF Euﬁxw m rf:rrgf

dfererces (ANOVA, P < Pm'*"* o

D‘QS: tahh‘. 51} bem Pmisn URtraspirnche, putaiive juvenila harmaons receplar (74)
the behavioral groups. Pmmiv Malvlio, SUcrose responsiveness (22)

P. metricus gene names PmCAHT Carbonic anhydrase (15)

were assigned on the ba- c

sis of orthology to honey 'I:'

bee genes (reference in b . !

parentheses); putative $ s e

functions were assigned 2b o ft”

on the basis of similarity .

to Drosophila melanogas- § ) N :

ter genes. (O Results of ) T e 4 a

linear discriminant anal- i % |

ysis show that foundress  4f - osen

and worker brain profiles Z

are more similar to each 4 -2 Em
other than to the other

Foundress

groups. (D) Results of hierarchical clustering show the same result {based on group mean expression
value for each gene). Four genes (PmVyg, Pmg5sd, PmGIyP, and PmRfaBp) were excluded from these
analyses because they showed high levels of expression in tissue adjacent to the brain (fig. 52}; results
for all three analyses were similar with and without these four genes (fig. 53).

USA *Meurascience Program, University of Illinois at U rbana-
Champaign, Urbana, |L 61801, USA.

*Te whom correspondence should be addressed. E-mail:
amytothi uuc.edu

442 19 OCTOBER 2007 WVOL 318 SCIENCE www.sciencemag.org




quence read lengths (average of 120 bp) and an
estimated 100- o 1 530-million-year divergence
time between P mierricus and the honey bee,
Apis mellifera (13), the most closely related spe-
cies with a sequenced genome to use as refer-
ence (J6).

We generated a map of the honey bee genome
combined with known transcripts and their
relative abundance in the combined bee ex-
pressed sequence fag (EST) data sets (/6-/8).
P ometricis transeripl fragments predicted 1o
encade proteins orthologous to those encoded
by A. mellifera genes were plotied on the map
according to the number of fragments identified
for a pariicular locus; matches were found for
39% ofall honey bee mRMNAs, The relative abun-
dance of P metricus sequence fragments corre-
sponded well with the abundance of A. meflifera
ESTs for the respective loci (Fig. 2). The com-
bined P metricis—A. mellifera ranseriptome data
set was then used to select the genes for this study.

Prior information allowed us to focus on
genes implicated in honey bee foraging and pro-
visioning behavior, rather than a set of random-
ly chosen genes that might be less informative.
We selected 32 penes (Fig. 1B and table 51)
from the P metricus EST set that are orthologs
of A. mellifera penes known to be associated in
some way with worker bee behavior, based on
results from studies with microarrays (22 genes)
(19, 20) and candidate genes (10 genes) (27-29).
Twenty-two of the genes have been shown by
microamray analysis to be both differentially
expressed in the brains of honey bees engaged

in foraging or feeding brood [on the list of the
“top 100" penes most consistently associated
with bee foraging behavior (/9)] and regulated
by juvenile hormone (207, which also causes
worker bee foraging behavior (30). Five can-
didate genes are differentially expressed in hon-
ey bees engaged in foraging or feeding brood
{2124, 29, three of which also have been shown
io play cavsal roles in the regulation of worker
bee foraging behavior (241, 22, 371). Five addi-
tional candidate genes involved in insulin sig-
naling were selected because this pathway s
implicated in honey bee queen-worker casle
determination (25, 26, 32) and worker foraging
behavior (27, 28). Pattems of gene expression in
P metricus were not used as criteria for gene
selection.

There was a robust association between indi-
vidual wasp brain gene expression and naturally
occuming behavioral differences among the wasp
groups. Leave-one-oul cross-validation analysis
(19) resulted in 68, 69, 70, and 47% comect
assignments to the foundress, gyne, queen, and
worker groups. respectively. For the less con-
servative resubstiution method (33), the resulis
were B9, 100, 100, and 95%. The predictions
from both classification methods were signifi-
cantly better than random (Chi-square tesis, P <
0.0001, 25% expected). This honey bee-derived
gene set thus demonstrates extensive brain regu-
lation across the four wasp groups, making it an
informative set to explore the molecular relation-
ship between matemal and worker behavior in
P metricus.

Fig. 2. A representation of
P. metricus brain transcripts
overlaid on a honey bee
genome template (16)
shows wide coverage and
similar transcript abundance
for P metricus relative to
known honey bee tran-
scripts. P. metricus brain

_=z8 number ol
~SHEE
transcripts

I 10* base pairs

© Polisfes mefnicus transcript
Apis maliifora transcript

cDNA sequence fragments
were matched as predicted
proteins to A mellifera tran-
scripts with  experimental
support (known cDNA or
EST sequences). A. mellifera

10 n 12 13 14
Apis mellifera chromosome

transcripts (red points, right
of axis) and their closest
P. metricus orthologs from
our survey (blue points, left
of axis) were then mapped
to the corresponding ge-
nomic locus in the A
mellifera genome. The verti-
cal lines represent A. mefli-
fera chromosomes 1 to 16.

The distance of each point from the midline is proportional to the logarithm of the abundance of the
mRNA (the number of sequences for each P. metricus or A mellifera transcript comesponding to the
A. mellifera gene at that locus) (16—18). P. metricus orthologs were obtained for a total of 3017 A
mellifera transcripts. The P. metricus transcriptome data contained putative orthologs for 39% of
known A. mellifera mRNAs. An additional 252,556 transcript sequence fragments obtained from
P. metricus did not have a clearly orthologous transcript in A. mellifera.
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Sixty-two percent of the genes in the gene sct
were differentially regulated in P mesricus as a
function of reproductive or provisioning behavior
(Fig. 1B and table 51). Multivariate analysis of
varance showed that brain gene expression
varied significantly with reproduction (F = 3.28,
P = 0,0002) and provisioning (F = 4,76, P <
0.0001), with a significant provisioning =
reproduction interaction (F = 248, P = 0.002),
Three out of the five insulin-related genes
showed significant associations with provision-
ing and/or reproductive behavior, consistent with
known nutritional effects on behavior and phys-
iology in honey bees and other social insects { 34).

Three statistical analyses demonsirated that
brain gene expression for worker wasps was
maore similar o that of matemal females (found-
resses) than to that of females not showing
matemnal care (queens and gynes). First, K-mcans
clustering (Fig. 1B and fig. S1) revealed five
clusters of coexpressed genes. The first cluster
contained genes (n = 8) that showed coex-
pression in foundresses and workers compared
to queens and gynes. The second cluster of
genes (n= 7) was mainly characterized by up-
regulation in gynes, and the third (n = 6) by
down-regulation in gqueens, but in both of these
clusters, foundresses and workers also showed
pattems of expression that were similar to cach
other (Fig. 1B and fig. S1).

The second statistical analysis, linear discrim-
inant (LD} analysis, also showed similaritics be-
tween foundress and worker brain gene expression
(Fig. 1C). A plot of LDI versus LD2 (which
accounied for 90% of the variation in brain gene
expression across all four groups) revealed group-
speci fic expression patiemns, but foundresses and
workers showed the greaiest overlap. This is
consistent with the poorer performance of clas-
sification methods (described above) for those
two groups; overlap in gene expression patiems
made them difficult to distinguish from cach
other. Gynes, which engage in neither reproduc-
tive nor provisioning behavior, were the most
distinct group. The third statistical analysis,
hierarchical clustering by group, supported the
pattemns found in the other two analyses—brain
gene expression of workers and foundresses was
most similar, and that of gynes was most
divergeni (Fig. 1D).

There are marked temporal changes in brain
gene expression as females shifit from found-
ress o queen status, ie., from matemal o repro-
ductive behavior, These findings demonstrate
heterochronic expression of genes associated
with maternal behavior, a form of plasticity that
is considered 1o be necessary for the evolution of
worker behavior (8). They also reflect the ap-
parent modulanty of egg-laying and brood pro-
vistoning behavior and their underlying regulatory
networks; this type of modularity also is thought to
be imponant in the evolution of novel traits (33),

We used the honey bee genome, together with
“next-gencration” sequencing technology, 1o
rapidly bring genomics to the relatively closely
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related wasp P metricus; this is an carly example
of the utility of 454 sequencing for transcriptomics
{36). Our resulls demonstrate that it is possible
to use species that have had their genomes se-
quenced & “hubs™ o efficiently generate genomic
resources for clusters of related species that might
cach be espedially well suited to address particular
evolutionary problems. This “hub and spokes™
approach should enable genomics to be deployed
for a broader range of species than is currently
being done, until whole-genome sequencing of
eukaryote genomes becomes routine,
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JMJDG6 Is a Histone
Arginine Demethylase

Bingsheng Chang, Yue Chen, Yingming Zhao, Richard K. Bruick*

Arginine methylation occurs on a number of proteins involved in a variety of cellular functions.
Histone tails are known to be mono- and dimethylated on multiple arginine residues where they
influence chromatin remodeling and gene expression. To date, no enzyme has been shown to
reverse these regulatory modifications. We demonstrate that the Jumonji domain—containing &
protein (JM)D&) is a JmjC-containing iron- and 2-oxoglutarate—dependent dioxygenase that
demethylates histone H3 at arginine 2 (H3R2) and histone H4 at arginine 3 (H4R3) in both
biochemical and cell-based assays. These findings may help explain the many developmental

defects observed in the ]M]D&"' knockout mice.

genases have been shown to oxidize a vanety
of substrates including metabolites, nucleic
acids, and proteins (/). A candidate dioxy genase,
JMID6, shares extensive sequence and predicled
structural homology with an asparaginyl hydrox-

Imll- and 2-pxoglutarate-dependent dioxy-
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ylase (2, 3) as well as the JmjC domains found in
several histone lysine demethylases (fig. S1A)
(4-&). Given the predicted conservation of struc-
tural elements and key residues (9-11), itis likely
that JMID6 retains an analogous catalytic ac-
tivity. Here we report in vitro and in vivo data that
clearly indicate that IMJIDG functions as an ar-
ginine demethylase,

To test whether JMIDG demethylates the
N-terminal tails of histone H3 or H4, we incu-
bated bulk histones with JMIDG in the presence
of Fe(ll), 2-oxoglutarate, and ascorbate (12). An-

tibodies specific for various methylated sites on
histones H3 and H4 were used to assess demeth-
ylation. Although no lysine demethylation was
observed, a substantial reduction in H3R2me2
and H4R3me2 was observed in the presence of
IMID6 compared with buffer alone (Fig. 1A).
These effects were site-specific as no changes in
dimethylarginine were scen at positions H3R17
or H3R26. Previously, no enzyme had been
shown to reverse regulatory arginine methylation,
although deiminases can convert methylarginine
to citrulline via demethylimination (73, /4). How-
ever, the requisite chemistry is analogous o that
demonsirated for demethylation of alkylated ni-
trogens by other dioxygenases (fig. S10).

To investigate the preference for the substrate
methylation state, we used antibodies specific
for either mono- or dimethylated (symmetric)
H4R3 (Fig. 1B). The recombinant JIMJID6 was
able o demethylate H4R3Ime2 when cither het-
erogeneous bulk histones or synthetic peptides
encompassing the N-terminal 30 residucs of his-
tone H4 were used as substrates (Fig, 1C), Toa
lesser extent, JMID6 could also demethylate
H4R3mel-containing substrates (Fig. 1C). Mu-
tation of the residues predicted to mediate Fe(ll)
binding (mut JMID6G) prevented demetylation
(Fig. 1C).

SCIENCE www.sciencemag.org




To confinm that JMJIDG promotes oxidative
demethylation of arginine residues, we examined
product formation. Appearance of the H3R4mel
product from the dimethylated peptide substrate
{(p2meR3H4) was observed in the presence of
wild-type (wt) recombinant JMIDG, but not the
inactive (mut) varant (Fig. 2A). Product for-
mation was dependent on the presence of Fe(ll),
2-oxoglutarate, and ascorbate (Fig. 2B), and ac-
tivity was subject to saturation by substrate (fig.
52C). Generation of a second product, formalde-
hyde, was measured with recombinant histone
H3 and H4 proteins radiolabeled with *[H|CH;-.
Upan demethylation, the released *H-formaldehyde
was converied (o radiolabeled 3,5-diaceihy]-1 4-
dihydrolutidine and quantitated. Again, only wi
IMIDE& could liberate *H-formaldehyde from his-
tones H3 and H4 methylated on arginine (Fig. 2C),
but mut JMID6 could not liberate *H-formalde-
hyde from H3 methylated on K36 (Fig. 2D).

A JWDE

Fig. 1. JMJD6 is a putative Fe(ll)-
and 2-oxoglutarate—dependent

-+

To dircetly demonstrate arginine demethyla-
tion, we uscd matrix-assisted laser desorption/
ionization-time-of-flight (MALDI-TOF) mass
spectrometry (MS) to analyze the reaction pro-
ducts. The 30-amino acid histone H4 peptide
synthesized with symmetric dimethylargining
(SDMA) at the third position {(p2meR3IH4) was
incubated with buffer alone, wt JMJID6, or in-
active (mut) IMIDS, The resulting peptides were
immunoprecipitated with the a-H4R3mel anti-
body specific for the monomethylated product
and analyzed by MALDI-TOF mass specirome-
try. Incubation of the p2meR3H4 peptide with wt
IMIDG, but not the inaciive mutant, led o mass
shifi of the peptide from 3129 to 3115 daltons,
suggesting a loss of one methyl group (14
dallons) (Fig. 3A). Similarly, formation of the
H3R2mel product was observed by MS upon
incubation of the p2meR2H3 peptide with wi
IMIDG (fig. S3). The possible formation of the

B  meRaH4

dioxygenase. (A) JM]D& demethyl-
ates H3RZme2 and H4R3Ime?2. Bulk
histones were incubated in the
presence (+) or absence (=) of
purified recombinant JM)Dé. Anti-
bodies (Abcam) specific for the
indicated histone methylation sites
were used to detect loss of these
maodifications by Western blot anal-
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with blocking peptides (fig. S24).
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j=J

B0 min 130 m=
Wi omul - owd

i

e

ADMA
piTeHE  pImeR3HA  pdmeRIHE 5

W om

e HEmw

A

i

:

i

m
(B K
4+
$ 4
E

++

Fe)
AL

a-HdRArat

$ 0

o-H4

18004

1800 9

1200 4

formaldehyde by wt JM)D6, but not by buffer alone or mut JM]D6.

biier D 00
W JMLIDG

B i ALICHE

45000 4

I o

Epm

2000 4

LIStk

H3

2% g

JRLIDE
YERDS W

in triplicate with bars indicating standard error.

www.sciencemag.org  SCIENCE VOL 318

REPORTS I

fully demethylated peptide product could not be
ascertained under these assay conditions because
it was first necessary to enrich the reaction products
by immunoprecipitation with the a-H4R3mel
antiboxdy.

In addition w0 the expecied demethylated
{H4R3mel) product, two additional products
{16 and +32 daltons) were observed that likely
represent additional oxidation of the monometh-
ylated product. To further validate the demethyl-
ation product and identify additional modification
sites, we analyzed the electron wransfer dissocia-
tion (ETD) MS/MS spectra of the products (Fig.
3B, top panel). Although all of the C ions indi-
cated the loss of a methy]l group (=14 dalions)
upon incubation with IMIDG, the data also re-
vealed that the 3131.82-dalton peak contains a
mono-oxidation product of plmeR3IH4 with mod-
ification preferentially cecurring at lysine 8 (Fig.
3B, middle panel). The 3147.81-dalton product
was mainly oxidized on lysine & and lysine 5
{(Fig. 3B; bottom panel). Such oxidation in vitro
was also observed with the histone H3 peptide
substrate (figs. 53 and S5). Although the phys-
iological significance of the observed lysine oxi-
dation is unknown, it is nevertheless clear that
IMID6 can effect arginine demethylation in
vilro,

Unlike previously characterized JmjC-
containing lysine demethylases, the JMJD6 cata-
Iytic domain is not accompanied by recognizable
domains that help tarpet these enzymes o his-
tones (15), perhaps contnbuting to the low ac-
tivity of our recombinant protein in vitro, It is
possible that IMID6 is recruited to specific chro-
matin sites through interactions with other
proieins. To determine whether IMID6 could
efficiently promote arginine demethylation in the
context of living cells, we transfecied Vi-tagged
expression constructs encoding either wi JMIDG
or an inactive variant that lacks one of the Fe(ll)
ligands (HI8TA; mut). Indirect immunofluores-
cence staining with antibodies recognizing the V5
tag or various histone arginine methylation sitcs

Fig. 2. JMJD6 is a Felll}- and 2-oxoglutarate—
dependent dioxygenase. (A) Formation of the
H4R3mel product from symmetric (SDMA) or
asymmetric (ADMA) dimethylarginine containing
p2meR3HYd substrates. Peptide substrates derived
from histone H4 containing two or zero methyl
groups on R3 were incubated in the absence (-) or
presence (+) of wt JMJD6 protein or a catalytically
dead (mut) JMJD6 (H187A; D1B9A; H2Z73A). The o-
H4R3mel antibody was used to detect formation of
this product by Westem blot analysis. (B) Formation
of the demethylated H4R3Imel product from the
p2meR3H4 substrate by JMJDé requires Felll),
asworbate, and 2-oxoglutarate (2-0G). (Q) JM)Dé-
mediated arginine demethylation generates formal-

dehyde. Recombinant histone H3 was methylated on R2, R17, and R26 by CARM1 (28), and recormbinant histone H4 was methylated on
R3 by PRMT1 (28) with [*H]-S-adenosyl methionine. As assayed by the modified Nash method (29), *H-methyl groups were liberated as
formaldehyde i not produced by JM]D6 from histone H3 methylated
on K36 by Set2 (D), which othenwise serves as a substrate for the JmjC-comtaining lysine demethylase Yer05 1w (4). Assays were performed
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Fig. 3. Analysis of demethylation products by mass spectrometry. (A) JM]D6& demethylates p2meR3H4 to
the monomethylated product (1me). The p2meR3H4 peptide substrate [expected protonated molecular mass
(M + 1) = 3129.6 daltons] was incubated with buffer alone or IM)Dé (wt or mut). Products were immu-
noprecipitated with the c-H4R3mel em'ri::lmi_.r before analyns A plmeR3H4 peptide synthesized with a

stable isotope of leucine (containing six *C and one *

N atoms) was added as an internal standard (5)

before immunoprecipitation. The peak with miz 3112.85 in the top panel is a deaminated impurity that
was removed during immunoprecipitation. (B) ETD fragmentation of the demethylation products (+5
charged ons) indicates that in addition to demethylation, JM]D6 can promote oxidation of nearby lysine
residues [Ime + 10 or 1me + 20 in ()], The relevant ion fragments are labeled and the corresponding
peptide positions are illustrated. Fragments containing a single oxidation modification are denoted by
“*==" and fragments containing two oxidation events are denoted by “**". Shown are the partial {for
full spectra, see fig. 54) MS5MS5 spectrum of the monomethyl product (top panell, the monomethyl
product oxidized on KB (middle panel), and the monomethyl product with oxidation of both K5 and K8

(bottom panel).

revealed that cclls overexpressing wi IMID6, bui
not mut JMID6, displayed a substantial reduction
in global H3R2me2 (Fig. 4A) and H4R3me2
content (Fig. 4B), in line with the loss of staining
observed in the presence of blocking peptides
( figs. S6A and S6B). Consistent with the site se-
lectivity observed with recombinant JMJIDG in
vitro (Fig. 1A), JMID6 overexpression had al-
most no cffect on the global levels of H3R 1 Tme2
(Fig. 4C), H3R26me2 (Fig. 4D), or H3K4me3
{Fig. 4E). Collectively, these in vitro and cellular
data both indicate that JMIDG i1s a histone ar-
ginine demethylase.

IMID6 was previously identified as the phos-
phatidylserine receptor responsible for recogniz-
ing apoptotic cells (16-20). Subsequent studies
have challenged these conclusions (21-23), fail-
ing to confirm a role for IMIDG in apoptotic cell
clearance or phagocytosis (23, 24). Instead, the
findings presented here support arole for IMIDG
in the nucleus as a histone arginine demethy lase,
In conjunction with other modifications found on

4446
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histone tails, methylarginine contribuics to the
histone code that mediates chromatin remodeling
and gene expression (25). In addition, methyl-
arpinine residucs have been found on a lage num-
ber of nonhistone proteins (246), though it remains
io be seen whether any are substraies for JMID6,
[ata arc emerging that arginine methylation plays
an important role in cellular differentiation and
proli feration during development (25). Knock-
down or knockouts of JIMID6 in model organisms
were accompanied by numerous developmental
defects during embryogenesis (/8-20), 23) that

may result from inappropriate methylation of

histones and other proteins. Furnthermore, reports
that the Hypoxia-Inducible Factor (HIF) hydrox-
ylases serve as cellular sensors by virtue of their
substrate and cofactor requirements (27) raises
the possibility that numerous cellular processes
mediated by arginine or lysine demethylation
could be directly regulated in response to dy-
namic changes in a cell’s metabolic, environ-
mental, or developmental status.
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Fig. 4. ]M]Dé promotes histone arginine de-
methylation in cultured Hela cells. Transient over-
expression of V5-tagged wild-type (wt), but not an
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Demethylation of H3K27 Regulates
Polycomb Recruitment and

H2A Ubiquitination

Min Gyu Lee,® Raffaella Villa,” Patrick Trojer,? Jessica Norman,! Kai-Ping Yan,!
Danny Reinberg,” Lucianc Di Croce,” Ramin Shiekhattar™**

Methylation of histone H3 lysine 27 (HIK27) is a posttranslational modification that is highly
correlated with genomic silencing. Here we show that human UTX, a member of the Jumonji C
family of proteins, is a di- and trimethyl H3K27 demethylase. UTX occupies the promaters of
HOX gene clusters and regulates their transcriptional output by modulating the recruitment of
polycomb repressive complex 1 and the monoubiquitination of histone H2A. Moreover, UTX
associates with mixed-lineage leukemia (MLL) 2/3 complexes, and during retinoic acid signaling
events, the recruitment of the UTX complex to HOX genes results in H3IK27 demethylation and a
concomitant methylation of H3K4. Our results suggest a concerted mechanism for transcriptional
activation in which cycles of H3K4 methylation by MLL2/3 are linked with the demethylation of

H3K27 through UTX.

he methylation of lysine residues on his-
I tones is often associated with either the
activation [methylation of histone H3 ly-
sine 4 (H3K4), H3K36, and H3K79] or repres-
sion (methy laton of H3AKS, H3K 27, and H4K20)
of anscription (7, 7). Methylation offers an ad-
ditional level of control by permitting single,
double, and triple modification of the same lysine
residues (1, 2), resulting in differential regulation
of many cellular processes (/-3). The Methyla-
tion of H3K27 is implicated in X chromosome
inactivation, imprinting, stem cell maintenance,
circadian rhythms, and cancer (4-6) and is car-
ried out by Enhancer of zeste homolog 2 methy|-
transferase, a component of the mammalian
polycomb repressive complexes (PRCs), includ-
ing PRC2 (7-%). Tr- and dimethyl H3K27 arc
enrched on nactive X chromosomes, as well as
at promoter regions of inactive genes (2, [0, 1),
Here, we describe the charactenization of UTX,
a Jumonji C (JmjC)-domain-containing protein
capable of demethylating tri- and dimethy]
H3K27.
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We affinity-purified recombinant human
UTX wsing a baculovirus expression system
(Fig. 1A and fig. S1, A and B) and assessed ils
activity in demethylation assays. UTX has a
specific demethylation activity toward in- and
dimethyl H3K27 without affecting methylation
on H3K4, HIKS, H3IK36, H3KT79, and H4K20
(Fig. 1B and fig. S1C). Monomethylated H3K27
was not affected to the same extent when we used
comparable concentrations of UTX that dimin-
ished di- and rimethylated species (Fig. 1B). The
demethylation activity of UTX toward di- and
trimethyl H3K27 was confirmed by mass spec-
trometric analysis of methylated HAK27 peptides
corresponding to the H3 @il (fig. 52). Point
mutations (H1146A and E1148A) in the catal yiic
JmjC-domain of UTX abrogated enzymatic ac-
tivity, substantiating its role as an H3K27 de-
methylase (Fig. 1C and fig. SIB). Ectopic
expression of wild-type UTX, but not its catal ytic
mutant, resulted in a global decrease in di- and
trimethyl H3K27 levels (fig. S3A). Although the
tetratricopeptide repeats (TPRs) present in UTX
were not essential for the demethylation activity
of UTX, the enzyme without TPRs displayed
reduced activity (fig. 53, B and C). As is charac-
teristic for the JmjC class of enzymes (/2-22),
demethylation activity by UTX required the addi-
tion of Fe{ll) and ascorbate (Fig. 1D). However,
similar 1o the case of JARID 1d {a trimethy] H3K4
demethylase), we did not find a requirement for

exogenously added a-ketoglutarate for UTX
activity (Fig. 1D},

Recent genome-wide mapping of polycomb
target genes revealed that polyeomb group pro-
teins and trimethyl H3K27 are enriched in HOXA-D
loci (23), whose activity is required for embry-
oni¢ development and when misregulated may
lead to carcinogencsis. To assess the demeth-
ylation properties of UTX in vivo, we analyezed ex-
pression levels of HOXA and HOXCT cluster genes
using quantitative reverse transcription polymer-
ase chain reaction (gRT-PCR) after the depletion of
UTX with small interfering RNAs (siENAs) (fig.
54, A and B). Immunostaining analysis using
UTX antibodies revealed nuclear staining for en-
dogenous UTX (fig. S5, A and B). Quantita-
tive analysis of mRNA levels indicated that a
number of genes in both HOXA and HOXC
clusters are repressed afier the knockdown of
UTX (Fig. 1, E and F). Specifically, HOXA 6, 7.
and 13 as well as HOXC4, 5, 6, §, and 12 dis-
plaved greater than 50% repression afier UTX
depletion.

To demonstrate that UTX mediates such tran-
seriptional effects on MOX genes directly, we ex-
amined UTX occupancy on the promoter as well
as the body of the HOXA13 and HOXCH genes
with the use of a quantitative chromatin immu-
noprecipitation (qChIP) assay, We found a nearly
20-fold enrichment of UTX on the HOXA /3 and
HOXCY promoters, but only two- to five-fold
enrichment on the coding region (Fig. 2, A to [).
The depleiion of UTX (ChIP analysis revealed
about a 50% decrease of UTX occupancy at the
HOXAI3 and HOXC4 promoters; Fig. 2, 1and J)
resulted in increased levels of di- and trimethyl
H3K27 at the promoters of HOXA T3 and HOXC4
but not at the 3' end of these genes, consisicnt
with the role of UTX as a H3K27 demethylase at
the promoter of these genes (Fig. 2, E to H). We
also examined the recruitment of PRCI to
HOXAI 3 and HOXCH, which is targeted to meth-
vlated H3IK27 sites and possess H2A ubiquitin
ligase activity (24, 25). The depletion of UTX
leads to an increased occupancy of the Ring
finger components of the PRCI complex (Bmil
and RinglA proteins) and a concomitant en-
hancement of monoubiquitinated H2A at HOXA 13
and HOXCY (Fig. 2, [ and J). In contrast, there
was no change in the levels of histone H3 or in
other histone modifications examined afier UTX
knockdown (Fig. 2. 1 and J). Taken together,
these results indicate that the demethylation of
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H3K27 by UTX regulates the occupancy of the
PRCI complex at UTX target genes, leading to
the modulation of the transcriptional output,

To assess the recently described UTX inter-
action with mixed-lineage leukemia (MLL)
containing complexes (24, 27), we developed a
human embryonic kidney (HEK) 293-denved
stable cell line expressing Flag-UTX. Analysis of
Flag-UTX affinity cluate by mass spectrometry
revealed the association of UTX with multiple
components of MLL2/3-containig complexes
{Fig. 3A and table S1). The Flag-UTX complex
displayed H3IK27 demethylase as well as H3K4
methyltransferase activities (Fig. 3, B 1o D).

Analysis of Flag-UTX affinity cluate by gel fil-
tration further demonstrated the association of
Flag-UTX with a ~2-megadalton (MD) MLL2/
3-containing complex (Fig. 3E). To extend this
analysis, we developed stable cell lines express-
ing Flag-WD repeat domain 5 (WDRS), a core
component of the MLL-containing complexes,
WDRS-containing complexes specifically asso-
ciate with UTX (fig. 56, A and B). Morcover, the
UTX/WDRS-containing complexes display H3IK4
methyltransferase activity toward recombinant
nucleosomes (fig. S6C). Analysis of WDRS-
containing complexes by Superose 6 gel filtration
revealed that a fraction of WDRS associates with
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Fig. 1. UTX demethylates tri- and dmw‘rlm H3K27 and regulates expression of several HOX genes. (A)
Diagrammatic representation of UTX containing six TPRs and one JmjC. (B} Demethylation assay using
recombinant (r.) UTH. {€) Comparison of demethylase activities of recombinant UTX and its catalytic
mutant [r.UTX (HE/AA)]. (D) Demethylation activities of recombinant UTX (~800 ng) in the presence (+) or
absence (-) of cofactors. @-KG, a-ketoglutarate. For data in (B) to (D), histones were mixed with
recombinant proteins, and reaction mixtures were subjected to 5D5—polyacrylamide gel electrophoresis,
followed by Western blot analysis using antibodies to various methyl marks. 1x, ~400 ng of r.UTX or its
mutant; 3m, trimethyl; 2m, dimethyl; 1m, monomethyl. {E and F) Analysis of mRNA levels of HOXA (E)
and HOXC (F) clusters by qRT-PCR after treatment of HEK293 cells with siRNAs (siLuciferase or siUTX).
Data are presented as the mean + SEM (error bars) {n = 3). *(P < 0.05) and **{P < 0.01) indicate

statistically significant changes (student’s ¢ test).
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UTX in a complex of -2 MD displaying H3K4
methyliransfarse activity (fig. S60).

These observations prompted us o investi-
gate the intemplay between the MLL complex,
H3K4 methylation, and the UTX protein at the
promoter of the HOXAI? and HOXCY genes.
The depletion of UTX did not have a significant
effect on promoter occupancy of components of
gither PRC2 or the MLL2/3 complex as mea-
sured by qUhIP, nor was there any change in the
di- or irimethyl HIK4 levels (fig. 57, A and B).
These resulis indicate that although UTX is a
component of MLL23-containing complexes,
the depletion of UTX and a concomitant increase
in H3K27 methylation do not trigger changes in
either the occupancy of the components of the
MLL2/3 complexes or the methylation status of
H3K4 at the HOXA I3 and HOXCY promoters.

To assess whether UTX plays a role during
cellular differentiation, we used the human plun-
potent embryonal carcinoma cell line KNT2/D 1 that
differentiates into neural lincages upon treatment
with retinoic acid (RA). We examined the ocoupan-
ey of UTX at genes known o be adivated during
differentiation afier RA treatment. UTX is present
al HOXAI-3 and HOXBI-3 promoters, and the
treatment of NT2/D1 cells with RA results in in-
creased occupancy of UTX at these genes (Fig. 4,
A to D, and fig. S8, A and E). The increase in
UTX occupancy at these HOX genes was paral-
leled with a decrease in both PRC2 and trimethyl
H3K27, leading to the activation of transeription
{Fig. 4, Etwo L, and fig. S8, B, C,F, (G, and Tio N).
Such RA-induced transeriptional activation is ac-
companied by increased timethylation of H3K4
and the recruitment of ASH2L, a critical compo-
nent of the MLL complex (Fig. 4, M 1o T, and fig.
S8, D and H). In addition, whereas the recruit-
ment of ASH2ZL and the inmethylation of H3K4
occur at 18 hours, the increased ocoupancy of
UTX and the demethylation of HIK27 appear at
a later 24-hour time point (Fig. 4). This suggesis
an ordered recruitment of an H3K4 methyl-
transferase and the H3K27 demethylase after RA-
induced activation. Taken together, these results
indicate that components of the MLL complex
and UTX could be recnuiied to RA-responsive gones
after RA stimulation to promote the methylation
of H3K4, demahylation of H3K27, and a conse-
quent activation of transcription,

In contrast o HOXAT to A3 and HOXBI 1o
83, we did not find either UTX or nimethyl
H3K27 at the promoter of the OCTY gene, a
regulator of pluripotency, during the RA-induced
repression of OCT4 transcription (fig. 89, A, C,
and E). Morcover, whereas UTX is present at the
HOXAL S promoter, which is transcriptionally ac-
tive in undifferentiated cells, RA treatment does
not resull in further recruitment of UTX or in-
creased trimethyl H3IK27 during RA-induced
transcriptional repression (fig. 59, B, D, and F).
These results indicate that the repression of QCTH
and HOXALZ upon RA reatment in NT2/D1 cells
is probably regulated through a distinet mechanism
other than that mediated by H3K27 methylation.
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Fig. 3. UTX associates with MLL2/3-containing complexes, (A) Analysis of UTX-
containing complexes isolated from nuclear extract by silver staining. Nuclear
extracts were isolated from HEK293 cells expressing either FLAG-tagged green
fluorescent protein (F-GFP) or FLAG-tagged UTX (F-UTX). After affinity chromatography
using anti-FLAG resin, eluates of FLAG-UTX and FLAG-GFP (a negative control) were
analyzed. GenBank accession numbers for UTX-associated proteins and numbers of
peptides identified by mass spectrometric analysis are described in table 51. MLLZ
was described as MLLA in a recent report (26). The asterisks and arrowheads denote
breakdowns and nonspecific polypeptides, respectively. IP, immunoprecipitation.
(B) Demethylation assay using the FLAG-UTX complex. Histones were used as a
substrate. (€} Histone lysine methylransferase (HKMT) assay using the FLAG-UTX
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In this work, we show that UTX, a compo-
nent of MLL23 complexes, 15 a JmjC-domain-
containing histone demethylase with the ability
to specifically demethylate di- and tdmethylated
H3K27. Our in vivo studies demonstrated a crit-
ical role for UTX in the regulation of transcrip-
tion, as well as levels of H3IK27 methylation at
HOX gene clusters. We provide evidence that
UTX regulates ranscription of HOXA and HOXC
genes by modulating the recruitment of PRCI
and the monoubiquitination of histone H2A. Our
results suggest an ordered cycle of HIK4 n-
methylation brought about by the components of
the MLL complex, followed by a wave of de-
methylation of H3K27 mediated by UTX during
RA-induced transcriptional activation of HOXA
and HOXE cluster genes in NT2/D cells. Taken
together, these findings reveal that similar to other
histone methylation sites, the methylation of
H3K27 is a reversible process regulated by cel-
lular signaling events,
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Western blot analysis of the UTX complex fractionated by Supercse & gel filiration.

19 OCTOBER 2007

449



450

:

Fig. 4. RA treatment re-

sults in recruitment of the prOTiRer

-

HOXB2
promotar
D

HOXA3
promotar

HOXB1
promaoter

HOXAY
promaoter

HOXB1
promoter
K

HOXB2

HOXAZ
promoter
J

o

UTK/MLL complex, concom-
itant with decreased levels
of trimethyl H3K27 and in-
creased levels of trimethyl
H3K4. (A to T) UTX ocaupancy
(A to D), SUZ12 occupancy (E
to H), trimethyl H3K27 levels
(I to U, trimethyl H3K4 levels

4

Relative occupancy
of UTX

RA {hours) o

24

10

-
B
1
-
"

=
E
@

Relative occupancy
of ImH3K2T

L1} L1} 18 24

(M to P), and ASHZL occupan-
cy (Q to T) at HOXAT, HOXAS,
HOXBI, and HOXBZ genes
were analyzed by a qChiP
assay. Data are presented as
the mean + SEM (ermor bars)
n = 3 except in the cse of
ASH2L, where n = 2). The

Relative occupancy
of SUZ12

0
Rafhours) 0@ 118 24

relative occupancy represents the fold change in the percent of input over the confrol (28). The values 5
of percent input set as 1 in (A) to (T) are as follows: (A), 0.0028%; (B), 0.0012%; (C), 0.003%; (D),
0.004%p; (E), 0.046%; (F), 0.031%p; {G), 0.099%:; (H), 0.035%; (1), 0.039%; (1), 0.16%; (K), 0.02%;
(L), 0.022%; (M), 2.47%; (M), 6.3%; (D), 1.11%; (P), 4.96% (D), 0.1%; (R), 0.04%; (5), 0.04%;

and (T), 0.07%.

15,
17.
18.
1%

P. A, Cloos ef af, Naoture 842, 307 (2006).

R ) Elose ef af., Nohee 442, 312 (2006,

B. D. Fodor ef al., Genes Dev. 20, 1557 (2006).
ML G. Lee, |. Norman, A Shilatfard, R. Shiekhattar, Cell
128, 877 (2007).

R ). Klose ef al, Cell 128, 839 2007

| Christensen ef af., Cefl 128, 1063 {2007).

| €. Bssenberg et al, Nat. Strect Mol Bisd 14, 344
(2007,

A P. Bracken, N. Dietrich, D. Pasini, K. H, Hansen,
K. Helin, Geries Dev. 20, 1123 (20061

R Cao, Y. Tsukada, Y. Zhang, Mol Cell 20, 845
(2005).

20.
1.
22,
23.

24,

B o M o %

1

Ralative sccupancy
of ASH2L
R

a
RA (hours) o

25. H. Wang et ai., Nature 431, 873 (2004}

26. Y. W. Cho ef al, [. Biol, Chem, 282, 20395

{2007}

1. bssaeva ef of, Mol Cell. Biol 27, 188% {2007).
Materials and methads are available as supparting
material en Science Online,

We thank A Shilatifard and T. Jenuwein for ther amibodies;
Kazusa ONA Research Institute Foundation for UTX cDRA
M, Hart, T. Beer, K, Speithar, and D, Speicher for help with
mass spedrometny; G Harrs Tor Rgure preparation; and
H. Hoff and D. Schultz for protein expredsion. LD.C. was
supported by a grant from the Spanish=Ministerio de
Educacidn y Cultura and .5, was supporied by a grant from

21,
28,

2%

24 -]

1%

NIH (ROICADSOT58) and an intramural fund from Centre
de Requlano Genomica.

Supporting Online Material

waww.schencemag.orgdcegiicontent' full'l 14 904 XDC1

Materals and Methods

Figs. 51 to 59

Table 51

References

5 June 2007; aceplted 20 August 2007
Published online 30 Auguwst 2007;

10,11 26/ckence. 1149042

inclede this information when citing this paper.

Permuted tRNA Genes Expressed via a
Circular RNA Intermediate in
Cyanidioschyzon merolae

Akiko Soma,® Akinori Onodera,® Junichi Sugahara, ™3 Akio Kanai,*** Nozomu Yachie,2?

Masaru Tomita,>** Fujio Kawamura,™* Yasuhiko Sekine

1,54

A computational analysis of the nuclear genome of a red alga, Cyanidioschyzon merolae, identified
11 transfer RNA (tRNA) genes in which the 3' half of the tRNA lies upstream of the 5 half in
the genome. We wverified that these genes are expressed and produce mature tRNAs that are
aminoacylated. Analysis of tRNA-processing intermediates for these genes indicates an unusual
processing pathway in which the termini of the tRNA precursor are ligated, resulting in formation
of a characteristic circular RNA intermediate that is then processed at the acceptor stem to

generate the correct termini.

vaidiosclnzon merplae 15 an ultrasmall

‘ unicellular red alga that inhabits an ex-
treme environment (/). The complete
sequence of the nuclear genome of C meradae
recently became available (2). Genome-wide

analyses (1, 2) and a molecular phylogenetic

19 OCTOBER 2007 VOL 318 SCIENCE

analysis (3) have demonstrated that this organism
15 likely to represent one of the most ancestral
forms of eukaryote. A scarch for IRNA genes
from the C. merolae nuclear genome, using the
IRNAscan-SE program (4), predicted only 30
IRNA genes encoding 30 species of anticodon, a

number that 1s insufficient 1o decode all 61 codons
(7). This prominent paucity of tRNA gencs
prompied us to search for undiscoverad (RINA
genes that may elucidate the evolution of IRNAs
in early eukaryotes.

To search for C memfae nuclear IRNA
genes, we used SPLITS and SPLITSX, new pro-
grams that can detect cis-spliced (RN As contain-
ing introns in various positions and trans-spliced
tRNAs that arc joined at several positions (5-7).
In addition to this analysis, we performed a
BLAST search of (RNA genes with conserved
sequences in the TYC am or the anticodon anmm,
followed by manual inspection of the resulls.
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The most important finding was that 11 genes
have a novel gene organization in which the
3" halfof the IRNA sequence lies upstream of the
5" half in the genome (Fig. 1A and fig. 51). Such
a gene arrangement is accomplished by circular
gene permutation (8), and we therelore termed
these genes pemuted tRNA genes. As shown in
fig. S1, a TATA-like sequence 1s found upstream
of'the 3 halfin most of the genes, This sequence
is also conserved in nonpermuted IRNA genes of
the . merolae nuclear genome, Thus, instead of

the intragenic bipartite promoter consisting of an
A box and a B box, which are conserved se-
quences in the D ann and TYC arm (9), the
upstream TATA-like sequence may play a central
role in initiaton of wanscription in & merodae,
The genomic sequence encoding the intervening
sequence between the 3" and 5' halves varies
from 7 to 74 base pairs (bp). Downstream of the
5 half, a T stretich that comesponds 1o a ter-
mination signal for RNA polymerase 11 (pol 11T)
is found (/7). These observations suggest that the

REPORTS I

pair of putative tRNA halves is transcribed as a
lincar RNA. As shown in Fig. 1B and fig. S2,
permuled tRINA genes can be classified into four
types on the basis of the location of the junction
between the 3" end of the 5' half and the 3’ end of
the 3" half' in the infered secondary structures off
the (RNAs, The junctions are located at 20021
(between position 20 and 21) in the D loop (1),
37/38 in the anticodon loop (10), 50/5] in the
THC stem (1), and 5960 in the THC loop (IV).
We identified one, six, one, and three candidates

A Leader sequence Intervening sequence Trailer sequence
(30-46bp) (7-74bp) (4-18bp)
TATA 3-half | | 5-half T-stretch
B A S u i
= e y 3nt
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Fig. 1. Pemmuted tRNA genes in C merolae. (A) Schematic representation of a
permuted tRINA gene. (B) Infered secondary structures for pre<tRNAs of four types
of permuted tRNA genes. Arrowheads indicate the positions to be processed. The

infron sequence is shown in lower case. The numbering of the tRNA positions is
according to (19). Single-letter abbreviations for the amino acid residues are as
follows: A, Ala; G, Gly; K, Lys; L, Lew; M, Met; Q, Gln; R, Arg; and T, Thr.
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for the type [ 1o [V (RNAs, respectively. Notably,
the sequences adjacent 0 those junctions in
IRNA precursors (pre-tRNAs) potentially fonm
bulge-helix-bulge (BHB) motifs, which were
orginally found around the intron-cxon junctions
of nuclear and archacal (RNAs (/1)

Fig. 2. Aminoacylation

Morthern blot analysis using C merelae total
RNA venfied that permuted tRNA genes are
indeed transcribed in the cell (fig. S3). Nexi, o
examine whether these t(RNAs are aminoacyl-
ated, we performed Northem blot analysis of
acid-urca gels with use of total RNA prepared

In witre transcribad 1RMAMS!

analysis of tRNA™'(CAU). e AN Wn  (acca)

Total €. meroloe RNA pre- Deacylaton = + 4+ 4 #

pared under acidic conditions LMl + - 4+ + + + +

was separated on an acdd- MatRS + + - e e

urea gel directly {lane 1) or L
after deacylation (lane 2). In Amincacyaicis] Han™™ e Doacyiated
vitro methionylation reaction

mixtures were loaded onto Lana 1 2 32 4 & B8 7 & 9

the gel {lanes 3 to 9. Prite = m

Deacylated total RNA (lanes

3 to 5) or in vitro transaribed tRNA™ with [wild type (WT), lanes 6 and 7] or without (ACCA, lanes 8 and 9)

the CCA sequence was used.

=

A

CEHE GO C OO a0

"‘l-r---’
Y P S e e S N T E Y

RMase P7 =

3 = =
Iq—t-ﬂ {RMNA-splicing

- machinery?

35
Pre-tRMA

: | i g IRNase 27 5

Circular RNA intermediate

== Circular RMA intermediatax2
= Mature IRNASN =2

118 = Pre-tRNAGH
= Circular RNA intermediatesx |

= ature tRMASIH 1
74

(Ep)
Lane M1 2 3

CCA-adding enzyme?

— =
O

Mature tRNA

Fig. 3. RT-PCR amplification of tRNA“"(CUG) and a model for the maturation of the permuted pre-
tRNAs. (A} 5' and 3' primers used for RT-PCR are indicated as solid and broken arrows, respectively.
(B) PCR products amplified from cDNA of pre-tRNA®" and from cDNA generated from one (x1) or
two (x2) rounds of reverse transcription around a circular RNA intermediate or a circularized
mature tRNA®" are indicated. Lane M, DNA molecular weight markers (dx174 DNA-Hae 111 digest.
(C) Maturation of the pre-tRNA starts with processing of a BHB motif (boxed) by the tRNA-splicing
machinery, resulting in formation of a circular RNA intermediate. The intervening sequence is
removed by RNase P and tRNase Z, then followed by the CCA addition.
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from C. memdae cells under acidic conditions.
Putative aminoacylated forms, which migrate
more slowly than the deacylated forms, were
detected, showing that these IRNAs could be
aminoacy lated in vivo (Fig. 2, lanes 1 and 2, and
fig. 54). An in viro aminoacylation analysis
showed that recombinant C. merelae m:.:lh[nnef!-
(RNA synthetase (MetRS) methionylates (RNA™
in todal RNA preparations (Fig. 2, lanes 3 to 5),
An in vitro transcribed (RNA™" with the 3' ter-
minal CCA sequence was methionylated, al-
though with less efficiency (Fig. 2, lancs 6 10 9).
Thus, t(RNA molecules expressed from permuted
tRMA genes are aminoacy lated and are likely to
participate in protein synihesis,

What is the processing mechanism of the pre-
tRMNA for these unusual tRNA genes? To clarify
the processing pathway, we detected processing
intermediates by reverse transcription polymer-
ase chamn reaction (RT-PCR) with two different
sets of primers (Fig, 3A), followed by sequencing
analysis of those RT-PCR products (Fig. 3B and
fig. $5). Analysis of the (RNA“™(CUG) verified
the sequences of the pre-tRNAY™ with a cir-
cularly permuted structure in which the leader
sequence, the 3° half, the intervening sequence,
the 5" half, and the trailer sequence were aligned
in this order (Fig. 3B, lane 1, and fig. S5A).
Interestingly, we also detected a circular RNA
intermediate in which the leader and trailer
sequences were removed and the resulting ends
were ligated, while the intervening sequence was
retained (Fig. 3B, lane 2, and fig. S5B). The
exisience of the circular RNA intermediate was
confimed by the generation of a PCR product
representing two rounds of reverse transcription
around the circular RNA (Fig. 3B, lane 2). The
Faerminal CCA sequence is added postiran-
senptionally in cukaryotes ( 2). To detenmine the
terminal sequence of the mature (RNAY", we
performed RT-PCR with total RNA circularized
by T4 RNA ligase. The sequence of the mature
(RNA“"™, in which the exwra sequences are
removed and the CCA sequence is added to the
3" terminus of the acceptor stem, was verified
{Fig. 3B, lane 3, and fig. S5C). As summarized in
the model presented in Fig, 3C, maturation of the
pretRNA probably starts with processing of the
leader and trailer sequences, resulting in forma-
tion of the circular RNA intermediate. This
processing step is most likely carmried owt by the
(RN A=splicing machinery because the sequences
adjoining the processing sites potentially form a
BHB motif, which is the dominant recognition
element for nuclear and archaeal (RNA-splicing
endonucleases (//). The intervening sequence is
then removed, possibly by ribonuclease (RNase)
P and (RNase Z (73, [4), followed by the CCA
additon, 1o generate the comect termini. This
maodel would be common to the permuted IRNA
genes, because the circular ENA inlenmediaie
was detected for all 11 genes,

How could permuted tRNA genes have
arisen? Permuted noncoding RNA (ncRINA)
genes have been repored for Trvpanosoma
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mitochondnal small subunit (550)) nbosomal
RNA (rRNA) (/5) and a bacterial transfer
messenger RNA (ImRNA) (/6) that function in
a two-piece form, in contrast o the C. mermiae
IRNAs reported here that function in a one-picce
form. The permuted fBRNA and tmRNA pencs
are hypothesized o have arisen by a genc
duplication that formed a tandem repeal,
followed by the loss of the outer segment of
cach copy (13, 7). Evenifa circular permutation
oceurred in (RNA genes, most of the resulling
permuted genes would not be retained in the
genome because of the failure of expression or
the loss of functional structure of the RNAL In C,
merolae, however, permuled (RNA genes mighi
have persisted in the genome because of the use
of the upstream promoter by the transeription
systemn and processing of the circularly permuited
pre-IRNA into a canonical IRNA molecule by the
tRNA-splicing machinery. Considering that €
meredge 15 an carly rooted eukaryole and that the
BHB molifs would play a pivotal role in the
tRNA processing, it is possible that the permuted

IRNA genes might have developed via a
common process with the split-tRNA genes of
Nanoarchaeum equitans (18). Further investiga-
tion should provide a hint about how to evaluale
the evolution of IRNA genes in the early

cukaryote.
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Trojan Horse Strategy in

Agrobacterium Transformation:
Abusing MAPK Defense Signaling

Armin Djamei,’*t Andrea Pitzschke,'t Hirofumi Nakagami,’+1 Iva Rajh,* Heribert Hirt'?

Nuclear import of transfer DNA (T-DNA) is a central event in Agrobacterdum transformation of
plant cells and is thought to occur by the hijacking of certain host cell proteins. The T-DNA=
associated virulence protein VirE2 mediates this process by binding to the nuclear import
machinery via the host cell factor VIP1, whose role in plants has been so far unknown. Here we
show that VIP1 is a transcription factor that is a direct target of the Agrobacterium-induced
mitogen-activated protein kinase (MAPK) MPK3. Upon phosphorylation by MPK3, VIPL relocalizes
from the cytoplasm to the nucleus and regulates the expression of the PRI pathogenesis-related
gene. MAPK-dependent phosphorylation of VIP1 is necessary for VIP1-mediated Agrobacterivm
T-DNA transfer, indicating that Agrobacterium abuses the MAPK-targeted VIP1 defense signaling
pathway for nuclear delivery of the T-DNA complex as a Trojan horse.

igher cukaryotes recognize microbes
Hllu’ough pathogen-associated molecu-

lar patterns (PAMPs) and activaie the
innate immune response in animals and plants
(). The perception of PAMPs leads © rapid ac-
tivation of host defense mechanisms, includ-
g the activation of mitogen-activated protein
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kinases (MAPKs), production of reactive oxy-
2en species, and subsequent induction of defense-
related gencs. However, virulence factors of
successful pathogens can inhibit PAMP-cliciied
basal defenses (2). In specific cases, plants have
evolved resistance proteins specialized o de-
tect these pathogen-derived virulence factors
or their effects on host tarpets. As a conse-
quence, a hypersensitive response (HR) occurs
that includes localized cell death and the arest
of pathogen spread (3, 4).

Agrobacterium ransforms plants by trans-
porting a single-stranded copy of the transfer
DRA (T-DNA) from its wmor-inducing Ti plas-
mid into the host cell and integrating it into the
host cell genome., The agrobacterial transforma-
tion process is mediated by Vir (virulence) pro-
teins. The T-DNA strand that is exported into

plant cells has the VieD2 protein covalently at-
tached to its 5" end. The VirE2 protein, which is
translocated into plant cells independently of the
T-DNA strand, associates with the T sirand in
the plant cell (5) before nuclear impont mediated
by cellular karvopherin @, which binds o VirD2.
Nuclear import is funther facilitated by the host
protein VIPL, which functions as an adaptor (6),
but whose cellular function is a5 yel unknown,

PAMPs activate a variety of plant MAPK
cascades (7), which make a major contribu-
tion to the host defense responses. In Arabi-
dopsis thaliona, PAMPs such as flagellin activaie
al least three MAPEs—MPE3, MPE4, and
MPES&-—resulting in altered expression of van-
ous stress-responsive genes (8-707). So far, the
direct downstream targets of these plant MAPKSs
are largely unknown. In this study, we show
that Agmobacterium tiggers the activation of sev-
eral MAPKs, including MPE3, and we identify
VIPI as a target of MPE3.

A yeast two-hybrid screen was performed
in order to find interactors with MPE3. Clones
carrying full-length cDNAs of VIPI (VirE2-
interacting protein Atl g43700) (/1) were repeat-
edly isolated. The VIP1-MPE3 interaction in yeast
was confirmed by its ability w induce another
reporter gene, lacZ, encoding for B-galactosidase
(Fig. 1A). In order to test whether VIPI also
inferacts with other MAPKS, targeted yeast two-
hybrid interaction experiments were performed
with VIP1 and representatives of all the A. thaliana
MAPK subfamilics (MPK2, -3, <4, -5, -6, -7, -16,
and -17), VIPI-MAPK interaction was specific
for MPE3, because neither MPEG, the closest
homolog of MPE.3, nor any ofthe other MAPKs
tested interacted with VIP1 (Fig. 1A).

To substantiate these resulis, we transient-
ly expressed MPK3 and VIPL in Arabidopsis
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protoplasts under control of the constitutive
cauliflower mosaic virus 355 promoter as C-
temminally tagged proteins with either hemag-
glutinin (HA) or Myc epitopes that allowed
the immunoprecipitation and immunoblotting of
the proteins. From protein extracts of protoplasts
expressing MPE3-HA alone (negative control) or
coexpressng MPK3-HA and VIP1-Myc, VIPI-
Mye was immunoprecipitated using an antibody
to Myc, MPK3-HA could be coimmunoprecipi-
tated with VIP1-Mye (Fig. 1B). We also found
coimmunoprecipitaion of MPE3-HA with VIP1-
phosphoderivatives VIP1_A-Myc and VIP1_D-
Mye, as well as with its known activator MEE4-
Myc (8), but nat of MPK3-HA when expressed
alone (Fig. 1B). These findings suppon the
notion that VIP1 and MPE3 are true interaction
partners.

VIPI contains a single potential MAPEK phos-
phorylation site, Ser™ (Fig. 10). To test whether
VIP] can be tageted by MPE3, recombinant
glutathione S-transferase (GST) fusion proteins
of VIP1, VIP1_A (Ser™—Ala™, mimicking con-
stitutively nonphosphorylated VIP1), and VIP1_D

{Scrm—rﬁsp"'}, mimicking constitutively phos-
phorylated VIP1) wene produced. To obtain active
MPK3, MPE3-HA was coexpressed in proto-
plests with its upstream activator MEE4 and im-
munoprecipitated using an antibody 1o HA. When
recombinant GST-VIP] was incubated with im-
munoprecipitated MPE3-HA in the presence of
py—labeled adenosine wriphosphate, it became
phosphorylated by MPK3, as did the artificial
MAPK substrate myelin basic protein (MBP)
but not GST (Fig. 1), We also observed VIPI
phosphorylation by recombinant GST-MPE3
(fig. S1), excluding the possibility that VIPI
might be the substrate of a kinase that had been
coimmunoprecipitated  with MPK3-HA, More-
over, no signal was detected when the kinase as-
says were performed with recombinant VIPI
derivatives VIP1_A or VIP1_D that, due o mu-
tation of Ser’", lack a MAPK phosphorylation
site (fig. S1). These resulls indicate that VIP] isa
substrate of MPK3 and that Ser™ in VIP1 cor-
responds to the phosphoryation site in VIPL,

It is thought that most MAPKs are located
in the cytoplasm and relocalize to the nucleus

13A ¢
% Ser79-> Ala (VIP1_A)
Z [ Ser79 -> Asp (VIP1_D)
T bZIP
- VIP1
L]
b 341 aa
m B8
2
g6 D
& 4 1 o MPK3-HA
8.2 : 1 L T -
0. = | < GST-VIP1
pBTM: MPHI MPHI MPHA MPK4 MPHE MPKE
m WP viP1 Virq . WiP
Autoradio-|
B ; MPK3-HA : graphlr
lysate/ blot: HA b—.‘q MPK3-HA < mep
-~ 4 GST-VIP1
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Fig. 1. VIP1 interacts with and is phosphorylated by MPK3. (&) Yeast two-hybrid analysis. The interaction of
VIP1 (fused to activation domain, in pGAD) and MPK3, -4, and -6 (fused to binding domain, in pBTM) and
the respedive empty vector controls () as quantified by [f-galactosidase adivity assay & shown v = 9 inde-
pendent yeast cotransformants; emor bars indicate S0). (B) Coimmunopredpitation. Protoplasts were transfected
with MPE3-HA alone (lane 2) or in combination with Myc-tagged VIP1 (lane 3} or its phosphoderivatives
(VIPL_A, lane 4; VIP1_D, lane 5). Protoplast lysates were subjected to immunoprecipitation with rabbit antibody
to Myc. Crude lysates (upper panel) and immunoprecipitated proteins (lower panell were detected with mowse
antibodies to HA and Myc. Cotransfection of MPK3-HA and its known interactor MKKA (*, Myc-tagged) served as
a positive control (lane 1). (€) Schematic diagram of VIP1 protein. The MAPK phosphonylation site, Ser’®, and
bZIP domain are indicated. (D) In vitro kinase assay. MPK3 {lane 1) or activated MPK3 lanes 2 1o 4), which had
been immunopredpitated from protoplasts expressing MPK3-HA alone or in combination with its activator
MEKA-Myc, respectively, were incubated with the following substrates: MBP (lanes 1 and 2, positive control),
recombinant proteins GST {lane 3, negative contrall, or GST-VIPL (lane 4). Autoradiography (upper panel) and
Coomassie blue-stained SDS—polyacrylamide gel electrophoresis (CBB, lower panel) are shown.
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after activation, where they phosphorylate tran-
seription factors, In animals, the subeellular lo-
calization and thereby the activity of transcription
factors can also be controlled through phospho-
rylation by a MAPK residing in the cytoplasm
{12}, but whether plant transcription factors can
also be regulated in this way is so far unknown,
Our results indicate that VIP1 can interact with
and be phosphorylated by MPK3 (Fig. 1),

Whether VIP1 phosphorylation could affect
its localization was addressed by in vivo con-
focal microscopy of ransgenic Arabidopsis plants
expressing C-terminally tageed VIPL-YFP fusion
protein (YFP, yellow fluorescent protein). To this
end, wild-type VIP1 and the mutated versions
VIPL_A and VIPI_D were expressed under the
control of an estradiol-inducible promoter. A min-
imum of six independent lines of each construct
were analyzed. As shown in Fig. 2A, wild-type
VIPI-YFP was detected in the cytoplasm and
in the nucleus. VIP1_A-YFP showed a similar lo-
calization. In contrast, VIPI_D-YFP was pre-
dominantly nuclear. These results suggest that
VIPl can reside in both the nuclear and the cy-
toplasmic compartment and that its localization
is regulated by the phosphorylation state of
Sar™. The reason why VIPI_A-YFP is not exclu-
sively extranuclear and VIP1_D is not exclusively
intranuclear might be duc to homomulimerization
with endogenous VIPL, because VIPI has been
shown to form homomultimers (7 3).

To investigate whether MPE3 activation could
affect the subcellular localization of VIPI, we
treated estradiol-induced VIPI-YFP plants with
fg22 peptide comesponding o the highly con-
served flagellin sequence of pathogenic bacteria
{#). Plants recognize flg22 and initiate a signal-
ing cascade that resulis in the activation of MPE3
within 5 min (¥). Upon teatment with g22, a
strong decresse in the cvioplasmic and a con-
comitant increase in the nuclear pool of VIPI-YFP
was observed (Fig 2B), whereas VIP1_A-YFP
showed no such relocalization (fig. $2). These
resulis support the notion that MPE3 activity
regulates the subcellular localization of VIPI
via the phosphorylation of Ser””. Previous studics
on VIP] focused on its role dunng the trans-
formation of plant cells by agrobacteria ().
Assuming that MPE3 is regulating VIP] local-
ization by phosphorylation, we then wondered
whether MPK3 actually gets activaied in plants
by agrobacieria, which, unlike most pathogenic
bacteria, have a distinet flagellin that is not rec-
ognized by the plant flagellin receptor FLS2 that
i5 upsiream of MPK3 and MPES (&) By in
vitro kinase assays using MBF as a subsirate,
we analyzed the activity of MPE3 in 12-day-old
Arabidopsis wild-type scedlings at 2, 5, and 10
min after treatment with agrobacterda. We also
tested two other PAMP-activated MAPKs,
MPE4 and MPES, As compared to mock-ireated
seedlings, the activities of MPK3, MPE4, and
MPK6 strongly increased upon incubation with
the agrobacieria (Fig. 2D). Activation of these
MAPEs could already be detected 5 min after
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treatment and further increased over tme in the
case of MPE3 and MPKG6, These data show that
A. thaliana recognizes agrobacteria and that this
recognition triggers the activation of multiple
MAPKSs, including MPE3.

To investigate whether Agobaciatum-induced
activation of MPK3 comelates with a relocaliza-
tion of VIP], estradiol-induced leaves of VIPL-
YFP plants were treated with Agrobacterinm
tumefaciens and analyzed by confocal micros-
copy. Within 5 min of baderial contact, wild-type
VIPI-YFP accumulation was observed in leafl
nuclet (Fig. 20). Treatment with (1222 and agro-
bacteria triggered the aggregation of some VIP1-
YFP as well as VIPI_A-YFP in vesicle-like
siructures (Fig. 2, B and C, and fig. 52).

A

Fig. 2. Nuclear translocation of VIP1 & reqgulated by phosphorylation through
stress-induced MPK3. (A to €) Confocal images of leaves from 5-week-old
stable transgenic A thalianag plants with estradiol-induced (40 M for 12 hours)
VIP1-YFP, VIP1_A-YFP, or VIP1_D-YFP expression. Left columns, YFP fluorescence;
right columns, bright-field image. (B) VIP1 nuclear relocalimtion upon appli-
cation of flagellin (1 uM) and (Q) of an agrobacterial suspension. Scale bars,

Fig. 3. (A} PR1 induction by nu-
clear VIP1. GUS activity in proto-
plasts 16 hours after transfection
with a PR1 promoter;:GUS con-
struct alone or in combination
with a VIP1-HA, VIPI-YFP, or Myr-
VIP1-YFP construct is shown (n = &
independent protoplast transfection
assays; emror bars indicate SDI.
Expression of HA and YFP fusion
proteins is visualized by immuno-

- e
- o m
i N ; .

GUS activity (nmol 4-MU) P
=]
o

min-1 (mg protein}-1

o

Because VIP1 rapidly relocalizes o the nu-
cleus upon contact with agrobacteria or the fg22
peptide, we hypothesized that VIP1 plays a
more general role in host defense response. One
typical response of the pathogen-induced MAPK
pathway 15 expression of the pathogencsis-
related PRI gene (8). We therefore investigated
the potential effect of enhanced nuclear VIPI
levels on PRI expression in protoplasts trans-
fected with a PRI promoter-driven GUS con-
struct (PRI :GUS) and VIPL-HA or PR1::GUS
alone, respectively. Compared to protoplasts
transfected with PR1:GUS only, GUS activity
in protein extracts from protoplasts cotrans-
fected with VIP1-HA and PR ::GUS was sig-
nificantly enhanced (Fig. 3A). In order to verify

-

gz

=]

blotting and confocal microscopy,
respectively. Scale bar, 20 pM. (B)
VIP1 phosphorlyation is required
for nuclear import of agrobacterial
T-DNA. GUS activity in cultured
Arabidopsis root cells after 3 days
of incubation with the agrobacter-
ial virE3-deficient reporter strain
(355::GUSintron) andfor an effector
strain (355:VIP1-Myc, VIP1_A-Myc,
or VIP1_D-Myc) is shown. A repre-
sentative of four independent

Blot: HA

Ponceau

I VIP1-HA

VIP1- Myr-VIP1-
YFP YFP
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that the nuclear localization of VIP] is essential
for its function in biotic stress gene modulation,
we tested the effect of a membrane-targeted
myristoylated/palmitoylated Myr-VIP1-YFP
fusion protein on PR1 promoter-driven GUS
expression in protoplasts, In contrast to VIPI-
YFF, Myr-VIP1-YFP failed to induce PR1:GUS
expression, confirming the functional rele-
vance of the subcellular localization of VIP]
{Fig. 3A).

Because we observed Agrobacterivm-
wriggered phosphorylation and nuclear trans-
location of VIPI, we then investigaied whether
the nuclear import of the VirE2/T-DNA
complex (/f) also relies on the phosphorylation
of VIPI. To this end, Arabidopsis root cell
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20 pM. (D) Agrobocterium-induced MAPK activation. A. tholiano seedlings
were treated with an agrobacterial suspension and harvested at the time
points indicated. MAPKs were immunoprecipitated with specific antibodies,
and their activity was monitored by in vitro kinase assays with the substrate
MBP. The presence of equal amounts of the MAPK protein in each protein
extract was confirmed by immunoblotting.
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experiment series is shown (7 = 3 independent mncubahan samples, error bars indicate 50). Lower panel anti-Myc immuneblotted protein extracts.

www.sciencemag.org SCIENCE VOL 318

19 OCTOBER 2007



I REPORTS

456

cultures were incubated with an Agrobacterinm
reporter strain camrying a 355:GUS construct
and'or an effector strain carrying a 335:VIP1-
Mye, 355:VIPI_A-Mye, or 355:VIPI_D-Myc
construct. Transformation efficiency was mea-
sured by quantitative GUS fluorescence afler
3 days of incubation. Consistent with previous
reports, Agmbacterium transformation efficien-
cy increased greatly upon coexpression of VIP|
(Fig. 3B). However, this effect was observed
only for wild-type VIP1 and VIP1_D, but not
VIP1_A (Fig. 3B). The reason why constitutively
nuclear-tarpeted VIPL_ D can enhance T-DNA
transfer is most likely because the continuous
protein synthesis of VIPl enables the T-DNA
complex to shuttle directly with de novo
synthesized cytosolic VIP1 D to the nucleus.
The possibility that the increased GUS activity
in VIP1- and VIP1 D-expressing cells was due
to a transcriptional activation of the 3585 pro-
moter can be excluded, because GUS activity in
protoplasts transfected with a 358::GUS reporter
was unaffected by cotransfection with VIPI,
VIPL_A, or VIP1_D (fig. 53). Owerall, these
results confim previous reports (6, 14) that the
efficiency of Agrobacterium transformation can

be enhanced by coexpression of VIPL, but show
that this effect depends on the ability 1o
phosphorylate and thereby shuttle VIP1 into the
nuclear compartment,

Our work suggests a role for VIP1 as a tran-
seription factor in hest defense, whose subcellular
localization is regulated by an Agrobacterium-
induced MAPK cascade, We hypothesize that at
some point in evolution, agrobacteria took ad-
vantage of being recognized by the host by en-
croaching on VIP1 as a T-DNA shuttle into the
host nucleus (fig. S4). Future rescarch should
allow the identification of the complete set of
target genes regulated by VIP] in the plant and
help to unravel the role of VIP] in transcrip-
tional regulation during pathogen defense,

References and Notes
1. T. Nurnberger, F. Brunner, B. Kemmerling, L Piater,
Iemungsl. Bev. 198, 249 (2004).
2. A Espinosa, ) R. Afano, Cell Microbiol & 1027
{2004).,
3. L Nimchuk, T. Eulgem, B. F. Holt 3rd, ]. L Dangl,
Annu. Rev. Genet. 37, 579 (2003),
4. D. A Jones, D, Takemoto, Cwr, Opin. Immungd. 16, 48
{2004).
. A C Vergunst et al., Science 290, 979 (2000).
6. V. Citovsky et al., Call Microbiol. 9, 9 (2007),

Ll

7. H. Nakagami, A. Pitzschke, H. Hin, Frends Plant Scl. 10,
339 (2005).
8. T. Msai ef al., Mature 415, 977 (2002,
9. T. Meszaros &f af, Plant |, 48, 485 (2006).
10. T. 5. Nulwe, 5. C. Peck, H. Hirt, T. Boller, | 8ol Chem,
275, 7521 (20000,
11. T. Trfira, M, Vaidya, V. Citovsky, BHB0 | 20, 3596 (2001,
12. R. Y. Ma ef al., . Call 5ci. 118, 795 (200%).
13 ). L, A Krehoviky, M. Vaidya, T. Tafira, V. Citaviky,
Proc. Natl Acad. 5, USA 102, 5733 (2005).
14. T. Trfira, M. Vaidya, V. Chiovsky, Proc. Natl, Acad. S, LWSA
99, 10435 (2002).
15, We thank E. Scheikl, M. Teige, A Auer, 5. Schwarz, and
A Bebkurov for assistance and P, Guiggent haler for the
ntrodudtion to the confocal microscope. We thank P.
Hooykaas (Leiden University, Netherlands) for prosiding
us with the virk 3-deficent and wild-type agrobacterial
strains LBALOL0, and C. Zipfel (Qohn Innes Center, Monwich,
LK) for providing the 355 GUSIRtran_pBiim construd. The
work was supported by projects of the Austrian Science Fund
FWF, the Vienna Scence and Technology Fund, and the
University of Vienna

Supporting Online Material

WL SCiencemag ongfogifcontentfull3 16/5849/453/DC1
Materials and Methods

Figs. 51 1o 54

References

20 July 2007; accepted 29 August 2007
10,1126 Kckence 1148110

Structure of a NHEJ Polymerase-
Mediated DNA Synaptic Complex

Nigel C. Brissett,’* Robert S. Pitcher,'* Raguel Juarez,” Angel ]. Picher,” Andrew ). Green,®
Timothy R. Dafforn,” Gavin C. Fox,* Luis Blanco,’t Aidan ]. Doherty't

Nonhomologous end joining (NHE)) is a critical DNA double-strand break (DSB) repair pathway
required to maintain genome stability. Many prokaryotes possess a minimalist NHE] apparatus required
to repair D5Bs during stationary phase, composed of two conserved core proteins, Ku and ligase D
(LigD). The crystal structure of Mycobacterium fubercufosis polymerase domain of LigD mediating

the synapsis of two noncomplementary DNA ends revealed a variety of interactions, including
microhomology base pairing, mismatched and flipped-out bases, and 3° termini forming hairpin-like
ends. Biochemical and biophysical studies confirmed that polymerase-induced end synapsis also
occurs in solution. We propose that this DNA synaptic structure reflects an intermediate bridging
stage of the NHE] process, before end processing and ligation, with both the polymerase and the
DNA sequence playing pivotal roles in determining the sequential order of synapsis and remodeling

before end joining.

potentially lethal form of cellular dam-
age. and failure to repair such breaks can
lead to genomic instability (f, 2). In higher cu-
karyoies, the nonhomologous end joining (NHET)
pathway is critical for the repair of DSBs ([). A

DN!\ double-strand breaks (DSBs) are a
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functionally homologous repair sysiem exists in
many prokaryotes, where it is used 1o repair DSBs
in stationary-phase and sporulating cells (3, 4).
The bacterial NHEJ complex is composed of two
proteins, Ku and a nultifunctional DNA ligase
(LigD) (3-/1). In addition o a core ligase do-
main, LigD often possesses ancillary polymerase
(PolDom) and nuclease domains (6-13). PolDom,
a member of the archaco-cukarvolic primase
(AEP) superfamily (6, 16, I7), in lum has a varety
of nucleotidy] transferase activitics (6-9) as well as
the ability to gencrate template distortions and
primer realignment (2, /3). Here, we describe the
crystal struciure of a NHE) polymerase-mediated
synaptic conplex, which reveals a DNA-directed

SCIENCE

mechanism used by repair polymerases o induce
synapsis of noncomplementary ends through a
dimeric arangement.

PolDom can interact with a 3%-protruding
DNA end containing a 5'-phosphate (5'-F) on the
downstream strand (/2), a probable first step in
end joining, which is compatible with Ku binding
near the ends. In the second step, PolDom may
endeavor (o connect the 3'protruding DNA ends o
configune a “gap-like” synaptic niermediate. When
differemt DNA molecules were tested in polymer-
ization assays, extension of the 3" potruding strand
by the Mivobacterion tmberailosis polymernse
domain (Mi-PolDom) of LigD was observed by
providing nucleoside triphosphaies. However,
template extension was restricied to the addition
of a few nucleotides, suggesiing that the spe-
cific nucleotides inserted may be templated,
perhaps as a result of the pairing of the 3 ends.
In the DNA shown in Fig. 1A, the 3'-protruding
nucleotide [deoxycytidine (dC)] is complemen-
tary o the base preceding the nucleotide (dC),
which is adjacent o the 5'-P; therefore, a struc-
twre rescmbling a single-nucleotide gap can be
formed, cither by self-anncaling (snap-back) or
by connection of two ends (synapsis). In agree-
ment with this mechanism, guanosine triphos-
phate { GTP) was preferentially incorporated by
PolDom.

The specificity of the elongation reaction was
analyzed using varants of the 3-protruding
oligonucleotide that differed in the deoxynucleo-
tide (X) adjacent to the intemal 5'-P, As predicted,
the base preferentially added to the 3-protruding
strand varied as a function of the X nucleotide,
which acts as a template (fig. S1). Having shown
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Fig. 1. PolDom promotes synapst of two 3-protruding ends.
Ribonucleotide insertion at 3'-protruding ends was carfied out in

the presence of 400 nM Mt-PolDom and 100 pM of each
individually added nucleotide triphosphate. After incubation for
30 min at 30°C, primer extension products were detected by
autoradiography. (Al When using a labeled DNA molecule in
which the peighboring nucleofide to the 5'-P (%) was dC, only the
expected insertion {G) is observed; however, this does not
distinguish between the alternative modes depicted (“snap-back”

or "synapsis”). (B) By adding a second 3"-protruding end molecule
(also having a 5-P but unlabeled) that provides a different
nuclectide neighbor to the 5-P = A, G, or T, a second

prominent insertion is observed in each case, complementary to
the X base provided "in trans.”

Fig. 2. Crystal structure of a polymerase-mediated DNA synaptic complex.
(Al Ribbon representation of two AM-PolDom—DNA binary complexes, in which
each polypeptide and DNA chain is colored differently. (B) Electrostatic
surface potential of the two PolDom monomers, emphasizing the symmetry
of the synaptic complex and the positively charged atrium (blue area)
nesting the synapsed 3"-ends. (C) Close-up view emphasizing the protruding
[ hairpin (loop 1) provided by each PolDom monomer (darker color) for
dealing with the synapsis. (D) A view illustrating the residues (22) of loop
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1 that bind to DNA in the synapsed region, in particular stabilizing the
flipped-out base (C8) in the F chain (red). (E) Schematic view of the
synapsed DNA, in which each DNA strand is differently colored as in (4) to
(D). Nucleotides £12 and G13 of chain D (cyan) are depicted in light gray,
as they are not seen in the crystal structure. The flipped-out base (CB in
chain F) is outlined in dark green. The bases A11 (chain D) and G13 (chain
Fl, colored dark blue and magenta, respectively, form hairpin-like structures
confributed by both 3™-ends.
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that the emplating nucleotide is adjacent to the
5P, we measured whether synapsis of two ends
was actually occurring, By simultaneously add-
ing two distinct DNA “ends” {only one labeled)
that differed in the nucleotide adjacent to the 3°-P,
we observed that extension of the labeled DNA
end occurred with either of the two nucleotides
complementary to each of the possible templating
nucleotides (Fig, 1B). Incomporation of GTP
could reflect the snap-back reaction, bui
incorporation of the other nucleotides into the
labeled DNA end was only possible if synapsis
occurred with the unlabeled DNA. This estab-
lishes that Mr-PolDom is capable of mediating
the bridging of two DNA ends. This conclu-

Fig. 3. Crystal structure of the A-Pol Dom
monomer complexed with a 3-protruding
DNA end. (A) Ribbon representation of the
Mi-PolDom complexed with a T'D mole-
cule, emphasizing the most critical contacts
or subdomains (loops) involved in DNA
imteraction. The first N-terminal 112 amino
acids are colored in blue to outline domain
similarities with the "8-kD" domain of Pol
4 (18). The template strand (T) is shown in
red and the downstream strand (D) in
green. The location of an incoming GTP
(pink; modeled from structure at PDB code
2IRX) supports the fundiona importance
of the complex. {B) Ribbon representation
of the termary complex consisting of Pol 2.,
a single-nudeatide gap, and didecxythy-
midine triphosphate (ddTTP) (PDB code
2BCV), emphasizing similar residues act-
ing as DNA ligands at the downstream

sion is also supported by analytical ultra-
centrifugation and protein cross-linking studies
(fig. 52).

PolDom is a functionally independent do-
main of LigD ( /1), which also contains nuclease
and ligase domains that can interact with the
DNA. As with PolDom, LigD catalyzed the
emplated elongation of a Y-protruding DNA
end, which could subsequently be ligated (fig.
S3A) A 5P also stimulated this templated
reaction catalyzed by LigD (fig. S3A), con-
fimming that phosphate recognition is also critical
for LigD. Moreover, LigD catalyeed 3'-terminal
additions that were templated by a distinct DNA
end, providing biological relevance to the finding

that synapsis 15 mediated by the polymerization
domain of LigD (fig. S3B).

To undersiand the molecular basis for DNA
end binding by a prokaryotic NHEJ polymerase/
primase, we elucidated the crystal structure (2.4 A)
of Me-PolDom in complex with DNA containing
a Y-overhang and a recessed 5'-P. The structure
revealed two PolDom-DNA complexes con-
nected via the 3 “protruding DNA ends, forming
a NHE) polymerase-mediated synaptic complex
{Fig. 2A). PolDom contains a prominent surface
B-hairpin structure, loop 1 (Fig. 2. A 1o C), which
is specific to NHEJ AEPs such as M-LigD and
Psendomonas aeruginosa LigD (Pa-LigD) (fig.
54). Conserved residues on loop 1 interact with

side of the gap; these are most likely critical for the NHE) function of Pol A. The region corresponding to the “8-kD" domain is depicted in blue, Red, template strand;
orange, primer sirand; green, downsiream strand; pink, ddTTP.
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Fig. 4. PolDom-mediated DNA synapsis probed by FRET. (A) Steady-state
fluorescence spectra of 3-FAM (donor)/3-ROX {acceptorl-labeled, 3'-
protruding DNA with varying ratios of Mt-PolDom; ratios of PolDom to DNA
are indicated at the right. The doubly labeled 3'-protruding DNA was
incubated with increasing amounts of either wild-type (WT, left panel or loop-
mutant (mut-loop, right panel) Mt-PolDom. The presence of a FRET emission
peak signifies a close approach of the 3'-overhang with the duplex portion of
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another DNA, mediated by PolDom. The difference in maximal FRET signal
between WT and mutant protein indicates that the loop residues play a critical
role in synaptic complex formation. (B) Relative FRET differences between WT
and mut-loop (AAA) Mi-PolDoms in the presence of DNA (at ROX emission
maxima, 4.m = 605 = 2 nm) showing that, at a ratio of 20:1, WT PolDom
exhibits a >4 -fold increase in fluorescence emission due to FRET relative to the
mutant PolDom-0ONA. The DNA concentration is 50 nM.
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the 3'-protrusion and orient the synapsis of the
ends (Fig. 2D). The 3'-overhangs of the opposing
template strands are brought together via a
number of base-pairing and stacking interactions
{Fig. 2E and fig. 56) (/8). Each PolDom mono-
mer makes intimate contact with the 5-P on the
downstream strand, which is bound in a posi-
tively charged pocket formed by Lys'" and Lys™
{Fig. 3A), two residues absolutely conserved in
NHE] AEPs (fig. S4). Notably, the N-terminal
PolDom region containing Lys'® is absent in
AEPs from Archaca and Eukarya (fig. S4).

The Me-PolDom mutant !_Lys“" — Ala) was
unzable w© bind o DNA and had very reduced
polymerase activity (fig. S5), whereas gap filling
was nomal. Other interactions with DNA are
indicated in figs. 54 and 56. The PolDom-DNA
interactions are reminiscent of the contacts ob-
served in the structure of the evolutionary un-
related NHED polymerase, Pol A-gapped DNA
complex (18, 1Y) (Fig. 3).

The apical loop 1 (B5-f6) interacts with the
J'-protruding strand, thus constituting a poten-
tially important element for maintaining the syn-
apsis between two 3-protruding DNA ends (Fig.
2, € and D). To analyze the functional impor-
tance of these interactions, we mutated loop
| residues (83 to 85) 1o alanine and evaluated the
DNA binding and polymerization capacity ofthe
resulting mutant (mu-loop). On a gapped DNA
substrate, the DNA binding potential of mur-loop
was cquivalent to that of wild-type PolDom (fig.
57). Therefore, the presence of a 5'-P appears to
be enough to ensure enzyme-DNA stability ina
gap, and loop 1 is dispensable when the primer
terminus, the template, and the 5'-P are
physically connected and not discontinuous.
However, the integrity of loop 1 was critical to
fonming a synaptic complex of two 3-protruding
DNAs. Electrophoretic mobility shift and 3°-
extension assays showed that mut-loop was very
ingfficient at forming a synaptic complex (fig, S8).
An analogous loop-like structure may play a
related role in cukaryotic NHEJ polymerases
(20, 21).

The importance of PolDom, and loop 1 in
particular, in mediating DNA synapsis was
further probed by fluorescence resonance encrgy
transfer (FRET) using DNA with a 3'-overhang
identical to that present in the crystal structure.
The steady-state fluorescence spectra of doubly
labeled 3'-protruding DNA (3% fluorescein donor
and 3'-rhodamine acceptor) with increasing
amounts of wild-type Me-PolDom showed a
marked concentration-dependent increase in
emission of the rhodamine fluorophore at 605
nim (Fig. 4) due to FRET from fluorescein, The
presence of a Pol Dom-dependent FRET emission
peak signifies a close approach of the 3'-
overhang with the duplex region of another
DNA, indicative of a stable protein-mediated
interaction between two DNA ends. In contrast,
the matet-foop mutant exhibited a markedly re-
duced FRET signal, indicating that loop 1 plays a
critical role in stabilizing the synaptic complex.

www.sciencemag.org  SCIENCE VOL 318

This conclusion is further supported by protein
cross-linking studies (fig. 52).

The structure presented here establishes that
NHEJ polymerases can promote the formation of
end-bridging complexes, thereby directing the
break alignment process (fig. S9). The limited
number of contacts made between the eneyme
and the ¥-protrusions suggests that PolDom, and
presumably other NHEJ polymerases, allow a
large degree of rotational freedom that enables
the termini to search for sequence complemen-
tarities on the opposing break. This “homology™
scarching process acts, together with Ku, to align
the break by forming presynaptic bridging struc-
tures, promoted by Favorable microhomology-
directed base pairing, that nucleate the formation
of the synaptic complex {fig. 59). Thus, final end
synapsis, like that shown in the crystal structure,
may require a cerain degree of mispairing, tem-
plale dislocation, or realignment facilitated by
base flipping, and the eventual formation of hair-
pin structures at the terminal ends. The hairpin-
like structures observed —located in a large,
solvent-accessible channel within the PolDom
complex—could conceivably accommodate the
small 3-exonuclease domain of LigD (NucDom)
(65, 15), facilitating the controlled rescctioning of
the ends. This may possibly explain the prefer-
ence of NucDom forrecessed 3'-ends (4, /5) and
suggests that the nuclease resection process may
be regulated by the conformation of the ends
within the synaptic complex.
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Structure of Hexameric DnaB
Helicase and Its Complex with a
Domain of DnaG Primase

Scott Bailey, William K. Eliason,” Thomas A. Steitz™**

The complex between the DnaB helicase and the DnaG primase unwinds duplex DNA at the eubacterial
replication fork and synthesizes the Okazaki RNA primers. The crystal structures of hexameric DnaB
and its complex with the helicase binding domain (HBD) of DnaG reveal that within the hexamer the
two domains of DnaB pack with strikingly different symmetries to form a distinct two-layered ring
structure. Each of three bound HBDs stabilizes the DnaB hexamer in a conformation that may increase
its processivity. Three positive, conserved electrostatic patches on the N-terminal domain of DnaB
may also serve as a binding site for ONA and thereby guide the DNA to a DnaG active site.

ost DNA polymerases, unlike RNA
polymerases, are unable t© unwind
duplex DNA and require a primed
single-stranded DNA (ssDNA) substrate 1o
initiate DNA synthesis. In cubacterial cells,

these functions are performed by a complex of
the Dnald helicase and the DnaG primase (/).
DnaB unwinds the duplex DNA fueled by the
hydrolysis of nucleoside wriphosphate (NTP)
{2), whercas DnaG ouses the newly formed
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ssDNA as a template for the de novo synthesis
of RNA pnimers (/). DnaB oligomenzes into a
homo-hexameric ring that has been observed
by electron microscopy (EM) to form either
six-fold or three-fold symmetry states (3, 4).
The DnaB ring is thought to unwind DNA at
the replication fork by translocating along and
encircling the 5 lagging strand, while the 3'
leading strand is occluded (5, &), The crystal
structure of a monomer of DnaB has revealed
that the helicase is composed of two domains
separated by a flexible linker (7). The C-
terminal domain (CTD) forms a RecA-like
fold that contains the NTP and DNA binding
sites, whereas the N-terminal domain (NTD)
is composed of a helical bundle terminated by
an extended helical hairpin (7). Although the
NTD is required for helicase activity (8-10)
and may define the direction of movement of
the helicase on DNA (1)), its precise function
in DNA unwinding is not clear.

The interaction between DnaB and DnaG
stimulates both of their activities. DnaG in-
creases both the NTPase and the helicase ac-
tivities of DnaB (%), and DnaB both increases
and modulates the synthesis of RNA primers
by Dnals (1), Dnal consists of three domains,
an N-terminal zine-binding domain (ZBD), an
RNA polymerase domain (RPD), and a C-
terminal HBD. The HBD of DnaG, whose
ternary structure consists of a helical bundle
(the C1 subdomain) terminated by a helical
hairpin (the C2 subdomain), is sufficient to
both bind o and stimulate the activities of
DinaB (%, /7). The tertiary struciure of the HBD
is highly similar to the fold of the NTD of
DnaB (7, /2, i3). The stability of the
interaction between DnaB and Dnal varies
substantially among specics. In Escherichia
Cofi, the interaction is relatively weak and
can only be detected by sensitive techniques
(13-13), whereas DnaB and DnaGG from
Bacillus stearothermophilus (Bst) form a tight
interaction that persists when the complex is
run over a gel filration column (%), Despite
these differences in the stability of their
complexes, the biochemical behavior of DnaB
and DnaG from £, cofi and Bst are similar (/6).

We have obtained two crystal structures of
unliganded hexameric Bsi Dnal3 (crystal forms
Bl and B2)and two crystal structures of DinaB3
in complex with the HBD of Dnal (forms
BH1 and BH2). These four crysial forms
diffract x-rays to between 5.0 and 2.9 A
resolution (Table 1). Experimental phases were
determined separately for each crystal form,
gither by the single-wavelength anomalous
diffraction method using selenomethionine-
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substituted protein or by heavy-atom derivative
methods using crystals that had been soaked in
solutions containing mercury chlorde (/7).
Phasing of the diffraction from each crystal
form and the resulting electron density maps
(Fig. 1A) were substantially improved by
cross-crystal symmetry averaging among all
four crystal forms (/7). Data collection and
refinement statistics for cach crystal form are in
Table 1. The structures of DnaB presented here
differ only in the relative orientation of their
CTDs. Therefore, unless otherwise stated,
discussion will focus on the 2.9 A resolution
structure of DnaB complexed with HBD (form
BHI), which has been refined to a free R-
factor of 29.8%,

The two domains of the DnaB hexamers
form a distingt double-layered ring structure in
which the NTDs (residues 1 to 152) pack into a
rigid twangular collar seated on top of a more
loosely packed ring of CTDs (residucs 186 1o
454) (Fig. 1, B and C). Adjacent NTDs adopt
one of two conformations that place their helical
hairpins (residues 102 o 151) either on top of a
neighboring CTD or on top of their own CTD
{Fig. 1, C and D). These two confonmations
result in the six NTDs forming a wrimer of head-
to-head dimers related by two-fold symmetry in
which three of the allemalely orented NTDs
face the central channel of the ring (Fig. 1C).
This trimer-of-dimers is stabilized by the
hydrophobic interface that buries 2300 A°

Table 1. Data Collection and Refinement Statistics

Crystal Form Bl B2 BH1 BH2
Spacegroup P2,2,2 R32 P321 P3,21
Unit cell a,b,c (A) 371,110, 113 200, 200, 195 229, 229, 193 230, 230, 193
Resolution (A) 50 — 3.7 50 - 5.0 50 — 2.9 50 — 4.0
Rmerge (%)* 8.1 (5.0 5.8 (53.3) 7.0 (=100} 10.3 (50.3)
Completeness (%) 97.3 (86.6) 95.8 (74.5) 99.8 {99.9) 99.9 (100.0)
Veol* 15.0 (1.4) 35.9 (3.5} 22.3 (1.9) 19.6 (3.6)
Rwark® 30.8 (36.0) 39.4 (48.3) 25.9 (32.4) 32.0 (34.00
Rfree* 32.3 (35.8) 39.7 (49.1) 29.7 (40.0) 34.4 (38.4)
RMSD? bond (AMangle (°) 0.009/1.416 == 0.009/1.389 0.010/1.659

“Walues in parentheses correspond to the lagt resolution shell.

Fig. 1. Architecture of A
the DnaB hexamer. (A)
Experimentally phased
and cross-crystal aver-
aged electron density
maps of the four DnaB
erystal forms. Shown at
the foot of each map is
the high-resolution limit
at which each map was
calculated. (B) "Side”
view, orthogonal to the
ring axis, of a ribbon
representation of the
DnaB hexamer. The NTD,
CTD, and linker region
are colored blue, red,
and yellow respectively.
i{C) “Top” view, looking
down the ring axis, of the
DnaB hexamer. The CTDs
are shown in a surface
representation; the NTDs
are shown as ribbons.
Those subunits whose
NTDs lie on the inner
surface of the ring are
colored as in (B), and
those on the outer sur-
face of the ring are
colored white. (D) “Side”

tRoat mean square deviation.

NTD
Trimer
Interface

view of the two distinct conformations of the DnaB subunits within the hexamer, colored as in (B).
Adjacent CTDs interacting with the linker region are shown as white surface representations.
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Fig. 2. Structure of the CTD ring. (A) Surface representation of the CTD rings of crystal forms BH1 (left)
and B1 (right). Alternate subunits are colored white and red. The predicted DNA binding loops are
colored blue, and the linker helices are shown as yellow cylinders. (B) The structure of the T7 gp4
helicase domain (23), displayed as in panel (A). (O Ribbon representations of the CTD rings of crystal
forms BH1 (left) and B1 (right). Alternate subunits are colored white and pink. NTP modeled at the six
potential NTP binding sites of DnaB (22) are shown as green spheres; the Arginine fingers (Arg*™®) are
displayed as red spheres. (D) The structure of the T7 gp4 hexamer with four NTD binding sites occupied,
displayed as in (C).

Fig. 3. Structure of the complex between DnaB and HED. (A) (Top) "Top” view of a ribbon
representation of the complex showing the three HBDs (green) bound at the periphery of the NTD
collar (light blue and blue). The CTD and linker region are colored red and yellow, respectively.
(Bottom) The interface between DnaB and HED shown as ribbons with a transparent surface. (B)
“Side” view of a surface representation of the complex revealing no interaction between the HBDs
(green) and the DnaB CTD (red) or linker region (yellow). (€} Backbone trace of the HBD DnaB
interface, residues known to modulate the interaction between DnaB and DnaG, are shown as
colored spheres.
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within the dimers and by the hydrophobic
interface between dimers that buries 1050 A
total surface area. Formation of the NTD collar
appears to be highly cooperative, requiring the
presence of the CTD, because truncated protein
containing the NTD alone foms cither mono-
mers or dimers ( 9). Despite differences in crystal
packing interactions of the NTDs, the structures
of the NTD collar are similar in all four crystal
forms (fig. 51)

Comparison of the structures of the four
DnaB hexamers shows that their CTDs adopt a
variety of different orientations around the ring
but still bind the linker helix (residues 162 to 178)
of the adjacent subunit at the periphery of the
hexamer and orient their proposed DNA binding
loops (/&) toward the central channel (Fig. 2A
and fig. 52). With the exception of the Bl struc-
twre, in which the CTDs fonn a distinetly ir-
regular ring with no rolational symmetry, all of
the CTD rings exhibit either exact or approxi-
male three-fold symmetry (Fig. 2A and fig. 52).
The hexameric rings of CTDs are held ogether
primarily by their interactions within the linker
region and not by interactions between adjacent
CTDs. The interaction surface between adjacent
CTDs in the four crystal structures ranges from
little or none to 1100 A of total surface area,
whereas the interface between each subunit and
the linker region bury 2250 A of surface area
{Fig. 1D). In addition to these interactions. the
CTD ring appears o be additionally stabilized
by the interactions between the NTDs, because
mutants lacking the NTD have reduced hexamer
stability (9, /9).

The DnaB hexamer assembly has an outer
diameter of 115 A and a height of 75 A. The
diameter of the ceniral channel through the NTD
collar is ~50 A, whereas the di fferent orientations
of the CTD rings result in channel diameters that
vary between ~25 A and ~50 A in the four crystal
struciurcs, Thus, in the absence of iis substrates,
the diameter of the central channel of DnaB3 is
wide enough to accommodate duplex DNAL
Currently the crystal structure of the papilloma-
virus El helicase complexed with ssDNA and
ADP (20 is the only high-resolution siructure of
a hexameric helicase bound to DNA. Because the
El heclicase uses different regions of its RecA-
like domains for hexamer formation and DNA
binding (7), the structure of DnaB bound to
ssDNA must differ. However, it has been sug-
gesied that the spiral conformation of the bound
ssDINA observed in E1 helicase structure may be
common o all hexamenc helicases (200, Fluo-
rescence titration experimenis have shown that
DnaB binds ssDNA with a site size of ~20 bases
{21, If the averge distance between bases is 3.5 A
in the complex with DnaB, as was observed for
E1 helicase (20), the DNA would extend ~70 A,
consistent with the 75 A height of hexameric
DmaB structures, The shape and dimensions of
the crystal structures of Dnall are inconsistent
with the shape and dimensions of the three-
dimensional (3D) EM reconstructions of £, coff
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DnaB (3) and G4OP (4) (fig. S3); however, they
are consistent with the 2D EM projections used
to generate the 3D reconstructions. Therefore, it
seems likely that the differences between the
crystal and 3D EM data could be due w distor-
tions generated by the negative staining process
or to the methodological difficultics of generating
3D reconstructions of molecules as flexible as
DnaBl (discussed funher in supporting online
text).

The TT gpd protein of phage T7 contains two
domains, one responsible for the helicase activity
and the other for the primase activity, which are
necessary for the replication of the T7 phage (22).
Although the CTD of gp4 is homologous 1o the
CTD of DnaB, gp4 lacks a domain equivalent to
the DnaB KNTD (7, 23). Insicad, two domains re-
lated to the ZPD and RPD of DnaG are fused to
the N terminus of the protein. The crystal struc-
ture of the hexamene CTD of gpd bound to a
nonhydrolysable NTP analog (/8) shows that
the NTP binding pockets are formed between
adjacent CTDs (Fig. 2, B and D). The majority of
cach pocket is formed by one CTD, whereas the
adjacent CTD provides an arginine residue, the
arginine finger. whose guanadinium group con-
tacts the y-phosphate of the bound NTP. The
arginine finger is believed to stimulate NTP hy-
drolysis and to help modulate the relative orien-
tation of the CTDs in response to NTP hydrolysis
(18, 24),

Comparison of the structures of DnaB and the
gpd helicase shows that the oligomerization of
the two proteins is facilitated by a similar linker
helix (Fig. 2), but the contacts between the
adjacent CTDs of gp4 are much more extensive

Fig. 4. DNAinteractions. A "
{A) (Left) “Top” view of a £
surface representation of e
the NTD collar colored

blue for positive and red

for negative electrostatic
potentials. An asterisk
highlights the proposed
ssDONA binding sites.
(Right) A detailed “side”

view of the proposed
s5DNA binding site boxed

in (A). (B) Speculative
model of DnaB com- B
plexed with DnaG and
replication fork DNA. The
prateins are shown in a
surface representation
(DnaB NTD, light blue;
DnaB CTD, red; DnaG
HBD, green; DnaG RPD,
pink; and DnaG ZBD,
orange). The modeled
DNA is shown as white-
and wheat-colored spheres;
the RNA primer is shown
in dark bHlue,

19 OCTOBER 2007 VOL 318

than those seen in DnaB. These more extensive
contacts are generated by a rotatton of the gpd
CTDs, both toward and about the plane of the
hexamer ring, and result in a tighter gp4 hexamer
that contains a central channel only wide enough
to accommodate ssDNA (Fig. 2). The larger
diameter of the central channels observed in the
DnaB structures is probably due to the absence of
bound NTP (supporting online text), because a
more extended conformation of DnaB has been
observed by EM in the absence of nucleotide (7).
In addition, as a result of the orientations of the
DnaB CTDs, most of the NTP binding sites are
not near an arginine finger (Fig, 2C), Only the Bl
structure has one pair of adjacent CTDs that po-
sition an argining finger close enough to interact
with the y-phosphate of a bound NTP (Fig. 2C).
This interface maybe representative of a nucleotide-
bound state of DnaB. However, homology be-
tween the CTDs of DnaB and gpd and the fact
that superimposing the structure of the DnaB
CTD onto the six CTDs of the nucleotide-bound
gpd structure produces a model with no steric
clashes (7) suggest that the complex with
nucleotide will orent the CTDs of DnaB to form
a central channel that is only wide enough o
accommodate ssDNA. The ability of DnaB o
modulate the diameter of its central channel is,
however, consistent with the observation that
DnaB can translocate on ssDINA even when a
complementary strand is present within the cen-
tral channel (25).

Three molecules of the HBD are bound to the
NTD collar of the DnaB hexamer in the structures
of the complex (Fig. 3A). This stoichiometry
agrees with analytical ultracentri fugation and gel

Lagging strand DNA

g engaged with primasa
4 aclive site

Lagaging strand
DMA bound to
the proposed NTD
ssDMNA binding sile

Occluded leading
strand ONA

s
.

filration studies of the complex between Bst
DnaB and DnaG, which show that between two
and three molecules of DinaG bind to each DnaB
hexamer (9). This number is also consistent with
fluorscence anisotropy and cross-linking exper-
iments conducted using the complex of £, coli
DinaB and DnaC (/15). The bound HEDs do not
interact with cither the CTD or the linker region
of DnaB (Fig. 3B); consequently, there is no
comrelation between HBD binding and the po-
sition of the CTDs or the diameter of the CTD
rings in the four structures presented here. The
2 subdomains of the HBD pack against the
NTDs that form the outer surface of the ring
while the C1 subdomains interact with the NTDs
that form the inner surface of the ring (Fig, 3).
Both interfaces are formed by a mixture of
hydrophobic and polar contacts and each burry
~1200 A* of total surface arca (fig. $4). The
C-terminal helix of the HBD (residues 577 1o 595
in Bsf) forms the majority of the interface with the
C2 subdomain which is consistent with muta-
genesis studies of £. coli DnaB (11). Overall, the
interface with the C1 subdomain is less tightly
packed than that with the C2 subdomain, perhaps
explaining why the isolated C2 subdomains can
form a gel filterable complex with DnaB, whereas
the isolated C1 subdomain cannot (/2). The C2
subdomain of £, cali DnaB is smaller than that of
Bst DnaB, which also may explain why Bst
DnaB and DnaG form a more stable complex
than their £ coli counterpants (for more details,
see supporting onling text). The binding of one
molecule of HED to two NTD dimers effectively
fixes the three-fold amangement of the NTD
collar (Fig. 3A), consistent with previous atomic
force microscopy resulis (26).

Mutation of residues Tye™®, lle'"™, or 11e'* in
Bst DnaB (76, 26) and of the equivalent residucs
in E coli (27-29) and Salmonello qopliimuerivm
{307 inhibits the formation of a complex between
DnaB and DnaG. Because Tyr™ lies near the
interface with the HBD but does not directly
contact it (Fig. 3C), this mutation presumably
disrupts the tertiary structure of the NTD helical
bundle. Residues [le'™ and Ile'** are buried from
solvent at the NTD dimer interface (Fig. 30),
which suggests that their mutation would disrupt
dimerization of the NTD. Hence, inhibition of
DinaCi binding by these mutants would appear to
result from the destabilization of the rimer-of-
dimers arrangement of the DnaB NTDs. Indeed,
it has already been suggesied that these mutant
helicases may have altered NTD positions (27).
Mutation of Glu'* in Bst DnaB has no effect on
its binding to Dina(i but does modulate the length
of the primers synthesized by DinaG (16). The
equivalent mutation in £, coli and S, hplinaterium
inhibits the binding of DnaG (27, 30). Glu'” lies
both at the C1 subdomain binding site and at the
NTD tnmer interface (Fig. 3C), consistent with
its having a role in the formation of a DnaG
complex, How this residue modulates primer
synthesis in the complex of Bst DnaB and DnaG
is currently not clear,
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Therefore, the DnaG-mediated stimulation of
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close proximity to cach other (35) (Fig. 4B).
The latter is important because the RPD and
ZBD function have been shown to function in
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the unrelated NTD of the papillomavirus E1
helicase (240).

The WTD collar may also provide an ad-
ditional binding site for ssDNA, The interior
surface of the NTD collar exhibits three dis-
tinct sites of positive elecirosiatic potential
separated by regions of negative electrosiatic
potential (Fig. 4A). These positive sites are
consisient with their binding DNA, contain
residues that are conserved across DnaB
species, and are well positioned for binding
the ssDDNA as it emanates from the CTD ring
(Fig. 4). Nuclease protection and fluorescence
energy transfer studics have also suggesied the
presence of a second ssDNA binding site at the
W terminus of DnaB (33).

[t i1s now possible to construct a model of the
complex between DnaB and DinaG that illurmi-
nates how they cooperatively work together and
stimulate each other’s activities. The N terminus
of cach HBD is situated adjacent to the central
channel of DnaB (Fig. 3), thereby positioning the
M-teminal ZBD and RPD of full-length DnaG
dircctly above the central channel (Fig, 4B).
Thus, the structure of the RPD-ZBD fragment

278, 52253 (2003).
16. ). Thirkway, P. Soultanas, | Baclerfol. 188, 1534
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Network Analysis of Oncogenic Ras
Activation in Cancer

Edward C. Stites,%* Paul €. Trampont, Zhong Ma," Kodi 5. Ravichandran®*

To investigate the unregulated Ras activation associated with cancer, we developed and validated a
mathematical model of Ras signaling. The model-based predictions and associated experiments
help explain why only one of two classes of activating Ras point mutations with in vitro
transformation potential is commonly found in cancers. Model-based analysis of these mutants
uncavered a systems-level process that contributes to total Ras activation in cells. This predicted
behavior was supported by experimental observations. We also used the model to identify a
strategy in which a drug could cause stronger inhibition on the cancerous Ras network than on the
wild-type network. This system-level analysis of the oncogenic Ras network provides new insights

and potential therapeutic strategies.

{34) can be positioned relative to the HBD in a
manner that orients the primase active site with
the proposed N-terminal ssDNA binding site of

and guanosine diphosphate (GDP) (f, 2). Ras
bound to GTP (Rasqgype) 15 the “active™ form

as is a small guanosine triphosphatase
R{Gmm} that binds the guaning nu-
with which downstream effector proteins spe-

cleotides puanosing triphosphate (GTP)
463
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Fig. 1. The Ras GTPase signaling module and
model validation. (A) We define the Ras GTPase
signaling module to include Ras and the proteins
with which it directly interacts (GEFs, GAPs, and
Effectors). The model included all reactions of Ras
with these proteins, as well as the reactions
intrinsic to Ras (nt free refers to nucleotide-free).
(B) Predicted steady-state percentage of GTP-
bound total Ras in Ras"™"" cells transfected with
Ras"", Ras™#, or Ras®'*®, (C) Predicted steady-
statwpmmge of exogenous Flas bﬂundtu G!'Pln

cells transfected with Ras™ or Ras®™". (B
and C) Experimental data were from published
studies (12—14). Model predictions are mean + 50
for mine different sets of protein concentration
parameters.

WT G12v G120
Transfected Ras

cifically interact. thus propagating intracel-
lular signals (f, 2). Several downstream ef-
fector pathways are associated with cancer
(3). Activating point mutations in the three
isoforms of Ras are frequenty found in hu-
man cancers (). Although less than 3% of
Ras is typically bound to GTP under basal
resting conditions, over 50% of Ras is bound
to GTP in cells with an activating Ras point
mutation under the same conditions. High lev-
¢ls of unregulated Ras activation are thoughi
to have a causal role in the development of
cancer ().

The activation state of Ras reflects a com-
plex balance of several processes that coordi-
nately regulate Rasgpp (Fig. 1A) (5). Guanine
nucleotide exchange factors (GEFs) facilitate
dissociation and exchange of bound nucleo-
tide from Ras, Ras inactivation {by hydrolysis
of bound GTP to GDP) can be done at a slow
rate by Ras itself through its intrinsic GTPase
activity. GTPase-activating proteins (GAPs)
increase the rate of GTP hydrolysis. Associ-
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Fig. 2. A subset of Ras module properties can increase Ras signaling when altered. (A) Sensitivity

analysis. The increase in Ras activation (total Ras-

effector complex) due to an order of magnitude

increase ar decrease in each parameter of the Ras module, (B) Simulated in vivo and in vitro
increases in Ras activation for fast-cycling (F28L) or GAP-insensitive (G12V) mutants. (C) (Left) Flow

cytometry—based single-cell, guantitative assess
phospho-ERK) as a function of expression levels

ment of Ras pathway activation (measured as
of Ras"**" or Ras®® in HEK-293T cells (50,000

events plotted for each). HA, hemagglutinin tagged. (Right) Plotting of the mean fluorescent
intensity (MFI) for pERK versus mutant Ras protein expression levels, using the gates specified.

These data are representative of two independe
under different transfection conditions.

ation of Rasggp with cffector proteins can
prevent regulatory enzymes from acting on
Rasgpp and can also prevent nucleotide
dissociation, thus resulting in a sequestration
of Rasgyre (6). Attempts to understand Ras
activation in a systems-level, cellular context
must also consider concentrations of proteins
that regulate Ras and the rate constants for
their reactions.

We developed a mathematical model of
the Ras signaling module using established
methods for describing signal transduction
networks (7), including heterotrimeric GTP-
binding protein (G protein) and small GTPase
signaling networks (&, ¥). The model accounis
for GEF-catalyzed exchange, GAP-catalyzed
hydrolysis, intnpsic association and dissocia-
tion of nucleotide from Ras, hydrolysis of
GTP by Ras, and interaction of Rasgpp with
downstream effectors (/) (Fig. 1A). All rate
constants needed to characterize these reac-
tions have been measured previously for wild-
ype Ras (Ras™ ") (table S1). The magnitude
of change has been measured for properties
that differ largely from those of Ras™' for
several Ras mutants (table 52) The model
requires 20 parameters to describe a module
with Ras™". When both wild-type and mutant
Ras are present, 14 additional parameters ane
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nt experiments. See fig. 51 for additional data

required o incorporate the biochemical differ-
ences between them. Multiple sets of protzin
concentrations were considered o assess the
robustness of our model because differemt cell
types could express varying concentrations of
module proteins [supporting online material
(SOM) text]. Because oncogenic Ras point
mutanis result in increased stcady-siaie con-
centrations of cellular Ras;p in the absence
of stimulation, we focused on the sieady-staie
behavior of Ras. We calculate two measurcs
of Ras signaling output: the percentage of
toial Ras bound to GTP, and the concentration
of Ras-effector complex formed (referred to
here as “Ras activation™). When we discuss
Ras activity, we refer to Ras signaling activity
and not Ras GTPase activity. To test our
model, we modeled a Ras™" cell transfected
with Ras™", Ras""*", or Ras""™" [which indicate
point mutations in which, for example, (i]y” is
replaced by Val (GI12V) (/7)) to predict the per-
centage of total Ras (endogenous and exogenous),
or exogenous Ras bound to GTP. Predictions ware
robust and matched well with experimental data
{42-14) (Fig. 1, B and C, and table 53). Model
predictions for the Ras GAP-deficient state
associated with neurofibromatosis also suppont
the ability of the model to make robust, quanti-
tative predictions (SOM text).

cemag.org




Presumably, a mutation that dismupts any
of the processes that regulate Ras could
result in pathological Ras activation. How-
ever, only a few modes of deregulation are
actually found in disease. We used our model
to investigate the sensitivity of Ras activation
to changes in each module property and found
that Ras activation was largely affected by
only four propertics (Fig. 2A). Therc was
good comelation between these four propertics
and the known physiological and pathological
mechanisms of Ras pathway activation in
many cancers {SOM text) (2). This analysis
may help explain why only a limited number
of the network propertics result in pathologi-
cal Ras activation when altered, ic., network
behavior is such that a disruption in a module
propery typically bas a minimal effect on Ras
activation.

Two of the propertics that the model pre-
dicts will strongly influence Ras activation are
aliered in Ras point mutants with in vilro trans-

formation potential: the rate of GDP dissociation
from Ras {k..hm,m-} is increased for fastcycling
mutanis (e.g., Ras "), and the A, for the
GAP reaction is strongly decreased for GAP-
insensitive mutants (e.g., Ras®' ="}, Although
both GAP-insensitive and [fast-cycling Ras
mutants have in vito transformation potential
(15, 16), only GAP-insensitive Ras mutants
are commonly found in cancers (7). When
modeled at concentrations consistent with a
spontaneous mutation in vivo, fast-cycling
Ras"™*" showed approximately half the in-

crease in forming Ras-cffector complex of

GAP-insensitive Ras®'?Y (Fig. 2B). However,
when we simulated concentrations consistent
with the conditions of in vitro transformation
assays, the difference between fast-cyeling and
GAP-insensitive mutants was reduced, and
higher activation levels were achieved for both
mutant classes (Fig. 2B). Results were similar for
altemative sets of module protein concentrations
{fig. 51},
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Fig. 3. Effects on Ras activation due to the multiple bmchemll:al changes of the Ras
mutant. (A) Predicted percentage of GTP-bound total Ras for a Ras™
mutant are considered as individual entities or in

biochemical properties of the Ras“*V

ERK2 [ r3 = = ]

G2V point
W module when the altered

combination. (B) Relative contribution of competitive inhibition of Ras GAPs by Ras®*V or
Ras®'® to the total increase in Rasg formed for different percentages of total Ras mutated.
Results presented are means + SD for the nine different sets of protein concentrations. (C)
Proportion of total Ras as Rasgyp in cell lines with GAP-insensitive Ras mutants (T24, MDA-MB-231,
and HT1080) and in cell lines without a known Ras mutation (HEK-293T and Hela), measured by
precipitation of lysates using the Rasge-binding domain of Raf (RBD). To determine the fraction of
a given isoform bound to GTP, immunoblotting was done using isoform-specific antibodies or a
pan-Ras antibody. The signals for Rasgre in the different cells lines were normalized against total
cellular Ras in the same cell line. Results reflect two to five independent experiments, and the
differences were significant (P < 0.05, Student’s ¢ test).
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To test these predictions experimentally,
we used flow cyvtometry to obtain quantitative,
single-cell measurements of active Ras as a
function of mutant cxﬂrﬁsmn level for either
GAP-insensitive Ras"' or fast-cycling Ras' ™.
The amount of activated, phosphorylated ex-
tracellular signal-regulated kinase (pERK)
was used as a readout of Ras activation (2).
Expression of small amounts of Ras™*" caused
production of less pERK than did similar
amounts of Ras“'* (Fig. 2C and fig. $2), in
agreement with our model (Fig. 2B). Both
mutants caused large amounts of pERE at
higher expression levels (Fig, 2C). Thus, our
compuiational and experimental resulis sug-
gest that fastcycling Ras point mutants may
not be found in cancers because they cause a
smaller increase in Ras signal amplitude than
GAP-insensitive mutants for the concentra-
tion range likely to occur with spontancous
mulations,

Biochemical measurements have iden-
tificd three differences between Ras™' and
Ras“'"?Y that might contribute to increased
Rasmp (i} The rate of GTP hydrolysis for
Ras“'"*V seems unaffected by the addition of
GAP (GAP insensitivity) {(/7); (ii) the intnin-
sic GTPase activity of Ras“"*V is approxi-
maltely one order of magnitude slower than
that of Ras™' (reduced intrinsic GTPase
activity) (/8); and (iii) the affinity of Ras®'*"
for its downstream effector Raf is approxi-
malely doubled (increased effector affinity)
(/9. GAP insensitivity has been proposed as
the primary cause of increased Ras activation
{/). However, this hypothesis has not been
testable experimentally because Ras“'=Y ex-
hibits all of these altered biochemical proper-
tics simul@aneously.

In our model, GAP insensitivity alone in-
creased the percentage of total Ras existing
as Rasgpp to about half that predicted when
all mutant properties were included (Fig. 3A
and table S4). In contrast, reduced intrinsic
GTPase activity and increased effector affin-
ity individually had minimal predicted effect
on Ras activation (Fig. 3A; table S4).
Reduced intrinsic GTPase activity did cause
a predicted further increase when combined
with GAP insensitivity, and increased ef-
fector affinity also caused a small increase
when combined with GAP insensitivity (Fig.
3A). Essentially similar results were obtained
when parameters for Ras""*™ were used, which
suggests that these results are applicable to
other GAP-insensitive Ras point mutants
{table 55).

The combination of GAP insensitivity, re-
duced GTPase activity, and increased effector
affinity did not account for all of the increased
Ras activation, Although Ras“?Y is GAP-
insensitive, it associates with GAP proteins
20, and could competitively inhibit Ras GAP
activity on Ras™". In our model, formation of
Rasgrp was increased when competitive inhi-

19 OCTOBER 2007

465



REP

466

ORTS
A —=—WT —B=WT 5tim E 100 = = G
= TGV ==G12V 5tim 'é“ -
d ; i T
E v S m -E
E 25- 2 Yt 3
& L
T % s Y Ly o
=] g .
g 75 1 IE 25 §
: 1m- O = = = ¥ O E i -
& S 98 T 0 - - o
5 o 25 50 75100
RasS17TN (M) G12V module (% reduction)

Fig. 4. Model-based analysis of pharmacological strategies to preferen-
tially inhibit the cancerous Ras module. (A) Dose-dependent decrease in
Ras activation (concentration of Ras-effector complex) caused by
dominant-negative Ras" ™ for wild-type Ras networks expressing exoge-
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different concentrations) for each of the three strategies. Drug A, red; drug
B, green; drug C, blue. Large filled circles represent effects for relevant
drug-Ras interactions at Ky =1 nM and drug concentration at 0.15 pM. (C)
The difference in percent reduction between oncogenic G12V module
inhibition and wild-type module inhibition for drug B, presented as a
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bition of Ras GAP was combined with GAP
insensitivity (Fig. 3A). This increase did not
result from changes in the fraction of Ras“'*Y
that was GTP-bound (-85% in both cases),
rather 1l was due o an increase in the GTP-
bound fraction of Ras™ " (from 1 to 15%) (table
54). Results were similar when allemative
sets of module protein concentrations were
modeled (fig. 53). This analysis has been
done with the assumption that 50% of total
cellular Ras is mutated. As there are three
isoforms, we performed the same analysis for
cases when less than 50% of total cellular
Ras is mutated and obtained similar results
(tables 56, S7). The relative contribution of
competitive inhibition on Ras activation in-
creased when mutated Ras made up a smaller
fraction of total Ras in the cell (Fig, 3B).
This further suggests competitive inhibition
is likely to occur after point mutation in one
of the ras genes in the cell.

To test the predicied effect of competitive
inhibition of Ras GAPs on Ras activation we
performed a Ras-binding domain (RBD) pull-
down assay on three cancer cell lines that
harbor GAP-insensitive Ras mutations (T24:
H-Ras“”'*"; HT1080: N-Ras®™'"; MDA-MB-
231 K-Ras"'"™™) and, as controls, two cell
lines in which activating Ras mutations have
not been described (HelLa, HEK-293T). We
found a statistically significant increase in the
proportion of GTP-bound Ras™" for the cells
harboring GAP-insensitive Ras point mutants
(Fig. 3C). Taken together, our combined
computational and experimental work uncov-
ered a systems-level process that our simu-
lations predict could contribute upwards of
30% of the Rasgyp found in a cell with an
activating point mutation. Our results indi-
cate that cancers will likely display signifi-
cant heterogeneity because of secondary
activation of other WT Ras isoforms in the
same cell.
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Ideally, a therapeutic strategy to inhibit Ras
signaling would have a much stronger effect on
diseased cells with an oncogenic Ras mutation
than on healthy cells without a Ras mutation (2},
The Ras signaling network s characterized by
different propertics for cancerous and non-
cancerous cells, and a nonlinear dynamical sys-
tem can have quantitatively and/or qualitatively
different behaviors for different sets of system
parameters. We therefore hypothesized that a
drug binding both Ras“'*Y and Ras™" with
equal affinity could block Ras signaling in the
cancerous network more than the wild-type
network., To first test the ability of our model
o assess possible pharmaceutical strategics,
we compared the dose-dependent inhibition of
Ras activation by dominant-negative Ras on a
network cxpressing exogenous Ras®'?Y or
Ras™' The model showed that dominant-
negative Ras™ ™ had a stronger effect on the
wild-type network (Fig. 4A and fig. S4). This
is consistent with experimental observations
that Ras®'™ inhibited Ras™" signaling more
than it did oncogenic Ras signaling (2/1). This
observation, once considered “unexpected”
(21), is readily explained from our systems-
level model.

To search for a therapeutically beneficial
strategy, we extended our model 1o examing
three possible strategics of drug intervention:
(1) a hypothetical drug A that binds and
sequesters Rasgpp, (i) 4 potential drug B
that binds and sequesters Rasgyp, and (ili) a
drug C that binds and sequesters both Rasgnp
and Rasgyp equally well (fig. S5). We ran
simulations of the exiended model 1o test
cach drug strategy. Only drug B caused a
greater reduction in Ras-effector interactions
in the cancerous network (Ras™'*V'™T) than
in the wild-type network (Ras™"™ ™), In con-
trast, drug A and drug C caused a greater
reduction in Ras-effector interactions for the
Ras™ "™ signaling module than for the

SCIENCE

Ras“"*Y™1 module (Fig. 4B). Drug B was
predicted to have this behavior for a wide
range of conditions (Fig. 4C). Results were
similar when aliernative sets of module
protein concentrations were modeled (fig.
S56). Previous experimental studics of po-
tential Ras inhibitors have used Ras™'™™T
cells that had been transfected with Ras®'*Y
{22, 23). In our simulations, drug B was no
longer selective under these conditions (Fig.
4D). Thus, the use of Ras"'*Y.transfected cell
lines may vield false-negatives when used to
screen for drugs that selectively target cancer-
ous cells.

Oncogenic Ras has been well swudied at the
genetic, biochemical, and whole-animal levels.
This molecular network level analysis of the
Ras signaling module provided a bridge
between the biochemical data at the protein
level and Ras activation at the cellular level.
The systems-level analysis of the wild-type
Ras network and an oncogenic Ras network
also identified a strategy that selectively
targeted the mutant network as a result of
guantitative differences between the two net-
works, Similar strategics might be found for
other nctworks where mutations alter bio-
chemical properties and result in pathological
deregulation. These resulis highlight the prom-
ise of systems-level mathematical models o
study signaling pathways allered in discase
and to identify potential drug strategies.
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Light-Responsive Cryptochromes from
a Simple Multicellular Animal,
the Coral Acropora millepora

0. Lewy, L. Appelbaum,” W. Leggat,® Y. Gothlif,* D. C. Hayward,**®

D. ). Miller,** 0. Hoegh-Guldberg*

Hundreds of species of reef-building corals spawn synchronously over a few nights each year,
and moonlight regulates this spawning event. However, the molecular elements underpinning
the detection of moonlight remain unknown. Here we report the presence of an andent family
of blue-light—sensing photoreceptors, cryptochromes, in the reef-building coral Acropora
millepora. In addition to being cryptochrome genes from one of the earliest-diverging
eumetazoan phyla, cry1 and cry2 were expressed preferentially in light. Consistent with
potential roles in the synchronization of fundamentally important behaviors such as mass
spawning, cry2 expression increased on full moon nights versus new moon nights. Our results
demonstrate phylogenetically broad roles of these ancient circadian clock=related molecules in

the animal kingdom.

any organisms possess endogenous
Mclncks that respond to rhythmic

changes in light and temperature
caused by Earth's rotation (7, 7). allowing them
to anticipate daily and anoual environmenial
cycles and o adjust their biochemical, phys-
iwlogical, and behavioral processes accord-
ingly (/). The circadian clock uses cues such
as light to enirain endogenous oscillators,
which in tum control rhythmic outputs of a
wide range of organisms (2). Even simple
animals such as medusac (scyphozoan or
hydrozoan enidarians) have specialized light-
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sensing organs known as ocelli (eyes) or eye-
spots. These photoreceptors react to changes
in light intensity and are responsible for pho-
iotaxis and other behavioral responses o light
(#). However, anthozoan cnidarans (corals,
sca anemones, and sea pens) lack specialized
sense organs yel display photosensitive be-
havior (/7). The synchronized mass spawning
on the Great Barrier Reef (GBR) in Australia is
a spectacular example of the photosensitive
responses exhibited by these organisms (7-9),
Ower several nights afier the full moon in
late spring each year, hundreds of coral spe-
cles spawn en masse, with the final trigger
being changes in the lunar irradiance intensity
(&, 1.

The specific cellular mechanisms involved
in light detection by reef-building corals
(Anthozoa, Cnidaria) have remained clusive,
Biophysical dawa (4) show that corals arc
highly sensitive to blue light, which is also
known to entrain the circadian clocks of
insects and mammals (/2) via cryptochromes
(CRYs), which are DNA photolyase-like
photoreceptor proteins. The roles of cryplo-

chromes differ subtly between mammals and
inseets; the proteins function as circadian os-
cillator components in Mus but as photo-
receptors for clock entrainment in Drosophila
(73, 14). To date, CRYs have been identified
only in higher animals such as vertebrates
and insects, although related (and divergent)
protzins have been reported in plants and
cubacteria (12).

We used degencrate pnmers based on se-
quences conserved between Mus, Drosoplila,
Aenopus, and Danie to clone two ory genes
from the coral Acropora millepora (15). The
proteins encoded by the genes envd and en2
each contain an N-terminal photolyase-related
region (PHR) bearing two chromophore-
binding domains and C-terminal domains
extending 54 (CRY1) or 27 (CRY2) amino
acids in length. ervd and ory? were also
identified in expressed sequence tag (EST)
data sets generated from A millepora larvae
i 16), as were two additional genes known here
as ¢rvd (13) and cry-dash, Because the cDNA
library was constructed from  aposymbiotic
larvae, these orv genes are likely to be from
coral rather than from associated symbiotic
algaec or marine microbes.

Phylogenetic analyses (Fig. 1) emphasize
the similarty of coral CRYs and their verte-
brate counterpants. Coral CRY'1 belongs to the
mammalian-type (m-type) CRY group. Both
CRY 1 and CRY2 are only distantly related
to the Dwosophila-type CRYs. CRY2 more
closely resembles the Dawmio photorcceptor
candidate CRY d-type (17) and is basal 1o the
clade comprising both the m-type CRYs and
the (6-4) photolyases. Coral CRY-DASH 15 a
typical CRY-DASH protein (/8)and is basal in
the animal CRY-DASH clade. This analysis
suggests that coral CRYs may represent
ancestral members of the protein family in
the animal kingdom, potentially providing
insights into the origins of light perception in
animals,

On the GBR, we investigated (/5) whether
the expression of crv/ and o in corals is
rhythmic only under light'dark (LD) cycles as
in Drosopdifa (13} or driven by an endogenous
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Fig. 1. Phylogenetic relation-
ships of the coral CRY and
photolyase proteins resulting
from maximum likelihood
analysis of a representative
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Fig. 2. Temporal expression patterns of cry? and cry2 in A millepora under
LD {white squares) and DD (black circles) cycles analyzed with quantitative
polymerase chain reaction. (A and B) A 32-hour cycle with sampling inter-
vals of 4 hours (A). Quantitative analysis of cryl revealed a significant effect of
LD (P = 0.035), as well as a significant effect of sampling time (time, P < 0.001),
(B) Expression of cry2 (LD, P = 0.026; time, P < 0.001). (C and D) a 42-hour
cycle with sampling intervals of 6 hours. (C) Expression of ary? (LD, P = 0.016;
time, P < 0.001). (D) Cry2 expression (LD, P = 0.013; time, P < 0.001). There
was no significant effect of sampling time X cycle (P = 0.05 for both ary? and
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cry2 under 42-hour cycle treatment), followed by ANOVA with repeated measures.
Each value was normalized to [l-actin and converted to a percentage of the
maximal level for each gene. Values {mean + SE) were tested by ANOVA with
a linear contrast method within groups in order to distinguish between the
LD/DD rhythm amplitude of cryl and cry2. For Cryl DD, P > 0.01; cryl
LD, P < 0.01; cry2 DD, P = 0.05; cry2 LD, P < 0.01. Gray areas represent
ambient darkness, and time points with asterisks are significantly different
(gray asterisks, LD; black asterisks, DD). * represents P < 0,05, ** represents
P < 0.01, and *** represents P < 0.001. Sample size = 3 colonies.
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Fig. 3. (A and B). Quantitative analysis of cry and cry2 in the 2 con-
secutive months of August and September 2005, comparing new moon
nights to full meon nights at time points of 18:00 and 00:00. Each value
is the average time point of the 2 months of sampling (mean + SE).
ANOVA RM, P > 0.05 for cryl, *P < 0.05 for cry2; sample size = 4
colonies. (C to F). Localization of cryl and cry2 in the coral host tissue.
Immunohistochemistry was performed with specific antibodies against
CRY1 and CRY 2 in 72-hour larvae and in adult colonies of A. millepora.

cry? Relative expression

(C) Control. Larvae probed with preimmune serum were free of signals.
(D} CRY2 is expressed (brown staining indicates the antibody-specific
staining) in the ectoderm layer of the larval tissue. (E) and (F) Protein
localization in the ectoderm layer of adult A. millepora corals when
treated with specific antibodies against CRY1 (E) and CRY2 (F) (brown).
ec, ectoderm; en, endoderm; mes, mesogloea. Scale bars, 50 um. Red
arrowheads mark expression of the antibody in (D) to (F); the rectangle
shows one cell in the ectoderm layer.

oscillator as i mammals ( [9). The coral genes
exhibited daily rhythms under LD eyeles, with
peak expression at zeitgeber (lime-giver, ZT) 3
for ery/ (ZT = 0 corresponding to first nautical
light, which was 05:00 local time) and £T 7
for coral en? [LD expression ratios were as
follows: ervl, 5.4; cry2, B.1 (Fig. 2, A and B)).
Crpd mRNA levels were amhythmic under con-
tinucd darkness (DD), [analysis of variance
{ANOVA) repeated measures (RM) P = 0L05],
whereas cry? expression changed significantly
(P=0.05) only at ZT 17 (P= 0.01) (Fig. 2, A
and B). Experiments carried out 4 months later
(under LD and DD conditions over 2 consec-
utive days) confirmed that the expression of
both cryd and crv? is daylight-dependent, with
significantly higher transcript levels under LD
at ZT 6 (ANOVA RM P < 0.01). Under DD,
crvd expression exhibited low amplitude with
significantly higher mRENA levels at 12:00 and
00:00 (P < 0,05), whereas cry? expression did
nod significantly change under DD conditions
(Fig. 2, C and D). The abemant timing of
expression under DD versus LD indicates a
decay of rivthm in the absence of a £T,
suggesting that rhythmic expression of coral
cryptochromes is not driven by an endogenous
oscillator (20). Both genes exhibited a rhyth-
mi¢ expression pattemn under LD, but with a
different phase, suggesting that expression
might be controlled by different ranscriptional
regulatory mechanisms within the same tissue
environment

To test the involvement of cry genes in
sensing and responding to moonlight, frag-
ments from each of four colonies on the reef
flat were sampled four times a day during the
full and new moon phases of August and
September 2005 (data are presented for 18:00
and 00:00 hours). Additionally, we sampled
colonics on a full moon night in November
2005 5 days before the mass spawning event
(fig. 51}

During full and new moon nights, cryf
showed similar transcript levels during Au-
pust and Sepiember 2005 at 15:00 (ANOVA
RM, P = 0.03) (Fig 3A) (15). In contrast, coral
orv? showed significantly higher expression at
midnight under full than new moonlight when
compared at 18:00 (P < 0,05) (Fig. 3B). The
expression pattern associated with cryv? suggests
that it may entrain the intrinsic clock of corals ©
the lunar phase; however, roles for other photo-
pigments such as opsins cannot currently be
ruled out,

Consistent with roles as photoreceptor
proteins, immunohistochemistry revealed that
both CRY! and CRY2 proteins (/3) are
resiricted to the ectoderm in both larval and
adult corals (Fig. 3, D w F, and fig. S2B;
control being negative, Fig, 3C and fig. S2A),
The comesponding mRNAs showed the same
pattems in in situ hybridization experiments

nisms by which insects and mammal circadian
oscillators respond to light were in place at
the origins of multcellularity in animals. The
presence of CRYs in a phylum close to the
base from which all multicellular animals
diverge supports the hypothesis that these
protzing evolved under the blue light of the
Precambrian ocean, possibly as a means o
avoid high daytime ultraviolet levels near the
surface (22). The expression patterns of coral
CRYs in response to daylight (o] and erv2)
and moonlight {cry2) also suggesi that crypio-
chromes may mediate the speciacular mass
spawning event of invericbrates (8, ¥), adding
an evolutionary dimension o circadian clock
biology.
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Genomics

FROM MORGAN TO
MICROARRAYS:
GENE MAPPING HITS THE BIG TIME

SNPs, single-base mutations scattered throughout the genome, can allow geneticists to map
traits with astonishing resolution and speed. An overview of some of the new technologies that
companies are offering for SNP profiling, and the diverse applications for which researchers are
using them, reveals a rapidly evolving field with a promising future. By Alan Dove

n 1910, Thomas Morgan observed something unusual in one of the many jars in his Colum-

bia University laboratory: a white-eyed fruit fly. It was one of the best things to happen to

biology since Charles Darwin landed a berth aboard HMS Beagle. Soon determining that

the eye color trait was linked to the sex of the fly, Morgan embarked on a series of experi-
ments that jump-started modern genetics. Biologists have been mapping genes with increas-
ingly sophisticated tools ever since.

Later 20th-century researchers eventually discovered microsatellites, short DNA sequences
that had been duplicated throughout the genomes of eukaryotes during evolution, providing
more precise genetic signposts than Morgan's phenotype-based maps. While many research-
ers still use this approach (see “The Decaying Orbit of Microsatellites™), the era of genome
sequencing has brought another tool to the fore: single nucleotide polymorphisms, or SNPs.

The Numbers Game

SMP mapping has quickly become the standard tactic for two types of genetic studies in hu-
mans: linkage analysis and genomewide association. Linkage analysis is the direct descendant
of Morgan's original experiments. By tracking the inheritance of a trait and a set of genetic
signposts, such as microsatellites or SNPs, through several generations of a family, researchers
can map the trait to specific chromosomal regions.

Genomewide association (GWA), also called “genetics without families,” treats the entire
population as a single giant family, then tries to find associations between specific traits and
sets of SNP markers. GWA eliminates the need to find large families with accurate, multigen-
erational medical records, and also allows geneticists to probe common, complex diseases.
Unsurprisingly, it has become an extremely popular technique.

“Within the last seven months or 50, we have had 14 studies come out doing [GWA] showing
significant findings in various diseases, including prostate cancer, type 2 diabetes, [inflamma-
tory bowel disease], and Crohn's disease,” says Todd Dickinson, director of product marketing
at lllumina, based in San Diego, California.

Because they sample completely outbred populations, GWA studies require a different ap-
proach from traditional linkage analyses. In GWA, researchers generally screen a relatively
small population using hundreds of thousands of SNPs, to highlight the regions of the genome
most likely involved in adisease. In a second phase, the focus shifts to just those regions, using
smaller numbers of SNPs across a much larger population, to provide statistical power.

In the first phase of a GWA study, screening more SNPs increases the chance of finding a
meaningful association, so lllumina and their principal rival in the SNP market, Affymetrix, have
been racing to boost the densities of its array-based assay systems. “We have evolved from
10,000 to 100,000 to 500,000, and our latest array actually has over 900,000 SNPs onit,” says
Jessica Tonani, a genotyping specialist at the Santa Clara, California, headquarters of Affyme-
trixc

Besides boosting the sheer number of SNPs on arrays, manufacturers are also trying to make
them more informative. *We have intentionally selected to target what we call tag SNPs. These
are SNPs that represent a group of SNPs that tend to be inherited together,” says Dickinson.

lllumina asserts that this effectively multiplies the screening power of its mil- continued »
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The drive for more density may be reaching a practical plateau,
though. “We're hitting a point of kind of diminishing returns when
you look at actually adding increased SNP content,” says Tonani, who
adds that most GWA studies would now benefit more from studying
larger patient populations than from screening more SMPs. To enable
that, she says Affymetrix is now focusing on lowering the prices of its
high-density SNP arrays rather than packing more SNPs into them.

When Less Is More

Researchers working on the second phase of a GWA study, or those
doing traditional family-based linkage analyses, have different SNP
profiling needs. Rather than screening thousands of SNPs in dozens
of individuals, they are screening dozens of SNPs in thousands of
individuals.

“Typically for the whole genome analysis, people will identify a
candidate region that they're interested in, or several genes, and
need to move to a lower number of SNPs but a higher number of
samples,” says Phoebe White, senior director of genotyping at Ap-
plied Biosystems (ABI) in Foster City, California.

To cater to that market, ABI now offers the SNPlex platform, which
combines real-time PCR with the company's ubiquitous capillary
electrophoresis platform to track 12 to 48 SNPs per experiment. Be-
cause each SNPlex reaction is much cheaper than a high-density ar-
ray, even small labs can screen SNPs across thousands of samples.
“A large majority of labs these days do have a |[capillary electropho-
resis] platform, and so what we wanted to do was enable them to do
these kinds of genotyping studies without bringing in a new type of
platform,” says White,

While using equipment on hand is obviously cheaper, labs that fre-
quently plan to check specific genotypes may want to investigate the
new LightCycler 480 from Roche Diagnostics in Basel, Switzerland.
Besides functioning as a high throughput quantitative PCR platform,
which can carry out a 40-cycle reaction on a 384-well plate in just
40 minutes, the LightCycler can also process SNP genotypes with
a unigue DNA melting point assay. Rather than designing separate
primers for each allele of each SNP and carrying out complex enzy-
matic reactions, researchers simply create one set of primers per
SNP and perform a single physical assay, in which the precise prim-
er-template melting point reveals the sequences of the template's
SHPalleles. Any mismatches between a SNPallele and the primer se-
quence will change the melting point, and the LightCycler’s unbiased
algorithm can even identify previously unknown SNP alleles.

For specific gene mapping applications, investigators may narrow
their focus even further, looking at specific candidate genes associ-
ated with just a handful of SNPs. For example, patient responses to
the anticoagulant warfarin associate tightly with a single gene. “It's
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The Decaying Orbit of Microsatellites

Before the advent of single nucleotide polymorphism (SNF) profil-
ing, gene mapping studies usually involved tracking microsatellite
markers—small, frequently repeated DNA sequences—with gels.
Lots and lots of gels. By identifying microsatellites that cosegregat-
ed with a particular trait, researchers could narrow the search for the
responsible gene, first to a single chromosome, then to a portion of
the chromosome, and ultimately to a specific locus. Microsatellites
are distributed unevenly in eukaryotic genomes, though, so the final
stages of such a search often took months or years.

SNPs, which are distributed much more evenly and densely and
can be tracked by the hundreds of thousands in a single experiment,
offer obvious benefits for geneticists. *Our microsatellite business
has been declining in parallel to how our SNP business has been
growing,” says Phoebe White, senior director of genotyping at Ap-
plied Biosystems (Foster City, California).

Even in traditional family-based linkage analyses, long the do-
main of microsatellite mapping, SNP profiling often provides a faster
and cheaper path to gene discovery. Nonetheless, some geneticists
prefer the traditional technigue. "People are still doing linkage stud-
ies in families using microsatellite markers; microsatellites are very
informative markers, they're just difficult to genotype,” says Ann-
Christine Syvanen, research group leader at the SNP Technology
Platform (Uppsala University, Sweden),

Other researchers use microsatellites because they can't use
SNPs, “Where we do see some microsatellite usage is in our [agri-
cultural biotechnology] customers, where essentially the genomes
may not be that well mapped, or there is no tried and true context
sequence for the genome,” says White. As more crop plants and
other nonhuman organisms have their genomes characterized, she
expects even these holdouts to migrate toward more SNP-based as-
says —and fewer microsatellite gels.

critical now to understand what your genotype is to know what kind
of dosage you need, but the number of SNPs you need to screen for
is less than 20,” says White. At that scale, even the coverage pro-
vided by the SNPlex kit may be too broad, so researchers resort to
profiling individual SN Ps by standard real-time PCR.

While screening fewer SNPs is undeniably cheaper than screen-
ing many, groups working on GWA must be careful not to simplify
the assay prematurely. “If you're to move forward with a subset of
SNPs, oftentimes you would miss certain things,” says Affymetrix's
Tonani. Pointing to the recent GWA mapping of potential diabetes-
related genes, Tonani adds that *in three separate studies, and of
the nine genes that they actually identified, eight of the nine genes
wouldn't have been identified for this subset panel in at least one of
the studies.”

Into the Core

Like most new technologies, SNP profiling systems have become
progressively cheaper in recent years. Indeed, according to some es-
timates, the cost per SNP genotype has dropped more than a thou-
sandfold since 2000. Monetheless, with GWA studies now profiling
close to a million SNPs per patient, large-scale genotyping remains
an expensive undertaking.

That's why most labs now send their big SNP projects to a dedicat-
ed core facility. | think nobody is buying the system and setting it up
for a specific project. It's always some kind of facility, either a com-
pany or within a place like ours,” says Ann-Christine continued »
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Syvanen, research group leader for the SNP Technology Platform at
Uppsala University in Sweden.

Syvanen's facility, like several others scattered around the world,
functions as a national-level service. Scientists in Sweden and other
Scandinavian countries can send samples to the Uppsala center,
which charges only its marginal operating costs to genotype upto 1
million SNPs per sample.

For the high-density analyses, the center uses the lllumina Bead-
station with |llumina’s GoldenGate and Infinium assays, while a Ge-
nomelab SNPstream from Beckman Coulter setup handles projects
with 12=384 SNPs per sample. “We have a facility that can analyze
anything from a few SNPs or one SNP up to a million SNPs on chips,
50 we have the possibility to do any kind of SNP genotyping project
really,” says Tomas Axelsson, the Uppsala center's manager. Axels-
son adds that the center is now doing everything from candidate
gene screening and family-based linkage studies to large-scale GWA
waork for researchers all over the country.

Besides the expensive equipment, a SNP screening core also pro-
vides trained technicians and, critically, the bioinformatics infrastruc-
ture to handle floods of genotyping data. While the makers of SNP-
screening chips generally build database software into their chip
readers, most big facilities also run their own databases for more
complex analyses.

Staring and studying genome-scale datasets also creates a serious
hardware problem. A typical GWA study may fll 2 terabytes of hard
disk space, and more recent studies that also incorporate whole-ge-
nome sequence information may take up to 15 terabytes per study.
Even the declining cost of disk storage hasn't solved the problem,
as the data must also be backed up and maintained in a permanent
archive, a serious challenge for any type of computer data. “The
technology for bisinformatics is evolving, but not the technology for
storing the data," says Syvanen.

Chip makers are also aware of the informatics problems, and are
starting to offer more sophisticated solutions. For example, in June,
Illumina announced the launch of iControlDB, a database of controls
for GWA studies. Regardless of the SNP profiling platform they're us-
ing, researchers can tap into this trove to see SNP profiles for thou-
sands of controls that don't have a particular disease. The company
hopes to have 20,000 control patients' SNP profiles in the database
by the end of 2007.

Making a Federal Case of It
Basic researchers have been avid consumers of SNP screening tech-
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nology, but most experts have also been expecting pharmaceutical
companies to adopt the technology, as part of the push for pharma-
cogenomic therapies. Pharmacogenomics, which seeks to customize
therapies based on patients’ genotypes, could improve drug efficacy
while simultaneously reducing the risk of side effects. Pharmaceuti-
cal companies are understandably circumspect about the details of
their internal research programs, so until recently it was unclear how
much SNP screening was really going on in industry.

“Over the past three years, we have gotten a number of voluntary
genomic data submissions which were dealing with differential gene
expression using microarrays. Over the past year or 50, we have also
started to get whole-genome association studies,” says Federico
Goodsaid, senior staff scientist in genomics at the US Food and Drug
Administration's Center for Drug Evaluation and Research,

Under current FDA regulations, companies can submit genomic
data voluntarily as part of a drug approval application, if they think
the results will improve the agency’s understanding of the product.
Goodsaid reports seeing about “three to five” such submissions in-
volving GWA so far. “But remember, we get to see something several
maonths or maybe a year past the point at which people have started
to do it," he adds, suggesting that a wave of GWA-based pharma-
cogenomic therapies may soon be headed for the clinic.

Indeed, equipment manufacturers are already anticipating a boom
in clinical genotyping, with new systems that simplify the process
and make it more robust. Luminex, in Austin, Texas, for example, now
markets its adaptable xMAP bead-based flow cytometry system for a
wide range of diagnostic genotyping applications, ranging from tis-
sue typing to cardiac marker profiling. In the Luminex system, allele-
specific oligonucleotides attached to microspheres serve as sensi-
tive probes for targeted genotypes, which can be read quickly and
reliably by flow cytometry.

Besides new gear, the next generation of clinical genotyping tests
will also require clearer benchmarks. Because the standards for vali-
dating GWA-based biomarkers are still in flux, the FDA has now incor-
porated these studies into the second part of its Microarray Quality
Control (MAQC) initiative. The MAQC’s first phase focused on the re-
producibility of gene expression experiments, but the second phase
aimsto standardize microarray data analysis. “The questions we had
in MAQC | went back to how you ran the hybridizations and stuff like
that, but in MAQC Il, we are worried primarily with what happens af-
ter the data [are] there,” says Goodsaid.

Currently, each GWA study develops and uses its own data analy-
sis algorithms, so the MAQC Il team plans to construct a matrix of
tests, cross-applying different algorithms to different data sets and
comparing the results. The project, which should be completed in 12
to 18 manths, should help set the tone for a burgeoning field. "My
guess is that we're going to be seeing a lot more [GWA] in the near
future, because this is obviously a powerful technique for identifying
different types of biomarkers,"” says Goodsaid.

Whether for developing pharmacogenomic therapies, searching
for mew disease-related genes in genomewide association studies,
orperforming traditional linkage analyses in families, SNPs are clear-
ly revolutionizing genetics, For geneticists, the revolution has been
a long time coming: after all, they've seen the whites of its eyes for
nearly a century.

Alan Dove is a science writer and editor based in Massachuselts.
DOR10.1128/science.opms.p0700018
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Automated Multifunctional Image Analyzer

\

The Dyversity 4 multipurpose charge-coupled device (CCD) imaging system is suitable for
laboratories that want to rapidly and accurately analyze images of one-dimensional and two-
dimensional gels stained with commenrcial visible, fluorescent, or chemiluminescent dyes.
Dyversity 4 comprises a high-resolution, 16-bit CCD camera inside a light-tight darkroom
integrated to a computer containing Syngene’s powerful image capture and analysis software.
The darkroom comes complete with an overhead white light and features a programmable,
moving stage that can be used with a range of gel sizes and can recall stage positions for
each gel. It can be customized for specific applications by fitting filters and an ultraviolet
transilluminator, blue and white light converters, and Cy dye lighting modules.

For information +44(0)1223-727123

2YNgene

www. Zdymension.com

Personal Genomics Website

With more than 2,000 human DMA variations and their medical con-
sequences now cataloged and available, the SNPedia website is ex-
panding to include analyses of personal genomic sequences, with
the first of many being the sequences from |. Craig Venter and James
Watson. Built on a wiki-platform that encourages community anno-
tation and updating, SNPedia provides a valuable online resource
to scientists, physicians, and students studying genotyping and ge-
nome variation, and even to lay individuals interested in knowing
more about their own genomes.

SHPedia

For information 240-465-0788

www.snpedia.com

Deepwell Plates

Eppendorf Plate Deepwell 96 and 384 set new standards for purity,
stability, and centrifuge and automation capability. With innovative,
optimized well geometry, an exclusive error-safe labeling system,
and “g-safe” stability up to 6,000 x g, the plates deliver first-rate re-
sults. The plates incorporate the new RecoverMax design with coni-
cal well bottoms and smooth, rounded corners and transitions for
square well plates. These features provide faster pipetting, resus-
pension, and mixing because the liquid collects in the center of the
well bottom, while wicking in well corners is prevented to eliminate
cross-contamination between wells. Another innovation introduced
in these plates is the OptiTrack matrix, which combines a choice of
five vibrant border colors and a high-contrast, ultraviolet-resistant
and chemical-resistant alphanumeric labeling system. This ensures
simple plate orientation, even in stacks, and quick, error-safe identi-
fication of plates and wells.

cppendort

For information +44(0)1223-200440

www.eppendorf.com

Genotyping BeadChip

The Infinium Human-Linkage-12 Genotyping BeadChip takes ad-
vantage of the 12-sample format for linkage analysis. It offers low
cost per sample for linkage analysis plus industry-leading call rates,
uniform marker distribution, and superior single nucleotide poly-

o

b

Advertisers with Genomics-related Products:

Maolecular Devices
www,moleculardevices.com

Takara
www.lakara-bio.com
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maorphism (SNF) content. This new addition to the Linkage portfo-
lio complements the GoldenGate Human Linkage V Panel, which is
suitable for degraded samples such as formalin-fixed, paraffin-em-
bedded specimens. It is also available for researchers interested in
conducting linkage analysis studies using lllumina's FastTrack Geno-
typing Service. Linkage analysis maps the location of disease-caus-
ing loci by identifying genetic markers that are co-inherited with the
phenotype of interest. The 12-sample BeadChip and the flexibility of
the Infinium Assay provide researchers with a cost-effective method
for studying linkage with high information content.

umina

For information 858-332-4055

www.illumina.com

Cloning Ligation Kit

The Rapid DMNA Dephos and Ligation Kit provides fast, convenient,
and economical dephosphorylation and ligation of sticky-end or
blunt-end DMA fragments, enabling ligation of DNA in 5 minutes and
dephosphorylation in 10 minutes. The kit contains the new recom-
binant rAPid Alkaline Phosphatase, which is heat-inactivated in two
minutes at 75°C, eliminating phenol-chloroform extraction steps and
allowing dephosphorylation to be performed directly in restriction
enzyme digests. Procedures are thus simplified for a broad array of
applications, including cloning of fragments into plasmid or phage
vectors, linker ligation, recircularization of linear vector DNA, and
generation of libraries.

Roche Applied Science

For information +41-61-688-6983

www.rache-applied-science.com

Room Temperature Bacte ria Sto rage

A new technology for storing and shipping E colf at room tempera-
ture, CrudE is based on Biomatrica's proprietary synthetic chemistry
technology, which preserves unpurified plasmid and genomic DNA
harboredin E. coli. Bacterial cultures can be directly dried into CrudE,
allowing for quick and efficient sample collection. Users simply add
water to recover intact DNA ready for subsequent downstream ap-
plications. A sample management database tracks and organizes
samples using barcode and radio-frequency identification tags that
are integrated into CrudE individual tube, 9&-well plate, and 384-
well plate formats.

Biomatrica

For information 866-379-6879

www.biomatrica.com

www.sciencemag.org/products
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POSITIONS OPEN

ASSISTANT/ASSOCIATE FROFESSOR - # 1405
Meurotoxicology
School of Phamacy
University of Wyoming
College of Health Scienees - Academic Vacancy

The School of Pharmacy at the University of
Wyoming invites applications for a nine-month
tenure-track faculty position in the Division of Phar-
macentical Scences ar the level of ASSISTANT/
ASSOCIATE PROFESSOR of NEUROTOXI-
COLOGY. We are secking an individual with dem-
onstrated expentise in arcas of research that provide
a fit to ongoing rescarch in the Division of Phar-
maceutical Scicnoes, Research in the arca of neuro-
toxicology /neuropharmacology is expected, and
}urticular fimis may il'llt']l.ldt‘: environmental neu-
FOEKICITY, MEUrotransmitter eXatomoxicity, neuro-
tosicology ssociated with drugs, ecellular /mobecular
approaches to study neuronal plasticaty or newro
mtlammation and developmental neurotoxwol o
The position will also provide an opportunity to
collaborate with the Center of Biomedical Research
Excellence-Meuroscience Center, a multidiscipli-
nary center with an outstanding Microscopy and
Macromolecular Facility, The successful applicant
is expected to develop and maimain an externally
funded rescarch progeam related o the applicant’s
area of expertise. The successful candidate will also
be expected o weach courses in the toxicology/
pharmacology curriculum, advise professional  phar-
macy and graduate students, parapate in the Grad
uare Mewroscience Program, and provide serace to the
Univemity, College, school, amd the broader profos-
sl community.

Feguired qualificatons include a PhuD. (or equiv-
alent) and demonstrated scholarly research and teach-
ing experience. Postdocroral experience is desirable
but not required.

Salarv and starup package will be competitve and
commensurate with professional education, experi-
ence, and demonstrated abilitics,

leverested candidates should submit a starement
of research intercsts and objectives, a statement of
teaching philosophy, curdeulum vitae, representa-
tve publications and three ketters of recommenda-
tion to: e, M. Glaveia Teixeira, Toxicology Search
Committee Chair, University of Wyoming, School
of Pharmacy, Department 3375, 1000 E. Uni-
versity Avenue, Laramie, WY 8207 1. Beview of
applications will begn November 15, 2007, and
continue until 2 suitable candidate is identified.

The LUlwisersity of Wyomeing 15 an Egual  Oppodieiy/
Affrmariee Action Engplopor.

FACULTY POSITION for STEM CELL
FACULTY RECRUITMENT
Department of Pharmacology University of
Mlinois at Chicago

The Depantment of Pharmacology at the University
aof inoe College of Medicine (Chicagn) i sceeking
candulates for an ASSOCIATE PROFESSOR or
PROFESSOR appointment in the field of stem eell
bicdogy. Candidates should have a PhaD. and for MLD.
degree, an outstanding pubbcation record, and an
NIH-funded research program in any on these areas:
(1) stem cell biology, mcluding cancer stem cells; (2)
regenerative medicine; (3 ) molecular aspects of stem
cell renewal Adiffereniiation; (4) stem oz ll-based therapy.
The Deparment has strong rescarch and training pro-
prams (website: hittp:/ Swww.uic.edo /depis/

h/) and comsisentdy ranks among the top na-
toally. The successful candidate will have exnensive
oppotunitics for interdisciplinany collaboration, and a
haghly competitive statup package will be offered. Ap-
plications will be screened up to December 1, 2007,
Posinon available July 2008, Please send by e-mail a
singhe PDF file containing (1} cumiculum vitae, (2} a
summary of major research accomplishments and fu
ture rescarch plan, (3) names, addresses, and e mail
addresses for three references w: Attn: APOOL Search
(e-mail: phammjob@uic.edu), Department of Phar-
macology (MC H68), University of Illinois at
Chicago, College of Medicine, 835 5. Wolcot
Avenue, Room E403, Chicago, IL 60612, 1T i
a A ffmratee Ao /Bl Oypportouniny Euyrloyer.

POSITIONS OPEN

TLANTIC
LNIVERSITY
PH.D. PROGEAM in COMPLEX
SYSTEMS and BRAIN SCIENCES
PREDOCTORAL FELLOWSHIPS,
BRESEARCH and TEACHING
ASSISTANTSHIPS

The am of this Program is to ram scientists
who are both mathematically and biological-
Iy literate so that they can fully participate in
multidiseipinary research to bring new wavs
of thinking into neurcscience. Individuals with
undergraduate degrees in o anv pertinent disci
pline are invited to apply for this five-vear train-
mg Program at the Florda Adanties Universioe
(FAL ) Center for Complex Systems and Brain
Sciences,

Graduate training consists of a core curric-
wlum in nonlincar dyvnamics, npeuroscience,
computational modeling, and cognitive science.
Research arcas include sensorimotor cooedina-
von and leaming, human brain imaging, in-
chiding fundional magnetic resOnance |maging,
electrocncephalogram, branstem  mechanisms
of behavior, newral prowth nd development, el
lular neurcsciences, ion channel dymamacs, speech
production and  perception,  nearolingistics,
visual perception, music perception, and mathe-
matics of complex systems,

Applicants should complete the application
packape that can be found on our websibe:
heep: / Awww.oos. fawedu and send it wgether
with a Tewer of nterest, curriculum vitae, and
three lemers of reference 1w Rhomna  Frankel,
Center for Complex Systems and Brain
Sciences, BS-12, Florida Atlantic University,
777 Glades Road, Boca Raton, FL 33431,
E-mail: frankel@ccs.fav.edu. Deadline: Jan-
wary 15, F008 Additonal mandatory FAL ap-

lication can be found at website: heep://
E{r.ldl.l.ltf.l:.ll.l.ﬂ] u/ GradApp/.

FACULTY POSITION
Behavioral Neuroscience

The Department of Psychology at the University
of Memphis imites applications for a tenure-track
faculty position at the ASSISTANT PROFESSOR
level. Candidates must possess a PhDD. and post-
doctoral experience. While the specific arca of spe-
cialization within behavioral neuroscience is open,
preference will be given w candidates who have a
strong record of research publications, currently have
or are likely to obtain external funding, and have had
experience in successful collaborative research. The
person whao fills the posigon will also be expecred to
teach both underpraduate and graduate students and
o pericdically wach a course in research methods or
statistics. Our Department currently includes 32 full-
time faculty and offers Ph.D. degrees in experimental,
clinical, and school psvchology. Evaluation of candi-
dates will begin on Nevember 15, 2007, and may
continue untd posivion is filled. Send curricum viee,
three letters of recommendation, and reprins,/pre-
prants to: Guy Mittleman, Chair, Faculty Search
Committee, Department of Psychology, The Uni-
versity of Memphis, Memphis, TN 38152, 1w
Unieersity of Memphis is an Egual Opportameity A ffomuriee
Action Employer and enconrapes applications fim s,
ctferic murorities, and persons it disabvilitics.

WILDLIFE DISEASE ECOLOGIST, WILD-
LIFE DEPARTMENT, Humboldt State Univer-
sity, California, tenure track, job #7411, Expertise
in ceology of wildlife discases, management of ter
restrial vertebrates and PhoD. required. Full-time
teaching, graduare program, and other University,/
professional duties. Vacanoy announcement at website:
htp:/ Swww. humboldt .edu/~aps femployment /
tclll.'tl‘:'.h.t]:lll. HSLT & an ﬂ.".llminl DJ-.II.I-u'rra.rhr}'n"rllhlq' Ixs
ADA Employer,
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DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY
TeENURE TrRACK Faculrry PoSITION

The Deparement of Chemistry and Biochemisry inviees applications for a tenure-mrack position
starting in Auguse 2008, The candidate is expeceed o develop a vigorous, externally-funded research
program at the interface of chemistry and biochemisery. This position is part of a new
Life Science research inigarive av WPI supporred by a new starc-of-the-arr research Faciling
This $40M building hosts the Life Science research Deparmments and WP Bioengineering Instinuee.
The tenure-track position is at the ASSISTANT or ASSOUIATE level, depending on qualifications
The ideal applicane will have postdocroral ressanch experience, evidence of waching excellence, an
established record of rescarch produceiviey, and demonserared success or potential o secure research

funding,

The Department offers undergraduace and graduare (Ph.[2.) degrees in Chemistry and Biochemiseny
WP & a private, selective rechnological university with an undergraduate student body of 2800 and
1000 Full-time and parc-time graduare smidents. Worcester, New England’s second largest ciry, offers
ready access o diverse cconomic, culoural and recrearional resources of the region. Further
informarion about WP and the department can be accessed ar hepy fowwowpioedu,

Applicants should send a curriculum vita, a statement of research and teaching interests, and the
name of three references w: Dr. José Argiiello, Chair, Search Committee, Department of
Chemistry and Biochemistry, Worcester Polytechnic Institute, 100 Institute Road, Worcester,
MA 01609, Pdf formarted full applications can be sent to: faculty-searchCBC @wpledu, Review of
applications will begin immediaecly and will continue undl a suitble candidace is ideneified.

WP offers a smoke free envimnment, competitive compenstion and an excellent benefits package
including healeh imsurance, family tuition reimburserment and generous vacarions,

Ta enrich ednnstion throngh diversisy W i an affirmative actton, egrad apportunsty coplayer. Wownen and wnineries
are specially enconraged to apply

Worcester Polytechnic Institute

A Member of the Colleges of Worcester Consortium

Beijing Institute of Genomics (BI1G),
Chinese Academy of Sciences

Full Professors, Associate
Professors and 100 talents program
professors
Director or Deputy-Director of
Administrative Departments

Beijing Institute of Genomics (BIG) s one ol
the youngest institutions of Chinese Acadenmy
of Sciences, founded on the basis of Beijing
Cienomics Institute (BGH and made signifdant
coniribution to the International Human
Genome Project, International HapMap
Project, International Chicken Genome
Sequencing and Polymorphism Projects, as
well as sequencing and analysis of the rice,
silkworm and other important genomes.

At the moment of moving to the temporary
campus close to the central site of the 2008
Olympic Games, BEG will open to the whole
society its positions of 30 Full Professors’
Associate Professors, and of 8 Directors
or Deputy-Directors of Administrative
Departments, Willing to work in the planned
section in Suzhou are encouraged. Details
can be found at http:/fwww.big.ac.cn.

Deadline of application: Review of the
applications will begin November 8, 2007,
and will continue until positions are Wled,
Contact: gongkaizhaopini@big.ac.cn

Huanming Yang, Ph.D.
Director-General, BIG, CAS

PENNSTATE
University
S

Head, Department of Biochemistry and Molecular Biology

Penm State invites applications and nominations for the position of Head of the Department
of Biochemistiry and Molecular Biology. We are sceking an individual with a vibrani
ongoing research program, strong interpersonal skills, a commitment (o excellence, and o
commitment o diversity and a supportive environment for faculty and students, o provide
energetic and able leadership for the Department. The Department has 40 facully members
whose research explores a wide spectrum of hiological questions ai the molecular level,
This research is supported by extensive external funding. The Depanment has vigorous
undergraduate and graduate educational programs and parbcipates ina number of
interdisciphinary graduate programs. The Depariment interfaces with ether excellent
departments in the Eberly College of Science and has extensive collaborations with other
life science rescarchers across Penn State, including at the Hershey Medical Center. as
well as across the nation and around the world. Cominued growth and excellence in life
sciences is a priority of Penn State and the Eberly College of Science. The incoming

head will have a number of faculty lines and other resources to enhance existing arcas of
expertise and develop new fronters. Further informaton about the Department may be
found at bt pedfwww binb psu cdu.

The position 1= available for Fall 2008, Credentials appropriate o the rank of tenueed full
prolessor are reguired. Review of applications and nominations will begin November 15,
2007 and will continue until the position is [lled, Applications, including curriculum vitac
and the names of three references, and nominations may be submitted via cmail o mibl 6@
psiedu or mailed to: BMB Head Scarch Committee, The Peansylvania State University,
Eherly College of Science, 512 Thomas Building, University Park, PA 16802,

Penn Stale 1s committed 10 sllimmat ve action, equal opportunity amd the diversity ol ils work [oree.

PENN STATE Making Life Better

HARVARD UNIVERSITY

DEPARTMENT OF CHEMISTRY
AND
CHEMICAL BIOLOGY

ASSISTANT PROFESSORSHIP
IN CHEMISTRY

Applicants are invited 1o apply for
tenure-track assistant professorships
in all ficlds of chemistry. Applicanis
should armnge to have three letters of
recommendation sent independently and
should provide a curriculum vitae, a list
of publications and an outline of their
future research plans.

All applications and supporting materi-
als must be submitted via:
http://www.ilsdiv.harvard. edw/ceh/
facultysearch/

The deadline date for receipt of appli-
cations and supporting materials is
November 1, 2007,

Harvard University is an Affirmarive
Aetion, Egual Opportanity Emplover:
Applications from and nominations of
wennen and minority candidates are
strongly encouraged
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e NATIONAL INSTITUTES OF HEALTH

% Laboratory of Pathology
IRETHTH Molecular Diagnostics Laboratory
Staff Scientist

The Laboratory of Pathology, National Cancer Institute, Bethesda, MD is seeking to hire a dynamic scientisttechnologist 1o serve as the technical supervisor for
our Molecular Diagnostics Laboratory, The laboratory provides specialized gene-based diagnostic testing focused in oncology, and is currently stalTed by two
highly skilled molecular technologists. In addition, the laboratory works closely with NCI investigators and clinicians to develop novel gene-based molecular
tests tailored to the requirements of ongoing clinical protocols,

The successful candidate will be responsible for all aspects of the daily work of the labaratory. Dutics include provision of both technical and administrative
aupport to the laboratory and ensuring high quality diagnostic services. Specific responsibilities include, performance of tests, assignment, oversight, and review
of the work of cach medical technologists, and ensuring compliance with regulatory standards (CAP and CLIA). The incumbent will also be responsible for
monitoring the laboratory budget, building a positive work climate, and maintaining records. In addition the incumbent will be cxpected to participate in the
education of fellows and residents, pre and postdoctoral students as well as the medical and scientific staff,

The successful candidate must demonstrate a strong record in clinical, translational or basic research and will be expected to pursue active rescarch and participate
in the developmental research program of the laboratory. The incumbent should be able to independently develop and implement new procedures and tests that
will be beneficial to the laboratory, the patient population served, NCI elinical protocols, and the academic mission of the laboratory and the NCL

The suceessful candidate should have a doctoral degree and broad expericnce in molecular biologic technologies. Candidates without a doctoral degree, but
with an outstanding resume may be considered. Experience with nucleic acid extraction, analviic methods including PCR (regular, RT, quantitative) and blotting
techniques, DNA sequencing, and other unique chemistry platforms is required, as is experience with database and spreadsheet based software. In addition, it is
highly desirable that the applicant be familiar and facile with awtomated equipment such as sequencers and real-time PCR. analyzers, Experience in the develop-
ment and maintenance of laboratory records, cost analyss, and strategies for methods development and validation is also desirable.

Applications will be accepted until November 21, 2007 Interested individuals should contact: Mark Raffeld, M.D., Chief, Specialized Diagnostics, Bullding
10, Room 2N110, Laboratery of Pathology, NCL, 9000 Rockville Pike, Bethesda, MD 20892, Fax: 301-402-2415, Phone: 301-496-1569.

Eﬁ?ﬁﬁﬁ% INsTITUT
TENURE TRACK POSITION IN IMMUNOLOGY

The Exrrimgnmi Immunology Branch (EIB), Center lor Cancer
The Lab of Receptor Biology and Gene Expression, Center for | |Research (CCR) of the National Cancer Institute (NCI), National

: : ; e i Institutes of Health (NIH), Department of Health and Human Services
Cancer Research, National Cancer Institute, is recruiting fora posi- (DHHS), Bﬁgimda,]}.-l[}, %cs a plicamhs luld ply I‘ml; ﬁ tjgnu& Ear:k
P i ' posiion in Immunology. applicant shou ve a Ph.D., M.D. or
tion in the area of chromatin structure and function, chromosome equivalentdébredy fstrong record of scientific accomplishments, and

biology, and nuclear architecture. The position is at the level of | | the potential to establish an independent research program in any aspect

Tenure Track Principal Investigator, but senior investigators with ﬂfﬁ“m,lfgr e :};ﬂﬁﬁ“;;“?ﬁjf%gi“g:;}?ﬁ‘3{,3“;;%.";2{5,1?:13

ieg | i i laborato ce, equipment, budgel, technical personnel, and suppor
experfise in the program area may be considered. Applicants for fc]luHaspasmmquﬂ] be cognn;gcmurate wilhpgducminn and cxI:-:I::i-

should have a Ph.D. or M.D. degree, a strong publication record, | |ence. The EIB consists of 9 Principal ijest%alors: Alfred Singer, Tri-

L iy : : antafyllos Chavakis, Richard Hodes, Andre Nussenzweig, Paul Roche,
and demnnstrated_ potential n creative rese:arch. Salar!r m![ be| |pavid Segal, Stephen Shaw, Gene Shearer and Dinah SEm er. Active
commensurate with education and experience. Applications &mrqh cm'ccll's Ta wﬁcdﬁlggc nlil'arg:as. uéﬁ.pnlgmm yinclu .j:jﬁﬁ thymic

\ i ucabion an cel erentiation, =SINAuUced Imimun CLENCY,
should be submitted as electronic files (Word or pdf docs), and | | genetic recombination and chromosomal instability, inflammation
shouldinclude a cumiculum vitae, statement of research interests, | | biology, antigen presentation, receptor assembly and transport, signal

: : transduction, and regulation of gene expression. Scienlific interactions
and 3 letters of recommendation. Submit by Nov. 30, 2007 to: | |are encouraged and occur extensively among members of EIB as well

. Pai ; as with other scientists at the NIH. Applicants should send a CV and
C_hn st m‘i Koch-Paiz, Lab "'_}f Receptor Biology & Gene Expres- bibliu%;raphy. outline of a proposed research program (no more than two
sion, National Cancer Institute, NIH, Bethesda MD 20892-5044, ges), and three letters of recommendation to Caroline McCabe, 10
paizc@mail.nih.gov. 1360. Applications must be received by December 15, 2007,

Tenure Track Investigator

enter Drive, Bldg. 10, Room 4B36, NIH, Bethesda, MD 20892-

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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it NATIONAL INSTITUTES OF HEALTH

i Investigator Recruitment in Cancer Genetics

Mationol Humon Genome Reseorch Institute

The Cancer Genetics Branch (CGB) of the Mational Human Genome Research Institute (WHGRI) is seeking to recruit an outstanding tenure-track
investigator to pursue innovative, independent research in cancer genetics. General areas of interest include, but are not limited to:

=Cancer Gene Discovery *Molecular Profiling of Tumors *Markers for Early Dietection
=Comparative Cancer Genomics *Functional Genomics of Cancer *Genetics of Tumor Progression
=Genetic Epidemiology *Genome Instability in Cancer

The successful candidate will be able to take advantage of interactions with a highly collegial group of scientists within MHGRI and the MIH campus as a whole.
In addition, they will have access to MHGRIs outstanding core laboratories, as well as the unparalleled resources of the MIH Clinical Center.

Candidates must have a Ph.D., M.D. or equivalent degree, as well as comprehensive, advanced training and a record of accomplishment in one of the targeted
areas. This position includes generous start-up funds, an ongaing commitment of research space, laboratory resources, and pasitions for personnel and
trainees,

Interested applicants should submit a curricuum wige, a three-page deseription of their proposed research, and three letters of recommendation through our
online applicadon system at hiep:/fresearchunhgrinih.goviapply. The closing date for applications is Nevember 16, 2007,

For more infermadon on CGB and NHGRI's Intramural Program, please see hupJiwww.genome gov/DIR. Specific questions regarding the recruitment may be
directed to Dr. Larry Brody. the Search Chair, at lbrody @helix.nih gov. Questions may also be directed to Dr. Elaine Ostrander, the CGB Branch Chief, at

msnnd@mil_nihﬂ.

Incerested applicants shauld also be aware of twe concurrent tenure-track faculty searches being conducted by NHGRI's Genetics and Melecular Bislogy
Branch (GMBB) and Genetic Disease Research Branch (GDRB). Information on these searches may be found at hitp/genome.gov/ | 1509039, Qualified
candidates are welcome to apply for multple searches; please note that a separate application must be filed for each search for which you wish to be
considered.

DHHS and HIH are Equal Opportunity Employers and encourage applications from women and minorities.

NATIONAL HUMAN GENOME INSTITUTE  Divison of Intromural Research 4 Xxxx
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@ Investigator Recruitment in Genetics and Molecular Biology

National Human Genome Research Instilute

The Genetics and Molecular Biology Branch (GMBB) of the Mational Human Genome Research Institute (NHGRI) is seeking to recruit outstanding
tenure-track investigators to pursue innovative, independent research. The faculty within GMBB are highly interactive and use a variety of approaches to
understand and develop new treatments for genetic and complex diseases. Current areas of research include hematopoiesis, the genetic disorders of red blood
cells, eellular immunology, gene therapy, leukemagenesis, genemic Instability in disease, the geneties of skin diseases, and the genomics of the skin microblome.
Of partcular interest are candidates with research interests in the following areas:

* Clinical genetics = Clinical/translational research
= Application of genomics tools to understanding human disease * Basic genetic/genomics research

The successful candidate will be able to take advantage of interactions with a highly collegial group of scientists within NHGRI and the NIH campus as a whole,
In addition, the successful candidate will have access to WHGRI's outstanding core laborataries, as well as the unparalleled resources of the MIH Clinical Center,

Candidates must have a Ph.D, MD, or equivalent degree,as well as comprehensive, advanced training and a record of accomplishment in one of the targeted
areas_This position includes a generous start-up allowance, an ongoing commitment of research space, laboratory resources, and positions for personnel and
rainees.

Interested applicants should submit a cumriculum vitae, a three-page description of proposed research, and three letters of recommendation through our online
application system, at httpairesearch.nhgri.nih.goviapply. The closing date for applications is Movember |6, 2007,

For more information on GMBB and NHGRI's Inrramural Program, please see httpi/igenome gov/ DIR. Specdific questions regarding the recruitment may be
directed to Dr. Fabio Candott, the Search Chair, at fabio(@nhgrinih.gov. Questions may also be directed to D David Bodine, the GMBEB Branch Chief, at
tedyaz@nhgrinih.gov. Interested applicants shouldalso be aware of two concurrent tenure-track faculty searches being conducted by NHGRI's Cancer
Genetics Branch (CGB) and Genetic Disease Research Branch (GDRE). Information on these searches may be found at hetpeipenome.gov/ | | 509039, Qualified
candidates are welcome to apply for multiple searches; please note that a separate application must be filed for each search for which you wish o be considered,

DHHS and MIH are Equal Opportunity Employers and encourage applications from women and minoricies.
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THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMURNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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Investigator Recruitment in Genetic Disease Research

National Human Genome

The Genetic Disease Research Branch (GDRB) of the National Human Genome Research Institute (MHGRI) is seeking to recruit outstanding tenure-track or
tenured investigators to pursue innavative, independent research. GDRB faculty members are highly interactive and use a variety of approaches to study the
genes and proteins invalved in normal development and related disease processes. Investigators in the Branch are currently engaged in studies of limb and
skeletal development, pigment cell development and neurocristopathies, T-cell development, function, and defects in host defense; and the role of rare variants
in commaon disease, Of particular interest are candidates with backgrounds in one or more of the following areas;

* Clinical or translational research

* Maolecular and genomic approaches to understanding the mechanisms of disease
= Basic genetic or genomic research

The successful candidate will be able to take advantage of interactons with a highly collegial group of scientists within MHGRI and the MIH campus as a whole.
In addition, the successful candidate will have access to NHGRI outstanding core laboratories, as well as the unparalleled resources of the MIH Clinical
Center. Candidates must have a Ph.D., M.D., or equivalent degree, as well as comprehensive, advanced training and a record of 2ccomplishment in ane of the
targeted areas. This position includes a generous start-up allowance, an ongoing commitment of research space, laboratory resources, and positions for
personnel and trainees. Interested applicants should submic a curriculum vitoe, a three-page description of proposed research, and three lecters of
recommendation through our online application system, at hapi/iresearchnhgrinihgov/apply. The closing date for applications is November |6, 2007.

For mare information on GDRB and NHGRIS Intramural Program, please see hutpy/igenome gov/DIR. Specific questions regarding the recruitment may be
directed to Dr.Willlam Pavan, the Search Chair, at bpavan@nhgri.nihgov. Questions may also be directed to Dr. Leslie Biesecker, the GDRE Branch Chief, at
lesheb@nhgrinih.gov. Interested applicants should also be aware of twe concurrent tenure-track faculty searches being conducted by MNHGRIS Cancer
Genetics Branch {CGB) and Genetics and Molecular Biology Branch (GMBE). Information on these searches may be found at http/fgenome.gov/1 1509039,

Qualified candidates are welcome w apply for multiple searches: please note that a separate application must be filed for each search for which you wish te be
considered.

DHHS and NIH are Equal Opportunity Employers and encourage applications from women and minorities.
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Clinical Tenure-Track Position
e a in Malaria Pathogenesis and Human Immunity
Laboratory of Malaria and Vector Research

The Matonal Institute of Alkerpy & Infectious Diseases (MLALDY, Division of Intramurl Research (DIR ), Labomtory of Malana & Vector Research (LMYR), located in Rockwlle,
MD is seeking an outstanding tenere-irack investigator to develop a clinical research program in malaria pathogenesis and human imminity hat ineludes field snd hboratory sudies.
A tenure-track investigator is equivalent 1o an Assistint or Associte Professor ina University sefting.

The LMYR conducts high-impact, inmovative scientific research on maliria and the mosquitees responsible for its transmission. Overseas field work in Africa and Southeast Asia s
integral to these activines. Resulis from LMVYR research lead o new information on parasite and host factors that affect makaria transmission and infection, biological responses that
afffect the course of disease, and genetic determinants that affect owtcomes in vaccine trials and drug treatment

The successful candidate will mplement and direct a vigorous, independent research program in malaria pathogenesis and immunity with both laboratory and overseas clinical
components. The incumbent will devebop clinical protocals that may mclude, but are not limited 1w, research on the natural history and pathophysiology of malana, genetic determinants
of disease virulence and oulcome, acquired and innale antimalarial immunity. or research on factors that affect the cutcome of malaria interventions, An cutstanding pestdoctoral
record of research accomplshment and MDD, or equivalent degree is required for this posttion; hoard eligibility/board centification in infectious diseases is highly desirble. The
incumbent will be expecied to maintam a current license to practice medicing and 10 hold credentialing with the NIH Clinkal Center.

Independent resources including space, support personnel, and an allocated annual budpet for services, supplies and salaneshave been committed to the posiion, Facilities at existmg
NIAID field sites in Africa and Asia will be available to the incumbent, and support for field collaborations at new sites is possible. This is a ienure-track appointment under Title 42,
Salbry is dependent on experience and qualifications,

Interested candidates may contact Dr. Thomas Wellems, Chief, LMVR via email at twellems@niaidnih.gov for additional imformation about the position,

To apply for the position, send your currkcubom vitae, bibliography, an outling of vour proposed research program (no more than two pages), and list of 3-5 most significant research
papers by December 3, 2007 vio email o Ms, Wanda Jackson at jacksonwadr niaid.nibugoy. In addigon, three letters of recommendation must be sent (o Chair, LMYR Search
Committee cfo Ms. Wanda Jackson, 10 Center Drive MSC 135, Building 10, Room 4A-26, Bethesda, Maryland 20892-1356. E-mail & preferred. Please note search #017
when sending materals. Further mformation on working at NIAID & available on our wehsite at: hittp/health research. niaid. nihgov.




online @sciencecareers.org

:
:

=

LIMIVERSITY OF MISSOURT-KANSAS CITY
SCHOOL OF BIOLOGICAL SCIENCES

Professor and Head, Division of Cell Biology and Biophysics

Applications are invited for the Head of the Division of Cell Biology and Biophysics at
the School of Biological Sciences, University of Missouri-Kansas City. The successful
candidate should have a proven record of sustained externally funded research, scholarly
activity, and leadership potential, The candidate will be expecied to participate in graduate
and/or undergraduate waching, faculty mentorship, and work closely with the Dean on deci-
sion-making matte rs pertaining o the growth, development and direction of the School. The
School of Biological Sciences is positioning 1iself to become a regional leader in the areas
of structural biology and molecular cell biology and welcomes applications from qualified
candidates in these rescarch areas: however, outstanding scientists from all areas of basic
life sciences research are encouraged 1o apply. The successful candidme will receive a
competitive 12-month salary, renovated research space, a start-up package commensurate

with rank, and the availability of excellent research support facilities within the School of

Biological Sciences. Candidates should have a Ph.D. degree and currently be in a tenured
academic position at the rank of Professor,

Please direct all inguiries or nominations to Dr, Lawrence A. Drevlius, Dean, School of

Biological Sciences (dreviuslimumke.edu). To apply, please submit electronically (MS
Word or pdf) a CV, a statement of present and future research interests, and the names and
addresses of 3 references 1o: dreyfusl@mumbe.edu. All materials will be handled with sirict
confidentiality, The position will remain open until filled.

UMK is an Affirmative Action/Equal Opportunity Emplover.
Women, minorities, veterans, and individhials with disabilities are encovuraged ro apph.

FACULTY POSITION IN
BIOCHEMISTRY

Kansas City Umiversity of Medicine and
Biosciences invites applications from out-
standing candidates for appointment in the
Department of Biochemistry at the rank of
Assistant or Associate Professor. As we
continue to expand our rescarch capacity,
we seek candidates with research interests
in the chronic diseases of aging, particularly
diseases associated with protein misfolding:
applicants who can produce new knowledee
in the areas of chemical neurobiology using
inmovative techniques are especially encour-
aged to apply. The successful applicant will
have a Ph.ID. (or equivalent doctorate), a
record of scholarly publications and progres-
sive external funding, be willing to mentor
eraduate and medical students and to con-
tribute to a novel instructional curmiculum.
For additional information. contact Norbert
W. Seidler, Ph.D., Chair, Department of
Biochemistry, 1-800-234-4847, ext. 2207
or B16-283-2207, nseidler(@ keumb.edu.
Please visit www.kcumb.edu and click on
‘Employment” 1o view remainder of ad and
for CV submission directions.

KANSAS CITY
UNIVERSITY
o
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Faculty Positions

Assistant Professor Anatomy/Cellular Biology
Gewrgia Campus Genrgio Campus

Duke University secks applications for open
runk, tenure track positions in the broad fieldof
cellular systems biology. We seek applicants
feom both experimental and quantitative/
computational disciplines with research
interests in the molecular bases of cellular
function, development. and evolution. These
new appointments will substantially enhance
existing Duke strengths in experimental and
modeling approaches to understanding the
complexity of genetic, metabolic, and sgnal-
ing networks. Successful applicants will have
appointments in one or more Duke departments
based on mutual interests, All appointess will
be affilisted with the Duke Center for Sys-
tems Biology, a cross-school. campus-wide
academic center that is also one of the NIH-
supported National Systems Biology Centers.

Applicants should submit a curriculum vitae,
a brief summary of current and proposed
research, reprints of 2 or 3 key publications
and a statement of teaching interests via the
web at www.academicjobsonline.org. Junior
candidates should arranze for three letters of
recommendation to be uploaded to this website
or sent directly to; Systems Biology Search,

W ane secking a loll ime Assisland Pralssor (Associale will be considesed) | Condidales bt this bull Lme fandly postion ako i Suwanss, &4 should be
for owr Drvison of Basic Soenes depl al our Sowanee, GA campes. | baimed in an aea of human anatoewicaliuly and molaoslr bigdlogy and
(andidates will engage in scholarly adiwly O pursuing research adiites | capalieof beaching Geoss Analomy (inciuing dssechn) @ well = parficipale
hatwill support gradale program dewelopment, ickadngmentorng sudents, | in the teaching of medicl @ (biokogy in the medical camculum and the
fublcaloa o wofi 3 seaunng exramusd lending b suppoet independant | Grackale Program in Biemodical S cances.

®saarth progeam, Candidales smsl hawe PhD i rspedive feld o cosly
elated area Ivears Fosldockoal eqenence prefened.

PO beautdhul Sarwanss campus & Gaongia’s newest madical coliage with a/lolal enroliment of 255 shideslts in s frstyear D0 dames and 66 Biomeedical soencss
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Preas send letls of mtmed and weniaulom vikaz b Phikadel phia Cotlege of 04 eopathic Medicing,
Hurman Resseices Departmest, 4250 ity Avenue, Philadelphia, PR 151, Ensail: HRzpoom. edu, Fa: IT5-8T-£505. (20

Duke University, Box 90338, Durham, NC
27TOE-0338. Seniorcandidates should give the
namies of three potential referees. Application
review will begin on 1 December 2007, and
continue until the positions are filled.

Lok Unriversicy is an Equecl Clpportuniny

Affirmative Action Employer; women and

metnbers of minevily groups are strongly
encouraged fo apply

THILADHELPHES CTHLLEGE OF
CETEOPATHIC MEDICINE

WWW.PCOM.EDU




McMaster

University

HEALTH SCIENCES

McMaster Universily announces
Canada’s Premier Postdoctoral Fellowships
A new opportunity to pursue top-level research training

Applications are now being accepted for the Michael G. DeGroote Fellowships, prestigious new funding
opportunities for post-doctoral candidates in health sciences research. The awards are offered through the

Faculty of Health Sciences al McMaster University. There are two types of awards being offered:

Michael G. DeGroote Post-Doctoral Research Award

This award, one aof the largest of its kind in the world, will provide advanced training for autstanding individuals who have
completed a post-doctoral fellowship and are seeking a junior faculty position at McMaster University, Through the generosity
of Michael G. DeGroote, the award will provide $75,000 Cdn per annum for two vears for a Research Associate in the Faculty
of Health Sciences al McMaster University. Extensive training will be provided o the successiul candidate to develop a
competitive research program. Upon completion of the fellowship, the recipient may be recommended for an Assistamt
Professor position al McMaster,

Michael G. DeGroote Post-Doctoral Fellowship Award

These prestigious awards are designed for candidates who have an exemplary academic record and are interested in pursuing
post-doctoral work in one of the numerous areas of research strengths in the Faculty of Health Sciences at McMaster University,
Also funded through the generosity of Michael G, DeGroote, the award will provide annual support of up o $45,000 per
annum for up lo three vears.

Successiul candidates for these awards will have the opporunity to work with Health Sciences faculty who are conducting
leading-edge research and are considered among the best in their fields. They will have access o state-of-the-art facilities that
enable progressive research designed 1o impact health care throughout the world.,

Application deadling for both awards is January 1, 2008.
MeMaster Universily is consistently rated as the most research-intensive university in the country. s affiliation with Hamilton's
teaching hospitals and research institutes provides an exceptional environment for interdisciplinary research within a fully

integrated academic health network.

More information, int_'luclin;, frequently asked quesl.inns information on the 1_'it'5.J of Hamilton and on McMaster Universily and

h‘l “»Uc lml Ifj [Jn::( roote | School of o School of Nursi
AEDICINE Rehabilitation B, chnool O ursing
b\r’ r University Sciences === Lead. Engage. Inspire.
For more information about the Faculty, visit our web-site at www.fhs.mcmaster.ca

Dr. Peler George Dr. John Kellon
President and Vice-Chancallor, Mchaster University Dean and Vice-President, Facully ol Health Sclences

An equal opportunity employer

Mehaster Unrversity s commifted to Emplayment Equity and encourages applications fiam all qualined candidates,
including women, aborigna| people, peapbe with dizabilities, sexual menorities, and vizible minodtes. In accoidance
with Canedian immigration requirmenis, Canadian cifieens and pemarent esidents of Canzds will b considersd first

TOGETHER, ADVANCING HEALTH THROUGH LEARNING AND DISCOVERY
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Professor and Chair

DEPARTMENT OF NEUROBIOLOGY
MNATHAN MARSH MUSEY PROFESSOR OF NEUROBIOLOGY

Harvard Medical School is seeking an exceprional academic and sdenfic
leader to serve as che Mathan Marsh Pusey Professor of Newrobiology and
Chaér of the Department of Neurobiology. The seocesshul candidare will be an
ineermarionally recopnized neuroscienta and visionary leader who dhinks
broadly aboue the full range of basic and ransational newroscience research.
The individual should be an eemplary reacher, dedicared w0 medical and grad-
ware echicarion and ro the menroring of junior faculcy. The cindidare should
be highly motvated to promote broad colbboraton acros Harvard WModical
School, induding i affiliarad instimeions as well as the liger Univessiny com-
muniry. Highly effecrive adminismradve skills and experience in the manage-
ment of complex research and/or educatonal programs is highly desirable. We
sk an custanding academic neumsdentist wha is peised to lead one of the
narion’s premicre deparments into the e,

Inceresied individuals should send a lever of applicadon and currene OV o

Jeffrey 5. Flier, MD
Dean, Harvard Medical Schoal
cfo Office for Faculty Affairs
25 Shattuck Street
Gordon Hall-206
Boston, MA 02115
E-mail: neurobiology_search®hms.harvard.edu

Harvard Media! Nelosl i a6 r..lm.Jll W\.-Jn..rn'_\-‘.{.‘}mu.'nr i cotplier caiely g @reee vmivinienl e
oibmaernt fo aliveraity in their fruliy Women and muronty ooaddates are partimaenly enconraged i apply

DEPARTMENT CHAIR

Chemistry

The Universiy of Alabama seeks an oursanding indmidual for the
position of Chair of the Depanmemt of Chemistry. The UA Depanment
of Chemistry s housed in the new Shelby Hall and comprises 22 Bou lty
members in the fve radwional arcas of speaalizanon with msearch
rograms and center actvines focused on synthesis, matenal science,
Ei: ::-!-_u.'.jl \}'\II:I:II\.. .'||'I|;| l::lcln,l. “'Il; U.|“|. hd‘l'l:l'ull:"l.' rﬂgr-‘-m plh.'csi
emphasis on gquality educanon at the undergraduate ﬂnfgradurttr levels
while buildng a strong research cntuj:ri;r: with private and public sector
collaborators. The successiul candidate must possess excepuonal
leadership abilines, have demonsarated adminigratve expenence, and
have an understanding and enthusiasm for both the eaching and
rescarch mussions.  The area of cxpertse of the applicant 15 open, but
should complement those of the exsung faculty and furure plans for
growth in the Depanment. Funher informanon about the Department
and  its Faculty is  available on  our  website  ar
hitp=//bama.ue.edn/~Chem
All candidates should provide a cormculum vie (including publication
list), the names of at leas 3 references, as well as statements of
admimistrative and leadership philosophy, research plans, and teaching
philosophy  and nterests.  Applicanons  (hardcopy only) and
nomnatons should be sent to: Dr. Carolyn J. Cassady, Chairpeson
Chermustry Chair Search Comminee; [.‘.I:.-P.m:mum of Chemswy; The
Unmvemity of Alabama: Box 870336 Tuscaloosa, AL 35370336,
Potentml candidates may contact the chaimperson of the search
commiee at ccassady@bamauacdu if addwional informanon s
destred. Comsideration of applicatons begins on November 30, 2007
and continues unnl the poston s fllled.

The University of Alabarna is an Affirmanive Action/Equal Opporunity
El"l‘l.‘rlll,'l'!l'l.’l:'. ."l.p|'||||..1l|ur|.\ L Wamien .1.|:|||.| M an ties ire EIN!_'IUHEQ\:I.

( FImson 1s

THE UNIVERSITY OF ALABAMA

MICHIGAN STATE
UNIVERSITY

Two Faculty Positions in Human Genetics

Twor [ac u|l:|. [reesIliOnS i himan femellos are available ar Michi A SLe 1 Ve rsiLy
(MSLTE as part of a campus-wide initiaive 10 increase human genetics research on
campus. Individuals are soughi [or one junior level (assisiant professor) and one
SCTI30T ||.‘|. I J'kl"““".ﬁ

Research will address lundamental gquesions of human genetics. A1 least one
|:--'-.|.I||l|| i% u1|..'r||,||,\.| for A ..||u.'|||,!.|||,' laaw g .'..'m:.'.r:h experience o -|,|I|-I|-.,||
geneticsipenetic epidemiclogy with an emphasis on complex diseases. In addiion
a laboraory-hased human geneticist is sought

MSU olfers a highly collegial, imendisciplinary environment with many collaborative
opponunites through rwo MSU community-based medical schools (MD and DO)
associated with large healih care sysiems in six ailes, [our penetics diagnosiic lobs

(DNA, cyopenatics, prenalal screening, HLAD a geoetie counseling cemer, sanong
epidemiclogy, cell & molecular biology and newroscience  programs, en

imierdeparimenial grachase ||>|1-_~1,_:_'11L n genetics, and strength in research in a wide

array of basic scences Micligm Stae provicks excellent ressanch core [acilivies in
genomics, proleomics, and microscop
Each sucoessiul candidate may choose to be alliliated academically with one or
more depanments, including Microbiology & Molecular Genetics, Pedinrics &
Humnan I'lr"\.<'||l|‘:|:||rlll |‘|'!I\.|!'IIII|||||!.'I'\._ Bunc I::I:'I1":I'1|::L fr Molecular Blology
Pathobiology & Diagnostic lnvestigation, Physiology, Psvdhology, Pharmacoloay &
Tewicology and Stanstics and Prolabilicy
These are academic-year, tenure-track, research-oriened positions, with modemie
teaching responsibiliy A docioesl d e (FhD, MD, DV, ar DO and resesrch
expericnce are regquired. Salary will be commensurate with experience. Applicans
should subimit a leter of application, curtdoulwm vilae, gaterment of research goals
copies of pertinent reprints and comaa information (address, e-mail, and phone
[or three referees 1o the lollowing address: Human Geneties Search Committee,
Genetics Program, 2240 Biomedical & Physical Sciences Building, Michigan
State University, East Lansing, M1 48824, Digial submissions in pxdf format 1o
genetics@msu.edu are encouraged. Beview ol .||‘:E\|h.u.|.l|:!|- will hegin in
ovember, 2007 and wall continue until the position is filled
."\.1u||.||.';.||| Se L miversily s ¢ ammined 1o achiey g ex elberice Il1r|l|.|1;|:i culiuiml
diversity. The university actively encoumges applications andfor nominations [rom
women, persons of color, veremns and persons with disabiliies

MASLE 15 AR AFFIRMATIVE ACTIOMN, BOQLA L OPPORTUNITY EMPLOYER.

CLINICAL ASSISTANT PROFESSOR OF
ENVIRONMENTAL BIOLOGY

Department of Biology
ARTS AND SCIENCE

The Department of Biology at Mew York University invites
applications for a clinical assistant professor appointment to
start September 1, 2008, pending budgetary and administra-
tive approval. Responsibilities include developing and teach-
ing in the Department’s undergraduate curriculum in Environ-
mental Biology, a new minor available from the Department
and a complementary component of the University's new
Environmental Studies Program, Teaching duties will include
six courses annually. Previous research and teaching experi-
ence is preferred. The Department of Biology
(http//www nyu.edu/fas/dept/biclogy) offers an outstanding
and collegial research environment, Opportunities exist for
active collaborations with related divisions within the Univer-
sity and other institutions in the New York metropaolitan area,
including the Mew York Botanical Garden and the Amerncan
Museum of Matural History,

Candidates should submit applications, including a CV and
three letters of reference. Rewew of applications will begin
immediately with a final deadiine of December 31, 2007. Elec-
tronic applications as PDF files should be submitted to
biology.recruitment@nyuwedu using the following address in
the cover letter, Chair of the Environmental Biology Search
Committee, Department of Biclogy, New Yeork University,
1009 Silver Center, 100 Washington Square East, New York,
NY 10003. Closing date: December 31, 2007.

NEW YORK UNIVERSITY

MU s an Equal Opporunily/aflinmatee Action Employer




"RESEARCH OPPORTUNITIES -

VIRGIN]A BIOINFORMATICS INSTITUTE

»

Assistant, Associate and Full Professorships
at the Virginia Bioinformatics Institute: Labora-
tory-Centered and Computationally-Centered

The Virginia Bioinformatics Institute (VBI) at Virginia Tech has
faculty openings for assistant, associate and full professorship

levels, VBI is a world-class research institute in the life sciences,

integrating theory, modeling, simulation and wet laboratories
in a transdisciplinary, team research model. Areas of strength
among the |8 research groups at VBl include infectious

diseases, ranging from the molecular to the population scale,

systems biology approaches to study stress response in several
organisms, modeling and simulation of biological and other
networks, functional genomics, metabolomics, proteomics and
bioinformatics/computational/synthetic biology. To support
growth of transdisciplinary research, we especially seek
scientists with significant wet lab operations, quantitative
social scientists or human-computer interaction faculty.
Successful candidates at all levels are expected to have an
established research program and a strong track record of
substantial extramural research funding.

About VBI, Established in 2000 by the Commonwealth of
Virginia, the Institute is a part of Virginia Tech (VT) and has its
own 130000 sq ft research facility with state-of-the-art core
laboratory and computational facilities as well as new facilities
in the Washington, D.C. area (in Alexandria, VA). VB! strongly
emphasizes team science and organizes research outside
of boundaries of academic disciplines. Research programs
represented atVBIl assemble to meet the specific needs of those
programs; it is a flexible environment that rewards the notion
of a problem-solving capability on the move. Extensive national
and international collaborations complement the expertise of
the faculty, including strong interactions with several biomedical
research centers. Faculty entrepreneurial activities are strongly
encouraged and the Institute and the university provide support
for the establishment of commercial ventures.

VBI's facility in Alexandria is an integral part of Virginia Tech's
expansion into that region. Faculty members whose programs
will not require proximity to laboratory facilities will have the
option of basing their primary research efforts there while
still accessing VBI's state-of-the-art wet laboratory facilities in

For more Information:

Blacksburg. Exceptional new faculty may also have the option of joint
affiliations with other departments atVirginia Tech and two prominent
medical schools on the East Coast. Reference posting 061384, For
more information on faculty positions, please contact the Head
of the Faculty Search Committee |odo Setubal (Tel: 540 23| 9464;
setubal@vbi.vt.edu)

Along with a strong research environment, the Institute actively par-
ticipates in “Genetics, Bioinformatics, and Computational Biology™
(GBCB), an interdepartmental Ph.D. program that emphasizes both
computational and experimental sciences, and which attracts out-
standing students from diverse disciplinary backgrounds.

-
Other Research Opportunities at VBI: )

Research Groups

» Bioinformatics Scientist — Computational Biologist, posting 070821
(Sobral)

= Molecular Biclogist and Laboratory Manager, posting 070666
(Peccoud)

« Postdoctoral Associate: Aptamer Discovery, posting 070668
(Peccoud)

+ Postdoctoral Associate: HIV Replication, posting 070354
(Peccoud)

» Postdoctoral Associate: Microfluidics and Mass Spectrometry
Specialist, posting 070670 (Lazar)

+ Program Manager or Senior Program Manager, posting 070996
(Peccoud)

+ Senior Simulation Science Software Developer, posting 070225
(Barrett)

For information on research in VBl faculty groups please consult

www.vbivt.edu/public reltions/annual reports/2007 scientific

annual_report

Core Facilities

= [T Project Manager, posting 070659 (Core Computational Facility)

» Portal Development Specialist {(multiple openings), posting 070656
(Core Computational Facility)

+ Proteomics Specialist, posting 070724 (Core Laboratory Facility)

» Systems Administrator, posting 070769 (Core Computational
Facility)

For more information on VBI core facilities please consult

* To apply, visit www.jobs.vt.edu and search by posting number

* To learn more about the Interdisciplinary PhD program in Genetics, Bioinformatics, and Computational
Biology (GBCB), visit http://www.grads.vt.edu/academics/programs/gbcb/

l\www.v bivt.edu |

[ VirginiaTech

Imveni the Future

* To learn more about VB, please visit www.vbi.vredu
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ASSISTANT PROFESSOR

Integrative Animal Physiology

The Department of Biological Sciences at the University of Alabama
invites applications for a tenure-tradk position at the rank of assistant
professor m integrative animal physiclogy to begin Auguse 2008,
Applicants must have a Ph.D. and post-doctoral research experience.
Candidates who swdy signaling mechanisms that undedic
phiysiological responses in cither invertebrate or vemebrite systems
are particularly encouraged to apply. The successful candidate will be
expected to establish an active, externally-funded meseardh program
that includes undergraduate and graduate sudent mentoring. The
successful applicant will contribute to the teaching mission of the
department in the areas of physiclogy, anatomy, and their area of
specialization such as endocrinology.

To apply, mail hardcopies of cunmaulum vitae, a letter of application
that mclodes your research interests and goals, a statement of
teaching philosophy, a list of courses in your arca of expentise, and
have three letters of reference sent to: Search Committee -
Integrative Animal Physology, DT1nmc11: of Biological Sciences,
Box 570344, The Umvemsity of Alibama, Tuscaloosa, AL 35487
Questions about the position may be addressed o D Stephen
Secor, Chair of the Scardh Commitiee at i asuacda
or 205-348-1809. Review of applications w ember 3,
2007, and continue until the position is filled.

For more mformation visit our website at

hittp://wwrw.as,

The Umversity of Aldbama 1s an Affirmanve AcionfEqual Opportunicy
Emplover. Applications from women and minorties are encouraged.

1501

THE UNIVERSITY OF ALABAMA

The Department of Immunobiology of the Yale University School
of Medicine seeks applications for a senior faculty (Associate or Full
Professor) position to develop a new research program within the
Human and Trans|ational Innmunology (HT1) section. The successful
candidate will be able to recruat at least two additional junior faculty
members working on basic human immunology, patient-oriented
clinical studies and on the translation of basic science discover-
ies to clinical therapies and/or diagnosis or prevention of disease.
Additional individual s present at Yale could be incorporated into this
program if this is desirable to the senior faculty recruit. The clinical
target or targets of this program are likely to be complementary to
ongoing activities within HT1 and will be selected based on the nter-
ests and expertise of the recruit and on the resources and strengths
of the Yale environment.

The application package must include a curriculum vitae, a summary
af present and fNuture rescarch interests and three letters of recom-
mendation. Completed applications should be received at the address
below no later than December 1, 47,

Jordan 5. Pober, M.D., Ph.D

C hair, Search Committee
Department of Immunoebiology
Yale University School of Medicine
P.0. Box 208089
MNew Haven, CT 06520-8089

An Equ.rr..lf [ JMIH;H'!uu'{1'.-’.-l_‘lj.i':}'muf:'u‘.r Action E.ln;:'.llnj e
We strongly encourage applications fram women and minovities.

Baylor University

Chartered in 1845 by the Republic of Texas, Baylor Universaty is the oldest
umversity i Texas and the world's largest Baptist University, Bay lor®s mis-
sion 15 1o educate men and women for wordwide leadership and service by
integranng academic excellence and Christian commitment wathin a caring
community. Baylor is actively recruiting new faculty with a strong commit-
ment o the classroom and an equally stroeng commitment o discovering
new knowledge as Baylor aspires to become a top tier research university
all while retzining and remaining grounded in our strong Christian mission
as described m Baylor 2012,

We nvite vou to come discover the vision (www.baylor.edu/vision/y and
excitement at Baylor as we seek to fill the following tenure-track faculty
position within the College of Arts and Scences

DEPARTMENT CHAIR
DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY

Complete apphications will include a current curriculum vitae, a descnp-
tion of research interesis, a list of references, and a statement describing the
candidate’s interests and goals in seeking this position. Applications will
be reviewed beginning December 1, 2007, To ensure full consideration an
apphcation should be received by January 1, 2008, but applications will be
accepted unnl the position 15 filled.

Applicants should have a record of high quahity reseanch and demonsirated
suceess inobtaining external funding. Previous administrative expenénce is
desimable. Salary will be commensurate with experience and qualifications,
Direct all comespondence to: Bob K ane, Chair Search Committee, Depart-
ment of Chemistry and Biochemistry, Bavlor University, One Bear Place
#97348, Waco, TX 76798; E-mail: Bob_Kanej@ baylor.edu,

To leam more about the above position, the College of Ars aml Soences,
and Baylor University, please visit www.bavloredwchemistry /e hairsearch

or www.havlier.edu.

Bavlor is a Baprist waiversity affifiated with the Baptist General
Commvention of Texas. As an Affirmative Activn/'Egwal Emploverent Oppror-
tunity Erprlover, Beavlor ernconrages minoritics, woimen,
veserans, ad persors with disabilities fo apply:

FACULTY POSITION IN Biophysics
UNIVERSITY OF COLORADO, BOULDER

The University of Colorado invites applications for a tenure-
track faculty position in experimental biophysics, under the
auspices of the interdisciplinary Initiative in Molecular Bio-
technology (http:/bayes.colorado.edu/biotech). Individu-
als with interests in biophysics, including but not limited o
single-molecule biophysics, cellular biophysics, imaging,
biological microfluidics, and biomaterials are encouraged 1o
apply. Candidates at the ASSISTANT, ASSOCIATE, and
FULL PROFESSOR levels will be considered. Candidates
must have a Ph.D. degree and enthusiasm for teaching at under-
graduate and graduate levels, and will be expected to develop
an internationally recognized research program.

Applicants should submit a curriculum vitae, statements of
rescarch and teaching interests, and arrange to have three
letiers of reference sent to: Biophysics Search Committee
Chair, Campus Box 347, University of Colorado, Boulder,
CO 80309-0347. Electronic submission of all application
materials may be sent to BioTApp@colorado.edu. For full
consideration, applications should be received by November

15, 2007.

See www.Colorado.edu/ArtsSciences/Jobs/ for full job
description.

CU-Bowlder ix commitied to diversiny and eguality in
education and emplovment and is sensitive fo the needs af
dual-career couples.




IMAGINE.

Find new methods
to treat infertility.

Investigate new
pathologies.

Research childhood
| disease.

Invent new ways to deliver £
healthcare to underserved g
populations.

WE HEAR YOU. We can make it happen.

Secure a qualified research position at any non-profit medical
center, university or community-based organization, and we'll repay
your student loans.

THE NIH LOAN REPAYMENT PROGRAMS
Follow your passion. For eligibility requirements and to apply, go to www.lrp.ni
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McLaughlin Research Institute
for Biomedical Sciences

PERIPHERAL MYELINATION/SCHWANN CELL
DEVELOPMENT
Staff Scientist or Postdoctoral Scientist or Senior
Research Assistant

An experienced scientist is sought as an active team member for a research
project toidentify genetic regulatory pathways that control axon-Schwann
cell interactions and Schwann cell development, This position, in the
laboratory of John R. Bermingham, Jr., at the MeLanghlin Research
Institute (http:/www.montan a.cda/wwwmrif), is supported by NINDS
and private grants. Emphasis will be placed on developing Schwann
cell-neuron coculture systems and on characterizing protein-protein
interactions. The successful applicant will have a solid background in
mammalian cell culture and protein biochemistry, and will be fluent in
English. The position, either as a non-tenure track Staft Seientist (Ph.D),
or a Postdoctoral Scientist, or an experienced Senior Research Assistant
(BAMS), will be filled by an applicant whose background best fits the
project’s needs. Salary is commensurate with experience.

MeLaughlin Rescarch Institute is a small, non-profit research organiza-
tion located near Montana’s Rocky Mountain front. Opportunities for
outdoor recreation abound. Great Falls offers a pleasant environment,
good public schools, and low housing costs, Applications, including
names and contact information for three to five individuals who may
serve as references, should be sent to:
John R. Bermingham, Jr., Ph.D.
MeLanghlin Rescarch Institute
1520 23rd Street South
Great Falls, MT 59405

L T S O o S 1

PV I_S | oy PIONEER VALLEY
' LIFE SCIEMCES INSTITUTE
TWO NEW FACULTY POSITIONS

METABOLIC REGULATION/DIABETES

The Pioneer Valley Life Sciences Institute (PVLSL www. PYLSLorg) is seek-
ing a new Faculty member (rank open) who studies metabolic regulation
and'or diabetes to join a collabomtive research program of basic and clinical
researchers. We welcome a variety of experimental approaches including:
phvsiclogy, penetics and molecular biology. Expertise in nutochendna, cell
death or thermoregulation particulady welcomed.

APOPTOSIS

The Pioneer Valley Life Sciences Institute (PVLSL waww,PYLSLorg) and
the new Center of Excellence in Apoplosis Research (CEAR) are secking a
new Faculty member (rank open) who studies apoptosis with a focus on
either disease or the development ofnew technologies. We welcome a varety
of expenmental approaches including physiology, genetics and molecular
biology. Expertise in mitechondria, stem cells, metabolism, or drug delivery
particularly welcomed.

Successfitl candidates will have an M.D, andor PhD, post-doctoral experi-
ence, and depending on rank, a record of developing and mamtaming an
extramurally funded research program. Practicing physicians are encouraged
to apply and can seek a clinical appointment in the appropriate de partment at
the Baystate Medical Center. the western campus of Tufts University School
of Medicine.

The PVLSI & an independent non-profit reseanch onganiaation that & jointly
operated by the Baysiae Medical Center (www.Baystatehealth.com) and
the Umiversity of Massachusets Amherst (www.UMass.edu). Researchers
will have the oppomunity to work closely with physicians and basic scientisis
in a newly built and well-equipped facility. Applicants should submit CV,
statement of research plins, and three letters of reference to: Dr. Lawrence
Schwartz, FVLSL, 3601 Main Street Springfield, MA 01199 or via e-mail
o Lawrence Schwartzmbhs.org (PDF forma preferred),

The PVLST is anr Equal Opportumity/A firmaative Action Emglover

UF e
UNIVERSITY of FLORIDA

Director and Professor
Florida Sea Grant Program

The University of Florida is conducting a nationwide search
for the Director and Professor, Florida Sea Grant Program. The
Search Committee invites letters of nomination, applications
{letier of interest, complete CV, and references), or expressions
of interest to be submitied to the search firm assisting the Uni-
versity of Florida. Review of materials will begin immediately
and continue until the appointment is made. It is preferred, how-
ever, thatall nominations and applications be submitted prior 1o
December 20, 2007. For a complete position description, refer
to Current Opportunities on www.parkersearch.com.

Daniel F. Parker, Sr.
Laurie C. Wilder, Senior Vice President
TT0-804-1996 ext: 109
Iwilderia parkersearch.com

The University of Florida is an Equal Opportuniiy,
Affirmative Action Emplover. Women and minorities are
encowraged o apply. The “government in the sunshine ™ laws
of Florida requive thar all documenis relating to the search
process, including letters of application/nomination and
reference, be available for public inspection,

"... IJARKER Five Concosrse Fakway | Sulte 2440 | Atlarts, GA 30328
3 FTOENS.19% | parkorenarch.cnm

Department of Molecular Microbiology
and Immunology
Brown University

FACULTY POSITION IN

BROWN MICROBIOLOGY

A full-time faculty position is open for an Associate or Full Professor
with tenure. Expertise in microbial pathogenesis. Preference will be
given to applicants with a research focus complementing that of the
existing faculty and the training program in Pathobiology of Infec-
tious Disease and Host Defense. There is particular imterest in work in
bactenal systems. Final selection will be for a candidate of outstanding
ability. Applicants must have a Ph.D. or M.D. degree, post-doctoral
training and demonstrated research experience as an independent inves-
figator, They must show evidence of ability o maintain a productive,
independent, external ly lunded research program, and must demonstrate
teaching excellence. Opportunities exist to interact with members of
the Graduate and Postdoctoral Programs in the Division of Biology and
Medicine. Academic advising of undergradiiate and graduate stisdents
and service to the Division of Biology and Medicine are responsibilities
assumed by all faculty members of the Department. The appointment
will begin on or after July 1, 2008,

Applications received by December 14, 2007 will receive full con-
siderabion, Apphicants should submit a curricafum vitge, including
research and teaching experience, publications, and research plans;
enclose representat ive reprints, and have three letters of recommenda-
fon sent to:
Dr. Christine A. Biron,
Chairperson of the Faculty Search Committee
c/o Janina McEvoy, Department Manager
Department of Molecular Microbiology and Immunoelogy
Box G-B6, Division of Biology and M edicine
Brown University, Providence, RI 02912
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UNIVERSITY OF OKLAHOMA
INTEGRATIVE LIFE SCIENCES INITIATIVE

A new frontier in Life Sciences awaits collaborative teams of chemists,
biologists, mathematicians, and engineers who wse advanced research ools
to understand biological processes globally, The University of Oklahoma
(Morman Campus) is contimung a multidepartment Integrative Life Sci-
ences Initiative (ILS1) to complement and strengthen existing programs
in botany and microbiology, chemistry and biochemistry, zoology, and
bicengineering,

A part of this imitiative the University invites applications for new ten-
ured positions at the mnk of Associate or Full Professor. We are seeking
individuals with established world-class research programs in any of, but
not limited to, the following general areas; developmental biology, neuro-
biclogy, neurochemisiry, stem cells, genomics, proteonucs, metabolomics,
bicinformatics, cell signaling, cellular metabolism, bicenergetics. and
structural biology,

Candidates must have a Ph.D, or equivalent terminal depree and a proven
record of extemal grant funding. The successful individuals will be expected
to contribute to undergraduate and graduate education in the life sciences,
and provide leadership for the Integrative Lifi Sciences Initiative.

Applicants should submit a curriculum vitae, a description of therr research
plans, and a brief statement of their teaching interests and philosophy. Appli-
cants should identify three individuals whom the Search Committes may
contact for letters of recommendation. Application matenials or nominations
should be sent to: Paul B, Bell, Jr., Dean of the College of Arts and Seci-
enees and Vice Provoest, Chair of the ILSI Search Committee, Ellison
Hall Rm. 323, University of Oklahoma, 633 Elm Avenue, Norman,
Oklaboma T3019. We will also aceept completed electronic applications
in PDF format, sent t: shaylissi@ ou.ed u, Review of applications will begin
on December 1, 2007, and continue until positions are filled.

Minerities and women are especially enconraged to apply. The hniver-
sity of Oklahema is an Affirmaiive Aetion/Egqual Opportunity Emplover

Post-doctoral Opportunities in
Translational Bioinformatics
at Stanford University

£

The laboratory of Dr. Atul Butte at Stanford Medical School
is seeking highly motivated investigators to develop and study
novel approaches in translational bioinformatics, or the applica-
tion of analytic and interpretive methods to optimize the trans-
formation of genome-scale data of many types into proactive,
predictive, preventative, and participatory health. Positions are
fully funded for 2 or more years.

Ideal candidates will have an M.D. or Ph.D. with a strong back-
ground in bioinformatics, biostatistics, and genomics, and a good
publication record.

Strong problem-solving skills, quantitative and ereative think-
ing, and the ability to build new sofiware tools when needed, are
required. Applicants must possess good communication skills
and be fluent in both spoken and written English. A background
in molecular biology, medicine, immunology, anesthesiology,
or pharmacology will be a strong plus. Prior expericnce with
genetic, microarmy, proicomic, drug, or clinical databases is
a plus.

This exciting work will be guided by multidisciplinary collabo-
rations with top scientists in immunology, transplantation, and
anesthesia research at Stanford. To apply, please send your CV,
a brief statement of research interests, and contact information
for three references to Amy Erickson, c-mail amy.erickson(@
stanford.edu, phone (650) 725-3385,

The Medical College of Georgia

The Department of Pathology at the Medical College of Georgia
continues the expansion of its program in investigative pathology, We
invite applications for two tenure-irack faculty positions at the level
of Assistant/Associate Professor engaged in basic and/or translational
rescarch related to cancer. Candidates must have completed productive
postdoctoral training and developed original and externally fundable
{for Assistant Professor) and funded (for Associate Professor) research
programs related to the genesis, progression and prevention of cancer,

Areas of special interest include, but are not limited to, ammal models
of cancer, genetics/epigenetics of wmor cell biology, tumor-host
microenvironment, and molecular control of cell proliferation and
metastasis. The positions are supported by generous start-up package. and
laboratories will be wvailable in the new Cancer Center, The appointecs
will become part of a growing group investigating the role of G protein-
coupled receptors and their effectors in tumor cell proliferation and
mielastasis,

Applicants should have MD and/or PhD degrees and significant
postdoctoral experience.

Please send curriculum vitae including a statement of research interests

and future plans, and the names of three references to: Dr Yehia Daaka,

Professor and Endowed Chair, Department of Pathology, e/o Mrs.

Carol Hardy, Medical College of Georgia BF104, 1120 15th Street,
Augusta, Georgia 30912 or chard v meg.edu.

The Medical College af Georgia is a Minoriny/Female Veterans Equal

Emplovment Cpportunity, Affirmarive Action, and Americans with

Disabifivies Act Emplover.

THE HENRY SAMUEL|I SCHOOL OF ENGINEERING AT THE
UNIVERSITY OF CALIFORNIA, IRVINE invites qualified applicants
fior three faculty positions in the DEPARTMENT OF BIOMEDICAL
ENGINEERING beginning luly 1, 2008 Two positions are at the rank of
Assistant Professor (tenure track), and the other at the rank of Associate
Professor (with tenure). A pplicants must hold a Ph.D. degree in biomedical
engincering or related field, and will be expected to maintain a broad-based
extramurally funded research program. OF paticular interest are candidates
whose research progmm investigates the bivengineering and clincal aspects
of biological syaems including tssues and cells using technigues such as
imaging. computational modeling, and MEMS. In addition, the success-
ful candidate will be expected to advise stadents and teach undergraduate
and praduate courses as well as develop collabomtive programs with other
facultyy members and programs at UCL The University of Califomia, levine
is situated in Orange County's rapidly growing high technology sector that
includes more than 130 biomedical companies which are actively invelved
in our program.

APPLY NOW — submit yvour application to our on-ling mecruitment pro-
grim,

For full consideration, candidates should upload applications elec-

tronically, please refer to the following website for instructions: hetp:
fwww.engauci.eduemployvment/ap plicationinstroctions, Applications

should include a curnculum vitae, a briel (no mone than 2 pages) desorip-
tion of current and future research and teaching interests, and names of at
least three references.

Cuestions regarding these positions may be addressed 0 Ms. Radmila
Milosavljevic radmilaf@uoei.edo. For more information about the
Department of Bivmedical Engineering please visit our website at hitp:
dwww.bmeneledu. Apphcations will be accepted unul the positions

are filled, although maximum consideration will be given to applications
received by December 1, 2007,

LTS ix am Equal Opportumity Emplover commmitted fo excellence through
diversity and sirongly encowrages applications from all gualified
apeiicants, imeluding women and minorities. UCH is responsive o the
needs of duad career cotples, is dedivared ro work-life balance through
an arrey of family-friendly policies, and is the recipient of an NSF
ADVANCE Award for gender equity,




1 UMIVERSITY OF ILLINOIS AT URBANA-CHAMPAIGN
Postdoctoral Fellowships in Genomic Biology

The Institute For Genomic Biclogy al the University of Winois offers a number of pnhlr|nrfn—r-.‘:| |:F!||nu.r=.|1-rr.-=. for mlented

young scholars, IGR Fellows &pen-.‘] two to three years Hﬂ?ng colloborative research in one of several research themes of

the Institute, Visil ww,igh,uiu:,eﬁ;ﬁe[bm for more information aboul the Institute, the research themes ond -':npllrnlinn

3 - r |1 . - I v
PFF}(E(‘]I.‘I‘E'\. {_!n*-.lng date tor all posiions 15 Jonuary 13, 2008

MOLECULAR BIQOENGIMEERING OF BIOMASS COMVERSION
We seek on individual with experience in metabolic
engineering of industrially significant microbes le.g. Yeast,
fiber degroding bacterio, closindio) for production of
bicfuels from biomass feedstocks. The ideal candidate will
hove expertise in modern molecular bislogy techniques,
whole genome shuffling, DMNA microorrays, protecmic
and metabolic tools, transposon mulagenesis and high-
throughput screening methods, to maximize the production of
bioproducts and biofuels. (Hans Blaschek, Theme Leader)

PRECISION PROTEOMICS

We seek anindividual todevelop next-generation technologies
at the inkersecion of mass spectrometry and chemical
biclogy. The successhul Fellow will have advanced training in
mass spectrometry of proteins (with emphasis on “Top Down
techniques and tandem moss spectrometry of high-mass
ions) associoted proteomics software, copillary separafions,
and cell culture. The Fellow will work in an interdisciplinary
fashion with expert labs in single molecule Auorescence,
natural products discovery, and high-throughput screening
for anti-cancer compounds. (MNeil Kelleher, Theme Leader)

"

REGEMERATIVE BIOLOGY AMD TISSUE ENGINEERING

The Fellow will be respomsible for developing protocols
for quantifying gene expression profiles of both 2-D and
3-D cultural tissues and of cells excised from fissues in vive.
Additional responsibilities will include the development of
models for investigations of embryenic and adult stem cell
differentiation and development. The ideal condidate will
have a strong background in embryology, stem cell biology
and animal transgenesis. [Larry Schook, Theme Leader)

GENOMICS OF NEURAL AND BEHAVIORAL PLASTICITY

We seek o biclogist with troining in one or more of the
following areas: evelutionary biclogy, neurcscience, animal
behavior, molecular biclogy, genomics, and bicinformatics.
The successhul condidate will join o mulli-disciplinary team
that is using genomics to identify both conserved and novel
mechanisms of neural and behavioral plasticity in diverse
animal systems. Fellows are expected to conduct research
that contributes to the development of the theme’s goals by
integrating components from theme member’s individual
research programs. [Gene Robinson, Theme Leader]

BIOCOMPLEXITY

We seek a quantilative scientist with interests in evolution,
systems biclogy and ecosystem dynomics, ond expertise
in statistical physics os applied te bislogy. The suceassful
candidate will join o multi-disciplinary group exploring
collective effects in biclogy. Projects include the evolution of
iranslation, the role of horizontal gene ransfer in communities
of microbes and phages, and the systems biclogy of cells
ond ecosystems. (Nigel Goldenfeld, Theme Leader]

MINING MICROBIAL GENOMES FOR NOVEL ANTIBIOTICS
The Fellow will be involved in o muli-disciplinary project
agimed at the discovery, design, ond development of
phosphenic acid antibiatics, The ideal candidate will have a
proven record of expertise in the general area of microbially
produced natural products, with spacific experfise in one
of several disciplines. We ore interested in candidates with
previous experience in bacterial metobolism, bocterial
genefics, moleculor biology, biochemistry, enzyme evolution,
organic synthesis, mass spectroscopy, bicinformatics and
metagenomics. [Bill Metcalf, Theme Leader)

GEMOMIC ECOLOGY OF GLOBAL CHANGE

The Fellow will be involved in a cross-disciplinary
project investigating how changes in networks of genes
affect ecosystem metabolism when challenged by elements
of glebal change, including elevated atmespheric earbon
dioxide ond ozone, increosed drought, and cltered
interactions with insect herbivores and plant pathogens.
The ideal candidate will have a strong background in plant
biology and o record of expertise in molecular biology,
genomic ecology, physiclogy ormodeling of gene networks
or ecosystem hunction. The ohility to work creatively and
productively in a highly interdisciplinary and collaborative
environment is essential. (Don Ort, Theme Leader)

HOST-MICROBE SYSTEMS

The Fellow will be responsible for developing DNA
isolation and 145 rRNA and other ribotyping ond
metagenomic library construction techniques for surveying
microbial content of the vogina. Additional responsibilities
will include the development of microarray and other
molecular biclogy techniques to examine vaginal contents,
and performing ondlyses using bicinformatics ond
other computational and analytical methed:. The ideal
candidate will have a strong background in microbiology,
biochemistry, chemistry, or a related field with experience
and expertise in molecular microbial ecology eand
bicinformatics. (Brendo Wilson, Theme Leader)

BUSINESS, ECONOMICS, AND LAW OF GENOMIC BIOLOGY
Wa seek an individual with training in economics, business,
low, or strategy and with an interest in technology
entrepreneurship, technology industries, and bictechnology.
The Fellow will join @ multi-disciplinary group that includes
business, law, technology experts, and agricultural economics
foculty, and personnel from the compus Office of Technology
Maonagement. Our theme is exploring issues in university-
industry technology transfer, industry evolution, intellectual
proparty profection, the compefiive and cooperative
dynamics tor both entrepreneurial skartups and existing
corporations, the impact that globalization of biotechnology
has on the evolution of indusry, and the position of U.S. firms
in the global marketploce. [Jay Kesan, Theme Leader).

www IGE UIUC . EDU

THE UMIVERSITY OF ILLINGI5 15 AN AFFIRMATIVE ACTION f EQUAL OPPORTUMITY EMPLOYER

.org

Careers.o

online @sciences

<
!
o
=
z
=
3




online @sciencecareers.org

g
:
g
3

TENURE-TRACK POSITION
DIRECTOR OF MEMORY DISORDERS PROGRAM
DEPARTMENT OF NEUROLOGY
GEORGETOWN UNIVERSITY MEDICAL CENTER

The Department of Neurology at Georgetown University Medical Center
invites applications for a tenure-track position at the Associate or Full Pro-
fessor level. The successful candidate will be Board-certified in Neurology
or a related discipline, will have o track record of independently funded
research in dementia, and will have strong leadership skills. This position
will entail responsibility for leading the Memory Disorders Program, an
active, well-established clinical research program in Alzheimer's discase
and other dementias, which includes both NIH- and industry-sponsored
therapewtic trials. The successful candidare will also supervise the clinical
services of the Memory Disorders Program, participate in the teaching
activities of the Departmient of Neurology and the Interdisciplinary Pro-
gram in Neuroscience, and conduct hisher own research program.
Inquiries, including a current curriculum vitae and letter of interest,
should be directed to:
Rhonda B. Friedman, Ph.D.
Chair, Search Committee for MDP Director
Department of Neuwrology, Georgetown University
207 Bldg D
4000 Reservoir Rd. N'W
Washington, D.C, 20057
fricd mari@ georgetown.edu

Georgetown University is an Equal Opportuniny Affimmative Action
Emplover with a strong institutional commitmend to the aclievement of
exeellence of diversity among its faculty and staff.

FACULTY POSITIONS

IMAGING AND CELL BIOLOGY
THE GRUSS-LIPPER BIOPHOTONICS CENTER

Innovative and creative scientists are iwited to apply for faculty
ﬁﬂtml‘rﬁ at any level in the Grss-Lipper Biophotonics Center of the

bert Einstein College of Medicine, Members will be tenured, or
tenure-track faculty in the Department of Anatomy and Stroctural
Biology. Candidates are expected to have a background in any of the
following: Biophysics, Physics, Electrical Engineering, Biology or
Chemistry, but with a research focus in microscopy and imaging as
related to the cell biology of human disease,

Core faciliies will include chemical genomics, bininformatics and
computational biology, human genetics, microarray and sequencing,
protein chemistry and proteomics, gene therapy and transgeru'c' mice.
The Gruss-Lipper Binphumniﬂ Center will also contain an Innovation
Laboratory J'nq:]:.ldinfgI a microscope fabrication facility, laser
workshop, a multiphoton microscope, rapid live cell imaging
microscope, single molecule detection, and optical and software
engineering support, The Biophotonics Center also maintains a
service component, the Analytical Imaging Facility, which includes
comprehensive hght, electron and cryo-electron microscopy senvices.

Please c-mail letter of introduction, curriculum vitae, research plan
and three letters of recommendation to: Gruss-Lipper Biophotonics
Search Committee, ¢/o Maritza Reyes, Administrator, Albert Einstein
College of Medicine, Jack & Pearl Resnick Cimpuﬁ. 1300 Morris
Park Avenue, Forchheimer 620, Bronx, NY 10461; email:
mreves@aecom.yu.edu

We welcome applicants who will add diversity to our academic
leadership and faculty. Equal Opportunity Emplover.
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Faculty Positions
The Solomon H. Snyder
DEFARTMENT OF NEUROSCIENCE

Applications are invited for tenure-track faculty positions at both junior
and senior levels inthe Solomon H, Snvder Department of Neuroscience
at the Johns Hopkins University School of Medicine, Applicants should
have interests in molecular, cellular, developmental, systems or behavioral
neuroscience, 4 PhD. or M., and a strong record of research accome-
plishments, Faculty members are expected to have, or establish, creative
independent research programs and participate in teaching graduate and
medical students. Deadline for applications is November 30, 2007. The
Johns Hopkins University is committed to enhancing the diversity of its
faculty and encourages applications from women and minorities.
Please submit a PRF file contaiming cumiculum vitae, names and contacts
for three references and a briel deseription of current and future research
interests.

Richard L. Huganir, Ph.IL
Search Committee
Department of Neuroscience
The Johns Hopkins University
School of Medicine
725 MNorth Walfe Street, PCTE 904
Baltimore, Maryland 21205

JHUNearosciencei@ jhmi.edu
An EEVAA Employer:

Ara G. Paul Professor
and
Ara G. Paul Assistant Professor

Department of Pharmaceutical Sciences
The University of Michigan College of Pharmacy

The Department of Pharmaceutical Sciences is entering a new and excit-
ing phase in its growth and development, and invites applications for two
Endowed Faculty Professorships. At the senior Professor level, we are
looking for a tenured scientist with outstanding leadership and research
credentials, and a demonstrated record of accomplishment in securing
extrmmural funding. At the junior Assistant Professor level, we are looking
for a tenure-track scientist with the potential for oustanding scholarly
activity in pharmaceutical sciences research and education. Both positions
demand a faculty member that is commit ted to professional and graduate
education, and to professional service.

Applicants who are performing high-impact rescarch in the following
areas of interest, as applied to the pharmaceutical seiences, are preferred:
(1) cellular and molecular drug delivery and targeting, (2) biomaterials
and nanotechnology ( 3) drug transport and/or metabolic mechanisms, (4)
sructiral biology, (5) cheminlormatics, and (6) pharmacogenomics.

Interested individuals should send a letter of application, curriculum
vitae, future research plans and contact information of three references
(i.e., name, address, telephone and email) to the Search Committee Chair
via US Mail. A PDF file should also be sent to tjasini umich.edu as an
email attachment, The Scarch Committee will begin reviewing appli-
cations immediately and will continue to do so until the positions are
filled. Submit the requested information to: Professor Vietor C. M. Yang,
Scarch Committee Chair, College of Pharmacy, The University of
Michigan, 428 Church Street, Ann Arbor, MI 48109-1065. For more
information, please contact the department ar: Telephone: 734-615-3749;
Facsimile: 734-615-6162:; E-mail: tjasin@umich.cdu.

The Universite of Michigan (s an Egual Opportuniny
Affiemative Action Emplover.




DEPARTMENT OF COMMUMICATIONS,
ENERGY AND NATURAL RESOURCES

ROINN CUMARSAIDE, FUINNIMH i AN ROINKN TALMHAIOCHTA AGUS BIA
AGUS ACMHAINNI NADURTHA

BEAUFORT MARINE RESEARCH AWARDS

¢ 4 Principal Investigators (7 year Contracts)
* 15 Researcher Posts (7 year Contracts) « 28 PhD Studentships (4 year Stipend)

The Irish government has launched a major new strategy to maximise the scientific, economic and social potential of Ireland’s significant marine
resources. Sea Change: & Marine Knowledge, Research and Innovation Strategy for Ireland 2007-2013 will support a range of capability and capacity
enhancements designed to explait core scientific strengths and deliver new commercial opportunities and policy options. As part of this strategy the
recently announced Beaufort Marine Research Awards will deliver €20 million in researdh funds 1o establish world dass marine research groups in
five areas, The Beaufort Awards target research leaders of international standing and mobile early stage researchers from Ireland and abroad.

HE DEP I

e RIL[ILTUR ':-_ FOOD

The Minister for Communications, Energy & Natural Resources and the Minister for Agriculture, Fisheries & Food recently announced the 10 Research
Groups/Centres that were successful in their bid for the Awards, following evaluation by international experts. The research groupsicentres are locat-
ed in five Institutions on the kland of Ireland (32 counties) and have demonstrated capacity to condua innovative research and pravide research
training. The following are the research groups/centres supported:

EcosysTEM APPROACH TO FISHERIES MIANAGEMENT
* Ecology & Evolution Research Cluster, School of Biological Sciences, Queen's University Belfast N D p
Contact: Dr. Keith Farnsworth Email: k, Fﬂnmgggggm Ak Tel: + 44 28 9097 2352

Mational Development Plan 2007 - 2013

Research Group reqm:a -1 Resaarcher 2 PhD Sludenu :

* Marine Institute Transforming Ireland
Contact: Dr. Paul Connolly Email: paul connolly@marine je Tel: + 353 91 387200 hitp:/hwoww. marine.ie g

Research Group reguires - 1 Principal Investigator
+ Aquaculture & Fisheries Development Centre, University College Cork

Contact: Prof. Gavin Burnell Email: gburnell@uccie Tel + 353 21 4904650 - %
hitt pefdsnenw uce. lefenDeparimentsCentresandUnits/Aquaculiuref isheriesDevelopmentCe nire/ Eﬂ"ﬁf‘en‘s UHWEFSIt‘_I,F
Research Group reguires - 2 Researchers; 2 PhD Students. alfast

MaARINE BIODISCOVERY

* Environmental Research Institute & Microbiology Department, University College Cork
Contact: Prof. Alan Dobson Email: a.dobson@uccie Tel + 353 21 4301946 httpuifanww, ucs iefen/ERL
Research Group requires — 2 Researchers; 4 PhD Students,

# Martin Ryan Institute, National University of Ireland, Gahway
Contact: Prof. Michael Guiry Email: mike quiry@nuigalwayie Tel: + 353 91 492339 htip:fmri.nuigalway.ie
Research Group reguires - 1 Principal Investigator; 2 Researchers, 4 PhD Students.

* Marine Biodiscovery Consortium, School Of Biological Sciences, Queen's University Belfast
Contact: Dr Mark Johnson Emaib mishnion@gub.acul Tel: + 44 28 9097 2297 hitphenandegub ac ukibb)

Research Group requires - 2 Researchers; 4 PhD Students.

MARINE SENSORS & COMMUNICATIONS N

+ Mational Centre for Sensor Research, Dublin City University S C} . 2
Contact: Prof. Dermot Diamond  Email: dermot.diamond@douje Tel: + 353 1 7005404 hitpdfiwwownestie i’fff:ﬂ i ﬁ:ﬁjfﬂf

Research Group reguires - 1 Principal mvestlgatun 1 Researcher; 5 PhD Students.

UCC

Coiptirserm i IOl Cosvnae) i

# Usrwersily Colegn Cork, plaid

FisH PopuLATION GENETICS

= Department of Zoology, Ecology & Plant Science, University College Cork 5 3
Contact: Prof. Tom Cross Email: Loross@uccie Tel: + 353 21 4904652  hittpshwww uccielacademic/zeps/ - I’—_)’
Research Group reguires — 1 Principal Investigator; 2 Researchers; 1 PhD Student.

+ Fisheries Genetics E Molecular Ecology Research Group & Fisheries & Aquatic Ecosystems Branch, :
Queen's University Belfast

Contact: Dr Paulo Prodohl Email pprodohl@gub.acuk Tel: +44 2890872267 hittpdwerw. qub.acuk/bhy
Research Group requires — 1 Researcher; 2 PhD Students,

Marine Economic & SocAL RESEARCH
+ (rish Centre for Rural Transformation & Sustainability (ICERTS), Mational University of Ireland, Gahway A
Contact: Prof. Michael Cuddy Email: michael cuddy@nuigabyayie Tel + 353 91 750324 EJ

htt gl nuigalway.ieficerts!
Research Group reguires - 2 Researchers; 4 PhD Students. N“'"Sﬂ,k?ﬂ"."ﬁ',‘.’,ﬂ"é‘.’.ﬁ:ﬂ""“

The research groupsicentres above will be advertising shortly for the following positions:

PRINCIPAL INVESTIGATORS - Up to seven years funding on salary scale €80,177 pa to €110,000 pa.
PhD and a minimum of seven years post-doctoral research experience required.

RESEARCHERS - Up to seven years funding on salary scale €55,000 pa to €80,500 pa for researchers who mﬁ.-".:‘-?i{’ Jeritstiete
have obtained a PhD and have minimum of 3 years postdoctoral research experience, arar wa Mara

PhD STUDENTSHIP - 4 year stipend. €18,000 pa plus tuition fees. As part of the PhD studentship funding is
available for stays in international centres of excellence.

Interested candidates should contact individual research groups/centres directly for further information on the application process.

online @sciencecareers.org
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Director

of the
Indiana University
Cyclotron Facility

Applications are invited for the directoeship of the Indiana University Cyclo-
tron Facility (IUCF). The IUCFE has a diverse mission of mulii-disciplinary
reseanch, service and education and alzo provides technical support and beam
tor the Midwest Proton Radiotherapy Institute (MPRI), one ofonly five such
facilities i the United States,

We seek a scientist or a science manager with a distinguished record of
accomplishment who will provide the vision, leadership, and entrepreneurial
spirit needed to sustain and father IVCEF's oustanding scientific rescarch
efforts, and will support the parnership with MPRI in the development of
new radictherapy treatments, technologies and applications.

IUCF conducis research in a varicty of areas, including accelerator phys-
ics, condensed matter physics, medical physics, nuclear physics, nuclear
chemistry, radiation effects on materials and mdiation biology, The facility
collaborates closely with the nationally monked nuclear physics program at
Indiona University Bleomingten, which is currently developing detectors
for use at national facilities w swudy high-energy spin physics, fundamental
newtron physics, and neutring oscillations, The facility is also developing
novel neutron scattering instrumentation for the Low-Energy N eutron Source
at IUCE, which recently began operation.

The director will serve a five-yvear term starting in the summer of 2008 and will
receive 4 tenured professorship in the College of Ads and Sciences. Salary
will be commensurate with experence and qualifications. Nominations are
welcome. Applications with a complete resume, including the names of four
references, should be sent as soon as possible o Professor Alex Delerba,
Chairperson, Search and Screen Committee, Office of the Vice Provost
for Research, Indiana University, Franklin Hall 116-Y, Bloomington, IN
47405-1223. Or email applications to: DLTAYLOR@indiana.edu.

dndiara University is an A ffirmative Aerion/Equal Opportunity Emplover,
il enreonrages applicalions from women
curred mni ity conelidates.

Tulane
University
Tulane University School of Medicine

Immunology Program Leader

Tulane University School of Medicing is undergoing a period of unprec-
edented expansion and renewal and wall be harng new faculty at all ranks
in areas of strategic research emphasis. As the first step in this initiative,
Tulane University School of Medicine is seeking an exceptional and vision-
ary leader o develop a comprehensive, independent program in basic and
translational research in Immunclogy, The kader of the Immunology research
iitiative will be provided the resources to recrut additional nvestigators
whose research complements existing sirengths ond renewed emphasis in
Cancer, Canhovascular Dhsease/Hypertension, Infecnous Dhseases, Gene
Therapy, Lung Biology. NMeuroscience, or Solid Organ Transplantation.
These individuals will join a growing and intemctive group of researchers
in both the basic and clinical departments at the School of Medicine (ht

Hwwwsomtulane.edu/). Applicant must possess an M_D. or PhUD. or equiva-

lent, and have an established and internationally recognized research program
in one of these program areas.

This position also provides an opporunity for interdisciplinary rescanch
with faculty at the Tulane National Primate Research Center (hitp://
www.inpredulane edufindex.shiml), Tuline University School of Public

Health and Tropical Medicine (http:/fwwwasphoulane.edw), and Tulane
University School of Scienceand Engineering (hittp:fwww.ssetulane.edu).
Addinonal information about Tulane Unversay and the New Orleans area may
be obained on the Tulane University web site {hitp:/ftulane.edu/).

Applicants should submit a curmculum vitae and statement of research intenests
anil goalks to: Die John Clements, Vice Dean for Research, Tulane University
School of Medicine - SL38, 1430 Tulane Avenue, New Orleans, LA T0112.
Completed applications may be sent by e-mail 1o researchi@iulane.edu.
Review of applications will remain open until the position is filled.

Tilane University is an Equal Opportunity; Affiemative Action Emplover
and enconrages applivations frone minoritdes, wonen, o
other gualified persons.

SANFORD S5CHOOL OF MEDICINE

Assistant Professor in Immunology

The Division of Basic Biomedical Sciences at the Sanford School of
Medicine of The University of South Dakota invites applications for a
tenure-track faculty position at the Assistant Professor level. Exceptional
applicants at higher levels may also be considered. Applicants should
have a PhD. andfor MDD, or equivalent degree, and post-doctoral
experience. Successful candidates will be expected to develop an
independent, externally funded research program in the field of
immunology, particularly as it relates to response to infectious discases
and complements existing strengths in the Division., Division faculty,
along with colleagues at several other regional institutions, have
developed a strong rescarch consortium focused on the molecular
pathogenesis of Gram-positive infoctions agents, Information on the
Midwest Consortium on Gram-positive Pathogenesis (MCGP) can be
found at http:fwww.ld-interactive.com/clients/grampositive/

The successful candidate alse will be expected to participate in teaching
undergraduate, graduate, and medical students. Excellent stant-up funds,
state-funded salary commensurate with experience and modern rescarch
facilitics in the new Lee Medical Building in Vermillion, S0 will be
provided, The Division of Basic Biomedical Sciences unites the classic
basic science medical depantments into a single administrafive umt: a
structure  that breaks down traditicnal boundaries and  allows
interdisciplinary collaboration to flourish. In addition to infectious
discases other areas of rescarch strength include cardiovascular discases,
oncoloegy, ccll and molecular regulation, neuroscicnce and protein quality
control, Shared, state of the ant core facilities are also available.

Applicants should include curriculum vitae, representative reprints,
summary of past experience, statement regarding research interests and
future plans, as well as three letters of rm:mmmndmmn M] materials
should be sent o The University of South o

Dakota online emplovment website at o
http:/fyourfuture.sdboredu  Review of S
applications will begin Nov. 30, 2007 and
continue  until  posiion is  filled
AAEDE

MPDHD 5EH’CI:IL o .HED[INE
The -'I'\"!-’Nrf-l:l{ South Dokola.

EERN E-R F QRN
sern ell biology

The Life Sciences Institute and the University of Michigan
Medical School invite applications for enure track ASSIS-
TANT PROFESSOR positions, We are seeking outstanding
scholars, with Ph.D., M.I2. or equivalent degrees and relevant
postdoctoral experience, who show exceptional potential to
develop an independent research program that will address fun-
damental issues in any aspect of stem cell biology. Applicants
who have already established suceessful independent research
programs will be considered for tenured ASSOCIATE PRO-
FESSOR or PROFESSOR positions.

Applicants should send a curriculum vitae, copics of up to
three reprints, a one- o two-page summary of research plans,
and arrange to have three letters of reference sent directly by
November 1, 2007 to:
Stem Cell Search Committee
c/o Rebecca Fritts

Life Sciences Institute

University of Michigan

210 Washtenaw Avenue

Ann Arbor, Michigan, 48109-2216

The University of Michizan is an Affirmearive Action
Egqual Opportunity Emplover.
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Plant Science Innovation at the University of Nebraska-Lincoln

The Plant Science Community atthe University of Nebraska-Lincoln is a vibrant, rapidly growing group of scientists focused in research
arcas that include chromatin biology, abiotic and biotic stress responscs, organclle biology, metabolic biochemistry, and genetic engi-
ncering. We wish to announce several important upcoming opportunitics in plant science at UNL:

Plant Comparative Genomics Position

A joint, tenure-track Assistant or Associate Professor position is currently available in the Plant Science Initiative (http: /psiweb.unl.edu)
at the University of Nebraska-Lincoln. The position is B0% research/20% teaching with an academic home in the Department of
Agronomy and Horticulture. The successtul candidate is expected to maintain a vigorous, externally funded research program focused
on comparative genomics of plants. Strong preference will be given to research programs that focus on crop genome evolution, compu-
tational biology, large scale cross-genome comparison or DNA marker-based analysis, or related arcas. Teaching responsibilities include
teaching one graduate or undergraduate level course annually in Plant Systematics, and mentoring students. A Ph.D. and post-doctoral
experience in plant genetics, plant biology or systematics, computational biology or related field is required, Salary is commensuraie
with qualifications and experience. Review of applications will begin November 30, 2007, and continue until the position is filled or the
search is closed. Applicants should go to http://femployment.unledw (requisition #0707 78) and complete the Faculty/Administrative
Information form and then send a complete application file consisting of a statement of research interests, a current CV and arrange
for three letters of recommendation to: Search Committee Chair, PSI Comparative Genomics Position, N300 Beadle Center for
Genetics Research, University of Nebraska-Lincoln 68588-0660 (USA).

Plant Epigenetics Position

Ajoint, tenure-track Assistant or Associate Professor position is currently available in the Plant Science Initiative (hitp://psiweb.unl.edu)
at the University of Nebraska-Lincoln. The position is 80% research/20% teaching with an academic home in the School of Biological
Sciences. The successfil candidate is expected to maintain a vigorous, externally funded research program focused on epigenctic biology
of plants. Strong preference will be given to research programs that focus on RMNA interference, non-coding RNAs, chromatin structure
and function, genome-wide analyses of histone or DN A modifications, gene silencing, paramutation or genomic imprinting. Teaching
responsibilitics include teaching one graduate or undergraduate level course annually in a relevant area, and mentoring students. A Ph.D.
and post-doctoral experience in genetics, molecular biology, systems biology or a related field is required. Salary is commensurate with
qualifications and experience. Review of applications will begin November 30, 2007, and continue until the position is filled or the
search is closed. Applicants should go to http://femployment.unl.edw (requisition #07078%) and complete the Faculty/Administrative
Information form and then send a complete application file consisting of a statement of research interests, a current CV and arrange for
three letters of recommendation to: Search Committee Chair, PSI Epigenetics Position, N300 Beadle Center for Genetics Research,
University of Nebraska-Lincoln 68588-0660 (LUSA).

Graduate Traineeships in Plant Systems Biology and Molec- Postdoctoral Positions

ular Plant Breeding. Sce: http:/plantsciences.unl.edu The Plant Science Initiative (http:/psiweb.unl.edw) invites applica-
tions fortwo postdoctoral research associate positions. The successful
candidates will contribute to studying the role of transcription factors
and histone modifications in the responses of Arabidopsis and com
to water. We are particularly interested in characterizing chromatin
modifications associated with stress-responsive genes as well as
the target network of a subset of inducible transcription factors,
Genome-wide approaches. such as chromatin immunopreeipitation
and high throughput sequencing, will be used to analyze transcrip-
tion factor binding and histone modifications during water siress,
The research environment mcludes state-of-the-ar facilitics in the
Inducible male George W. Beadle Cenler for Genetics and Biomaterials Research
sterility and opportunities in genomics, proteomics, and bioinformatics
analyses. A Ph.D. degree in Plant Biology, Biological Sciences,
Genetics, or a related field is required. Experience in molecular
genctics, protein biochemistry, and/or antibody production is highly
desirable. Review of applications will begm November 23, 2007 and
continue until suitable candidates are found. Interested candidates
should complete the Faculty/Adminisirative application form at
http://employmentunledu/ (requisition #060042) and then send
a cover letter, current CV and the names and contact information
of three references (o Dr. Heriberto Cerutti (heeruttil@unl.edu)
or Dr. Michael Fromm (mfromm2i@unl.edu) E205/E211 Beadle
Center, P.0. Box 880666, University of Nebraska-Linceln, Lin-
coln, NE 68588 USA.

PNAS104: 1766, 2007 Science 25:316, 2007

Type LI
secretion in
plant discase

For more see: hop//www.plantsciences.unledw

UNL is committed to a pluralistic campus commmity through Affirmative Action and Equal Oppartunin. We asstore reasonable accom-
modation under the Americans with Disabilities Act. Contact Barbara Gnirk at (402) 472-2635 or benivkd @unl.edu for assistance.

iencecaree I5.0rg

online @sq

E
@




.org

5

online @sciencecareer

e
;
3
;
g

Université McGill University  FE4 .
Faculiy of :'l.-L:rJiu:im:.-F:n.'u!In.;ldc n:n."d.:..i:l'}: ‘v?'- MCGlll
Chair
Department of Anatomy and Cell Biology

The Faculty of Medicme at MeGill University, one of the oldest and mos
respected in North America, is inviting applications as pa of an intermational
search for the position of Chair, Department of Anatomy and Cell Bology,

The Depanment of Anatomy and Cell Biology has a strong iradition of
excellence in research and teaching. [t consists of 16 full-time academic
stall members, 4 part-time appoinitess, 1 adunct professors and 12 assocmte
members and is well supported by CIHR, NSERC, MIH and other funding
pgencies, [t offers a dynamic research environment with extensive inter-
departmental and muli-disciplinary research colliborations. Opportunities exist
to dhevelop existing areas and build new areas of strength through recruitment.
[he Depanment participates in teaching at all levels including undengraduate,
eraduate and medical students; and postdoctoral fellows. Further detmls can
b Found at: hitpdwww.megill.ea/anatomy/.

Candidates should have a commitment to rescarch and teaching and an
mitemational reputation in the feld of anstomy and cell biology broadly defined
at the systems, cellular or mokecular levels is essential. The successfl applicant
will have completed a doctoral degree and have a strong recond of research
gecomphshments and proven sdmimstrative and teaching skills.

Interested applicants showkd email their curnculum vitae, including a list of
publications, a statement of interest, as well as the names, addresses and emails
ofthree references, Please indicate *Chair, Anatomy and Cell Biology® in the
subject line, The address is: facultyaffairs.med@megillea; /o Dr John A
Robson, Faculty of Medicine, MeGill University, 3605 de la Montagne,
Montreal, Q0 H30G 2M 1, CANADA. The deadline for subimission 15 January
A1, 2008,

Cemnaliclires would bengfie from a working keowledize of both afficial
langnages, AN quelified condidores o encowraged to apply, however, in
avcordance with Canadian immigration requirements, priority wilf be given
o Canadian citizens and permanent residents of Canerde. Mo Gilf University
is committed fo equity in emplovment.

Université McGill University  Fedq M ( ;ﬂl
Faculty of Medicine/Faculté de médecine “yt" C

Chair
Department of Psychiatry

The Faculty of Medicine at MeGill University, one of the oldest and most
respected in Morth Amenca, 1 nviting apphcations as part of an intemational
scarch for the position of Char, Depamment of Psychiatry.

The Deparment of Psychiatry has a strong tradition of excellence in rescarch
and teachmg, It consists of 143 full4ime academic stall members, 30 pan-
time appointees, 17 adjunct professors and 35 associate members and 15 well
supported by CIHRE, NSERC, MNIH and other funding agencies. 1t offers a
dynamie research environment with extensive mter-departmental and muo -
disciphnary research collaborations. Opportunities exist o develop existing
arcas and build new arcas of strength through reermtment. The Department
paricipates in tcaching at all levels meluding undergraduate, gaduate and
medical students, medical residents and postdoctoral and clinical fellows,
Further details can be found at: bip:/www.megill.ea/psychiatry,,

Apphcans should have semor academie expenence with proven admmmstrative
and eaching skills. A commitment o research with an intemational reputation
11 this domam is animportant atteibute. The selected candadate must be a M.D.
and be licensed, or eligible for licensure, in the Provinee of Queboe.

Interested applicants should email their cumiculum vitae, meluding a list of
publications and a statement of interest, along with the names, addresses and
emails of three references. Please indicate *Chair, Psyehiatry® in the subject
he. The address 1s: facultvalfairs.med @ megill.ea; oo Dr. Joho A. Robson
Faculiy of Medicine, MeGill Universiiy, 3605 de la Moniagne, Monireal,
OC H3G 2MI, Canada. The deadline for submission 15 January 31, 2008,

Ceanclichates would benefit from o working knowledge of both official
dmmpeages, AN qualified condidates ave encouraged to appdy, however, in
accordanee with Canadien inmigration requivemenis, priority will be given
i Comadian ¢itizens and permanent residents of Canada, MeGilf Universite
ix commitied fo equity in emplovment.

Temple Unmiversity School
I I of Medicine (TUSM) inviles
applications for tenure-track
faculty positions in the
Department of Physiology at
the Assistant, Associate or full
Professor levels. The Department, in col-
lahoration with the Cardiovascular Research
Center, is seeking new faculty whose expertise

15 in cardiovascular biology. Desired arcas of
research emphasis include mechanisms of

cardiovascular injury and repair, and cardiac
regeneration. Faculty will be expected to
have or o develop independent, extramurally
funded research programs. Requirements:
Ph.. M.D. or equivalent degrees and post-
doctoral research expenence;

Salary and rank commensurate with qualifica-
tions and expericnoe.

Candidates are asked to send their applica-
tions (including curriculum vitae, a concise
summuary of theirresearch program and names
and contact information for three references)
to: Dr. Steven Houser, Chair, Department
of Physiology and Director, Cardiovascular
Research Center, Tem ple University School
of Medicine, 3400 North Broad Street,
Philadelphia, PA 19140 (or clectronically 1o
patricia.parker@temple.cdu)

Temple University is an Affimative Action/

Egeiarl Chppornemity Emgplayer and stvongly

encourages applications from woamen and
minariies.

Department Chair and Professor
Chemistry and Biochemistry
Florida Atlantic University

The Department of Chemistry and Biochemistry
in the Charles E. Schomdt College of Science
at FAL located in Boca Baton, Flonda, nvites
appheations at the full professor level from dis-
tinguished rescarchers for the position of depari-
ment chair. The chair will be cxpected o provide
dynamic leadership as a rescarcher, mounting an
internationally visible research program at FALL
whilealso overseemg opertions and development
of the department. Apphicants from all areas of
chemistry and biochemistry are invited, espe-
cially those complementing research programs
of the current faculty, and will have a record of
siznificant external funding with currently active
grants, Cur dynamic and growing department
1= comprised of a cobesive group of externally
funded researchers overseeing more than 40
doctoral students. For more mformation on the
department and its programs, please visit http:
fwww.sclencefnu.edu'chemisiry. Applicants

must apply onlime ot hotp:! jobs. fau.edw’ and
attach to their application a curriculum vitac,
deserptions of current research and exiemal fund-
ing, and the names and addresses of at least three
references, A back ground check will be reguired
fowr the candidate selected for this position. Maters-
als recerved by January 4, 2008 will receive Tull
consideraton: however, this positien will femain
open untl filled. Questions or stotements of initial
interest about this position can be sent by c-mal
to Prof. Gregg Fields, Chair, Dept, of Chemistry
and Biochemistry (feldsgi favedu). A sute-sup-
ported institution with over 25,000 students, F4L
is am Egqual Opportunify Emplover/Egual Access
Jmstitution.

COLUMBIA UNIVERSITY
Assistant Professor
(Tenure track)

The Depariment of Biochemistry and
Molecular Biophysics (DBMB) secks 1o
hire an Assistant Professor ( Tenure track).
We are interested in persons studying the
function of macromolecules using a com-
bination of in vivo, biochemical, andfor
molecular biological approaches. DBMB
fosters a multdisciplinary environment
that integrates biological structure with
function through highly interactive col-
laborations between individual faculty
members.

Additional information about DBMB 15
available at bt pe//fepmenet.columbia.edw

dept/gsas/biochem/.

Applications should include a CV, reprints
of no more than three publications,
and a brief statement of fulure research
goals; three or more letters of reference
should be sent independently. Send
application material by December 15,
2007 1w Search Committee, Biochem-
istry and Molecular Biophysics, Box
6, 630 West 168th Streel, New York,
NY 10032,

We take Affirmative Action toward Equal
Employvment Opportunity,
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'”""*" ) University of Pittsburgh

University of Pittsburgh Center for HIV Protein Interactions (PCHPI)

The University of Pinsburgh has received a five-year grant from the National Institute of General Medical Sciences to establish an interdisciplinary
center that will bring scientists and facilitics of the highest caliber together with the zoal of clucidating the interactions of HIV proteins with host cell
foctors and will provide methodologzics and tools to the HIY rescarch community at large, The PCHPI secks to provide insight into an important arca
ol HIV pathogencesis and open doors for exploning and developing alternative anti- HIV strategics. The Prncipal Investgator and Director of the Center
is Angela Gronenborn, Ph.D., Professor and Chair of the Department of Structural Biology at the University of Pittsburgh. The Co-Dircctor of the
Center 15 Ronald Montelaro, Ph.UD., Professor, Department of Molecular Genetics and Biochemistry, University of Pittsburgh, Please visit our website
at http:/f'wwwLstructhio pitt.ed whivppi/site/,

Cualified candidates are being sought for the following positions:

POSTDOCTORAL ASSOCIATE - CRYO-ELECTRON TOMOGRAPHY
Will develop eryoe-clectron tomography of mammalian cells and study virus-host cell interaction. Dept. of Structural Biology s equipped with state-
of-the-art EM cquipment for cryo-EM studics, including a FEI Polara 300kv helium stage with a high-resolution 4kxdk CCD camera, a TF20 FEG
with dkx4k CCD camera, a T12spirit, and an FEI vitrobot for specimen preparation. Qualifications include a Ph.D. and an interest in the structural
characterization of complex biclogical systems. Expericnce in cryo-transmission electron microscopy, image processing, and cell biology is desirable.
Expericnce in vitreous scction is a plus. Interested candidates can directly send a CV including arcas of expertise and interest, publications list, and
namces and contact information of three references to D, Peijun £hang, pezTia pitt.cdu.

RESEARCH TECHNICIAN
Will assist with cell cultures, developing fluorescence’ EM labeling probes. fluorescence microscopy studies and other experiments. Qualifications
include a Bachelor or Master degree in biological sciences and'or engineering. A background in cell biology, biochemisiry, and enginecring would all
be suitable. Interested candudates can directdy send a CV mcluding areas of expertise amd interest, publications 1ist, and names and contact information
ol three references o Dr. Peijun Zhang, pez7i@ pitt.edu.

WEB DEVELOPERTROGRAMMER
The project includes: (i) building a database to store experimental and modeling data gathered by HIV protein interaction researchers, (i) bulding aweb
server fior the tools and data generated by the center, (iii) design of an interactive website that would make these tools and data available o the public,
(v )}design of communication means o facilitate collaboration between rescarch teams. Applicant must have expericnee with contemporary web develop-
ment technigues, database design, and good project management skills, EDUCATION: 4 Years College - Degree completion not necessary if experience
appropriate. SKILLS REQUIRED: Servelet/ Java HTML/SQL/PHP or ASPaet/JSP/CSS. Contact: Dy, Judith Klein-Sectharaman, jks3 3@ pitt.cdu.

POSTDOCTORAL ASSOCIATE
Highly motivated mndividial needed w study HIV-1 viral protein and host protemn iateractions. A PhuD. degree with strong back ground in biochemistry,
molecular biology, and tissue culture is required. Prior experience in protein cxpression and purification systems is highly desirable. Please send curriculum
vitac and names and contact information of three references o Dr. Velpandi Ayyavoo, Velpandif@ pitt.edu.

RESEARCH ASSOCIATE - PROTEIN CORE
He/She will utilize molecular biological procedure, including PCR, cloning, protein expression, amd purification in bacterial, yeast, insect cell system to
support structural characterization of proteins. Expertise in protein purification utilizing FPLC and HPLC and biophysical characterization of proteins
are required. Experience in mammalian cell tissue culture work 15 a plus. Excellent organization and communication skills are essential for multi-faced
projects. Applicants should have a Phe DL or M5, with equivalent experience. Please send C.V. and names of three references to Dr Jinwoo Ahn,
jia 120 pitt.edn.

X-RAY FACILITY MANAGER

Secking an experienced and highly motivated person for managing our macromolecular X-ray crystallography facility and will report directly to the
Dircctor (Joanne 1. Yeh, Ph.D.). The successful candidate will rain staff in the use of X-ray crystallographic equipment, software, and robotics. The
manager will interface with uscrs on the use of equipment, providing scientific and technical guidance as necded. The facility howses two high intensity
FR-E generators, with four detectors including two Satrm 944 CCDs, a RAXIS IV image plate, and a RAXIS HTC image plate detector. All detectors
are equipped with VariMax optics and X-stream 2000 cryogenic systems. An ACTOR robot is also available for antomatic phi-mounting and screening
of crystals. The facility manager will also coordinate scheduling and allocation of gencral users time and maintain usage logs, with the guidance of
the Dircctor, The manager may also help in data collection at synchrotron beamlines. Experience with handling, cryo-cooling, and manipulation of
macromolecular crvstals and in structure determination and refinement required. Prior X-ray facilitics management cxpenence a plus but not reqguired.
Applicants should have a PhD or equivalent experience. Contact: Dr. Joanne Yeh, jiveh@ pitt.edu.

TWO POSTDOCTORALASSOCIATE POSITIONS — MACROMOLECULAR X-RAY CRYSTALLOGRAPHY
Highly motivated individuals will conduct rescarch as part of an interdisciplinary team; one project is focused on structure-based HIV inhibitor design
and drug discovery; the other on structural studics of HIV protein complexes. Candidates should have a Ph.D. with training in crystallography and
be cxperienced in profein crvstal structure deternination, including protein crystallization, data collection and processing, structure determination,
and refinement. Computational expericnce a plus for inhibitor-based project but not required. Prior experience on AIDS-related structural work s not
required; strong crystallographic training is essential. Interested applicants should send their CV and the names of 3 references to Dr. Joanne Yeh,
jivehia pitt.edu.

RESEARCH ASSOCIATE - PROTEIN NMR STRUCTURAL BIOLOGIST
Secking onc highly motivated postdoctoral researcher experienced in macromolecular protein-protein complex structure determination by state-of-the-art
solution MMR spectroscopy. Dept of Structural Biology is equipped with a total of six state-of-the-art spectrometers including 900, 800, 700 and three
600 MHz spectrometers, Tully dedicated for biclogical MMR and equipped with multi-resonance #-axis gradient cryoprobes with dewterium decoupling
capability. Interested candidates can directly send a CV and names and contact information of three references to Dr. In-Ja L. Byeon, ilb6@ pitt.edu.
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ASSISTANT PROFESSOR

Systematic Invertabrate Zoology

We invite applications for a renure-track assistant professor position in
Systematic Invertebrate Zoology to begin August 20038, Candidates
must have a Ph.DD, postdocroral research experience and a research
phn thar infegrates modem molecular approaches to study the
systematics, biogeography, and evolution oithhw:r:r invertebrates.
Candidates working on systematics of any group of freshwarer
invertebrates will be comsidered. Candidates will be expected to curite
one of the freshwater invertebrate collections of Biological Sciences
(e.g., Mdhl.ull’.u;}', Dl:!.'dpl_‘uli. ttf] Candidates must pi'm'id.: evidence
of curatonal experience and/or other relevant abilivies. Applicants are
advised to wview a more detailed job  descnption at
WWW, i prior to submitting their application package.
Successful candidates wall have demonstrated lence in research
and will be expected to attract extramural funding. Candidates must
be commutted to excellence in teaching and training of undergraduate
and graduate students. Opportunites for mteracoons exit through
the Center for Freshwater Studies, Coalition for BioMolecular
Products, and Alabama Museum of Natural History.

To apply, mail hardcopies of aumcaulum vite, statements regarding
research poals, reaching plalosophy and interests, evidence of curaronal
expenence, and copies of significant publications, and have three

reference letters sent to: Committee,
iological Sciences, Box 870344, The University of

AL 35487 Review of applications will begin
January 2, 2008, and will contmue untl the postion is filled.

The University of Aldbama 1s an Affirmanve AcionfEqual Opporoonicy
Emplover. Applications from women and minorties are encouraged.

{"’ Ilr . l'l. mison |". ¥

THE UNIVERSITY OF ALABAMA

U ITY
== T\/IRGINIA

!Ml HEALTH SYSTEM

The Center for Public Health Genomics at the University of Virzinia
invites applications for positions at the Assistant (o Full Professor
level with research interests in human molecular genelics/genonics,
particulady in the genetic basks of complex human disease.

Rank of appointment is dependent ppon prior experience and
rescarch accomplishment, These faculty positions are being jointly
recruited in the new multidisciplinary Center for Public Health
Genomics with primary academic appoiniment in an existing
Department within the University of Virginia School of Medicine.
Candidates who complement existing research strengths in cancer,
cardiovascular disease, obesity, autoimmunity, and neurodepenerative
diseases are particularly encouraged to apply.
Candidates will have a Ph.[x andfor MDY degree amd exceptional
potential for establishing both collaborative and independent
rescarch. Newly renovated, high-guality laboratory space in an
exceptional computing support environment will be provided. We
strongly encourage applications from women and minoritics,
Positions are available immediately. Applications should include
curriculum vitae, email address, a brief statement of proposed research
program, and names and addresses of three references. Please send
materials (electronically)

Search Committee
Center for Public Health Genomics
University of Virginia School of Medicine, P.0O. Box 800717
Charlottesville, VA 22008-0717

cphg-search@virginia.edu

The Universiry of Virginia is an Equal Oppoetterin
Affirmative Action Emplover.

o i r..

;'af me* RecinaLp A. DaLy PostoocToraL FELLOWSHIP
E“ Harvaro UnveErSsTY
N DerarTMENT OF EARTH AND PLANETARY SCIENCES

[he Department of Eanh and Planetary Sciences at Harvard University
invites applicants for the Reginald A. Daly Postdoctoral Research Fel-
lowship,

I'he Department secks outstanding candidates in the broad field of Earth and
Planetary Sciences. We encourage applications of candidates pursuing
field ohservations, lab-based science, and theory, and interested in geol-
ogy, geochemistry, ocean, atmosphere and climate dynamics and chem-
istry, selsmology, peophysics, planetary sciences, and other related fields.
['hese honorific postdoctoral fellowships are awarded for a one-vear period,
with an anticipated extension fora second year, Daly fellows carry outinde-
pendent research, vet are encournged o interact with one or more research
groups in the depariment. Applicants are welcome (o contact members of
the department before applving. Applications should include a curriculum
vitae, names and affiliation of three referces, a one page statement of the
applicant’s doctoral research, and a one to two page postdoctoral research
proposal. Applications are due January 15, 2008, A pplicants are responsible
for contacting the referees o have their leters amive dicectly at the address
below by the Janunary 15, 208 deadline. Send applications by email 1o
Daly Postdoctoral Search Committee, daly postdoci eps.harvard.edu,
Department of Earth and Planetary Sciences, Harvard University, 20
Oxford Street, Cambridge, MA 02138,

The anneal salary is 552,000 with additional funds of § 15,000 available
for rescarch support over a two-vear period. Applicants should have a
recent Ph.D. or should be 2008 depree candidates. Completion of the
Ph.D. s required by the time of the appointment. For more information
about the depariment and the Daly postdocioral program, please visit hoep:
Howw.eps.harvard.edu/d aly.php.

We particularly encourage applications from wormer amd
minorities, Harvard Usiversity is an Affirmat ive Action/
Equal Opportumity Emplover

YALE UNIVERSITY
School of Forestry and
Environmental Studies

Faculty Position
Terrestrial Ecosystem Ecology

Yale Umiversity s School of Forestry and Environmental Smudies seeks
to hire a tenure track or tenured faculty member in Terrestrnial Ecosysiem
Ecology, Senior candidates will have developed a highly regarded field-
oriented research program, have a demonstrated capacity for interdisci-
plinary research, and possess a very strong record of publication. Junior
candidates will have shown the potential for developing such a research
program, with a record of publishing, and a demonstrated enthusiasm for
interdisciplinary and applied research. He or she will have broad knowl-
edee of terrestrial ecosystem ecology. Subject areas of interest are broad,
but examples are: plant-water-soil dynamics, soil biogeochemistry, plant
diversity-soil interactions and soil ecology/microbial ecology. Candidates
with strong ficld skills and demonstrated experimental rescarch that scale
across systems and'or is comparative are preferred, Candidates should be
prepared to teach graduate-level courses on soils amd ecosystem ecology,
as well as advanced seminars on more specialized topics.

Applicants should send by 15 November 2007 their curriculum vitae, a
statement of their research and teaching interests, a list of three references,
and representative examples of their publications to:

Terrestrial Ecosyvitem Ecolozy Scarch Committee
c/o Assistant Dean Jane Coppock
Yale School of Forestry and Environmental Studies
205 Prospect Strect, New Haven, CT 06511
USA
Or by email to: jane.coppock@yale.cdu

Additional information on this position may be obtained by contacting
Professor Mark Ashton, 205 Prospect Street, New Haven, CT 06511,
USA, phone: (203) 432-9835, email: mark.ashtonf@yvale.cdu.

Yafe University is an A flirmative Action Equal Opportunine Emplover
Members of minority groups and women are enconrvaged o apply,




SCIENTIST IN REPRODUCTIVE BIOLOGY
WOMEN'S HEALTH AND INFANT DEVELOPMENT
RESEARCH CEMTER
EASTERM VIRGINIA MEDICAL SCHOOL

The newly established Women's Health and
Infant Development Research Center at Eastern
Wirginia Medical School (EVMS) is seeking an
investigator to fill a tenure-track faculty
position in the area of reproductive/ perinatal
endocrinology. EVMS is making a major com-
mitment to strengthen, expand and integrate
the academic enterprise in basic and clinical
research. The Women"s Health and Infant
Development Research Center spans across and
is to be comprisad of investigators from several
departments and the new recruit will hold a
primary academic appointment within the
Department of Obstetrics and Gynecology. The
candidate is expected to have a Ph.D. and/or
M.D. and postdoctoral training in the
reproductive sciences, a strong background in
molecular biolegy, U.5. citizenship, and active
MIH RO1-type research grant funding.
Opportunity exists at EVMS for collaboration in
non-human primate pregnancy and reproduc-
tion research. Applicants should submit a
letter of interest, an abbreviated NIH biosketch
and full CV to: Eastern Virginia Medical School,
Women's Health and Infant Development
Research Center, Department of Obstetrics and
Gynecology, Attention: Kerry Jones, 601 Colley
Avenue, Suite 233, Morfolk, VA 23507, email:

joneska@evms. edu.

EVMS

Eastern Virginia Medical School

Johns Hopkins Medical Institutions
Tenure-Track Positions

Influenza and Respiratory Virus
Translational Research

Human Immunelegy, Vaccinology,
Pharmacology

The Division of Infectious Discases of the Johns
Hopkins School of Medicine 1= recruiting 1-2
faculty at the Assistant or Associate Professor
level w contmbute o an emerging institunonal
Respimiory Viruses Program. Our focus 1s on
persons with proven capabilites o conduct
independent research on respiratory infections,
especially investigations that contribute to the
prevention or treatment of influenza in humans.
This recieitment contnbutes o expanding pro-
grams in influenza virology, structural biology,
and vacone tesiing. Emphasis will be given to
researchers with complementary research such
as in mobkecular biology of viral replication, host
virus interactions, and quantitative analysis of
viral dynamics,

Candidates must have earned an MD andor PhD
degree and have a record of acquaring research
funding and producing outstanding scholarship.
Salary and resounces will maich experience.

Candidates should provide a curmiculum vite,
a one-page statement of career interest, and 3
professional references to: Dr. David Thomas,
Chief Infectious Diseases, Johns Hopkins
School of Medicine, Suite 437 1830 Monu-
ment Street, Baltimore, Maryland 21205 or
by email care of Nadia Hay nhavie jhmi.edu.
Application review will begin m Fall 2007,
Jufues Hopkons is an
Eguad Opperiinity Emplover;

TENURE-TRACK FACULTY POSITION
TOXICOLOGY/CLINICAL TOXICOLOGY

FACULTY OF VETERINARY MEDICINE

CALGARY

Applications are invited for a tenure-track facully position in toxicology or clinical
toxicology in the University of Calgary Faculty of Veterinary Medicine {(UCV M.

The successful candidate will be expected Lo contribute Lo teaching in the
undergraduate DVM and graduate programs and to develop an externally funded
research program. While excellent individuals in any area of toxicolagy ar clinical
toxicology will be considered, UCVM is particularly interested in individuals with
expertise in environmental toxicalogy, food safety, ail/gas field-related toxicology, or
other areas relevant Lo Alberta.

Teaching duties will include teaching of toxicology/clinical toxicolagy in OV M program
and the graduate program, supervision of graduate students, and other relevant
educational activities.

Qualifications include a PhD in toxicology in a related field andfor a DVM degree with
advanced training in loxicology/clinical toxicology. The ability Lo develop or maintain
an externally funded research program and strong communication and educational
skills are required. The appointment rank (assistani professor or higher} and salary
will be commensurate wilh experience. The appointment will be in a department that
aligns with the research and teaching interests of the successful candidate.

UCVM will be Canada's fifth accredited veterinary college and will accept its first
class of 30 students in September 2008. The UCVM program will deliver a
comprehensive general veterinary education and provide enhanced educational
oppartunities in production animal health, equine health, ecosystemn and public health,
and investinative medicine. The four-year curriculum combines a clinical prezentations
model with discipline-based courses and extensive on-campus and off-campuz
practical experiences during the first three years of the program. UCY M will vze a
distributed veterinary leaming communily including public and private practice
partners to deliver ils fourth year practicum program. UCWV M faculty will work across
disciplines and departments, fostering collaborative research, teaching and service.
Descriptions of the Faculty and itz departments can be found on the UCYM website
fwww.vet.ucalgary.cal.

The University of Calgary is a comprehensive, research-intensive university. Calaary is
a vibrant, multicultural city of 1,000,000 near the Rocky Mountains, Banff National
Park and Lake Louise. Alberta has a large agri-food and oil industry economic base.

Review of applications will begin December 1, 2007 and continue until the pesition is
filled, Interested individuals should submitl a curriculum vitae, a statement of teaching
and research interests, and the names of three referees to;

Dr. Alastair Cribb, Dean

Facully of Veterinary Medicine
3330 Hospital Drive N.W.
Calgary, AB T2M 4N1 Canada
e-mail: vetdean@ucalgary.ca

Those applicants wishing more information are encouraged Lo visit the website or
contact Dr. Alastair Cribb {acribb@ucalgary.ca; 403-220-37901.

In accordance with Canadian immigration requirements, priovity
il b given to Canadican citizens and permanent residenits of
Ceameada. The University of Calpary respects, apbreciates, and
CRCONPEEes n‘:'e'-'::!ﬂ'-f_l'

www.ucalgary.ca
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:
:
@




online @sciencecareers.org

g
:
:
i

POSITIONS OPEN

TENURE-TRACK FACULTY POSITION
Muolecular Physiology

Furman University invites applications for
a tenure-track position ar the ASSISTANT
PEOFESSOR level beginning August 2008,
The successful candidate will be 2 MAMMA-
LIAN PHYSIOLOGIST whose rescarch in-
cludes work ar the molecular level and who
will urilize our new vivariom facilicy. Teaching
vesponsibilities will include human physiology,
animal physiology, introdoctory biology, and
upper-level course(s) in an arca of specialty,
Candidates must have the Mh.D., evidence of
interest and excellence in weaching, and a2 wm
mitment o invobing undergraduate students in
an active research program. Furman is a selec
tive, independent Bberal arts school of 2,600
stuedents, with a strong emphasis on engaged
learning and undergraduate research. Star-
up funds will be available, For further infonma-
tion, see website: hirpe/ Swww. furman.edu /
academics biology /job /. Submi curmculum
vitae, statement of teaching credentials and
philosophy, description of rescarch inwerests,
unofficial teanseripts, and three leners of pec
ommendation to: Dr, Dennis Haney, Chair,
Molecular Physiologist Search Committee,
Department of Biology, Furman LUniversi-
ty, 3300 Poinsett Highway, Greenville, 5C
29613 or c-mail: dennis.haney@furman.cdw.
Baeview of applications will Begn Rovember 12,
2007, continuing until the position s filked. The
University and the Dipatmart lave a strovg commmitement
tin acleiciiny diversity vy famidy and stafs. We stomgly
erconrmye women and poople oo diverse racial, erlinic,
anit ool badgwoniands w0 apply. Epeal Oppormasinyd
Affiararie Aaion Emplayper,

ASSISTANT FROFESSOR. Auburn University
{website: https/ /www.auburneedu /), Department
of Entomology and Plant Pathology, {(website:
http: / Mwwwaganburn.edo fenpl), 15 accepting

apphcations and nominations for the position of As-
sastant Professor in Applied Insect Ecology, For a de-
talled position announcement, inclhsding application
imstructions and requirements, please visic websire:
htrp: / Swwwaganburn.edu and select Employ-

ment on the webpape, Tnguiries abour the position
may be dirccwed v Dr. William J. Moar, Search
Committee Chair, [ ent of Entomology and
Plant Path , Auburn University, AL 36849
e-mail: moarwil@auburn.edu. Active review of ap-
pheions will Begin on Tanuary 8, 2008, and contime
until the search is filled. Only complewe application
materials will be considered. To ensure full consid
eration for the position, applicants are encouraged o
submit all matenials bw January 7, 2008, Expected
position start date is August 16, 2008, Mivorinies and
siromient e enconrared toapply. Aubier University i an Af

frevvuariene Actioe S Egual Opportianty Emiploger.

PLANT PHYSIOLOGIST

University of Wisconsin, Eau Claire, a comprehien
sive hberal ars-based university and Center of Excel
lenaz in Undergraduate Bescarch, secks a wenune-track
ASSISTANT PROFESSOR begimning Aupust 19,
2008, o serve in a highly active and collegial De-
partment of Biology. Ph.D., demonstrated abiliny to
teach ar post-secondary level, and a commitment to
develop an active research program mnvolving under-
graduates required, Responsibilities include teaching
plar physiology, organismal form and funcion, and
additional courses thar are currently offered or would
complement the curriculum. Detailed deseription and

apphcation information at website: http://www.,
uwee.edu/biology. PMriority deadline December 3,

2007, Send inguery to: Plant Physiologist Search,
Department of Biology, University of Wisconsin-
Eau Claire, Eau Claire, WI 54702-4004. E-mail:
bogstafg@uwec.edu. Telephone: 715-836-4166,

ax: 7 La-B36-53089. Eyuad Oppoamunity Affimgive A
o Epepno per.
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POSITIONS OPEN

STEM CELL INVESTIGATORS
Biology, Medidne, Engineering, Physical Sciences,
or Any Other Feld
Fast Track to Independence

The UCSD Stem Cell Program at the University
of California, San Dicgo in La Jolla, California, is
secking to recruit the world's most outstanding carly
carcer Research Saentists or Phyvsioan /Sscwentists m
disciplines related to stem cell saence and mediane
upon completion of their PhD. or MDD, deprees.
Successful candidates wall conduct research the first
vear in an existing La Jolla laboratory or academic
group, and then be given space and supporn for up
o a wmal of four vears o pursue independent re-
search, The successful applicants will have appuoint-
ments in ore or more home departments at UCSDD,
and will be expected 1w contribute w the vibrant, col-
labortive, cross-disciplinary life of the UCSD Swem
Cell Program.

The Program particularly seeks investigators who
will esmblish wmnovative approaches and have exper
tse in more than one discpline related o stem cedl
research.

Applicants whose research bears on understand
ing and treavment of Aldhemmer’s disease are invived
to apply for the position of KAEHRE STEM CELL
YOUNG INVESTIGATOR. Applicants in other
fields are sought for other open positions.

Scholars will be provided funds for salary, supplies,
expenses, travel, and laboratory suppor, informa-
tion technology and administrative suppor, and
laboratory space for four years { non-rencwable ). Sal-
ary will be commensurate with experience, following
the University of California salary seales. An attractive
benefis package is meluded. Title, rank, and salary
will depend on a candidate’s skills, qualificanons, and
expenence. Preference B given to cary: career scien
tists, but applicants with more developed careers will
also be comsdered. Recipients of these positions must
hold the Ph.D> or MDD, amd have the potential for
independent research carcers,

For more information on our program and to ap-
ply, please go o website: hrp://stemeells.ucsd,

edu/

You may abo send a nomination with curriculum
vitae, research experience and interests, and the names
of three references, to e-mail: jbraswdl @ucsd.edu.

Faculty mav nominate promising scholars, amd self-
nomnations are also welcome, The UCSDY Stem Cedl
P'rogram will invite promising scholars o complete a
full apphcation. Beview will begin November 9,
2007, and will continue until all positions are filled.

Equal Opportusity LA ffirmanive Aetioe Bl per,

PLANT BIOLOGIST. Position #103390. Middle
Tennessee State Univemsity, with over 23,000 students
enrolled, invites applications for a tenure-rack Plant
Biologist position with expertise in plant ecology or
systematics. Ph. required, poswdoctoral experience
preferred, rank open. The successful candidare will
be expected o direer an exiramurally funded reseanch
program involving graduae and undergraduate swi-
dents, and take part in proposed Ph.D. programs.
The Department of Biology s a saentifically diverse
research active Department offering B.S. and M5,
degrees. Members are committed to rescarch, gual
ity classroom teaching, as well as professional servace.
Individuals with an interest in cedar glades or other
regonally sipnificant plant communities are partic-
ularly encouraged to apply. Teaching responsibilities
may include introductory biology and an upper-
division course in area of specalty, Application ma-

terials must be filed online s website: heep: /£ www,
mitsujobs mtsu.edu, Complete application materals

for preliminary review to inelude: lemer of interest,
emplovment application, copies of ranscripts, and
curriculum vitae, Review of applications begins No-
vember 12, 2008, For addigonal information con-
tact Committee Chair, Dr. A. Bruce Cahoon, e-mail:
acahoon®@mtsu.edu. More information about Middle

Tennessee Stare University can be found at website:

hetp: /S www.mitsuedu /L

Egrud Oppormicy ZAffirmanive Ao ZADA Ewploper.

POSITIONS OPEN

POSTDOCTORAL POSITIONS avail-
abbe until filled for highly motivated individoals
with Ph.lY in molecular bioogy,/ microbiology/
computational structural biology” bioche misory,/
chemical engneenng, or related disciplines.
Successful candidaves will play a key rode in a
multidiscplinary effort to desipn, smthesize,
sereen, and characterize novel biomacromaole-
cules or metabolic pathways and o develop
cutting-edge rechnologies tor biomalecular or
renome engineering. Individoals with a pro-

uctive track record and skills in molecular
cloning, promwin expresion, crevme asays, high
throughput screen, microbial genomics, or peo-
tein design and structural charactenzation are
encouraged to apply. Send curriculum vitae
with names of three references 1o Professor
Jingdon g Tian, Biomedical Engincering and
Genome Sciences, Duke University by ¢-mail:
itian@duke cdu,

THREE ASSISTANT PROFESSORS of
MARINE SCIENCE

Coastal Carolina University (CCU ) invites appli-
cations for the following tenure-track Assistant Pro-
fessor positions in the Department of Marine Science
beginning fall 2008,

(1} Assistant Professor of Marine Science (MA-
RINE SYSTEMS MODELER), one position, The
University secks a highly morvated individual with a
commitment to undergraduate and graduate educa-
ton and an established record of research accom-
Mishments, Preferences will be gven to candidates
with expertise in marine ecosystem Secological mod
cls. Strong candidaves will also be considered in
other modeling areas of research, including physical
flow /transport models, marine/coastal resources
economics, and for peographic information svstems
applications.

(2} Assistant Professor of Marine Science (COAST -
AL MARINE GEOQSCIENTISTS), two positions.
The University secks highly motivated individuals
with & commitment to undergraduate and graduate
education and an established record of pescarch ac-
complishments. Candidates will be expected 1o have
a coastal manne geoscience focus, Applied hydes-
geabogy s preferred for one of the posinons while
other areas of preference are coastal Quaternary
studhes, coastal sedimentary environments or pro
cesses, or estuarine Smearshore dvnamics,

The Department of Marine Science s committed
tor a collaborative, interdiscaplinary philosophy of
cducation and research. The successful candidate will
be expected to teach introductory and upper-division
courses in the undergraduare Marine Science  Pro-
pram, as well as graduate courses in the Coastal Ma-
rine and Wetlamds Studies Progmm. The candidae
will be expected 1o develop a successful extemally
funded research program involving both undergrad-
ume and graduate studemts. Applicants must have a
P12 in manne science or a related feld.

Coastal Carolina University is a public mid-sized,
comprehensive liberal ars-onented insatution. Coastal
Carobina Universaty 1s located m Conway, South Car
olina, just nine mikes from the Adantic coastal resort
Myrtle Beach, one of the fstest-growing metro-
politan areas in the nation. It has an enrollment of
8,400 students and i expected o have continued
prowth for the next several vears. Coastal Carolina
University is a part of the South Carolina system of
public education and has dlose vies with its founders,
the Horry County Higher Education Commission.

Interested candidates should submit a letter of
application, curriculum vite, sawement of teaching
and research interest, and the contact information for
at least three professional references, elecronically at
website: https/ fjobs.coastal.edu. Beview of appli-
catsons will begin November L, 2007, and continue
until the posinon is filled. For further information
about CCL and marine scienee visit website: b
kingfish.coastal.edu /marine. Cosa! Canoling Ui

persity is an Epual Opportiny/ A ffimeanive Aetior Employer.
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Faculty Openings, Department of Biology
Brigham Young University

The review process will begin November 1, 2007 for all positions and
continue until the posibons are filled. Faculty application forms can be
found at: https:yjobs. byuedo, Additional department and college infor-
mation is available at website: httpaibiology.byu.edwhome.

Bioinformatics/Computational Biology

The Depanment of Biclogy at Brigham Young University seeks o fill two
continuing faculty status track positions in the areas of bicinformatics and/
orcomputational biology. We seck exceptional individuals with a Phand
postdoctoral experience relevant to bininformatics, genomics, and/or com-
putational biology, including degrees inareas of biology, computer science,
mathematics, and/'or statistics. The successful candidates are expected
to develop an externally funded research program amd teach courses in
Bioinformatics and the biology core. The depariment offers competitive
start-up packages and reduced teaching loads for new faculiy,

Interested persons should send a CV, statements of teaching and research
interests, and a completed BY U faculty application form o Dr. Keith
Crandall, 401 Widtsoe Building, Department of Biology, BYU,
Prove, UT 84602, electronic applications preferred to bio@ byu.edu.
For further infommation on the bioinformatics program at BY L see http:
Hbloinformaties.byu.edw’.

Ecology/Evolution

The Department of Biology is seeking outstanding colleaguees io join an
active and interdisciplinary faculty with stremgths in evolutionary and
organismal biology, ecology, and biclogical science education. We seek
qualified apphicants to Gl one or more contimumg faculty status tmck
positions in any area of evolutionary biology or population/evolutionary
ecology. The successiul candidate wall hold a PhD, have post-doctoral
experience, and is expected to maintain an externally funded research pro-
gram involving both undergraduate and graduate students, Excellence in
teaching is expected and college-level teaching experience is preferred.

Teaching responsibilities will vary with the candidare’s background and
will include a contribution to our undergraduate curriculum (e.g., gen-
eral biology, ecology, evolution, conservation biology, or plant hiology)
as well o a graduate course in the candidate’s area of expertise, The
department offers competitive start-up packages and reduced teaching
loads for new faculty.

Interested persons should send a OV, statements of teaching and research
interests, and a completed BY U faculty application form to: D Jerry
Joehnson, Ecology/Evelutonary Bielogy Search Committee Chair, 401
WIDRB, Department of Biology, BY U, Provo, UT B4602, electronic

applications preferred to bio@byvo.edu,
Biologist

The Department of Biology 15 offering a continuing faculty status tmck
position (open rank) 1o begin m the fall of 2008 (negotable). Outstand-
ing candidates with expertise in any area of biology will be considered,
although preference will be given to those applicants who intezrate with
several of the depariment research foci in evolution and ecology, bioin-
formatics, conservation biology, botany, or science education, Candidates
must have a Ph.D. in biology or a related discipline and postdoctoral
expenence and will be expected o maintain an externally funded research
program involving both undergraduate and graduate students. Excellence
in teaching is expected with responsibilities varying with the candidate’s
hackg round, but including a contribution to the undergraduate curriculum
{e.g., general biology, biological science education, ecology, evolution,
conservation biology, or plant biology) as well as a graduate course in the
candidate’s area of expertise. The department offers competitive start-up
packages and reduced teaching loads for new faculty.

Interested persons should send a CV, statements of teaching and research
interests, and a completed BY U faculty application form w: Dr. Mark
Belk, Biology Search Committee Chair, Brigham Young University,
Provo, UT 84602, electronic applications preferred to biof byu.edu.

BYU, an Equal Opportunity Emplover, is sponsored by The Cluorch of
Jesnes Christ of Latter-day Sairts and reguires observenee of Church
standards. Preference is given fo members in good standing of the
sporisaring Clitich.

ul SOUTHWESTERN

MEDICAL CENTER

Translational Oncology
Research Opportunities at
UT SOUTHWESTERN MEDICAL
CENTER at DALLAS

Internal Medicine Division of Hematology Oncol-
ogy at the University of Texas (U'T) Southwestern
Medical Center invite applications for tenure track
faculty appointments at the level of Assistant Pro-
fessor. Successful candidates will have outstanding
start-up support and protected time to develop a
discase focused research program. Applicants must
have an M.D. or M.D., Ph.D., postdoctoral expe-
rience, and demonstrate the ability to develop an
independent research program as well as an interest
in translational oncology.

Simmons Cancer Center translational research
faculty will be housed in state-of-the-art labo-
ratories 1 the new T. Boone Pickens Rescarch
Building and will be appointed in the Department
of Internal Medicine. Faculty will be encouraged
to participate in cancer center research programs
led by renowned cancer investigators including
Drs. Luis Parada, Jerry Shay, Melanie Cobb,
Michael White, Steven McKnight, David Chen,
and John Minna. Joint appointments in a basic
science department are possible and faculty will
be eligible to participate in the Cancer Biology
Track of the UT Southwestern Graduate School
of Biomedical Sciences. The presence of clini-
cal programs in cancer research, treatment, and
prevention offer unique opportunities for creative
collaboration, and a tissue procurement and tumor
bank provide investigators access to clinical speci-
mens.

Please send curriculum vitae, a summary of current
and proposed research programs, and arrange for
three letters of recommendation to be sent to:
James K. V. Willson, M.D.
Director, Simmons Cancer Center
or Joan Schiller, M.D., Chiefl
Hematology Oncology
UT Southwestern Medical Center
5323 Harry Hines Blvd.
Dallas, Texas 75390-8590

E-mail: james.willson@utsouthwestern.edu or
joan.schilleri@ utsouthwestern.edu,

UT Southwestern is an Equal Opportunity/

Affirmative Action Emplover:

The Simmons Cancer Center and Department of

iencecaree I5.0rg
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POSITIONS OPEN

POSITIONS OPEN

GORDON A. and MARY CAIN CHAIR in
CHEMICAL ENGINEERING #TWO
and PROFESSOR
Department of Chemical Engineering

The Gordon A. and Mary Cain Departiment of
Chemical Enmineening is secking highly qualified can
didates for a second established Chair supported by
the Cain Endowment. Funding through both the
University and the Endowment wall be available for
research, staff, and graduate studene support. Louisiana
State University at Baton Rouge has an increasing
enrollment of 30,000 students. Louisiana Stare Ulni-
versity (LSU) holds the Camegic Foundation's
desigmation as a Docrorate-granting University, with
very high research activity, The Chemial Engineering
Deparvment offers undergraduare, M.S., ad Ph.DD.
degrees, Research in the Department focuses on a
aumber of key arcas such as: advanced computation,
environment, materials, energy, biochemicals and svs
tems, with strong commitment to collaboraton be
tween these arcas towards 2 truly mulodsaphnary
rescarch effort. Research in the Department s fumded
from external grants and contracts from several federal
apencies. The LSU Department of Chemical Engp
neerng has consistently been among the top
departments in the nation in this measure of research
activity (website: htts:r.{ﬂn“w.dlc.lsu_.uiu}. Muore
informarion about TS0 and the Baton Bouge arca
can be obtained by visiting website: hitp://www,
lsu.cdu.

Fequired qualifications: Ph.D). or equivalent de-
gree in chemical engineenng or a closely relaved field;
proven track record in scholady activity, weaching,
professionalism, and service or equivalent industral
expencnce. Responsbilities: wadhes both graduate and
undergraduate students; commits to excellence in e
search. Preference will be gren to candidates or nom
inees with proven track record and activity in the
area of renewable energy /resonrces and dean ener-
vy however, candidates with strong background in
areas such as mawenials, bioprocessing, computatonal
and environmental engineering will also be consid-
cred, An offer of employwent i conpingent on a
satisfirctory pre-cmployment backavound eheck, Appli-
cation deadline is January 18, 2008, or wnil a
candidate is selected. Submit nominations, request
for information, or a letter of application and resume
(ncluding ¢-mail address) vo:

Head, Gordon A. and Mary Cain Chair Search
Committes
Gordon A, and Mary Cain
Diepartment of Chemical Engineering
Louisiana State University
Reference: #028449
Baren Rouge, LA 70803-7303
Telephone: 225-578-1426

LU i an Egual Oppactunity fAZgual Aecess Enploper.

POSTDOCTORAL RESEARCH ASSOCIATE
POSITION is available immediacly for a highly mo
wvared individual inrerested in eellular and molecular
mechanisms of immune svstem actvation and auto
wmmunry. Qualifications: strong background in mo
lecular biology, immunology, biochemisoy, and the
abiliry to work independently and cooperatively with
other members in the Laboratory. Experience with
immunobogical analvsis of rodent models 15 desired.
Ph. or M.DDVML, or equivalent required. Be-
view of applications will begin on November 15,
2007, and will continue until the position is filled or
closed. Send application lerter, statement of interest
and relevant work experience, curriculum vitae, and
three references by mail or e-mail w: Jay Reddy,
M.V.5¢., Ph.D., Associate Profesor, Department
of Veterinary and Biomedical Sciences, Univer-
sity of Nebraska-Lincoln, 202 VBS, Lincoln, NE
GESBI-0905; c-mail: nreddy2@unl.edu. Unieesry
af Nebewska- Lincaln is comumitied o a pluralisiic compae com-
minenty gl Affimmative Aciion amd Equal Oppormniny;
i assnres reasonable acommodanion ander e Americans
iwith Dhsabilines A,

S04

TENURE-TRACK FACULTY POSITION
DIRECTOR of FUNCTIONAL
LIPIDOMICS /METABOLOMICS INITIATIVE
Virginia Commonwealth University
School of Medicine

Vieginia Commuomyvealth University (VOLT) School
of Medicine is expanding an initianve in functional
lipidomics /metabolomics and imates applications for
a twnure-track faculty position vo spearhead this ini-
tiative. Candidates should have a research program
with a record of sustaned productivity and current
extramural funding. Substantial resources are availa
ble to support recruitment of an outstanding inves-
tigataor at the rank of ASSISTANT, ASSOCIATE,
or FULL PROFESSOR, based upon qualifications
and experience. VOU has a very active and expand-
ing critical mass of investigators whose research is
focused on metabolism and signaling of bioactive
lipids in cancer, inflammation, atherosclerosis, leart
and lung disorders, cholesteral and bile acid metab-
olism in liver disorders, and insulin resistance and
fatty Bver disease. These programs have a history of
strong and successful rescarch and raming  pro-
grams. However, this search i not necessarily focused
on existing arcas of strength and invites outstand
ing applications covenmg any aspect of hpidomecs or
metabolomics. More information about the School
of Medicme and Departments, and this open position
can be found at websites: htgpe/ /S wwwovonedu/

biochen shiml and h;_tl:_pffuww
puEnﬂn.vm.csu ;EM:E?Equh.ﬁp tem= y
Applicants should submit by e-mail curriculum vitae,
names and ¢-mail addresses of three references, and
a summary of rescarch and teaching interesis o:
Dr. Robert F. Dicgelmann (c-mail: rdicgelm@veu.
edu}, Department of Biochemistry, Virginia -
monwealth University School of Medicine. Fuginia
Conrmoenvatl Universivy & an Egual Oppoctansity £ Affimsatie
Action Employer. Women, persoss it disabifitics, and mi-
worities are emonnged o apply.

ASSISTANT, ASSOCIATE, or FULL
PROFESSOR/CURATOR
Evolution and Systematics of Fungi
University of Michigan

The Department of Ecology and Evolutionary Bi
ology and the University Herbanum seck applica
tioms for a tenured or tenure-track Bculty posinon m
the evolution and systematics of fungi. The position
will have a Universitv-vear appointment. Depending
on rank, the successtful candidame may be appointed
tor the Wehmever Chair in Fungal Tavonomy, We seek
outstanding  individuals whose primary research
interests are in aspects of fungal evolutionary biclogy
such as molecular evolution amd systematics, evolu-
tion of adaptation, or evolution of development, We
arg -:.up:l."t.lI}!}' interested in individuals who can place
evolutionary processes in ecologal contexes through
collaborations with colleagues. Teaching may inclade
a course i fungal evolution or diversity, and contribu
tons t core courses in introductory biology, cvo
lumon, or penetcs. The candidate wall also provide
stholardy lkeadership in the use of the Herbarnum’s
outstanding rescarch collection. For additional in
formmation, see websites: herp: / www.eeb.lsa.umich.
edu and www. herbarium.Isaumicheedu. To apply,
wend curriculum vitae, statements of current and fu-
ture research plans and of waching philosophy and
expericnce, evidence of waching excellence, and copics
of publications, as well as arrange to have three ref”
erence letters maied to: Chair, Fungal Evolution
and Systematics Search Committee, Department
of Emlogy and Evolutionary Biology, The Univer-
sity of Michigan, 830 N. University, 200198 Kraus,
Ann Arbor, M1 481091048,

Review of .lpplii.'.ll'u!ln will begin on December 1,
2007. The Univesity of Midvigan is an Egal Opportunity,
Affimnanre Adion Bmployer. Women and minoritics are on-
comraged fo apply. The Ulnieewsiny is supportive of the needs of
it meitroer gl

POSITIONS OPEN

ASSISTANT PROFESS0ORS of BIOLOGY

{ Four Positions)

The Department of Biology has initiated a new
curriculum in response to rapid instimtional growth,
We plan to fill four full time, tenuee-track postions at
the Assistant Professor level beginning August 2008,
The Ph.I™ & required.

(1} PLANT MOLECULAR BIOLOGIST: In
terests include wsing molecular methods to mvest-
gare basic plant biology, plant,/microbe interactions,
or genctic modifications for agriculiural and phar-
maceutical purposes.

(2] MOLECULAR CELL BIOLOGIST or
MOLECULAR MICROBIOLOGIST: Interests
include using molecular and computational methods
w mvestigare areas of cell or microbiology including
regulation of gene expresion or comparative analy-
s of bacterial genomes and protcomes. Suceessful
candidates for the two molecular positions will be
responsible for waching cither cell biology, menetics
or microbilogy and an advanced course in the ap
plicant’s area of specialization.

{3} VERTEBRATE BIOLOGIST: Candidates
from a broad range of research spedalties induding
conservation, evolution, functional anatomy or phivs-
ieewry are encouraged. Our Program and region offer
excellent opportunities for [ICHTHYOLOGISTS or
HERPETOLOGISTS. Teaching responsibilities in-
clude comparaive verebrave anatomy and an advanced
or graduate course in the candidave s area,

(4} ANIMAL PHYSIOLOGIST: Broadly crained
candidates from rescarch specializations in ecological
pusiology, endocrnology, sensory phvsology, newro-
physiology, or biomechanics are encouraged. Teaching
responsbilities include an upper-level course in animal
phyvsiology and an advanced or graduate course in the
candidate’s area.

For all four posdtions, sucaesful camdidates will be
expected to emerge as exemplars of teaching, to
contribute o introductony courses, and o develop po-
tenmally fundable research programs invobing under-
praduates, and, where applicable, graduare students.
The Biology Department has 400 undergraduate ma-
jors, 18 graduate students, 15 full-time faculee, and
five adjunct faculty, Undergraduate students carn a
B.5. degree in biology, The Department also partic-
ipates in an interdiseiplinare MLS, in coastal marine
andd wetland studies, and offers courses for graduare
students m the Masters of Ars in Teaching Program
in the Spadoni College of Education. For depart
mental nformabon go to websiter hoepe//www,
coastal.edu/ biology, Coastal Carolina dnm:mt:.' s
a pubbc mid-sized, comprehensive liberal ans-onented
institution. Coastal Carolina University is located in
Conway, South Carolina, just nine miles from the
Atlantic coastal resor Myrtle Beach, one of the fastest-
prowing metropalitan areas in the nation, It has an
enrollment of & 400 students and is expected w have
continued growth for the next several vears, Coastal
Carolina University is a part of the Scuth Cardina
system of public education and has close ves with its
founders, the Hoery County Higher Eduction Com-
mission. Interested candidaves should submit a lewer
of application, curriculum vitae, statement of waching
andd rescarch goals, and the contact information for
at least three professiomal references, electromicallv at
websive: hirp://jobs.coastal .edu. Beview of appli
catons Will begm November I 2007, and continue
until the position is filled. Coasral Caaling University is
a Fgal Oppoctanricy ! Affemarive Amion Emploper.

POSTDOCTORAL POSITIONS are open o
stucly biochemical mechanism of ubiquitylation in reg-
ulating penomic imegrite and wmongenesis, Candi-
dates with srong background in tumor mouse model,
and genomic integnty are encouraged to send cur-
riculum vitae amd three references 1o D, Yong Wan,
Ph.D., University of Pitsburgh Cancer Institute,
Hillman Cancer Center, 5117 Centre Avenue, Boom
2.6C, Pitsburgh, PA 15213, E-mail: yowd@pitt.
edu. L:Ll!-c:nln:r#}.'l website: hip: / Swww.chp. pitt.
edu/faculty/yong wan, Tl Ueivsiy § Msbugl &

an .-I_ﬁr.lm:ﬁr'r Aerian, Egual Opportemicy Tnstitanion.
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I I Massachusetts Institute of Technology

It takes everyone at MIT to be MIT.

Molecular and Cellular Neuroscientist

The Picower Institute for Leaming and Memory at the Massachusetts Institute of
Technology |s seeking an outstanding molecular and callular neuroscentist for a
tenure frack position as an Assistant or Associate Professor. We are particulary
imterested in candidates using and developing new technologies for optical imaging
andior electrophysicdogy, such as multiphoton confocal microscopy, luorescent
sensor chemistry and/or optical fiber endoscopy, for the study of synaptic function,
synaptic plasticity, single and multineuron activities, andfor naural circut activities as
the basis for cognition and behavior.

Academic appontment will be in one of more de ents at MIT, including Brain
and Cognitive Sciences, Biology and Chemistry. Candidates must have a
commitment to excelence in undergraduate and graduate education and
demonstrate the ability to develop a significant and indepandent research program.
The successiul candidate will be expected to teach course(s) in molecular/cellular
neuwrosclence and/or related topics.

Molecular and Systems Neuroscientist

The Picower Institute for Leaming and Memory at the Massachusetts Institute of
Technology is seeking an cutstanding molecular and systems neuroscientist for a
tenure frack position as an Assistant or Associate Professor, or a worldclass
molecular and systems neuroscientist as a tenured Full Prodessor.

We are interested in candidates stucl'g.nnr? the function of mammalian drouits and
brain systems by a combinalonal use of conditional genetic engineering with
transgenic and’or viral vecior technigues, and multi-faceted analytical methods
induding molecular biclegy, in vivo recording, optical imaging and'er behavioral
paradigms. We are particularly seeking. though not exclusively, candidates whose
research interest concerns mechanisms underlying axperence-induced short ar long
term changes in the brain,

Academic appointment will be in the Department of Brain and Cognitive Sciences,
and the candidates must have a commitment to excelence in undergraduate and
graduate education, In addition, the candidates seeking a junior taculty position must

demonstrate the ability to develop a significant and inde pen dent

research program, The successiul candidate wil be expected to

teach course{s) in molecularfsystams nauroscience and/or

related subjects.

Applicants should submit a curriculum vitae, a summary of

current and proposed research programs, an education

plan, and arrange for three letters of recommendation to be

sent to:

The Picower Institute Search Committes

Attn: Morgan Hisha'ng',dﬁhalr},The Picower Institute for
arning and Memor IT, 46-1303, 77 Massachusetis

Avenue, Cambridge, MA 02138-24307

Consideration of completed applications will bagin

immediately. Applications will be accepted for review until

February 28, 2008.

The Picower Institute

for learning and memory

MIT is an affirmative aclion employer, and we encolrage
applications from warmen and underre prasented minanties.

http://web.mit.edu

PENNSTATE

iy Universi
= p Y

Director of the School of Forest Resources

Postion: The College of Agriculiural Sciences at The Pennsylvania State University invites applications and nominations for the position of Director
of the School of Forest Resources. This is a twelve-month academic and administrative appoiniment.

About Us: The School of Forest Resources offers a wide range of degres programs to o current enrol lment of nearly 400 undergroduste and 100
graduate students, Baccaloureate and graduate degree programs exist in Forest Science, Wildlife and Fisheries Science, and Wood Products,

Quali fications: Candidates must possess o PhD. degree in a relevant scademic discipling, and have a strong record of professional and scholady
achievements which would qualify for Penn State’s tenure requirements at the rank of Professor. The following attributes are also highly desirable:

Effective administrative leadership and management applicable to a multidisciplinary, multifunction school

Understanding and appreciation of the evolving mission of a land-grant university system

Organizational, communication, and interpersonal skills

Proficiency in program ad ministration, personnel management, and fiscal management

Experience in fostering collaboration within a University and with external stakeholders

Application: Nominations are invited. Consideration of applications will begin November 16, 2007, and will continue until a suitable candidate
is s¢lected, Complete application packages will include both paper and electronic versions of 1) a letter of application, 2) a curriculum vitae, 3) a
statement of leadership philosophy amd vision, and 4) contact information for five individeals who can be contacted as references.

Send Applications and Nominations to:

De. Paul M. Smuth, Chair, Director, Search Committee, School of Forest Resources, The Pennsylvania State University, 210 Forest Resources
Building. University Park, Pennsylvania 16802; Phone: 814-865-8841; E-mail: prsG&E psu.cdu

T ledarn more about the School of Forest Resources at Penn State, please visit our websate av: hittp: fwww.sfecas. psuedu

P\.'rlll. Sul-u i |;|1||1||1i.ll\:d Ia J.ﬂir nuli\c :u.:li.l:lh. -\.1||,|r|| u_[lnpmrllllii I}- ;.:nl] lIu.‘ d:i'n;f.'\.il}' of its work fl.ln.'d.

PENN STATE Making Life Better

online @sciencecareers.org
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POSITIONS OPEN
ASSISTANT FASSOCIATE PROFESSOR
Biological Sciences, Multiple Positions
Department of Biological Sciences
St. John's College of Liberal Arts
Quecis Campus

St John's University's Department of Biolog
wal Scences invites applicants for two full-time,
tenure-track positions at the ank of ASSISTANT/
ASSOCIATE PROFESSOR in BIOLOGICAL
SCIENCES for its Queens campus, starting Sep
tember 1, 2008, Applicants must possess a Ph.DD.
and have ar least two vears of postdoctoral expen-
ence, with a strong record of scholarship, Success-
ful candidares will be expected to develop an upper
level or graduate course in their spedalty, mentor
MLS AT, students, and develop an exeramurally
funded rescarch program,

O position s for an ENDOCRINOLOGIST
or NEUROBIOLOGIST and the second one i for
a MICROBIOLOGIST.

All candidates will be expected w interaa extensive
Iy with colleagues in a cell amd molecular biology
orented department. We will entertin appheations
from exceprional candidates in other areas of biology
as well

We offer competiive compensation, excellent ben-
efits, and talented professional colleagues, For consid-
eration, please send an application porfidio contining
the curriculum vitae, statement of teaching philose-
phy, description of rescarch interests and future plans,
and three references should be submited

Dir. Jay A. Zimmerman, Ph.D., Chair
Department of Biological Scences
St. John's University
B000 Utopia Parkway
Queens, NY 11439

E-mail submisdon preferned, e-mail: zimmermj@

stjohns.edu.
ﬂ: John™s University is one of the nations lungest

Catholie universities with abour 20,000 students and
five campuses, four in the New York metropolitan
arca. Sce website: hetp: /Swww.stiohns.edu,

St Job's s an Egual Olppostnity Engloyer wed enconr-
ages apylications from evomen amd ueimorities.

LABORATORY MEDICINE PHYSICLIAN-
SCIENTIST, MICROBIOLOGY. The Depart
ment of Laboratory Medicine at the Yale School of
Meuedicine s activelv secking Physician-Scientist can
didates for a new ASSISTANT JASSOCIATE PRO-
FESSOR position in the Microbiology Virology
Section to start July 2008, The successful candi-
date would be expected to spend approximately 75
percent time in an independent program of basic
and for translational bench research with accompa-
nving 25 percent clinical and teaching responsibil-
ities in the Microbiology and Virclogy Labarawries.
The candidate should be Board-cenified | or eligible)
in dinical pathology, medical miceobiology or in
fectious discase, with experience in clinical micro-
Biolegy. The specific arca of investigation i open,
and could invelve host-pathogen interactions, mi
crobial pathogenesis, virology, immunology, or any
other relevant field that would interact well with
existing institution-wide programs. More mforma
tion on the Department may be found at website:
http: / /info.med. vale.edu Alabmed. Please send
curniculum vime and names of three references by
January 31, 2008, to the: Chair of the Search Com-
mittee: Paula Kavathas, Ph.D., Department of Lab-
omtory Medicine, 333 Cedar Strect, PO, Box
208035, New Haven, CT 06520-8035. E-muail:
microfacultyscarch@lab.med.yaleedu; fax: 203-
GE8-41 L1, Yale Ulnivorsity 56 on Afirmatiee Adiw /Epual
Oypwwrnity Bployer. [Wonren aud menders of minorry grveps
i esaneraged fo apyply.

POSTDOCTORAL POSITION, University of
Montana, MOLECULAR BIOCHEMIST o stmdy
transcnption-nduced hypermutaton in human cell
lines. Expertise in genetic engineenng and cell culture
techniques required. Available Janwary 2008, Send
cumiculum vitae to e-mail: barbam.wright@mso.
amt.edu. Affimarioe Agion/ Bgaad Opparenity Enploper

S06

POSITIONS OPEN

FACULTY POSITION
Bislogy Department
Boston College

We invite applications for a tenure-track faculwy
position in the Boston College Biology Department.
This scarch & open to candidates at the level of
ASSISTANT, ASSOCIATE, or FULL PROFES-
SOR. The University provides extremely competitive
startup funds and research space with the expecta
tion that the successful candidare will establish, or
brng to the University, a vigorous, externally funded
research program.

We seek a colleague whose research will mesh with
that of one or more current faculty members with
interests in molecular and cell biology, developmen-
tal biology, genctics and genomics, signal transduc-
tion, and metabolism (details available ar websive:
heep: / Awww.beedu /biology). We are partcularly
interested in candidates who utilize strategics such as
advaneed live cell imaging, systems biology, or high
throughput approaches to a basic problem i cell or
developmental biology. In addition to developing an
active research program, the successtul candidate will
be expected to train graduate students, and to par
ticipate in the undergraduate teaching mission of the
Drepartment. This appointment will begin on or after
Julv 1, 2008.

Applicants should submir curficulum vitae and a
statement of present amnd future research plans, and
arrange w have three letters of mefercnce sent o
Biology Search Committee, Boston College Biol-
ogy Department, 140 Commonwealth Avenue,
Higgins Hall, Chestnut Hill, MA 02467,

Applications should be received by Novemberl 3,
2007, to assure full consideration. Beview of appli-
cations will continue until the position 15 filled.

Boston College &5 an Affeenatioe cAaio, Egqual Oppoctuning
Enployer. fu coneent it onr feoin, Catdolic amission, Boston
College is dedicated ta the goal of building a mltrally diverse
atd plarealisiis farnfry and staff comininned ro and ogrndiae aid
grwdiaze edwarion, amd erocking e a sudltiadinrad eneronment,
aind stronply ciewirages applivations frov wonse, o,
wiibtivndvals eovely dfzabilioies, aid couwred Pelerans

UNIVERSITY of CALIFORNIA, SAN DIEGO
PH.D. Program

PLANT SYSTEMS BIOLOGY, University of
California, San Diego, Salk Institute, The Scripps
Research Insititute, Naoonal Science Foundanon
Integrative Gradvate Eduocation and Research
Trainceship Graduate Training Program. This in-
rerdisciplinary training Program will train graduare
students with different backgrounds at the interface
of biological systems modding, computational ge-
nomies and plant sciences and will position "h. 1.
students at the frontier of systems biology, The Pro-
gram will include focused mentonng of cach student
in two laboratories by two advisors from disanct dis-
aphnes {e.g systens enmnecnngoinformatics and
plant biology ). Over 30 internationally leading labora
tories i diverse disciplines are participating i this
new Program. For further information see website:
http:/ /biology.ucd.edu /psbigert.

TTighlv qualified candidates with diverse hackeroumnds
and degrees in computer sciences, enginecring, biol-
ogy, physics, biophysics, mathemarics, chemistry, or
relared subsjects are invited o apply by December 11,
2008, Online application submission preferably w
website: http: /S www. biology.uesd.edu fgrad /

index.hml or alternatively applicants can apply 1w
the University of California San Dicge Buocnginecr-
ing or Computer Scences and Engineering Grad
wvate Programs. Each applicanion should  indware
vour interest in the Mant Systems Biology Program.
For further information contact: Program Directors
Julian Schroeder (e-mail: jischroeder@®ucsd. edu)

and Steve Briges (e-mail: sbriggs@ucsd.edu ).

POSITIONS OPEN
ELECTROCHEMISTRY

The Department of Chemistry at the University of
Alabama i secking an outstanding individual with
expertise in chectrochemistry w Gl A wenure-track po-
sion at the rank of ASSISTANT l."RDI-'ES&(.)JK.
Candidates working in all areas of electrochemistry
will be considered. Spedific arcas of interests include,
but are not limited to, bosensors, matenals chem
skry, and electrocatalysis. Candidates are expected to
have 2 Ph.D. and postdoctoral training in chemistry
or an allbed field, The successful candidate will be
dedicated w excellence in education at the undergrad-
uate and graduate levels and be expected to develop
avigorous, externally funded research program. Fur-
ther information about the Deparoment is available
a website: hope/ Swww.bamaova.edu/~chem. In-
formation abour mulodisciplinary rescarch opporu-
nitics can be found ar websive: hetp: L.
edu/ ~dhem/rescarch /researchoen ters /oo ters.hieml.
Women and members of groups underrepresonted
m science are especially encouraged w apply. All
candidates must provide curriculum vitae mcluding
publication list, research plans (two o three pages),
statement of waching philosophy and intereses (one
o bwo pages), and arrange w have three letters of
recommendanon sent to: Elecrochemistry Search
Committee, Department of Chemisory, The Uni-
versity of Alabama, P.O. Box 8703 36, Tuscaloosa,
AL 3547, Review of applicants will begin Decem-
ber 1, 2007, and continue wntil the postion is filbed.
The Uirtewsstry of Alabanra & o gl Oppormaaniy LA finnaive
Ao Emyghayer

TENURE-TRACK VERTEBRATE
PHYSIOLOGIST
Department of Biology, Earlham College

We seek an individual thar is first and foremost
excited about teaching phsiology, in lecture, labo
ratory, and rescarch venues, w bnght and motivated
umnide rﬁr.!u.!u.lhs in 2 nationally ranked department, at
a small liberal arts college. Teaching responsibilities
inchude a human phyvsiology course(s ), an upper-level
specialty course, and contabutions o team-taught in-
troductory courses in cell physiology and penetics. A
commitment to collaborative student-faculty reseanch,
and an abiliy o beidge our depammental strengths
Berween cellular /molecular and whole organism biol-
ogy are essential, Applicants whe have an interest in
one or more of the following are especially attractive:
comparative physiology, anatomy, systems biology, use
of omics tools. PhoD. or equivalent required; teach
ing or pastdoctoral experience desirable. Review of
applications begms Movember 1, 2007 Send cumcon
Iy vitae, three letters of reference, and statements
describing research interests and teaching philosophy
. D Peter Blair, Department of Biology, Eadham
College, Ridvmond, IN 47374, (Website: hitp:
www.earhamedo/~biol ) Eullime Colloge &0 AR

.f;rl'.lr\.ll'll'\c' .-|-TJ|I1-J.-"I:]IJLJ l‘JHIwrrmrr}- F:'\wjn.l.l}.r: We Inwl'.'m'.n'f}'

oo applications fronn o, nical o, and Ciakrs

ASSISTANT PROFESSOR

University of Southem California

Experimental Nano-Bio Physics
The Department of hysics and Astronomy at the
University of Southern Califormia invites applications
for an Assistant Professor position in the area of
expenmental physics at the meerface of nanoscience
amd biodogical physics. The University has a strong
commitment 0 advanced interdisciplinany research
and education, and provides ample opportunities fir
collaborative work in the field. Applications must
inchide deiled curriculum vitae, a statement of cur-
rent and planned research directions, and the names
of at least four professional references. A PhalD. is
required. Please send material w: Werner Dippen,
Chair, Department of Physics and Astronomy,
University of Southem California, Los Angeles,
CA S0089-0484 LS. A, or by e-muail: dappen@usc.
edu. USC walves diversity and is ammitiad o Equal Op-
partunity i enployuecnr. Women aind meen, and members of

af ! ractal and eifenic gongs @ meonraged o apply.

19 OCTOBER 2007 WOL 318 SCIENCE www.sciencecareers.org




NEUROSCIENTIST

The Americon Universty of the Cardbbean, School
of Madicing [AUC), on accredited institution with
over 3500 graduated physicions, seeks to oppoin!
o Mauroscientist.

The university seeks o Newroscienist with o Ph.D,
degree in ather Meurescience, Neuroonalomy, or
Heurophysiology, o an M.D. degree with feadhing
experience in Neurescience. All applicants should
hove feathing experience in LCME-gcoredied
schools. Condidotes with on enthusiosm for
teaching medical students that hawe the ability o
inkegrade neurosdience with other basic dinicol
stiences will be given reference.

The position is o be fulfilled af the Basic Sciences
compus on the idond of St Moarlen in the
Metherlands Antilles, appraximetely 3 hours by oir
From Momi. AUC possesses on exceplional forulty
tomposed of beth basic sientists ond dinidans,
Shudents complete their bosic sdences braining on
the island, and then go @ to complete dinicol
tlerkships in the LS., LK. or Ineland.

Intevested parties should send o brief siotement of
teodhing phicsophy, their OV, ond conlod
information for three professional references to
Dr., Suson DeMesquila, Chair of the Neuroscience
Seorch (ommitles, of sdemesquit@owmed.edu,

Amevican University of the Canibbean
Schoal of Madicine

kil MUSC

e i I MEDICAL LINIVERSITY
@%ﬁ& OF SOUTH CAROLINA

PHARMACOLOGY/CHEMICAL BIOLOGY/MEDICINAL CHEMISTRY

ENDOWED CHAIR
SOUTH CAROLINA CENTERS OF ECONOMIC EXCELLENCE

The University of South Carolina (USC) in Columbia, SC, and the Medical Umiversity of South
Carolina (MUSC) in Charleston, SC, are jointly seeking applications and nominations for an
endowed chair. Individuals with demonstrated expertise in the areas of Pharmacology, Chemi-
cal Biology, or Medicinal Chemistry are encouraged to apply. The successful candidate will
be an established scientist who has a strong reputation in research, has a productive record of
publication and extramural funding, and 15 qualified for a tenured appointment at the level of
Full Professor. The chair and associated laboratory spaces will be located s USC, with a joint
appointment at MUSC. The chair holder will play a key role in the growth and development of
research and drug discovery in the State of South Carolina, He/she will be expected to participate
in professional and graduate education, and to maintain a nationally recognized, extramurally
funded research program,

USC and MUSC have several Centers of Economic Excellence, including the Centers for Drug
Discovery and Cancer Therapeutics, and are continuing a period of rapid growth in research,
State-of-the-art core research facilities exist at both institutions, fostering a variety of collabora-
tive research efforts and interactions,

Interested candidates should submit curriculum vitae, statements of research interests and
accomplishments, and the names of three references to: De. Sondra Berger, Department of
Pharmaceutical and Biomedical Sciences, South Carolina College of Pharmacy, University
of South Carolina, Columbia, SC 29208 (email: bergerfcop.sc.edu). Nominations are also
welcomed. Review of applications will begin on December L, 2007 and will continue until the
position is filled.

Fhe University of South Caroling and the Medical University of South Carolina are
Affirmarive Action/Equal Oppartunity Emplavers.

Department of Biology
University of New Mexico

The Department of Biology at the Universaty of
Mew Mexico mvites applications for a Geuelty
position at the Assistant Professor level. The
appointment will be the first of two hires i the
area of Cell Biology, and will be probatisnary
leading o a tenure decision. The successlul
candidaie s expecied o maintain a natonally
competitive, externally funded rescarch pro-
gram utilizing an established model organism,
Applicants whose research focus complements
existing strengths in the Department, which
include developmental biology, molecular
biology, genmmics and molecular genencs,
will be prefemed. Successiul candidates wall
be expected to participate in undergraduate and
graduate teaching, and should be enthusiastic
about working ina vigorous biology department
with diverse research programs. Candidates must
havea PhD. and at least two years of post-doc-
toral experience by the start date of the posi-
ton. For complete job requirements see hittp:
fibiology.unm.edu. To apply apphcants must
submit a signed letter of interest, curriculum
vitae, recent reprints, slatements of rescarch
and teachmg interests and have ot least three
letters of recommendation sent to: Cell Biology
Search Committee, Department of Biology,
1 University of MNew Mexico, MSCO3 2020,
Albuguerque, MM 8T131. Review ol applhica-
tons will begin on November 26, 2007. The
position will remam open untl filled.

Mimorities, women, veterans, and perions with
disahifities are encouraged to applhy UNM
ix arr Eegreatl Opporininy Affirmative Action

Emplover and Educaror,

Tenure-Track Faculty Positions
Bio-Medical Informatics, Computational and Systems Biology, Chemical Informatics
University of California, Irvine

Twor gunior tenure=track posatons are available at the Unversity of Califormia, Irvmein all areas of rescanch
at the mtersection of hife and computational saences. These appointments wall be made i the Donald
Bren School of Information and Computer Sciences with pomt appointments m the School of Biological
Sciences, the School of Physical Sciences, or the School of Medicine if’ desirable. Exceptionally qualificd
senior candidates also will be considerad for tenured posatons. These positions will be coordinated withthe
interdisciplmany research programs of the UCT Instatute for Genomics and Bioinformatics, Foran overview

af the 1GB, see wwwigh ueledu.

Examples of geneml arcas of mterest mclude: bomfomatcs, chemomformatics. computational biol-
ogy, systems biology, synthetic biology, and medical informatics. Examples ol specific arcas of interest
inclwde: protein structure and function prediction: moleeular simulations and docking: compa atonal drug
screening and design; comparative genomics; analysis of high-throughput data; mathematical modeling
of biological systems; medical imaging. Research methods should encompass computabonal, statistical,
or maching-leaming approgches.

LIC] 15 targeted as a grow th campus for the University of California 1t s one of the youngest UC campuses,
yet mnked 10th among the nation’s best public universities by LS News & World Keporr. Salary and other
compensaton (mcleding proonty secess o on-campus faculty howsing) are competitive with the naton’s
finest pubhc universitics. For an overview of LICLL see hitp 2w ww. uci.edu.

The Bren School of 1C5 is one of eleven academic units at UCT and was recently levated 1o an indepen-
dent school by the UC Regents, 1C5" mission is to lead the innovation of new information ard computing
technology and siudy s economic and social sgnificance while producing an educated workforee 1o
further advance technology and fuel the economic engine. The Bren School of 1CS has excellent faculty,
mnovative programs, high quality sdents and outstanding gradusies as well as strong relationships with
hagh tech indusery. With approsimately 1000 undergraduates. 100 masters and 275 doctoral studenis, and
T faculty members, 1CS 15 one of the largest computing programs in the country. The Bren School of 105
jusidedicaied a contemporary high-tech building designed 1o enhance collaborative rescarch and education.
For a perspective on 105, see httpe//wwwick.uciedu.

Screening will begin immediately upon receipt of a completed application. Applications will be accepted
until positions are filled, although maximum consideration will be given w applications recerved by January
15, 2008, Completed appheatons contmmng o cover letter, cumiculum vitee, sample rescarch publicabions,
and three wo five ketters of recommendanon showld be uploaded electromeally. Please refer wo the following
web site for instructions: https/Swww.ics ucl.edwemployment/employ_Taculty.php.

The University of California, Irvine is an Equal Gppartanity Enployver commiited 1o excellence through
diversity, fras a National Science Foundation Advance Gender Equity Program, and is responsive fo the
neels of dial caveer eonples.
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POSITIONS OPEN
GENOMICS PROJECT SCIENTISTS

The Center for Genomics and Bioinformatics
(website: htep://cgb.indiana.edu) at Indiana Uni-
VErsity Iﬂlmnnlllgl:nl'l.] seeks soentists (BS M5
Pl ) for the position of PROJECT SCIENTIST
to join the Drosphilia Genomics Besource Center
and mod ENCODE projects n the Andrews Labo
ratory. Successful applicants will conduct research in
the areas of genomics, molecular biology, develop
ment, penetics, and biochemistry. Duties will include
research under the supervigon of scentisis, maintain
ingz accurate and complete liboratory reconds including
notebooks and electronic files, analyeing expen-
mental dara, and communicating results 1o scien-
tific colleagues through oral and written repons,
Appointments will be o the rank of RESEARCH
ASSOCIATE; salary will be based on a candidate s
preparation amd paor experence. Direa all inguires
to e-mail: jobs@cgh.indiana.edu. Mositions are open
now and applications will be aceepted until posi
tons are filled. Those receved by November 26,
2007, wall be assured full consideration. Please suban
curriculum vitae and a descnption of vour background
interests, and have three lemers of recommendation
sent directly to us, Send matenals o Position #CGE-
013, Center for Genomics and Bicinformatics, In-
diana University, 1001 E. 3rd Strect, Bloomington,
IN 47405-3700. Bediana Uiperaity &5 an Affimarive
.-|Jrnl.lr.-'f5rr.|.|f rJIJIIptI.'Tru.uJ'}' F:'ul]:-ﬁq,'rr

TENURE-TRACK POSITION
Plant Physiology
Comnecticut College, Department of Botany
Connecticut College invites applications for an
ASSISTANT PROFESSOR posiion in the De
partment of Botany with expentise i plant physiol
opy. PhD. and evidence of teaching and research

excellence required. Expertise in the physiology of

higher plants in marine systems preferred, Position
involves teaching courses in comparative plasiology
(using examples of plants and animals), plant struc-
tre and function, coastal manine biology; partic-
ipation in an introductory organisms course; amd
development of a research program that includes
undergraduates, The College Arborctum includes
450 acees of collections, natural and experinental
arcas, a five-acre tidal salv marsh, and access to the
Thames estuary. Connecticut College 5 a highly se
leetive liberal arts institution committed o meer
disciplinary teaching, research, and faculy diversity.
Applications should include a cover letter; curmcn
lum witae; copies of transenpis; statements about
teaching philosophy and research interests; and three
letters of reference sent directly to: Plant Physiology
Search Chair, P.O. Box 5362, Connedicut Collems,
270 Mohegan Avenue, New London, CT 06320,
Review of applcations will begin December 3, 2007,
See website: herp://www.conncoll.edu for more in-
fomation. Affimeein Acron /Egeal Oppocmnity Employer

ASSOCIATE RESEARCH SCIENTIST
COLUMBLA UNIVERSITY
Neurology Department

A TECHNICAL RESEARCH position = avail-
able in the Nevrology Department at Columbia Uni
veraty. Applicant will contribute wo a research program
investigating the molecular genencs and pathogen-
esis of glvcopen lipid storage diseases. Basic skills in
molecular and biochemical rechniques required. Ap-
plicans must have a PhD. in molecular biology,
biochemistry, or related field. Experience required in
basic research involving methods of maolecular bi-
ology or biochemistry. Laboratory animal expericnee
is abso required. Candidate should have strong oe-
gamizational skills,

Please send cumailum vitae and addresses for three
letters of recommendation by e-mail w Dir, Salvatore
DiMauro & e-mail: sdl 28columbia.edu.

Columbia University @5 an Equed Opportanit /A firenarive
At Eimployer.
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TENURE-TRACK FACULTY POSITION in
BIOINFORMATICS
Memorial University of Newfoundland

The Deparmments of Computer Scence and Bi-
ology at Memoral University invite applications for
a tenure-track position in bicinformaties starting
no later than Seprember 1, 2008, Appointment wall
b at the ASSISTANT PROFESSOR level, with pri
mary appointment in computer sdence, and egual re
spomsibility in both Departments.

A FhD. in computer sdence, computational sa-
ence, h{ﬂnp or relared fields s n:u_]uu'mi, and postcoc-
word o equivalent Lxru.n:m'u. is desirable. Applicints
should have expenence in bioinfomatics, and be keen
s do interdisciplinany work beeween the Departmens,
Applicants should posess a strong researdh record with
oustanding promise for future research, and be able
to demonstrate the potential for exeellem undergrad-
uate and graduate teaching in bioinformatics,

Closing date for applicanons will be January 5,
2008, Dwetails and information on the application
provedure may be found at website: htep:/ www.cs,
mun.ca// or hl_rr.Fﬁw“w.mun.m,ﬁ%W

ORCZ00-00T ). B

Memorial University s connitied fo complo et cquity
dind erionrages el _f.;'ulrrl gunitified women and neeu,
e ﬂJl'rqurr'ﬁ'ls-. |h'.l|lrrlh".|'rl.J|| ‘xq:n'r i ;x‘:.illrj.i ively dieahil -
s A qealified candidwes ane eoconraged o apply; Focewinr,
Cpadians and TR I wwaidets awxll h"@;:'nr I.lrn.ln'r}'.

TWO TENURE-TRACK POSITIONS in CELL
and DEVELOPMENTAL BIOLOGY

The Department of Biology at MceGill University
invites applications for two positions in cell and de-
velopmental biology. Candidates using genetically
well-characterized animal, plant, or fungal model svs-
tems ane particularly encouraged o apply, & are appli-
cants focusing on subcellular structures tsing advanced
imaging and microscopy technigques or sngle-moleoule
manipulaticns.

The successful candidates will be joining the -
velopmental Biology Research Initiative (DBRI), a
dymamic, interactive group of recarchers working
on a range of sulyeets i veast, O albgans, Dramplila,
Xewopas, mice, and Ambidopss (website: hitp://
www. biolopy.megill.ca / DBRL/ dbri_home hioi).

The DERI has complered a 5198 mullion infrastruc
ture renovation and renewal project, and is an n-
tegral part of the McGill University Life Sciences
Research Complex. The successful candidates will be
provided with ample nesearch space in the new Belling
Life Sciences Building which will open in May 2008,
We anncipate that these positions will be filled ar the
Assistant Professor (tenure track) level, bur appli-
cations from more cstablished candidates may be
considered for recruitment at the ASSOCIATE or
FULL PROFESSOR rank. Competitive startup and
equipment funding packages will be available. The
successfil candidate s expected to contnbute to un
dergraduate and graduate reaching in the Depart
ment and to mamtain an externally funded research
program.

Applicants should possess a h.D. degree amd s
nificant postdoctoral expenence resulting in reseanch
publicanions.  Persons wishing to be considered for
these positions should forward curriculum vitae, a
statement of rescarch interests, a statement of teach-
ing interests, copies of major publicaions, and ar-
range to have three letters of reference submitted
directly tx Cell and Developmental Biology Search,
cfo Ms. Zabrina Kadkhodayan, Department of
Biology, McGill Univarsity, 1205 Docteur Penfield
Avenue, Montreal, Quebec, H3A 181, Canada.
The applicanon deadline is 10 December 2007,

I avcordmmer with Canadian imnnigersion sepulanions, this
afvertiseumnt &5 divected in e first fostance o Cavadian citizens
and fanded immigenns, Towever, aff gualified cmaidates o

et o apply.

POSITIONS OPEN
SENIOR FACULTY POSITION

The Deparmment of Biochemistry and Molecular
Riology at the Louisiana State Unaversity (LSL)
Healih Sciences Center i New Ovdeans invices ap-
pications for a 12-month tenure track appointment
at the ASSOCIATE or FULL PROFESSOR level.
This position offers penerous laboratory space, a
competitive professional development package and
salary, and access o well-developed core facilibies.
The Deparmment and Health Sciences Center are ex-
periencing a period of unprecedented growth, with
a sipmificant ncrease in faculty size already under-
way, The LSU Health Sciences Center is located in
downrown New Orleans, a vibrant histonic city and
commercia center of the Gulf Coas, Addiional in-
formation concerming the Health Sciences Center

and Department can be reviewed at website: httEr{g_’
www.medschool. lsuhsc.edu biochemistry., The

sccesstul applicant will have a Ph.D. and for ML
degree amd relevant postdoaoral and faculty research
expenience. The rescarch wterest of the faoulty cand
dare is open to any area of ochemistry, cell, or mo
lecular beology. In addition to a lstory of productnve
rescarch, as evidenced by high guality publications,
the successful candidare 15 expected to have ongoing
extramural funding. Modest reaching responsibilivies
will involve participation in service courses (medical,
dental ) and for teaching at the graduare level, Elec-
wonic or paper applications are welcome. Include
curriculum vitae, statement of present and future
research interests, and the names and addresses of a
least three references. Electronic submission should
be e-maled w0 e-mail: wvedec@lsuhse.edu, Paper
submisions should be sent o
Wayne V. Vedeckis, Ph.D.

Search Committee Chairman
Deparoment of Binchemistry and Molecular Biology
Louisiana State University Health Sciences Center

1901 Perdido Strect
New Orleans, LA 70112
LSUTHSC i an Egual Oppormricy Al nmative
Fanpayer.

letion

TENUERE-TEACK MICROBIOLOGIST

The Department of Biology ar the University of
Minnesora, Duluth (UMY} iwites applications for a
wenure-track ASSISTANT PROFESSOR position
i miceobiclogy begnning August 2008, We seck
outstanding candidates who wse molecular and com-
plementary approaches to investigate microorganisms.
Laboratory space will be provided m the new stave
of-the-art Swenson Science Buillding along with a
competitive startup package. Opportunities exist for
collaborations with researchers at the Matural Re-
sources Rescarch Institute, School of Medicine, Col-
le e of Pharmacy, Large Lakes Observatory, and the
ErA Mid-Contirent Ecology Division. Teaching ne-
sponsibilities include peneral microbiology, cither a
macmabial phyvsiology, immunology, or virology course,
and an advanced course in the applicant’s research
specialty. We desire applicants who are commitred 1o
excellence in veaching, the development of an innova-
tive, externally funded research program, and craining
of graduate and undergraduate research students,
Candidates must have a P in the biologneal sciences,
potential for excellence in teaching and research, and
commumnication skills w support gqualine teaching. Only
online applications will be accepred. Please initiate the
online application at website: https: / /employment.
. edu Applicants fsp fshared /Trameser,/ Frameser.
PEpfame=IIYIYHEI5I3Z] and scarch postings for
b FIST30E. In addition, please have three kerrers
of reference sent to: Chairperson, Microbiologist
Search Committee, Department of Biology, 55B
207, 1035 Kirby Drive, University of Minnesota
Duluth, Duluth, MN 55812, Review of complete
applications will begin November 12, 2007, and
continue until the position s filled. Visit our
Deparmment at websive: httpe/ Swww.d.umn.edu /
bioksgy. Abundant recreational opportunities and a
high quality of ife complement the thriving intel
lectual and artistic atmosphere in the region. e
University of Mismiesora is an Equal Opportunity FEducaror

ad Employer.
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University of California, Berkeley

ASSISTANT PROFESSOR IN RESTORATION ECOLOGY

The Department of Environmental Science, Policy and Management (ESPM) at the University of California, Berkeley (hitp://
espm.ber keley.edu ) invites applications for a tenure-track, ninc-month {academic vear) faculty position in Restoration Ecology available
starting July 1, 2008. The position includes a joint appointment in the Califomia Agricultural Experiment Station. There are imporiant
interdisciplinary connections (o the Department of Integrative Biology, and Landscape Architecture and Environmental Planning,

Applicants should possess a Ph.D. in ecology or a closely related discipline. Candidates may conduct research on a variety of con-
temporary and interdisciplinary problems relating (o restoring habitats to promote ecosystem functions or services, and biodiversity
from local o landscape scales. We expect their research o contribute to scholarly and applied progress in restoration ecology based
on quantitative ecological understanding including, but not limited to, arcas such as community assembly processes, ecological inter-
actions, and ecosystem dynamics, and the integration of ccological and socio-cconomic disciplines. The candidate will be expected
to teach an upper division course on Restoration Ecology and a graduate seminar annually, and periodically teach in environmental
science courses.

We particularly encourage applications from women and under-represented ethnic minorities. Electronic submissions are preferred as
a single PDF file and emailed to restorationecologyi@ nature.berkeleyv.edu. An application should include a curriculum vitae, state-
ments of research and teaching interests, and recent publications.

Three letiers of recommendation should be mailed separaiely to:
Ms. Vinaya Gokarn, Chair's Assistant
Restoration Ecology Search Committee
ESPM, 137 Mulford Hall #3114
University of California
Berkeley, CA 94720-3114

Refer potential reviewers to the UC Berkeley Statement of Confidentiality found at http://apo.chance.berkeley.edw/evalltr.html
Applications must be postmarked by December 1, 2007.

ASSISTANT PROFESSOR IN FOREST ECOSYSTEM MANAGEMENT

The Ecosystem Sciences Division of the Department of Environmental Science, Policy and Management (ESPM) at the University of
Califomia, Berkeley (http://espm.berkeley.edu) invites applications for a tenure-track, nine-month (academic year) faculty position
in Forest Ecosystem Management available starting July 1, 2008, The position includes a joint appomtment m the Califomia Agricul-
tural Expeniment Station. There are important interdisciplinary connections to the Depariment of Integrative Biology, Agricultural and
Resource Economics, Landscape Architecture, Civil and Environmenial Engincering, Economics, and the Haas School of Business.

Applicants should possess a Ph.D. in forest science, natural resource management, sysiems ecology and modeling, environmenial engi-
neering, hydrology, or a closely related discipline. Candidates may conduct research on a variety of contemporary and interdisciplinary
problems relating (o forest ecosystem management and plannimg. We expect their research to contribute to scholarly and applied progress
in forest ecosystem management based on a rigorous quantitative ecological understanding of forest dynamics, geo-spatial analyses
(G1S), landscape ccology/management, global change science, natural resource planning, economics, or other quantitative areas. The
candidate will be expected to teach an upper division course on Forest Ecosystem Management and a graduate seminar annually, and
occasionally participate in environmental science courses,

We particularly encourage applications from women and under-represented ethnic minorities. Electronic submissions are preferred as
a single PDF file and emailed to forestmanagement@nature.berkeley.edu. An application should include a curriculum vitae, state-
ments of research and teaching interests, and recent publications.

Applications can also be mailed to:
Ms. Vinaya Gokarn, Chair's Assistant
Forest Ecosystem Management Search Committee
ESPM, 137 Mulford Hall #3114
University of California
Berkeley, CA 94720-3114

Please also arrange three letters of recommendation to be mailed separately to the above address.

Befer potential reviewers to the UC Berkeley Statement of Confidentiality found at http://apo.chance.berkeley.eduw/evalltr.html
Applications must be postmarked by December 1, 2007,

The University of California ar Berkeley is an Egual Opportunicy/Affirmarive Action Emplover
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POSITIONS OPEN

ASSISTANT PROFESSOR

TWO POSITIONS in STEM CELL SCIENCE
or STEM CELL MEDICINE

Biology, Medicine, Engineering, Physical Sciences,
or Any Other Pertinent Field

The University of California, San Diego ( UCSD)
Stem Cell Program at the Universite of California,
San Diego is seeking to recrait bwo of more tenune
track Assistant Professors who conduct strongly in-
terdiscplinary research in stem cell science or siem
cell medicme. These two tenure-track faculty posi-
tions are available in fall 2008 at the Assistant Pro-
fessor level; appointments at other ranks will be
considered based on qualifications and availability of
furnds,

The Program secks candidares who will establish
independent and vigorous exteamurally funded re-
search programs in stem cell biokogy, biochemstry,
medicine, engincering, or other fickds related w stem
cell seience, with innovative approaches and exper
tise e more than one disaphne. Candidates should
have a rack record of publications in intermationally
recognieed journals, and a willingness to partiapate
in graduate and underpraduate teaching. Applicants
must possess a PhoD. or MDY, degree.

The UCSD Stem Cell Program is an interdisc-
plmary and collaborative research and reaching pro-
gram focused on using stem cells w understand basic
Bicloggy and the cavses and treamment of human dis-
case. The Program secks to improve human health
by fostering innovation and  collaboration and by
providing mentoring and frequent opportunities for
cross-disciplinary interaction among faculty. The sue-
cessful applicants will have appointments in one or
momne home departments on the UCSDY general cam
pus or health schenoes.

You may also send vour comculom vitae, a stace
ment of research experience and interests, and the
names and ecomail addresses of three references o
e-mail: ibraswell@ ucsd. ecu.

Foor muore iformation o our Program, and w apply,
please po o website: heop: / Stemcells ucsd.edu /.

Review of .'Lpp]h:.lti:m\ will begin November 1,
Elflilﬂfi' and the search will continue unil positions are
filled.

Egnal Opportiweiry ! Affiratnee Aetion Ewgrloyer,

FACULTY POSITION, GENETICS, GE-
NOMICS, or EPIGENETICS. The Department
of Bochemistry and Molecular Biology ar the Penn
State University College of Medicine imates appli-
cations for a full-time, wenre-track posinon. We scek
candidates with already established highly compen-
tive rescarch programs in the arcas of molecular ge-
netics, epigenetics, and for genomics. For additional
information, please visit the following website:
hnp:,-";‘w'w,i'nnm.psu.cdufbiochr:misujf. Inter-
ested applicants should submat curriculum vitae, a
briet statement of research plans, and amange to have
three letters of reference sent to: Judith 5 Bond,
Ph.D., Professor and Chair, Department of Bio-
chemistry and Molecular Biology HI71S, RO
Box 850, Penn State University College of Medi-
cine, Hershey, PA 17033, Pau Stawe is commirted 1o
Affirnnatire Adtion, Equal Oppormenty aeed diverciry,

POSTDOCTORAL POSITION in
THEORETICAL ECOLOGY

A Postdoctoral Fellowship is available for 2 Nadon-
al Science Foundaton-funded project on consumer-
resoura: dvnamics. The objecive is to develop theorny
on multiple cossistence mechanisms in communitics
with competition and predation, The appointment is
for wo vears starting in January 2008, Applicants
should have a PhaY, in mathematical biology, the-
orctical eeology, applied mathematics, or some re-
lated discipline, and have skills in both analytical
and numercal approaches to population dynamics.
Applicants shuultt submit curriculum witae, a state
ment of research interests and accom plishments,
and arrange to have three letters of reference sent
to Dr, Privanga Amarasckare (e-mail: amarasek@
echouda.edu). The Universivy of Califontia s an Equal

Opportuniry L Afffmative Acion Employer.
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POSITIONS OPEN

PENNSTATE

FACULTY POSITION in the BASIC LIFE
SCIENCES

The Department of Biochemistry and Molecular
Biology ar the Pennsvlvania Stave University invies
applications tor a tenure-track position at the AS-
SISTANT PROFESSOR. level in all arcas of bie
chemistry, molecular biology, microbiology, virology,
cell and developmental biology, svstems biology, and
genomics. The Department, located on the Univer-
sty Park campus in State College, Pennsylvania, i n
the Eberly College of Scence and has 40 faculry
members whose research explores a wide range of
biological questions at the moleaular level, Our fac-
uley collaborate extensvely with other life sdence re-
searchers across Penn State and have access w state-of-
the-art researdh facilities through the Huck Instituees
of the Life Sciences. Additional informaton about
the Department may be found ar website: hetp://
www. bmb.psu.edu.

The posioon s available for fll 2008, Review of
applications will begmn December 1, 2007, and will
contimee unil the positien s filled. Apphications should
include cumoulum vice and statements of reseanch
and waching nterests in a single electronic POF file

sent to e-mail: njwl 2@ pswedu. Three lettes of ref
erence should be sent to the same e-mail address,

P Srare i3 comimirred po .'I_!'ﬁrmurir'r Aemw, BEgeal Op-
pormunity and the diversiry of fee workon'e,

Adelphi University, Garden City, New York, in-
vites applications for a tenure-track ASSISTANT
PROFESSOR of BIOLOGY-GENETICS pos
tion in any area of genetes to begin August 2008,
Ph.} requared; postdoctoral experience proferred.
Excellent potential as a teacher, significant research
accomplishments, and the potential o develop a
fundable independent research program involving
undergraduates and Master's students are required.
Teaching responsibilities will include undergraduate
eenetics with laboratory and could also include in-
troductory biology, upper-level undergraduate, or
graduate courses. Those who combine the ability w
teach genevics with expertise in ecology, evolunon,
botany, biotwechnology, genomics, or microsopy (in-
cluding eleetron microseopy) are n-}h::iaily encouraged
to apply, although other speaalues will be consid-
ered. For more information about the Department,
visit website: http:/ /academics.adelphi.edufartsd /
bio/. Adelphi w a private universigy with the spint of
aliberal arts college, committed to combining reach
ing and scholasship, and locawed in suburban Long
Island within easy reach of New York Citv. Deadline
for applications: December 10, 2007, Please apply
at website: heep:/ Swww.adelphi.edu /positions /
faculey. All appointments are subject wo final approval
by the Board of Trustees, For additional information
about Adelphi University please visit our website:
hop: / Swwwadclphieda. Adelpls Ulheiesity i con-
widsed wo deddieng o dreerse faendty and stoongly ericoragpes appili-
cmsges froon mronry and s candidates, Addpli Ulniersity
i5 an Affirmative Action /Bgqual Opportannity Emploger.

FOSTDOCTORAL POSITION
Washington University

School of Medicine Pain Center
A Peswdocroral position available ar Washingion
University School of Medicine Pain Center vo study
the molecular mechansms of itch sensaton using
mouse as an animal model. Candidates should bave a
P'h.D. degree in neurobiology or molecular biology.
Please send currculum vitae w e-mail: chenz@wustl,
edu, or to: Zhou-Feng Chen, Department of Anes-

thesiology, Washington University School of Med-
icine, 660 S. Euclid Avenue, St. Louis, MO 631 10,

The Laboratory website: hetps )/ Selvsivm.wustledu /
wclabs.

POSITIONS OPEN
CURATOR of MARINE INVERTEBRATE
SYSTEMATIST

The American Museum of Matueal Hiswory (AMNH)
is secking a scientist to Gl a enure-track position in
the field of invertebrate systematies, with emphasis
on living marine txa, beginning July 2008, The
suecessful candidate will be appointed at the rank of
ASSISTANT CUBRATOR with salary commensu
rate with experience and accomplishment. Candi-
dares will be expected o develop an externally funded
research program in systematics and for phyoge-
netics of invertebrates including field work and the
use of diverse character systems (such as development )
and ability o oversee relevant segments of muscum
collections and stafl, Areas of tavon research focus can
include any metazoan marine invencbeate group. Ap-
plicants must have a strong commitment to the use
and continued development of museum collections
as a complement to their rescarch programs.

Application matcnals should include: curriculum
vitae, statentent of research nterests and goals, weach
ing statement for gradueate nsrection in the AMNEL
Richard Gilder Graduate School, and copies of pub-
lications relevant to the applicaton, and names and
contct information of at least three individuals able
oy conmument on the capabilities of the candidave, The
deadline for submission of application materials is
December 14, 2007, Interviews will be conducted
by early 2008, in conformance with AMNH recruit-
nxnt and conflia of inwerest policics, Maerials shoulbd
e sent to: Chair, Marine Invertebrate Scarch, Di-
vision of lvertebrate Zoology, The American Mu-
seum of Natural History, New York, NY 10024.
Alvernatively application materials may be directed o
e-mail: egaughan@amnh. org.

Closing date for submission of matenals 15 De
cember 14, 2007,

Electronic submissions encouraged and preferred.

Egual Employment Olpgrovtineiry.

ALTERNATIVE ENERGY CHEMISTRY
POSITION

The Department of Chemistry at the Universiey of
Alabama secks an outstanding individual with ex-
pertise in chemistrv-related alternative energy to fill a
tenure-track podtion at the ASSISTANT PROFES-
SOR rank. Candidates working in all areas of chem-
istry with multidisciplinary interests and whose work
i focused on the ceniral theme of alternative enerpgy
will be considered. We are especially interested in
candidates taking a mulifaceted approach in terms
of wols and approaches, Successful candidates are
expected 1w have a Ph.D. and postdoctoral training
in chemistry or closely allied field and w develop a
vigorous, externally funded research program. Com-
mitment to excellence in both undergraduate and
graduate teaching is abo required. Further infor-
mation on the Department s available at website:
http:/ Swww . bama.va.edu/ ~chem /. All candidazes
should provide curriculum vitae including publica
tion bist, research plans { three to five pages), teaching
plans (two pages), and arrange w have three letters
of recommendation sent w the: Alrernative Energy
Chemistry Search Committee, Department of Chem-
itry, The University of Abbama, P.0. Box 870336,
Tuscaloesa, AL 35487, Review of applicants will be-
g December 1, 2007, and continue umil the position
is filled. The Ubiversitg of Al i an Equal Chposenirg/
Affeatiow Aawwr Engloyer, Homo and mombers of groups

POSTDOCTORAL POSITIONS available in a
multidisciplinary group to study protein stroctures at
the Fox Chase Cancer Center in histore Philadelphia,
The main fivcus of these positions will be the sody
of the structure and dynamics of scaffolding proeins
in ion chansel or cell receptor asemblics. Expericnees
with one or more of the following arcas will be won-
sdered: molecular biophysics, protein biochemisery,
membrane biochemistry /biophysics, cell biology/
biophysics, nuclear magnetic resonance, X-ray and
neutron scattenng, clectrophyvsiology, or fluorscence
RCTOSCOPY .

To apply, send curriculum vitae and names of ref:
erences by eemail attachment to e-mail: zimed. bu@
feec.edu.
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University of Oxtord

Said Business School

Postdoctoral Research Fellow in Complexity Science
CABDyN Research Cluster

We are seeking to recruit a Postdoctoral Research Fellow in Complexity Science. The advertised post is part of a new
project entitled “Modelling the temporal dynamics of social, economic and communication networks from large-scale
empirical datasets”. The project will draw upon the CABDyMN Research Cluster’s existing expertise in agent-based
modelling, the modelling of time-series data and in analysing and modelling the structural properties of large and
empirically well-characterised networks. Further infermation on CABDyN and the full further particulars for the post
are available at http://sbs-xnet.sbs.ox.ac.uk/complexity/

online @sciencecareers.org

The Postdoctoral Research Fellow will be based at the Said Business School under the direction of Dr Felix Reed-Tsochas
(James Martin Institute, Said Business Schoaol), and will be jointly supervised by Dr Reed-Tsochas and Professor Meil Johnson
(Department of Physics, University of Miami). The Postdoctoral Research Fellow should anticipate making 1-2 research
vigits to the United States per annum. The post is funded for three years, ideally commencing 1st January 2008,

ar as soon as possible thereafter.

:
:

Applicants invited for interview will be required to provide evidence that they can legally work in the UK,

or that they are seeking this employment status. Further details of the post are available from Kat Lee,
E-mail recruit@sbs.ox.ac.uk or tel. (01865) 288827. Your application package will consist of a covering letter
indicating how you fulfil the requirements of the post and a detailed CV. Three references are also required
and should be forwarded directly to the Said Business School by the applicant's referees. All documentation
should be sent to Kat Lee at the Said Business School, Park End Street, Oxford OX1 1HP or

E-mail: recruit@sbs.ox.ac.uk

The closing date for applications is 12:00 noon (GMT)} on 16 November 2007.

Az an Equal Opportunity employer, we positively encourage
applications from people of all backgrounds

www.ox.ac.uk/jobs

Your

ca ree r Get hel Department of Biomedical Engineering
s P The Department of Biomedical Engineering ot Tulane University 15 pleased to invite applications

IS 0 u r from the for Assistant, Associate or Full Professor positions within the department. Full Professor applicants

EKpEftS will be candidates for the endowed John Martinez Chair of Biomedical Enginecring,
ca us e - The Department of Biomedical Engineering, founded in 1977, has a full strength program of 13
full-time faculty positions, and an ABET aceredited undergraduate program wath appros imatel v 200
undergraduate majors and 50 graduate students, Since July 2006, the Biomedical Engineening has been

administranvely locat in the Division o 1ological Sciences and Engineernng in t M ol o

WWW. dmini ively | ed inthe Divisi f Biological Sci d Engi ing in the School of
B — Science and Engineering. This new academic structure is enormously beneficial to the Department
sciencecareers -'D'rg of Biomedical Engineering because of the strong emphasis on interdiseiplinary interactions and an

administrative structure that reduces the overhead associated with thess interactions.

¢ |ob Postings

We seek condidates who will contribute to a rapidly growing department with strong links to the

® ]gb A[E rts physical, mathematical and biological sciences, Tulane’s Health Sciences Center (the schoals of
Medicine, Public Health and Tropical Medicine and the National Primate Rescarch Center), the

e Resy mef,fcv Center for l.’.‘mupu!alinnn:l Science and the interdisciplinary program in Neurosciences. I}u:.-ed upon a
commitment to build upon existing depanmental sirengths, we are particularly interested in candidates

Database whao focus on biomechanics and biotranspornt problems related to the neural. vascular or pulmonary

« systems. Preference will be given to candidates whose research incorporates either functional imaging

* Career Advice or computational simulation. We are also interested in candidates who will enhance the department s

s Career Forum research and commercialization of new and innovative technologies.

Applicants must have an earmed doctorate, and will be expected to teach undergraduate and graduate
courses and to develop an externally funded research program, consistent with having a fundamental
interest in both teaching and research. Please send a CV, a briel description of research and teaching
interests, and names and addresses of three references to: Faculty Search Committee, Department
of Biomedical Engincering, Boggs Center, Suite 500, Tulane University, New Orleans, LA
TO118-5674. PDF applications may be submitted to bmen-infofatulane.edu.

More information about the Department of Biomedical Engincerning can be found at;
hittpzfwww.bmen.tulane.edu

From the journal Science l‘ AAAS

Twlane University ix an Affirmative Action/Egual Oppovtumity Empfover,
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POSITIONS OPEN

POSITIONS OPEN

ASSISTANT PROFESSOR, ENTOMOLOGY
Medical - Veteninary Entomologist
Oklahoma State University

The Department of Entomology and Mane Pa-
thology, Oklahoma State University invices applica-
tions for an | L-month tenure-rack faculty position
n medical-vetennary entomology at the rank of As
setant Professor and with a work assignment of 70
percent research and 30 percent waching. Applica-
tions are encouraged from individuals with training,©
interests in arthropods that affect the health of ho
man amd other animal populatons. Preference will
be gven to candidates who have research experience
with blood-feeding arthropods and whose reseanch

complements ongoing rescarch programs at Okla-
homa Saate University, The successful candidave will
be expected to develop an externally funded research
program, w0 work with mulidisciplinary veams di-
rected towvard management of arthropods of public
health sgnificance and/or atfect livestock production.
Teaching responsibalities may nclude four credie bours
of courses cach fall and spnng semester including
but noe limited w0 medical veterninary: entomology.
The successtul candidate will assist the undergrad
wate teaching coordinator with recroiting, advising
and curriculum development. Graduate waching re-
sponsibilivies will include recraiting and advisement
of graduate smdents as part of the rescarch program,
Applicants must have an earned Docorate in ento-
midogy o a closely rebwed field, Postdoctoral expe-
rcnce in medicl-vewennary entomology rescarch and
teaching is preferred. Applications should include
the follewing: (1) letter of applcation stating rea-
sons for interest in this posinon and qualifications,
(2 curriculum vitae, (3} statement of research and
teaching interests, (4) official university transcripts
noting date of terminal (Ph.D.) degree, and (5) the
letters from four references. This information should
be sent poe Ms, Diana Ward, D ent of Ento-
midogy and Plant Parhology, 127 Noble Research
Center, Oklahoma State University, Stillwater, OK
T4078; relephone: 405-744-9405; fax: 405-744-
6039 c-mail: diana.ward@okstate.edu. Quesions
reganding the postion may be directed o the Search
Committee Chair, Dr. Jack Dillwith, (e-mail: jack.
dillwith @okstate.edu). Review of applications may
begin November 15, 2007, and applications will be
aceepred until a candidaee has accepted the position.

FACULTY POSITION in
TOXICOLOGY /CLINICAL CHEMISTRY

Applications are invited for a position in the De-
partiment of Chemistry and Biochemistry at Flonida
International Universite (FIU) in the area of woxicol -
oy, forensic toxicology, or chinical chemistry, with
an appointment starting in fall 2008. A Ph.D. and
postdoctoral expenience are required. Candidates are
expected to develop a vigomows and externally fimded
rescarch program. FIU is a public research exten-
sive university with over 38,000 students located in
west-suburban Miami, with a new medical school
scheduled to open in 2009, The mpidly growing De-
partment howses 29 faculty and 85 graduate stu-
uifuu Please see website: hepe/ Swww, f'u.!..cdufnm

chemistry for more detals, Send curriculum viae,
transcripts, research plans, and three lewers of vefenence
1o: Toxicology Sarch Committes, Department of
Chemistry and Biochemistry, Flovida Intemational
University, Miami, FL 33199, The schection proces
will begin on December 31, 2007, FIL i an Equal Op-
poetinity and Affirmative Adion Employer,

POSTDOCTORAL POSITIONS available im-
mediately to study the genevics and cell and mo-
leeular bicdogy of aging in veast (e.g. see Aaing Celf
6: 405, 2007 ). Send curreulum vitae and three ret
erences b 5. Michal Jaewinski, Ph.D., Tulane Cen-
ter for Aging, Tuline Univesity Health Sciences
Center, 1430 Tulane Avenue, New Orleans, LA
TOLL2. Electronic applications (e-mail: sjucwing@
tulane.edu) will n.'::cis.l prompt .;[Ltl:ntiun. Affirmarive
.-Ifrrmr.*'fi\imnl' Clppostiminy !:'r.lrpn'ﬂ;.‘rr.
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CHEMICAL BIOLOGY and
BIOMEDICAL SCIEMCES
MeMaster University

The Departments of Chemistry and  Bio-
chemistry and Biomedical Sciences at McMaster
Lrniversny are seeking individuals working at che
interface of chemistry and biclogy. Arcas of par-
ticular interest include nansml products, symther-
ic and mwdicinal chemistry, and  bio-anabical
chemistey, Appointment will be ar the level of
ASSISTANT PROFESSOR, however candi-
dates at other levels will be considered.

This position 15 linked to existing strengths
in the areas of chemical biology and infectious
disease amd to a2 recent magor mfrastructure ex
pansion involving the two Depantments. This
expansieon nchudes the construction of 2 mew
12,000 square-foot open research facility that
is equipped with srate-of-the-art chromato-
graphic, nuclear magnetic resonance and mass
spectrometry instrumentation for the stdy of
amall molecule-biomolecule interactions, marural
product isolation, cell growth, high-theoughpue,
smmall molecule sereening amd smthetic chemisiry,

Applicants should provide cureiaulum vitae, a
rescarch. plan, and a statement of waching in-
terests and expenene, and should areage for
three leters of recommendation w be sent o
Dr. Gerry Wright Chair, Seardh Committee,
Department of Bioch and Biomedical
Scumﬁ:s,m MecMaster Mt}, 1200 Main
Streer W., Hamilton, ON, LEN 3£5.

.’s.pplimtium will be mmidun.'d starting, Oes
tober 25, 2007, and will continue until the po-
sitson is filled.

By accordanee sentl Canadian  onmi@rabion rajimes
wewes, Canadian drizens and peanament residents il
b coursiafemed firar for these posivions. MeMaster Uirers
siry b5 comumiveed to erpleprienr equity and enahisaiges
applicationes fowe ol guakifind candidases, dnduiding -
bew of ol v, abomginal peopls, pesens il
dralilisies, and o

FACULTY POSITIONS in BIOLOGY
The University of Washington

The University of Washington's Department of
Biology has two open tenure-track froulty positions.
We welcome Jrll;ﬂlu.ﬂm:. in both core and interdis-
ciplinary arcas of biology but hawe particular inkerest
i areas of cellular, molecular, and physiclogical lev
cls of organization in plants or animals. A record of
outstanding achievement, a promising research pro-
gram, and a commitment o teaching are more
important than the specific research area. Our con-
solidation of Botany, Zoology and Undergraduare
Biology Programs into a single unit expands oppor-
umities for new projeces and interdisciplinary initia-
tives, Information about the Department s available a
website: hiep: . biology.washington.cdu,

Appointments at the 5-
SOR rank are anticipated. Appointments at the
ASSOCIATE or FULL PROFESSOR rank may
be considered for candidates who have demonstraved
a commitment to mentonng underrepresented stu
dents in the scences. Applicants must have camed a
Doctorate by the dawe of appoinoment.

Please apply online at website: heep://
www.biology.washingron.eduo /fachires / and sub-

Mt 2 cover letier, curriculum vitae, sample reprints,
statements of rescarch and of reaching inverests, and
names Of ar least three references. Applications re-
ceived by November 1, 2007, will be given priority.

University of Washingron faculyy emgage in teach-
ing, research, and serice, The University of Washing-
ton, a recipient of the 2006 Alfred P Sloan award
for Faculty Career Flexibility, s committed to sup-
porting the work-life balance of its faculty, The Uni-
vessity & bolding a onftemally duwese fanby ad staff and
steourgly encoeregges applications frum swomen, wiorities, idi-
vidnals vty disalilines, and corered seterans. e Ulnfeersity
of Wasdimpron & an Affirmatve Amion, Epal Opportenity
Employer.

POSITIONS OPEN

EVOLUTION /POPULATION GENETICS

The I“h.-mmmm of Biclogical Scicnees at the Uni-
versity of Wisconsin, Milwaukee, secks a venure-track
ASSISTANT PROFESSOR who is committed to ex-
eellence in undengraduate and graduare weaching, schol
ady research, amd service. Appointment begins August
2008, Ph.IX. required by start of appointment. Can
didate should have broad interests m molecular and
evolutionary ccology of animals. Preference will be
gven to ndividuals doing research that incorporates
an integratve approach across biologceal subdisc-
plines. The successful candidare will be expeced to
develop an externally funded rescarch program and
conribute to reaching in both core biology oourses
and an upper level population genetics course, Ap-
plicants should muh single I file comaining a
cover letter, curviculum vitae, and gatements of re-
search and teaching goals to Cralg Sandgren, De-
partment Chair {e-mail: sand gren@uwm.edu). In
addition, three letters of reference should be sent wo:
Evolution/Genetics Search, Department of Biolog-
ical Sciences, University of Wisconsin-Milwaukee,
P.O. Box 413, Milwaukee, WL 53201, Screemng of
candidates will begrin December 21, 2007, and con-
timue untl the postion is illed. For mone mformanon,
please see website:  heepe /Swawwoowmed u lersci /
jobs /index.heml ETAT & an Egud Oppostanny A frm e
Amon i':'mpr:lyrr

HEAD of DIVERSITY
Keystone Symposia

Kevstone Symposia, a not-for-profit meeting organi-
sation located in beautiful Summit County, Coborado,
secks a Head of Diversity to implement ambitious
plans for enhancing diversity at is life science meet-
g, The ideal candidate will have excellent oral and
written communications skills, be willing to travel, and
be selfmomvared and able w work effectvely wath a
team. The candidate will have to interact confidently
with scientsts, science administrators, and potential
donors. A docroral degree in life science or medicine
is highly preferred; we will consider highly qualified
applicants ar the Bachelor's or Master’s degree level
with at leass three vears of substanial experience in
diversity, Additional desieable qualities include a least
pwor vears of postdovtoral experience i life science
research, and demonstrated experience with enhane-
ing diversity, teambuilding networking, and project
MEANAEE ment.

Send resume and cover letter to: Human Re-
sources Manager, Keystone Symposia, PLO. Box
1630, Silverthone, CO 80498 or e-mail: maryvjor@
kevstonessympaosia.org. For more information .1E1<:-ut
kevstone Svmposia or o view a more detailed job
description vou can visit our website: hrepe///waww.
keystonesymposia.org,

The University of Kansas School of Engincering
invites applications for the posioon of ASSISTANT
SCIENTIST for the BIOENGINEERING RE-
SEARCH CENTER. The Scienust will be respon-
sible for ensring smooth implementation of the
Center's collaborative research and training Programs.
The Scientist will participate in the technological re-
search and development effores of the Center. These
responsibilities include but are not limited o active
participation as a leader who writes and contributes
o manuscripts, keading and participating in extramural
and ntramural grane .lpphi.ahuns, rescarch presenta-
tions, and graduate bbontory instruction. The  re-
quirements for this position include a Ph D). degree
in materials scence, materials engineering, material
chemical saience, or a relaed field, Qualified appli-
cants must have a strong background in maintaining,
operating, and providing training on instrrumenta-
tion used For materials characterization and func-
tional imaging of biologic constructs and marerial /
tissue interfaces. A deiled position deseription with
complete requirements and application procedures
can be found at the mechanical engineening (website:
hip:/ Swww.engr.ku.edu/me) websine.

Beview of applicanons begins December 1, 2007,
and will contmue until the position is filled.

Tre Unnivesiry of Kivvsas is an Lipnal Oyppora iiry LA firenative
Actiony Eruployper
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CNRS IS RECRUITING FﬂCU]'Y T TEMPILE
MORE THAN 400 TENURED RESEARCHERS Positions —3 UNIVERSITY"
INALL FIELDS OF SCIENCE

* MATHEMATICS «PHYSICS

Ecologists/Environmental Biologists — Open Rank
* NUCLEAR AND HIGH-ENERGY

Applications for tenure-track faculty positions at all levels in the general field of Ecology

online @sciencecareers.org

PHYSICS : . b !
and Environmental Biology are invited. Applicants are expected to have a strong
* CHEMISTRY « ENGINEERING fpuhlir:aliun record and an innovative research program with level-appropriate external
* SCIENCE OF COMMUNICATION unding. Contribution to teaching at the graduate and undergraduate levelsis expected,

AND INFORMATION TECHNOLOGY
+ ASTROMNOMY AND EARTH SCIENCE
* EMVIRONMENT AND SUSTAINABLE

Applicants for a junior position are expected to have a PhD. and postdoctoral
experience, and should send their curriculum vitae, a description of research interests, a
statement of teaching philosophy, and three letters of reference to: Dr. Robert Sanders,

DEVELOPMENT Ecology/Environmental Biology Search Committee Chair, Department of Biology, Temple
+ LIFE SCIENCES * HUMANITIES University, 1900 North 12th Street, Philadelphia, PA 19122 E-mail: roberLsanders@temple.
AND SOCIAL SCIENCES edu. Applicants at the senior level should provide their curriculum vitae, a research

program summary, and the names and contactinformation of three references.

Developmental /Cell Biologist — Associate /Full Professor

The Department of Biuluu%fis expanding its research programs and anticipates multiple
faculty hires over each of the next several years. The Department invites applications for
an Associate/Full Professor (tenured/tenure-track) position in the area of Developmental/
Cell Biology. We are especially interested in in diuidflals who are using current molecular
enetic approaches to study basic mechanisms of developmental pathways and/or cell
unction. Individuals whose research programs complement and extend the department's
interdisciplinary networks strengths in vertebrate development, developmental neuroscience, RNA biology,
* access to university research and molecular virology,and cancer biology are especially urged to apply. However,
teaching outstanding candidates in other areas also will be gven full consideration. Applicants are
+ lab-to-ab and international mobility expected to have a significant track record of funded research, as well as teaching at the

CMRS encourages junior and seniar
scientists from around the world to
apply for its tenured researcher positions.

CNRS provides an enriching sciantific
environment:

* numerous large-scale facilites
= highly skilled technical support
« multiple intemational and

:
@

. raduate and undergraduate levels. Applicants showld submit their curriculum vitae and a
Application forms and further information g = i hinie g - o » b

will be available online at www.cnrs.fr in
December 2007.
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research program summary, and provide the names and contact information of three
references 1o: Dr. Richard Waring, Developmental/Cell Biologist Search Committee
Chair, Department of Biology, Temple University, 1900 North 12th Street, Philadelphia, PA
19122 E-mail: waring@temple.edu.

Review of applications will begin immediately and will continue until the pasition is filled
for both positions. Temple University is an equal opportunity, equal access, affirmative
action employer committed to achieving a diverse community (A4, EOE, mfffdfv).

__==ACCELERON

PHARMA
Post Doctoral Scientist, Protein Biochemistry

Founded m 2003, Acceleron Pharma, Inc. 5 a biopharmaceutical company
developing therapeutics for musculoskelewl, metabolic and capcer-relaed
discases. In the complex and rapidly evolving ficld of drug discovery and
development, the depth of the weam and the way they work together are two
of the most critical suceess factors. We have o unique culture, team, and
approach that is rapidly translating our idess and assets mio drugs that will
make a sigmificant difference m patients” Ives, A5 a growing staf-up company,
we have mised over 525M o Serics A and 5330M in Senes B financing, and
wie have assembled o strong management and scientific team comprised of
established leaders with sigmificant biowechnology and pharmaccutical industry
expericnoe. We are secking talented and passionate individuals who thrive in
o dynamic, fast-paced, icam-oriented and collaborative environment io be
part of our success.

Job Deseription: Acceleron has an exeiting opportunity for post doctoral can-
didate o pursue academic based rescarch man industrial setting. The suocessful
candidate will join Protein Biochemistiry Depariment. You will be working in
a group of scientists focusing on the discovery of novel protein therapeutics
for wreatment of musculoskeletal, metabolic and cancer diseases, The focus
of the project will be on molecular charmecterization of cellular trgets for our
thermpeutics as well as ientification of new drug candidates using a varcty of
ochemical, biophysical and molecular biological approaches. We offer excit-
ing oppotunity 0 learn new cutting-edge twechniques and o nvestgate novel
wspects of Growth and Differentiation Factors (GOF ) signaling pathways.
Basic Qualifications:
« Ph.I). in Biochemistry, Biophysics or related disciplines
* Strong background in protein chemistry, protein enginecring andor
molecular biology. Familianty with biochemicalbiop hysical technigues
(e.g. mass-spectrometry, surfice plasmon resonance (BIACORE), ew,)
would be helpful.
+ Stromg record of scientific achievement, as evidenced by pubhcations in
major journals

FOR IMMEDMATE CONSIDERATION PLEASE VISITOUR WEBSITE AT
www.aecele ronphar ma. com

e Department of Health and Human Services
i_ g National Institutes of Health &
Office of the Director Bt

Office of Biotechnology Activities
OfTice of Science Policy

INTERESTED IN APPLYING YOUR SCIENTIFIC OR CLINICAL
EXPERIENCE TO ENHANCE FEDERAL POLICIES GOVERNING
CLINICAL RESEARCH?

JOIN A FEDERAL INITIATIVE TO COORDINATE AND
STREAMLINE CLINICAL RESEARCH POLICIES
The Mational Institutes of Health (NIH) Clinical Research Policy Analysis
and Coordination (CRpac) progean is récniting exceptional candidates for
the Associate Director position. The CRpac program is located within the
Office of Biotechnology Activities of the Office of Science Policy within the
Office of the Director, NIH. The CRpac program staff 15 responsable for
identifying and pursuing opportunities for hamoniation, streambining, and
coordination of Federal clinical research policies and will ensure focused
attention on WIH efforts in this regard. Among other initiatives, the CRpac
program is explonng and developing strategic approaches to 1) harmonizing
adverse event reporting requirements, 2) clarifying agency views on the
acceptability of Initial Review Board (IRB)Y models for various types of
clinical research activities, 3) coordinating the development of DSMB
policies and clarifying their roles and responsibilities, and 4) developing
guidance on informed consent processes for those considering participation
in climical research. See our website at hitpdferpacodanihgoy’ for more

information about the CRpac program.

Associate Director, CRPAC

Assists the Program Director in providing expert advice, leadership, and
coordination for the harmonization, standardization, and streamlining of
federal requirements pertaining to clinical reseanch. The ideal canddate will
have a M.D. degrec and possess extensive experience and in-depth
knowledge of jsspes pertaiming to the conduct and oversight of clinical
research. Salary range: 5110363 - 5143471, depending on expenence.
Vacancy: #OD-08-184672-DH

DHHS and NIH are Equal Opportunity Employers
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POSITIONS OPEN

ASSOCIATE PROFESSOR /TROFESSOR
Neuwropharmacology

We seek an established investigator with outstand-
ing research accomplishments in neuropharmacal-
opy and neuroscience to complement and enhanee
the diversity of basic and clinical neuroscicnce re
search stremgths n our Department and Institution.
Medical College of Georgia (MOG) has an eminent,
well-funded neuroscience research community across
the Depanments of Pharmacology and Toxicolosy,
Phasiology, Cell Biology, Molecular Medicine, Psycha-
amry amd Health Behavior, and Newrology. Faculry
members in the Department of Pharmacology and
Toxicology condua research that is relevant w a range
of neurologcal and psychiaric disorders including
Alzheimer’s disease, Parkinson’s discase, drug abuse,
schizophrenia, and memal retardaion. We seck ap-
plicants with an established record of productiviey
and an exramurally funded research program, par-
ticularly a program that can be translated ro elinical
problems. Apphants with expense in drogg discovery
and development, cell signaling, svstems neurobiol
opy, or neurotoxcology are particulady encouraged
o apply. Strong comideration will be gven to apph
cants with a clear collabomuve potential with current
faculty members in the Department of Pharmacology
and Toxicology, We offer a generous startup package,
excellent laborarory space and outstanding cone fa-
ciliies for microarray echrology, genctically modi-
fied animals, cell imaging, electron microscopy, small
animal and nonhuman primate behavior, and clinical
collaborations. The successful applicant will pargici-
pate in teaching programs for professional and grad-
wate students, Please send curriculum vitae, sumnary
of professional and rescarch goals, and the names and
addresses of three references to: Search Comumittes,
¢/o Dr. Alvin V. Teary, Department of Pharma-
cology and Toxicology, Medical College of Geor
gia, Augusta, GA 30912-2300, e-mail: aterry@
mail.meg.edu, and st the Depariment homepage
(website: ﬁttp:fj\mhnmg:ndufﬁﬂhlfphmmxf
index.hitml). Application review will hegin Seprem-
ber 17, 2007, Deadline for applications is Novem-
bver I, 2007, MG i an I:'nj'l.uf fb.r.l.rl'-l;,urxru i"aupu'ml.ur}'."
Affimnarive Ao/ Egual Awee Enpla yor,

HARVARD UNIVERSITY and
The CHILDEEN'S HOSPITAL BOSTON

The Stem Cel Program at Chaldren's Hospiial
Boswon invites applications for an ASSISTANT PRO-
FESSOR position (tenure track ), This position will
be a joint appointment berween Harvard  Univer-
sity's mewly established Depanment of Stem Cell
and Regenerative Biology and the Stem Cell Program
at Children's Hospital Boston. Both are affiliaed with
the Harvard Stem Cell Institute. Candidates must
hold a Phoy and for MLD. Outstanding scientists
with a demonstrated rescarch interest in stem cells
and regeneratve lology medicne will be given pret
erence. This could include chromatin or ranscnpaonal
regulation, chemical biolopy, tssue regeneation, can-
cer or discase models.

Applicants must submit an electronic copy of cur-
rent curmiculum vitae and a descrprion of current
and proposed research plans to: Leonand 1. Zon,
M.D., Director, Stem Cell Program at Children’s
Hospital Boston (e-mail these matenials to e-mails
chent@enders.tch harvard.edu) and should arrange
o have three letters of recommendation mailed
directly from the references to: Search Committee,
Leonard 1. Zon, M.D., Stem Cell Program at Chil-
dren’s Hospital Boston, 300 Longwood Avenue /
Karp 08.215, Boston, MA 02115, Applicaton
review Wwill begin on October 15, 2007, and will
continue unil the position s Gled. Clildren’s Hspisal
Boston and Hareard Universiry are Egual Enplopaent Op.
portity Lypia pees.
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POSITIONS OPEN

LLS. POSTAL SERVICE

Statement r:-.!uimi b the Actof 12 August 1970,
Section 3685, Ttk 39, United Stares Code, showing
the ownership, management, and arculation of:

L-9. Seience, Publication Mo, 0036-8075, is pub-
lished weckly on Frday, except the last week in
Drecember, at 1200 New York Avenue, N W, Wash
ington, DO 20005, Date of filing: 26 Scptember
2007, This s also the address of the publisher, the
edivor, and the managing editor, who are, respective-
Iy, Beth Rosner, Donald Eennedy, and Momica M.
Bradfiord.

10, The owner i1s the Amerncan Associanion for the
Advancement of Scence, 1200 New York Avenue,
NOW., Washington, DO 20005, Stockholders: None,

11, Enown bondholders, mormgagges, and other se-
curity holders owning or hobding | percent or more
of roral amount of bonds, morgages, or other se-
curities; Nome

12. The purpose, function, and nonprofic status of
this organization and the exempt status for federal in
come tax purposes have not changed during the pre
ceding 12 months.

13-15. The averape number of copies of cach isue
during the preceding 12 months & (A} Toml num-
ber of copies printed: 129.756; (B) Paid circulation:
121,515; (1) Pad/Requested outside-county mal
subscriptions stated on form 35410 100,434 (2) Paid/
Requested in-county subscriptions stated on fomm
A541: 0 (3) Sales through dealers and carriers, street
vendors, counter sales: 21,046, (4) Other clases
maled through USPS: 35; (C) Total paid circubation:
121,515 (13 Free distnbution: sammples, mmp!inm:n-
tary, and other free copies: 7,195; (1) Outside county
as stated on form 3541: 2,3594; (2) In-county as staved
on fomm 3541: O (3) Other classes mailed through
the USES: 4; (E) Free distmbuton owtside of mail:
Carrwer or other means: 4.797; (F) Total free distn
bution: 7,195; (G} Total dismbution: 128 710; ()
Copies not distnbued: 1,046; (1) Total: 129,756, (])
Percent paid and /or Requested Circulamon: 94 4%,

Actual mumber of copics of single issue (97147

2007} published nearest to filing date are ( A) Totl
number of copies printed: 126,200, (B) Paid dreu-
lavion: 118,293 (1} Pad /Requested ouside-county
mail subscriptions stated on form 35412 98,350 (2)
Yaid A Requested in-county subseriptions stated on
fiorm 3541: 0: (3) Sales through dealers and carriers,
strect vendors, counter sales 19919 (4) Ocher classes
maled through USPS: 24 (C) Total pad circulation:
L18,293 (I¥) Free distibution: Samples, complimen
tary, amd other free copies: 6985; (1) Outside county
as stated on form 3541 2.400; (2) In-county as staved
on form 3541: O (3) Other classes mailed through
the USPS: 4; (E) Free dismbuton owtside of mail:
Carnier or other means: 4,581 (F) Total free distn-
buion: 6,985 (G) Total disgribution: 125 278; (H)
Copies not disrribured: 1,022 (1) Towl: 126300; (])
Percent paid and/or Requested Circulavion: 94, 4%,

I cerify that the sarements made above are correc
and complete. (signed ) Beth Rosner, Publisher.

OPPORTUNITIES for Ph.D. STUDENTS in
MARINE CONSERVATION

The Center for Marine Conservation of Duke
Uniwersity's Micholas School of the Environment
and Earth Sciences seeks up w five PhoD. studenes
interested i interdisaplinary approaches to manne
comservation. CQualified students will possess an un-
dergraduare or Master's degree m an appropriate fickd
of natural or socal science, prior research experience,
and strong quantitative skills, Successful candidages
will wiork on Bssues in manne conservation that inte-
grave natural and social sciences, and must work with
more than one ficulty mentor. A list of panticipat-
ing faculty s available ar website: hetp: /Swww.

POSITIONS OPEN

POSTDOCTORAL POSITIONS in BIO-
INFORMATICS available at the Gerstein
Laboratory at Yale, focusing on various topics
in genomics, networks, data mining, and struc
tural analvsis. See website: http://persteinlab,
org/jobs for more information.

POSTDOCTORAL POSITION

Two Postdoctoral positions funded by the Ma-
tional Institutes of Health are available, o study the
roles of insuling nitie oxide amd protein tyrosine
phosphatases in regulation of vaseular smooth
muscle cell signaling and neointima formation in
vaseilar injury. Our projects address important basie
science questions and also have relevance to clinical
problems. Expenence in molecular biology or rat
surgery and a good command of the English
language are essenial. Competitive salanes are
offered. Mease send curmiculum vitae and the names
of three references o Dr. Aviv Hassid, Depart-
ment of Physiology, University of Tennessee, 894
Union Avenue, Memphis, TN 38163, E-mail:
ahassid@tennessec.edu; fax: S01-448-7126. The
{.mr'rrur}- W TN & Hru.lf i':-.lr.llrJIp]'mrrJr q.lrm.rr"rn.'r.-"
Aftrmatie Aewonr Tiede VI Title IX Seenon 504 72 DAY
ADEA Instinedon in the prowtsion of dee edwcaion  and
ovrployrrent proograns aind senvices.

ASSISTANT PROFESSOR of
BIOCHEMISTRY
University of Washington

The Department of Biochemistry ar the Unive rsity
of Washington School of Medicine invites applica-
tons for a tenure-track position as Assistant Professor.
We seck creative scientists who use contemporary
approaches to solve fundamental biological or bio
medical problems at the molecular level. Our De
partment is also stromgly committed to undergraduate,
praduare, and medical school teaching. For additional
information, visit website: http: / /depts. washington.
edu/biowww,/. Submit curriculum vite, research
prospecius, reprints and preprines, and three letwers of
recommmendation (to be forwarded separately) by
Pegember 15, 2007, w: Alan Weiner, Chair, Depart-
ment of Biochemistry, University of Washington,
Seattle, WA 98195-7350. Telephone: 206-543-
L768. The Univorsity of Wahington i an Afinmatior A dion /
Exprat Cyppoetanity Employer.

POSTDOCTORAL FELLOW POSITION, Llni-
versity of Alabama at Binminghorm, w study proteomics
in kidney disease (f Brod, Chewn, 281: 39681 -39692,
2006 [ Clin, Investin, 112:209-221, 2003), M1 in
brechemistey and minimum of two vears of postdoc-
toral expenence are required. Experience in proteomics
or kidney discase are desirable but not necessary.
E-mal curniculum vitae and summary of research
experienoe to Sumant 5. Chugh, M.D., at e-mail:

chuﬂ @uab. edu.
MARKETPLACE

Oligo Synthesis Reagents
k Specialty CPG Supports

t Linkers, Spacers, & Modifiers

% Bulk Reagent Pricing Available

BIOSEARCH  +1.800.GENOME.1

TECH:ELOG[EE AR b'u!?mh“hmm

nicholas.duke.cdu/mse/faculty.php and informa-

tion on apphcation proacdure i at website: heep:
www.nicholas.duke.cdu /programs /doctoral /.

The apphcation deadline w the Duke Graduate School
s December 15, 2007, Interested students must con
tact prospective faculty members prior to sub mitti::j:
an application. For more information please e-mail:
marineconservation @duke. edu,

.w"“"fm, 8¢/u
Original &
) Pef e
[ i tred 9L
US Pal #5 434,149  e-mail: o sBman.com
Call: Ab Peptides | «800« ié;.gjzﬁ
Fox 31d4=9468+8968 www.obpeps.com
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