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Stress, Pain, and Paris Hilton

A cardboard cutout of the reality show star reveals a

curigus gender difference in mice.
Robot Dearest?

Children show affinity for interactive machines.
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Modifying crops with small RNAs can be a tumoff to pests,
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Regulating adherens junction integrity.
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PERSPECTIVE: The Role of Intracellular Calcium and RhoA
in Neuronal Migration

C. H. Foux and . G. Parmavelas

Do calciam signals coordinate neuronal migration?

PERSPECTIVE: Tumbling, An Interactive Way to Move
Forward

H. Sang, 5. Ricarde, R. Lehmann

Border cells use multiple mechanisms to move asa collective unit,

REVIEW: Dual Regulation of Endothelial Junctional
Permeability

Y. A. Komarowva, D. Mehta, A. B. Malik

Inflammatory mediators both disrupt and help repair the
endothelial barrier.
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The essential skills of management.

SCIENCE CAREERS
mww.sciencecareerS.nlg _AREER RESOURCES FOR SCIENTISTS
== Managing a Produc tive Laboratory feature, page 993

GLOBAL: Special Feature—Lab Management

1. Austin

Science Careers offers primers on managing people and resources
ina laboratory.

GLOBAL: Laughter in the Lab

I 5. levine

When used wisely, humor can defuse difficult situations and
increase productivity.

e
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Energizing Cosmic Rays
Cosmic rays are energetic particles that are
accelerated by magnetic fields in space. & very
small fraction of the cosmic rays that penetrate
Earth's atmosphere have tremendous energies,
exceeding tens of EeV (1 EeVis 10" electron
volts). Their presence is puzzling because cosmic
rays should lose energy very quickly as they
travel through space, and so these highest-
energy particles would not be expected to sur-
vive the journey. The Pierre Auger Collabora-
tion (p. 938; see the cover and the news story by
Cho) detected 80 of the highest-energy cosmic
rays and located their directions in the sky by
combining two detection techniques. The most
energetic cosmic rays originate statistically from
areas of the sky that are populated by nearby
active galactic nuclei, which themselves trace
galaxy-rich regions that include the super-
galactic plane. Thus, the cosmic rays” huge ener-
gies might be explained if they were accelerated
around giant galactic black holes lying within
75 megaparsecs of the Milky Way.

Morning Methane Mist

When the Huygens probe landed on Titan, it
descended through clouds of methane and
landed on a damp surface wetted by methane
mist. Larger fluvial channels suggest that Titan's
weather may become stormier and has prompted
the need for understanding of its atmospheric
methane cycles. Adamkovics et al. (p. 962,
published online 11 October) used terrestrial
telescopes to map areas of high-infrared
methane opacity in Titan"s lower tropasphere.
These studies revealed methane clouds and
droplets below 15 kilometers altitude and
methane drizzle below 5 kilometers. These phe-

WWW.SCiencemag. org

nomena are seen preferentially on the morning
side of the leading hemisphere, which suggests
that diurnal tem perature gradients may con-
tribute to variations in methane relative humid-
ity, as well as towinds and topography. Thus,
maorning drizzle is widespread and may be the
dominant mechanism for returning from the
atmospheric methane to the surface.

Thrown for a
Dislocation Loop

The migration behavior of vacandies and self-
interstitial atoms are of
importance in under-
standing radiation
damage effects in
materials and
mechanical
responses fo
applied stresses
{see the Perspec-
tive by Wirth).
Arakawa et al.
{p. 956) show that for
o-iron, defect loops can
migrate even under a zero-siress

condition. Motion arises through the formation
of double kinks, and fluctuations in their num-
ber drives the motion of loop defects; their diffu-
sion rate depends on the loop size. These obser-
vations help directly confirm many of the effects
associated with the migration of radiation-
induced defects and dislocations loops. Prior
simulation studies have indicated that small
vacancy loops would not undergo one-dimen-
sional (1D} migration in face-centered cubic
metals. Matsukawa and Zinkle (p. 959) use

SCIENCE VOL 318 9NOVEMBER 2007
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<< Speedier Yellowstone Uplift

The Yellowstone caldera is the remnant of three giant
eruptions 640,000 years ago, as well as numerous smaller
eruptions prior to 70,000 years ago. The region is still
very active and experiences earthquakes, heat flow, and
ground deformation, as well as hydrothermal activity.
Chang et al. (p. 952) present satellite radar and global
positioning satellite measurements which show that the
caldera underwent a period of accelerated uplift between
2004 and 2006. The highest rate of about 7 centimeters
per year is more than three times faster than uplift rates
measured since the 1920s. The uplift may reflect ongoing
magma recharge and fluid redistribution.

in situ transmission electron microscopy obser-
vations of gold foil specimens that contzined a
large number of vacancies and observed vacancy
loops showing 1D oscillatory motion. A pris-
matic, highly mobile vacancy-type dislocation
loop can spontaneously transform into a stack-
ing fault tetrahedron.

Straining to Understand
Prion Diseases

Mammalian prion diseases are infectious lethal
neurodegenerative disorders. The pathogenic
agent of prion diseases is thought to lack
nucleic acids, but instead relies on the prop-
agation of a pathological conformation of
the prion protein, an endogenous glyco-
protein. Collinge and Clarke (p. 930)
review several aspects of prion dis-
eases, including how prion strains can
be generated and maintained and
suggest a model for how prion propa-
gation involves the generation of toxic
intermediates.

Life and Death Decisions

How do cells determine whether to live or die
after exposure to stressors that cause misfold-
ing of intracellular proteins? Lin et al. {p.
944) find that the IREL signaling branch of the
unfolded protein response plays a key role in
promoting cell survival after protein misfold-
ing in the endoplasmic reticulum (ER). Human
cells shut off IREL signaling after prolonged
ER protein misfolding in order to enhance
cell survival,

Comtinued on page 885
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Donald Kennedy is the
Editor-in-Chief of Science.

Bill Golden

THE SCIENTIFIC COMMUNITY LOST A REMARKABLE RESOURCE WHEN WILLIAM T. GOLDEN,
for years the treasurer of the American Association for the Advancement of Science (AAAS)
among many other things, passed away on 7 October of this year at the age of 97. Bill had a
stunning carcer, well positioned at the juncture of the science he loved and the public interest
to which he was so dedicated. He will be missed for many reasons, not least because he was a
treasury of knowledge and recollection about science and public policy.

The list of his commitments is not merely long; it full ofhigh spots. Forhalfacentury, he was
amajor authority on the history and practice of giving science advice tothe ULS. government. His
book Science Advice to the President was first published by AAAS in 1980, is now in its second
edition, and is required reading for anyone seriously interested in the evolution of science policy.
Bill first dipped into personal involvement in science right after his release from active wartime
Mavy service, and he didn’t stop for a moment until his death.

It seems safe to say that the scientific community in the United States - ;
has never had a stronger or more resolute supporter. But that would
unfairly exclude his importance to international science, which he served
in multiple ways. among which two are especially significant. In the |
carly 1990s, he established and served as the organizer and leader of the
Carnegie Group, an association of science advisers and ministers from
the G7 nations. These candid sessions had a positive effect on scientific
coordination among these countries, and according to the late D Allan
Bromley, former Science Adviser to President George H. W. Bush, the
Carnegie Group would not have existed without Golden,

In the carly years of the Clinton administration, Bill saw the need
for more scientific input to the Department of State, and with others,
succeeded in managing a feat that not only required his personal
ingenuity but cost him something as well, He persuaded Secretary of
State Albright to request a National Academies study on the role of science, technology, and
health in foreign affairs. State and the Academies worked together on the study, Bill paid
for it, Secretary Albright accepted its findings, and Norman Neureiter was appointed as her
science adviser. The position was a historic first and deserves to be made permanent.

I would guess that the decpest impact of Bill’s vision came about through his chairmanship,
with Joshua Lederberg, of the Carmnegie Commission on Science, Technology. and Government.
It was the brainchild of David Hamburg, president of the Carnegie Corporation of New York.
Hamburg had a strategy about commissions: that nongovernment groups, if appropriately formed
and supported. could have a national voice and an influence at least as great as those of groups
formed by government. This one had a membership that included former President Carter and a
roster of scientists, university presidents, and former government officials, but most of the real
work was done by task forces assigned to work on particular problems. Well over a dozen reports
were produced: they sit on my shelf and are useful enough that 1 still occasionally refer to them.
Bill’s favorite was surcly the first of these, Science and Technolomy in ULS. fnrernational Affairs,
He wrote the foreword with Lederbury and cleardy brought the report into play at the beginning
ofhis effort to inject science policy into the Department of State.

Do you see a certain pattern here? Golden would discover a problem, and if it was important
enough, he got an early start, creating auspices under which his plan for addressing it could gain
some credibility. Later. that plan could be referred to as an enabling document in the bibliography
of an official study on the problem. If further studies were needed, they would get done, perhaps
through Bill's financial as well as intellectual gifts. Time after time. when he saw areal need he
found a way to fill it. What an epitaph!

— Donald Kennedy

10,1126/ science. 1151940
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BIOCHEMISTRY

Three Times Two Is Six

Photosynthetic organisms take advantage of an abundance of
nitrogen by storing it as arginine (whose side chain contains a
nitrogen-rich guanidinium group), a reaction that is catalyzed by
the dimeric protein N-acetylglutamate kinase (NAGK)—an enzyme
that is, not surprisingly, subject to feedback inhibition by arginine.
P, proteins are one of the central metabolic coordinators of carbon
and nitrogen fluxes; this protein is a homotrimer and has been shown
previously to regulate ammonia influx into cells by inserting its T loop
into the cytoplasmic vestibule of the trimeric ammonia channel; too
much of a good thing can be hazardous to one’s acid /base equilibrium.
Llacer ef al. describe structural and biochemical studies of the interaction

between P, and NAGK in the cyanobacterium Synechecoccus. They show that a hexam-

eric ring (a trimer of dimers) of NAGK is sandwiched by a pair of P, trimers, so that each

of the six P, subunits makes a reversible contact covering about 600 A2 with a single NAGK
subunit. Each NAGK dimer is oriented at an angle to the plane of the ring, asin the blades of a

propeller, and the binding of P, increases the angle slightly. The arginine-binding sites are located at the

interdimer surfaces, and tilting the dimers and altering the interdimer contacts reduces the binding affinity for arginine by
15-fold. Unlike its direct inhibition of the ammonia channel, the effect of P, binding on NAGK, though also mediated in large
part by the T loop, is entirely indirect and distant from both the catalytic and allosteric sites. — G)C

Proc. Notl Acod, Sci U.5.A4. 104, 17644 (2007).

Death by Consumption

Regulatory T{T .y cells continue to command
attention in the minds of immunologists, not
least because the mechanisms by which they
exert their suppressive effects remain obscure.
Although one possibility is that Ty, cells paralyze
particular functions in effector T cells, Pandiyan
et ol. present evidence that they can starve their
targets to death.
When the two
types of T cells
were placed in
culture together,
the effector {(also
called the
responder) CD4*
T cell population
eventually
underwent cell
death in a man-
ner reminiscent
of that seen
when T cells are deprived of cytokines. It
emerged that the Tz, cells were consuming the
growth factor interleukin 2 {IL-2), and possibly
other cytokines as well. This depletion appeared
to operate only when the two types of cells were
in close proximity, suggesting that the balance
between the supply of secreted cytokines and the
voraciousness of the Trw cells might be an

Dying T cells {pink).
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important factor. Cell death by cytokine with-
drawal was controlled by intracellular mediators,
such as the pro-apoptotic protein Bim, and Bim-
deficient responder T cells were able to resist
suppression by Ty, cells. Cytokine consumption
by Tieq cells was also found to block pathogenic
T cells in a mouse colitis model, suggesting that
this mechanism might be broadly involved in
regulating pro-inflammatory T cells. — 5]5

Nat. immunol 8, 1353 (2007).

EMISTR
From Pathogen to Polymer?

Diagnosing diseases would ideally entail
simple, rapid, inexpensive tests with
both high sensitivity and high specificity.
One widely applied approach at the
molecular level has been the enzyme-
linked immunosorbent assay (ELISA), in
which an antigen associated with the dis-
ease is induced to bind with an antibody
attached to an enzyme. A substrate is
then added that the enzyme can modify
to elicit a visible response, such as fluorescence,
for gquantification. In some cases, however,
ELISAs can be complicated to implement and
may not offer the requisite sensitivity. Sikes ef al.
present a promising preliminary exploration of
an alternative approach, in which the enzyme is
replaced by a synthetic photoinitiator of free-
radical polymerization. Specifically, the authars

appended ~140 initiators and one or two avidin
derivatives to each chain in a sample of acrylic
acidfacrylamide copolymer. They then exposed a
surface functionalized with biotin to this sensing
polymer and detected avidin-biotin binding by
adding aqueous acrylate monomers and irradiat-
ing the samples with ultraviolet light to induce
polymerization where the initiators were bound.
£ 10-min irradiation fime was sufficient to pro-
duce visible white polymer spots on samples
containing as few as 1000 biotin sites: a
response several orders of magnitude more sen-
sitive than an enzyme-based assay applied to the
same system. —]5Y

Nat, Mater, 10.1038/nmal2042 (2007).

ELL BI1OL ¥
From Fat to Fusion

In diabetes, lipid droplets can often be seen to
accumulate in muscle and liver cells. The extent
to which individual lipid droplets interact
within the cell is not very well understood.
Bostrom et af. describe how such intracellular
lipid droplets can grow within a cell by the
fusion of individual droplets; this merging is
promoted by components of the intracellular
vesicle fusion machinery, which are better
known as the molecular mediators of transport
vesicle fusion with their target membranes.
Lipid droplets from fibroblast cells in culture
were isolated by cell fractionation and shown to

SCIENCE www.sciencemag.org
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contain several proteins, including members of
the so-called SNARE family of membrane fusion
proteins. In an assay of lipid droplet fusion in
living cells, the knockdown of lipid-droplet—
associated SNAREs reduced the number of
fusion events observed by up to 75%. Further-
maore, in muscle cells, the co-opting of one of
the SNAREs, SNAPZ3, to lipid droplets {for
example, by adding increasing amounts of the
fatty acid oleic acid) may play a role in the
development of insulin resistance by diverting
the SNARE from its normal function in deliver-
ing glucose transporters to the cell surface in
response to insulin. — SMH

Nat. Cell Biol. 9, 1286 (2007).

Atom Gyroscopes

We terrestrials tend to get our bearings from
compass readings, tracking the stars, or more
recently in a digital format from global position-
ing systems. For the likes of satellites, orbiting
telescopes, and probes navigating through deep
space, the systems of choice to point the way are
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based on gyrascopes aligned with a distant ref-
erence star. To study predictions of general rela-
tivity such as frame dragging, the effects of
which would be seen as tugs on the rotation axis
of the gyros, high sensitivity of the gyroscopes
to rotation is a prerequisite. In this contest,
atom interferometers can surpass mechanical
gyroscopes or optical interferometers by orders
of magnitude. Wu et of. report on the develop-
ment of a cold-atom interferometer in which a
matter wave of Rb atoms is split in two, with
both halves sent around opposite paths repeat-
edly and brought together again to produce an
interference pattern. The phase shift is sensitive
to the rotation of the interferometer. — 150
Phys. Rev. Lett. 99, 173201 (2007).

EDITORS'CHOICE

Picking Partners

The evolution of strategies for synthesizing com-
plex organic molecules relied in large part on a
deepening understanding of the relative reaction
rates of often subtly differing functional groups.
Rational assembly of larger, supramolecular
structures, which are held together by an array of
noncovalent interactions, is now proceeding
along a similar course, with predictive principles
emerging from careful systematic studies. In this
vein, Aakerdy ef al. have explored the competi-
tion between hydrogen and halogen banding in
the cocrystallization of several small aromatic
building blocks. One crystallizing partner con-
tained two nitrogen sites {pyridine and benzimi-
dazole), each of which could potentially act asan
acceptor toward either a polarized hydrogen or a
halogen. The donor partners each bore an oxime
{CH=NOH) group, which could interact through
gither the C-H or the O-H site, as well as a fluo-
rine, bromine, or iodine substituent poised for
halogen bonding. Crystallography revealed that
in all three cocrystals, the benzimidazole N
formed an H bond with the axime OH. In the F-
and Br-substituted systems, the pyridine N
attracted the C-H group; only in the iodo case
did a halogen bond form instead. — JSY

J. Am. Chem. Soc. 129, 10,102 1/ja07 3201c

{2007).

Stages of Growth

Many important catalysts are composed of sup-
ported metal nanoparticles. Although x-ray
absorption spectroscopy has been used to probe
the impact of particle size and shape on chemical
reactivity, it s difficult to extract information
beyond the first few coordination shells, and there
is a risk with this technigue of radiation damage
to the samples. Chupas et al. show that by moni-
toring the change in pair distribution functions
from the scattering of weakly absorbed (and thus
minimally damaging) high-energy x-rays, they
can track the growth of Pt* nanoparticles with
time. They studied the reduction of P‘[Clbz'. sup-
ported on titanium dickide, at tem peratures from
100" to 200°C. The Pt-Cl correlations decreased
linearly with time without an induction period,
suggesting that the reduction is not autocatalytic,
as has been seen for Pt** species in solution, Data
collected during the heating period revealed a
shift in the dominant process from reduction of
the Pt ions (to make isolated metal atoms or small
clusters), to rapid growth or sintering, and finally
ripening of the larger clusters. — M5L

JAm. Chem. 5oc. 129, 10.1021/ja076437p
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Rare-Tiger Photo Flap
Makes Fur Fly in China

A few weeks ago, tiger researchers celebrated
the news that a South China tiger (Panthera
figris amoyensis) had been spotted—and pho-
tographed—in the wilds of Shaanx Province,
But netizens in China and elsewhere have
declared it only a “paper tiger” after scrutiniz-
ing the two available images.

Although the species has been declared
“functionally extinct,” reports of tiger activity in
the heavily forested Qinba Mountains prompted
Shaanxi officials to offer a reward to anyone able
to photograph one of the tigers.

Ata 12 October press conference in Xian,
Zhou Zhenglong, a former hunter, told a rapt
audience of his quest to photograph the beast,
crawling to within 20 meters of one and snap-
ping 71 images. When the camera's flash went
off, the tiger roared and disappeared, he said.

Skeplics, citing factors such as the tiger's

DINO D

tame-looking expression and
unreal coat color—as well as
the fact that the two photos por-
tray exactly the same tiger but
differently positioned foliage—
think it's more likely that some-
one planted a cardboard tiger in
the bushes. Fu Dezhi, a botanist
at the Chinese Academy of
Sciences, adds that the plants
are not to scale in relation to the
tiger. Zhou, who was paid
20,000 yuan (52666) for the
images, says, "l guarantee with
my head that the phatographs
are authentic."

The Shaanxi Forestry
Bureau is pushing ahead with plans for a thor-
ough survey and a tiger reserve. "It's tremen-
dously exciting news, if it can be sub-
stantiated,” says tiger expert
Gary Koehler of Washington
state's Department of
Fish and Wildlife (Science,
7 September, p. 1312).
But first, "they need to
look for hair snags or scat”
for genetic verification.

Lean Times for

Lake Superior

This fall, the water level of Lake Superiar, the
world's largest freshwater lake, dipped below

the record it set in the Dust Bowd days of 1926.
In September, the 1540-square-kilometer lake
on the Canadian border was at its lowest since
record-keeping began in 1860—with an average
depth of 183 meters, October’s level went up
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after several weeks of rain but was still 30 cm
below the long-term average. Boats are resting
on mud, docks are poking nothing but air,

and fishermen and lakeside rice growers are
watching their livelihoods dry up.

Some factors that explain the mess: The sur-
face temperature of the lake has mysteriously
risen 4.5°C since 1978—1twice as fast as
the temperature of the surrounding air. Ice,
which blocks evaporation, has become rare on
Superior, and precipitation has dropped 15 cm
a year from the annual average of 77 cm.

But the big picture remains unclear.

“We know how it's happening, but the why—

I don't know,” says hydrologist Cynthia Sellinger
of the National Oceanic and Atmaospheric
Administration. One reason, experts say, is that
climate models aren 't very good at predicting
greenhouse effects at regional scales.

<< Micromini Radio

A carbon nanotube 10,000 times as
thin as a human hair turns radio
waves into music, acting like a tiny
radio, in this image (wavy lines
added) taken by researchers at
the University of California, Irvine.
AM radio waves cause the tube to
vibrate; then an electric field forces
electrons—that is, an electrical cur-
rent—out of its tip. The current detects the
vibrations, converting the waves to sound. This
month in Mano Letters, Peter Burke and
Christopher Rutherglen report using the device
to transmit music wirelessly almost a meter
from an 1Pod to a speaker. Scientists are finding
that radio frequencies are well-suited to manip-
ulating nanometer-sized parts, further opening
up new horizons in nanotechnology.

A breathtaking panorama will greet visitors to the Carnegie Museum
of Natural History in Pittsburgh, Pennsylvania, when the 100-year-
old Dinosaur Hall reopens on 16 November after a lengthy $36 mil-
lion renovation. Created by artists Robert Walters and Tess Kissinger
of Philadelphia, the mural stretches 55 meters over two walls and is
4.5 meters high. It depicts life in the Jurassic Morrison Formation of
western North America—which stretches from Saskatchewan,

www.sciencemag.org SCIENCE VOL 318 9 NOVEMBER 2007

Canada, to Mew Mexico—and forms a backdrop for the newly
mounted skeletons in the hall, including a giant sauropod defending
her baby from an attacking Allosaurus. "It gives you a sense of one
dramatic day 150 million years ago,” says curator Zhe-Xi Luo.
“Everything looks so real.” Walters and Kissinger are working on a
second mural, of the late Cretaceous Period, for another hall that will
apen next year.
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OLD AND THE YOUNG. The Royal Netherlands Academy of Arts and
Sciences (KNAW) has elected its youngest president ever. String
theorist Robbert Dijkgraat, 47, promises to help rejuvenate the
199-year-old academy and turn it into a forum for debates about
science and society.

The leader of a high-profile group at the University of
Amsterdam, Dijkgraaf is best known in his own country as a prolific
newspaper columnist, op-ed writer, and TV guest who has long
championed the cause of scientitic literacy. He has also addressed the
lack of science education in Dutch elementary schools, For instance,
he spent some of the Spinoza Prize money he wonin 2003 tosetup a
Web site where students and teachers can find fun hands-on science
experiments, Besides strengthening KNAW activities in the same
areas. Dijkgraat—an art lover who interrupted his physics training
for 2 years to study painting—hopes to encourage exchanges
between scientists and artists,

With his playfulness and enthusiasm, Dijkgraat is the right man
to modernize the 220-member KNAW, which is “still a bit like a
| 9th century society sometimes,” says Herman Verlinde, a Dutch
physicist at Princeton University, where Dijkgraat did a postdoc.

VIOVER

ON CAMPUS
TIME TO GO? Fabio Mussi, Italy's research
minister, wants to make room for fresh talent
at the country’s 62 state universities. So he's
proposed lowering the official retirement
age for Italian professors from 75 to 70.
"Going this way, we expect to save more
money Lo hire young
researchers,” says
Mussi, who is 59,
about reducing the
retirement age in
1-year increments
over the next 5 years.
The plan, which
Mussi announced at a

That triggered a flurry of media reports
forecasting, among other things, the
emergence in the next millennium of a
“coffee-colored” race.

Last month, Curry finally issued a state-
ment declaring that his essay was “intended
as a 'science fiction” way of illustrating some
aspects of evolutionary theory.” And he
adds, “| do not endorse the content of these
media reports.”

scientific musings with a popular entertain-
ment channel.

In 2006, Curry, an evolutionary theorist
at the London School of Economics, wrote
an essay for the British Bravo TV network
in which he laid out “plausible scenarios”
for how humans might evolve over the next
million years. Although Curry made it clear
that the exercise was purely speculative,
Bravo billed his ideas as serious research.

Deaths >>

A GIGANTIC PRESENCE. As Indonesia’s
“king of paleoanthropology, " Teuku Jacob
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public talk last month
at the Genova Science
Festival, has been
greeted with cheers
from the young and grumbling from senior
academics. Federica Migliardo, a 32-year-old
physicist at the University of Messina, saysit's
needed to revitalize Italian science. But
Armando Bazzani, a 66-year-old physics pro-
fessor at the University of Bologna, predicts

“there will be great resistance” when the min-

ister introduces his plan in Parliament.

IN PRINT

BITE YOUR TONGUE. Like many scholars of
evolution, Oliver Curry is all for explaining
the topic to a general audience. But now
he wishes he hadn't shared his less-than-

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

ruled over a vital collection of hominid
fossils. He was a formidable skeptic of the
1-meter-tall “hobbit” remains from the
Indonesian island of Flores, arguing that
they instead represented a diseased modern
human. On 17 October, at the age of 76, the
professor emeritus and former rector of
Gadjah Mada University in Yogyakarta died
of liver problems.

Jacob studied fossil hominids under famed
paleontologist G. H. R. von Koenigswald, then
found and was curator of many important
specimens, particularly of Homo erectus. He

was a key figure in the Indonesian independ-

ence movement, making nationalist radic broadcasts after World War 11 during the
country’s 4-year fight for independence from the Dutch. “He built the field up—he was
paleoanthropology in Indonesia for quite a while,” says anthropologist Russell Tuttle of
the University of Chicago in Illinois, noting that Jacob trained Indonesians to study the
fossils found in their country. “It was an indigenous effort.”
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Monitoring
neurogenesis

Universe's Highest-Energy Particles
Traced Back to Other Galaxies

Every so often, a subatomic particle crashes
into Earth’s atmosphere packing as much
energy as a large hailstone. Physicists have
struggled for decades to determine where
such ultrahigh-energy cosmic rays come
from. what they consist of, and how they are
accelerated to energies 100 million times
greater than particle accelerators have
reached. Now answers may be in sight, Ultra-
high-energy cosmic rays appear to come from
the neighborhoods of certain nearby churning
galaxies, physicists working with the gigantic
Pierre Auger Observatory in western
Argentina report on page 938, The finding
marks a first big step toward explaining the
mysterious particles, others say.

“This is of the greatest importance,” says
Veniamin Bererinsky, a theorist at Gran
Sasso National Laboratory in Assergi, ltaly.
“If it is correct, it solves one part of this puz-
zle completely.” Alan Watson, an astro-
physicist at the University of Leeds in the
LLE. and spokesperson for the 300-member
Auger collaboration, says. “For myself, it's
decply satistying to have gotten to the
beginning of the end of this whole riddle.”

Particularly impressive. An ultrahigh-
energy proton triggers a cascade of particles
in this simulation of the Auger array.
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To trace the cosmic rays, the Auger team
emploved a detector array larger than Tokyo.
When a cosmic ray hits the atmosphere, it
triggers an avalanche of particles tens of kilo-
meters long called an extensive air shower. By
sampling the shower with detectors on the
ground, physicists can determine its direction
and, hence, the direction of the cosmic ray.
The shower also causes nitrogen molecules in
the air to fluoresce, so on moonless nights,
special telescopes can see the showers.
Because the highestenergy cosmic rays arrive
at arate of less than one per square kilometer
per century, the Auger team has carpeted
3000 square kilometers of Argentina’s Pampa
Amarilla with more than 1300 detectors and
deploved four batteries of telescopes.

Physicists measure the energy of the high-
est energy rays in exa—electron volts (EeV).
The Auger team finds that rays with energies
higher than 537 EeV—of which they see 27

generally come from directions within 37 of

“active galactic nuclel” (AGNs) that lie within
roughly 250 million light-years of Earth.
That’s close enough that the particles aren’t
sapped of their energy by interactions with the

Planning and the
hippocampus

afterglow of the big bang, the cosmic
microwave background, AGNs are thought to
be supermassive black holes at the hearts of
galaxies that are slurping up matter and spew-
ing radiation. The cosmic rays do not point
precisely to the AGNs; presumably, our
alaxy’s magnetic field detlects them in tran-
sit. Details of the analysis suggest that the cos-
Mic rays are protons.

The results don’t prove AGNs are sources
of the rays. “Anything else that’s distributed on
the sky in the same way as AGNs could be the
source,” Watson says. For example, galaxies
tend to clump, s0 some other sort of galaxy
might be the culpnt. James Cronin, a particle
physicist at the University of Chicago in Illi-
nois and co-founder of the project, says the
key point is that cosmic mys do not arrive in
cqual numbers from all directions. Such
“anisotropy” suggests that rescarchers are
finally on the trail ofthe rays’ origins and gives
scientists a new way to view the heavens,
Cronin says: “It’s the beginning of an astron-
omy of cosmic rays at the highest encrgies.”

Others had claimed to trace the origins of
the highest energy rays before, In 2001, theo-
nsts Peter Tinyakov and 1gor Tkachey of the
Russian Academy of Sciences in Moscow
analyzed data from Japan’s Akeno Giant Air
Shower Array (AGASA). a 100-square-
kilometer array outside Tokyo that took data
from 1993 to 2004. The highest energy rays
appeared to come from objects called
BL Lacs, galaxies with jets of matter and
energy shooting out of them directly at Earth,
they reported. That claim was disputed by
researchers working with Hi-Res, twin
batteries of fluorescence telescopes located
in Dugway, Utah, that took data from 1997 to
2006. Last year, Hi-Res researchers argued
that there was no correlation in either
AGASA%S data or their own but that there was
correlation in their data if they included
another subtype of BL Lac.

These claims suffered from a key weak-
ness, says Todor Stanev, a theonst at the Uni-
versity of Delaware, Newark. The skyis full of
possible sources, so by selecting the sourcesin
just the right way. researchers can inadver-
tently manufacture a specious correlation, he
says. The only way to guard against that 15 to
test the claimed correlation in a new dat set.
That's what the Auger team did. First,
rescarchers scarched data collected from
| January 2004 to 26 May 2006 to find a »
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correlation; then they confirmed the correla-
tion by analyzing data collected from 27 May
2006 to 31 August 2007 using the same crite-
ria. “The Auger collaboration has been excel-
lent in setting the rules and not deviating from
them for any reason,” Stancy says,

Still, not evervone is convinced that the
observation will hold up as Auger collects
more data. Even with the check against the
second data set, the Auger team estimates that

RESEARCH CAREERS

Picking a landing
site on Mars

there is a 1-in-1000 chance the correlation
with AGNs 15 a meaningless fluke. Statisti-
cally speaking, that makes it a “three-sigma™
observation, says Gordon Thomson, an
experimenter at Rutgers University in Piscat-
away, Mew Jersey, and a member of the
Hi-Res team. “There are many three-sigma
signals that come and go,” Thomson says. But
he adds that Auger's claim “is sufficiently
interesting that a postdoc and [ are looking at

Genes and
queens

our data” for a correlation with AGNs.
Spurred by their first big result, the Auger
team is pushing to build a seccond array at
least three times larger in the Northern Hemi-
sphere, which would enable them to view the
entire sky. Rescarchers hope to submit a pro-
posal within a year, Cronin sayvs. Meanwhile,
theorists have a puzee to solve: Exactly how
might an AGN accelerate a proton to such
mind-boggling energies? ~ADRIAN CHO

Postdoc Survey Finds Gender Split on Family Issues

A new survey of how young biologists view
their prospects suggests that the main con-
cern for women is not a hostile climate but
insufficient time to juggle the needs of fam-
ily and carcer. The study of 1300 postdocs at
the National Institutes of Health (NIH) in
Bethesda, Maryland, includes a call for
more family-friendly policies at U.S.
research institutions,

“What these findings are telling us is that
universities and funding institutions need to
tune the academic system to the needs of
women,” says Elisabeth Martinez, lead author
and a former NIH postdoc who is now a phar-
macology instructor at the University of Texas
Southwestern Medical Center in Dallas.
Martinez and her nine co-authors are mem-
bers of the Second Task Force on the Status of
NIH Intramural Women Scientists. (The first
issued areportin 1992 calling for equity in pay
and hiring practices.) The new report recom-
mends that institutions sct up part-time posi-
tions for principal investigators ( Pls), offer
grant supplements to hire qualified spouses on
separate or related projects, and provide
affordable childeare for all rescarchers,

MIH is one of the places where the system
isout of whack. The share of women among its
900 tenured investigators has barely budged in
the past decade. from 18% to 19%, and the
figure for tenure-track positions has remained
at 29%. (By comparison, women received
more than 40% of the Ph.Dus in the life sci-
ences awarded in the United States during the
same time frame. )

The survey found that more than 70% of
the men have their sights set on a PI position
compared with only 50% of the women. (The
results were published in the 29 October issue

of EMBO Reports.) Men were also more con-
fident—by a margin of 59% to 40%—that
they would become Pls. One apparent reason
for the gender discrepancy is that women
appear more willing to make career sacrifices
for the sake of their families (see graph). For

Academic Aspirations

u Women B Men

track and tenured investigators, staft scien-
tists, and tenure-track researchers who had
left NIH before getting tenure—say the
same thing, reports Joan Schwartz, assistant
director for intramural research at NIH and
head of the task force.

Biologist Sue Rosser of Geor-
gia Institute of Technology in
Atlanta agrees that family-
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Tough choice. Family responsibilities seem to affect career goals
of women on the academic track more than those of men.

cxample, 37% of female postdocs who were
married but without children said that having
children would influence their career choices
compared with only 29% of married men
without children. Similarly, 3 1% of married
women expressed a willingness to make con-
cessions to accommodate their spouses’
careers versus 21% of the men.

At the same time, male and female post-
docs saud that they felt equally comfortable
in their working environments. “Overt dis-
crimination does not seem to be the issue,”
says Martinez. Three other surveys still
being analyzed by the task force—of tenure-

Overall

friendly policies are key, But she
warns against underestimating
how gender discnmination affects
women, especially at higher rungs
of the academic ladder. “It gets
complicated pretty quickly.” she
says, adding that many female
faculty members face isolation
and dismissive attitudes through-
out their careers.

Schwartz says NIH is already
addressing some of the task
force’s recommendations. For
cxample, NIH used to allow only
tenured investigators to have
staff scientists. Now, tenure-
track researchers can request the same sup-
port if they need to work part time for short
stints to take care of a child or a family
member. NIH also encourages researchers
to telecommute if possible, she adds.

But providing affordable childcare is
another matter. More than 1000 people areon a
waiting list for 350 slots available on and off
campus, says Schwartz, and employees receive
preference. That makes it tough on postdocs,
who are technically trainees. “Building another
daycare center on campus is a priority.” she
says, “but there'’s no money at the moment.”
=YUDHIJIT BHATTACHARJEE
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Spying On New Neurons

In the Human Brain

The realization more than a decade ago that
the mammalian brain produces new neurons
well into adulthood was a revolution in neu-
robiology. It also raised a slew of questions
about the function of these new cells. In
recent yvears, for example, scientists have
debated whether newborn neurons aid learn-
ing and memory and whether
aberrations in adult neurogencsis
contribute to disorders such
as depression (Science, 17 Feb-
ruary 2006, p. 938; 8 August
2003, p. 757).

Mow, researchers may have a
powerful new tool to help tackle
these questions: a noninvasive
method for detecting neural stem
cells in live animals—including
humans. On page 980, a multi-
disciplinary team led by child
neurologist Mirjana Maletic-
Savatic of Stony Brook Univer-
sity in Mew York state deseribes
the technique, which uses mag-
netic resonance spectroscopy
to detect a biomarker for the
progenitor cells that give rise to
new Neurons.

Other researchers are greeting
the work with excitement. tem-
pered with a healthy dose of cau-
tion. “This has the potential to open
the doors to research that could not
have been done in humans before.”
says Walter Koroshetz, deputy
director of the National Institute of
Meurological Disorders and Stroke in
Bethesda, Maryland. “If it’s validated. it’s the
coolest thing since sliced bread” says neurobi-
ologist Theo Palmer of Stanford University in
Palo Alto, California,

Maletic-Savatic and her colleagues began
their search for a biomarker in a series of
experiments with cultured mouse cells,
using nuclear magnetic resonance (MMR)
spectroscopy to compare the chemical
makeup of neural progenitor cells from
embryonic brain tissue with that of other
types of cells, including mature neurons and
glial cells. The NMR spectra of the neural
progenitor cells had a prominent peak that
wis not present in the other cells, indicating
high levels of a compound specific to neural
progenitors. The identity of this compound
150t known, but its position on the NMR

spectra, at 1,28 parts per million (ppm: the
conventional unit in NMR spectroscopy).
suggests that it’s a fatty acid, a class of com-
pounds that play a wide variety of roles
inside cells, Maletic-Savatic says.
Encowaged by their mouse-tissue exper-
iments, the researchers next looked for the

Peak excitement. A new method reveals a biomarker of
neurogenesis (green) in the human hippocampus (box).

| .28-ppm biomarker in live rats. For this
work, they turned to magnetic resonance
spectroscopy, a method that works on the
same principles as NMR but can be used
with the scanners found in many hospitals
and rescarch centers, At first, the spectra
from the live rat experiments were messy,
and the peak at 1.28 ppm was a tiny blipina
sea of squigeles. But with the help of Stony
Brook University engineer Petar Djurié, the
researchers developed a mathematcal algo-
rithm that separated the |.28-ppm peak
from the noise. Using this approach, the
researchers found relatively high levels of
the 1.28-ppm biomarker in the hippocampus
of adult rats, where previous studies have
found neurogenesis. compared to the cere-
bral cortex, where necurogenesis has not

been confirmed. Morcover, when the » |

Panel’s Move Has Flamingo
Fans Tickled Pink

An international effort to protect Tanzania's
Lake Natron, the only known breeding site for
East Africa’s lesser flamingos, got a boost last
week when a technical advisory panel recom-
mended rejection of the environmental-impact
plan submitted by a company that wants to
build a soda-ash exiraction plant there.

“We suggested that they go back to the
drawing board,” says Lota Melamari of the
Wildlife Conservation Society of Tanzania and
a member of the panel, which includes repre-
sentatives of conservation groups and the
national parks. He said the panel’s findings
are expected to be endarsed by Tanzania's
National Environment Management Coundil
in its report to the environment minister, who
will make the final decision on the studies the
developer will be required to do.

The company, Lake Natron Resources, had
requested permission to construct a large plant
at the alkaline lake, which has been the only
known breeding ground for East Africa’s
1.5 million to 2.5 million lesser flamingos
for 45 years (Science, 22 September 2006,

p. 1724). The advisory panel found that the
plan lacked several essential details, and mem-
bers questioned whether its proposed mitiga-
tion strategies would protect the flamingo
breeding area. The company contends that the
extraction plant would not hurt or drive away
the birds. =ROBERT KOENIG

Judge Blocks Patent Rules

A S, federal judge has temporarily blocked
new patent rules finalized by the U.5. Patent
and Trademark Office that would limit certain
patent applications. The rules, originally set to
take effect last week, would have limited filed
amendments that allow applicants to add
information to pending applications. Last
week, the Virginia district judge ruled in favor
of drug giant GlaxoSmithKline, saying that the
limits would have "retroactively alter[ed] the
bargain” that inventors such as GSK make in
trading research secrets for a patent monopaly
and "pravide[d] a disincentive to their filing of
new patent applications for researching new
pharmaceutical products.” The rules will stay
off the books for now. & judge will likely hear
the case early next year.

Meanwhile, the Senate is set to debate a
patent-reform bill that would create a new
system for challenging granted patents and
set certain limits on legal damages in patent
suits. A similar version passed in the House
in September, —ELI KINTISCH
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researchers administered electroconvulsive
shock, which increases hippocampal neuroge-
nesis, levels of the biomarker increased as well.

Finally, the team applied the method to
11 healthy human volunteers who sat for a
45-minute scanning procedure. As pre-
dicted, the spectra revealed higher levels of
the biomarker in the hippocampus than in
the cortex. In addition, levels of the bio-
marker were considerably higher in the
youngest subjects (ages 8 to 10) compared
with the oldest (ages 30 to 35), consistent
with previous animal studies indicating
declining neurogenesis with age.

“Only time will tell how strong this method

NEUROSCIENCE

15, [but] it looks very promising,” says Gerd
Kempermann, a neuroscientist at the Center for
Regenerative Therapies in Dresden, Germany.
“The 1.28-ppm peak really seems to represent
something related to progenitor cells” A cru-
cial next step, Kempermann and others say, will
be to figure out exactly what the biomarker is
and whether it tracks the overall number of
progenitor cells or just those that are in the
process of proliferating—an important dis-
tinction for interpreting experimental findings.

In addition, some rescarchers are wary that
the unconventional algorithm used to pull out
the 1.28-ppm peak from the noisy magnetic
resonance spectra could yield artifacts by

amplifying noise instead. But if the new
method does hold up to additional scrutiny,
there’s no shortage of 1deas about how to use
it. Maletic-Savatic hopes to investigate
whether neural progenitor cells behave abnor-
mally in disorders of brain development such
as cerebral palsy and mental retardation.
Palmer says that the new method could help
explain the cognitive decline some children
experience after receiving radiation therapy
for cancer: A valid biomarker could test the
hypothesis that the impairments result from
radiation damage to neural progenitor cells
and potentially help evaluate drugs intended
to protect progenitor cells. ~GREG MILLER

Hippocampal Cells Help Rats Think Ahead

One view of the hippocampus, based on
human brain-imaging studies and other data,
is that it is essential for remembering the past,
as well as for imagining the future (Science,
19 January, p. 312). The relatively new idea that
this part of the brain helps plan the future gets
support from a paper in the 7 November issue
of The Joumal of Neuroscience by A, David
Redish and Adam Johnson of the University of
Minnesota, Minneapolis. With electrodes
implanted into the brains of rats, they've cap-
tured, on the scale of single neurons, rodents
thinking ahead about their routes in a maze,

“l think the paper’s elegant, and it's
going to be a classic,” says Randy Buckner
of Harvard University. “They really show a
compelling example of the rats represent-
ing in their brains a series of possible
futures and using that to test what they're
going to do next.”

In the 1930s, Edward Tolman looked at
decision-making by using the T-maze. in
which a rodent comes to a “choice point” and
must decide whether it’s better to take the left
or right branch in pursuit of a food reward. “If
you look at Tolman's [research], and you think
about how that kind of a paradigm might be
done in neural terms, you come to the conclu-
sion that the rats probably have a neural mech-
anism to preplay what might happen next,”
says Buckner. who proposed that idea in 2006
with his Harvard colleague Daniel Carroll.

Redish and Johnson were already search-
g for such a decision-making mechanism by
putting electrode “hats™ on rats. These armays
of electrodes implanted into the brains of rats
can detect the firing of 100 or so individual
neurons. The rats can move freely and natu-
rally while researchers recornd their brain activ-
ity. In the new work, Redish and Johnson
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placed rats with such hats into a modified
T-maze and were able to observe cells in the
CAJ arca of the hippocampus as the rats
walked through the maze. Asthe animals scur-
ried, so-called place cells, neurons that fire in
response to position, signaled where in the
maze the mts were.

Such observations have been standard in
the hippocampal literature for 30 years. But
the data have often been confounded by addi-
tional firing, which has been dismissed as
noise. The problem is that neuronal firing
data, or spiking, are often averaged together,
which blurs temporal resolution, explains

Imagine that. As a rat looks in one direction,
neurons representing that position (inset) fire over
a half-second period.

Emery Brown of Harvard and the Massachu-
setts Institute of Technology. In the computa-
tional equivalent of putting another lens on a
high-powered microscope, Brown and his
colleague Loren Frank. who is now at the
University of California, San Francisco, cre-
ated an algorithm in 1998 that allowed spike
ensembles to be seen at the millisecond time
scale at which neuronal firing actually
occurs, "It you can do the analysis at the res-
olution at which the spikes come in,” says
Brown, “you can move on to other, more
important scientific questions.”

In their new study, Johnson and Redish
tweaked the algorithm and used it to reveal
that the apparent noise in place-cell firings
was actually signal. The additional neuronal
firing corresponds to place cells representing
the paths forward of where the rat is standing.
The firing proceeds in a sequence lasting a
tew hundred milliseconds. At a choice point,
when the rat pauses and looks left, place cells
fire that correspond to the left path even
though these cells were thought to respond
only when an animal was actually ata particu-
lar place. When the rat looks nght, place cells
corresponding to the right path go off, again as
though the rat were imagining walking the
route. Cognition is faster than behavior,
explains Redish: “We can now see, as Adam
put it, the rat thinking faster than it walks.”

If rats can visualize their routes, the next
research question is, how do they decide which
path to choose? There are reward pathways
within the brains of rats and humans, says
Buckner. who predicts that studies will link
those pathways with the rats” decision-making
areas. Cheese, amyone? ~KAREN HEYMAN

Karen Heyman is a freelance wriler in Santa Monica,
California.
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On alert. Nurses in a pedia
TB ward in South Africa, Where
drug resistange.s high.

Few Mutations Divide Some
Drug-Resistant TB Strains

The first genome analysis of an extensively
drug-resistant tuberculosis (XDR-TB) strain
has found that only a small number of muta-
tions distinguish it from a less drug-resistant
strain and a drug-sensitive one. That means
that clarifying the molecular basis of
TB drug resistance might not be as difficult
as some had expected, say the rescarchers
trom the Broad Institute and Harvard School
of Public Health (HSPH). Other scientists,
although welcoming the new data, say it is too
soon to tell.

The analysis, to be posted this week on the
Broad Institute’s Web site, offers mitial results
of an ambitious international project that will
eventually compare the complete genomes of
several dozen TB strains from around the
globe. A major goal is to generate enough
molecular data to speed the development of
better diagnostic techmiques and therapies for
multidrug-resistant (MDR) TB, which causes
an estimated 450,000 new infections a year.

Detected only a few years ago, XDR-TB is
even more challenging to treat because it is
resistant to sccond-line as well as first-line
drugs. The World Health Organization
(WHO) in Geneva, Switzerland, estimates that
XDR-TB infects about 27,000 people world-

u

& wide, but that number is uncertain because
2 diagnosis is difficult and most cases go unre-
ported. The TB isolate sequenced at Broad
came from the largest reported XDR outbreak,
in the town of Tugela Ferry in South Africa’s
KwaZulu-Natal province in 2005-2006. That
outbreak killed 52 ot the 33 persons itinfected,
all of whom were also infected with HI'V.
Since then, another 450 cases of MDR-TB
- have been reported in Tugela Ferry, and more
5 than half are XDR cases.
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Scientists at Broad and Harvard scruti-
nized draft genomes covering about 25% of
that one XDR-TB isolate and two other strains
from KwaZulu-Natal. They found that only
33 single-nucleotide polymorphisms (SNPs)
separated the XDR strain from a drug-
sensitive strain, and 29 SNPs distinguished
the drug-sensitive strain from an MDR one.
They also identified a small number of other
mutations, including genome insertions and
deletions, Several mutations were previously
known to be associated with drug resistance,

“We were surpnsed and delighted to find
so few differences,” says project leader Megan
Murray of HSPH. “This simplifies the task of
investigating those mutations to determine
which are related to drug resistance.” Scien-
tists also want to identify so-called compensa-
tory mutations that enable TB bacteria to
thrive despite drug-resistance mutations that
might otherwise weaken them,

Sebastien Gagneux, who studies TB
genomic diversity at the National Institute for
Medical Rescarch in London, told Science
that sequencing the KwaZulu-Natal strains
was important but that much more SNP data
from a global collection of TB strains is
needed to understand the molecular basis of
drug resistance.

Clinical advances may take longer. Paul
Munn, who coordinates the drug-resistant TB
team at WHO, cautions that improved diag-
nostic tools based on new sequence data “are
probably a few years off)” whereas developing
a new generation of drugs would take longer.

The Broad-Harvard study comes a month
after a South African group announced the
first sequence of the full genome of an

XDR-TB strain, But the South African data » |
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Bee Virus Endemic

A new genetic analysis, to be published next
maonth in the American Bee Journal, suggests
that the virus linked to the collapse of honeybee
colonies did not arrive in the United States via
recently imported Australian bees. In Septem-
ber, a team of researchers reported online in
Science that collapsed hives, which have
affected as many as 25% of U.5. beekeepers,
were much more likely than healthy hives to be
infected with Israeli acute paralysis virus. They
did not find the virus in bees collected befaore
Australian bee imports began in 2005, and so
suspicion fell on the Australian bees. Bul the
team behind the new analysis found the virus in
preserved bees dating back o 2002, "It seems to
lat the Australians off the hook,” says entomolo-
gist Nichalas Calderone of Cornell University.
~ERIK STOKSTAD

0il Crunch Forecasted

The International Energy Agency (IEA) is
ratcheting up its concern about peaking world
oil supplies that could trigger price hikes. In
its annual energy outlook released this week,
the agency warns that it cannot rule out a
“supply-side crunch” in world oil markets by
2015 as flagging oil production struggles to
keep up with soaring demand. Major agencies
such as IEA have usually assumed that Middle
East oil producers would make up the shortfall
between sagging global production and rising
demand, says Boston University economist
Robert Kaufmann. Now |EA projects even
faster demand growth than it did last year.
"We're really at the knife edge” between
demand for oil and the world's ability to pra-
duce it, says Kaufmann. -RICHARD A. KERR

Argo Ahoy

Scientists this month have fully deployed
3000 oceanographic floats around the world,
completing work on an B-year-old network
designed to monitor the world's seas. Data from
the floats have already helped scienfists detect
cthanges in the stratification of waters that atfect
majar food webs and interpret the influence of
global winds on climate. Climate-forecasting
centers around the world also use Argo data,
and as the data sets expand, climate predictions
should become mare accurate, says Dean
Roemmich of Scripps Institution of Dceanogra-
phy in 5an Diego, California, who co-chairs the
steering committee, "This will be key to proving
to the contributing countries that this effort
deserves a sustained commitment,” he says.
Argo’s § 20-million -a-year budget comes from
23 countries. ~NOREEN PARKS
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have not vet been fully assembled or posted on
a public Web site. The TB research lab of
AL Willem Sturm ofthe University of KwaZulu-
Matal in Durban provided the XDR isolates to
both teams. The Harvard group’s main South
African collaborators, Tommie Victor and Rob
Warmen of the Centre of Excellence for Bio-
medical TB Research at the Umiversity of Stel-
lenbosch in South Africa, are providing other
strains for the wider Broad analysis.

The Broad team used two sequencing

SCIEMCE IN CHINA

Max Planck’s Asian

SHANGHAI—After an auspicious start, a
unique joint venture of the science academies
of China and Germany is undergoing a tough
outside review that could lead to significant
changes. The Partner Institute for Computa-
tional Biology (PICB). founded 2 years ago
by the Chinese Academy of Sciences (CAS)
and the Max Planck Society (MPG), has won
praise for its scientific activitics. But review-
crs and others are concerned that manage-
ment troubles are preventing PICB from real-
izing its full potential.

Ataclosed session on 23 October, PICB's
outside scientific advisory board chewed over
a range of options, including recommending
greater autonomy for the institute
and closing it down after its S-year
contract runs out in 2010, accord-
ing to sources mvolved in the dis-
cussions. The board is now draft-
ing recommendations that will be
presented next month to CAS
President LuYongxiang and MPG
President Peter Gruss, who
together will decide PICBs fate.
Lu, in a meeting with a senior
MPG ofticial last week, “empha-
sized that closing PICB is not an
option,” says CAS program offi-
cer Fang Qiang.

The two science powerhouses
have been exchanging students
and faculty members since the late
1970s. PICB is their most ambi-
tious endeavor yet, and observers say that the
institute and its managing director, mathe-
matician Andreas Dress, are making a mark.
Dress has demonstrated “a lot of personal
dedication and energy,” says Jirgen Jost,
director of the Max Planck Institute for Math-
ematics in the Sciences in Leipzig. Germany.

But PICBs complex management struc-
ture has caused problems from the beginning.
*Neither MPG nor CAS were under the naive
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technologies, says institute director Eric
Lander. The data were generated using
Solexa sequencers—a new, massively par-
allel technology-—and also crosschecked
on more traditional sequencers. The South
African team used a rival new sequencing
technology. the Roche GS-FLX. Says Lander:
“As the speed and efficiency of microbial
sequencing skyrockets, it should be possi-
ble to extract enormous amounts of infor-
mation about population variation in TB

and other infectious organisms.”

As part of the wider project, HSPH and
Broad Institute scientists, sequencing iso-
lates provided by international labs, are ana-
lyzing dozens of “evolved” TB strains that
mclude several XDR and MDR isolates from
the same persons or communities. Says
Murray: “At the end of the day, we will havea
comprehensive list of polymorphisms associ-
ated with the acquisition of drug resistance.”

-ROBERT KOENIG

Venture Rethinks Its Agenda

impression that an undertaking hike a partner
institute will develop straight, smoothly, and
without frictions.” says an MPG official. Or
as Fang says, “It’s ke a German baby grow-
ing up in a Chinese world.”

Much of the angst is over who should con-
trol PICBs purse stings. The institute has a
€1.5 million (52.2 million) budget, two-
thirds of which is supplied by CAS. Spending
decisions must be approved by CASS Shang-
hai Institutes for Biological Sciences (SIBS),
which oversees PICB. SIBS and other institu-
tions with a hand in PICB sometimes do not
see eye to eye on priorities, One recent exam-
ple is Dress’s aim to establish a research cen-

Joint chiefs. Mathematician Andreas Dress (fefth and geneticist Jin Li
were tapped to lead the Partner Institute for Compu tational Biology in
Shanghat; it & now seeking a third director.

ter on the toponome, the spatial arrangement
underlying the functional organization of pro-
teins and protein networks in cells. Dress says
he struggled for months to win approval for
the center from Germany’s science ministry
in early 2006, Since then, PICB has been
waiting for SIBS, CAS, and MPG to reach an
agreement to release the funds.

One of PICB’s biggest challenges, CAS
and MPG officials concur, has been finding

leaders. By tradition, Max Planck institutes
have several directors. When MPG and CAS
advertised the directorship posts in 2004,
Dress, who had retired in 2003 from Bielefeld
University in Germany, was invited to apply.
He was appointed head of the combinatorics
and geometry department. Meanwhile, a
Sino-German search committee interviewed
a dozen Chinese candidates but offered the
job to none,

Former CAS vice president Chen Zhu,
now China’s health minister, then recruited
geneticist Jin Li, and MPG approved him as
the second director. Jin, now vice president of
Fudan University in Shanghai, logs only
about a week of each month at the institute.
But his contributions are substantial. says
Dress: *“He's an excellent scientist and values
the institute.” Candidates for a third director-
ship and for Dress’s job after he retires
possibly atter his 3-year contract is up next
year—were vetted in Shanghai last month.

Management issues aside, “scientifically.
the institute has done quite a good job.” says
Fang. PICB’s scholarship has drawn praise.
Highlights include a new computer method
tor mapping protein networks in cells that
was published in Nature Biotechnolagy in
Octaber 2006 and a conference dedicated
to the 400th anniversary of the Chinese
translation of Euclid’s Elements (Science,
2 November, p. 733).

Moting such achievements, MPG and CAS
officials at last month’s meeting forcefully
arpued against dissolving the institute, sources
say. “'We are willing to try new things.” says
Fang, who notes that Lu last week floated the
idea of encouraging PICB to expand the num-
ber of junior scientist groups (it currently has
two) in order to cultivate future leaders. A
mickier issue for Lu and Gruss 15 whether, and
how, a precocious young institute with two
masters can be granted more freedom to run
its own atfairs, -RICHARD STONE
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EVOLUTIONARY GENOMICS

NEWS OF THE WEEK I

Fruit Fly Blitz Shows the Power of Comparative Genomics

To the uninitiated, one fruit fly is like any
other—all equally pesky and deserving a
good swat, But in reality, these insects are
quite diverse, with species that differ from
cach other, genctically speaking, more than a
platypus differs from a primate. A consor-
tium of about 250 rescarchers harnessed this
diversity and in a blast of reports this week
demonstrated the analytical power of com-
parative genomics.

The group has sequenced 10 genomes
from different fruit fly species; combining
these with existing DNA data, they have
done a 12-way comparison to track the evo-
lution of genes, regulatory regions, entire
pathways, and cellular processes. Having
these patterns in hand makes it easier
to spot similar features in the genomes
of other species, including humans,

13.683 to 17,325 genes. The amount of DNA
taken up by transposable elements, or
repeated regions of DNA, varied by an
order of magnitude, the consortium
reports in the 8 November issue of Nature,
From this material, the rescarchers
pieced together evolutionary stories. Prob-
ing a biological pathway as it changes from
one species to the next “lets you see where
there’s evolutionary pressure driving the
change.” says Andrew Clark of Cornell Uni-
versity. His group looked at the impact of
pathogens. They examined the repertoire of
genes involved in recognizing microbes,
signaling an invader's presence,
and producing toxins to thwart
attacks—245 genes in
0. melanogaster alone and
1200 across the 12 species.

3 0. simulans
researchers report in more than 40 research D. sechellia
papers in the 8 November issuc of Nature D. yakuba
and in other journals. D. erecta

“This work has really increased  Subgenus
the sophistication of what we can  Sophophora r D. pseudoobscura
learn from comparative sequence L D. persimilis
analysis,” says genomicist Elliott el D. willistoni’
H. Margulies of the National D. mojavensis
Human Genome Research Insti- il . virilis ﬁ
tute (NHGRI1) in Bethesda, ubgenus | ; g T
Maryland. As project co-leader ~ Drosophila fynmhay

Michael Eisen of Lawrence
Berkeley Mational Laboratory in
California points out, the compar-
ison “allows you to map where [genetic]
changes occur along the tree. and that
allows you to study the process of evolu-
tion, not just the product.”

Drosaphila melanogaster, the lab stan-
dard, has powered genetics studies for almost
a century. In 2000, its genome became the
second animal genome sequenced, but partly
because it was one-of-a-kind, it was hard to
decipher. Subsequent comparisons between
the human and mouse genomes and, in 2003,
between the genomes of four yeast specics
drove home the value of comparative
genomics. Immediately, Orosophila enthusi-
asts appealed to NHGRI to support an even
larger multispecies comparison in fruit flies.

MHGRI approved a plan to look at
12 Drosophila species that diverged between
a half-million and 60 million years ago. Each
has its own lifestyle and geographic distribu-
tion—and each has a distinct evolutionary
relatedness to D. melanogaster: The genomes
proved quite varied, ranging in size from
130 million to 364 million bases, with

Fruit flies galore. By sequencing Drosophila species of varying dogrees of related-
ness, genomicists have leamed much more about genome structure and evolution.

In many fruit fly species, some families
of genes that code for antimicrobial peptides
have been expanded. Clark and other
researchers found. The expansion makes
sense, as a fly with multiple copies of the
right genes can produce more toxin and
mount a stronger defense, Clark explains.
Although the group didn't find quite as
many duplicated pathogen-recognition
genes, these were the fastest evolving,
reflecting the need for ever-changing
defenses as microbes constantly come up
with ways to evade detection, Clark and col-
leagues reported online 8 November in
Nature Genetics.

The evolutionary analyses yielded sur-
prises as well. For example, Clark’s team
found that a new gene called drosomyein,
which codes for an antifungal compound,
appears only in D melanegaster and its close
relatives. There are no clues, however, as to
how this gene came to be. Another surprise
came from the species 2 willistoni: It doesn’™
seem to have genes to make proteins contain-

D. melanogaster

D. ananassae

mg selenium-—proteins that researchers had
thought were common to all amimals.

Manolis Kellis of the Broad Institute in
Cambridge. Massachusetts, led an assess-
ment of how each type of gene or regulatory
region changed—or didn’t change—from
one species to the next, revealing specific
evolutionary patterns, or signatures. Kellis
and others have incorporated those telltale
patterns into software to look for the same
patterns in other species to pinpoint each
tvpe of DNA. “This allows us to assign
function™ to some regions “through compu-
tation alone,” says Margulies.

Based on a common pattern of
insertions, deletions, base usage,
and substitutions, Kellis and his
colleagues detected 192 undis-
covered protein-coding genes as
well as 150 that do not follow
standard rules. Typically. protein-
coding genes have a “stop”
sequence that signals the end
of the gene. But in these 150 cases,
protein-coding sequences extended
beyond the “stop.” “It’s always a
little humbling that the assump-
tions we are taught in school do
not apply across all genes.” says
Ewan Birney of the EMBL
European Bioinformatics Insti-
tute in Hinxton, UK.

With these new tools. which
are particularly useful for recognizing
regulatory DNA, Kellis and his col-
leagues have pieced together a fruit fly
gene regulatory network that incorporates
&1 microRNAs and 67 transcription factors.
“The methodology and principles are
absolutely general, and they are applicable
to any genome,” says Kellis, Others say
that the model still needs refining to recon-
cile it with experimental results. But
gencticist Rama Singh of McMaster Uni-
versity in Hamilton, Canada, is quite
pleased with this beginning. Because many
fruit fly and human genes are equivalent,
the network “is going to tell us a lot about
humans,” he predicts.

The analysis bodes well for the utility of
bird, marsupial, and reptile sequences in ana-
lyzing the human genome. It also argues for
sequencing and comparing all the primates.
says Birney: “The take-home message is
that there are a lot of clear wins from domg
this sort of cvolutionary genomics.”

-ELIZABETH PENNISI
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Seeking Nature's
Inner Compass

Michael Walker has navigated cultures and courted controversy
in his quest to prove that life forms possess a single organ for
perceiving magnetic fields—a sensor based on magnetite

AUCKLAND, NEW ZEALAND—Michael
Walker slips off his shoes and enters an
enormous Maori ceremonial room, the
University of Auckland’s Tinenuiarangi
Hall. Padding across long wooden planks,
the biologist explains the significance of
each of dozens of painted wooden carvings
on the walls and pillars. *“This 1s Tun,” he
says, pointing out a highly stylized
humanoid with a green bird onits shoulder,

? NOVEMBER 2007 VOL 318

“He was the skipper of a canoe which
sailed to New Zealand from the Cook
Islands.” For that unrivaled feat, Turi
gained a place among the gods.

The colonization of New Zealand
about 1000 years ago, the last of the great
Polynesian migrations, is a marvel of nav-
igation. The first Maori visitors traversed
thousands of kilometers of ocean with
nothing but the sun and stars to guide

Nawvigator. Biologist Michael Walker stands in front
of a carving of Turi, a legendary Maori canoe pilot.

them. How did those pioneers manage to
get here?

Indeed, how does any creature find its
way across featureless expanses such as the
Pacific Ocean? The question fascinates
Walker and has come to define his career.
Competing theories have been proposed to
cxplain the uncanny orienteering of animals
as diverse as birds, bees, and fish. A decade
ago, Walker's team galvanized the field with
the discovery of an organ that may function
as an internal compass: a string of magnetic
crystals in the nose of trout (Science, 5 Feb-
ruary 1999, p. 775). “Walker is definitely a
pioneer,” says biophysicist Thorsten Ritz of
the University of California, Irvine. Now
Walker believes he is on the verge of clinch-
ing the case that magnetite is the universal
animal compass that scientists have been
secking for a century. But the belief makes
Walker a maverick: Most others in the field
are convinced that animals have more than
one navigation organ,

A hybrid mind

Walker had to chart his own path to scien-
tific success. His mother is of European
ancestry, his father a famous Maori leader,
“and | kept those halves of my life separate
and parallel,” he says. There was the Walker
who donned shirt and tie and keenly
devoured his physics textbooks. And there
was the Walker whose Maon grandmother
taught him mythology and the lunar system
tor planting and fishing. The result, he says,
was “a hybrid mind.”

It wasn't until after a Pacific odyssey of
his own—a Ph.D. at the University of
Hawan followed by 5 years of postdoctoral
research in California—that “the halves
finally came together,” Walker says. The
fusion was triggered by his mentoring of
Maori science students after returning to
his alma mater, the University of Auckland,
in 1990, Many of his students strugele with
cultural dissonance. Walker, 53, is now
helping them embrace both cultures (see
sidebar on p. 907).

Having a hybrid mind can at times pro-
duce “discomfort in your own skin,” says
Walker. but it has advantages. "1t has
helped me to be aware that there’s always
more than one way to do things.” he says.
For instance, he points out that New
Zealands first European visitor. the 18th
century English explorer James Cook,
crossed the ocean with the help of a mag-
netic compass, tracking his ship’s position

SCIENCE www.sciencemag.org
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on a two-dimensional grid. Along the way,
Cook met Maori navigators who could
island-hop more reliably using polar coor-
dinates based on star-zenith positions and
known distances between islands. Walker
has sailed the Pacific using both systems.
He has put that experience to use in his
research on biological navigation. *Animals
are similar in that they use different strate-
gies on different scales of time and space.”
he says. A bird winging its way back to its
nest uses visual cues, from the position of
the sun to the lay of the land. But the same
bird at sea will die without more guidance.
The sun indicates a heading, but over a long
haul even the slightest cross-breexe will
cause vast displacements. How does the
bird know it has been blown oft course?

The sixth sense

In the 18605, Russian zoologist Alexander
von Middendorff first noticed that some
birds migrate along fixed paths, later recog-
nized as Earth’s magnetic field lines. But it
took another century before behavioral
biologists demonstrated that animals can
detect magnetic fields. Sure enough, attach-
ing a magnet to a pigeon’s beak interferes
with its return to the roost. For a snack
reward, fish can be trained to
respond to magnetic fields. And

a lobster transplanted from sea
bottom to an aquarium orients
itself'toward home like a compass
with claws.

In principle, Earth’s magnetic
tield provides enough information
for an animal to cross an ocean, by
fin or wing, without going astray.
From most places on the planet’s
surface, the magnetic field points =
north, so knowing which direction you are
facing is the easy part. Changes ina fields
intensity or angle, which generally grow
stronger and steeper toward the poles,
reveal latitude.

Gauging longitude is trickier. One
approach is to note the sun’s position as it
rises and sets. Because Earth spins on an
axis off kilter from its magnetic axis, the
sun’s intersection with the horizon changes
systematically the farther east or west you
go. For underwater animals. there is a mesh
of north-south magnetic ridges on the ocean
floor—created by the spreading crust and
the periodic reversal of Earth’s magnetic
poles—that can be memorized.

But a long-standing riddle is whether
animals can detect such subtle fluctua-
tions. “For a magnetoreception organ to
work, it must be amazingly fine-tuned,”

S

says Ritz. Not only is Earth’s magnetic
field faint—hundreds of times weaker than
that of a child’s bar magnet—but for an
animal to track its position using field
variations, it must detect changes as small
as 1% of that signal.

Several possible mechanisms emerged
in the 1970s. One bona fide contender is a
biological compass made of magnetite.
Also known as lodestone, magnetite is the
most magnetic form of iron oxide and
occurs naturally in rocks. Living cells can
make their own tiny magnetite crystals,
Some mud-loving bacteria make mag-
netite for orientation, and similar crystals
have been found in a multitude of higher
organisms. Magnetite may serve other
functions, such as locking up excess iron,
says Kenneth Lohmann of the University
of Morth Carolina, Chapel Hill, who's an
expert on turtle migration. “But it's very

e

$

magnetoreception organ,

hard to imagine these crystals aren’t there
for magnetic detection.”

Enter Walker, who had already made a
name with his innovative behavioral stud-
ies of fish in controlled magnetic fields.
He became wedded to the magnetite model
during a postdoc stint in California, where
he bounced the idea off biophysicist
Joseph Kirschvink of the California Insti-
tute of Technology in Pasadena. With his
geosciences background, Kirschvink is the
physicsYin to Walker's biology Yang. After
the duo extracted magnetitelike crystals
from a tuna (Science, |8 May 1984, p. 751),
Walker was convinced that they were on the
trail of the real biological compass.

The magnetite model surged with two
studies of rainbow trout that Walker’s team
published in Narure in 1997 and 2000, “We
studied the fish as if it were a rock,” he

Extra senses. Walker's team found magnetite
crystals (above) in the nose of fish; other
researchers believe that cryptochrome
{model on left} can function as an alternative

NEWSFOCUS

says. Working their way through the head in
thin, frozen slices under a magnetic force
microscope—a geologist’s tool—the
researchers found a group of cells in the
nose laden with strings of magnetite crys-
tals. Crucially, the cells are wired to the
brain via a nerve sensitive to magnetic
fields. “This is really the first truly new
type of sensory cell to be discovered in a
long while.” says Kirschvink, who was not
an author of the Nature papers. “If there is
ever a Nobel Prize for magnetic field per-
ception, Walker's name will be on it.”

And a seventh?

Others are not convinced that this is the full
story. An alternative mechanism for magne-
toreception, known as the radical-pair
model, has gained a strong following over
the past decade. The idea is that besides
using magnetite to detect the push and pull
of Earth’s magnetic field, ani-
mals also keep track of it with a
chemical reaction.

It was only theoretical until
1998, when a candidate magne-
toreceptor called eryptochrome
was discovered in the eyes of ani-
mals as diverse as fruit flies and
mice. When light strikes this pro-
tein, it produces two possible
intermediate states differing in
the configuration of a single ¢lec-
tron. Their ratio depends on the
orientation of cryptochrome
and hence. the orientation of the
organism-——relative to the ambi-
ent magnetic field. Because
cryptochrome is in the retina,
Ritz and others have proposed
that it feeds magnetic informa-
tion to the brain through the optic nerves.
Birds, for example, may “see” Earth’s mag-
netic field with a few quick turns of the head.

“Many picces of the puzzle that never fit
well with the magnetite model have started
to make a lot of sense,” says Ritz, One of
these is that some animals, particularly birds
and amphibians, do not scem to be sensitive
to polarity; reversing a field’s north and
south poles in the lab often has no effect on
behavior. “That is a prediction of the radical-
pair mechanism,” says Ritz, “because it only
detects displacement from the north-south
axis. not a flipping of the axis™

A 2004 study in Narure by Ritz and
others provided another test. The cryp-
tochrome compass, but not magnetite,
should be disrupted by certain frequencies
of electromagnetic fields. Birds exposed to
these frequencies were disoriented. “That

&oa
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A Home for Maori Science

AUCKLAND, NEW ZEALAND—A meeting of
Maaori scientists begins like no other. In a sun-
drenched conference room at the University of
Auckland, a couple of dozen researchers filter
in, smile, and press foreheads together in a
hongi greeting. A flowing speech in the Maori
tangue introduces the newcomers, Only then
does the lanquage switch to English and the
topic to science.

This is Horizons of Insight, New Zealand's
National Institute of Research Excellence for
Maori Development and Advancement—known
here as the Maori Research Centre, Today, grad-
uate students on center grants are giving an
update on their work.

The Maori are a success story among post-
colonial indigenous peoples, but they still face
serious problems. Among New Zealanders, Maori citizens are burdened
with a disproportionately high rate of poverty, drug abuse, and violent
crime. Maon students are far less likely than those of European ancestry
to finish an undergraduate degree, let alone enter graduate school. And
among those who do, few choose science. Boosting Maori academic suc-
cess is @ necessary starting point for equality, the center's co-director,
Michael Walker (see main text), and others argue. That's the raison d'étre
of the 5-year-old center, which aims to improve the social and environ-
mental health of Maori communities a5 well as support Maori Ph.D. stu-
dents. When the center started, it hoped to boost the number of Maori
Ph.D. students from a few dozen enrolled in 2002 to at least 500 in
5 years. They pulled it off ahead of schedule, chalking up the 500th Maori
Ph.D. student last year,

One of the center's high achievers, Melanie Cheung, walks to the head
of the long table.

Her project on Huntington's disease began traditionally enough, she
says. To investigate what might be going wrong in the brains of patients
who suffer from Huntington's, she planned to develop a model using lab-
grown neurons. Her hypothesis is that faulty mitochondria, the cellular

Future scientists. Melanie Cheung (center) and fellow
graduate students at the University of Auckland.
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Then Maori custom intervened. To grow
neurans, she must extract cells from the brains
of cadavers. But in Maori culture, she says,
“the head and brain are tapu,” a sacred body
part that must not be tampered with.

Rather than bagging the project, Cheung
turned to her community for advice. She dis-
cussed the problem with her family, then with
the elders of her tribe, the Ngati Rangitihi.
Some implored her not ta "mess with fapw,” she
says. Others dismissed Huntington's as "a white
man's disease.” But the elders "supported the
purpose of the work,” she says, and invited
Cheung’s team, including her Ph.D. adviser,
Richard Faull, to take part. The confab lasted an
entire day, with a song following every speech.
Not only did Cheung allay her tribe’s worries
about the project, "now they wholeheartedly
suppart it," she says.

Although the elders could not change the brain's status as tapu, they
created rituals that are now part of her daily lab routine. Before and after
isolating and culturing neurans, she says a prayer to “acknowledge the
person who has passed, the gift that their family has given us.” She also
learmed a song about creation. “Sometimes | sing, sometimes | don't,” she
says, "It depends if there are other researchers around, and if | feel the
need. These processes are about keeping me culturally safe.”

What may seem like an exfra burden has proved to be a boan. When
Cheung started her Ph.D., cases of Huntington's disease were unknown
among the Maori. But after engaging her tribe, "people started coming
forward,” she says. Four likely cases have been diagnosed, and genetic
counselors are working with Maori communities for the first time.

Cheung's efforts at bridging the cultures are angoing. “In February,
we are returning to visit my tribe with our entire research group of 60 or
so people and their families,” she says. The tribe is eager for an update on
their progress.

Cultural engagement like this is not only a happy outcome of the
Maori Research Centre’s grants, says Walker: “it's required.” Every proj-
ect includes an element of community service, he says. “You have to

dynamaos, are a key part of the puzzle.

result 1s very difficult to explain if birds are
only using magnetite to orient themselves,”
says biologist Henrik Mouritsen of the Uni-
versity of Oldenburg, Germany.

Walker doesn’t buy it. He labels the
reported effect of cryptochrome-targeted
radiation on orientation as *noise” rather than
evidence of an alternative magnetic sense.
The cryptochrome model, he says, is only
supported in birds and amphibians, implying
that it has been gained and lost repeatedly
during vertebrate evolution, whereas mag-
netite—and, Walker argues, its compass fune-
tion—has remained constant. The idea that
evolution has mamtained a second organ for
magnetoreception is “absurdity,” he says.

Walker’s uncompromising position frus-
trates many colleagues. “He completely mis-
represents the field” grumbles John Phillips,

give back.”

a magnetorcception rescarcher at Virginia
Polytechnic Institute and State University in
Blacksburg, “only citing papers that support
his view and ignoring the rest.” Phillips
argues that the evidence for the radical-pair
model 15 at least as solid as is the evidence for
magnetite. “Both systems have been main-
tained because they do different things,” he
says. Cryptochrome is the more reliable com-
pass for determining a heading, Phillips says,
whereas magnetite may be used for mapping
displacements en route. Mouritsen, who also
studies magnetoreception in birds, agrees:
“Whether or not the story is parsimonious,
the evidence shows that there are two systems
for sensing magnetic fields.”

Kirschvink, like Walker, dismisses the
two-magnetoreceptor hypothesis, “That
simply does not make sense,” he says.

Walker enjoys the jousting. “This is all vig-
orous scientific debate,” he says, “It drives
the development of theory and experiment,
and peer review winnows things out”

The issue may be resolved soon, Mouritsen
and Phillips, with cryptochrome-knockout
mice in hand, are confident that the detailed
behavioral studies will prove the radical-pair
model bevond a doubt. Meanwhile, Walker,
Kirschvink. and others just landed a 514 mil-
lion grant from the Human Frontier Science
Program. The grant will allow them to do ultra-
fine structural studies of fish magnetite that
could reveal exactly how it works.

Is Walker reaching the end of his
odyssey? Perhaps. But whatever he finds in
the nose ofthe fish, says Ritz, “there will be
a truly wonderful story.”

=JOHN BOHANNON
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PLANETARY SCIENCE

Majority Rules in Finding |

.a"'f.'

A Path for the Next Mars Rover

A few dozen self-selected planetary scientists are voting their way through a minefield
of fiscal and scientific uncertainty in the pursuit of martian life

PASADENA, CALIFORNIA—W hen it comes to
exploring Mars, geologists love rocks. Engi-
neers looking to land the next Mars rover hate
them. Throw In rover mission cost overruns, a
crucial design failure, a severely limited
understanding of Mars, and a rush to launch
2 years from now. and the Mars exploration
community has a lot to talk about.

Scientists in a small planetary town hall
meeting here are helping sort out where the
billion-dollar Mars Science Laboratory
{MS5L) rover should be landed in NASA's
drive to understand life beyond the home
planct. After dozens of sometimes boisterous
votes by a grab bag of specialists, most of their
proposed landing sites lay on the cutting-room
floor. “Is there anything like this elsewhere in
science”?” asked a meeting organizer in an
aside. Mot likely.

At the end of the MSL landing site selec-
tion workshop.” participants had pared their
51 proposed sites to six for further considera-
tion by NASA. It was a painful if democratic
process. The same procedure had gone wrong
once before, sending the Spirit rover to what
looked like an ancient lakebed but turned out
to be a barren lava plain. And this time
researchers are not just “following the water”
on Mars in search of past environments con-

* Second MSL Landing Site Workshop, 23=25 October,
sponsored by the NASA-appointed Mars Landing Site
Steering Committee and the M5L Project.
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ducive to life. They are also hunting for places
that might still harbor organic matter from
past or present life. That raised the bar for can-
didate landing sites, as did the tighter con-
straints mission engineers had to place on
where MSL can land.

In the end. the majority-rules approach
fared well. “We've pretty much captured all
the types” of landing sites while getting
down to just six, says geochemist David Des
Marais of NASA’s Ames Research Center in
Mountain View, California. “A lot of people
subverted their interests [in a particular site]
to the science. This degree of community
participation is one reason the Mars program

Touchdown. MSL {abave) can land in tight quarters like 150-km
Holden crater (top), where water once entered from lower left.

has been so successful.” In 9 months, plane-
tary scientists will return to see if they can
agree on a single landing site that’s both safe
and exciting.

A new challenge
Five craft, all American, have successfully
landed on Mars. The first—two Viking lan-
ders that set down on roaring retrorockets
in 1976—went in nearly blind on a wing
and a prayer. The two latest—the Opportu-
nity and Spirit rovers that rolled onto
the martian surface encased
in airbags—benefited from
¥ years-long analyses of landing
hazards and the prospects for
good science (Science, 17 Jan-
uary 2003, p. 326). In four
workshops, interested planetary
scientists proposed 185 landing
zones for the Mars Exploration
Rover (MER) mission and then
pared their hist to the safest-looking,
most scientifically interesting two
on the basis of the latest observations from
Mars. More-detailed imaging from orbiting
spacecraft, for example, allowed accurate
estimates of the abundance of mission-
ending boulders too small to be scen from
orbit. And better spectroscopy pointed to an
enticing site loaded with the mineral
hematite that forms only in water,

This community-supported selection
process reaped considerable rewards. The
rovers landed safely on opposite sides of the
planet to find landing conditions much as
predicted. And Opportunity roved across
plenty of hematite, although the mineral had
formed in briny groundwater rather than on
the postulated lakebed. Spirit, on the other
hand was in for a surpnse. For all the analysis
of geologic features on the floor of giant
Gusev crater, Spirit landed not on the
expected ancient lakebed but on a vast lava

plain devoid of signs of water.

Only by chance did it eventually

reach nearby hills that harbored
cnigmatic water-altered rock.
This time around, NASA is
sending the Humvee of rovers to
Mars. MSL, which is slated to
rove for two Earth vears, weighs
in at three-quarters of a ton (more
than four times the mass of
Opportunity or Spirit). boasts
nine instruments {each developed
specially for this mission, includ-
ing a rock-zapping laser chemical
analyzer), and runs on nuclear
power. Even the landing system is
brand-new. In a landing scenario

SCIENCE www.sciencemag.org
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variously described by scientists as “excit-
ing” or “scary,” the rover—only one this
time—will descend the final 1500 meters
hanging by cables from a rocket-festooned
descent stage. All this for 51.7 billion.

Moars scientists would have happily settled
for a couple of more modest rovers like
Opportunity and Spirit (at $410 million cach),
but that isn’t the NASA way, they explain;
cach new mission must be bigger and obvi-
ously better, MSL is clearly in the NASA
spirit. “This has been a very ambitious task,”
MSL project manager Richard Cook of the Jet
Propulsion Laboratory (JPL) in Pasadena,
California. said at the workshop. Engineers
speak of the number of miracles required on a
project, he said. and “on MSL, it seems we
have more than our share.”

Whittling down

Mot all of the required miracles came
through. At the project’s most recent NASA
review, it appeared that MSL would exceed
its budget by $50 million to $100 million,
NASA's Mars program scientist Michael
Meyer told Seience. As a result, the project
ended up economizing on rover instrumenta-
tion, among various cuts, and reducing the
number of candidate landing sites it would
scrutinize from 12 to five, “We have become
painfully aware how complex and time-
consuming itis to select and certify a landing
site,” said Cook, and consequently expensive.
Mew imaging revealing fields of lander-
destroving boulders recently required reloca-
tion of the Phoenix landing site.

The heart of the MSL winnowing process
was almost 2 days of 15-minute presenta-
tions, discussion, and voting in a Pasadena
hotel. Anyone with a site to propose (and the
money to travel ) could make their PowerPoint

the MSL steering committee, other pro-
posers, a handful of invited outside experts,

> and interested planctary scientists and their
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grad students. Discussion followed, with
one eye on the prospects for doing science
and the other on the engineering constraints,
Then came the voting: a show of hands for
green, vellow, or red on four science-related
questions for cach site. With considerable
good-humored joshing. voters expressed
their opinions on each site “as a potential
habitat for life, past or present.”

Yellows predominated. Although strictly
speaking, the voting was on the science poten-
tial, not the rover’s physical capabilities, new
engineering restrictions were at times factored
in. For example. mission engineers had
planned on using an exotic dry lubricant to
keep the driving and steering systems and the

WWW.SCIENCemag.org

instrument-laden rover arm operating down to

150°C, far below the -50°C limits of the
MERs. But in testing, the new dry lubricant
failed after just 20% of its required lifetime,
MSL mission manager Michael Watkins of
JPL sand at the workshop. Returning to a wet
lubricant made one site impossible and put
any sites poleward of 25°S in jeopardy.

The rover’s mobility hasn't worked out
quite as expected, either, At the first work-
shop. many scientists proposed “go-to™
landing sites. In these, MSL would land
somewhere in a smooth, safe, 20-kilometer-
diameter landing zone and then drive
beyond the landing zone to interesting but
unlandably rough geology.

8

Go-to. M5L might rove into rugged terrain with clays
iblue and magenta) denoting past water,

But at this workshop, Watkins reported
that on further consideration, project engi-
neers expect MSLs driving to be “MER-like,”
something like 200 meters per day rather
than the expected 500 meters per day. MSL, it
turns out, must charge its batteries with its
radioisotope thermoclectric generator and
use them to drive, rather than driving directly
from the BTG, “We need prime science within
10 kilometers™ of the center of the landing
zone, said Watkins. That eliminated a few sites
and sent proposers scrambling to find interest-
ing geology in their landing ones.

Some attendees wondered out loud
whether the geologists might be squinting
at their images a bit too hard. This could
be “Gusev all over again,” said spectro-
scopist Steven Ruft of Arizona State Uni-
versity in Tempe. Some geologists were

NEWSFOCUS I

interpreting layered rock as sediments laid
down under lake water, he said, without
discussing less interesting but quite plau-
sible alternatives, such as blankets of vol-
canic ash. Such concerns helped eliminate
exquisitely layered basins with no sign
that water ever flowed there.

Mineralogy rather than geology ended up
being the pnme criterion. Most attendecs took
the detection of clays—the product of the
watery alteration of igneous rocks—as a sign
that water had long been in contact with rock
there, That would bode well for life. Clays are
also adept at preserving organic matter over
the cons. So any site without at least a hint of
clay was out of the running,

This was a bit too much for some. Many of
the geobiochemists and astrobiologists—the
smallest contingent in the crowd—felt that
people were leaning on the clays fartoo much.
Having clays is nice. they said. but it’s not
everything. Clays that formed within the
ancient Mars crust, for example, are far less
promising signposts of carly life than clays in
ariver delta formed in a crater lake, Astrobiol-
ogist Dawn Sumner of the University of Cali-
fornia, Davis, pointed to Vernal Crater, which
had fared poorly in initial voting because a
thin dust layer blocks any spectral signature,
so researchers couldn't tell whether clay was
present, But Vernal's proposer, planetary sci-
entist Carlton Allen of NASA'S Johnson Space
Center in Houston, Texas, had drawn attention
to what appeared to be lake deposits, lake
shorelines, channels, and even hot-spring
deposits, the first proposed on Mars. “These
things are really important,” said Sumner. *1
voted all green™ on Vernal. Nonetheless, a
revote kept Vernal out of the top 10.

In a final afternoon session. the workshop
got down to a final six by demoting four sites
to “purgatory” because they held too little
promise of traces of life or their landing zones
were just too boring. The remaming six push
the engineering limits, although those limits
remain flexible. The project asked that two of
the final five landing zones be demonstrably
safie, but at this point in the harard analysis,
none of the current batch is. Three are former
crater lakes. the workshop's obvious favorite
type of'site, even though two of them are so far
south that the rover would likely have to hiber-
nate one-third of the time, beginning on land-
ing. And two others are the crustalclay sites
so popular with the geologists but shunned by
astrobiologists. Still, “it urned out better than
I would have expected.” says Sumner. They
ended up with a diverse suite of sites whose
riskiness will “poke the engmeers to find what
we really want.”

=RICHARD A. KERR
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Who's the Queen? Ask the Genes

Biologists are finding that in some social insects nature, not nurture, determines
whether offspring become workers or royalty

In 1712, the English scholar Joseph Warder
dedicated his treatise, The True Amazons: Or,
T'he Monarchy of Bees, to Queen Anne, citing
the caste divisions of the hive—the queen
built for breeding and the workers tending her
and her brood, foraging, and dying to defend
their home—as evidence that nature adored
rovalty, But much of what entomologists have
learned since then has made the lives of bees
and other social insects seem closer to the
American dream: Given the right nurturing

a diet of royal jelly in honeybees, or being
reared at a certain temperature in some ants
any female grub in abeehive or in an ant’s nest
can grow up to be queen.

At least this nurture-over-nature paradigm
was the prevailing wisdom, backed by theory
that argued that any gene that required a devel-
oping insect to become a sterile worker would
be committing evolutionary suicide, But a few
years ago, social-insect research was rocked
by the discovery that in some ant species,
workers and queens are determined by their
genes—in other words, born, not made. And
this was discovered not in some obscure rain
forest species but in harvester ants, which are
ubiquitous across the southern United States,
have been studied for decades, and are even
sold online for ant farms.

“Harvester ants are the poster child for
ant research,” says Sara Helms Cahan of the
University of Vermont in Burlington, one of
the co-discoverers of genetic caste deter-
mination (GCD). “Imagine what the
other 11,999 species might be up to.”
Indeed. several more examples of GCD
have popped up among other ant
specics. Researchers such as
Helms Cahan are now tackling

Queen me? These red harvester
ants need the right genes to
become a gueen.

a raft of questions about this mode of life,
trying to unravel these ants’ evolutionary
history, exactly what genes determine castes
in the insects, and what, if any, evolutionary
advantage GCD confers,

The trait, it turns out, is not confined to
ants. A report on page 985 shows that a
species of termite also uses genes to split
breeders from workers. “This is probably the
first clear-cut example of how caste is deter-
mined in termites.” says Nathan Lo of the Uni-
versity of Sydney, Australia, a member of the
team behind the discovery. And some believe
that many more strange genetic and reproduc-
tive systems await discovery in social insects.

Lucky ants

It took some luck to reveal harvester ants’ odd
genetics. *We found it by sheer accident,” says
ecologist Deborah Gordon of Stanford Univer-
sity in Palo Alto, California. The ants” natural
history is normal enough: A single queen
founds each nest and gives birth to all the
colomy’s workers, sterile females that give har-
vester ants their name by gathering seeds for
food. The queen also produces the next gener-
ation of reproductives: males and daughter
queens, neither of which work. As in all ants,
wasps, and bees, males of harvester ant specics
develop from unfertilized eggs and so have
half as many chromosomes as females. After

——

summer rains, males and prospective queens
leave the nest on swarmlike mating flights.
Males die after mating: queens found new
colonies and can live for more than 20 years.
Five years ago, three teams, including
Gordons, Helms Cahan’s, and one led by
Jennifer Fewell of Arizona State Unmiversity in
Tempe. independently noticed that in some
nests of the red harvester ant (Pogonomyrmex
barbatus) and in other nests containing the
rough harvesterant (£ rugosus), all the workers
carry two different versions of a gene at certain
DNA markers, whereas the queens in these
colonies have identical pairs of genes at the
same markers, This was weird, as genes should
be spread about between the two castes at
random in a colony in which any female can
supposedly become a queen or worker.
Further genetic analysis of workers and
queens showed that these ants were in fact nei-
ther P barbatus nor P rugosus but a hybrid of
the two species. More complicated still, the
hybnd population consists of two strains. In
each nest, the queen and her daughter queens
are purebred members of one strain or the other,
whereas the workers are a cross between the
two strains. The only way this system could
work, the various research groups concluded,
was if queens used sperm from males of their
own strain to make more queens and sperm
from the other strain to make workers, with
each ant’s caste decided not by its upbringing
but by the combination of genes it receives from
its parents. So queens must mate with males of
both strains to raise a functioning colony.
Subsequent work has found that harvester
ants with this GCD dominate a strip of desert
from western Texas to eastem Anzona. (Other
ants in this genus appear to use diet to determine
caste.) So far, eight genetically distinet hybnd
strains have been found coexisting in four
pairs of dependent strains, suggest-
ing that hybridiza-
tion has occurred
and GCD evolved—
more than once.

CREDIT: ALEXWILD 2007
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Mating between species is
often a dead end because it
leads to sterile offspring. but
two aspects of ant biology
allow Pogonomvrmex to get
around this. Queens with
GCDthat have mated with only
the other strain do not lose all
their reproductive options:
They can still produce males

workers are already con-
demned not to reproduce, so
the sterility of interstrain offspring is moot.

Even so, GCD seems a perilously fragile
reproductive system, says evolutionary biol-
ogist Peter Monacs of the University of Cali-
fornia, Los Angeles. Each nest competes
with those presided over by queens of its
partner strain for food and territory yet also
depends on the males of that strain for its
survival. And strains cannot evolve together
by swapping genes. because genes from one
strain will never end up in a queen from the
other. *It’s such an odd way to have a social
system. One would think there'd be great
selective disadvantages and that it'd break
down, but it hasn't)” says Nonacs.

The origin of GCD in ants is almost as
mysterious as its advantages. The obvious
hypothesis, favored by Helms Cahan, is that
the hybrid strains are descended from ancient
crossings between the two parental species,
The presence of genes from both species in
each strain lends weight to this idea, as does
the fact that within each pair, one strain’s
genes are more similar to £ rugosus, whercas
the other is closer to £ barbaius (even though
the two strains in each pair look alike physi-
cally). Helms Cahan has found that colonies
with GCD grow more quickly than those of
cither pure P barbatus or P rugosus and that
their workers are more aggressive than those
of the parent species. 1 wouldn’t be surprised
if they had an ecological advantage,” she says.
Hybrid plants often grow well, she points out,
something long exploited by plant breeders.

Fewell has a different view of how GCD
arose. Based on analvses of DNA from ant
mitochondria—an energy-generating struciurne
inside the cell with its own small genome—she
believes that the oldest of the eight known
strains with GCD is most closely related to
P bearbatus. This species, she suggests, evolved
an “egoistic” gene that made its bearers more
likely to become queens. Such a gene would aid
its carriers but would also create selection for
worker-producing genes to prevent colony
extinction. GCD might be a way to cope with
cgoistic genes, not something that gives a com-
petitive advantage, she says, and the crossing
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_ | stld Strained relations. Rough
from unfertilized cggs. And  harvester ants (above) and red
harvester ants have hybridized.

with 2 rugosis might be a later
event not directly related to
GCDs ongin,

So far, biologists have
spotted only genetic mark-
ers of caste determination;

the actual genes behind it are
- unknown. But finding those
genes in harvester ants could
reveal those that control the
developmental pathways of
social insccts in general.
“Pogonomyrmex 18 going to
be a very good model to look at mechanisms
of caste determination,” says Laurent Keller
ofthe University of Lausanne, Switzerland.
Since GCD was discovered in harvester
ants, it has been found in a number of other
species. The southern fire ant (Solenopsis
avloni) uses sperm from males ot a close rela-
tive to make workers and sperm of its own
species to make queens. There are also genetic
differences between the types of
workers in leaf-cutting and army
ant colonies. These workers come
in various shapes and sizes, called
subcastes, specialized for jobs
such as soldiering, foraging, and
nest maintenance. Like harvester
ants, queens of these species mate
with many males, and William
Hughes of the University of Leeds,
U.K., and his colleagues have

found that in leaf-cutting ants, the SLAsa

offspring of different males are
biased toward becoming a particu-
lar kind of worker, suggesting that
a worker’s genetic makeup pre-
disposes her toward joining a particular sub-
caste. At the most extreme, more than 9006 of
amale leaf-cutting ant’s offspnng can develop
into one subcaste. Hughes 1s now looking for
genetic differences between queens and work-
ers in leaf-cutting ants,

Hidden complexity

Inspired by the discoveries in ants, Lo and
colleagues at Ibaraki University in Japan
looked for GCD in termites. Unlike ants
and bees, termite societies have both male
and female workers, and each colony has a
king and a queen. [t was thought that
pheromones from other nest members con-
trolled what termite larvae developed into,
although no one had ever identified such
caste-determining chemicals.

Working with the Japanese termite species
Reticulitermes speratus, Lo and his col-
leagues examined this question by depriving
colonies of their king and queen, which
induces some larvae and normally sterile
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workers to become fertile creatures called
neotenics. Through crossbreeding experi-
ments between male and female neotenics.
the team established that a single gene on the
X chromosome controls caste in this termite
species. The gene comes intwo forms, dubbed
A and B. Two A's in a female make a queen,
whereas males with a B gene become kings.
AB females and A males become workers.

When a queen with her two A% mates with
a king and his B gene, all their offspring will
be sterile workers. Lo believes this helps pre-
vent cheating inthe nest. Reficuliternes work-
ers only become reproductives if the king or
queen dies, removing a chemical signal that
suppresses worker development. In contrast,
in other termite species, all workers have the
potential to become reproductives. placing a
drain on the colony’s resources. “They just sit
around being looked after”” says Lo.

Lo suggests that GCD is likely relatively
rare in ants, the result of unusual circum-

Knic iin{n"-li?.:e.' The ternifte Reticulitermes
sperafus uses genes to prevent workers from
. becoming royal freeladers.

stances such as hybridization, but that it may
be common among termites because of the
king-queen system and its associated genet-
ics. It's still unclear how widespread GCD is
in social insects, says ant expert Andrew
Bourke of the University of East Anglia in
Norwich, UK. “There’s a lot of hidden com-
plexity that it’s taking modern molecular tech-
niques to discover,” he says.

Now that insect researchers have spotted
some of this complexity, they may start find-
ing more. “People have been a bit blind,”
Keller says. “They read something in a text-
book. and then when the data doesn't fit that
maodel, they throw out the data.” The discover-
ies so far are just the beginning, he predicts: 1
think that 5 to 10% of ant species will turn out
to have very weird modes of reproduction.”
What Warder would have made of such royal
perversity is anyone's guess.

~JOHN WHITFIELD

John Whitfield, a science writer in London, is author of in
the Beat of a Heart: Life, Energy, and the Unity of Nature.
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Speaking Out About U.S. Science Output

| WAS AMAZED BY ). MERVIS'S NEWS OF THE WEEK STORY “U.5. OUTPUT FLATTENS, AND NSF
wonders why™ (3 August, p. 582). Not by the conclusion that ULS. science productivity 15 tlat-
tening out, but because apparently nobody interviewed by the NSF could identify the reason.
Had the question been posed of almost any working scientist | know, the simple and accurate
answer would have been that the number of papers that are written is diminishing because sci-
entists are able to spend less time writing papers! Instead we spend ever-more time on the
mcreasingly burdensome administrative requirements of conducting science legally, and on
writing, rewriting, and re-rewnting grant applications as the NIH's pay line drops to catastroph-
ically low levels. As the number of hours in a day is finite and unchanging, something has to
give. If 1 didn’t have to spend the rest of this month ignoring various half-complete manuscripts

and rewriting a grant application, 1'd be able to
explain in more detail.
JOHN P. MODRE

Department of Microbiology and Immunology, Weill Medical
College, Cornell UWniversity, Mew York, NY 10065, USA,

THE REGULATORY BURDEN THAT ACCELERATED

around 1990 is finally affecting the output
of U.S. researchers (1. Mervis, *U.S. output
flattens, and NSF wonders why,” News of the
Week, 3 August, p. 582). Increased funding is
reduced by the cost of regulatory compliance:
expensive sccurity systems for animals, super-
fluous accreditation, excessive requirements
tor cage sterilization, verification of stenlity
using cultures, and signatures at every step.
And. of course, the regulatory documentation
takes time away from documenting the
research itself. Because of the monumental
effort required to gain approval to use animal
or human subjects in research, discouraged
investigators avoid pursuing experiments that
require new approvals, even if the idea may
take only a few days to test.

The fault lies not with committee members
trying to maintain comphiance whale still per-
mitting rescarch to proceed, but rather with reg-
ulations that aim to prevent not only harm, but
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the appearance of harm, or even the possibility
ofharm no matter how unlikely. Even an exper-
iment in which participants must listen to a
snippet of song and judge its familiarity is sub-
ject to stringent requirements intended to pro-
tect those participants from ham.

Science 15 an exploration of the unex-
pected and these constraints are suffocating,
We must expect creative students to look to
other carcers when they see how science is
done today. They are replaced by those who
are comfortable with burcaucracy and who
do not know that science used to be accom-
panied by enthusiasm and spontaneity. The
only mystery is why the flat output line has
not vet turned down.

RICKYE 5. HEFFNER

Department of Psychology, University of Toledo, Toleda, OH
43606, USA

THE NEWS OF THE WEEK STORY “ U.5. OUTPUT
flattens, and NSF wonders why™ by J. Mervs
(3 August, p. 582) states that “the total output
of LS. scientists stopped growing in the early
19905 and hasn'tbudged since then.” This con-
clusion is based on publication productivity
data from 1992 and 2001, Had morc reccent
data been used, at least one university, Drexel,

Talking to computers

POLICY FORUM | EDUCATION FORUM | PERSPECTIVES

would have showna 13006 increase in publica-
tion productivity, Specifically, in 2002 Drexel
faculty published 502 articles; in 2006 the
number grew to 1 165, according to data from
Thompson Scientific Web of Science. Drexel's
productivity has not only budged, but surged.

The decrease shown in the article for MCP
Hahnemann University and Drexel University
requires context. For starters, MCP and Drexel
are one and the same university. When Drexel
acquired the academic units of the bankrupt
Allegheny University of the Health Sciences
in 1998, it formed an exigent entity called
MCP Hahnemann University, which by design
was dissolved in 2002 and no longer exists.

The compelling reason why Drexel and
MCP show a decline in faculty publications
during 1992 to 2001 is because of the pro-
found shift in attention, energy. and resources
on the part of both faculties as they worked
toward the common goal of integrating the
nation's largest private medical school, a col-
lege of nursing and health professions, and a
school of public health into a consolidated,
fully integrated university. This formidable
and unprecedented undertaking was a suc-
cess, and research and publishing are now
thriving at Drexel University.

Telling a story “by the numbers™ alone can
sometimes mean a tale halt-told. Drexel and
likely other umiversities accept N5SF’s chal-
lenge to step up productivity and are already
meeting it.

STEPHEN W. DIRECTOR

Office of the Provost, Drexel University, Philadelphia, PA
19104, USA.

Threats to Privacy

Protection

W. W. LOWRANCE AND F. 5. COLLINS RAISE
excellent points in their Policy Forum “ldenti-
fiability in genomic research™ (3 August, p.
600}). Assuring privacy protections in both
genomic research and medicine practice is of
urgent concern.

A recent Scieniific American article (/)
describes how even deidentified data can be
used to reidentify individuals, specifically
when bits of information exist in public
databases. The article recounts the work of
Lantanya Sweeney, who runs the Data Privacy
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Laboratory at Carmnegie Mellon University.
Her research found that reidentifying personal
information is simpler than one might have
imagined. In one case, a banker cross-
referenced information in publicly available
hospital discharge records against his chient
list to determine whether any of his clients had
cancer. [f they did he called in their loans. In
another case, Sweeney found a way to reiden-
tify patients with Huntington discase even
after all information about the patients had
been deleted from their records. She com-
bined known sequencing data indicating the
presence of the disease with hospital dis-
charge records. which included patients’ ages,
and succeeded in accurately linking 90% of
the Huntington disease patients with DMNA
records on file.

Privacy involves more than the deidentifi-
cation of personal information, as illustrated
by the 2004 LS, Appeals case Northwestern
Memarial Hospital vs. John Asheraft. The
case centered on Ashcroft’s attempt to sub-
poena roughly 45 Northwestern Memorial
Hospital patient records for use in an upcom-
ing trial in the Southern District of New
York to challenge the constitutionality of
the Partial-Birth Abortion Ban Act of 2003,
Although patient records would have been
anonymized prior to release, patients noncthe-
less protested against Asheroft's access on
grounds that anonymization did not fully pro-
tect their privacy. The hospital went to court to
block Ashcroft, and the patients prevailed.
The court determined that Northwestern

Memonal Hospital was not required to com-
ply with a subpoena from the Justice Depart-
ment for abortion patients’ medical records.
Importantly, the court stated, “Even if there
were no possibility that a patient’s identity
might be learned from a redacted medical
record, there would be an mvasion of privacy.
If Northwestern Memorial Hospital cannot
shield its abortion patients’ records from dis-
closure in judicial proceedings, moreover, the
hospital will lose the confidence of its
patients, and persons with sensitive medical
conditions may be inclined to turn elsewhere
for medical treatment™ (2).

CAROL ISAACSON BARASH

Genetics, Ethics, and Policy Consulting, Inc., Boston, MA

02130, USA E-mail: charash@gepd.com
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Potent Questions About
India’s Polio Vaccine

IN THEIR REPORT “NEW STRATEGIES FOR THE
climination of polio from India™ (17 Nov-
ember 2006, p. 1150), N. Grassly ef al discuss
the use of trivalent oral polio vaccine (OPV)
in India for supplementary immunizations
against type | poliovirus, During the past 5
years, OPY efficacy in relation to confirmed

CORRECTIONS AND CLARIFICATIONS

News of the Week: “Is battered Arctic Sea ice down for the count?” by R A. Kerr (5 Octaber, p. 33). The caption for the
qgraphic should have noted more fully that the analysis rendered in the plot was different from the analysis discussed in the
text. Aparticular year's sea ice area differed in the two analyses, but the long-running dowmard trend and the sharp dedline
in 2007 were the same,

TECHNICAL COMMENT ABSTRACTS

CommenT oN “A G Protein-Coupled Receptor Is a Plasma Membrane Receptor
for the Plant Hormone Abscisic Acid”

Christopher A. Johnston, Brenda R. Temple, Jin-Gui Chen, Yajun Gao, Etsuko N. Mariyama,
Alan M. Jones, David P. Siderovski, Francis S, Willard

Liu efal. (Reports, 23 March 2007, p. 1712) reported that the Arabidopsis thaliona gene GCR2 encodes a seven-transmem-
brane, G protein=coupled receptor for abscisic acid. We argue that GCR2 s not kely to be a ransmembrane protein nor a
G protein=coupled receptor. Instead, GCRZ is mast likely a plant homolog of badterial lanthionine synthetases.

Full text at www.sciencemag.org/cgifcontentfulli3 18/5852/914¢

Response T0 CoMmMENT oN “A G Protein—Coupled Receptor Is a Plasma
Membrane Receptor for the Plant Hormone Abscisic Acid”

Xigang Liu, Yanling Yue, Wei Li, Ligeng Ma

Our study provided experimental evidence that GCR2 & a membrane-assodated abscisic acid receptor that interacts with the
G pratein ¢ subunit GPAL in Aratvdopsis. Although we cannaot nule out GCR2 as a lanthionine synthetase homolog, our data
indicate that it may define a new type of nonclassical G protein=coupled receptor,

Full text at wwe sciencemag.orgfcgicontent full3 18/5852/914d
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cases of type | paralytic poliovirus and
number of doses (Grassly er al.’s Fig. 3)
suggests that poor-quality vaccine lots are
being dispensed during primary and supple-
mentary immunization. The chances of any
recipient receiving adequate immunization
against three poliovirus serotypes depend
on the quality of OPV available locally.
Suboptimal immunizing doses or missed
immunizations would lead to individuals who
do not respond to multiple OPY doses.

Assays for the total viral content (/) of the
vaccine dose are biased in favor of type |
poliovirus. Potency assays on tri- or univalent
lots retrieved from field usage would be more
reliable than any cumulative thermal color
changes observed by vaccine vial monitors.
Vaceine vial monitors are just physical indica-
tors of temperature. They do not indicate the
period {duration} of exposure to such a tem-
perature. Furthermore, they do not indicate
the extent of exposure to sunlight and would
not indicate the biological activity in the vac-
cine vial container (). Inadvertentuse of poor
immunogenicity lots (3) and brutal handling
of OPV aliquots (4) are widespread.

It is at least possible that the apparent
absence of genetically divergent vaccine-
derived polioviruses correlates with field
usage of poor-quality OPY,

SUBHASH C. ARYA AND NIRMALA AGARWAL
Sant Parmanand Hospital, 18 Alipore Road, Delhi 110054,
India. E-mail: subhashfi@hotmail.com
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Response
ARYAAND AGARWAL ARE CONCERNED ABOUT
the potency of trivalent oral polio vaccine
{OPY) administered to children in India and
the possibility of low potency contributing to
low efficacy of this vaccine in Uttar Pradesh.
This concern seems to flow from several mis-
understandings about the testing, distribution,
and use of OPV in India.

All OPV released for use in India is tested
by the producer and. subsequently, by a
national reference laboratory before release.
All batches released in India are potent
according to international standards. Titers of
cach individual Sabin virus and atotal titer are
evaluated. A specific. internationally agreed-

SCIENCE www.sciencemag.org




LETTERS

216

upon benchmark titer is used to assess potency

(for example, each dose must contain titers of

Sabin serotype 1 virus that exceed 10° tissue
culture infective doses). Thus, the suggestion
that assays used to assess potency are some-
how biased and misleading is incorrect.
Adfter testing, vaccine is distributed in a
refrigerated “cold chain™ throughout the
cowuntry. Each vial of vaccine includes a vac-
cine vial monitor (VV M), which indicates
cumulative heat exposure over time. The
VVM is calibrated to alert the vaccinator
when the vial has become exposed to
enough heat over time to reduce potency to a
level that would hinder the protective effect,

Letters to the Editor

Letters {~3 00 words ) discuss material published
in § 1 the previous 3 months or issues of
general interest. They can be submitted through
rol or by regular
mail (1200 New York Ave., NW, Washington, DC
20005, USA). Letters are not acknowledged upon
ors generally consulted before
published in full or in part,
letters are subject to editing for clarity and space.

the Web (www.submit 2science

{Arya and Agarwal incorrectly state that
VVMs do not measure heat exposure over
time.} Thus. although the VVM does not
directly measure potency. it provides infor-
mation about the main factor that affects
potency. Vaccine vials whose VVMs indi-
cate that they have not been maintained at
the correct temperature are discarded. This
system ensures that only potent oral polio
vaccine is administered to children in India.
Monitoring data shows only a very small
minority of vaccine vials observed in the
field indicate overexposure to heat (less than
%) (1), In addition, a recent laboratory
evaluation of monovalent and trivalent OPV
retrieved from the field in Uttar Pradesh dur-
ing the 2006 mass immunization campaigns
demonstrated adequate potency in all vials
with VVMs indicating potency [a sample of
345 vials from 69 districts (2}].

Arya and Agarwal cite an article about a
Nigerian measles immunization program,
which is of negligible relevance to a discus-
sion of the Indian polio immunization pro-
gram, and an article about the cold chain in
Chandigarh, which, although in India, is an
area that eliminated wild polio virus transmis-

sion years ago with the trivalent vaccine.
Thus, neither of these references supports a
serious concern about the cold chain capacity
in India as a potential cause for reduced vac-
cine effectiveness.

Finally, the assertion that the absence of
genetically divergent vaccine-derived polio
virus (VDPV) is consistent with use of poor-
quality vaccine isnot true, The mostimportant
risk factor for development of circulating
VDPV is low population immunity levels. If
the vaccine was poorly immunogenic, low
population immunity would result, and one
would be likely to see more, not fewer,
episodes of circulating VDPY,

NICHOLAS C. GRASSLY,! JAY WENGER,®

R. BRUCE AYLWARD?

IDepartment of Infectious Disease Epidemiology, Imperial
College London, Norfolk Place, London W2 1PG, UK.
‘Mational Polio Surveillance Project, World Health
Organization, R. K. Khanna Tennis Stadium, Africa Avenue,
Safdarung Enclave, Mew Delhi, 110029, India. *Global

Polio Eradication Initiative, World Health Organization, 20
Avenue Appia, CH 1211 Geneva 27, Switzerland.
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FREE Drug Development Resources for the
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On a competitive basis, the NIH offers certain critical
resources needed for the development of new small
molecule therapeutic agents. The NIH-RAID Pilot is
not a grant program. Successful projects will gain
access to the government’s contract resources. Services
include: Synthesis in bulk of small molecules;
Synthesis of oligonucleotides; Chemical synthesis of
peptides; Scale-up production; Development of
analytical methods; Isolation and purification of natural
products; Pharmacokinetic’/ ADME studies including
bioanalytical method development; Development of
suitable formulations: Manufacture of clinical trial drug
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Arguing for Computational Power

Daniel Diermeier

carly every book on agent-based

moadels (including Generative Social

Science) features advanced praise on
the dust cover that highlights the tremendous
promise of agent-based modeling, Agent-
based modeling. however, is now at least 35
years old—counting from the publication
of Thomas Schellings Micromaotives and
Meacrobelavior (I)—and its impact on main-
stream research in the three major social sci-
ences (economics, sociology, and political sci-
ence) has been limited in contrast to, say, that
of game theory. Before the rcader jumps to
conclusions about conspiracies among scien-
tific elites that rigidly hold on to existing
views, itis worth keeping in mind that over the
past 15 years, the supposed fortress of ortho-
doxy, theoretical economics, has been revolu-
tionized atleast twice: firstby the introduction
of evolutionary game theory and more re-
cently by the birth of behavioral cconomics
and neuroeconomics. Agent-based models
have had no similar impact.

Joshua Epstein’s book is a clear and highly
illuminating response to this challenge. Much
of Generative Social Science is not new.
Indeed, most of the book is essentially an
anthology of previous work by Epstein (an
economist at the Brookings Institution) and his
coauthors. It should be noted that having all
these contributions in one place isnot only use-
ful but pleasing. It is a delight to reacquaint
oneself with such gems as the work on the cul-
ture, population, and behavior of the Anasazi
and the consideration of civil violence,

For the reader manly interested in what is
new in agent-based modeling, the first two
chapters are by far the most interesting,
Epstein’s main argument is that agent-based
models have been both misinterpreted and
evaluated by the wrong standards. He con-
tends that (i) contrary to common belief,
agent-based models do satisfy our standards
of scientific theories: (ii) according to many
explanatory criteria, agent-based models out-
perform more traditional models given those
explanatory standards: and (1i1) they exem-
plify a different type of explanatory criteria
appropriate for “generative social science.”

The reviewer is at the Northwestern Institute on Complex
Systems and the Kellogg School of Management, 2001
Sheridan Road, Leverone Hall 585 Morthwestern
University, Evanston, IL 60208-2009, USA. E-mail:
d-diermeier @kellogg norhwestern.edu
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The generative standard is epit-
omized in the slogan “if
you didn’t grow it, you didn’t
explain it.”

This generative approach,
of course, is not new. It has
predecessors in Chomskyan
linguistics and even Thomas
Hobbes's Elements (2). There
is, however, some tension be-
tween arguments (i) and (i1),
which presuppose a more tra-
ditional model of explanation,
and argument (iii), which of-
fers a rather different model of explanation.
This is not just a philosophical exercise as, on
closer inspection, much of Epstein’s argument
depends on whether we indeed accept genera-
tive explanations as somehow superior. The
author, however, does not provide any reasons
why a generative approach is superior.

To see some of the possible problems, con-
sider the converse of the generativist claim: *1f
you grew it, vou explained it.” In the agent-
based tradition, considerable emphasis is
placed on the fact that “simple™ rules lead to
the “emergence” of “complex™ behavior.
Epstein provides a nice, somewhat tongue-in-
cheek. discussion of the vagueness and ambi-
guity of emergence in the agent-based model-
ing community, but the generativist slogan

Science

Modeling

Complexity.

Generative Social

Studies in Agent-
Based Computational

by Joshua M. Epstein

Princeton University Press,
Princeton, NJ, 2006. 378
pp. plus CO. 34950, £29.95.
ISBN 9780691125473.
Princeton Studies in

rests itself on the importance of simple rules.
Suppose, for example. that one provides a
generative model of biological organisms
using micro-rules that violate basic pnnciples
of physics. Would we consider this an expla-
nation? | think not. (Moves
toward pragmatist accounts of
explanation should be resisted:
they may let agent-based mod-
els off the hook, but they also
absolve rational choice—based
theories.) My scnsc is that
many of the rules used in agent-
based models have that feature.
They are too simple to be plau-
sible. This is particularly im-
portant in the economic con-
text, where we can easily devise
strategies that would be able to
outperform the proposed rules.
Dropping the fixation with a generativist
approach and simple rules may offer some
promising directions for agent-based model-
ing—for example in its relation to game the-
ory, which plays the role of the ancien négime
to Epstein’s revolution. Epstein argues that the
central solution concept in noncooperative
game theory, Nash equilibrium, cannot pro-
vide an explanation of how equilibrium states
can be attained. The focus on Mash equilib-
rium and its static properties, however, scems
quite outdated. The issue of how players con-
verge on equilibria has been the subject of an
extremely active and mfluential research area,
evolutionary game theory. This approach 1s
not generative inthe sense of Epstein, because
the underlying rules are not simple. Rather,

Scene for simulations. The Artiticial Anasan Project used archaeological data from Long House Valley,
northeastern Arizona, to evaluate the results of an agent-based model of settlement patterns and demo-
graphic behavior on a landscape of annual variations in potential maize production.
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they build on insights from psychology and
incorporate learning, adaptation, and so forth.

Unfortunately, much of evolutionary game
theory is solely concerned with foundational
questions, e.g., how to characterize Nash
equilibrium (or its refinements) in terms of
adaptive mechanisms. Much less work has
tocused on using the proposed dynamic mod-
cls directly to explain social phenomena.
Given, on the one hand, the computational dit-
ficulties to doing that and, on the other hand,
the rich modeling capabilities offered by
agent-based models, there seems to be ample
room for collaboration and convergence.
Perhaps such efforts offer a more fruitful
direction than the ongoing argument over
which approach is right.

Epstein’s book is a concise and well-
articulated defense of agent-based model-
ing. Generative Social Science is essential
reading for anyone seriously interested in
the foundations and the practice of agent-
based modelmg. In my view it does not setile
the questions, but stating them clearly and
providing a clear and provocative argument
is no minor achievement.
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EVOLUTION AND BEHAVIOR

Simple Maths for a
Perplexing World

Daniel J. Rankin

harles Darwin famously remarked
‘ that those versed well in mathematics

are endowed with something akin to
an extra sense. In the past half century, mathe-
matics has brought a great deal of insight into
evolutionary biology, and perhaps for this rea-
son hoards of mathematicians and physicists
tflock to biology to apply their insight. The
depth and range of topics dealt with in
Richard McElreath and Robert Boyds
Mathematical Models of Social Evolution
keenly demonstrate how far that extra sense
can bring us.

The reviewer is at the Department of Behavioural Ecology,
Institute of Zoology, University of Bem, Wohlenstrasse
S0a, CH-3032 Hinterkappelen, Switzerland, E-mail:
daniel.ranking@esh.unibe.ch

The book begins with the analogy that
mathematics is like Latin: everyone knows a
few words, but very few people can understand
asentence. The analogy is a good one, as math-
ematics takes a back seat in most biology pro-
grams. McElreath and Boyd (anthropologists
at, respectively, the Umiversity of California,
Davis, and the University of California, Los
Angeles) hope fornothing less than a reforma-
tion in evolutionary biology, and like Martin
Luther (who translated the Bible from Latin
into the vernacular), they succeed very well in
conveying their ideas to the perplexed. Simply
flicking through the book without reading the
details is enough to panic anvone with even a
slight phobia of equations: the book is packed
with squiggles, little letters, and strange-
looking symbols. Taking the plunge. however,
reveals that the authors have explaimed each
step of the chosen models as clearly as possi-
ble. These widely used models
are elegant in their mathemati-
cal simplicity, and at times the
prose reads like a bedtime
story., prompting the reader to
think “how simple!™

Each chapter is followed by
a guide to the relevant litera-
ture, and a detailed appendix
covers some of the most useful
techniques in mathematical
biology. Classic topics such as
animal conflict, sex allocation,
and dispersal are discussed.
Disappointingly, the authors neglect a few
well-used approaches, including simulations
{which they dismiss from the start), standard
optimization theory, and dynamic program-
ming. Those interested in such tools will find
Hanna Kokkos recent book (/) helptul.

Much of the mathematical theory of social
evolution theory stems from the work of W. D.
Hamilton, and his results feature prominently
in the book. The two chapters devoted to coop-
eration and reciprocity introduce both game
theoretical and inclusive fitness techniques
for approaching these problems. These chap-
ters offer a comprehensive introduction to
what increasingly seems a mammoth field on
its own; clearly, the tool box that the authors
use in their day-to-day research is immense.
Hamilton (2) noted that altruistic behaviors
could evolve if the cost (¢) that an altruist paid
was less than the benefit of the recipient,
weighted by therelatedness coefficient (#y: c <rb,
known as Hamilton's rule. One long-standing
issue in the field of social evolution concerns
what role group selection (where an individ-
ual’s fitness depends on the success of the
group) plays in the evolution of altruism—a
question recently addressed in (3, 4). In their

Mathematical Models
of Social Evolution

A Guide for the Perplexed

by Richard McElreath
and Robert Bayd

University of Chicago Press,
Chicago, 2007,

428 pp. $62.50, £39.50.

[SEN 9780226558264,

Paper, $25, £16.

ISEN 9780226556271
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chapter on selection among groups, the
authors use an elegant model to show that both
kin selection and group selection approaches
to altruism yield Hamiltons rule. As they
remark: “There is only one world out there. It
would be bad if changing the way we did the
accounting of genes changed the answer”

One of the most interesting topics
McElreath and Boyd cover is social learning
{learning fromobserving and copying others).
Many animals have the ability to copy cach
other: thus, behaviors can be transmitted by
learning from other animals as well as by
genes. In the introductory chapter, the authors
discuss a simple model that allows one to cal-
culate the frequency of copied behaviors
when animals estimate payoffs to others in
deciding whether to imitate another individual
and which behavior to copy. In their chapter
on animal communication, the authors con-
sider such cultural inheritance
in a fictitious species that
ihabits a changing environ-
ment. Using a model of gene-
culture coevolution (which
allows both genes and cultur-
ally inherited traits to evolve),
they then examine the condi-
tions under which social learn-
ing can evolve, They show that
for more predictable environ-
ments, social leaming is favored
over individual learning ( learn-
ing purely from ones own
expenence). The field of cultural evolution is
still fertile ground. and the ideas presented
in the authors” discussion of social learming
will spur many a biologist to think more
about the role of cultural transmission in evo-
lutionary change.

Mathematical Models of Social Evalution
will no doubt reward psychologists, sociolo-
gists, and cconomists interested in evolution-
ary theory, Anyone desining a thorough, yet
down-to-Earth, introduction to modeling in
social evolution couldn’t do much better than
to read this book. Using little more than high
school mathematics, McElreath and Boyd
show how one can take a big step toward
understanding many perplexing evolution-
ary processes.
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Rethinking Desalinated Water
Quality and Agriculture

U. Yermiyahu,' A. Tal,>* A. Ben-Gal,' A. Bar-Tal,? J. Tarchitzky," 0. Lahav®

ith almost half of humanity suffer-
ing insufficient access to potable
water (/) and water scarcity for

agriculture considered to be a global crisis (2),
seawater desalination has emerged as a feasi-
ble solution. Between 1994 and 2004, world
desalination capacity increased from 17.3 o
35.6 million m*/day (3).
At present, seawater desali-
nation provides 1% of the
world's drinking water (4).
Desalinized water is
increasingly considered a
source of water for agricul-
ture as well. With 69% of
the global water supply
going toirrigation (3), pres-
ent freshwater resources
may soon be insufficient to
meet the growing demand
for food. A recent report (6)
concludes that, although
the costs of desalination
remain prohibitively ex-
pensive for full use by irri-
gated agnculture, for high-
value cash crops like green- pH
house vegetables and flow-

Parameter
EC (d5/m})

[Cl7] (mafiter)
[Na*] (mg/liter)
[Ca?*] (mgliter)
[Mg?*] (may/liter) 0
[50427-5] (mgfliter)

[B] (mgAiter)

Alkalinity (mg/liter as CaC03)
CCPP (mgliter as CaC03)

tively higher priced desalinized waters.

In December 2005, a new scawater desali-
nation plant was opened in Ashkelon, on
lsrael’s southern Mediterranecan coast, Its
100,000,000 m*/vear production makes it the
largest reverse-osmosis (RO) desalination
facility presently in operation worldwide (&).

Recommendation for
domestic and
agricultural usage

Water from Ashkelon
desalination plant

Damage to crops after irgation with extremely
pure water from the world’s largest reverse-
osmosis desalination plant reveals a need for
revised treatment standards.

by its electrical conductivity (EC). The EC of
water produced at the Ashkelon desalination
plant 15 0.2 to 0.3 dS/m, replacing water from
a national distribution system with an EC
higher by a tactor of three to five.

Boron (B) concentration in seawater aver-
ages 4.5 mg/liter and is slightly higher in the
Mediterranean Sea. At these
concentrations, B does not
constitute a threat to human
health ( /8) but 15 highly toxic
to many crops (//). Boron in
neutral and acidic environ-
ments readily passes through
the RO membranes. Without

D:eabie =i additional treatment, B in
15-20 <20 Mediterranean seawater after
9-10 <20 RO will reach 2 mgliter,

2 which is toxic for all but the

40-46 32-48 most  tolerant crops (7).
12-18 Toxicity symptoms in orchards

20-25 =30 were observed after irrigation
with effluent originating from

0.2:0.3 0.2=0.2 desalinated municipal water in
48-52 >80" Eilat with ~1.2 mg/liter B pro-
0.7-1.0 3-10* duced. Concentrations of 2
8.0-8.2 <8.5% mg/liter B in irnigation water

also caused reductions in

ers, its use may be econom-
ically feasible.

In a few countries,
desalinized brackish water (whose price 1s
typically a third of desalinated seawater) is
already widely used by farmers. For instance,
~22% of water desalinated in Spain goes to
agncultural irrigation (6). An Australian sur-
vey found that 53% of the population envi-
sioned desalinated water usage for irrigation
of vegetables as highly likely (7). In Ismel, the
promise of new, profitable crop options has
mspired farmers to request allocations of rela-
"ngricultural Research Organization, Gilat Research
Center, Mobile Post Megev 2, 85280 Israel. *Mitrani
Department of Desert Ecology, Blaustein Institutes of
Desert Research, Ben-Gurion University of the Negev,
Sede Boger Campus, 24990 Israel, *Institute of Soil,
Water, and Emvironmental Sciences, Agricultural Research
Organization, The Volcani Center, Post Office Bex 6, Bet
Dagan, 50250 lsrael. *Extension Service, Mimistry of
Agriculture, Post Office Box 25, Bet Dagan, 50250, Israel.

“Faculty of Civil and Emvironmental Engineering,
Technion, Haifa, 32000 Israel,

*Auther for correspondence: E-mail alontal@bgu.ac.il
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*Volue based on the new [sraeli recommendations for desalinated water.

It 15 also the world’s first desalination facility
to produce potable water from seawater at a
price below 50.55m* (9). Although the
Ashkelon facility was designed to provide
water for human consumption, because of rel-
atively modest population densities in south-
ern Israel, a substantial percentage of the
desalinated scawater was delivered to farmers,
Recent evaluation of the effect of the plant’s
desalinized water on agriculture, howewver,
produced some surprising, negative results.
Changing these outcomes will require modi-
fying future water management orientation
and revision of desalination standards.

Effects of Desalinization

When farmers receive desalimized water, the
lowered salinity is perceived as a bonus,
because the salts (especially Na® and Cl')
damage soils, stunt plant growth, and harm
the environment, Salinity in water is measured

vields in peanuts and tomatoes
inthe Negev region (12, 13).
Desalination not only sep-
arates the undesirable salts from the water,
but also removes 1ons that are essential to
plant growth, Desalinized water typically
replaces irmgation water that previously pro-
vided basic nutrients like calcium (Ca®"),
magnesium (Mg*"), and sulfate (SO, ) at
levels sufficient to preclude additional fertil-
ization of these elements,

Although water from lIsracl’s national
water carrier typically contains dissolved
Mg levels of 20 to 25 me/liter, water from
the Ashkelon plant has no Mg®". After farmers
used this water, Mg”* deficiency symptoms
appeared in crops. including tomatoes. basil,
and flowers. and had to be remedied by fertil-
ization. Current lsraeli drinking water
standards set a minimum Ca®” level of 20 mg/
liter. The postdesalination treatment in the
Ashkelon plant uses sulfuric acid to dissolve
calcite (limestone), resulting in Ca?” concen-
tration of 40 to 46 mg/liter. This is still lower
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than the 45 to 60 mg/liter found in typical
Israeli freshwaters. Other postireatment
processes, such as dissolving CaCO, with
gaseous CO,, planned in future local desali-
nation plants, will produce a Ca® concentra-
tion of 32 mg/liter. Calcium is not just a nutn-
ent required by plants; its interactions with
other nutrients and with growth-limiting fac-
tors, including plant discase agents, makes
changes in its content and relative concentra-
tion particularly problematic (14, 135).

During the desalination process, SO,% is
removed completely. In the Ashkelon plant,
sulfur is added coincidental to the use of sul-
turic acid for dissolving calcite in the post-
treatment stage. Ultimately, Sﬂf concentra-
tions settle at 20 to 25 mg S/liter, similar to
freshwater levels. However, sulfur deficiency
could emerge as a problem in other systems
where alternative methods for Ca®* enrich-
ment are practiced. In intensive horticulture,
the average recommended SO,* concentra-
tion i wrngation water 1s 38 mg S/hiter,
whereas the minimum concentration recoms-
mended for tomatoes is much higher: 141 mg
Sihter (/6).

Desalinated irrigation water in Israel is
often blended with other water sources. As a
result, the quality of the final water actually
delivered to farmers is unreliable. RO wateris
low in dissolved substances, with little buffer-
ing capacity relative to that of freshwater,
Low buffering capacity increases risks of cor-
rosion to metal distribution pipes. 1t also can
have a profound impact on pH {and agricul-
tural productivity) when the water is mixed
with other sources.

Economic Factors

The cost of desalinating | m® of seawater at the
Ashkelon plant was 50.55 in 2006; in smaller
tacilitics, the cost using the same technology
could reach $1/m* This cost includes B
removal and addition of SO, Ca®, and alka-
linity by means of a calcite-dissolution post-
treatment process. Additional enrichment of
the desalinated water with Mg®* would raise
the price further.

According to new recommendations for
desalinated water in Israel (/7). dissolved
Ca** concentrations should not be increased
beyond 48 mg/liter. This Ca®" ceiling is based
on economic considerations, to minimize
problems related to excess hardness for users
in the industrial and municipal sectors.
Although magnesium is not included n local
water-quality criteria, it is welcome in desali-
nated water not only for agncultural but also
human health objectives: The World Health
Organization (WHO) recommends maintain-
ing levels of about 20 to 30 mg/liter Ca®* and
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10 mg/liter Mg®" in drinking water (/).

To meet agricultural needs, missing nuiri-
ents might be added to desalinized water in
the form of fertilizers. Supplying Ca?* and
Mg at 24 and 12 mg/liter, respectively, costs
~50.09/m*. Direct chemical dosage at the
desalination plant to increase Mg?* is also a
relatively expensive alternative (adding
~50.045/m? to the overall posttreatment cost
when 10 mg/liter Mg®* is supplied as MgCL).
It also results in addition of unwanted
counter anions, Dissolving dolomite rock
[CaMg(CO,),] to meet Ca*', Mg*, and alka-
linity criteria would only cost between $0.01
and $0.02/m?* above the cost of existing cal-
cite dissolution (/7). Yet there are several
potential problems associated with dissolved
dolomite rock, most notably the relatively
slow dissolution kinetics. An alternative
process, where excess Ca’" ions (generated
in the common H,S0-based calcite dis-
solution posttreatment process) are replaced
with Mg”" ions originating from seawater
(extracted wusing  specific ion-exchange
resins) has been suggested. This alternative
will balance SO, Ca*", Mg®", alkalinity,
and pH composition in desalinated water at a
cost-effective price (/9).

If the minerals required for agriculture
are not added at the desalination plant, farm-
ers will need sophisticated, independent
control systems in order to cope with the
variable water quality. Such systems can
involve farm-scale water storage facilities,
water-quality monitoring equipment, and
fertilizer-pumping facilities capable of re-
acting to input water quality. The on-farm
capital costs of such equipment are likely to
reach 510,000 per agricultural unit, and
associated operational costs will add addi-
tional expenses to the equation.

Conclusions

If desalinized water was destined for agnicul-
tural usc alone, simple blending strategics
would be the most probable economical strat-
cgy. providing stable and high water quality.
Yet, in more typical cases, where water sup-
plics both municipal and agricultural uses,
economic efficiency requires a balancing of
treatment costs, drinking-water quality, and
agricultural benefits. On the basis of recent
Israeli experience, we recommend expanding
water-quality parameters in desalination facil-
ities that may supply water to farmers (see
table, p. 920). The proposed standards are
based on lessons learned during the initial
operation of the Ashkelon plant and water
quality guidelines that were subsequently
recommended (20), as well as the actual agro-
nomic consequences for local farmers

POLICYFORUM

discussed above (14, 15). The standards are
relevant for dry land regions but will probably
not be cost-effective for areas where agricul-
ture does not rely heavily on rrigation.

These expanded criteria neither contradict

nor compromise the quality of the water for
human consumption as defined by WHO
standards (27). On the contrary, increased
buffering capacity and higher Ca®* and Mg
concentrations make the water more chemi-
cally and biologically stable and provide a
higher amount of essential clements, which
contribute to public health, Desalination facil-
ities built today will be in place for decades,
making planning now essential for long-term
increased economic prosperity and agricul-
tural productivity.

u

i

B

15,

17

19.
20.
1.

VOL 318 9 NOVEMBER 2007

References and Notes

. P.H. Gleick, The World s Water 2002=2003: The Biennial

Report on Freshwater Resowrces (land Press,
Washingten, DC, 2002).

. S. Postel, Pillar of Sand: Can the Irrigation Miracle Lost?

[World Watch, Washington, [, 1999),

. International Desalination Association (DAY, Worldwi de

Desalting Inventory (IDA Report na. 18, Wangnick
Consulting, Gnarrenburg, Germany, 2004);

wwLwangnick.com.

. European Commisshon, Emdronmental Technologies

Action Plan, “Water desalination market acceleration”
(EC, Brussels, 2006); hilpi¥ec europa. eufemironment/
etappdishuatedesalination.pdl,

. G, Meerganz von Medeazza, Desalination 169, 287 (2004),
. ). Martinez Beltran, 5. Koo-Oshima, Eds,, Warer Desali-

nation for Agricwfural Applications (FAD, Rome, 2006).

. 5. Dolmicar, A 1. Schaler, presentation at the Proceedings

of the AWWA (Amenican Waste Water Associationh
Desalination Symposium, Honolulu, 7 to 9 May 2006;
available at hitp:ffro.uswedwawcommpapers 138 (2006).

. M. Tal, Science 313, 1081 (20048),
. R.F. Service, Scienge 313, 1088 (2005,
. F.). Musrray, Regul. Taxicol, Pharmacol, 22, 221 (19950,

R. 0. Nable, G. 5. Banuelos, ). G. Paull, Plant Soif 193,
18141997).

. M. Ben-Gal, U, Shani, Plant 5ol 247, 211 (2002).
o U Yermiyahu, ). Zilberman, A. Ben-Gal, R. Keren, paper

presented at the World Congress of Soil Science,
Philadelphia, PA, 10 to 15 July 2006.

. U Yermiyahu el @, "Irriga'liqn ol crops with desalinated

waler” [in Hebrew] (Repaort submitted to Chiel Scientist,
lsrael Ministry of Agriculture and Rural Development,
Tel-fwiv, lsrael, 2007), 15 pp.

. U Yermiyahu, 1. Shamai, R. Peleg, N. Dudai,

0. Shtienberg, Plant Pathol 55, 544 (2006,

C. de Kreij, C Sonneveld, M, G Warmanhown, N. Straver,
Guide Values for Nutrient Elesment Contents of Vegetables
and Flowers Under Glass (Naaldwijk, Aalsmeer, 3rd ed.,
Netherlands, 1992).

Joint Committee appainted by lsrael Ministry of
Agrbcidture and Risral Development and lsreel Water
Authaority, “Quality of Desalinated Water for Agriculture”
[Final report, in Hebrew] llsrael Gavernment, Tel-Aviy,
Israel, Detober 20071,

« WHO, Nubients in Drinking Water (Water Sanitation and

Health Protection and the Hieman Emaronment, WHO,
Geneva, 2005).

L. Birnhack, 0. Lahav, Water Res. 41, 3989 (2007,
0. Lahav, L. Birnhack, Desalination 207, 286 (2007).
WHO, Guidelines for Drinking-Water Quality (WHO,
Geneva, 3rd ed,, 2004}, chap. 12, annex 4.

10.11 26/ cience, 11463 3%

921




922

ASTRONOMY

Mixing a Stellar Cocktail

Carinne Charhonnel and Suzanne Talon

o simulate a star on a com-

puter. you need equations

describing the behavior of
gases under the action of gravity,
You must include nuclear reac-
tions that release energy and pro-
duce elements bevond hydrogen.
Furthermore, you have to describe
how energy is carried through the
star, either by photons, electrons,
or moving matter. Finally, you
must spin your star to shape the
internal rotation as well as the
internal distribution of chemical
elements. You can then watch your
theoretical star evolve and see that
the model reproduces the main
observational features of real
stars, such as overall temperature
and luminosity. However, your
muodel will not pass all the tests. In
particular, you won't predict that the interior
ofthe Sun, the star we are most familiar with,
is rotating slowly (1, 2), nor will you propedy
describe the surface composition of Sun-like
stars. What went wrong?

The most serious problem is that the
models are missing a process to rigidify the
internal rotation of the star and reduce the
internal turbulent mixing from hydrody-
namic instabilities. To better understand
these effects, astrophysicists have been
secking inspiration from a new source: ter-
restrial atmosphere physicists. In the 1960s,
atmospheric scientists were intrigued by a
quasibiennial oscillation in the stratospheric
wind wvelocity above Earth's equator,
Lindzen and Helten (3) showed that it is
caused by wave-induced momentum trans-
port. It turns out that exactly this mechanism
may be relevant to processes inside stars,

The main waves responsible for this oscil-
lation are the so-called internal gravity waves.
These waves are present in stratified media
such as Earth’s atmosphere. where they are
excited by the turbulence of nearby regions.
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d'Astrophysique de Toulouse et Tarbes, Centre National de
la Recherche Scientifigue, Umiversité Paul Sabatier
Toulouse 3, 31400 Toulouse, France; 5. Talon is in the
Département de Physique, Université de Montreal,
Montreal PO H3C 3)7, Canada; E-mail: Corinne.
Charbonnel@obs unige.ch; talon@astro,umontreal.ca
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Low-mass star

Stirred and shaken. Schematic view of the interior of the Sun (left) and of a mas-
sive star (right), where areas with small eddies indicate convective regions where
energy is transported by large-scale motion. In radiative regions, energy is trans-
ported by photons. Red indicates fast rotation and blue indicates slow rotation. The
Sun hosts a convective envelope that generates internal gravity waves traveling
inward (arrows). In more massive stars hosting a convective core, gravity waves
travel outward. In both cases, there is a shear layer oscillation at the frontier
between the mdiative and convective regions.

Such waves are an important part of several
other phenomena in our atmosphere. (They
are responsible, for example, for the clear-air
turbulence that is feared by plane passengers
and for stratosphernic sudden warming caused
by the dissipation of planetary waves.) Their
crucial characteristic is that they produce
momenium transport that cannot be modeled
as a diffusive process (4).

In stars, the interesting property of gravity
waves 1s that they pump angular momentum
from the region where they are excited and
dump it where they are damped. The nonlocal
nature of this transport makes it a very effi-
cient process to shape the internal rotation of
gascous bodies. Gravity waves are excited
inside convective regions (see the figure).

They travel and are damped in the radiative

region over distances that depend on their
wavelength and frequency,. These waves can
be retrograde or prograde—that is, they travel
either against or with stellar rotation; the
same waves also propagate radially, from the
convection zone border into the radiative
zone. Differential rotation induces a Doppler
shift in the wave frequencies that is different
for prograde and retrograde waves that con-
vey positive and negative angular momentum
respectively. The result 15 a local oscillating
shear similar to the atmosphenc quasi-bien-
nial oscillation. This local shear thenacts asa
filter: small wavelength waves are all damped
there, while the large wavelength waves that

Massive star

Waves similar to those observed in Earth's
atmasphere may strongly influence the internal
structure of the Sun and other stars.

transport ;lngtﬂur momentum
such as to reduce differential
rotation between the radia-
tive and the convective region
are favored.

The impact of gravity
waves has been extensively
studied in the case of the
Sun, in which the convective
region extends over the outer
30% in radius. The wave-
induced oscillation ocours just
below, at the boundary with
the radianve zone, over about
2% in radius (see the figure).
with a period on the order ot a
decade (3). Asin all low-mass
stars, the rotation of the Sun's
convection zone has slowed
down during its infancy. Thus,
the core happened to rotate
much faster than the surface. This favored ret-
rograde waves, which caused the core of the
young Sun to spin down on a time scale ofa
few hundred million years. In this framework,
a smooth rotation profile is expected in the
present Sun, consistent with helioseismologi-
cal observations. Hence, the Sun has weaker
hydrodynamic instabilities that lead to a sur-
face chemical composition n agreement with
spectroscopic measurements ().

But how far can we trust this model?
Thanks to terrestrial atmospheric physics, we
understand the general properties of gravity
waves, such as phase and group velocities and
damping. What is still uncertain is the effi-
ciency of wave generation by turbulent con-
vection. To this day, stellar modelers rely on
rather crude prescriptions for convection.
Consequently, the spectrum of the waves
excited by convective motions in stars remains
elusive. To refine our knowledge of wave
excitation, we await the outcome of three-
dimensional simulations of convection that
reproduce stellar conditions. We are not in
total darkness. however, because the one-
dimensional prescriptions we use reproduce
the power spectrum of the solar pressure
waves seen in helioseismology (7). In addi-
tion, the secular evolution of the interior rota-
tion rate is not strongly dependent on the
detailed wave spectrum or on the exact input
ratc of encrgy in the waves.

What about other stars? The structure and
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position of convection zones vary with stellar
mass and age. As a result, gravity waves are
expected to alter stellar properties differently
depending on the star we look at. For stars
more massive than the Sun that host a convee-
tive core (see the right panel of the figure),
gravity waves travel toward the surface, where
they probably cause strong shears and keep
the chemical composition homogeneous over
a broad region (8). However, the influence of
waves on the overall rotation and on the ult-
mate fate of such objects remains to be ves-
tigated. Another promising avenue is the study
of evolved stars that develop convective
envelopes as thick as 95% of the stellar radius.
The associated gravity waves might counter-
act the acceleration of the contracting core
toward the end of the star’s life. By creating an
oscillating shear deep inside the star, the
waves may also modify nuclear burning in the
late stages of evolution. This could help solve

MATERIALS SCIENCE

long-standing puzzles about the chemical pat-
terns observed in stars at the end of their lives.

Step by step. gravity waves are gaining
credibility among stellar physicists. First
invoked in the synchronization of binary stars
(9, 110), they were soon suspected to transport
particles (//-15). A major breakthrough was
made 10 years ago when the impact of waves
on angular momentum was demonstrated
(16, I7), providing a beautiful solution to the
problem of the solar internal rotation (6). We
are now in a new era in which gravity waves
are becoming a key ingredient of modern
stellar models.
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How Does Radiation Damage

Materials?

Brian D. Wirth

diation on the properties of materials

have been recognized and studied for
over 60 years (). These effects can be detri-
mental {as in structural materials degradation
in nuclear reactors) or beneficial (as in the ion
beam processing of semiconductors for
the microelectronics industry). However. the
microscopic processes that underlie these ef-
fects are not entirely understood, limiting re-
searchers” ability to predict the consequences of
irradiation. The reports by Arakawa et al. (2)
and Matsukawa e al (3) in this issuc highlight
the limits of knowledge about nanometer-sized
dislocation loops in materials. The results
should stimulate additional research to better
understand these phenomena and to use the
unique diffiusion behavior to pattern materials
at the nanoscale.

Atomic-scale computer simulations are
now routinely used to study the radiation-
induced formation of “Frenkel pairs™ (in which
an atom or ion leaves its place in the lattice,
leaving a vacancy. and lodges nearby in the
crystal, becoming an interstitial ) and the behav-

Tlm often dramatic effects of particle irma-

The author is in the Nuclear Engineering Department,
University of Califormia at Berkeley, Berkeley, CA 94720,
LISA E-mail: bdwirthg@nuc.berkeley. edu

ior of clusters of these defects, Frenkel pair
formation occurs in displacement cascades,
involving a chain of atomic collisions after a
high-energy particle collides with a lattice
atom. Molecular<dynamics {MD) simulations
cin study radiation damage cascades produced
by high-energy (= 20 keV) collisions as well as

Prismatic dislocation loops. The stacking sequence
of crystalline planes demonstrating prismatic dis-
location loops formed from the clustering of the disc-
shaped platelets of (left) two layers of interstitials,
imiddle} two layers of vacancies, and (right} a single
vacancy layer. In a prismatic loop, the Burger's vector,
whichindicates the atomic displacement of the lattice,
is perpendicular to the line direction of the loop
periphery. The dislocation loops denoted in the left
and middle panels have a perfect Burger's vector,
which maintains the ABAB stacking sequence through
the loop. The dislocation loop in the right panel has a
faulted Burger's vector; thus, the ABCABC stacking
sequence is disrupted by the loop.
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Two experimental studies shed light on
the dynamic behavior of the defects
created by radiation damage in materials.

the structures and dynamics of defect clusters
containing hundreds of vacancies or intersti-
tials {4-). These studies reveal that both inter-
stitial and vacancy clusters, containing 20 or
more point defects, directly form in the dis-
placement cascades.

The interstitial, as well as vacancy, clusters
can form prismatic dislocation loops (see the
figure). In both body-centered cubic (BCC)
and face-centered cubic (FCC) matenals, the
prismatic interstitial-type loops have a perfect
Burger’s vector, whereas prismatic vacancy-
type loops in FCC materials can be perfect or
faulted. Vacancy cluster behavior is further
complicated because loop, as well as void or
stacking fault tetrahedra configurations are pos-
sible. The types of vacancy clusters formed dur-
ing irradiation depend on the relative formation
energies, which are known, and the kinetics of
vacaney cluster evolutions, which are not fully
understood.

MD studies of prismatic dislocation loops
show that interstitial loops can diffuse along the
direction of the Burger’s vector without an
applied stress (thermally-induced diffusion)
{3-7). The loop diffusion is one-dimensional
along the Burger’s vector and is characterized
by a standard Arrhenius diffusivity, Loops in
BCC metals, like iron, containing as many as
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100 interstitials diffuse with a low activation
energy and a pre-exponential factor that
decreases with increasing loop size. Similar
diffusion behavior occurs in FCC metals like
copper. although loop diffusivity decreases for
loops contaming more than about 50 intersti-
tials because the perfect dislocation separates
into partial dislocations bounding a stacking
fault. Few simulations of perfect vacancy loops
have been performed, because they are not
belicved as mobile as interstitial loops.

Molecular dynamics simulations of intersti-
tial loops containing more than a few hun-
dred interstitials have not been performed.
This is because loop migration is expected to
decrease to zero as the loop size approaches
that of dislocation lines observed in unirmdi-
ated materials. Such “conventional™ disloca-
tions, in the form of lines rather than loops, do
not move without an applied stress. However,
the size at which thermal diffusivity ceases is
notwell known. Inthe larger size limit, it is well
known that the motion of dislocations in
response to an applied stress controls the
mechanical behavior of metals, In fact, the ser-
rated or saw-toothed stress-sirain response of
BCC metals in tension tests is explained by the
interaction of dislocations with nearby impu-
rity atoms like carbon and nitrogen. The impu-
rity atoms surrounding a dislocation are termed
a "Cottrell atmosphere” (¥), and the repeated
motion of the dislocation away from the atmo-
sphere, followed by diffusion of the impuntes
to, the dislocation. explains the observed stress-
strain behavior.

Onpage 956 of this issue. Arakawa efal (2)
show that interstitial-type dislocation loops
with sizes between 6 and 20 nm undergo ther-
mally induced one-dimensional diffusion m
BCC iron witha constant 1.3 ¢V activation bar-
nier. ndependent of loop size. The authors pro-
pose that the loop diffusivity is controlled by
the interaction with interstial impunty atoms
akin to the Cottrell atmospheres.

In some sense, these results agree with cur-
rent knowledge, namely one-dimensional dif-
fusion of dislocation loops controlled by the
collective motion of dislocations and impunty
atoms, However, these loops are larger than
observed in MD simulations and yet quite
small compared with conventional disloca-
tions. Additionally. the activation energies and
pre-exponential tactors of loop diffusivity are
larger than in MD simulations, and it 15 unclear
whether the thermal diffusion of dislocation
loops and impunties occurs by the same mech-
anism as the stress-driven coupled diffusion of
a Cottrell atmosphere.

On page 959 of this issue, Matsukawa and
Zinkle (3) demonstrate that prismatic vacancy-
type dislocation loops with sizes between 2 and
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3.4 nm undergo thermally induced one-dimen-
sional diffusion in gold. The authors did not
quantify the loop diffusivity, but estimate an
activation energy of ~0.22 eV, The observation
confounds the perception of low diffusivity and
requires new knowledge to determine the diftu-
ston mechanism. Additionally. and perhaps
more surprising, the authors observe direct
transtormation of a perfect, prismatic loop into
a stacking fault tetrahedron. Such a transforma-
tion, and the mechanism by which it occurs,
have received limited study.

Taken together, these results expand the
knowledge of dislocation loop behavior, and
raise new questions about the size dependence
of loop diffusion, the mechanisms controlling
loop and impurity interactions, as well as possi-
ble transformation mechanisms between defect
cluster configurations. This will motivate addi-
tional theoretical, computational, and experi-

mental investigations. Yet, in this age of nano-
materials, where manipulation of the arrange-
ment and ordering of materials across nano-
meter length scales is becoming routine, the
articles should also stimulate innovative strate-
gies to pattern, or self-orgamze, defects and
solute structures as a result of one-dimensional
diffusion, leading to tunable material propertics.
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CHEMISTRY

Enhancing Colloids Through

the Surface

Erik C. Nelson and Paul V. Braun

Advances in colloidal surface chemistry are enabling new shapes, structures, and methods of
assembly, as well as new routes to high-performance devices.

olloidal particles are used in many

consumer and industrial products,

from cosmetics and pharmaceuticals
to adhesives and paints. In these applications,
the colloidal particles are usually spherical
and have homogeneous surfaces. If their
assembly could be influenced by manipulat-
ing the surface chemistry of the particles,
new opportunities for colloidal matenals
could emerge. For example, proposed pho-
tonic applications—as chemical sensors,
optical filters, or interconnects—could be
realized if colloidal crystals could be assem-
bled into new symmetries with large, defect-
tolerant photonic band gaps. Surface-modi-
fied colloids and colloidal crystals may also
be used in biological, microelectronic. and
catalytic applications.

In a traditional colloidal system, the col-
loid surface 15 coated with charged moieties,
which stabilize the colloids in solution. Upon
drying, a close-packed colloadal crystal up to

The authors are in the Department of Materials 5cience
and Engineering, Beckman Institute and Frederick Seitz
Materials Research Laboratory, University of lllinois at
Urbana-Champaign, Urbana, IL 61801, USA. E-mail:

phraun@uiuc. edu

hundreds of layers thick with varying defect
densities may form. Most colloidal systems
pack mto a face-centered cubic structure, but
oppositely charged colloids can form ionic
crystals (/). To create even more complex
structures, the colloidal particles must exhibit
directional interactions. This can potentially
be achieved by chemically modifying specific
regions of the colloid surface.

Systems with chemical anisotropy have
great promise for forming new structures
with otherwise unattainable properties (2).
Theoretical studies by Zhang er af. indicate
that colloids with four attractive patches on
the colloid surface that form the corners of a
tetrahedron can self-assemble trom a disor-
dered state into a crystal with diamond sym-
metry (see the first figure) ( 3). This structure
is of great interest for photonic applications
because of the large photonic band gap it has
been proposed to possess. This structure has
vet to be realized through self-assembly,
but recent experimental advances in synthe-
sizing and assembling colloids with chemi-
cally distinet patches may soon make this
goal achievable.

For example, it is now possible to synthe-
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size “Janus” particles with chemically distinct
hemispheres. However, synthesis is only the
first step toward enhancing the function of
colloidal systems. Assembly must also be
controlled, posing potentially more difficult
problems. Such Janus colloidal particles have
been shown to form mimmum-energy clusters
of 2 to 12 colloids (4), but these clusters have
not yet been shown to assemble into a macro-
scopic crystal. Colloids with more complex
patches have been patterned using multilayer
colloidal crystals as a physical mask; however,
the yields are low, and itis not obvious how the
process can be scaled up to sufficient volumes
of particles to study assembly (5). In another
approach. microspheres of like charge were
bound together with nanoparticles of opposite
charge to form clusters of two to nine colloids.
The loading of nanoparticles was varied to
adjust the cluster surface from mostly bare
to predominantly nanoparticle-covered (6);
assembly of these particles has

yet to be explored.

But it remains highly
challenging to assemble
more complex objects or to
form assemblies with long-
range order, There have been
successes in directed assem-
bly of colloids into large-

L
Colloidal diamond structure

Toward novel structures. In a theoretical study,
Zhang et al. have shown (3) that it may be possible
to form diamond structures from colloids with four
attractive patches. One possible functionalization
to create the attractive interactions is DNA.

scale structures. For example, Dinsmore ef al.
created complex structures by assembling col-
loidal crystal shells at interfaces in a water-oil
emulsion (7). These “colloidosomes™ have
controlled pore sizes that can be used to selec-
tively allow permeation of the shell by vari-
ous molecular species. In another study,
Hermanson er al. used diclectrophoresis to
assemble metallic colloids into self-repairing
conductive wires with millimeter-scale order
(&), These approaches to assembling large-
scale structures are promising, but do not vield
structures with local order. Ligand-directed

— Single-stranded DNA

tetrahedran
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assembly may potentially 00 assembly. For example, pho-
provide the specificity of () @ @ toswitchable surface chem-
onentation necessary o O 1stry can also control the spa-
impart both the desired e 0 L\J’. tially defined adsorption of
local and long-range © ® q;;f; colloids onto a surface (/5).
structure. C W O Photoswitchable colloids
DNA 15 an ideal hig- e could, for example, be used
and for directing assem- Positively S @ Mesatively as switchable filters in
bly because of its high ~ arged L TR ©  charged microfluidics, in sunscreens
specificity, reversibility, or cosmetics that change upon
and unique ability to Switchable systems. Oppositely charged  Jipht exposure, or as paints that
assemble structures over  Dinary colloidal systems have been shown iy e yinon application.

both the nanometer and
the micrometer scale.
DMA hybridization has,
for example, been used
to assemble gold nano-
particles ( ¥) and micro-
meter-scale polystyrene
colloids (/0). Biancaniello and co-workers
have even formed small colloidal crystals
through DNA-directed assembly
of polystyrene  microspheres
(11). These initial demonstra-
tions were rather simple, but it
should be possible to form
< much more complex structures
through DNA-directed assem-
bly. The reversibility of DNA
hybridization may even allow selec-
tve deflect removal.

Although colloids with homogeneous
coatings of molecules having binding speci-
ficity, such as DNA, have been synthesized. it
was not until recently that individual reactive
molecules were patterned on precise locations
of the colloid surface. By placing individual
reactive molecules at the poles of gold parti-
cles, DeVries ef al. formed monomers that
could be polymerized mto linear nanoparticle
chains (12). The authors first coated the col-
loid with a self-assembled monolayer and
then exchanged the molecules at the poles of
the colloid with reactive, functional mole-
cules, This exchange occurs specifically at the
poles of the spherical particle, where the self-
assembled monolayer is unstable and easy to
exchange. Similar nanoparticle chains have
shown great potential for optical devices, such
as waveguides (13).

In an mteresting new approach for using
surface chemistry to enhance the function of
colloids, Plunkett and co-workers have syn-
thesized colloids with reversibly photoswitch-
able surface charge. Upon irradiation, these
colloads convert from an aggregated, oppo-
sitely charged structure to a dispersed, like-
charged system, a first step toward photore-
versible colloidal crystallization (see the sec-
ond figure) (/4). Such photoswitchable sys-
tems are a general route to driving colloidal

Colloidal

to assemble into unigue ionic structures
(1). Through appropriate surface chem-
istries, it may prove possible to create
photoswitchable binary systems, which
can convert between binary crystals and
tolloidal fluids when irradiated with light
of different wavelengths (hv,, fiv,).

Although advances have
been made in controlling
colloidal surface chemistry,
critical challenges remain
before exciting applications
may be realized. There is still
no good route for the bulk
synthesis of site-specific patterned colloids.
Exact control of patch size and location is
difficult. General patch functionalization
schemes need to be developed. Reversible
interactions will also be necessary to remove
defects. Here, photoswitchable systems
show promise. As functionalization strategics
mature, investigations into the assembly of
chemically modified colloids should provide
important feedback to determine the require-
ments for specificity, binding strength, range
of interactions, and reversibility necessary to
achieved the desired interactions and assem-
bly through chemical modification of the col-
loid surface. Success should yield new materi-
als for photonic and electronic applications,
consumer products, and industrial systems
due to the unique properties enabled by sur-
face-modified colloids.
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CELL SIGNALING

mTOR, Unleashed

Christopher G. Proud

he enzyme mammalian target of
I rapamycin (mTOR ) integrates many dif-
ferent cellular signals to control cell
growth and proliferation, protein synthesis
and breakdown, and other processes. Dysiegu-
lation of mTOR is implicated in a range of
human diseases, including cancers and cardio-
vascular conditions (/. 2). Although analogs of
the compound mpamycin (rapalogs) are in use
or in clinical trials to treat such diseases. the
means by which signaling through mTOR is
controlled are not well understood. On page 977
of this issue, Bai er al. (3) make an important
contribution to understanding how mTOR
is turned on.

The drug rapamycin inhibits signaling
linked to mTORCI (4). a multiprotein com-
plex that contains mTOR. mTORC1 signaling
is activated by insulin and growth factors as
well as by amino acids. The latter makes phys-
iological sense: mTORCL activates protein
synthesis, for which amino acids are the pre-
cursors. However, it is still unclear how amino
acids switch on mTORC1 signaling. More-
over, we still don’t understand how rapamycin
nterferes with mTORC 1 function beyond the
tact that when in a complex with the protein
FEBPI2, the drug binds to mTORCI.

We know rather more about how msulin
activates mTORC 1. Rheb, a small guanosine
riphosphate (GTP)-binding protein, interacts
with mTORC1 (3, ). Only in a GTP-bound
state (Rheb-GTP) will it activate mTORs enzy-
matic activity (phosphorylating target proteins
on serine and threomine residues) (7). However,
it is puzzling that mTOR binds both to Rheb-
GTP and to Rheb that is bound to guanosine
diphosphate (GDP), moreover, the latter (Rheb-
GDP) actually binds better to mTOR., For other
small GTP-binding proteins, such as Ras, GTP
enhances binding to targets or “effectors” The
apparently perverse behavior of Rheb suggests
that Rheb-GTP does not activate mTOR by
directly binding to it—in other words. that
mTOR is not the true effector for Rheb-GTP.

What, then, is the functional relationship
between Rheb and mTOR? Bai ef af. identify
the protein FKBP38—a mitochondrial mem-
brane protein—as a direct binding partner for

The author is in the Department of Biochemistry and
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Mo cell growth
signaling

Endogenous mTOR inhibitor. The mitochondrial protein FKBP38 and
the FKBP12-rapamycin complex each bind to mTOR (as part of
mTORCL) and inhibit signaling that promotes cell growth and prolifer-
ation. GTP-bound Rheb binds to FKBP38 and induces the release and
activation of mTOR ks not yet known whether these interactions ocour

at the mitochondria.

Rheb, both in a screen for protein interactions
{yeast two-hybrid system) and in cultured
mammalian cells. The authors show that
FKBP38 binds to mTOR within the complex
mTORCL, They also demonstrate that inter-
action with FKBP38 displays characteristics
expected of an effector of Rheb. For example,
Rheb that is bound to a GTP analog associates
with FKBP38 much better than does Rheb-
GDP, whereas a mutant form of Rheb that
does not bind to GTP cannot bind FKBP38.
These data suggested that FKBP38 may
work with Rheb to control mTORC1, but in
what way? Bai ¢t al. found that overexpressing
FKBP38 in cultured mammalian cells de-
creased the phosphorylation of ribosomal pro-
tein 56 kinase (S6K) and 4E binding protein
| (4E-BP1), two well-known targets of
mTORC (7). These effects were reversed by
overexpressing Rheb. FKBP38 thus appears to
inhibitmTORC1, and this inhibition is counter-
acted by Rheb. Furthermore, Rheb-GTP de-
creased the binding of FKBP38 to mTOR in
vitro, Treating cells with serum, which contains

Cell growth
signaling

A mitochondrial membrane protein links two
parts of a signaling pathway that is central to
cell growth and proliferation.

growth factors, activated mTORC'|
signaling. and this was associated
with decreased binding of FKBP38
to mTOR. Thus, FKBP3% is an
endogenous inhibitor of mTOR,
and Rheb-GTP apparently induces
the release of FKBP3R frommTOR,
thereby activating mTORC] signal-
ing (see the figure).

This model provides a much-
needed explanation for the abilities
of Rheb-G TP, and n tum msuln, to
activate mTORC|: By promoting
the formation of Rheb-GTP (&),
insulin alleviates the mhibition of
mTORCI by FKBP38. FKBP38
binds to a region of mTOR
that apparently overlaps with
another mTOR region that binds to
the FEBPI 2-rapamycin complex.
FKBP2-rapamycin precludes the
binding of FKBP38 to mTOR,
likely as aresult of mutual competi-
tion, Thus, FKBPI2-rapamycin
may inhibit mTORC! by “substi-
tuting™ for FKBP38. Interestingly.
an earlier study (%) identified
FE.BP3& as playing a role in con-
trolling cell growth by the tuberous
sclerosis complex protemns, which
negatively regulate Rheb and mTORCI (&),

However. the link between mTOR and
Rheb clucidated by Bai er al. does raise
some questions. It remains unclear how
FKBP38 and FKBPI12-rapamycin inhibit
mTORC1 signaling. For example, it is
debatable whether  FKBPI12-rapamycin
causes the dissociation of the mTORCI
complex (/@) or not (/1) Because FKBP3§
can be isolated from cells together with
components of mTORCI, it seems that
FEBP3® impairs mTORC1 signaling with-
out disrupting this complex. Also, FKBP3&
inhibits the etfects of mTORC! that are sen-
sitive to rapamycin (such as S6 K phospho-
rylation) but does not inhibit downstream
events that are insensitive to this drug, such
as the phosphorylation of certain sites in 4E-
BP1 (/2). It is unclear why this is so.

Can FKBP38 and 1its control by Rheb
explain the regulation of mTORC1 by amino
acids? Earlier studies showed that amino acids
promote Rheb-mTOR interaction without
altering the amount of Rheb-GTP (/3). The

SCIENCE www.sciencemag.org
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data of Bai er al. indicate that amino acids
decrease the FKBP38-mTOR interaction and
increase binding of FKBP38 to Rheb-GTP,
consistent with FKBP38 involvement in
amino acid control of mTORC 1. However,
decreasing the amount of FKBP38 in cells did
not prevent the dephosphorylation of 4E-BPI
that occurs when cells are starved of amino
acids. This suggests that the control of
mTORC signaling by amino acids does not
requirc FKBP38.

Although there are still important gaps in
our understanding of mTOR signaling, the

identification of FKBP38 as a regulator of
mTOR clarifies previous observations about
signaling events in this pathway. This is
good news for developing alternative drugs
that are not rapalogs to treat discases that
involve mTOR.

References

1. ]. B, Easton, P, | Houghton, Oncogene 23, 6436
(2006).

2. C.H.Lee, K. Incki, K. L Guan, Anmu. Rev Pharmacod,
Toxical. 47, 443 (2007).

3. X.Baiet o, Science 318, 977 (2007).

4. 5 Wullschleges, R. Loewith, M. N. Hall, Cefi 124, 471
{2006).

PERSPECTIVES I

. ). Awruch ef af., Gnoogene 25, 6361 (2006).
. K. Long Y. Lin, 5. OrtizVega, K Yonezawa, J. Awruch,
Curr. Biigf. 15, 702 (2005).
. X.Wang, C. G. Frowd, Physiology 21, 362 (2006).
8. B. O. Manning, L C. Cantley, Trends Biochem. Sci. 28,
57342003).
9. M, Rosner, K. Hofer, M. Kubista, M. Hengstschlager,
Oncogene 22, 4786 (2003).
10. D. H. Kim efaf., Cell 110, 163 (2002).
11. E. Jacinio ef o, Nat. Cell Biol 6, 1122 (2004).
12, X.Wang, A. Beugnet, M. Murakami, $. Yamanaka, C. G
Proud, Mel, Cell, Biol 25, 2558 (20051
13. X.Long 5 OrtizVega, Y. Lin, ). Avruch, J. Biol, Chem,
280, 23433 {2005

o

~d

10.11 26/ cience. 1150653

COMPUTER SCIENCE

Is There Progress on Talking
Sensibly to Machines?

Yorick Wilks

people have sought ways to communi-

cate with computers in *natural” lan-
guage, rather than program them in symbolic
languages like FORTRAN and C. In the
19605, MIT researcher Joseph Wetenbaum’s
ELIZA program was an entertaining simula-
tion of a Rogerian therapist (/). ELIZA took
words you had used and played them back, as
in: “Tell me why you feel like that about your
tamuily?” It is an irony of the brief history of
machine dialog programs that ELIZA 1s
remembered and PARRY 1s not. PARRY ran
on the early ARPAnet at Stanford in the late
1960s and was designed by Kenneth Colby, a
psychiatrist who wanted to model paranoiacs
and their beliefs (2). PARRY was paranoid
about the Mafia, horse races, track betting,
and ltalian-Americans; if anything you typed
could be linked to them, it would spew out a
paragraph of invective.

PARRY was more fun than the better-
remembered ELIZA, and is another example
of the “Betamax principle” (3). PARRY was
based on nothing that could be called a theory;
it was closer in spirit to the principal approach
for studying machine dialog today, which
could be captured as “big data + small theory.”
That is. PARRY had a tiny matching program
and a very large set of hand-crafted data:
about 6000 patterns it tried to match to what-
ever was typed to it.

In the PARRY/ELIZA wyears, artificial

Sincc the carliest days of computing,
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intelligence rescarch typically took logic to be
the core of machine intelligence, and linguis-
tics was still strongly influenced by Noam
Chomsky at MIT; both Al and linguistics
assumed that small sets of axioms or grammar
rules explained large sets of data, i.c., proved
theorems or sentences. But neither approach
actually had any real data at all, only a few
made-up examples, whereas PARRY at least
had the large set of patterns made up by its
rescarchers. Any match found pointed to a set
of possible replies. This kind
of an approach was, and is,
anathema to Chomsky, who
said that data gathering is like
pre-Galilean physics and can
have no role in formal lin-
guistics (4). The underlying
pmhlc!‘l‘l with machine di Etlﬂ[._'. .
viewed as a technology, was
that programs based on logic
or on formal linguistic gram-
mars had had little success
for more than 40 years in

Several research projects are closing in on ways
to allow humans to effectively communicate
with machines in natural language.

words of parliamentary proceedings in paral-

lel English-French text. The method was a sta-

tistical one that learned from the parallel text

data what translation was but without creating

any rules at all. This was the first important

work in applying machine learning to lan-

guage processing. Jelinek and his co-workers

were not completely successful, butthey hada

success rate of about 50% in translating sen-
tences that the program hadnt seen before.

The field has now settled into two main tra-

ditions of research on how to

produce machine conversa-

tionalists. Both schools take

successful work on speech

engineering, with data derived

from recorded conversations

(often on the phone), and seck

[] to derive structures and rules to

manage machine dialogs. One,

represented by rescarchers like

Steve Young at Cambridge

University, assumes that machine

learning methods from speech

producing usable computa-
tional artifacts.

All this changed in 1990,
with the astonishing success
of Fredenck Jelinek's team at
IBM (5). Originally speech-
processing engineers work-
ing on the automatic tran-
scription of speech into writ-
ten form, they decided to
apply their data-driven meth-
ods to machine translation,
using as data 200 million

0
T—

Conversational companion. The
Nabaztag rabbit (11} shows the
feelings of a remote sender by
speech, changing colors, and
maoving its ears. The speech is
generated via a wireless Internet
connection from typed input at a
Web site. As an initial incarnation
of a companion, the Companions
project (9) has adapted Nabaztag
to recognize speech as well,

www.sciencemag.org SCIENCE VOL 318 2 NOVEMBER 2007

processing can be trained to
manage dialogs directly, with-
out intermediate quasi-lmguis-
tie structures (6). The second
tollows the route Jelinek later
took and tries to recapitulate
those linguistic structures but
empirically, using machine
learning, rather than making
up rules, as linguists tradition-
ally did (7).

Those in the latter camp
currently believe that the infor-
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mation required to automatically transcribe
speech to written text is simply nsutficient for
the larger task of creating a machme conversa-
tionalist that “understands.” For example. if
someone says something that contradicts his
or her earlier statement, we would expect a
plausible machine conversationalist to spot it
Without some structure and memory, however,
it is hard to see how a system could check state-
ments for consistency. One could never expect
to learn to do that simply from data: We just do
not see or hear enough sentences to have previ-
ously encountered all the inconsistencies that
we could spot immediately,

At the moment. people encounter machine
conversationalists only in recreational chat-
bots on the Web, or in simple phone transac-
tions such as ordering travel tickets. But
research systems are already much better than
that, and the range of projects expected to
deliver usable prototypes has expanded in
recent years. These efforts range from the
Defense Advanced Research Projects Agency’s
Cognitive Assistant that Learns and Organizes
project(&) to the European Commission’s new
Companions project (9) to create a long-term
conversational partner (see the figure). Such a
Companion would learn its person’s likes and

dislikes, carry out Web-related tasks accord-
ingly., and prompt reminiscences about the
person’s photo collection so as to build up his
or her life story through conversation (107).

Researchers generally agree that although
these large goals need more research, speech
recognition technology 15 still not accurate
enough to build a reliable machine partner
capable of understanding what we say, unless
it has a considerable amount of stored knowl-
edge to enable it to understand; mere reactive
chatbots will be no more help than ELIZA
was. The current paradigm split in research is
about how it will be possible to capture and
store knowledge and language experience in
large enough detail and volume to build such
assistants, outside of very small domains
such as recording a complicated pizza order.
A long-term assistant to an astronaut on a
voyage to another planet, or one to help eld-
erly people recover their past through conver-
sation and organize it in text and images. 1s a
much larger goal, and one that will require
better machine learning techniques than have
been deployed so far.

The crux of the current research issue is
this: Will a successtul technology end up
recreating by means of automated learning

much of the linguistic and logical content that
was abandoned in the 199057 That might be
closer to what our own cognitive structures
seem to be. In any case. language data will
remain central, and the World Wide Web has.
as an unexpected benefit through chat rooms,
provided researchers with potentially infinite
resources of data on human conversations,
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An Integrative View of Obesity

Brent E. Wisse, Francis Kim, Michael W. Schwartz

he World Health Organization esti-

mates that at least | in 10 adults world-

wide are obese, and in some western
countries, a far greater percentage (25% or
more) is affected (7). Obesity is a serious con-
cern because it increases the risk of cardiovas-
cular discase, type 2 diabetes, and some can-
cers, among other health problems, Theevolu-
tion of public health policies and treatment
options depends upon an improved under-
standing of how genetic and environmental
factors interact to favor weight gain, and how
excessive weight disrupts metabolism. But
getting at the causes of obesity and related
metabolic disorders is a formidable challenge,
in part because so many body systems are
aftected. Because disturbances in one organ or
tissue can compromise the function of several
others, separating cause and effect 1s otten dif-
ficult. Yet common themes are emerging that

The authors are in the Department of Medicine, Harborview
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may offer a new viewpoint. Among these 1s
the notion that metabolic dysfunction arises
from exposure of the body's cells to an excess
of nutrients (2). A possible extension of this
view is that although the cellular conse-
quences of nutrient excess are similar across
diverse cell types, the shared nature of the
underlying cellular responses can be obscured
by the complexity of the events they initiate,
In this light, successful identification of
shared cellular responses that underlic discase
requires a broad and integrative approach that
may ultimately reveal more effective obesity
treatment strategies.

Fundamental to understanding obesity is
the fact that, like body temperature. body fat
stores are ordinarly maintained within a nar-
row range through a process called “energy
homeostasis.” This process involves brain
areas that control appetite and energy metabo-
lism, as well as signals that circulate through-
out the body. conveying information about the
status of body tuel stores. Among the latter ane
nutrients themselves, such as glucose and free

Comparisons of responses of various cell types
to excess nutrients are yielding patterns that
may pravide insight into the causes and
consequences of obesity.

fatty acids, and hormones, such as insulin and
leptin (3). Specialized neurons in the hypo-
thalamus and other brain areas sense these
factors and control both metabolic rate and the
desire to eat. When circulating concentrations
of these signals decrease due to weight loss,
the drive to eat increases and energy expendi-
ture declines, favoring the recovery of
depleted fuel stores. Conversely, when food is
consumed in amounts that exceed encroy
requirements, the circulating concentrations
of these signals increase, In this way, homeo-
static response mechanisms in the brain are
poised to protect the body against changes in
fat stores or swings in nutrient availability.
Thus, obesity does not simply arise from the
passive accumulation of excess weight: rather,
it involves the active defense of an elevated
level of body fat, and deciphering the causes
of obesity should take this into account.
Certainly, individual genetic makeup may
contribute to variations in the capacity to
mount these responses, and may explain why
some people are protected against weight gain
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while others are not, despite living in the same
environment and eating the same food.

When energy intake exceeds energy expen-
diture, the resulting state of nutrient excess can
tngger responses inmany cell types—endothe-
hal cells (vascular) (4), hepatocytes (liver) (2],
myocytes (muscle) (3 ), adipocytes ( fat) (2), and
monocytes or macrophages (immune cells}—
that could give rise to metabolic dysfunction,
Among several adverse cellular responses to
nutrient excess 1s the production of reactive
oxygenspecics. These molecules are generated
during fuel (e.g.. glucose or free fatty acids)
oxidation by mitochondria and from metabolic
processes elsewhere in the cell. Excessive pro-
duction of these molecules creates “oxidative
stress.” which can damage cellular structures
and trigger an inflammatory response (2).

In some cells, nutnient excess also impairs
tunctioning of the endoplasmic reticu-

lum (which processes newly synthe-

sized proteins into their mature forms),
giving rise to the “unfolded protein
response” in this organelle. Like reac-

tive oxygen species, this response can
induce inflammation. A third cellular
response to nutrient excess is the accu-
mulation of long-chain fatty acyl coen-
zyme A molecules, fatty acid derivatives

that are ordinarily oxidized by mitochondria

to generate adenosine 5 -triphosphate (which
powers many cellular processes). Making mat-
ters worse is a decrease of mitochondrial activ-
ity in response tonutnient excess. Thiscreates a
vicious cycle by further raising the concentra-
tion of these fatty acid denvatives ( 5).

Each of these responses share the ability to
activate signaling pathways (such as the c-Jun
M-termmal kinase and the inhibitor of kappa B
kinase beta-nuclear factor kappa B pathways)
(2. 4-6) that promote inflammation. Thus,
inflammation appears to be a common end-
point, In turn, inflammation can limit further
exposure to nutrients by blocking the action of
insulin (2, 3), the hormone that stimulates tar-
get cells to take up nutrients. The enezyme phos-
phatidylinositol 3-0OH kinase (PI3K) is part ofa
cell signaling pathway [the insulin receptor
substrate (IRS}PI3K pathway] that mediates
insulin action and is particularly sensitive to
inactivation by molecules that promote intlam-
mation. From the perspective of an individual
cell, this protective response—insulin resist-
ance—makes sense m that it limits further
nutrient uptake. With continued nutrient ex-
cess, however, neighboring cells and distant
tissues that remain insulin sensitive are placed
at greater risk. As insulin resistance progresses
and nflammation worsens, a vicious cycle can
evolve as additional pro-inflammatory tactors
are recruited by these cells (2).

In addition to regulating nutrient utiliza-
tion in peripheral tissues, IRS-PI3K signaling
i5 also implicated in the newronal actions of
insulin and leptin (3). As in peripheral tissues,
the integnty of neuronal IRS-PI3K signaling
can be undermined by nutrient excess (7).
Studies in rodent models indicate that even
short-term exposure to a highly palatable,
energy-dense  diet impairs the brain’s
response to insulin and leptin, and reduced
IRS-PI3K signaling may be among several
mechanisms responsible for neuronal resist-
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ance to these hormones (7, &). Having lost its
ability to detect an ongoing increase in body
fat stores, the brain secemingly does nothing to
counter it; rather, it actively defends what it
perceives to be a stable, unchanging amount
of body fat (9). Thus, impaired IRS-PI3K sig-
naling in the hypothalamus may be a factor
that contributes to the defense of elevated
body weight and hence to continued exposure
to nutrient excess (1),

Might similar cellular responses to
nutrient excess contribute to the link
between obesity and type 2 diabetes? If
inflammation and reduced IRS-PI3K sig-
naling were also to occur in pancreatic [
cells (which produce insulin), as has been
suggested (6), impaired insulin secre-
tion—which, when combined with insulin
resistance, leads to type 2 diabetes—could
result, because IRS-PI3K signaling is
essential for the survival of these cells (6).
This concept extends “the P cell exhaus-
tion” hypothesis (/0), which states that
type 2 diabetes results when pancreatic [3
cells can no longer meet the heightened
demand for insulin secretion imposed by

PERSPECTIVES I

insulin resistance. Thus, cellular conse-
quences of nutrient excess similar to those
that impair the function of other tissues
could potentially contribute to the link
between insulin resistance and P cell dys-
function in diabetes pathogenesis.

Nutrient excess also has deleterious effects
on vascular tissue, A major function of endothe-
lial cells that line blood vessels is to generate and
release nitric oxide, a vasodilator, The IRS-
PI3K signaling pathway is a key determinant of
nitric oxide production and as in other tissues,
nutrient excess rapidly induces endothelial
inflammation. In response, both endothelial
IRS-PI3K signaling and nitric oxide generation
are inhibited (). Thus, the response of the vas-

culature to nutrient excess is reminiscent of

that observed in other tissues, and offers a

plausible ink between nuirent excess and
cardiovascular discase.

Common threads. Cellular responses to
nutrient excess are shared across many dif-
ferent cell types, and may have common
endpoints that are coupled to the develop-
ment of obesity and its metabolic conse-
quences. ER, endoplasmic reticulum.

Clearly, impaired IRS-PI13K signal-
ing is not the single key to understanding
obesity and its consequences. Rather, this
defect illustrates how complex manifesta-
tions of metabolic disease could arise from
responses that are shared across many differ-
ent cell types (see the figure). In addition to
research that focuses on one organ or physio-
logical system to the exclusion of others.
more integrative approaches for studying
metabolic disease may ultimately inform
strategies aimed at preventing or reversing
obesity and its sequelae.
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A General Model of Prion Strains
and Their Pathogenicity

John Collinge* and Anthony R. Clarke

Prions are lethal mammalian pathogens composed of aggregated conformational somers of a
host-encoded glycoprotein and which appear to lack nucleic acids. Their unique biology, allied with the
public-health risks posed by prion zoonoses such as bovine spongiform encephalopathy, has focused
much attenticn on the malecular basis of prion propagation and the “species barrier” that confrols
cross-species transmission. Both are intimately linked to understanding how multiple prion "strains” are
encoded by a protein-only agent. The underlying mechanisms are clearly of much wider importance,
and analogous protein-based inheritance mechanisms are recognized in yeast and fungi. Recent
advances suggest that prions themselves are not directly neurotoxic, but rather their propagation
invalves production of toxic species, which may be uncoupled from infectivity.

ceording to the widely accepted “protein-

only™ hypothesis {/), an abnomal sofomm

of hostencoded cellular prion protein
(PrP*) is the principal, and possibly the sole,
constituent of the transmissible agent or prion (2).
It is proposed that this isoform, PrP™, acts as a
template that promotes the conversion of PrP®
to PrP™ and that the difference between these
isoforms lies purely in the monomer conforma-
tion and its state of aggregation.

The human prion diseases. such as Creutzfeldi-
Jakob disease (CID), can arise sporadically, be
acguired by infection, or be inherited as auto-
somal dominant conditions caused by mutation
of the gene encoding PrP* (7). Human prion
discases are relatively rare, although they have
occurred in epidemic form as a result of endo-
cannibalism in recent history in Papua New
Guinea, and previous epidemics may have oc-
curmed in human evolution ().

Animal prion discases include endemic scrapic
of sheep and goats, chronic wasting discase of
clk and deer, and transmissible mink encepha-
lopathy (TME). Bovine spongiform encephalop-
athy (BSE) first appeared in the United Kingdom
in the mid-1%80s and rapidly evolved to a major
cpizootic cstimated (o have infected more than
2 million UK cattle, BSE has since been reporied
from many countries including most European
Union states, the United States, Canada, and Japan.
Many new animal prion discases have since
been identified, most resulting from infection with
the BSE agent (7). These discases can be trans-
mitted between species by inoculation or dietary
exposure, and the recognition of the novel human
prion disease, vanant CJD (vCID), from the
mid-1990s onward and the experimental confir-
mation that it is caused by the same prion strain
as BSE (5-7) raised major public-health concems
{#). Although the number of human cases to date
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{around 200) has been relatively modest, key un-
cerlaintics, notably with respect to genetic effects
on incubation period, allied with the widespread
population exposure, suggest the need for caution
(#). Prion infection is associated with prolonged,
clinically silent incubation periods, which in hu-
nuns can exceed 50 years (Y), and secondary
transmission of vCID by blood transfusion ap-
pears to be efficient (1),

Prions have also assumed much wider rele-
vance in understanding neurodegenerative and
other diseases involving accumulation of mis-
folded host proteins (“protein-folding diseases™),
and analogous processes are described in yeast
and fungi. Central to understanding prion propaga-
tion remains the conundrum of prion strains
how a protein-only infectious agent can encode
information required to specify distinet disease
phenotypes—and also the so-called species
barrier effect.

It is hypothesized that prions are self-
propagating fibrllar or amyloid forms of PrP
in which the ends of the propagating fibrils
constitute the infectious entity and the exponen-
tial rise in prion tiler is a consequence of fiber
fragmentation (Fig. 1A) (J/-14).

The Species Barrier Concept
Transmission of prion discases between different
mammalian species is typically far less efficient
than within species: this is known as the “species
barrier”™ (/5). On initial passage of prions from
species A to species B, typically not all inocu-
lated animals of species B succumb, and those
that do so have much longer and more variable
incubation periods than seen with transmission
within the same species, where typically all in-
oculated animals succumb with relatively short,
and remarkably similar, incubation periods, On
subsequent passage of infectivity from B 1o B,
transmission parameters resemble within-species
lransmissions.

Early studies argued that the bamier resides
in PrP primary structure differences between the
donor and recipient species. Transgenic mice

expressing hamster PrP oare, unlike wild-type
mice, highly susceptible to S¢237 hamster
prions (/6). That sporadic and acquired CID
mostly occurs in individuals homozygous at
polymorphic residue 129 of PP supports the
view that prion propagation procecds most
efficiently when the interacting PrP™ and PrP"
are of identical primary structure (3, 17, [8).
However, prion strain type also affects ease of
transmission to another species. This issue was
brought into sharp focus by the behavior of the
new prion strain responsible for cattle BSE. This
strain 15 highly promiscuous, transmitting effi-
ciently 1o a mnge of species, but maintaining ils
biological characteristics on passage through an
intermediate species with a distinct PrP primary
structure (/9) (Fig. 1C). Perhaps the most
striking example of this came from transmission
studies of human prion discases. Transmission
of classical CID prions o conventional mice is
difficult or fails, whereas transgenic mice
expressing human (and not mouse) PrP com-
pletely lack a species barrier (6, 217). However,
vCID prions, despite having a PrP primary
structure identical to that of the classical CJD
prions, transmit much more readily o wild-type
mice, whereas transmission to humanized mice
is mefficient (6). Two strains propagated in the
same host may thus have completely different
barriers to another species; “transmission barri-
er” may thus be a more appropriate term (8).

Prion Isolates, S5trains, and Types

Multiple distinet strains of scrapie were
isolated that can be propagated in lines of
inbred mice and distinguished by distinct
incubation periods and patterns of neuro-
pathology (2/). These strains cannot be
encoded by differences in PrP primary siruc-
turc because they can be serally propagated in
inbred mice with identical PrP gene (Prap)
coding sequence (Fig. 1B). Funthermore, strains
can be re-isolated in mice after passage in
intermediate species with different PrP primary
structures (/%) (Fig. 1C). Although distinct
strains of conventional pathogens can be ex-
plained by differences in their nueleic acid
genome, 10 has been less clear how a poly-
peptide chain could encode multiple disease
phenotypes. Some such biologically defined
prion strains show biochemical differences in
the propagated PrP™. For two strains of TME
prions, designated hyper (HY) and drowsy
(DY) (22), limited proteolysis produced dif-
ferent PrP™ fragment sizes, implying that the
two strains have different conformations (23).
Similarly, distinet human PrP> types have
been idemtificd by proteolytic fragment size
and glycoform ratios following proteinase K
digestion, and these are associated with
different clinicopathological phenotypes of
CID (5, 24). To be plausible candidates for
the molecular basis of strain diversity, such
biochemical properties need o impose their
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characteristics on a recipient PrP whether they
are of the same or a different s[fcir:s, In studies
with human prion isolates, PrP™* fragment sizes
following proteinase K digestion are maintained
On passage in mansgenic mice (5, 25) and,
notably, ratios of the three principal PrP glyco-
forms are also maintained (5). Transmission of
human and bovine prions o wilddype mice
(expressing murine PrP*) resulted in propagation
of murine PP with fragment sizes and glyco-
form ratios following protease digestion that
cormespond to the original inoculum (3), dem-
onstrating imprnting of these biochemical
characteristics onto PrP from another species.
Indeed, a characteristic molecular signature of
the BSE prnion strain 15 maintained across
several mammalian species, including humans
(Fig. 1C) (5).

Further evidence that distinet prion strains
are associated with different conformation states
of PrP includes differential proteinase K diges-
tion kinetics: thermal or chaotrope denaturation
curves: conformation-dependent immunoassay;
infrarad spectroscopy and metal binding (26-29);
and the use of methods o amplify PrP™ o prions
in vitro that show faithful propagation of strain-
associated biochemical chamctenstics (30-32),

Prion strains are associated with consisient
ralios of the three principal PP glycoforms, which
can be maintained on seral passage in hosts with
the same or different PrP sequences (5). How
might ratios be mainiained? One possibility is
that this reflects different, strain-specific prop-
agation and clerance kinetics of un-, mono- and
digl{cmylatcd forms. Alternatively, individual
PrP™ fibrils could be composed of a regular
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repeating sequence of the different glycoforms,
as in a linear crystal. Studics using monoclonal
antibodies that precipitate native PrP™, together
with glycoform-specific antibodies, have shown
that PrP glycoforms are physically associated in
a strain-specific ratio in native PrP™ (33); such
glycosylation ratios may be important in stabi-
lizing particular protein conformations,

A critical test of the protein-only hypothesis,
both with respect to infectivity and “strain-ness,”
would be to produce discrete prion strains syn-
thetically from defined components, Purified,
bactenally expressed recombinant N-terminally
truncated mouse PrP has been aggregated into
fibrillar material and bioassayed in transgenic
{Tg%949) mice expressing very high levels of the
same truncated mouse PrP (/4). After prolonged
incubation periods, the Tg99%49 mice develop a
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Fig. 1. Propagation of prion strains. (A) Prion propagafion proceeds by
recruitment of PrP monomers onto a preexisting PrP polymer template
followed by fission to generate more templates in an autocatalytic manner,
Distinct PrP polymer types can propagate, accounting for different strains.
(B) Strains can be differentiated by characteristic incubation periods (length
of arrow) and neuropathology (shaded brain area) when inoculated into

defined inbred mice. Strain-specific PrP™ fragment pattens following
proteolysis are illustrated in diagrammatic Western blots (vertical bars).
Both biological and biochemical strain characteristics are closely maintained
on serial passage in the same host expressing the same PrP", (C) Properties
of a single strain may be retained after passage in a range of different
species with distinct PrP“ sequences, when re-isolated in the original host.
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prion disease transmissible to wild-lype and
Te9949 mice. The transmission charactenstics
at both primary and second passage are con-
sistent with production of a novel prion strain.
Several “synthetic™ prion strains have been de-
scribed. Evaluating the strain propertics of such
synthetic prions on primary and second passage
is complicated by the fact that primary material
ingculated into mice lacks the postiranslational
madifications PrP acquires in mammalian cells,
notably N-linked glycosylation and C-terminal
glycosylphosphatidylinositol anchor, while the
putative prions then propagated in mice would
be composed of processed mammalian PrP,
Though undoubledly a major step forward,
two key problems arise in the interpretation of
these experiments. First, primary passage of in-
fectivity requires transgenic mice with extremely
high (~16-fold) overexpression of PrP*, Sponta-
neous development of prion disease-like pathol-
ogy is seen in other transgenic lines with high
levels of PrP" expression, although this does not
appear o be transmissible (34, 35). Uninoculated
or mock-inoculated Tg9949 mice do not appear
to develop spontancous pathology (/4). although
it has not been reporied whether infectivity pas-
sageable in Te%949 mice is present in the brains
of aged un- or mock-inoculated Tg%949 mice.
However, it 15 possible that these mice are “poisad”
to develop spontancous disease and would do so
if they lived long enough, and that onset of
disease is simply accelerated or precipitated by
inoculation of further PrE. Such a controversy is
not new and continues with respect to interpre-
tation of whether mice expressing high levels of
PrP containing the murine eguivalent (P101L)
of the human pathogenic PrP mutation P102L
(responsible for one of the inherited prion discases)
produce infectivity spontancously. Pulative prions
produced de novo in such mice only infect mice
cxpressing the same mutation al a lower level
{some of which do develop spontancous pathol-
ogy at advanced age) (36). Prions may not then
have been transmitted in this experiment; rather,
this result may have represenied acceleration of
a spontancous neurodegencrative disease (37).
The general question, then, is whether the puta-
tive synthetic prions are in fact prions, or simply
agents that trigger prion production in hosts that
have such high levels of PrP* expression that they
are close to developing spontanecus prion disease,
That s, are the prions generated in the cell-free
system or only in the hos” This is not a purely
semantic issue. For example, one would probably
notwant o classify an entirely unrelated agent
conceivably an environmental stress factor, for
example, that up-regulated PrP* expression and
achieved the same apparent effect—as being a
“prion,” The solution to this problem would be to
show infection at first passage of wild-type ani-
mals with synthetic prions. This has not yet been
reporied. The second problem relates w infectious
titer of the synthetic prions. The extremely
prolonged incubation period at primary passage
(516 + 27 days) (/) could, as the authors
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conclude, reflect a prion strain effect. That is,
the novel strain propagates only slowly inthe host
despite the high PrP" subsirate concentration, but
accepting the additional complication that the
synthetic material lacks postranslational modifi-
cations that may be important for pathogenicity.

However, there is an altemative explanation,
As a prion isolate is senally diluted toward a
single infectious unit per inoculum, incubation
periods increase, Therefore, the long incubation
pericds seen with synthetic prions could simply
reflect a low prion titer. With respect to the key
issue of elucidating structural properties of prion
strains, this is of fundamental importance. 1f the
principal component of the synthetic matenal is
the infectiows prion, but they replicate only slowly
in mice, biophysical studies can be performed to
determine their structure and physical properties.
Conversely, if the transmission characleristics
reflect low prion titer, that would imply that the
prions ar¢ only a minute fraction of the
recombinant-derived  protein, making physical
and structural studies irrelevant (34). This
question can be resolved, albeit laboriously, by
serial titration of the synthetic prion inoculum in
the transgenic mice. If the first interpretation is
correct, the sample may be diluted many fold
and would stll produce the same incubation
period. I the second is comrect, even a 10-fold
dilution is likely o result in nontransmission
during the life span of these animals.

The recognition that certain heritable traits in
yeast could be explained by conformational
switching and aggregation in two yeast proteing,
Ure2p and Sup35p, led to the emergence of the
field of “yeast prions™; a fungal protein with
prionlike properties, Het-s, has also been de-
scribed (39). These proteins have no sequence
similarity to Pr. While one can argue practical
distinctions from mammalian prions, which are
considered naturally infectious lethal pathogens,
the swdy of these closcly analogous phenomena
has unguestionably led o rapid advances in in-
vestigating the processes of sceded fibril forma-
tion and the molecular basis of strain diversity
and transmission barriers. Indeed, yeast prions
are composed of protein fibrils, propagate by
seeding, and possess sirain diversity that is
explained by distinet conformers (6-435).

Unifying Strains and Transmission
Barriers: Conformational and Kinetic
Selection of Prions

Mammalian PrP genes are highly conserved,
and the close similarity of PrP primary strue-
res, and indeed folds (46), is presumably
central to the ability of prions to cross-infect
between mammalian species. Although a large
number of PrP™ types or “strains” are seen in
the spectrum of mammalian prion diseases, pre-
sumably this number is limited by thermody-
namic stability and the need o replicate at a rale
above that of nawral clearance in vivo., This
number will constitute the theoretical portfolio
of permissible and pathogenic mammalian prion

strains and may be larger than the number of
identified natrally occuming and experimental-
Iy derived strains, Some strains may be possible
conformationally for a given PrP sequence and
could be artificially synthesized, but they could
not be indefinitely propagated in a normal host
owing to efficient clearance. For the yeast prion
[PSI+], for which the substrate protein is Sup3Sp,
an analytical, steady-state model descnbing drains
has been experimentally validated (47). This work
supports a critical role of the fragmentation pro-
pensity of a prion strain in dictating its in vivo
phenotype. To persist, yeast prions must prop-
agate al a rale sufficient to compensale for the
dilutional effect of cell division. Clearly, the in
vivo situation in mammals is far more complex
because predominantly postmitotic cells are
infected and multiple cell types and tissues are
involved. In the brain, clearance by cellular
mechanisms 1o remove misfolded protein aggre-
gates will be far more important than dilution by
cell growth and division, although the situation
may be different in the lymphoreticular system
where prions also replicate. Mammalian prions
also cause massive cell death, and cytotoxicity
will be a major factor in any model of mam-
malian prion propagation. Also, although steady-
state solutions are applicable in modeling veast
prion strains, a steady stale is not reached in the
mammalian central nervous system,

However, though a relatively large number of
different PrP™ types may be possible among the
full range of mammalian PrP sequences, only a
subset of these would be compatible with a given
sequence (Fig. 2A). Substantial overlap between
the permissible conformations for PrP™ derived
from species A and species B would thus resultin
relatively easy transmission of infection between
these two species, whereas two species with no
permissible PrP™ conformations in common
would have a large barrier (o ransmission. Any
transmission of infectivity  between such two
specics would require a change of strain type.
According to the conformational selection model
{#4). host Pri* primary structure influences which
of the portfolio of possible PrP™ types are
thermodynamically preferred with respect o
conformation and kinetically selected during
propagation. In this model, the transmission
barrier is determined by the degree of overlap
between the subset of PrP™ types allowed or
prefemred by PrP" in the host and donor specics.
Strains and transmission barriers can therefore be
considered opposite sides of the same coin,

Retuming to the high cross-species pathoge-
nicity of BSE, this strain may represent a ther-
modynamically highly favored PrP™ conformation
that is readily imprinted on PrP from a range of
different species, accounting for the high prom-
iscuity of this strain in mammals, Centainly, this
strain was sclected by an indusirial cooking
process (rendering of carcasses) involved in the
recyeling of infectivity that generated the UK
BSE epidemic, and it is indeed known experi-
mentally to be particularly thermosiable (48).
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Fig. 2. (A) Conformational selection and transmission barriers. A wide range
of mammalian PrP°* conformations are possible, but only a subset is
compatible with each individual PrP primary structure, Ease of transmission
of prions between species relates to overlap of permissible Prp*
conformations between PrP primary structures from the two species. Though
represented as clones, prion strains may consist of an ensemble of molecules,
and transmission barmiers will relate to overlap of these populations. (B) Strain
mutation. Illustration of strains as an ensemble of PrP** molecules or a clone.
Strains "breed true” when propagated in host that preferentially propagates
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the dominant PrP* type (host A) but may change in a different host (B) that
selectively propagates a minor component of the PrP*° ensemble, resulting
in apparent strain mutation. Alternatively, with a clonal strain, inoculation
into a host (B) expressing PrP with a sequence incompatible with this PP
conformation would only result in transmission by direct strain mutation.
These alternatives are not mutually exclusive. It is possible that strain
selection and mutation may occur in different tissues of the same host as
well as between different hosts as a result of heterogeneity in cellular
mechanisms affecting prion propagation and clearance kinetics.

Another illustration of the conformational
selection model is provided by the common hu-
man PrP polymorphism (M129V), long known
to be a key determinant of genetic susceptibility
to prion discase. Wotably, cvery patient wath
vOID tested (-200) has been homozygous for
the 129 methionine allele (a genotype scen in
about a third of the normal population) because
it appears that the valing 129 human PrP is not
capable of adopting the PrP™ conformation as-
sociated with the BSE strain (49). Transmission
acmss such a bamer thus esults in strain switching
with propagation of a distinct and sometimes novel
strain type and a different discase phenotype (4%).

Prion Strain Stability and Mutation

The phenomenon of strain mutation has been
recognized for many years by biological strain
typing methods (50), Classically, this occurs
when a strain does not “breed true™ on passage
in a new host and a distinct strain is propagated.
Mutation may (but does not necessanly) occur
on crossing between species and also on
intraspecies ransmission where the PrP primary
sequence of the host differs from that of the
inoculum, for example, as a resull of intra-
species PrP polymorphism at residue 129 in

humans (5, ¢, 49). In human PrP. residue 129
places consirainis on which prion strains may
propagate, but has no measurable effect on the
folding, dynamics, and stability of PrP®,
sugpesting that s cffect is cxerted through
conformation of PrP™, its precursors, or on the
kinetics of their formation (3/). Strain mutation
may also occur on intraspecies ransmission where
host and prion donor have identical Prip genes:
This suggesis an additional effect of back ground
zenes on strain selection (32, 53). Sirain mu-
tation can be accommodated within the confor-
mational selection hypothesis by selection of a
novel PrP™ conformer as a result of host PrP*
not being able to adopt the donor PrP™
conformation. However, the phenomenon poses
an important question aboul strains. It has been
long argued that strains can be biologically
cloned (517). This is performed by serial passage
at limiting dilution of an inoculum such that
infection in the next host is initiated by a single
prion. However, some strains are intrinsically
unstable, readily reverting to another strain type,
for example, the hamster DY strain (23). In ad-
dition, more than one strain has been isolated
from some natural prion isolates, for example,
sheep scrapie (54), and multiple PrP™ types are

seen in a sizable fraction of CJD brains (55, 56).
Certainly, a natural isolate shows considerable
diversity in terms of N-terminal cleavage site,
and its glycosylation is highly complex and
diverse. Heat-inactivation studies also suggest
heterogeneity of infectious species with thermo-
stable subpopulations within a defined strain
{37). Two (not mutvally exclusive) possibilitics
can be envisaged (Fig. 2B): (i) A strain can exist
as a molecular clone and strain mutation
involves generation of a distinet PrP™ type; (i)
strains consist of an ensemble of molecular
species (comtaining a dominant PrP™ type
recognized on Wesiem blot and preferentially
propagated by its usual host) from which a less
populous subspecies may be selected by an
allemative host (whose propagation is most fa-
vored in that environment), resulling in a strain
shift. Given the degree of molecular diversity
observed in prion isolates, (i) secems more
plausible, The degree of diversity may also be
strain dependent, with some strains approaching
clonality in some hosts. Different cellular popu-
lations within a single host would also offer
di fferent environments for strain selection. [t has
long been argued that infection of a host with a
“lymphotrophic strain,” which rapidly colonizes
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lymphoid tssues with a long latency before
neurpinvasion, is in part due o the need for
selection of a “neuroinvasive strain” (38). Indeed,
differences in PrP™ type in different peripheral
tissues are well deseribed in vCID, in which
prion colonization of lymphoid tissues long pre-
cedes neurological disease (59-61).

Essentially, a “prion” may be considered a
rarc subtype of PrP polymer that has the
appropriate propertics and replication kinetics
to overcome and evade host defenses and prop-
agate exponentially. Other, nascent prions are
rapidly degraded in wvivo and disappear. The
crucial role of host selection on the ensemble
that exists in a prion inoculum may be why il
remains so difficult to demonstrate generation
of synthetic prions. In vitro-generated “synthetic
prions” may consist overwhelmingly of species
that will be rapidly eliminated in a host. This
would explain why highly purified PeP amyloid
fibrils are apparcntly of low specific infectivity.

Can Prion Infectivity and
Toxicity Be Uncoupled?

What is the cause of cell death in prion
neurodegeneration? PrP loss of function is not
a sufficient cause: PrP-null mice (Prap"™") are
essentially normal (62). That adaptation during
neurodevelopment in Prgp"" mice might com-
pensate for loss of PrP* function, while loss of
PrP" function in the developed brain by its
sequestration to PrP™ might still be deleterious,
is excluded by targeted PrP® depletion in neu-
rons of adult mice (63). However, conversion off
PrE" o PrP™ is clearly central to pathogenesis
because Prup™" mice are resistant to prion dis-
case and do not propagate infectivity (64, 65).
So, is PrP™ neurotoxic? In vitro neuroloxicity of
PrP™ and short PrP peptides has been reported
(66, 67), bul several lines of in vivo evidence
argue against direct toxicity: There are prion
discases in which PrP™ levels in the brain are
very low (68-71); the distibution of PrP™
depasits docs not necessarily mimor clinical signs,
and PrP™ is not directly toxic to neurons that do
not express PrP" (64, 65, 72, 73). Furthermore,
knockout of neuronal PrP" expression during
eslablished brain infection completely protects
mice from development of clinical disease,
prevents newronal loss, and reverses cary
spongiform neuropathology and behavioral
abnormalities (74, 75). Notably, this recovery
occurs despite continued PrP™ production and
prion replication in glial cells, such that PrP™>
and prion titers in brain reach levels seen in end-
slage discase in conventional mice (74). So, do
neurons need o express PrP andlor replicate
prions themselves for toxicity o occur? Various
mechanisms have been proposed, including
aberrant signaling mediated by cross-linked cell
surface PP and aliered PrP" trafficking and
topology (76-79). These allematives are chal-
lenged, however, by the phenomenon of sub-
clinical prion infection in wild-type animals.
Such carrier siates are sometimes established on
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prion inoculation of a second species (S0-82),
Wild-type mice, with normal neuronal PrP"
expression and topology, inoculated with Sc¢237
hamster prions propagate mouse-adapted prions
and yet live a normal [ife span without clinical
discase. Prions propagate slowly bul evenally
reach titers (and levels of PrP™) seen in end-
stage conventional clinical disease (51). How-
ever, sccond passage of these prions in mice or
hamsters results in conventional ransmission with
short incubation periods and 100% lethality (87).

Linking Prion Propagation Kinetics to
Neurotoxicity

A possible explanation is that PrP™ is itself
relatively inert, but toxicity resides in a smaller,
labile, oligomeric PrP species (named PrP" for
lethal), generated as an intermediate or side
product during prion propagation (80, 82).
Neuroloxicity may require a eritical PP con-
centration that is reached during conventional
infections, but the slower kinetic of increase in
infective titer in the subclinically infected mice
may mean that toxic PrP" levels are not reached
(Fig. 3). This hypothesis can accommaodate the

The phenomena of prion propagation and
toxicity can be considered from the standpoint
of classical kinetic mechanisms. A formal model
must accommadate experimental obsenvations that
demonstrate an apparent split between the iden-
tity of the propagating infectious agent and toxic
species. It is increasingly proposed that the toxic
species in amyloid diseases are intermediates on
the pathway for formation of the amyloid struc-
tures (44). However, in this classical sense, such
intermediates that occur before the favorable po-
lymerization phase must reach a steady state,
meaning that their concentration does not rise.
That is, they are part of the priming process and
not part of the autocatalytic phase,

Another, more promising mechanism can be
proposed (Fig. 4} that accommodates both the
autocatalytic nature of mammalian prion prop-
agation and the lack of toxicity of PeP™, In the
protein-only hypothesis, it is axiomatic that
PrP™ acts as a template for the PrPY — PrP™
conversion, However, if PrP™ itself is the toxic
agent, then the observed decoupling between
the level of PrP™ and the extent of pathology is
hard to explain. Without challenging the protein-

wild-type/AML Prag? Y AML wild-ype/Sc237
tga20/RML
g
_F
- %
] g,
a =)
(
i H i
i1 T T T T
100 i 200 {300 | 400 500 600
i . :
Time (days)

Fig. 3. Toxicity and prion titer. According to the proposed models illustrated in Fig. 4, toxicity i due to
the buildup of a templated intermediate or side-product, PrP, while the infectious agent itself is not
directly toxic. This graph illustrates {in a highly schematic form) the separation of the two phenomena.
Prion titer is shown in black and PrP" concentration in red (86). Vertical dotted lines indicate time of
onset of clinical signs and death. Green-shaded area denotes a level of PrP* that can be tolerated
without clinical symptoms. The upper, pink-shaded region represents a level of PrP" that causes clinical
illness; both titer and toxicity lines terminate at death of the animal. The incubation period is thus the
time taken for PrP" levels to cross the boundary. Four host/strain combinations are exemplified: tga20
mice express PrP® at ~10-fold above levels seen in wild-type mice, whereas Prap™* mice express at
50% of wild-type levels. The effect of PrP® expression level on infection with mouse prions (RML strain)
is demonstrated by the first three examples, whereas the fourth indicates wild-type mice infected with
hamster (5c237 strain) prions where prions propagate to high levels but without clinical onset during a
normal life span (subclinical infection).

notable finding that Prap™ mice (with 5086 of
wild-type FrP% expression), when inoculated
with RML mouse prions, develop levels of PrP™
similar to those o Pwild-type mice yetremain well
months after their wild-type counterpants suc-
cumb in a much more prolonged incubation
period (Fig. 3). Furthermore, tga20 transgenic
mice, which express PrP* at abowt 10-fold the
levels of wild-type mice, succumb quickly to
RML prions yet have low PrP™ levels at end-
stage discase (47) (Fig, 3).

only mechanism, it is plausible that during the
template-assisted progression from PrP® 1o Prp™
an intermediate state (PrEY) is formed. There are
then four steps in the process of PrP™> formation,
and in its simplest manifestation this mechanism
can be wrilten:
.k; .A'_?
PP + PPt — PP — PP —
POP:PP™ — PP™ + PrP™
In this model, PrP" is the toxic species, and
the relative levels of toxicity and infectivity are
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infectivity would build up, but with
little toxicity (Fig. 3). By contrast,
in a short-incubation disease such
as RML prion infection in tga20
mice {with a high expression level
of PrPY), an increased rate of initial
conversion leads o a rapid accu-
mulation of PrP" and early death.
In these circumstances, there is a
higher probability of forming
PeP™:PrPC species through in-
creased rates of encounter and, in tum, the level
of PrP™:PP" is enhanced. Also, this model can
explain transmission barrier (strain-adaptation)
cffects where primary passage is associated with
very prolonged incubation periods (or indeed a
subclinical infection without clinical discase in a
nonmal life span), but where subsequent passage
in the same type of host leads o0 a much shorter
incubation period and high or complete lethality
{400, Prion adaptation 10 the new host resulis in
rapid prion propagation with an enhanced rate
of iniial conversion (). which would then
inevitably lead to a higher ratc of formation of
PrP" and a shorer incubation period. In this
templated toxic intermediate model (Fig. 4A),
the ability of a strain o propagaie in a hosi
depends on the raies of both initial conversion
and of maturation; its ability to kill depends on
the balance of these rates. An altemative, bul
related, model can be proposed in which PrP™
is produced autocatalytically without toxic
intermediates (Fig. 4B). However, PrP™ then
itself catalyzes the conversion of PrP* 1o PrP"
a5 a toxic by-product. In this case, low-toxicity,
high-titer infections would arise when the I‘rP(’
to-PrP" conversion rate is slow.

General Model

How may all these phenomena be brought
together? The recent experimental evidence for
these emerging concepts now allows a general
model for mammalian prions (o be proposed

P
48 'y
r LEFY
Degradation
products

{table S1), which accommodates the known
phenomena of exponential propagation of
infectivity, strain diversity and mutation, trans-
mission bamriers, and the uncoupling of in-
fectivity from neurotoxicity, while remaining
within the constraint of requiring only a single
polypeptide to constituie all sirains of infective
and toxic specics.

Essentially, the phenomena of prion disease
pathogenesis can be explained in terms of the
kinetics of prion propagation, determined by in-
terplay between prion strain type (dominant PrP™
polymer and its ensemble) and tissuehost en-
vironment (PrP sequence and expression level,
modifier genes, and clearance mechanisms); selec-
tion of prefemed conformers determines trans-
mission barriers. Neurotoxicity 1s mediated by a
PrP specics, PrP“, distinct from PrP™ but
catalyzed by it. and occurs when PrP" concen-
tration passes a local toxic threshold. Rapid prop-
agation (with a host-adapted strain and normal
or high levels of host PrP" expression) results in
severe neuroloxicity and death al strain-specific
incubation periods. Slow propagation (after in-
fection across a transmission barrier or with low
host PrP* expression) results in low neuratoxicity
and prolonged and more varable incubation
periods or a persistent carmier state.

The concept of prion strain originated from
biological experiments, but at a molecular level
there may be quite distinet infectious PrP poly-
mers (PrP™ types) that cannot be distinguished

Fig. 4. Illustrative models for production of PrP*: (A) Toxic templated intermediate. The most rudimentary model has
four steps: binding, initial conversion, maturation, and fission. It is possible that PrP* must dissociate before it is
toxic, but this is not a prerequisite, The number of PrP“ molecules (n) joining, converting, and maturing
does not affect the qualitative behavior of the model. (B) Toxic templated side product In this model, Pr
surface catalyst for the conversion of PrP® to PrP, but the latter is not an intermediate in the synthesis of PrP*,

r cycle
" acts as

by ransmission sidies in inbred laboratory
mouse lines. Although in practice, the converse
situation of biu]n%‘_mll}r distinet prion straing as-
sociated with PrP™ that cannot be biochemically
differentiated by current methods will also be
observed, under this general protein-only model
such biochemical or biophysical differences in
PrP* must exist, and the model would predict
that differences would be observed with more
discriminating molecular methods, challenging
the historical pnmacy of biological classification
of prion strains.

Wider Implications
The impressive advances made in the field of
yeast prions have clearly cstablished a much
wider biological imponance of prion-like pro-
cesses and have allowed direct experimental
confimmation of molecular mechanisms proposad
from work with mammalian prons. Understanding
these phenomena will illuminate processes in-
volving protein misfolding and aggregation, and
protein-based inheritance, which clearly have
far-reaching implications in pathobiology, aging,
and the evolution of cellular processes, However,
marmalian prions are distinctive, They are lethal
pathogens par excellence —indeed, it is hard o
think of other examples of infectious discases
with 100% monality once the carliest clinical
signs have developed.

Prions raise troubling questions in evolution.
In particular, how did prions evolve as such
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potent pathogens, complete with the ability to
infect from the environment and travel to the
brain? Conventional pathogens have evolved
complex mechanisms 10 enable pathogenesis
and evade destruction. [f prions are composed
purcly of a polypeplide encoded by the host,
how can they evolve? In essence, it scems that
they had to arise de novo as an intact pathogenic
system, and it is tempting 1o speculate that prions
therefore represent malfunction of an evolved
normal activity that has yet to be elucidated.
That prions can encode information required to
specify different discrete phenotypes opens up
the possibility, perhaps likelihood, that other
protein-based inheritance systems will have been
exploited for benefit in mammalian evolution.

The more common neurodegenerative dis-
cases also involve accumulation of aggrepates
of misfolded host-encoded proteins. It has long
been speculated that some of these, and indeed
other amyloidotic conditions, might be at least
experimentally transmissible. Recent work has
shown that brain extracts containing pB-amyloid
deposits taken from either Alzheimer's disease
patienis or transgenic mice expressing f-amyloid
precursor protein (APP) induced B-amyloidosis
and related pathology when injected into the
brains of presymplomatic APP transgenic mice
(#5). The induced amyloidotic phenotype varied
with host and source of agent, reminiscent of
prion strains. It is interesting to speculate thal
distinet strains of f-amyloid may develop spon-
tancously in Alzheimer’s discase and mighi
coniribuie o phenotypic vanability in patients.
The possibility exists, therefore, that the general
model proposed here may have wider relevance
in other diseases involving protein misfolding
and aggregation,
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A Cretaceous Hoofed Mammal from India

G. V. R. Prasad,>* 0. Verma, A. Sahni,” V. Parmar,’ A. Khosla®

ngulate or hoofed mammals represent
I | the most important herbivores of Ceno-
zoic land mammal communities. Condy-
larths or archaic ungulales are a paraphyletic
group regarded as an ancestral or sister taxon
to living ungulate mammals (/) and are known
by fossils from the Early Paleocene of North
America and South Amenca, the Late Paleocene
and Eocene of Europe, and the Eocene of Africa
and possibly Australia. The ecarliest definitive
ungulates represented by Prowngudatim, Ox-
primus, Baioconodon, and Mimatuta (1, 2) come
from the Early Paleocene (Puercan) of north-
eastern Montana, WNo Cre-
taccous condylanh has vet
been documented. Here,
we describe an isolated
lower molar (m; or m:)
of a condylanth mammal
from the Late Cretaceous
(Maastrichtian) lacustnne
rocks interbedded with
Deccan volcanic flows of
Central India [Supporting
Online Material (SOM) text
and fig. 81]. The tooth is
catalyped as VPLIU/IM/SI
and deposited in the Verie-
brate Paleontology Labora
tory of Jammu University.

Class: Mammalia Lin-
nacus, 1758, Order: Con-
dylarthra Cope, 1581,
Family: Incertae Sedis.
Kharmenmgdenon vanveleni
genus el species nova,

Holotype. VPL/JU/
IM/31, isolated right lower
molar.

Generic Diagnosis.
Asymmetacal ngond wider
and longer than lonid, bul-
bous cusps, paraconid slight-
Iy labial to the lingual
margin, voluminous proio-
conid twice as lange as meta
conid and closely appressed
to i, metaconid slightly
posterior to protoconid with
the posterior trigonid wall
slightly obligue to the long axis, entoconid smaller
than hypoconulid and basally conjoined to il
forming an oblique posterolingual crest, hypocon-
id is the most voluminous talonid cusp, talonid
basin partially closed lingually, obliguely trans-
verse talonid groove, size smaller as compared 1o
other archaic ungulates (SOM texi),

Etymology. Genus named after the nearby
Kharmer River, species named in honor of
Leigh Wan Valen,

Specific Diagnosis. As for genus.

Basal expansion and sidewall comvexity of the
lower molars are conspicuous differences between
archaic ungulates and Cretaceous cutherians such
as Cimolestes, Procerbens, Batocdon, Gypsonictops,
and Decoarlestes. Archaic ungulates developed the
ability to crush and grind food through reduced
height difference between the trigonid and talon-
id, cusp bunodonty, the possession of a large
hypoconid, and characlerstic abrasion causing

Fig. 1. Holotype of Kharmerungulatum vanvaleni genus et species
nova, isolated right lower molar (m; or m, VPLIUAM/31). End,
entoconid; hyd, hypoconid; hyld, hypoconulid; med, metaconid; oc,
cristid obliqua; pad, paraconid; pecc, precingulid cuspule; and prd,
protoconid. (A) Dcclusal view. (B) Line drawing of (8). (C) Posterior
view. (D) Lingual view. (E) Anterior view. (F) Labial view.

beveling of cusp apices (). The momphology of
Kharmermgulanon (Fig. 1, A to F) is like that of
the lower molar morphology of archaie ungulates,
but the lamer are relatively larger and have more
bunadont cusps, Kharmermgulanm rdains many
plesiomorphic characters that occur vanably in
Prommgulanm, (vyprimus, Baioconodon, and

[ ) L)
D [\

Mimania. These include tngomd moderately
taller than the talonid; paraconid slightly labial to
the lingual margin and well separated from the
metaconid, & in Mimatwra, Protngulatum gor-
gun, and Bafoconodon middietoni; obliquely
orented paracristid, as in Protngudatm and
Cnyprinmes; obliquely orented posterior trigonid
wall with a slightly posteniorly developed meta-
conid and asymmetrical tigonid, as in Protg-
fanem donnae; short entocristid pantially closing
the talonid lingually, as in Protsgdaton, O-
primus, and Baiconodon; and a cnstid obliqua
joining the posterior trigonid wall below the
posterolabial base of the mdaconid. However, in
relative dimensions of alonid cusps and closcly
appressed entoconid and hypoconulid forming a
posterolingual crest, Klarmerungulanan is also
comparable to South American Molinodus (3).

Among all specics of archaic ungulates,
Kharmerungdatum is closest Lo P gorgun in
cusp morphology except that it lacks cingulids
[figure 3F of (4)] and to Baioconodon in having a
talonid shorter and narower than the trigonid
(SOM text). We consider Kliarmermgulatin to
represent an early stage in the evolution of
ungulaes,

The presence of an archaic ungulate in the
latest Cretaceous of India may reflect that (i)
archaic ungulates had a pan-Gondwanan distri-
bution, and their absence in other landmasses
may be an artifact of limited field investigations:
(il ) Kharmerunglaron immigrated to India from
Western Asia, which had a diversified assem-
blage of zhelestids (85 million years ago) re-
garded by some as ancestral 1o archaic ungulates
(5), although any connection is disputed (%), and
(i) the dnfting Indian subcontinent may have
served as a center of origin for many mammalian
orders and other vertebrate and plani groups.
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Correlation of the Highest-Energy

Cosmic Rays with Nearby
Extragalactic Objects

The Pierre Auger Collaboration*
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Nearby active

Super-galactic plane
galactic nuclei i ;

tens of EeV, the deflec-
tion 15, however, small

OSMIC rays are
‘ particles and nu-
clei that bom-

bard the Earh from
space in all directions
{1 A few have astound-
ing encrgies— beyond
100 EeV (1 EeV =
1 exa-clectron volt =
10" &V)—ondirs of mag-
nitude beyond even the
future capabilities of any
carthly particle acceler-

enough that the pros-
pect of identifying pos-
sible sources becomes
a reality,

Since 2004, the Auger
Observatory has col-
lected a million cosmic-
ray events, and about 80
had energies exceeding
40 EeV, the energy at
which we expect to be-

/Milkj' Way plane

ator. Such energics are so
extreme that they could
arise in only the most
violent places in the uni-
verse, One possible lo-
cation is within active
galactic nuclei (AGN),
galaxies hosting central
black holes that feed on gas and stars and may eject vast plasma jets into
intergalactic space.

As cosmic rays propagate, the highest-energy particles interact
strongly with the ubiquitous cosmic background radiation and lose
some energy. Thus, they can only travel limited distances and, con-
sequently, their flux is suppressed (the “GZE effect”™). So the survival
of the highest-energy cosmic rays as they traverse space is in itself a
puzzle. Simply stated, we don’t know what they are. where they came
from, or how they got here from there.

The highest-cnergy cosmic rays are so rare that in the last 50 years,
only a handful of 100-EeV particles have been detected. The low lux
{only a few per km® on Earth per millennium) renders their direct de-
tection infeasible. Instead, instruments with extremely large collecting
areas are deployed and sample the shower of secondary particles produced
when the primary cosmic ray collides with Earth’s atmosphere. The
Pierre Auger Observatory stretches over 3000 km® in western Ar-
genting, an area similar 1o that of Rhode Island. It measures extensive
air showers both on the ground with 1600 detectors spaced 1.5 km
apart and in the air, viewing the brief flash of nitrogen molecules de-
exciting afler the shower passes by (the same radiation is seen from a
different stimulus and over longer time scales as the Aurora Borealis).
The Pierre Auger Observatory uses these two detection technigues
routinely at the same time. The size of the data sct now exceeds that
from all carlier cxperiments,

The direction of the primary cosmic ray can be reconstructed with
good precision—to within 1 or so—by the ground detectors, Most
cosmic-ray particles are charged and so their trajectorics are bent by
the magnetic fields in space. For particles with energies above a few

Events =57 EeV

rare high-energy cosmic rays.

Sky map (2) showing cosmic rays detected by the Pierre Auger Observatory. Low-energy cosmic
rays appear to originate from evenly distributed sources (blue dots), but the origins of the
highest-energy events (crosses) correlate with the distribution of local matter as represented by
nearby active galactic nuclei (red stars). Thus, active galactic nuclei are a likely source of these

gin to see the flux sup-
pression of the GZK
effect. First, we exam-
ined the data gathered
before June 2006. We
explored the amount of
correlation between the
amival directions and the
positions of known AGN by tuning several factors: a cutoft for the maximum
distance of an AGN, a cutoff for the minimum energy of cosmic rays, and the
angular separation of an event from some AGN.

We found a strong association between the cosmic-ray directions and
nearby AGN. OF 15 events with energies greater than about 60 EcV, 12 were
located within 3.17 of AGN closer than 75 Mpe from Eamh (about 250
million light-vears). The likelihood of a random isotropic set of arrival
directions conspiring to fool us this much was small. We fixed the values of
the correlation parmmeters and applied them to new data collected after June
2006. Daia collected more recently, until Auvgust 2007 (see the figure),
confirmed the correlation.

Interpretation of these results merits some caution. We used a catalog
of AGN that is known to be incomplete, especially in directions in which
we peer through the dusty plane of our Galaxy and beyond 300 million
light-years away from Earth. (It is notable that most of the few events that
do not appear o be near AGN are indeed somewhat near the Galactic
planc.) The AGN themselves tend o be distrbuted among the nearby
walaxies, and so based on the statistics of our present data we can only
declare that the cosmic-ray sources are comrelated with the distribution of
nearby maiter, including AGN, However, because of the energetic pro-
cesses within them, AGN have long been considered as likely sources of
cosmic rays. Our data suggest that they remain the prime candidates.

Events =3 EeV
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Using data collected at the Pierre Auger Observatory during the past 3.7 years, we
demonstrated a correlation between the arrival directions of cosmic rays with energy
above 6 x 10*? electron volts and the positions of active galactic nuclei (AGN) lying
within ~75 megaparsecs. We rejected the hypothesis of an isotropic distribution of these
cosmic rays with at least a 99% confidence level from a prescribed a priori test. The
comelation we observed is compatible with the hypothesis that the highest-energy particles
originate from nearby extragalactic sources whose flux has not been substantially reduced
by interaction with the cosmic background radiation. AGN or objects having a similar

spatial distribution are possible sources.

osmic rays are cnergetic particlss and

nuclel from space that strke the Eah's

atmosphere. Their encrgies vary from a
few 10° eV to beyond 107" eV, The flux of cos-
mic rays ot Earth decreases very rapidly with
energy, from a few panticles per square centi-
meter per second in the low-energy region to
less than one particle per square kilometer
per century above 10" ¢V, The identification
of the sources of ultrahigh-energy cosmic rays
(UHECR) with energies ~10°" ¢V has been a
great challenge since they were first observed
in 1962 (/). Because cosmic rays at these en-
ergies are not expecled o be confined by
magnetic ficlds in the disk of our galaxy, and
indeed no significant excess from the direc-
tion of the Milky Way has been observed, it is
likely that they originate outside the Galaxy.
Until now, there has been no experimental
confirmation of this hypothesis.

Because of their very low flux, UHECR
can only be detected through their interaction
with the Earth's atmosphere, producing a
cascade of billions of particles that excite ni-
trogen molecules in the air along their path
and spread over a large area when they reach
the ground. The Pierre Auger Southemn Obser-
vatory (2), now nearing completion in Argen-
tina, was designed to simultancously observe
the shower particles at ground level and the
associated fluorescence light generated in the
atmosphere, A large army of 1600 surface de-
tectors (SDs), laid out as an equilateral tri-
angular grid with 1500-m spacing, covers an
arca of 3000 km? and detects the particles at
ground level by means of the Cherenkov
radiation they produce in water. At each of
four sites on the periphery of the instrumented
arca, six inward-facing optical telescopes
observe the sky on clear moonless nights,
These devices measure the atmospheric fluo-
rescence light produced as an extensive air
shower passes through the field of view. The
two techniques—the SDs and the fluorescence
detectors (FDs)—are complementary, and also
provide cross-checks and redundancy in the

Observatorio Pierre Auger, Avenida San Martin Norte
304, (5613) Malargie. Mendoza, Argentina. E-mail:
auger_collaboration2@fnal.gow

*The full [ist of authors and their affiliations appears at the
end of this paper.

measurcment of air-shower parameters. The 5D
measures the two-dimensional lateral structune
of the shower at ground level, whereas the FD
records the longitudinal profile of the shower
during its development through the atmosphere.
In Fig. 1, we present the layout of the Obser-
vatory as of 30 Seplember 2007,

The Pierre Auger Southem Observatory has
been taking dala stably since January 2004,
The large exposure of its ground amay, com-
bined with accurate energy and arrival-direction
measurcments, calibrated and verified from the
hybrid operation with the fluorescence detectors,
provides an opportunity to explore the spatial
comrelation betwem cosmic rays and their sources
in the sky.

[f cosmic rays with the highest energies are
predominantly protons or nuclei, only sources
closer than about 200 Mpc from Earth can
contribute appreciably to the observed flux
above 60 EeV (1 EeV = 10" eV). Protons or
nuclei with energies above 60 EcV inieract
with the cosmic microwave background (3-3),
leading to a strong attenuation of their flux
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from distant sources, This attenuation 15 known
as the Greisen, Zatsepin, and Kuzmin (GZK)
effect, from the names of the three physicists
that predicted it. If the sources of the most en-
ergetic cosmic rays are relatively nearby and
arc not uniformly distributed, then an aniso-
wopic arrival distrbution s expected, provided
the particles have a sufficiently small charge
and a sufficiently high energy for their direc-
tions to be minimally perturbed by intervening
magnetic fields,

Anisotropy of the cosmic rays with the
highest energies could manifest as clustering
of cvents from individual point sources or
through the corelation of arrival directions
with a collection of astronomical objects. The
Akeno Giant Air Shower Array (AGASA)
Collaboration claimed some excess of cluster-
ing at small angular scales compared to isotropic
expectations (4), but this was not supporied
by dala recorded by the HiRes experiment
{ 7). Analyses of data recorded by several air-
shower experiments revealed a general corre-
lation with the direction of the supergalactic
plane (8, ¥), where several nearby galaxies
cluster, but with limited statistical significance.

AGN have long been considered sites where
energetic-particle production might take place
and where protons and heavier nueler could
be accelerated up to the highest energies yet
measured ([0, 1f). Here, we report the obser-
vation of a correlation between the arrival direc-
tions of the cosmic rays with highest energics
measured by the Piere Auger Observatory and
the positions of nearby AGN from the 12ih edi-
tion of the catalog of quasars and active nuclei
by Véron-Cetty and Véron (V-C catalog) (/2.
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Fig. 1. Layout of the Piemre Auger Southern Observatory. The dots represent the position of each of
the 1600 5D stations. The 1430 SD stations deployed and activated as of 30 September 2007 lie in
the area shaded blue. The 4 FD sites are labeled in yellow, with green lines indicating the field of
view of the six telescopes at each site. To give the scale of the Observatory, the lengths of the green
line correspond to 20 km.
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Data set and method. The data set ana-
Ivzed here consists of the cosmic-ray events
recorded by the surface array of the Observ-
atory from | January 2004 to 31 August 2007,
It contains 81 events with reconstructed ener-
gies above 40 EcV and zenith angles smaller
than 60°, The integrated exposure is 9.0 = 10
km® sr year.

We only use recorded events if they mecet
strict criteria with regard to the guality of the
reconstruction of their energy and direction.
The selection of those events is done via a
quality trigger (/3), which is only a function
of the topology of the footprint of the event on
the ground. This trigger requircs that the de-
tector with the highest signal must be sur-
rounded by five active nearest neighbors, and
that the reconstructed shower core be inside
an active equilateral triangle of detectors. This
represents an efficient quality cut while guar-
anteeing that no crucial information is missed
for the shower reconstruction.

The arrival direction of a cosmic ray is a
crucial ingredient in our study. The event di-
rection is determined by a fit of the arrival
times of the shower front at the SD. The pre-
cision achieved in the arrival direction de-
pends on the clock resolution of cach detector
and on the fluctuations in the time of amrival
of the first particle (/4). The angular resolu-
tion is defined as the angular aperture around
an arival direction of cosmic rays within
which 68% of the showers are reconstructed.
This resolution has been verified experi-
mentally with events for which two inde-
pendent geometrical reconstructions can be
performed. The first test uses hybrid events,
which are measured simultancously by the

SD and the FD; the sccond one uses events
falling in a special region of our array where
two surface stations are laid in pairs 11 m
apart at each position. Events that triggered at
lzast six surface stations have energies above
10 EeV and an angular resolution better than
1° (15, 16).

The energy of cach event is determined in
a two-step procedure, The shower size §, ata
reference distance and zenith angle, is cal-
culated from the signal detected in each sur-
face station and then converted to energy with
a lincar calibmtion curve based on the fluo-
rescence telescope measurements (/7). The
uncertainty resulting from the adjustment of
the shower size, the conversion (o a reference
angle, the fluctuation from shower to shower,
and the calibration curve amounts to about
18%. The absolute energy scale is given by
the fluorescence measurements and has a sys-
tematic uncertainty of 22% (/8). The largest
systemalic uncerainly arises primarily from
an incomplete knowledge of the yield of pho-
tons from the fluorescence of atmospheric
nitrogen (14%), the telescope calibration (%.5%),
and the reconstruction procedure (10%). Ad-
ditional uncertainty in the energy scale for
the set of high-energy evenls used in the
present analysis is due to the relatively low
statistics available for calibration in this en-
ergy range.

Events with energy sbove 3 EeV are recorded
with nearly 100% efficiency over the area cov-
ered by the surface ammay. The nonuniformity of
the exposure in right ascension is below 1%,
negligible in the context of the present analysis,
The dependence of the exposure on declination
is calculated from the latitude of the detector

Fig. 2. Aitoff projection of the celestial sphere in galactic coordinates with circles of radius 3.1°
centered at the arrival directions of the 27 cosmic rays with highest energy detected by the Pierre
Auger Observatory. The positions of the 472 AGN (318 in the field of view of the Observatory) with
redshift z < 0.018 (0 < 75 Mpd from the 12th edition of the catalog of quasars and active nuclei
(12) are indicated by red asterisks. The solid line represents the border of the field of view (zenith
angles smaller than 60°). Darker color indicates larger relative exposure. Each colored band has
equal integrated exposure. The dashed line is the supergalactic plane. Centaurus A, one of our

closest AGN, is marked in white.
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and the full accepltance for showers up o 60°
zenith angle,

A key element of our study is the probability
F for a set of N events from an isotropic flux to
contain & or more events at a maximum angular
distance y from any member of a collection of
candidate point sources. P is given by the cumula-
tive binomial distribution ¥, C¥p/(1 - p)V I,
where the parameter p is the fraction of the sky
{weighted by the exposure) defined by the
regions at angular separation less than w from
the selected sources.

We analyee the degree of comrelation of
our daia with the directions of AGN refer-
enced in the V-C catalog (/2). This catalog
does not contain all existing AGN and is not
an unbiased slatistical sample of them. This is
not an obstacle to demonstrating the existence
of anisolropies but may affect our ability to
identify the cosmic-ray sources unambiguously.
The catalog contains 694 active galaxies with
redshifis = < 0,024, corresponding to distances
£ smaller than 100 Mpe (/¥). At larger dis-
tances, and around the Galactic plane, the
catalog is increasingly incomplete.

Exploration and confirmation. Using data
acquired between 1 January 2004 and 26 May
2006, we scanned for the minimum of P in the
three-dimensional parameter space defined by
maximum angular separations y, maximum red-
shifis =,,... and energy thresholds £y,. The lower
limit for the scan in w coresponds to the
angular resolution of the surface amay. Our scan
in energy threshold and maximum distance was
motivated by the assumption that cosmic rays
with the highest energies are the ones that are
least deflected by intervening magnetic ficlds
and that have the smallest probability of arrival
from very distant sources due to the GZK effect
(3, 4).

We found a minimum of £ for the param-
eters yw = 3.1°, z,,,, = 0.018 (D, =75 Mpc),
and £y, = 56 EcV. For these values, 12 evenis
among 15 correlate with the selected AGN,
whereas only 3.2 were expecied by chance if
the flux were isotropic. This observation mo-
tivated the definition of a test to validate the
result with an independent data set, with pa-
rameters specified a prior, as is required by
the Auger source and anisotropy scarch meth-
odology (20, 21).

The Auger search protocol was designed
as a sequence of tests to be applied afier the
observation of cach new event with energy
above 56 EeV. The total probability of in-
correctly rejecting the isotropy  hypothesis
along the sequence was set 1o a maximum of
1%, The parmameters for the prescribed test
were chosen as those, given above, that led to
the minimum of P in the exploratory scan.
The probability of a chance correlation at the
chosen angular scale of a single cosmic ray
with the selected astronomical objects is p =
0.21 if the flux were isotropic. The test was
applied to data collected between 27 May
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2006 and 31 August 2007, with exacily the
same reconstruction algorithms, energy calib-
ration, and quality cuts for event selection as
in the exploratory scan. In these independent
data, there are 13 events with energy above 56
EeV, of which 8 have arrival directions closer
than 3.1° from the positions of AGN less than
75 Mpc away, with 2.7 expected on average.
The probability that this configuration would
occur by chance if the flux were isotropic is
1.7 = 107, Following our search protocol and
based on the independent data set alone, we
reject the hypothesis of isotropy in the dis-
inbution of the amrival directions of cosmic
rays with the highest energies with al least a
99% confidence level,

Results. Having determined that an anisot-
ropy exists, based on the a priori prescription,
we rescanned the full data set from 1 January
2004 to 31 August 2007, using the method
described above to substantiate the observed
correlation. We used steps of (L1° in w, in the
range 1% <y < 8% and 0.001 in z,.. in the
range 0 < =, < 0.024. We also used a newer
version of our reconstruction and calibration
algorithm that gives slightly different recon-
structed directions and energies. These small
differences, well within our reconstruction un-
certainty, madify the final event selection, but
this has minor consequences on the value of
the parameters W, =,.,.. and £, that maximize
the correlation signal. We start the scan with
the event of highest energy and add events
one by one in order of decreasing cnergy,
down to £, = 40 EeV.

Swrong correlation signals ocour for energy
thresholds around 60 EeV and several com-
binations of the other parameters in the range
Wy = 6% and 5., = 0,024 (D, < 100 Mpc).
The absolute minimum value of P occurs for
the 27 events with the highest encrgies (above
57 EeV in the new analysis). We generaied
simulated sets of directions, drawn from an
isotropic distribution in proportion to the rela-
tive exposure of the observatory., Performing
an identical scan on those simulated samples
to that applied to the rcal data, we obitain
smaller or equal values of P in ~107° of the
simulated direction sets.

We present (Fig, 2) a sky map in Galactic
coordinates of our 27 highest-energy events
(£ = 57 EeV), as determined by our most re-
cent version of the reconstruction code. The
anisotrapy is clearly visible. We note the prox-
imity of several events close to the supergalactic
plane, and also that two events amive within 3°
of Centaurus A, one of the closest AGN, marked
in white on the figure,

Discussion, With the statistics of our pre-
sent data set, the observed correlation is
significant for maximum distances 1o AGN
of up to 100 Mpc, for maximum angular
separations of up to 6° and for cnergy
thresholds around 60 EeV, Those numbers
are to be taken as indicative because the

minimization of P is not totally exempt from
biases. Accidental correlation with foreground
AGN different from the actual sources may
induce bias toward smaller maximum source
distances, while accidental correlation with
distant background ones may reduce the op-
timal maximum angular separation by a fow
degrecs.

Under the simplifying assumptions of a
uniform distribution of sources with equal
intrinsic luminosity and continuous encrgy
loss in the cosmic microwave background due
to the GZK effect (3, 4), 90% of the protons
arriving at Earth with energy exceeding 60 EeV
originale from sources closer than 200 Mpe,
This (somewhat arbitrarily defined) “GZE
horizon™ decreases rapidly with increasing
energy and drops to 90 Mpe for energies
exceeding 80 EeV. The relation between the
horizon distance and the value of Dy, that
minimizes P is not a simple one, given the
possible biases in the method, which has non-
uniform sensitivity over the range of parameters
scanned. Increasing catalog incompleteness
also prevents confidently scanning over sources
at distances much larger than 100 Mpe.
Moreover, the local density and luminosities
of sources could have significant deparures
from the uniformity assumed in the GZK
horizon scale for a given cnergy threshold.
Taking into consideration these caveats, in
addition to the uncerainty in the recon-
structed energies, the range of D, and £y
over which we observe a significant corre-
lation is compatible with the frequenily made
assumption that the highest-energy cosmic
rays arc protons expencncing predicted GZK
encrgy losses. We note that the correlation
increases abruptly at the energy threshold
of 57 EeV, which coincides with the point
on the energy spectrum recently reporied
from the observatory at which the flux is
reduced by ~50% with respect o a power-
law extrapolation of lower-cnergy observa-
tions (/7).

If the regular component of the galactic
magnetic ficld is coherent over scales of
1 kpe with a swrength of a few pG, as indi-
cated by data from studies of pulsars (22), the
observed correlation over an angular scale of
only a few degrees for £ ~ 60 EeV is indi-
cative that most of the primaries are not heavy
nuclei.

These features are compatible with the
interpretation that the correlation we observe
is evidence for the GZK ceffect and the
hypothesis that the highest-energy cosmic
rays reaching Earth are mostly protons from
nearby sources,

The catalog of AGN that we use is in-
creasingly incomplete near the galactic plane,
where extinction from dust in the Milky Way
reduces the sensitivity of observations. De-
flections from the galactic magnetic field
are also expected to be sigmficantly larger
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than average for cosmic rays that amive al
equatorial Galactic latitudes, because they
traverse a longer distance across any regular
Galactic magnetic component. These effects
are likely 1o have some impact upon the es-
timate of the strength of the comrelation, Six
out of the cight events that do not comelate
with AGN positions within our prescribed pa-
rameters and reconstruction code lie less than
12 away from the Galactic plane.

Diespite its strength, the comelation that we
observe with nearby AGN from the V-C
catalog cannot be used alone as a proof that
AGN are the sources. Other sources, as long
as their disinbution within the GZK honzon is
sufficiently similar to that of the AGN, could
lead to a significant correlation between the
arrival directions of cosmic rays and the AGN
positions. Such correlations are under investiga-
tion in paricular for the Infra-Red Astronomical
Satellite (IRAS) galaxics. The aulocornelation
signal of the highest-cnergy events is also
being investigated. It shows departures from
isofropic expectations al angular scales be-
tween 5% and 20° (23) and serves as an addi-
tional tool to identify the spatial distribution
of the sources.

Conclusion. We have demonstrated the an-
isotropy of the arrival directions of the highest-
energy cosmic rays and their extragalactic
origin. Our observations are consistent with
the hypothesis that the rapid decrease of flux
measured by the Pierre Auger Observatory
above 60 EeV is due to the GZK effect and
that most of the cosmic rays reaching Eanh in
that energy range are protons from nearby
astrophysical sources, cither AGN or other
objects with a similar spatial distribution.

The number of high-energy cosmic-ray
evenis recorded so far by the Pierre Auger
Observatory and analyzed in this work cor-
responds to 1.2 years of operation of the
complete southern amray. The data set that the
observatory will gather in just a few more
years should offer a better chance to unam-
biguously identify the sources. The paitem
of correlations of cosmic-ray evenis with
their sources could also assist in determining
the propertics of the intervening magnetic-
field structures and in particle physics ex-
plorations at the largest energies. Astronomy
based on cosmic rays with the highest en-
ergics opens a new window on the nearby
universe.
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IRE1 Signaling Affects Cell Fate
During the Unfolded Protein Response

Jonathan H. lin,"'z’?'t Han I.i,i'z Douglas ‘filsumufa," Hannah R. ltl:thutm,z

Chao Ihang,“‘ Barbara I'i|n||1ing|,z Kevan M. 5hl:lkﬂ'l,1'5
Matthew M. LaVail,* Peter Walter™?

AUTHORS SUMMARY

rganism health depends on

the accuracy of the signals

sent and received by constit-
uent cells, Proteins, either secreted
from the cell or embedded in the
plasma membane o montor e -
vironmenl, ransmit much of this
information, On the basis of these
signals, cells make vital decisions-
when and where to divide, migrate
or change shape, differentiate, or die.

Cells have evolved elaborate mech-
anisms to ensure the accuracy with
which proteins are folded and assem-
bled before export or transport to the
cell surface. Siringent quality con-
trol is imposed by the endoplasmic
reticulum (ER), a membrane-bound
labyrinth of wbes and sacs, where
vinually all plasma membrane and
secreied proteins begin their joumey
to the surface. Only properly folded
proteins are allowed to leave the ER;
misfolded proicins are degraded. In
this way, cells display or release only high-guality, functional proicins.

To maintain fidelity, the cell needs to fold proteing as they are made,
and this system needs to adapt o changing conditions, This feat is achieved
by a set of intracellular signaling pathways, collectively termed the “un-
folded protein response™ (UPR), which senses when the ER has accu-
mulated too many unfolded proteins. The UPR then activates transcription
of certain genes that serve o increase the ER's protein folding capacity as
needed. UPR signaling can protect cells from such ER stress by expanding
the amount of ER in the cell, enhancing the degradation of misfolded
proteins, and reducing the synthesis of new proteins, 1f homeostasis cannot
be reestablished, however, UPR signaling eventually induces cell death by
apoptosis, an effective means of protecting the ozanism from rogue cells
expressing dysfunctional signaling molecules. How does the UPR switch
between these mutually incompatible life and death fates for the cell?

No trigger for ER stress has been identified that selectively elicits only
protective responses or only apoptosis. [nstead, ER siress activates all UPR
sigmaling pathways, thereby simultancously producing antagonistic oulputs,
To address this paradox, we developed assays o examine the molecular
behavior of three parallel branches of the UPR—govemed by the ER-stress
sensors IRE], PERK, and ATF6, respectively—in human cells exposed 1o
persstent, pharmacologically induced ER stress. As expeated, all three branch-
es were activated upon indudion of ER stress but, unexpectedly, the behavior
of individual signaling pathways varied markedly with time afler the onset
of stress. The responses set in motion via [RE1 quickly attenuated within 8
hours despite the persistence of the stress; the ATFS responses showed some-
what delayed attenuation (see figure). By contrast, the responses mediated by

IRE1

ATFG

PERK

Cell fate Cell protection

different time courses.

The unfolded protein response. Accumulation of misfolded proteins (ER
stress) triggers both cell protective and cell death responses, but with

PERK persisted under prolonged ER
stress and were still evident 30 hours
after stress onset.

These findings suggested that the
vared tme courses of the indi-
vidual UPR branches influence the
cell’s ultimate fale in response to ER
stress, To test this, we developed a
chemical-genctic stralegy o control
IREI and its downstream targets, in-
dependent of ER stress. We crealed
isogenic human eells that expressed
an antificial, drug-inducible mutant
IRE1, which allowed us to sustan
prolonged IRE] signaling in the face
of persistent ER sress. Cell survival
was significantly enhanced under
these conditions, demonstrating that
the termination of IRE1 activity is an
important factor in allowing cell
death after UPR actvation,

Last, we found similar tme-related
swilches in the endpoint of the UPR
(from cell protection to apoptosis) in
animal models of a hediable degenerative proteinopathy-—retinitis pigmen-
tosa—where photoreceptor cells die as a result of the expression of
misfolded rhodopsin molecules, leading o blindness. Our findings thus
provide a molecular rationale for how cells control whether to live or die
when confronted with ER stress.

Pressing next questions include identifying the mechanisms by which
different UPR branches can be selectively controlled. Phosphatases modulate
PERK branch activity (/) and could also influence [RE1 signaling. Other
ranscrptional, translational, and posttranslational regulatory  mechanisms
may also contribute. Furthemore, different cell types may tailor the UPR. for
their own needs. Which parts of the model apply to all cells and which are
tailored to allow different cell types to “dial-in” physiologically appropriate
tolerance levels to ER stress? Do tissues with inherently different IREI,
ATF6, or PERK activities display greater or lesser resistance to cell death
upon induction of ER stress? In addition to transcriptional output of the UPR
branches, dired protein-protein interactions may also contribute to the control
of apoplosis, Mammalian IRE], for example, associates with the apoptosis-
regulating BCL-2 protein family members BAK and BAX (2). IRE]
signaling activates the JNK pathway, possibly by directly phosphorylating
downstream targets (J3). Finally, the association of ER stress with diverse
human diseases—cancer, diabetes, proteinopathies, and viral infections
raises the possibility of alterng pathogenesis by manipulating the UPR.

Time

Apoptosis
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Endoplasmic reticulum (ER) stress activates a set of signaling pathways, collectively termed
the unfolded protein response (UPR). The three UPR branches (IRE1, PERK, and ATF&) promote
cell survival by reducing misfolded protein levels. UPR signaling also promotes apoptotic cell
death if ER stress is not alleviated. How the UPR integrates its cytoprotective and proapoptotic
outputs to select between life or death cell fates is unknown. We found that IRE1 and ATFé
activities were attenuated by persistent ER stress in human cells. By contrast, PERK signaling,
including translational inhibition and proapoptotic transcription regulator Chop induction,
was maintained. When IRE1 activity was sustained artificially, cell survival was enhanced,
suggesting a causal link between the duration of UPR branch signaling and life or death cell
fate after ER stress. Key findings from our studies in cell culture were recapitulated in
photoreceptors expressing mutant rhodopsin in animal models of retinitis pigmentosa.

he UPR comprises a set of signaling path-

ways that collectively adjust the cell's ER

protein folding capacity according to need.
As such, UPR signaling reestablishes homeosta-
sis in the face of changing developmental and
environmental conditions, thercby preserving ER
protein folding fidelity. Upon unmitigated ER
siress, the UPR also triggers apoplosis. Thus,
rather than produce misfolded or malfunctioning
proteins, cells are eliminated, perhaps to protect
the organism from rogue cells that do not receive
or relay signals properly.

Physiologic or pathologic processes that
create an imbalance between protein folding
load and capacity induce the UPR through
ER-resident transmembrane proteins—IREI,
PERK, and ATF6-that act as sensors in the
ER lumen and transmit the information to the
rest of the cell (). IRE1 is a transmembrane
kinase/endoribonuclease (RMNAse) that, upon
activation, initiates the nonconventional splic-
ing of Xhp-7 mRNA (2, 3). Spliced Abp-/ mRNA
encodes a transcription activator that drives
transcription of genes such as ER chaperones,
whose products directly panicipate in ER pro-
tein folding (4). PERK is a transmembrane ki-
nase that phosphorylates the eukarvotic translation
initiation factor 2 subunit « (clF2aw), thereby
reducing protein synthesis and counteracting ER
protein overload (5). elF2a phosphorylation also
allows the selective translation of some mRNAs
that contain small open reading frames in their
53" untranslated regions, therchy leading to the
production of transcription activators such as
ATF4 (6). ATF6 15 a ranscription factor that is
made initially as an ER-resident transmembrane
protein. Upon protcin misfolding, the ATF6
cytoplasmic domain (ATF6f) is liberated from
its membrane anchor by regulated proteolysis
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{7, 8). The transcription factors thus produced
{i.e.. XBP1, ATF4, and ATF6f) collaborate o
activate UPR target genes, therchy controlling
the cell’s response to ER siress.

Genetic studies have begun o assign cylo-
profeclive or proapoplotic functions o individ-
ual UPR target genes. For instance, expression
of the ER chaperone BiP protects cells from ER
stress (Y), whercas CHOP, a B-ZIP transcription
factor induced by the PERK. branch of the UPR,
promotes cell death (/0). Paradoxically, all known
ER stresses simultancously elicit protective and
toxic outputs from the UPE, and it has remained
unclear how the UPR integrates these opposing
outputs to arrive at a life or death decision.

IRE1 signaling is attenuated during per-
sistent ER stress. To determine the activation
status of IREl after ER stress, we examined
Xbp-! mBNA splicing by reverse transcription
polymerase chain reaction (RT-PCR) in human
embryonic kidney (HEK) 293 cells (Fig. 1A).
We observed the appearance of spliced Xbp-J
mRMNA afier reating the cells with tunicamycin
or thapsigargin: agents that elicit ER stress by
blocking N-linked glycosylation or inhibiting
the ER Ca®" pump, respectively (Fig. 1B). Un-
expectedly, we found a strong diminution in
Xbp-] mRNA splicing with prolonged ex posure
to cither drug (Fig. 1B). Consistent with the
mBNA splicing data, XBP-1" protein levels
(the form of XBP-1 derived from is spliced
mRMNA) also decreased with prolonged drug
trcatment (Fig. 1B). Other human cell lines
showed gualitatively similar effects, although
they differed in the observed tuming of onset
and shutoft, as well as in the degree of Xhp-J
mEMNA splicing (fig. S51)

To ascerinin that loss of Xhp-7 mRNA splic-
ing at the late tme points was not due 1o inac-
tivation of the ER stress-inducing agents, we
transferred media from HEK293 cells that had
been treated with tunicamycin or thapsigargin
for 24 hours (a time when lile Xhp-f mRNA
splicing was seen) to plates of fresh, untreated
cells. Afier 4 hours of incubation in conditioned
media, Xbp-/ mRNA splicing was induced to a
degree indistinguishable 1o that seen in cells
treated with fresh agents (Fig. 10).

We next tested if, at late time points, cells
continued to accumulate misfolded proteins in
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their ER or had acquired means of neutralizing
the effects of the ER stress-inducing agents, To
this end, we examined the glycosylation status
of vascular cell adhesion molecule-1 (VCAM-1),
a transmembrane protein that is cotranslation-
ally inseried into the ER membrane where it
becomes N-glycosylated (). We transfected
HEK293 cells with VCAM-1, added tunicamycin,
and compared IRE] activity with the glycosyl-
ation status of WVCAM-1 (Fig. 1D). HEK293
cells expressing VOAM-1 spliced Ahp-/ mRNA
in a manner indistinguishable from that of wild-
type (WT) cells after tunicamyein treatment, and,
as in untransfeded cdls, Abp-1 mRNA splicing
progressively decayed back o baseling levels
with prolonged treatment (Fig. 1), VCAM-1
was fully glycosylated before tunicamycin addi-
tion and first became partially glycosylated and
then unglycosylated (Fig. 1D). Not only the
steady-state pool but also all newly synthesized
VUAM-1 was unglycosylated at laler time poinls
(Fig. 1E).

To determine if other IRE]-dependent func-
tions were attenuated in a manner akin to Xhp-f
mBNA splicing, we examined the activation sta-
tus of ¢-Jun N-terminal kinase (JNK). In response
o ER stress, IRE] initiates a signal ransduction
pathway that activates INE (/2). In HEK293
cells, INK. was rapidly phosphorylated wath ER
stress (Fig, 1F). The initial burst in phosphoryl-
ation was followed by a progressive decrease in
phospho-INK levels, a trend that paralleled
Xbp-1 mENA splicing (compare the time points
from 4 hours o 200 hours in Fig. 1F with the
equivalent time points in Fig. 1B). Thus, cells
responded 1o unmitigated ER stress by (st ac-
tivating and then attenuating IRE activity,

Behavior of ATF6 and PERK signaling with
persistent ER stress. To assess whether other
branches of the UPR clicit kinetic behavior
similar to that clicited by IRE1, we monitored
ATF6 and PERK activities over ime (afier UPR
induction). To measure ATF6 activation, we
followed the liberation of its cleaved cytosolic
fragment, ATF6F, using a FLAG-tagged ATF6
reporter  that recapitulated ATF6 processing
upon induction of ER stress (/3). We saw rapid
production of ATF6f afier exposure of HEK293
cells to ER stress (Fig. 2A). With prolonged ER
stress, ATFOf levels diminished and ulimately
disappeared (Fig. 2A). Thus, like IRE] signal-
ing, ATF6 activation also diminished after pro-
longed ER stress, albeit with different kinetics:
Although IRE1 signaling decayed within 8 hours,
cessation of ATF6F production was not apparent
until after at least 20 hours of continuous stress,

The dynamics of the transcriptional targets
of IRE1 and ATF6 were consistent with the in-
duction kinetics of these ER-proximal UPR
signal transducers. Induction of BiP mBRNA,
encoding an HSP70-class ER chaperone that is
transcripionally regulated by both ATF6[ and
XBP-1° (4, 7)., peaked at § hours afier drug
treatment and then declined to near preinduction
levels (Fig. 2C).
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To assess the activation kinetics of the PERK
branch of the UPR, we monitored the accumu-
lation of phosphorylated PERK and its down-
stream product:  phosphorylated elF2a. PERK
activation did not diminish even afier prolonged
ER stress (Fig. 2B). Consistent with this finding,
the translational capacity of cells remained al-
tenuated at all dmes afler the imposition of ER
stress (Fig. 2B). Similarly, we observed continu-
ous production of ATF4 (Fig. 2B) and its tran-
seriptional target Chop after ER stress (Fig, 20),
although there was some gradual diminution al
the later time points. Thus, by contrast to [RE]
and ATF6, PERK branch activation is largely
sustained with unmitigated ER stress,

Chemical-genetic control of IRE1 signaling
in human cells. To ask whether the attenuation
of IRE] activity had physiological consequences,
we sought to selectively control IRED activity.
We followed a strategy that permited chemical
regulation of [RE1's RNase activity using the
adenosine triphosphate (ATP) analog 4-amino-
1=tert-butyl-3-{ I -naphihy lmethyDpyrazolo] 3 4-d |
pyrimiding (INM-PP1) (Fig, 3A), which binds
selectively to the kinase domain of IRE] mutants
bearing an enlarged M'P—bindiﬂ;‘g site (14). A
lewcine-to-glycine [Leu™ —Gly™ (L745G)] mu-
tation rendered yeast IRE] sensitive to INM-PPI.
We thenefore construcied an allele of human [RE]
in which the orthologous amino acid [isoleucine
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Fig. 1. Kinetics of IRE1 signaling with persistent ER stress. (A) WT Jrela™ or frela ™™ mouse embryo
fibroblasts were treated with tunicamycin {tm) (5 ug/mD, and Xbp-1 mRNA splicing was determined by
RT-PCR. Unspliced (u) and spliced (s) Xbp-1 mRNA products are indicated. The asterisk indicates the
position of a hybrid amplicon (27). XBP-1' was detected by immuncblotting. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) levels served as a protein loading control. (B) HEK293 cells were
treated with tm (5 ug/ml) or thapsigargin (tg) (500 nM) for the indicated times. tm, red bars; g, blue
bars. Results are representative of five independent experiments. (€) HEK293 cells were treated with
agents for the indicated times. At 24 hours, media containing drug were transferred to fresh cells. After
4 additional hours, Xbp-1 mRNA splicing was determined by RT-PCR. (D) HEK293 cells, transfected with
VCAM-1, were treated with tm (5 pg/ml for the indicated times. Xbp-1 mRNA splicing was determined
by RT-PCR. Mature and deglycosylated (dg) VCAM-1 species were determined by immunoblotting. {E)
HEK293 cells, transfected with VCAM-1, were treated with tm for the indicated times and were pulse-
labeled, and radiolabeled WCAM-1 was detected after immunoprecipitation. The double asterisk
indicates the position of a nonspecific band used as a loading control. (F) HEK293 cells were treated
with tg for the indicated times, and phospho-JNK protein levels were assessed by immunoblotting. Total
INK protein levels served as a loading control.
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642 :llc{qz}] was changed o glycine [Fig. 3A,
“IREN{16420:)"]. Because conventional transfec-
tion or transduction gene expression activated
the UPR constitutively and caused cell death
(15, 16), we used flippase-mediated, site-specific
DNA recombination to introduce the drug-
sensitized IRENI642G) mutant allele directly
into the genome of HEK293 cells bearing a
defined fiv site (/7). No deleterious growth de-
fects were observed in the transgenic cells ex-
pressing the [RE1(I642G) allele. The UPR was
not constitutively induced in these cells, as in-
dicated by the absence of spliced Xhp-1 mRNA
{Fig. 3B, O-hours time point). Application of
INM-PPI alone induced mbust splicing of Xbp-/
mBRA in IREN{I6420G)-expressing cells but had
no cffect on Ahp-/ mBNA in the parental cells
{Fig. 3B) By contrast, the corresponding | NM-
PP1-sensitized allele in yeast required both ER
protein mistolding and 1NM-PP1 to activate HACT
mBNA splicing. The human allele, thus, provided
a molecular switch that could be toggled by 1NM-
PP| regardless of ER protein folding status.

We used [REN(16420 jexpressing cells to test
if we could manipulate Xbp-/ mRNA splicing
during prolonged ER stress. As in WT cells, in
the absence of INM-PP1, robust Xbp-] mRNA
splicing occumred in the transgenic cells afier drug
treatment at early tme points and then dinunished
at later time points (Fig. 3, C and D: compare
top panels to Fig. 1A). Thus, the expression of
the mutant allele had no deleterious effects on
IRE] activation or attenuation by prolonged ER
stress. By contrast, in the presence of 1NM-PP1,
Abp-] mENA splicing in transgenic cells was
induced and remained elevated (Fig 3, C and D).
Thus, artificial activation of IRENI642G) by
INM-PPI overcame the attenuation of IRE] ac-
tivity seen upon prolonged ER siress, sustaining
Abp-1 mRNA splicing at levels approaching
those seen at carly time points (Fig. 3, C and
D, bottom panels). Although INM-PP1 activated
[REI(1642G)'s RNAse activity, we detecied no
comparable activation of JNK signaling (fig.
52), indicating that the mRNA splicing func-
tion of IRE 1{1642G) is selectively activated by
I NM-PPI1.

IRE1 activity enhances cell viability. 1N M-
PP1 control of IREl allowed us to assess the
physiological consequences of IRE] activation
and attenuation during the UPR. In particular,
we asked whether extended IRE] activation
would have a beneficial effect on cell viability
upon prolonged ER stress. ER stress induced by
both wnicamyein and thapsigargin is toxic to
HEK293 cells. Forty-cight hours after treatment,
less than 2% of the WT cells survived (Fig, 4
and fig. S3). The addition of INM-PP] had no
substantial effect, although it diminished the
viability of WT cells slightly (~25% reduction in
viable cell number).

By contrast, INM-PP1 wreatment of HEK293
cells expressing IREN(1642G) significantly im-
proved their survival. At the 48-hours time point,
cell numbers after thapsigargin and tunicamycin
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treatment were 5 and 20 times higher, respec-
tively, in the presence of INM-PP1 than in its ab-
sence (Fig. 4). Even in the absence of experimental
induction of ER stress, INM-PP1 proved benefi-
cial in cells expressing IRENI642G), affording
a ~30% enhancement of cell growth (Fig. 4 and
fig. 83). Thus, IRE] signaling dircctly enhanced
cell viability in the face of ER stress,

UFR behavior in models of retinitis pigmen-
tosa, The UPR has been postulated to play a
role in the pathogenesis of protein misfolding
diseases (/8). Autosomal dominant retinitis pig-
mentosa (adRP) is a human protein misfolding
discase most commonly caused by a proline-to-
histidine mutation at position 23 of thodopsin
{P23H rhodopsin) that leads to is retention
within the ER (/9-27). Retinal photoreceptors
expressing P23H rhodopsin ultimately die, lead-
ing to blindness, but the molecular pathways
linking rhodopsin misfolding in the ER o cell
death are unclear (22). To explore whether the
UPR is instrumental in retinal cell death, we
examined its activation status in cells expressing
P23H rhodopsin.

We assessed P23H rhodopsin’s ability to in-
duce ER stress in tmnsfected HEK293 cells. In-
creased BiP mENA levels were detected in cells
expressing two control ER-tarpeted  proteins,
VCAM-1 and WT rhodopsin (Fig. 5A), but not
in cells expressing cytosolic green fluorescent pro-
tein (GFP), indicating that increasing the pro-
tein folding load of the ER induced the UPR.
BiF mRNA expression was significantly higher
in cells expressing P23H rhodopsin as compared
with cells expressing WT rhodopsin (Fig. 5A).
The rhodopsin mRNA levels were identical in
cells expressing WT and mutant forms of the
protein, Thus, P23H rhodopsin is a more potent
UPR. inducer than WT rhodopsin, presumably
because of its folding defect.

We next examined BiFP and Chop mRNA
levels inoretinas from tansgenic rat models of
adRP that express mouse P23IH rhodopsin at
low (P23H-3 Rho Tg) or high (P23H-1 Eho Tg)
levels (23, 24). In WT Sprague-Dawley rats and
those expressing the P23H rhodopsin transgene
at cither level, BiP mRNA increased afier the
birth of photoreceptor neurons [postnatal day 6
(PND 6)] and increased up to PND 10 or 12
i{Fig. 5B). Thereafter, BiP mRNA levels selec-
tively dropped in both transgenic lines express-
ing P23H rhodopsin (Fig. 5B, top panel). By
contrast, Chop mENA levels concomitantly in-
creased in animals expressing P23H rhodopsin
but remained low in WT animals (Fig. 5B, bat-
tom panel). The time course of BiP mENA de-
cline and Chop mRNA nse tghtly matched the
rate of retinal degencration in P23H rhodopsin
transgenic animals (Fig, 5, C and D). Further-
more, the changes in 8P and Chiop mRNA levels
in retinas expressing misfolded rhodopsin mirmoned
the results seen in cell culture after prolonged ER
stress (compare Figs. 5B and 2C). Thus, selec-
tive attenuation of cyloprotective UPR output

coupled with sustained CHOP production—scen
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Fig. 4. IRE1 signaling enhances cell
viability. Parental WT and transgenic
HEK293 cells were treated with the
indicated agents, and adherent,
cresyl violet—stained positive cells
were counted at the indicated times
and are shown relative to counts of
mock-treated cells. Error bars rep-
resent 50s from three independent
experiments. The arrows indicate
P value < 0.01 when the comespond-
ing samples + INM-PP1 were com-
pared (Student’s ¢ test).
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after drug-induced protein misfolding in vitro or,
in the case of P23H rhodopsin, constitutive mis-
folded protein production in vivo—contributed
to cell death.

Discussion. The UPR elicits paradoxical out-
puts, inducing cytoprotective functions that recs-
tablish homeostasis and cell destructive functions
that promote apoptosis. We found that the switch
between cytoprotective and proapoptolic output
lics in part in the duration of individual UPR
branch activity, After rapid initial activation of all
UPR branches by ER stress, [RE| signaling was
seledively attenuated in human cells, even though
stress persisted. ATF6 signaling also declined
with slower kinetics, yet PERK signaling per-
sisted much longer in the presence of unmitigated
ER stress. We observed enhanced cell survival
after experimentally prolonging IREl signal-
ing, thereby demonstrating a causal link between
IRE] adivity and cell survival. Thus, IREID sig-
naling attenuation by persistent ER stress emergss
as a key step in making the life or death decision
after UPR induction,

Our resulis suggest a model by which distinet
combinations of individual UPR. signaling path-
ways determine a cell's fate after ER stress. The
initial combined activation of IREl, PERK, and
ATF6 produces cytoprotective outputs such as
reduced translation, enhanced ER protein folding
capacity, and clearance of misfolded ER proteins,
along with proapoptotic outputs such as CHOP
production. Cytoprotective outputs would out-
weigh proapoplotic factors at this point, which
would be helped by the relatively longer mRNA
and protein half-lives of factors such as BiP (25).
This phase of predominantly beneficial UPR
output would thus provide a “window of oppor-
tnity™ for cells 1o readjust their ER o cope with
sirgss. [ these sieps fail to recstablish homeosiasis,
IRE] sgnaling and then ATF6 signaling are alten-
wated, creating an imbalance i which unchecked
proapopiotic output guides the cell oward its
demise. The vanation in IRE] signaling kinetics
across different human cell types (fig. 51) may
reflect differential susceptibility to ER siress
induced cell death among different cells and or-
gans, reinforcing growing evidence that the meta-
zoan UPR is tailored toward the physiologic
functions of particular organs and cell types (246).

The experimental conditions used in our cell
culture studics induce irreparable protein mis-
folding and resemble pathological processes in
which inherited mutations produce misfolded
proteins. It was unexpected that in retinal degen-
eration models, rhodopsin molecules bearng the
causative mutation of the disease induced changes
in UPR activity that resembled those observed
with unmitigated stress after drug treatment.
Whereas WT retinal cells induced BiP concom-
itant with the developmental need 1 fold largze
amounts of rhodopsin, retinal cells expressing
mutant rhodopsin selectively shut down BiP
production and increased CHOP production,
suggesting that down-regulation of [RE1, couplad
with maintenance of PERK sgnaling, may dnve

WWW.SCIENCemag.org




the cell death seen with the P23H rhodopsin mu-
tation. Similarly, insufficent or imbalanced UPR
output could also tigger cell loss in other discases
that arise from persistent ER stress,
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The Simplest Double Slit:
Interference and Entanglement in
Double Photoionization of H,

D. Akoury,* K. Kreidi," T. Jahnke,* Th. Weber,™* A, Staudte,* M. Schoffler,”

N. Neumann,® J. Titze,! L. Ph. H. Schmidt,® A. Czasch,® 0. Jagutzki,® R. A. Costa Fraga,®
R. E. Grisenti,* R. Diez Muifio,” N. A. Cherepkov,” S. K. Semenov,® P. Ranitovic,®

C. L. Cocke,® T. Osipovf H. Adaniya,z ). €. Thnmpsnn,‘ M. H. Prior,” A. Belkacem,’

A. L. Landers,® H. 5|:hrnillt-Bi:l':h:lt'ing,1 R. Démer'*

The wave nature of particles is rarely observed, in part because of their very short de Broglie
wavelengths in most situations. However, even with wavelengths close to the size of their
surroundings, the particles couple to their environment (for example, by gravity, Coulomb
interaction, or thermal radiation), These couplings shift the wave phases, often in an uncontrolled
way, and the resulting decoherence, or loss of phase integrity, is thought to be a main cause of the
transition from quantum to classical behavior. How much interaction is needed to induce this
transition? Here we show that a photoelectron and two protons form a minimum particle/slit system
and that a single additional electron constitutes a minimum environment. Interference fringes
observed in the angular distribution of a single electron are lost through its Coulomb interaction
with a second electron, though the correlated momenta of the entangled electron pair continue to

exhibit quantum interference.

ne of the most powerful paradigms in
Olhc: exploration of quanwm mechanics

is the double-slit experiment. Thomas
Young was the first to perform such an exper-
iment, as early as 1801, with light. It ok until
the late 19505 (/), long after the experimental
proof of the wave nature of particles was re-
vealed, for a similar experiment to be camied out
with electrons. Today, such experiments have
been demonstrated for panicles as heavy as Cgy
{2) and for bound electrons inside a highly ex-
cited atom (3). All of these expenments were
aimed at a demonsiration of double-slit self inter-

ference for a single particle fully isolated from
the environment. I, however, this ideal labor-
tory situation is relaxed and the quantum par-
ticles are put in contact with the environment in
a controlled manner, the quantum interference
may be diminished so that the particles start be-
having in an increasingly classical way (4-6).
Recently, Hackenmiiller e¢ al. (7) have demon-
strated this phenomenon by sending heated Cy,
clusters through a double slit. The hot molecules
couple via the emission of thermal photons 1o
the environment, and a loss of interference as a
function of their lemperature s observed. The

emission of the photons alters the relative phase
between different pathways of the particle toward
the detector, an effeet refored o & decoherence.
Such decoherence of a gquantum system can be
caused by single or multiple interactions with an
external system (6). Limiting cases are one single
hard interaction causing the decoharence by en-
tanglement with the external system and muli-
ple weak couplings to external penurbers (for
instance, a bath) at the other extreme. A gradual
transition between these two extremes has been
demonstrated for photon scattering ().

We cxperimentally demonstrated that a sys-
tem of two clectrons is already sufficient to ob-
serve the transition from a quantum interference
patiem fo a classical panticle-like intensity dis-
wribution for an ndividual electron. The quan-
tum coherence is not destroyed, however, but
remains in the entangled two-electron system.
By mecasuring the comelated momenta of both
particles, we illustraie this interference paticm,
which is otherwise concealed in the two-body
wave function.

The idea of using a homonuclear molecule
as the slit-scatiering center of a photoelectron
zoes back to a paper published in 1966 by Cohen
and Fano (8). Because of the coherence in the
initial molecular state, the absomption of one
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photon by the homonuclear molecule launches
two coherent electron waves at cach of the pro-
tons of the molecule (Fig. 1, A and B). The in-
terference pattem of these waves should be visible
in the angular distribution of the electron, with
respect o the molecular axis. In K shell ioniza-
tion of heavy diatomics (e.g., Ny and O, as
discussed by Cohen and Fano), interference is
visible only if the symmetry (gerade or ungerade)
of the molecule with a single 1s hole is resolved
(%, 1. For ground-state H." and H> molecules,
only gerade orbitals are populated, and thus these
systems condditule clean cases where slitlke be-
havior is expected (/1) Stll, the onginally pro-
posed experiment on Hy ({7 has not been camied
out, because 1 requires knowledge of the direction
of the molecular axis (/2, /3). A signature of the
interference effect has nonetheless been observed
in the wavelength dependence of electrons emitied
from a randomly orented sample of Hy moleaules
by ion impact onization (14, 15).

We extended the idea of Cohen and Fano
from single photoionization to double photo-

ionization to study the two-body interference of
an electron pair. This electron pair 1s emitted by
absorption of a single circulary polarized pho-
ton from the Ha molecule (Eqg. 1)

frv symbaolizes a photon of frequency v, The
two electrons are distinguishable by their
energy, which allows us to study the interference
patiern as a function of the interaction strength
or momentum exchanged between the two
particles,

Single photons from beamlines 4.0 or 11.0 at
the Advanced Light Source at Lawrence Berke-
ley Wational Laboratory were used to photogject
both electrons of each H. molecule. A super-
sonic Ha gas jet was crossed with the photon
beam. For each ionized molecule, the vector
momenta of all fragment paricles—both ions
and both ¢lectrons—were delermined in coingi-
dence, The orientation of the Ha malecule, or

Fig. 1. (A) Schematic view of a double-slit arrangement. A plane wave approaches the slit from the
front. The slit separation is 1.4 au (the internuclear distance in H.), and the wavelength is 3.75 au,
which corresponds to an electron energy of 190 eV. (B) Photoionization by circularly polarized light
launches a coherent spherical photoelectron wave at each nucleus of the molecule; the light propagates
into the plane. (€} Geometry of the present experiment; circularly polarized light comes from the top.
All angular distributions shown in this paper are in the plane perpendicular to the photon propagation
vector, M, .y is the angle of the fast electron's trajectory to the molecular axis, and b, is the angle
between both electron trajectories. (D) Measured electron angular distribution {db._..) of the faster
electron from double photoionization of H; by circularly polarized light The orientation of the
molecule is horizontal. Light propagates into the plane of the figure, the molecule is fixed +10°
within the plane shown, E, = 240 eV, and the energy of the slow electron £z = 0 to 5 eV, resulting in
E; = 185 to 150 eV. (E) Angular probability distributions derived from Eq. 2 (blue line), RPA
calculation (red), and multiple scattering calculation (black).
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molecular double shit, was measured for cach
fragmentation by detecting the emission direc-
tion of the two protons, Once the two electrons
are gjected, the protons rapidly fly apan along
the molecular axis. driven by their mutual Cou-
lomb repulsion. A multiparticle imaging technique
{cold target recoil ion momentum spectrosco-
py) (16, I7) was used to detect all particles, The
ions and electrons crcated in the interscction
volume of the photon and gas beams were guided
by weak electric (50 Viem) and magnetic ficlds
{8 G) toward two separate multichannel plate
detectors with delayline readouts (18). From the
position of impact and the time of flight, the
initial vector momentum of cach particle can be
determined. Only three particles (two prodons
and one electron) need to be detected. The mo-
mentum of the second electron (in the present
case the more energetic of the two) is deduced
through momentum conservation of the total
system. The Coulomb explosion of the two pro-
tons al the equilibrium distance of Hy of 14
atomic units (au) yields a kinetic energy of about
10 eV per proton (/¥). and the total electronic
binding energy of H, is about 30 eV The
experiment has been performed at two different
photon energies of £, = 240 and 160 eV, leaving
about 190 and 110 ¢V of enerzy to be shared
among the two electrons, respectively. Al the
high photon energies under consideration here,
double photoionization of Hs leads in most cases
to one fast electron and one slow electron (24),

Figure 1D shows, for ionization by 240-cV
photons, the measured angular distribution for a
highly energetic clectron (called “17 here) of
energy Ep: 185 eV < E; < 190 V. The second
electron, unobserved here, acquires an energy of
only £5 < 5 eV. The angular distribution is in
the plane perpendicular to the photon propaga-
tion vector, and the molecular axis is orented
horizontally in that plane. (The data plotted in-
clude events where dectron | and the molecular
axis lic within 10 degrees of the ideal plane per-
pendicular to the photon propagation direction)

The experimental data show a strong inier-
ference paticrmn that qualitatively resembles the
patiem induced by a double slit. For the optical
double-slit experiment in which the interference
resulis from a superposition of two coherent
spherical waves, the intensity distribution 1 is
given by Eg. 2

f[t[)l_. l.'II.iIl,:I
3 I‘rl.._- ®* R ox C‘}SE¢¢ :||:|!I}

¢ )

= Ccos

(2)

In our case, R is the internuclear distance
(1.4 au for Ha), @ .. 15 the angle of electron
emission with respect o the internuclear axis
{12}, &, 15 the momentum of the electron, and C
is a proportionality constant. An electron energy
of 190 ¢V (as in Fig. 1) comresponds to k, = 3.75
aw. The double-shit prediction of Eg. 2 is shown
by the blue line in Fig. 1E.
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The deviations from the double-slit predic-
tion can be understood from the somewhat
more elaborate theorelical treatment shown in
Fig. 1E. By treating the electrons as spherical
waves, the simple approximation in Eq. 2 ne-
glects the fact that the electrons are cjected by
circularly polanzed light and furher that they
must escape from the two-center Coulomb po-
tential of the two nuclei, The helicity of the light
leads to a slight clockwise rotation of the an-
gular distribution, as seen in the experiment and
the more elaborate caleulations, The Coulomb
interaction with the nuelei has two major effects.
First, the wavelength of the electron in the vi-
cinity of the protons is shorier than the asymp-
totic value, This property modifies, in particular,
the emission probability along the molecular
axis due to a phase shift in the nearficld (21).
Second, the original partial wave emerging from
one of the nuelei is scattered at the neighboring
nuclews, thereby launching another partial wave.
Thus, the final diffraction pattem is the super-
position of four (or more) coherent contribu-
tions: the primary waves from the left and right
nuclei and the singly or multiply scattered
waves crealed subsequently in the molecular
potential. We performed two caleulations o take
the helicity of the photon, as well as multiple
scattering effects, into account. The first caleu-
lation (red line in Fig, 1E) was based on the
random phase approximation (RPA) (22), and
the second (black line in Fig. 1E) entailed a
multiple scattering caleulation, wherein a spheri-
cal wave is launched at one proton (23). This
wave is then multiply scatiered in the two-center
potential of two protons, which is terminated at
a boundary. The direct and multiple scattered
waves are then coherenily added and symme-
trized. Although conceptually very different,
both calculations account for all of the relevant
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Fig. 2. (A) Electron angular distribution as in
Fig. 1D but for £, =160 eV, E; <1 eV, and F; =
110 eV. (B) £, = 160 eV and 5 eV < £, < 25 eV,
resulting in £y = 85 to 105 eV. (C and D) Angular
distribution of a single electron of energy E, for
the enmergy distributions in (A} and (B), respec-
tively. Red, Eg. 2; blue, RPA calculation; black,
multiple scattering calculation.

physical features: the two-center interference de-
termining the position of minima and maxima,
the molecular potential altering the relative height
of the peaks, and the helicity of the ionizing
photon inducing a rotation. The details of the
molecular potential differ in the caleulations.
The RPA uses a Harree-Fock potential, whercas
the multiple scattering calculation assumes two
bare protons.

The full caleulations treat the emission of a
single electron. Therefore, their good agreement
with the experimental data (Fig. 1D) obtained
from double ionization might be surprising. This
suggests that the additional emission of a slow
clectron does not substantially alier the wave of
the fast particle, For the particular case in which
the electron pair consists of a fast and a very
slow electron, the diffraction of a coherent elec-
tron pair can be treated by simply neglecting the
slow electron.

This simple one-particle picture completely
fails in scenanios where lower primary and higher
scatlered elecron energies result in stronger cou-
pling between the electrons. Figure 2, A and B,
shows the results for different energy partitions
of the first and second electron after jonization
by 160-cV photons. Whereas for £, = 110 ¢V
and £, = 1 eV the interference is still visible
(Fig. 2A), it completely disappears when E; =
95 eVand 5 eV < E. < 25 eV (Fig. 2B). In the
latter case, the distribution approaches the iso-
tropic result without two-center interference. By
comparing these data o the comesponding the-
oretical estimates (Fig. 2, C and [3), we can now
show that the observed loss of interference con-
trast is a result of decoherence and not of the
changing electron wavelength,

Coulomb interaction between two gquantum
mechanical systems (electrons 1 and 2 in our
case) docs not destroy phases. Rather, it en-
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tangles the wave functions of the two subsys-
tems (24, 5). In our experiment, we observed
both electrons in coincidence. Therefore we can
investigate this entangled two-particle system to
search for the origin of the apparent loss of co-
herence in a single-panticle subsystem, Figure 1
shows the comdation in this two-body system.
The hovizonial axis is the angle of the fast-
clectron momentum, with respect to the molee-
ular axis (i.e., the angle that is ploited in all
other figures). The vertical axis is the angle
between the two electron’s momenta. [t may
be helpful o think of the horizontal axis as the
scallering of electron 1 by the double slit and
the vertical axis as the scatiering angle be-
tween the electrons. Marked interference pat-
tems emerge in this display of the two-paricle
wave function. No vestige of these pattems re-
mains, however, if the distribution is integrated
over the vertical axis,

When subseis of the data with resincled an-
gular ranges of &, =+70 + 20° (Fig. 3, B and
C)and & = =70+ 20° (Fig. 3, D and E) are
examined, then the interference patlern is resur-
rected (here, @ is the angle between both elec-
tron trajectories). However, depending on the
angle between the electrons in the selected subsel
of the dat, the interference pattern is tilted 10 the
right (Fig. 3C) or lefl (Fig. 3E). Without the re-
striction of this relative angle, the shified minima
and maxima cancel each other out, leading to the
almost isotropic distribution of Fig. 2B.

The interference maxima are concentrated
along two horizontal lines. These lines of highest
intensity lic at a relative angle of about 1007
between the two electrons. This distribution is a
well-known indication of the mechanism where-
by the absorption of a single photon by one
gleciron can induce its gjection, as well as that
of the other electron, afier their binary collision

180 80 O 90 180
g [0

Fig. 3. Correlation between both electrons for double photoionization of H; at £, = 160 eV and 5 eV <
E; < 25 eV, comesponding to £, = 85 to 105 eV. (A) x axis: angle of fast electron to the molecular axis
(D, o) (see Fig. 1C), and y axis: angle <., between the two electrons. Both electrons and the
molecule are selected to lie within +£30° of the polarization plane. Thus, Fig. 2B is a projection of this
figure onto the horizontal axis. (B} Projection of (&) onto the horizontal axis for 50° < @, < 80°, (C)
Palar presentation of the data shown in (B). (D) Projection analogous to (B) for —B0° < ,_, < —50°.

(E) Polar presentation of data shown in (D).

www.sciencemag.org  SCIENCE  WVOL 318 9 NOVEMBER 2007

951



REP

952

ORTS

(20), 25). The angles ®,_, = 90° and ,_ = —90°
comespond 1o a kick of the second electron,
either to the left or the right. This strong electron-
electron Coulomb intemction mediates the double
ionization and creates an entanglement between
the two dectrons. Electron collisions of this son
in bound systems have been demonstrated di-
rectly in pump-probe experiments (26),

This situation is an intramolecular version of
a scattering event downstream of a double slit
(27, 6). When cither photons (6) or panticles
(27) are scattered from a beam afier passage
through a double slit, the scatiering induces a
phase shifl, which then leads to a shift of the
interference pattern. If the momentum transfer is
not measured in coincidence (6), the fringe vis-
ibility is lost. In this experiment, both electrons
are initially delocalized inside the molecule in a
completely coherent single quantum state. Be-
fore photoabsomption, both electrons are confined
in the hydrogen ground state, which is symmetric
with respect Lo s two atomic centers. Thus, we
observed not a scattering between classical lo-
calized panticles but a coherent entanglement of
the wave function of the two electrons.

[t is instructive to think of the electronic two-
body system as split into its subsystems and
to consider one subsystem as the environment
of the other. The strong Coulomb interaction
entangles the two subsystems and leads to a
position-dependent modification of phase of
the single-particle wave function inside each
of the two subsystems. The entanglement of the
clectrons in the pair 18 directly visible in their
mutual angular distribution and is further
evidenced by the observation that selecting the
momentum of one electron makes the interfer-
ence patiem of its panner reappear. [n the spiri

of discussions dating from the carly history of
quantum mechanics, one particle can be con-
sidered an observer that camies partial informa-
tion about the other panticle and its path through
the double slit. The amount of which-way in-
formation exchanged between the particles is
limited by the observer particle's de Broglie
wavelength (28), The key difference between
the simation depicted in Fig, 2A (which shows
interference) and Fig. 2B (which shows no in-
terference) is that the wavelength of the second,
unobserved electron is much shorter in the latier

Our experiment thus reveals that a very
small number of particles suffices to induce the
emergence of classical propertics, such as the
loss of coherence. A four-body system, such as
fragmented molecular hydrogen, acts as a double
slit in the sense that coberence is lost in a sub-
system of entangled electrons. Such a fundamen-
tal system facilitates the study of the influence
of interelecironic Coulomb interactions on the
coherence properties of a single electron. In solid-
state-based quantum computing devices, such
electron-electron interaction represents a key
challenge. One advantageous aspect of the finite
system investigaled here is that, theoretically, it
is fully tractable at present (29-32).
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Accelerated Uplift and Magmatic
Intrusion of the Yellowstone
Caldera, 2004 to 2006

Wu-Lung Chang,'* Robert B. Smith,'* Charles Wicks,” Jamie M. Farrell,? Christine M. Puskas®

The Yellowstone caldera began a rapid episode of ground uplift in mid-2004, revealed by Global
Positioning System and interferometric synthetic aperture radar measurements, at rates up to 7
centimeters per year, which is over three times faster than previously observed inflation rates. Source
modeling of the deformation data suggests an expanding volcanic sill of ~1200 square kilometers at
a 10-kilometer depth beneath the caldera, coincident with the top of a seismically imaged crustal
magma chamber. The modeled rate of source volume increase is 0.1 cubic kilometer per year, similar to
the amount of magma intrusion required to supply the observed high heat flow of the caldera.

This evidence suggests magma recharge as the main mechanism for the accelerated uplift, although
pressurization of magmatic fluids cannot be ruled out.

in Morth America (Fig. 1A). The youngest
of three giant eruptions that formed the
field occurred 640,000 years ago, creating the
A0-km-wide by 60-km-long Yellowstone cal-

Tlm Yellowstone volcanic field is the largest

2 NOVEMBER 2007

dera. This eruption was followed by 30 smaller
eruptions of dominantly rhyolite flows, the
youngest 70,000 years ago (/). Earthquakes,
ground deformation, very high heat flow, and
the world s largest distribution of hydrothermal

VOL 318 SCIENCE

features characterize Yellowstone (2, 3), sim-
ilar to those of other silicic voleanic fields such
as Long Valley, Califomia, and Phlegrean Ficlds,
laly (4, 5).

Geodetic measurements of Yellowstone from
1923 to 2004 using precise leveling, GPS (Global
Positioning System), and InSAR (interfero-
meiric synthetic aperture radar) have revealed
multiple episodes of caldera wplift and sub-
sidence, with maximum average raies of ~1 o
2 cmfyear generally centered at its two re-
surgent domes, Sour Creek and Mallard Lake
{&-4) In addition, an area northwest of the
caldera near Norrs Geyser Basin experienced
periods of substantial ground deformation (8, 9).
These spatial and temporal variations of the Yel-
lowstone unrest also comelated with pronounced
changes in seismic and hydrothermal activity
{9, 10) (Fig. 1B).
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The University of Utah and the Plate Bound-
ary Obsenatory (PBO) operate twelve continuous-
recording GPS stations in Yellowstone to mon-
itor ground movement (/1) (Fig. 1A). Temporal
variations of the vertical deformation (Fig. 2A)

445"

show | to 2 cm of subsidence in the caldera (e.g.,
at station LKWY) and uplift in the Norris arca
(at station NRWY ) during the first 6 months of
2004, The caldera motion then suddenly re-
versed to uplift in July 2004 at unexpected

— Vertical motion near 5C
- Yertical motion near NGB
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Fig. 1. (A) Volcano tectonic setting and GPS station locations of the Yellowstone volcanic field.
White circles are earthquake epicenters from October 2004 to March 2007, 5C indicates Sour Creek
resurgent dome; ML, Mallard Lake resurgent dome; NGB, Norris Geyser Basin; and MHS, Mammoth
Hot Springs. GPS station names are abbreviated to four-character codes. Ma, million years ago. (B)
Time sequence of Yellowstone vertical ground motions and quarterly earthquake counts. Different
symbals represent early geodetic measurements (6—9). The yellow shaded area highlights the
period of accelerated deformation reported in this study. Note that the 1923-1%76 and 1976
1984 rates were each determined from only two measurements.
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high rates, -7 cm/year at station WLWY,
whereas the Morris arca began to subside
about 3 months later. Accelerated horizontal
movements correlated in time with the changes
in wvertical motions (fig. 51). The GPS data
also reveal a near-simultancous inception of
uplifi across the entire caldera (Fig. 2A), in
contrast to the previeus observations that de-
formation shifted laterally from the Sour
Creck dome toward the Mallard Lake dome
in 1 to 2 years (7).

InSAR measurements (ENVISAT 1S1 and
152 modes) from 2004 to 2006 ( /1), with a spatial
resolution of =30 m, reveal ground motions that
are consistent with the GPS observations (Fig.
2B and fig. 82). The inflation increases symmet-
rically toward the caldera center about the long
axis (northeast-southwest), with the highest rate
of ~7 em/year at the Sour Creck dome being
three to five imes faster than uplift rates in 1923
1984 and 19951997 (Fig. 1B). The Norris sub-
sidence is -3 cmiyear, more than two tUmes
greater than the 1996-2002 uplifi rate in this area.
The GPS horizontal velocities, in addition, indi-
cate ground motions directed outward from the
caldera at 0.8 to 2.2 emv'year and inward to the
Norris area at 0.7 to 2.0 em/vear.

To evaluate the causes of the observed rapid
deformation, we jointly inverted the GPS and
InSAR data (/2) for the geometry and expan-
sion or contraction of rectangular dislocations
in a homogeneous elastic half-space to sim-
ulaie inflating and deflating volcanic vol-
umes. A nonlinear optimization method was
used to determine the source model that min-
imizes the difference between the observed
and predicted ground motions (/3). Uncer-
tainties of model parameters were evaluated
by a f method (/7).

The best-fiing sources for the GPS and
[S2 InSAR data include an expanding sill-
like volume dipping 5°SE (5°NW to 15°8E)
at a depth of 10 km (6 10 14 km) beneath the
Yellowstone caldera and a contracting vol-
ume dipping 12°SE (7°NW to 18°5E) at a depth
of 8 km (6 to 16 km) under the Norrs arca
i{Fig. 3). The average rates of volumetric change
are 0.11 knr'/year (0.10 to 0.12 knr'/year) and
~0.01 km'/year (-0.005 to -0.015 km’/year)
for the inflating and deflating sources, nespec-
tively. A joint inversion of the GPS and IS]
InSAR data also resulted in similar source
parameters, indicating the robust nature of the
modeling results (fig. S3) Our models, assum-
ing uniform constilutive propertics, predict ~90%
of the observed ground motion within the data
confidence limits. We also tested the effects of
crustal heterogeneity by including layers with
different elastic constants and showed that
they would not notably affect our modeling
resulis (1),

Episodic intrusion or recharge ol magma
into the upper crust has been proposed as a
mechanism for previous Yellowstone caldera
uplift (7, 2). In this conceptual model, basaltic
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Fig. 2. (A) Temporal variation of vertical ground motions of labeled
Yellowstone GPS stations. Each dot represents a daily position determination,
Light gray bars are 1-o errors. Red and blue dot-dash lines mark the inceptions
of the uplift and the subsidence, respectively. Deformation rates are the slopes
of the interpolated lines. (B) A stacked InSAR interferogram (ENVISAT 152 mode)
from 22 September 2004 to 23 August 2006 overlain with averaged GPS

magma orginating from a mantle plume ai
depths of =30 km ascends buovantly through
the crust, providing thermal energy to partially
melt crustal rocks and create the rhyolitic
magma component that characterizes the silicic
volcanism. The basaltic and rhyolitic magmas
then crystallize and cool, releasing energy re-
sponsible for Yellowswone's extraordinarnly
high heat flow of ~2000 mW/m® measured
from Yellowstone Lake (/4) and geochemical
evidence (3).

Seismic tomographic imaging provided
direet evidence for the partially molien crustal
magma chamber beneath the caldera (15).
Anomalies of low P-wave velocity, up © 6%,
al depths of 8 to 16 km were interpreted as a
body of crystallized magma of ~4000 km®
dircetly underlying the caldera. The top of this
body and our modeled sill overlap (Fig. 3E),
implying that the accelerated uplift is caused
by inflation from the shallow pan of the
magma chamber. Morcover, to maintain the
observed caldera heat flux requires a magma
erystallization rate of ~0.1 km’/year (3),
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which is comparable w our modeled source
expansion rate,

We thus suggest that the 20042006 episode
of accelerated inflation occurred in response (o a
caldera-wide magma recharge of the Yellowstone
volcanic systen. Such a high rate of intrusion may
have occumed during past uplift episodes, for
example between the first two leveling surveys in
1923 and 1976, when the caldera rose a total of
~T5 cm but the rate of 1.4 cm'year was lincarly
interpolated between observations (Fig. 18).

An alternate interpretation for the caldera
uplift is that magmatic fuids (water and gases)
exsolved from magma crystallization were trapped
beneath impermeable rocks, causing pressuriza-
tion of the deep hydrothermal system and in tum
inﬂatin§ the ground surface (Fig. 4). Crystallizing
(L1 km/year of rhyolitic magma, which is re-
quired to provide the observed thermal heat flow,
and trapping all the released water would result in
a volumetric expansion of ~0.013 km /year (3, 16).
This value, however, is about 10 tmes smaller than
the source inflation rate of 0,11 km®/year respon-
sible for the current uplifi. Although the volumetric

VOL 318 SCIENCE

uplift-+—— 0 —subsidence .2 g

velocities from 07 October 2004 and 07 October 2006. The line-of-sight (LOS)
displacement of Earth’s surface toward the satellite from the interferogram
infers a total uplift of about 11 cm in the west part of the caldera and as large as
15 cm at the Sour Creek resurgent dome and a subsidence of 6.6 cm near the
Norris Geyser Basin, White and black arrows represent horizontal and vertical
velocity vectors, respectively. Black ellipses and bars are scaled 2-o errors (11).

expansion could be greater if gas discharge is
taken into account, this mechanism reguires a
rapid increase in fluid exsolution from magma
crystallization to account for the accelerated cal-
dera uplift and is thus a less viable cause for the
observed deformation.

Source modeling of early episodes of caldera
mflation (7, I7) imply geometrics and depths
similar to those from our model but much lower
rates of volumetric increase, 001 1o 0,03 k' /year,
which are comparable to the rates from the above
magmatic fluid model. This evidence suggesis
that pressurizing fluid systems near the wp of the
crustal magma reservoir s a plausible source
mechanism for the previous uplift episodes.
Therefore, magma intrusion @nd fluid pressunzs-
tion should be considered as jointly operating
processes o explain the aceelerated calder uplifi
reporied here, although our estimate of large
volume increase implies the former as a prefemed
source model. Further independent observations,
such as temporal microgravity changes, capable of
resolving mass and density vanations of the
magmatic reservoir would be useful to discrim-

WWW.SCIENCemag.org




Fig. 3. (A) Observed Yellowstone ground motion, 2004-2006. Black and
white arrows are vertical and horizontal velocity vectors, respectively, measured
by GPS. Background colors represent average LOS velocities interpolated by
reduced InSAR data points (gray crosses) (11). (B) Modeled ground mation.
Surface projections of the modeled expanding and contracting sills are shown
by red and gray rectangles, respectively. Solid lines highlight the tops of the
sills. (€) Madeled and observed ground mation along the profile A-4" in (B). (D)

inate the contribution between the two different
volcanic mechanisms (74, 19).

The inflation of the magmatic sill can in-
duce dilatational strain in the sumrounding
volcanic rocks (Fig. 4), leading to an increase
in permeability and a decrease in pore pressure
by opening new or self-sealed fractures. Accord-
ingly, the dilaied zone bencath the norhern
caldera can expericnce lower pore pressure
relative to the hydrothermal reservoirs benceath
the Nomis area. This induced pressure gradient
can thereby drive fluids southeastward into
the caldera, depressurizing the Norris hydro-
thermal systems and causing the ground there
to subside. Previous studies also implied that
the widespread hydrothermal and volcanic
features across the nonhem caldera boundary
indicate highly fractured and permeable crustal
rocks, providing pathways for fluid migration
(9, 146).

We therefore propose that the 2004-2006
deflation near Nomis Geyser Basin was in re-
sponse 1o a redistribution of hydrothenmal fluids
as a consequence of caldera inflation. Moreover,
carthquake activity during the defornuation peri-
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od was concentrated near the northemn caldera
boundary, while the rest of the caldera experi-
enced low rates of seismicity (Fig. 1A). Volu-
metric expansion of crustal rocks duc to the
induced dilatation can increase the strain rate and
promote brittle fracturing. With fluids migrating
from the Norris region into the caldera, carth-
quakes can be induced within the dilated zone
between the inflating and deflating source vol-
umes (Fig. 4).

The caldem-wide accelerated uplifi reported
here is interpreted as magmatic recharge of the
Yellowsione magma body (20). Although the
geadetic observations and models do not imply
an impending volcanic eruption or hydrothermal
explosion, they are imporant evidence of on-
poing processes of a large caldera that was
produced by a super volcano eruption,
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Fig. 4. Schematic diagram of plausi-
ble magmatic and hydrothermal pro-
cesses responsible for 2004-2006
accelerated Yellowstone caldera uplift
and Norris subsidence. Black dots are
earthquake hypocenters from October
2004 to March 2007 (see Fig. 1A for
the epicenters). The yellow area shows
the seismically imaged magma body
in Fig. 3E. Background colors repre-
sent cubical dilatation, in unit changes
of volume, induced by the modeled
inflating sill. Fluids exsolved from
magma crystallization can be trapped
beneath the nonpermeable rocks near
the brittle-ductile transition zone,
taken as the B0th percentile focal
depth of earthquakes (white dashed
line) (21, 22), to produce the caldera
uplift
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Observation of the

One-Dimensional

Diffusion of Nanometer-Sized

Dislocation Loops

K. Arakawa,™ K. Ono,® M. Isshiki,® K. Mimura,® M. Uchikoshi,? H. Mori®

Dislocations are ubiquitous linear defects and are responsible for many of the properties of
crystalline materials. Studies on the glide process of dislocations in bulk materials have mostly
focused on the response of dislocations with macroscopic lengths to external loading or unloading.
Using in situ transmission electron microscopy, we show that nanometer-sized loops with a Burgers
vector of ¥2{111} in a-Fe can undergo one-dimensional diffusion even in the absence of stresses
that are effective in driving the loops. The loop size dependence of the loop diffusivity obtained is
explained by the stochastic thermal fluctuation in the numbers of double kinks.

naterials is often govemed by the gener-

ation and motion of lincar defects termed
dislocations (/). Previous studies on the glide
process of dislocations in bulk malerals have
focused on the response of dislocations with
macroscopic lengths to extemal loading or
unloading ([, 2). On the other hand, it is known
that nanoscale dislocations can be formed as

Thc hardness and toughness of crystalline

956 2 NOVEM

loops in bulk materials by the agglomeration of
self-interstitial atoms, which are produced upon
energetic particle imadiation, in the shape of
disks. Recent molecular dynamics (MD) caleu-
lations have shown that in metals and alloys,
extremely small interstitial-type dislocation loops
with diameters of less than a few nanometers can
undergo fast one-dimensional (1D) glide diffu-
sion in the direction of their Burgers vector, b,

BER 2007 WOL 318 SCIENCE

even under zero stress (3-7). This phenomenon
has also been examined theoretically (4-70).
Other computational and theoretical siudics
have shown that the loop diffusion plays a cen-
wral role in the degradation processes of mate-
rials for nuclear fission and nuclear fusion, upon
high-energy particle imadiation (//, 12).

One MDD siudy has shown that the highly
diftfusive loops with b values of Y2[111] in o-Fe,
which are smaller than ~2.4 nm in diameter,
can be regarded as bundles of crowdions with
[111] axes (6). A crowdion is a kind of a self-
interstitial atom (/3% it has a long-range
compression-strain field in a close-packed direc-
tion, and its center of mass can easily move one-
dimensionally along the axis. The crowdion
bundles move by the almost independent mo-
tions of the constituent crowdions along their

*Research Center for Ultra-High Voltage Electron Micros
copy, Osaka University, 7-1 Mihogaoka, Ibaraki, Osaka
567-0047, Japan. "Deparlme-nl of Material Sdence,
Shimane University, 1060 Nishikawatsu, Matsue 690-
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Aoba-ku, Sendai 980-8577, Japan.

*To whom correspondence should be addressed E-mail:
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axes. The mamner of the motion of the crowdion
bundles seems to differ from that of “conventional
dislocations,” which move like strings because of the
cooperative motion of atoms around the corz (), In
contrast, loops larger than crowdion bundles are
regarded as the simple loops of the “conventional
dislocations” Howevar, such loops did not show any
significant movement during the span calculated by
MD on the order of manoseconds (4); therefone, their
diffusion process is difficult to examineg by MD.

In contrast, experimental studics using trans-
mission electron microscopy (TEM) have shown
that nanometer-sized loops can perform a glide mo-
tion (/4-16). However, these results were only quali-
tative and the origin for the loop motion was not clear.

We used mn siu TEM o examine the motion
process of nanometer-sized Y111} “conven-
tional” loops (=59 nm in diameter) in a-Fe with
purity of 9L998 weight %o (table S1) upon heating
under the application of no extemal stress and
negligible internal siresses. Our study was
motivated by the following essential bul un-
resolved questions: Can “conventional™ loops
undergo diffusion? If they can diffuse, how
high is their diffusivity? How do loops undergo
the diffusion?

We performed two kinds of experiments: (i)
measurement of the dependence of the motion
fraction of loops on temperature and time, and (ii)
examination of the belavior of almost isolated
loops. Figure | shows the experimental setup for
both experiments (/7). The surfaces of the TEM
thin foils were set at almost (011) 5o that we could
select only loops whose b values (V[11T] and
Y [1T1]) were almost parallel to the surfaces for
the examination of the behavior of almost
isolated loops. By this procedure, we mini-
mized the force applied onto these loops along
their direction of motion from the surfaces. In
the examination of the behavior of almost iso-
lated loops, other intemal siresses were also
reduced o a level at which they could not affect
the loop behavior (1 7). Using the specimens that
satisfied the above condition, we observed the
projection of the loop motion onto the screen ai
temperatures ranging from 290 to 700 K.

Loops occasonally exhibited 1D motion. The
dependence of the motion fraction of the loops on
temperature and time is shown in fig. 81 and
movie 51. Here, the motion fraction 15 defined as
the mtio of the number of moving loops to that of
the wvisible loops. The “mobile” loops become
immobile below ~4350 K (the atmosphere forma-
tion temperature ) once the specimen is heated to
a lemperature above T, This suggests that the Col-
trell atmosphere (/8) of the interstitial impurily
atoms with high diffusivity—such as C and N
{ 19)—is formed around the loops when approach-
ing T, and the atmosphere locks the loops below
I The equilibrium concentration of the impurity
atoms that compose the atmosphere is oblained
by the Fermi-Dirac distibution function (20). For
example, the binding energy between a C atom
and an edge dislocation 1s (1.7 ¢Vat the maximum
(27). These sites are occupied by C atoms up to

100% at 430 K and 30% at 700 K, although the
amennt of C atoms n the speconan 15 only (L8 ppm
by weight {table 51) (/7). We examined the modes
of the motion of almost isolated individual loops
above T, where the motion fraction monotonous-
ly increases with lemperature.

The behavior of an almost isolated loop is
shown in Fig. 2 and movie 52, which show that a
loop performs 1D motion in the direction of b,
Figure 3A shows a temporal variation in the 1D
displacement of the position of a loop, obtained
by measuring the center of mass of the loop
image by a time step of 1/30 s (A1) (/7). Figure
IB shows ils wavelet transform (/7). For com-
panson, the temporal vanation in the 1D dis-
placement of a particle performing a random
walk (/3, 22) with a unit step of |b| without any
trapping sites, obtaned by kinetic Monte Cardo
(KMC) simulation (/7), is shown in fig. S2A: its
wavelet transform is shown in fig. S2B. Compar-
ison of Fig. 3B and fig. S2B reveals that significant
defects exist in the high-frequency region in Fig,
IB. These defect periods arc attributed to the
trapping of the dislocation that composes the loop
by dispersed static impurity atoms (23).

The motion of a loop detrapped from a
trapping site is slow enough o enable its position
1o be traced continuously, even with a ime step of

Fig. 1. Schematic view of the obser-
vation of the 1D glide motion of a
nanometer-sized interstitial-type pris-
matic perfect dislocation loop by
TEM. The red ring is a loop. The
direction of the motion of the loop is
parallel to its Burgers vectaor.

Fig. 2. One-dimensional 5
motion of an almost isolated
12[111] loop at 575 K. The
observation axis is approxi-
mately along [011]. The re-
flection adopted is g = 200.
The diameter of the loop is
5.9 + 0.2 nm. A loop almost

continuously moves in a di- e 7
rection parallel to its Burg- *
ers vector.
50 nm
I
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Ar. Hence, we can examing whether the loop
undergoes the diffusion, and we can then measune
the loop diffusivity by the following procedure.
Figure 3C shows the time (V) dependence of the
mean-square displacement MSD(7) of the tempo-
ral variation in the 1D displacementx = x{{i - 1) -
Al (i=1, 2, ..., n)during a single motion period
{81.633 1o 150.867 s), as shown in Fig. 3A.
Here, MSD is calculated by the following equa-
tion under the assumption of the realization of

ergodicity

MSD(j- Af) = {p-u « Al) - .r[t};u]3>

1 ;

=—— Y {xl( +i=1)- A=l = 1) - AP
n—r -

(f=01..) (1)

Figure 3C shows that MSD is approximately

proportional to ¢ henee, the loop clearly under-

goes Brownian motion or nomial diffusion (22).
We estimate 2 by the equation

D = lim[d MSD(r) /2] (2)
11—

excluding the period during which a time cor-
relation effeet appears. Figure 3D shows the
temporal variation in the diffusivity estimated

electrons

specimen

glide cylinder

Screen

18.01s : \ BE-.;I.:,.
L - o : " - i
[011] [100]
(01} [111]
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by the subtraction, 2, instead of the tme dif-
ferential of MSD. The drop in Dy during the
period from 130 to 430 s is attibuted (o the after-
image of the cument maging svstem (/7). By
extrapolating 4, o ¢ = 0 5 with the exclusion of
the effect of the aflerimage, we cstinate the real
value of D 0 be 501 + 0.4 nm's. The ap-
propratencss of this procedure for estimating D is
assured: When this procedure is applied to the result
obtained by kKMC (fig. S2A), it yields a value of D
(49.5 + 0.4 nm/s) almost equal to that set in kMC
(fig. 82, C and D) (47).

The temperature dependence of D and its
loop size dependence are shown in Fig, 4A. The

temperature dependence of D satis fies Arhenius’
law (24). From the slope of the lines in Fig. 4A,
the values of the activation energy for loop dif-
fusion, £, are estimated to be 1.3 ¢V, independent
of the loop size, with statistical dispersions less
than 0.03 eV. A simple extrapolation of the size
dependence of the E values of the crowdion
bundles [which were calculated by MD (3-7))
to the size range of these “conventional” loops
yields £ < 0.1 ¢V, independent of the size. One
of the origins of the drastic slowdown in “con-
ventional™ loop diffusion is attributed to atmo-
sphere dragging. as described below. The
dependence of the pre-exponential factor, Dy,

=y 250
AL om0
E
g 150
E‘ 100 -
500 50 100 150 200 250
= N
B ¥
= 2
£ o4
8 007
EU.DE
0
i 2000 B0
£ C En{D
1500 4 B0
1000 4 40
m -
500 2 204"
Ew
= 0 o0 Rt s s s
01 2 3 4# 5§ 6 7 8 8 10 i 1] 0.2 0.4 0.6 0.8 1.0
Thmo () Tirme {8)

Fig. 3. Analysis of the 1D motion of an almost solated 14[111] loop. (A) Temporal variation in the 1D
displacement of the loop with diameter 0f 5.9 + 0.2 nm at 575 K. (B) Wavelet transform of the temporal variation
of the 10 displacement shown in (). Color s@le i shown in dimension less units. {C) Relationship with time of
the MSD of an extracted 1D displacement variation comresponding to the motion period from 81.633 to 150,867 s
in (A). (D) Dependence of the diffusivity, D, obtained by the temporal subtraction of the M5D shown in {C).
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Fig. 4. Diffusivity of almost isolated ¥2(111} loops. (A) Arrhenius plot of the diffusivity. Matching
symbaols correspond to the same loop with a diameter d. The diffusivities of carbon and nitrogen in
the matrix (I9) are also drawn. (B) Relationship between the pre-exponential factor of the
diffusivity and the number of self-interstitial atoms that compose each loop. The additional
inserted line is a result for crowdion bundles obtained by MD calculations (5).
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on the number of self-interstitial atoms that
compose a loop, N, obtained for £= 1.3 ¢V, 15
shown in Fig. 48, where Dy monotonously de-
creases with increasing AL If we assume that a
power law on the N-dependence of £y is es-
tablished, we obiain

Dy = (2.3 £0.3) x 108y *80£0.02)

| nm’ /s) (Z)
The loop size independence of £ implies that
the loop moves not by overcoming the Peierls
potential (/) hill at once and as a whole, but by
forming and moving double kinks (I, 2). The
presence of double kinks in a loop has been
mentioned in MD studies (3, 5} and a iheoretical
study (/). These studies relate the origin of £ to
the kink-pair nucleation process. However. in
general, the rate-controlling process of disloca-
tion glide under low siress is not double-kink
nucleation but the sidewise motion of the double
kinks present al thermal equilibrium (£, 25),

In response o low shear stress symmetric
with respect to the central axis of the loop, the
dislocation velocity 1y is expressed as a function
of the kink velocity . (/) (fig. 54A)

a
g == =l = il

1/
where g isthe period for the Peierls potential, and
e}, 15 the equilibrium concentration of all (positive
and negative) single kinks and isa function of £,
the formation energy of a kink. In the case of the
sinusoidal-type Peierls potential, ¢ at the high-
temperature limit becomes

Fy )
kT

= 2B
Tk Y OAT P

where wy, is kink width, & is the Boltzmann
constant, and T is absolute temperature (2).
Equation 4 indicates that a dislocation moves
by a distance of @ due to the movement of each
kink, with average spacing of 1/ between
kinks. Thermal kinks are formed as double
kinks. Backward double kinks, which bow out
in the direction opposite from the direction of
motion of the dislocation, easily undergo
mutual annihilation by the stress; hence, they
cannot cffectively contribute to the dislocation
glhide. In contrast, under zero siress, both back-
ward double kinks and forward double kinks
are present in the same number on average (fig.
S41). In this case, the drift velocity of the dis-
location is obviously zero: however, the dif-
fusivity is determined by the stochastic thermal
Muectuation in the difference between the num-
bers of forward double kinks, o, and backw ard
double kinks, m,

{(ne— nh,'lz} = ((Zn—Ng }3}

(4)

(3)

| N

= Nak
2 ¥

I
."'r dl..!

e - MY
TN =) (2mr = Nai)

iy )

= Nak (6)
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where Ny, 15 the total number of double kinks,
By an extension of Eq. 4, £ is approximated as

D= ﬂ:< [l{mi— J'Ph:l]F>DL

?'a!
i aDy o= N MenDy

= (7)
where L is the loop-line length and Dy, is the
kink diffusivity. Even when Ng < 1, the
identical result is obtained (/7). The power of
N reduces for extremely small N because the
altractive foree is applied on two adjacent kinks
of opposite signs (2), accelerating the motion of
both kinks so that they coalesce. This satisfies the
dependence of Dy on N, as obtained in the
present study. The temperature dependence of
is expressed by the term o [y in Eq. 7. Dy is
controlled by the dragged impurity atmosphere
surrounding the dislocation. The dragging siress
applied onto a dislocation by the atmosphere is
generally proportional to the velocity of the
dislocation, when the atmosphere can promplly
follow the dislocation motion (/. 26, 27). If we
set the proportionality factor to be 8 (27), Dy, can
be approximated with the use of Einstein's
relation (22)

3

- E a al (kT (8)
ahf gy
where & is the absolue value of b, « is the con-
stant, oy is the concentration of dragged impuri-
ties in the matrix, and D, [ = O_, exp(—E/&T),
where E_ is the activation energy for the migra-
tion of draggeed impunities] is the diffusivity of
the impurity atoms that compose the atmosphere
(24). Heore, other effecs influencing £y—such as
phonon dragging, eleciron dragging and Peicrls
potential of the second kind (/, 28)—are neglected.
From Eqs. 5, 7, and 8, the apparent activation
energy for the diffusion of a loop & expressed as
din D

3
E=_W=Ek+-£;+ikr

(9)

In contrast, if the atmosphere dragging does
not occur and the phonon dragging due 1o the
phonon wind (28) is dominant, Dy for this
“naked” loop becomes constant above the Debye
temperature, This yields £ = £, - VT In
general, the addition of solutes into pure Fe
changes the shear modulus only slightly (29);
therefore, their atmosphere will not effectively
influence the £, value. Thus, £ increases by E,+
24T when the loop drags the atmosphere. The
mast probable elements composing the dragged
atmosphere of all the impurity elements are C or
N, We do not know the precise valuesof £, for C
or N around the dislocation. However, if we
adopt E, values for C or N (£, = (L83 eV for C,
E. =080V for N) (/9), both the £, value and
the £ value for “naked” loops become ~0.4 ¢V,

Using in sitw TEM, we have shown that
nanometer-sized dislocation loops can undergo

1D diffusion even in the absence of stresses that
are effective in driving loops. These findings are
relevant for the prediction of the lifetime of
radiation-resistant materals for nuclear fission
and energy systems in which the microstructures
are controlled by the motion of loops formed
upon high-energy particle imadiation. In additon,
this study opens up a pathway for further experi-
mental investigation of the unresolved dynamics
of extremely small selfnterstitial atom complexes,
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One-Dimensional Fast Migration of
Vacancy Clusters in Metals

Yoshitaka Matsukawa®?*t and Steven ). Zinkle!

The migration of point defects, for example, crystal lattice vacancies and self-interstitial atoms (S1As),
typically occurs through three-dimensienal random walk in crystalline solids. However, when vacancies
and 5lAs agglomerate to form planar clusters, the migration mode may change, We observed
nanometer-sized clusters of vacancies exhibiting one-dimensional (1D) fast migration. The 1D
migration transported a vacancy cluster containing several hundred vacancies with a mobility higher
than that of a single vacancy random walk and a mobility comparable to a single SIA random walk.
Moreover, we found that the 1D migration may be a key physical mechanism for self-organization of
nanameter-sized sessile vacancy cluster (stacking fault tetrahedron) arrays. Harnessing this 1D
migration mode may enable new control of defect microstructures such as effective defect removal and
introduction of ordered nanostructures in materials, including semiconductors.

e one-dimensional (1D} fast migration of
nanometer-sized defect clusters is current-
ly of particular interest in nuclear materials
rescarch (/). Recent molecular dynamics (MD)
simulations have indicated that nanometer-sized,
sessile clusters of vacancies and glissile clusters
of self-interstitial atoms (SIAs) are produced
together in collision cascades during energetic

ion and neutron imadiation (2). In face<entered
cubic ( fcc) metals, sessile vacancy clusters often
form stacking fault tetrahedra (SFTs) having 3D
pyramidal structure. The configuration of the glis-
sile SIA clusters is a 2D platelet, 12<110={110)
prismatic perfect dislocation loop. Sufficiently
small SIA clustars can exhibit 1D fast migration
{3-8), which transports the entire cluster contain-
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ing several tens of SIAs with a mobility compara-
ble to that of a single SIA (). This anisotropic
migration of SIA clusters is currently considered
to have a noticeable impact on the evolution of a
material’s neutron-imadiation damage micro-
structure, which determines the material’s lifetime
in nuclear reactor envirenments (£, 9).

Although SIA clusters form a dislocation
loop, the 1D migration may involve a cooper-
tive atomic diffusion mechanism not described
by conventional dislocation theory, Because the
ling semses of dislocation segments facing cach
other in a loop are always opposite, it is impossible
to glide the whole loop in the same direction
simultancously under shear stress, as shown in fig.
S1. In theory, it is possible to induce glide of the
entire loop in the same direction by pushing the
atoms in the prismatic column from one side. This
type of motion, which is traditionally called
prismatic punching, proposed by Seit (1)), can
be induced in specific situations, such as indenta-
tion. However, the loop’s 1D motion observed in
irradiated metals is not one way bul reciprocates
back and forth, as reported by several researchers
(J1-14). Therefore, prismatic punching does not
appear to be a viable mechanism. A widely ac-
cepted mechanism for the 1D migration has its
basis in thermally activated dense fluctmtion of its
constituent clements, “cowdions,” in the dense
packed <110=atomic direction along their Burgers
vector in the case of foc metals (4), as shown
schematically in Figs. 1 and 2. Figure 2 schemat-
ically shows the relationship between the loop 1D
migration direction, geometry of the loop, and
bundled crowdions. Because the 1D migration is
induced by collective motion of numeros neigh-
boring crowdions in the loop, this phenomenon is
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Fig. 1. Various atom
configurations of SlAs
and vacancies projected
on (101): small atoms
represent atoms on a
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substantial only when the loop size is amall: MD
simulations have indicated that only nanometer-
sized SIA loops exhibit 1D migration (4} A pre-
viously proposed allemative account for the 1D
motion within the scope of dislocation theory is
that the loop motion is induced by the thermally
activated formation and propagation of a double
kink on the loop, which is expressed by a (dislo-
cation) line tension model (5, /5), as shown in fig,
82 However, in 113 motion all of the crowdions
inside the prismatic cylinder must be transported,
whereas the ling tension model only describes the
motion of crowdions on the dislocation line. In MD
stmulations, imner crowdions ane oflen observed o
move before the crowdions on the loop perimeter
{as schematically shown in fig. S2F) The motion of
whole loop is led by the inner crowdions (/6),

A fundamental question is whether the 11 mi-
gration is also possible for vacancy-type prismatic
dislocation loops. Osctsky e al. examined the
possibility of 1D migration for vacancy loops in
both body-centered aubic (bec) and foe metals by
using MD simulations (/7). They predicted 1D
migration of small vacancy loops in bee iron but
not in foc copper. The prismatic vacancy loop in
copper immediately became sessile by developing
stacking fauls from the loop edges within a
picosecond. They atidbuted the absence of 1D
migration in fee copper o its low stacking Bult
energy. To date, there have been no observations of
1 D migration of vacancy clusters, whereas several
experimental studies have reported 11D migration
of SIA clusters (/f-14). Thus, based on the MD
results, the existing consensus is that the 1D mi-
gration of vacancy clusters is nol possible, sspe-
cially in foe meals (),

In the present study, vacancy loops were in-
troduced into 999975% pure fee gold through
plastic deformation or quenching and then ex-
amined in a nominally siress-free condition. The
stacking fault energy of gold (32 mJ/m”) is even
lower than that for copper (45 er'mJ], which
would promote conversion of dislocation loops o
SFTs even more strongly in gold than in copper
(/8). Therefore, 1 D migration of vacancy clusters
is not expected in gold. A very high density of
vacancy clusters is produced by plastic deforma-

plane %4[101] below (L(Ltlttc'tctittt. C
:helargeatolps.lnﬂ'te CCCECECECEC O g I'.IE < C
ccstnntwe,sngleﬁlﬂs.(tﬁ i,.r.it..{.i C C@&cC
are preferentially located - L & €

at octahedral sites de- Cce t{..{ ﬁ[.‘-t{ cccclc
notedas(12,112,12) C@C @ CE@CEeCgCeC YCeC(CC(C

on the basis of atomic
volume considerations;

feCcEcececgC@c®cegaeCc

however, it is energetically more favorable to be arranged in a <001> dumbbell structure. The crowdion
distributes the localized displacement of the 5IA along the <110> close-packed atom direction. Subtracting
an atom, i.e., introduction of a vacancy, may create a delocalized dilute atom configuration complementary
to the <110 crowdion {<110> voidion). Note that this configuration never occurs for single vacancies.  its atomic structure.
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tion in ductile metal thin foils having a speafic
geometry (/9). Although the majonty of vacancy
clusters produced by plastic deformation at room
temperature in gold are SFTs (/9), a few vacancy-
type dislocation loops are also produced. Those
dislocation loops exhibited 1D oscillating motion,
inconsistent with the reported MD  sinwlation
results, Figure 3 and movie S1 show an example
of the observed behavior at room temperature, A
small dislocation loop (diameter about 2 nm, ~174
vacancies) glided intermittently back and forth
between two SFT5 at an oblique angle along the
projection of the <110= direction (oscillating
distance of' 1 to 2 nm). The loop position changed
frame by frame (frame rate of 30 fames/'s) for
about 4 min and then suddenly transformed to an
SFT within a few video frames (<011 5). Because
SFTs are vacancy-type defects in fee structures
{200, Fig. 3 provides evidence that nanometer-
sized vacancy loops can exhibit 1D migration.
The vacancy loop transformed into an SFT at an
intermediale position between two preexisting
SFTs, presumably because the stress field on the
loop from the two SFTs is balanced at the inter-
mediate position. As a result, a well-aligned SFT
armay consisting of three SFTs was obtained.
There are many reports showing ordered ar-
rays of nanometer-sized SFTs created through
high-enepy particle imadiation such as neutron
irradiation and jon bombardment (2/-23). Be-
cause SFTs are sessile, it has been believed that the
self-organized microstructure is created by glissile
SIA clusters exhibiting 1D migration; vacancy
clusters that are geometrcally aligned along close-
packed <110> directions in fee orystals would be
preferentially shiclded from annihilation by the 1D
migrating SIA clusters. However, the present
dynamic observation (Fig. 3) suggests that spatial
self-organization of sessile SFTs can be achieved
through the 1D migration (and conversion io
SFTs) of ghissile vacancy loops, without the neces-
sity of 1D migration of SIA clusters. Fig. 83
shows previously proposed models of loop-SFT
conversion (24), and fig. 54 shows the crystallog-
raphy of various potential loop geometries.
Figure 4 and movies 52 and 53 show the 1D
migration of a vacancy loop introduced into gold

a @
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Fig. 2. Schematic sketch of the 10 migration of
the SlA-type 172<110={110} dislocation loop and
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by quenching that introduces only vacancies. The
transmission electron microscopy (TEM) obser-
vation was carried out at 113 K. The vacancy
loop (diameter about 3.5 nm; 334 vacancies)
exhibited oscillating 1D migration for about 6
min, whereas single vacancies were immobile
below ~300 K in gold (25). The loop wiggled
intermittently, back and forth, along a straight
dislocation with a wide variety of migration dis-
tances for each oscillation. The maximum ob-
served migration distance per oscillation (within
two video frames, Le., 66 ms)was 15 nm, which
comesponds to 52 tmes the {110} interplanar
distance in gold. In general, the number of atom-
istic jumps per second i a thamally activated pro-
cess is expressed as v = wexp(SKexp(-En/kT),
where v, is the lattice vibration frequency, & is the
Boltzmann constant, § is entropy, and T is
absolute temperature. We assume explS/&) =
1 for the sake of simplicity. The migration
energics of single vacancies and single SIAs in
gold are E, = 085 eV and E,, = 0.19 ¢V,
respectively (26). With v, = 10" s vat 113K
is 1.3 % 107 57! for single vacancies and 3.4 =

i
Fin.
41

107 s for single SIAs. The maximum observed
migration distance of the vacancy loop (15 nm)
comesponds 0 v = 789 s, which gives £, of
(.22 to about (023 ¢V as the effective migration
energy for the vacancy loop 1D motion (27),
This effective migration energy for the 1D glis-
sile vacancy loop is much less than that for single
vacancies. This suggests that the mobility of
nanometer-sized dislocation loops via 1D migra-
tion is independent of the mobility of the constit-
uent point defects, that is, vacancies in this case,
The diffraction contrast images of the vacan-
cy loops observed in the present study are quile
unusual as a dislocation loop image. Seen from
the <110> direction, the loop is in an edge-on
view, Le, visible as a line segment (28) However,
the loop image in Fig. 4 is oval in shape, clongated
inthe 1D glide direction. The loop image in Fig. 3
is also oval in shape. This may be an artifact due 1o
the high velocity of 1D motion. MD sinulations
{obtained for SIA loops) have indicated that the
loop’s oscillation is essentially a sub-picosecond
time scale event (4). Such high-speed motion
cannot be captured by the present video-recording

TR
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1-D metion of vacancy leop
: CB (// [101]) or DB (// [011])

s
B
A
D' ’ /
7 C B

e . Observation: CD (/ [110])

Fig. 3. Sequence of snapshots showing the 10 osdllating motion of a vacancy loop and eventual
transformation to an SFT (after 240 s) in deformed gold at room temperature.

g 70

Snm

93.77 s

290 s
- \l. quﬂ‘ .

4 A

1-D motion of vacancy loop
: CB (// [101]) or DB (# [011])

4 Observation: CD (// (1101

Fig. 4. Sequence of snapshots showing the 1D oscillating migration of a vacancy loop in quenched gold
at 113 K. The spatial dimension shown in the frame of 93.77 5 is the jump distance from the previous
observed loop position at 93.70 s. Two types of crystallographically equivalent 5FTs {marked by x and y)
are invalved in the figure,
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system, whose time resolution is 33 ms, Instead,
a composite image of the loop’s motion during
~33 ms is recorded on a single video frame. Note
that the loop image remained the same even afier
the motion became undetectable in Fig. 4. This
may be an indication that the loop was still
moving one-dimensionally with a very shor
oscillating distance and high frequency, even afler
the large motion detectable by the present dynamic
TEM observation disappeared.

The size of the vacancy loops observed in the
present TEM study (2 to 3.5 nm) is much larger
than the loop examined in the 1999 MD simu-
lation {up to 50 vacancics; <1 nm). On the basis of
the resulis on SIA loops oblained through MD
simulations, lager loops are less mobile than
small loops: The critical size above which the
predicted mobility is practically zero is ~100 51As
{~1.3 nm) in copper and ~300 SlAs (~2.4 nm)
in iron (4). However, in TEM expenments, much
larger SIA loops exhibit 1D migration above
4500 K: The entical size in iron may be as lamge as
20w ~30 nm (/). The present experimental
results were obtained in a TEM operated at
2000 keV, which is well below the critical voltage
to introduce Frenkel pairs (vacancy and an SLA)
into gold. The eritical electron energy for Frenkel
pair creation is ~2 MeV because of the large mass
of gold atoms. The temperature increase by the
200-keV electron irradiation is negligible because
the specimen was thin (<530 nm) and the electron
beam diameter was less than 2 pm, which gives
less than a few tens of Kelvin local temperaiure
increase for the electron beam fluxes used in the
present study (29).

Although wvacancy loops cannot have
crowdions, we speculate that they may develop
an analogous (dilute) atom configuration similar
to crowdions (we tentatively call this dilute-
packed <110 atomic row “voidions™), as shown
in Fig. 1. Such a configuration does not occur
for single vacancies; however, in the form ofa
1/2<110>{110} prismatic loop, numerous vacan-
cies are neighboring on a { 1107 plane, potentially
favoring this cooperative voidion con figuration,

An unresolved question is whether the 1D
migration of SIA and vacancy clusters can be
effectively hamessed to enable direcied assembly
of technologically useful nanoscale architectures.
The formation of a linear aray of SFTs in Fig, 3
implies that it may be possible to create unigue
nanoscale ordered defect microstructures by par-
ticle irradiation. The very high mobility of the 1D
glide vacancy clusters may also provide a hint
regarding efficient defect removal from not only
metals but also semiconductor materials, whose
defect clustering behavior is essentially the same
as fee metals because of their similar crystal
struciures, as well as introduction of nanoscale
ordered structures,
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Widespread Morning Drizzle on Titan

Maté Adamkovics,2* Michael H. Wong,* Conor Laver,” Imke de Pater'?

Precipitation is expected in Titan's atmosphere, yet it has not been directly observed, and the
geographical regions where rain ocours are unknown. Here we present near-infrared spectra from
the Very Large Telescope and W. M. Keck Observatories that reveal an enhancement of opacity
in Titan's troposphere on the morning side of the leading hemisphere. Retrieved extinction
profiles are consistent with condensed methane in clouds at an altitude near 30 kilometers and
concomitant methane drizele below. The moisture encompasses the equatorial region over Titan's
brightest continent, Xanadu. Diurnal temperature gradients that cause variations in methane
relative humidity, winds, and topography may each be a contributing factor to the condensation
mechanism. The clouds and precipitation are optically thin at 2.0 micrometers, and models of
“subvisible” clouds suggest that the droplets are 0.1 millimeter or larger.

#00 of clouds is scattered across Salum's
A‘lurgcsl moon, Titan, ncluding convec-

ive clouds near the south pole (1, 2),
geographically controlled clouds at 40°5 latitude
{3), and a large cloud of cthane near the north
pole (). These and other types of clouds have
been predicted with the use of combinations of
chemical, microphysical, and general circulation
models (5, 6). Analysis of the methane relative
humidity profile at the Huygens probe eniry site
suggests that there is a solid-methane cloud
from 20 1o 30 km altitude and a light drizzle of
methane that wets the surface (7). However, the
fluvial channels seen at the landing site (8) are due
to heavier rainfall (#), which may occur during
inense storms that are predicted by dynamical
medels (/). Conditions in the lower moposphere
are best constrained where the Huvgens probe
landed, yet a single weather station cannot char-
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acterize Tian's metcorology on a planciwide scale.
If widespread, methane condensation could be the
dominant pathway for retuming methane o the
surface and closing the methane cycle.

Because the near-infrared aerosol opacity 1in
Titan's atmosphere is low (1 = 0.2 at 2 pm), light
can penctrate o the surface at wavelengths
where methane absorption is negligible (/1)
Radiative ransfer (RT) models of Titan's spectra
have been used o probe the heights of cloud
tops and the acrosol vertical structure (f, 2, 12, 1.3),
Ome of the main challenges in accurately re-
tricving altitudes with these models is that the
contribution function for a particular wavelength
is dependent on the vertical distribution of aero-
sol. Vardations in surface reflectivity can also
be masked by near-surface atmospheric opacity,
One way o break these degeneracies is to simul-
tancously analyze spectra taken along different
paths through the atmosphere, Spatially resolved
specira from a new class of instruments, such as
the OH-Suppressing InfraRed Imaging Spectro-
graph (OSIRIS) (74) at the W. M. Keck Ob-
servatory or the Spectrograph for [INtegral Field
Observations in the Near Infrared (SINFONI)
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{15) at the Very Large Telescope (VLT), arc an
ideal source of data for such an analysis. These
instruments may be used o create a global pic-
ture of Titan's lower atmosphere and surface.

During our campaizn o monitor the seasonal
changes in the global distnbution of Titan's
acrosol, we observed Titan on 28 February 2003
universal time (UT) with SINFONI (/3) and on
17 April 2006 UT with OSIRIS. Togeiher the
two instruments provide independent measure-
ments of Titan at different epochs and viewing
geometries. Systematic emors that arise from
mosaicking and correcting for Earth's atmo-
sphere (fig. 51) are specific to cach instrument,
and comparison facilitates the rejection of obser-
vational antifacts. Here we descobe a method for
making measurements of condensed-phase opac-
ity from specific altiude regions in Titan's atmo-
sphere using namow (10- w0 15-nm) spectral
bandpass difference imaging, We used RT models
to quantify the altitude and magniude of the
opacity enhancemenis, and we report the deiec-
tion of widespread methane drizzle: precipitation
from strati form clouds of solid methane.

In order 1o discem the light scatiered by
clouds, drizzle, and haze in the lower ropo-
sphere, the contribution from the surface albedo
variation (Fig, 1 A) was removed from the images
that probed the bottom of the atmosphere (Fig.
1B). We empirically quantified the relative sur-
face flux fin images taken at wavelengths with
significant and with negligible methane gas
opacity by minimizing the comelation coefficient
between the surface-subtracted image of the
atmosphere and the image of the surface (fig.
52). The mean surface flux in images probing the
lower roposphere is ~72% of the flux in images
of the surface, which is confirmed by our RT
models, Afler subtracting the surface contribu-
tion from images that probe the lower ropo-
sphere, we can identify equatorial opacity changes
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Fig. 1. Difference imag-
ing of the condensed-
phase sattering at spedfic
altitudes in the atmo-
sphere. The lower tropo-
sphere (below 20 km)
can be probed by sub-
tracting images at wave-
lengths sensitive to the
variations in surface re-
flectivity (A) from those
that probe both the sur-
face and the lower tropo-
sphere (B). The difference
images (O reveal a dark
feature in the morning
equatorial regions, with
sub-observer longitudes
of 89°W and 42°W for
the VLT and Keck, re-
spectively. Artifacts such
as the narrow linear
feature in the VLT data
are not observed with
both instruments. The
regions with lower AMF
in the difference images
(C) have increased at-
maospheric opacity. The

lower stratosphere can be similarly probed by subtracting images of the
upper stratosphere (D) from images of the lower stratosphere (E) to
highlight the contrast from the SPH (F); in this case, larger AlF in-

on the moring (left) side of the disk in both
observations (Fig. 1C). The dark regions cover
slightly different portions of the disk because of
different viewing angles during the two observa-
tions, yet comespond to the same latitudes on
Titan, so the observation of the dark feature in
both data sets is a confinmation of the localized
change in opacity.

The nature of the increased opacity is deter-
mined by creating a model of the observed data-
cube. A 1.50- 10 2 25-pm spectrum, cormresponding
to cach observed spatial pixel, was calculated using
a two-stream numerical solution to the BT equation
({6, /7). We accounted for the spatial variation in
surface albedo by using a Visual and Infrared Map-
ping Spectrometer (VIMS) map of the 2.018-um
albedo (£8) as npat for the surface reflectivity, The
surface spectrum s gray with four Gaussian
absomtion features (791 The acrosol (haze) extine-
tion at the tropopause is 0.0025 km ! at southem
latitudes above 45°S and increases toward the north
by a factor of 0.0065 per degree of latitude (73).
Aemsol extinetion decreases with altitude above the
tropopause, with a scale height of 100 km. The
south polar hood (SPH) is included as a doubling off
extinction from 50 w 70 km aluwde and is located
poleward of 4575, Uniform aerosol extinction
(0,001 km ), consistent with results from the Huy-
gens probe, was used throughout the roposphere.
Based on the temperatre at a particular altitude,
condensed-phase mothane opacity was included as
a layer of liquid or solid methane, The optical depth
of condensed methane is the product of the absomp-

2005 Feb VLT

2006 Apr Keck
¥7-2.037 um)

Surface

0,010

0.005

0.000

Lowear Troposphere - Surlace

respectively.

Fig. 2. Contrast in the difference images
{Fig. 1, C and F) is due to localized
changes in extinction. In order to under-
stand that the dark region in Fig. 1C is
due to a relative increase in opacty, we
calculated the expected confrast in the
lower troposphere (solid line) and lower
stratosphere (dotted line).

Contrast (I'F)

tion coefficient (200} and path length (1.e, column
volume). A normalized point spread function from
a calibration star was used to convolve the model
for comparison with the observations. Images
from the model datacube show excellent agree-
ment with the observed data (fig. S1).

With a model of Tian's atmosphere and
surface, various hypotheses for the source of the
observed dark contrast feature (Fig, 1C) may be
tested, We calculated a characteristic spectrum and
determined the mean flux in the wavelength re-
gions comesponding to images in Fig. 1 1o obtaina
nominal subtracted image fAux (AfF,) for both the
lower roposphere and the lower siratosphere. The
contrast wes then defined as the difference be-

i

C

Lower Strat. - Upper Strat.

dicates more scattering. Difference images of the troposphere and strato-
sphere have a (la) pixel-to-pixel noke of AMF = 0.003 and 0.0005,

A UF Troposphera
............ A UF Stratosphere

| ra—t - | ——

0 1 2
Condensed CH, column volume (em® em™®)

tween ALF, and the ADF from a new spectrum in
which a model parameter was changed. In Fig. 2,
we plot the contrast expected in images of the
lower troposphere and lower stratosphere when
the column of condensed-phase methane is varied.
Changes in acrosol haze dansity have been sys-
tematically nuled out by inadequately reproducing
the observed contrast. If the observed opacity
enhancement were atiributed to small ropospheric
haze particles (<0L001 mm), then the steep wave-
length dependence of the extinetion efficiency
would extrapolate (o unit optical depth at 0,938
pm (fig. 83), vet there have not been reports of
acrosol enhancemenis over Xanadu or near the
moming hemisphere. On the other hand, a mist
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Fig. 3. A disk-encompassing cloud of condensed-phase methane is revealed
by goodness-of-fit (Ax*) contours for several altitudes and column volumes
of methane (A). Vertical profiles of 2-um aerosol extinction at two locations
on the disk along with altitudes of condensed methane clouds show the
altitudes of large-scale atmospheric features (B). Difference images extracted
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Fig. 4. Opacity caused by a cloud of solid methane provides a significantly improved fit of spectra at
all locations on the disk. A representative Keck/O5IRIS spectrum from the center of the disk (black) is
compared against madel spectra with (blue) and without (red) a cloud of solid methane in the 25- o
30-km layer of the model. Shaded vertical regions indicate spectral bandpasses used for difference

imaging in Fig. 1 and fig. 55.

or drizzle of methane droplets (=0.01 mm) that is
optically thin at 2.0 pm would be optically thin ai
visible wavelengths as well and could more
casily clude detection,

The altitude and total colunn of condensed
methane were fit 1o observations by minimizing
the root mean square deviation between a model
datacube and observations. The cloud of methane
was indeed found to be globally widespread, with
a column volume of 1.65 cm’ em ™ in the altitude
range of 25 to 35 km (Fig, 3A). Temperatures al
these altimdes indicate that methane must be a
solid (7). The moming enhancement of opacity is
consistent with an additional column volume of
0.25 cmr’ em 7 below 20 km, where methane is a
liquid (Fig. 3B). The difference images are a
sensitive test of the vertical profile of the ropo-
sphenc extinetion, and the calculated datacubes
with condensed methane opacity reproduce the

2 NOVEMBER 2007

observations (Fig. 3C). Anifacts or variations in
surface absomtion were are excluded by perform-
ing analogous (fig. 54) difference imaging at 1.5
pm. The difference images in the H band (fig,
55} can be used to independently reach all the
qualitative conclusions arising from the K-band
analysis(fig. 56). The improvement in speciral fit
across both bands, when condensed methane is
included, is lllustrated in Fig, 4.

Depending on size and composition, drizele
will either reach the surface or form a near-
surface mist. Although no direct detection of
drizzle has been reported by Huygens (&), the
uniform methane mixing ratio below 6 km (2/) is
consistent with the evaporation of methane from
droplets (2.2). We detected both the solid methane
cloud at 25 1o 35 km and moming drizzle below.
It had been suggesied that precipitation from
subvisible clouds would reach the surface and

VOL 318 SCIENCE

from the RT model of the observed OSIRIS datacube quantitatively reproduce
the contrast caused by the enhancement in lower tropospheric opacity and
the south polar hood (SPH) (C). Extinction profiles from the center of the
disk (black crosses) and from the SPH (blue triangles) show the characteristic
differences in the aerosol densities at south and equatorial latitudes.

close the methane cycle and that the drizzle could
be occurming over nearly 6004 of the globe (7). By
measuring the global extent of methane cloud,
we sec here that the methane drizzle is indeed
precipitation related to strati form clouds and does
cover a substantial fraction of Titan,

Drizzle is observed in the moming hemi-
sphere, and we first consider a diumal mecha-
nism that facilitates condensation. Because the
mathane is sawrated around 15 km (7) in the
moming [Huygens landed at local tue solar time
(LTST) of %47 am.], a small overmight drop in
temperature at this altiwde could initate droplet
formation that would then lead to drizzle n the
lower roposphere. During owr observations, il
seems it was drizzling on Titan until approxi-
mately 10:40 am. LTST (roughly 3 Earth days
after sunrise), which is consistent with the
Huygens resulis.

Geographic  factors may affect circulation
and control localized condensation, One possi-
bility is that the observed drizzle is due to the
cooling of air caused by advection. Large-scale
winds may push a moisi airmass upslope, thus
cooling it and drving condensation. Observa-
tions of sand dunes have shown that prevailing
easterlies blow toward the bright continent of
Xanadu (23). If the bright region is indeed a
topographical high, then a “coastal” drizzle may
form and cover the landmass. The relationship
between the drizzle and the bright reflectivity of
Xanadu is unclear (24), and it is possible that
the dnzele contributes W rinsing the bright
surface of the dark deposited acrosol. Perhaps
the combination of nighttime cooling and local
microclimates together make for consistently
misty momings in Xanadu,
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Facultative Mate Choice Drives
Adaptive Hybridization

Karin 5. Pfennig

Mating with another species (hybridization) is often maladaptive. Consequently, females typically
avoid heterospecifics as mates. Contrary to these expectations, female spadefoot toads were more
likely to choose heterospecific males when exposed to environmental conditions that favor
hybridization. Indeed, those females with phenotypic characteristics for which hybridization is most
favorable were most likely to switch from choosing conspecifics to heterospecifics. Moreover,
environmentally dependent mate choice has evolved only in populations and species that risk
engaging in, and can potentially benefit from, hybridization. Thus, when the benefits of mate
choice vary, females may radically alter their mate selection in response to their own phenotype
and their environment, even to the point of choosing males of other species.

ating between specics typically resulis
Min ne, few, or poorquality offspring (/).
Consequently, females generally prefer

to mate with males of their own species (/-3).
When hybridization dogs oceur, it is often ascribed
to mustakes during, or constraints on, female mate
choice (4 7). Yet, hybridization can sometimes be
beneficial (8), and females might faculiatively
adjust their choice of conspecific versus hetero-
specific mates depending on the fitness conse-
quences of hybridization (¥-/2). Such faculiative
switches in female mate choice may thereby me-
diate adaptive hybridization and could explain pai-
tems of hybridiztion observed in many species ().
Spadefoot wads, Spea bombifrons and Spea
multiplicata, nsk hybndizing where they co-
occur in the soulhwestem United States across
~20% of 8. bombifions ' range (13, 14). Hybrid
offspring are viable and can reproduce, albeil
with reduced fertility: Hybrid males can be sterile
(15) [although the frequency of sterlity among
hybrid males is unknown (/6)], and female
hybrids produce fewer eggs than pure-species
females (/5), Hybrdization between these spe-
cies has historically been spatially variable, with
hybrid frequency ranging from 0 to 40% across

Department of Biology, Campus Box 3280, Coker Hall,
University of North Carolina, Chapel Hill, NC 27599, USA,
E-mail: kpfennig@email.unc.edu

populations (/4). Hybridiztion is most common
in small ponds that tend to be shallow and highly
ephemeral, with 8 bombifions females hybridiz-
ing more often than S. mudtiplicata females (74).

These observed pattems of hybridization may
be explained i £.5. bombifons females can benefit
from hybridization. Spadefoois breed in ephems-
eral pools (Fig. 1, A and B), and their adpoles
ofien fail to metamorphose before ponds dry
(7). 5 multipiicaia develop more rapidly than 5.
bombifrons, and hybrid tadpoles metamorphose
sooner than pure 8 bombifrons adpoles (14).
Thus, for 5 hombifrons females, hybridization
may crhance offspring survival,

As further evidence that hybridization may be
beneficial for S bemibrifrons females, hybnd
ofpring of 8 bombifons females (“BM™ tad-
poles) developed significantly faster than did pure
S. bombifrons tadpoles (“BE” iadpoles) when
reared in the lab for 16 days (/8) [mean differ-
ence in Gosner developmental stage, BB - BM =

0.75 £ .28 (SEM), 197 = -2.67, P = 0.009].
Additionally, for tadpoles rcared in naturally
drying artificial pools in the field (/4, /§), the
likelihood that all tadpoles metamorphosed in a
given replicate was higher for BM tadpoles
(likelihood ratio %,* = 8.15. P = 0.004) and in-
creased with matemal condition (1, ° = 4.70, P=
0,03} Similarly, the proportion of @dpoles ina rep-
licate that metamorphosed (/&) was higher for BM

tadpoles (Fys: = 11.76, P=0.001) and increased
with matemal condition (F; 53 = 3.98, P=0.05).

Hybridization by 5 bombifrons females there-
fore results in a trade-off: Hybrid offspring may
have lower fertility and fecundity, but they can
develop faster than pure 8 bombiffons offspring
and may therefore be more likely to escape a
drying pool. Consequently, the finess effects of
hybridization depend on the habitat in which off-
spring develop. Because pond duration depends
largely on initial pond size md depth [deeper
ponds generally outlast shallow ones (/ 7)), in deep
{long-lasting) ponds, pure 8 bombifions ofBpring
can metamorphose before the ponds dry (/4).
Thus, in such ponds, 5. bombifrons females would
have higher fimess by mating with conspecifics.
In contrast, in shallow (rapidly drying) ponds,
hybridization may be beneficial for 8. hombifrons
females because hybrids are more likely than
pure 5. bombifrons offspring to escape and there-
fore to survive. Furthermore, a given pond’s depth
{and longevity) can vary dramatically with the
amount of yearly rainfall (Fig. 1, A and B). Thus,
because 5. Pombifrons females may  encounter
year-lo=year vanation in pond longevity, they may
facultatively adjust their choice for conspecific
versus heterospecific mates, depending on the
depth of their breeding pond.

To evaluate this hypothesis, [ tested two pre-
dictions by performing controlled mate-choice
tests in the lab (f8). Firsi, | predicied that
5 bombifrons females would more likely choose
5 mulriplicata males in shallow ponds than in
deep ponds. Second, because maternal condition
predicts the likelihood that offspring will meta-
morphose, [ predicted that S, beowibifrons females
in relatively poor condition would be more apt
than those in good condition w alter their choice
for conspecifics depending on water level.

8. bombifrons females were presented with
calls of conspecific versus heterospecific (S,
sl tiplicata) males under conditions simulating
a deep (long-duration) pond versus a shallow
{shon-duration) pond (/8). When females were
tested three times ina decep pool (18), they showed
a significant preference for conspecific calls versus
heterospecific calls (Wilcoxon signed rank = 245,
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1 =52 females, P=0.009) (Fig. 1C). In these deep
waler trials, individual females were significantly
consistent in their choice: females chose the same
stimulus, on average, 87.5 + 2.5% (SEM) of the
time (Wilcoxon signed rank = 3455, n =32, P <
0.001; 34 out of 52 females chose the same
stimulus in all three mals), When these same
females were tested four times in a shallow pool
(%), as a group, they showed no prefarence for
conspecific calls (Wilcoxon signed rank = -84, n =
52, P=0.24) (Fig. 1C). Indeed, the frequency with
which females chose conspecifics was higher in
deep versus shallow water (15, = 3.16, P = 0.003)
{Fig. 1C). Although females as a group were nol
significantly more likely to choose one stimulus
over the other in shallow waler, individual females

were significantly consistent in their preference;
temales chose the same stimulus, on avemge,
T6.4 + 2.8% (SEM) of the time (Wilcoxon signed
rank = 390, » = 32, P < 0.001: 19 out of 52
females chose the same stimulus in all four trials,
and 30 out of 52 females chose the same stimulus
in at least three of the four mals). Thus, S
bambifrons females, as a group, were more likely
o choose 8. mudtiplicara males in shallow ponds
than in deep ponds, as predicted.

Also as predicted, whether an individual fe-
miale switched from choosing conspecifics in deep
waler to heterospecifics in shallow water depended
on the female's condition. Females in relatively
poor condition were most likely to make such a
switch (Fig. 2A). Poor-condition females may be

Fig. 1. {A and B) 5. bombifrons breeding ponds
vary in depth (2 to 66 cm) and longevity (7 days
to several months; longevity is positively cor-
related with depth) in different years, depending
on the amount of rainfall. (3) and (B} show the
same pond in different years. (C) Sobid circles
represent the mean percent + SEM {error bars) of
times that conspecific calls were chosen by
sympatric 5. bombifrons females in repeated tests
of preference for conspecific versus heterospecific
calls (18). The dashed bne illustrates a random
expectation of 50%. In deep water, females
significantly chose conspedific calls more fre-
quently than random f(as indicated by the
asterisk) and more frequently than they did in
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conspecific calls chosen

¥
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Deep Shallow
Water level in choice arena

shallow water. In shallow water, females as a group showed no preference for conspecific calls,

Fig. 2. (A) Female condition as a function of
female propensity to switch from choosing
conspecific calls in deep water to choosing
heterospecific calls in shallow water (18). (B)
Development rate of a female’s offspring
(from pure S. bombifrons pairings) as a
function of that female’s propensity to switch
from choosing conspecific calls in deep water
to choosing heterospecific calls in shallow
water (18). Each point represents the mean of
two tadpoles from a given replicate; there
were 15 replicates for each of the 12 females
(18). Data are jittered (by adding small
random values to the original data along
the x axis for presentation only). Each panel
shows the results of a nonparametric Spear-
man rank-order correlation analysis that is
not sensitive to outliers (18). Least-squares
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more prone to switch because, as noted above, they
can potentially benefit more by hybndizing, In-
deed, when bred with conspecific males (/&).
females with a higher propensity to switch their
choice from conspecifics in decp water o hetero-
specifics in shallow water produced tadpoles that
developed more slowly than those produced by
females with a lower propensity to switch (Fig.
2B). Thus, females” responses 1o changes in the
water level depended on their condition and the
developmental rate of their offspring in pure-
species pairings, suggesting that famale mate
choice results from an interplay of a fomale’s
own phenotype and the specific ecologiaal circum-
stances in which her offspring develop.

The tendency to switch patiems of mate choice
in response o walter level appears to have evolved
only in populations and species that risk engaging
in, and can potentially benefit from, hybridization.
In three mate-choice rals [two in deep water and
one in shallow water (/8)], allopatic females
{females from populations where S, multiplicata
does not ocour) did not discriminate between con-
speci fic and heterospecific calls (first deep water
trial: 9 chose conspecific calls, 16 chose hetero-
specific calls, 3,° = 1.99, P = 0.16; second deep
water trial: 17 chose conspecifie calls, 12 chose
heterospecific calls, ¥, = 0.87, P=0.35; shallow
water trial: 14 chose conspecific calls, 12 chose
heterospecific calls, ,° = 0,15, P= 0.69). These
responses were nol significantly different among
the three wials (x,° = 3.01, P = 0.22). Thus,
contrary o sympatric S, bombifrons females,
allopatric 8 bombifrons females did not vary
their choice depending on water level.

Morcover, switches in pattems of mate choice
are not generalized responses of sympatric Spea
females to shallow water: Sympatric 8 mulii-
plicaia from the same populations as the sym-
patric 5 bombifrons used in the experiments
above significantly preferred conspecific calls,
regardless of water level (deep water: 43 chose
conspecific calls, 22 chose heterospecific calls,
%1’ = 6,91, P= 0.009; shallow water: 47 chose
conspecific calls, 29 chose helerospecific calls,
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regression (dashed) lines are shown for illustration only. r, Spearman rank correlation coefficient; SVL, snout-to-vent length.
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%0 = 430, P = 0.038). Mate choice of S,
multiplicata females did not differ significantly
between water-depth treatments (,” = 0.28, P~
0.60). Thus, because S, multiplicara females do
not benefit by hybridizing with 5. bomibifrons
males (74), the fact that they chose conspecific
mates regardless of water level suppons the
hypothesis that switches in mate choice should
evolve only when hybridization is potentially
adaptive.

In decp-water trals, sympatric S bowmibifrons
chose conspecific calls significantly more ofien
than did allopatric females (Wilcoxon normal
approximation: = score= -2.15, P = 003, n =
81). The fact that sympatric S bombifrons
females discriminated against heterospecifics
when hybridization was not favorable (i.e., in
deep water) suggests that behaviors that mini-
mize hybridization have evolved in sympatry.
Such differences between allopatry and sympatry
are expected i selection favors mating behaviors
that promote reproductive isolation between spe-
cies ([, 2, 19-22), Thus, sympatric females have
apparently evolved the ability to modify their
discrimination against heterospecifics, depending
on the finess consequences of hybridization.

These findings sugeest that Beultative switches
in female mate-choice behavior contnbule 1o
adaptive hybridization and explain localized hy-
bridization in habitats where hybrids may have
higher fitness (&8, 74). In addition, these results
suggest how hybrids may persid in the face of a
general patiem of selection against them. Gena-
ally, when hybrds are disfavored, seleetion should
promote the evolution of behaviors in sympatry
that preclude hybridization (i.e., reinforcement)
(f, 2, 19-22) As expected, 8 bombifrons females
in sympairy, but not allopatry, discriminate againsi
heterospecifics when hybridization is costly. IF,
however, females facultatively hybridize when
it is beneficial, hybridization may persist
locally in the face of a global patiem of rein-
forcement. The presence of hybnds in sysiems
that have seemingly undergone reinforcement
is often attributed to mistakes in malte choice,
constraints on female choice, or forced copu-
lation by males (4-7). However, facultative
adaptive hybridization potentially explains the
persistence of hybrids despite the prediction
that reinforcement should eventually eliminate
hybridization { /9, 23-25).

Generally, whenever filness is reversed in
different habitats, facultative switches in mat-
ing behavior may evolve if females routinely
experience different habitats and can assess
environmental cues that reliably predict off-
spring fitness (26, 27). Because the fitness con-
sequences of mate choice may often depend on
the females’ own phenotype or the habitat in
which their offspring develop (Ji, [2, 28),
context-dependent female mate choice may be
common (9-/2). Explaining such variation in
mate choice is important, because it can dra-
matically aflect the oulcome of sexual selection
and, ultimately, speciation.
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Bypass of DNA Lesions Generated
During Anticancer Treatment with
Cisplatin by DNA Polymerase 1

Aaron Alt,* Katja Lammens, “>* Claudia Chiocchini,® Alfred Lammens,™? ]. Carsten Pieck,’
David Kuch,! Karl-Peter Hopfner,’2+ Thomas Carell't

DNA polymerase n {Pol 1) is a eukaryotic lesion bypass polymerase that helps organisms to survive exposure
to ultraviolet (UV) radiation, and tumar cells to gain resistance against dsplatin-based chemotherapy. It
allows cells to replicate across cross-link lesions such as 1,2-d{GpG) cisplatin adducts (Pt-GG) and UV-
induced cis—syn thymine dimers. We present structural and biochemical analysis of how Pol n copies Pt-GG—
containing DNA. The damaged DNA is bound in an open DNA binding rim. Nucleotidy transfer requires the
DMNA to rotate into an active conformation, driven by hydrogen bonding of the templating base to the dNTP.
For the 3'dG of the Pt-GG, this step is accomplished by a Watson-Crick base pair to dCTP and is biochemically
efficient and accurate. In contrast, bypass of the 5'dG of the Pt-GG is less efficdient and promiscuous for dCTP
and dATP as a result of the presence of the rigid Pt cross-link. Our analysis reveals the set of structural
features that enable Pol n to replicate across strongly distorting DNA lesions.

Il three kingdoms of life possess special
Y-family DNA polymerases (7, 2).
These eneymes share with high-fidelity
DNA polymerases the basic nucleotidyl transfer
mechanism and the Aght-hand-like structure, but

*Murich Center for Integrated Protein Science (CiPS™), Ludwig
Maximilians Universty, D-81377 Munich, Germany. “Gene
Center at the Department of Chemistry and Biocheristry,
Ludwig Maximiliars University, D-81377 Munich, Germany.
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the potential DNA duplex binding surface is
increased by a polymerase-associated domain
{PAD, also denoted “little finger” for its role in
template binding) found only in Y-family poly-
merases (3). DNA polymerase 1 (Pol 1) in
eukaryotes is able to replicate through UV-
induced cyclobutane pyrimidine dimers (CPDs)
{4-6), or cisplatin-induced 1,2-d(GpG) adducts
{P-GGs) (7) formed in a typical anticancer ther-
apy with cisplatin (8). Bypass of such cross-links
is paicularly difficull because two adjacent coding
bases are simuliancously damaged. To reveal the
mechanism for this poorly understood lesion
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bypass capability, we crystallized the large frag-
ment of yeast Pol 1 as temary complexes with
incoming dNTP and two different 16-bp tem-
plates containing a site-specific PGG, annealed
to two different 9-bp primers (CP7 and CP2),
The first erystals analyzed featured two dif-
ferent complexes (Fig. 1, A and C, and Fig. 2A)
in the asymmetric unit. Their structures were
determined at 3.1 A resolution. The crystals were
obtained by co-crystallizing Pol ny with the DNA
template-primer construct CPJ. In both com-
plexes, the P-GG cross-link is well defined in
the electron density, and the bases forming the
Pt-GG lesion are positioned at a ~907 angle
with respect to cach other (Fig. 1B). The first
complex (Fig. 1, A to D) (3'dG elongation step)
contains the Pt-GG lesion partially situated in
the active site, with the 3'dG of the lesion
forming a standard Watson-Crick base pair with
the incoming dCTP (Fig. 1C), representing a
maodel for the efficient bypass of the 3dG of the
lesion. The second complex shows the P-GG
lesion outside the active site in front of the DNA
binding rim (Fig. 113, 2A). We suggest that this
complex resembles the “pre-clongation™ state. In
both structures. the template primer complex is
bound in a wide DNA binding nim between the
opposing thumb and PAD domains (Fig. 1A).
The structures reported here and the structure
of the apoenzyme (9) share the same space
groups and similar unit cell dimensions. A com-
parison of the 3'dG elongation complex with the
apoenzyme reveals small but important changes.
The thumb domain moves toward the DNA (fig.
S1), and the loop 306-312 (Fig. 1D) contacts the
DMNA backbone. Loop 353-363 moves toward
the minor groove, and fi-sheet iy of the PAD
domain shifis by 4 A toward the DNA back-
bone. The reorientation of the DNA from the pre-
clongation into the 3'dG elongation state (Fig. 2,
B and C} is accompanied by small motions of the
thumb and PAD domains, relative to the palm
and finger domains (fig. $2). The DNA contacts
to the PAD domain are shifted by one base pair
(fig. 53). In the pre-clongation complex (Fig.
2A), the Pi-GG lesion is positioned outside the
active site and the 3'dG of the lesionis held 6 A
away from the dCTP (3'dG-0bmeNH.=dCTP).
Sull, the dCTP is positioned in the active site
cven in the absence of any templating base. Two
metal ions are seen in the active site, coordinated
by the catalytically essential residues Asp’ .
Asp'™ and Glu™™* (Fig. 2A). The 3'OH group,
which was modeled into the structure because the
primer feawres a dideoxy terminus, is located
~8.5 A away from the dCTPs a-phosphate and
hence is unable o perform primer elongation.
This situation is substantially changed when the
template-primer complex rotates into the 3'dG
elongation state (Fig. 2, B and C). Here, the 3'dG
of the lesion establishes a standard Watson-Crick
base I:-a.irwiﬂi the pre-orientated dCTP (Fig. 1C).
Arg™ coordinates the dCTP's a-phosphate and
stacks on the base moiay. In this complex, the
distance between the putative 3'OH nucleophile

2 NOVEMBER 2007

and the a-phosphate is only ~5.0 A, well aligned
for nucleotidy! transfer, explaining why the first
step of lesion bypass is relatively efficient.
Correct positioning of the dCTP for the 3'dG
translesion synthesis is guided by a H-bond
between the 3OH group of dCTP and the
backbone of Pol n at Phe®, as well as by
hydrophobic interactions with Phe' (fig. S$4).
Phe'® is the steric gate, needed to exclude
rbonucleoside triphosphates from entering the
catalytic center (/).

We next erystallized Pol 1 together with
the template-primer construct CP2 in which the

A

Fingers
- r..
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FirE, MM -
HIE), S3M -

"9 dG elongation”

1, D

5'dG of the lesion is the first unpaired base.
Again crystals were obtained with two differ-
ent complexes in the asymmetric unit (com-
plex 1b and 2b) determined at 3.3 A resolution,
{Complex 1b) (Fig. 3, A and B). The obiained
structures, which are very similar, provide in-
sight into the second lesion bypass step (5'dG
clongation), Biochemically, we observed that
bypass of the 3'dG by Pol n is efficient and
mostly emor free (Fig. 3C). Bypass of the 5'dG,
however, is slower and promiscuous for dCTP
and dATP (Fig. 3D) In the 5'dG elongation com-
plex, the 3dG of the lesion remains Watson-

Interfaces [A]
siruchure erotein - DA PAD - DNA
‘pre-siongation’ T 128
*3 UG ningation” 175 s03
& 4G phbngation” 1570 119

Fig. 1. Pol n structure in ternary complex with lesion containing DNA. {A) In the 3'dG elongation
complex, the cisplatin (magenta) is shown with the platinum anomalous electron density contoured at
10 o. The primer and template strands of the DNA (brown) and the Watson-Crick H-bonded dCTP
(magenta) are depicted as sticks. The two metal ions are shown as gray spheres. (B) View of the
1,2-d{GpG) cisplatin lesion superimposed with the simulated annealed composit-omit density map
contoured at 1.0 sigma. (C) The catalytic residues in the active site. R73 orients the dCTP for H-bonding
with the 3'desoxyguanine of the lesion. (D) Schematics of protein-DNA contacts representing the pre-
elongation, 3'dG elongation, and 5'dG elongation complex. Direct hydrogen-bonds are indicated by
solid ines. DNA contacts with the symmetry-related molecule are not shown.
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Crick base-paired to the primer dC base. The
incoming dNTP stacks on top of this base pair.
The 3'dG of the moved into the active site. bul
the cross-linking Pi-bond to the 3'-dG forces this
stay perpendicular relative to the incoming
dATP (Fig. 3B). Only one H-bond is established

Fig. 2. The 3'dG elongation process of c
Pol n (A) The catalytic residues, the
metal ions and the dCTP are shown for
the pre-elongation complex. Phe'®
stacks upon the dNTPs deoxyribose.
The dNTP is unpaired. (B) Detailed view
of the lesion in the pre-elongation com-
plex (cyan) superpositioned with the
lesion in the 3'dG elongation state
(magenta). For clarity, the finger do-
main has been omitted and the DNA
molecules (cyan and magenta) are
viewed in a simplified form. Watson-
Crick base pairing revolves the DNA to
position the 3'OH of the primer for
nucleophilic attack on the a-phosphate

between the exocyclic C(6)-NH, amino group
of dATP and the C(6)-0 carbonyl oxygen of
the 5'dG. In this structure, the modeled primer
YOH is 7.5 A away from the dATP, a distance
that is significantly larger compared with the
first clongation complex (5 A), providing a

rotating motion

-~

pre-glongation

of the dNTP. (C) The DNA revolves from the pre-elongation state into the first elongation state,
forming a Watson-Crick base pair. This aligns the 3'OH of the primer for nucleotidyl transfer. The
protein of the pre-elongation complex is omitted for clarity, and the protein of the 3'dG elongation
state is depicted in gray. The DNA molecules are color coded as in Fig. 2B.

Fig. 3. The 5'dG elongation process of Pol v (A)
The 5'dG elongation complex is shown in gray,
and the primer and template strands are depicted
as sticks (brown). The lesion and the dNTP are
depicted as sticks in color. (B) The catalytic
residues together with the metal fons bound to
dATP are shown. The nucleotide forms one H-bond
with the S'desoxyguanine of the lesion. (C)
Nucleotide insertion studies opposite the 3'G of
the lesion wsing a fluorescein-labeled 13mer
hybridized to an 18mer DNA template either with
a site-specific cisplatin lesion {lesion) or without
(lesion free). The dNTP used in each experiment is
noted at the top of the lanes. The markers (M)
represent an insertion opposite the 3'G (14mer)
and the 5'G (15mer). (D) Nucleotide insertion
studies opposite the lesions 5'G using the same
reaction conditions as in (Q), with a fluorescein-
labeled 14mer hybridized to a 18mer DNA
template with either a site specific cisplatin lesion
(lesion) or without (lesion free).

REPORTS I

rationale for the slowea scecond bypass step. In
complex 2b, the 5°dG is even 9.5 A away from
the a-phosphate, and no hydrogen bond is
formed to the incoming dATP (fig. 55). Thus,
the single H-bond formed between the two
perpendicularly oriented heterocyeles pulls the
primer strand and the dATP wgether, Such an
H-bond is only possible with dATP and dCTP,
which explains the promiscuity for dCTP and
dATP during the second bypass step. To ob-
tain further support for this hypothesis, primer
extension studies were performed with P-GG
containing templates and 6-deaminocytidinetr-
phosphaie (dZTP), which cannot form the
eritical H-bond, As predicied, bypass of the 5
dG with dZTP is indeed reduced (fig. 56).

We have constructed a model of how Pol n
effects bypass of P-GG lesions [despite the
limited resolution (~3 A) and bearing in mind
that crystal packing forces might influence
aspects of the structure remote from the active
site]. The enzyme binds the template-primer
complex nonproductively in the “pre-elongation™
state, which is in equilibrium with the produc-
tive 3'dG elongation state ([/). We suppose
that the dNTPs are bound and presumably rap-
idly exchanged in the active site. If a ANTP is
bound, and able w interact with the emplating
base, it shifts the primer-template equilibrium
toward the 3dG eclongation state, in which
nucleotidyl transfer occurs. In the second step
of lesion bypass, the primer template moves
forward, with one H-bond apparently being the
minimum requirement to pull the emplate prim-
er complex toward the incoming ANTP in order
to allow the 5°dG nucleotidyl wansfer. This hap-
pens at much reduced efficiency and accuracy.
The proposed rotation step would be mechanis-
tically quite distinct from the dNTP-directed in-
duced fit observed in high-fidelity polymerases
{3} and could be a specific adaptation for repli-
cation of templates containing intrasirand  cross-
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Fig. 4. Structure-based point mutation of Arg’
(A) Sequence alignment of 5. cerevisee, human
and mouse Pol n, DPO4, and human Pol
showing that R73 is conserved in Pal 1 hamologs.
Secondary structure elements are a rectangle for a
helix and arrows for 3 strands. (B) DNA sequences
used for primer extension studies and for the
crystallimtion of the first bypass step (CP1) and
the second bypass step (CPZ). The sites of the
lesions are indicated in red, (C) Time-dependent
primer extension studies with Pol n (1) and Pol
nR73L (n*), using the same template and primer
strands used for crystallization but without the
site-specific cisplatin lesion. (D) Time-dependent
primer extension studies with Pol 1 () and Pol
nR73L (") with the same template and primer
strands as in 4C but with a site-specific cisplatin
lesion.

link lesions (f2, 13). The proposed mechanism
argues that Pol 1 scleds comred dNTPs not by
shape but by hydrogen bond complementarity,
which is consistent with previous biochemical
observations (f 4).

To gain further insight into the biochemis-
try of the bypass reaction we analyzed a site-
directed mutant of Pol . Arg 73 seems (o activate
and stabilize the dNTP for the lesion bypass
sieps. The guanidinium group stacks on top of
the base moiety of the incoming dNTP (/3),
which is important for the comect positioning of
the dNTP (Fig. 3B). Arg73 is highly conserved
among Pol 1 homologs but not among other
Yefamily polymerases (Fig. 4A). We mutated
Arg73 to leucine (fig. 58) and found thai Pol
nR73L (Pol n*) still can replicate undamaged
templates (Fig. 4C, n®), although the polymeri-
zation cfficiency is substantially reduced. Pol
nR73L is able to perform the first bypass step
slowly, in comparison with the wild-type enzyme
{Fig. 4D, n*), whereas the sccond step of lesion
bypass is strongly compromised. The same bio-
chemical propertics are observed with CPD
lesions (fig. 57), showing that the function of
R73 is generally required for the replication
through intrastrand cross-links (76).

These four crystallographically analyzed
complexes, together with the biochemical data,
provide a skep-by-step picture of the lesion bypass
process, This information may lead © new cis-
platin derivatives able to escape translesion rep-
lication in order to overcome tumor resistance in
cisplatin chemotherapy.
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GNAT-Like Strategy for Polyketide

Chain Initiation

Liangcai Gu,>?* Todd W. Geders,** Bo Wang,* William H. Gerwick,”

Kristina Hakansson,” Janet L. Smith,™*f David H. Sherman

1,2,4,5
T

An unexpected biochemical strategy for chain initiation is described for the loading module of the
polyketide synthase of curacin A, an anticancer lead derived from the marine cyanobacterium
Lyngbya majuscula, A central GCN5-related N-acetyltransferase (GNAT) domain bears bifunctional
decarboxylase/S-acetyltransferase activity, both unprecedented for the GNAT superfamily. A Curd
loading tridomain, consisting of an adaptor domain, the GNAT domain, and an acyl carrier protein,
was assessed biochemically, revealing that a domain showing homology to GNAT (GNAT,) catalyzes
(i} decarboxylation of malonyl-coenzyme A (malonyl-CoA) to acetyl-CoA and (i) direct S-acetyl
transfer from acetyl-CoA to load an adjacent acy carrier protein domain (ACP,). Moreover, the
N-terminal adapter domain was shown to facilitate acetyl-group transfer. Crystal structures of GNAT,
were solved at 1.95 angstroms (ligand-free form) and 2.75 angstroms (acyl-CoR complex),

showing distinct substrate tunnels for acyl-Cod and hola-ACP, binding. Modeling and site-directed
mutagenesis experiments demonstrated that histidine-389 and threonine-355, at the convergence of
the CoA and ACP tunnels, participate in malonyl-CoA decarboxylation but not in acety-group transfer.
Decarboxylation precedes acetyl-group transfer, leading to acetyl-ACP, as the key curacin A starter unit.

odular polyketide synthases (PKSs)
are large biosynthetic machines that
assemble structurally diverse sec-
ondary metabolites with a broad spectrum of
biological activities. Multifunctional enzymes
catalyze programmed metabolic pathways 1o
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assemble shon-chain acyl-CoA building blocks
into complex polyketide products by one step of
chain initiation, followed by mulliple sieps of
chain clongation and processing. Polyketide
chain elongation steps are catalyzed by exten-
sion modules that are minimally composed of
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three essential domains— ketosynthase (KS),
acyltransferase (AT), and acyl carmrier protein
{ACP)—plus auxiliary processing domains (e.g.,
ketoreductase, dehydratase, and enoyl reductase).
As in fatty acid synthases (FASs), PKSs catalyze
chain extension by a decarboxylative conden-
sation reaction. Polyketide chain initiation is
catalyzed by a “loading module™ that, in all
characterized PKSs, consists of domains homol-
ogous with domains of the minimal exiension
module. A loading acyltransferase domain
{(ATL) uses an acyl-CoA substrate to load an
adjacent ACP domain (ACPy). Typically, the
AT} substrate is an a-carboxylated acyl-CoA,
like the subsirate for chain extension, and acyl
transfer is followed by decarboxylation by a
“KS?" domain within the loading module (/, 2).
Altemnatively, in the well-studied erythromycin
PES, a trans-acting methy lmalonyl-Co A decar-
boxylase acts on a-carboxylated acyl-CoA be-
fore acyl transfer by AT, (3, 4).

Curacin A, a marine cyanobacterial melab-
olite from L. majuscenla, is a mixed-polyketide
nonribosomal-peptide natural product with po-
tent antiproliferative and cylotoxic activity
against colon-, renal-, and breast-cancer-derived
cell lines (5). The recent identification and par-
tial charscterization of the bissynthetic pathway
for auracin A (6) reveded an atypical loading
module, in which only the ACP, resembled typ-
ical PKS domains. Similar loading modules also
occur in the biosynthetic pathways for pederin (7),
its structural analogs onnamide and theopederin
(#), myxovirescin A (¥), and rhizoxin (F0). In
these natural product biosynthetic gene clusters,
the chain initiation modules are structured as an
M-terminal ~180-amino acid region of unknown
function [adapter (AR) domain, not present in
OnnB for onnamide], a varable-length linker
region, GNAT,, and ACP (Fig. 1). The pre-
dicted function of all of these GNAT, -coniaining
modules was o load an acetyl group onto the
PKS assembly ling (6-711), but the mechanism of
this process remained unclear,

GNAT is a superfamily of N-acyltransferase
enzymes that catalyze acyl transfer to a primary
amine and function in diverse pathways in pro-
karyoies and cukaryotes, including antibiotic
resistance, gene regulation, and hormone synthe-
sis (M, 12). Typically, prokaryotic and eukaryotic
GMNATs have scparate binding sites for the acyl
donor and acceptor substrates and catalyze direct

*Lifie Sciences Institute, University of Michigan, Ann Arbor, Ml
48109, USA “Department of Medicinal Chemistry, University
of Michigan, Ann Arbor, MI 48109, USA iDepariment of
Biological Chemistry, University of Michigan, Aon Arbor, MI
48109, USA *Department of Chemistry, University of Michi-
gan, Ann Arbor, M 48109, USA. *Department of Microbiclogy
and Immunology, Universty of Michigan, Ann Arbor, M
48109, USA. "Departmert of Biological Scences, Purdue
University, West Lafayette, [N 47907, USA. "Scripps Institution
of Owanography, University of California at San Diego, La
Jolla, Ch 92093, USA

*These authors contributed equally to this work.
{To whom correspondence should be addressed. E-mail:
davidhs@umich.edu (DH.5); Janetsmith@umich.edu (LL.5.)

acyl transfer in the absence of a covalent inter-
mediate on the enezyme (/7). GNATs are mech-
anistically and structurally distinguished from
the PKS and FAS AT domains that function as
S-acyltrans ferases, use a covalent enzyme inter-
mediate, and belong 1o the o/ hydrolase super-
family (13-76). Thus, acyl wansfer 1o an ACP
thiol group represents an unprecedented reac-
tion for GNAT enzymes,

To investigate the atypical PKS chain initi-
ation process, we cloned and overexpressed
fragments of cwrd encoding the N-terminal
tridomain, AR-GNAT; -ACP,. Several expres-
sion constructs were made 1o include the three
components in various combinations (Fig. 2A
and fig. 81, A and B). Constructs containing
ACP, were generated in holo form by coex-
pression with a plasmid encoding phosphopan-
tetheinyl transferase (Sip) from Bacillus subilis
(17 without this plasmid, Escherichia coli
produced ACPy in the apo form. All constructs
lacking the AR domain were readily produced
as soluble polypeptides, but those including AR
(AR-GNAT, and AR-GNAT, -ACP) had sub-
stantially decreased solubility, and the excised
AR domain was not obtained in soluble form
under any conditions tested. Solubility was
substantially greater for the AR-GNAT, -ACP,
(holo) domain than for the apo counterpart
(fig. SIA), suggesting that the phosphopanie-
theine (PPant) arm of ACPy (holo) stabilizes the
AR domain. The 63.3-kD} AR-GNAT -ACP
polypeptide is monomernic (fig. S1C).

To assess the initiation behavior of the CurA
starter unit, we reated the apo and holo forms of
the CurA tridomain (AR-GNAT -ACP) and
didomain (GNAT-ACP;) with radiolabeled
acyl-CoAs and analyzed protein radiolabeling

1 18T 218 440 532
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by SDS-polyacrylamide gel electrophoresis
(PAGE) (Fig. 2B). The holo forms of both the
tridomain and didomain incomporated the radio-
label, whereas the apo forms were not labeled,
indicating transthioesterification of the acyl group
from CoA to the PPant arm of ACP. Thus, the
Neerminal domains of CurA catalyze acyl load-
ing, and additional proteins are not requined. Lack
of mdiolabeling of the apo forms also indicates
that loading does not proceed through a covalent
enzyme intermediate, which is consistent with
the dircci-transfer mechanism established for
other GNAT family members (3, /7). This is in
contrast to the “canonical” PKS loading mod-
ule, typified by 6-deoxyerythronolide B synthase
(DEBS) AT,-ACP, (3), in which a covalent in-
termediate is observed for the apo form (Fig. 2B).
The ability of the GNAT -ACP,_ (holo) didomain
to load an acyl group demonstrated that the
catalytic machinery for chain initiation resides
within the GNAT, domain and not within the
AR domain, which is also supporied by the
fact that selected mutations within GNAT_
affected the loading behavior of AR-GNAT -
ACP, both in cis (fig. 52) and in trans (fig. 56).
However, the increased level of acyl-group
loading activity by the AR-GNAT-ACP,
{holo) ridomain (Fig. 2B and fig. 53) sugpests
that AR 1s required for efficient acyl transfer.
Unexpectedly, both malonyl-CoA and acetyl-CoA
functioncd as substrates for the AR-GNAT, -
ACP, (holo) tridomain with similar efficiency
(fig. S2).

To further investigate the Curd AR-GNAT, -
ACP; widomain components, we analyeed the
products that wene covalently tethered o the PPant
amm of ACP. We interrogated mass changes on
AR-GNAT -ACP for in ds acyl-group transfer
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Fig. 1. Initiation modules containing GNAT, and compounds produced by the PKS pathways. All GNAT,-
containing modules are predicted to catalyze the loading of an acetyl group. Because of the high similarity

of pederin, ennamides, and theopederin, only onnamide A is shown as the prototype example.
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or by using the excised ACPF as the in trans acyl-
eroup acceptor (Fig, 2C). Excised ACP. and
trypsin-digested AR-GNAT -ACPL samples
were examined by Fourer transform jon eyclotron
resonance mass spectrometry (FTICR-MS) and
infrared multiphoton dissociation ([RMPD) meth-
ods (/8). First, the ACP,_phosphopantetheinylation
site was established as Ser’”” by MS analysis of the
trypsin-digested AR-GNAT)-ACPy (fig. 83) and
by generating the comespording Ser® —Ala*"’
(5477A) ACP mutant protein (/9). Notably, for
both malonyl-CoA and acetyl-CoA substrates,
only an acetyl group was detected on the PPant
am of AR-GNAT, -ACP, (holo) (Fig. 2C and
fig. $3) or ACP, (holo} (Fig. 2D and fig. S4A).
Thus, the CurA GNAT loading module cata-
lyzes both decarboxylation and acyl transfer of
carboxyl-acyl-CoA substrates. These data reveal
a gain-of-function for a GNAT-type polypeptide,
as well as a divergence from all other charac-
terized PKS loading modules, in which the acy]
transfer and decarboxylation are catalyzed by
separate domains ([, 4). Further analysis by high-
performance liquid chromatography (HPLC) and
FTICR-MS demonstrated that all constructs
containing GNAT, (GNAT,, GNAT -ACP,, and
AR-GNAT, -ACP, ) catalyzed decaboxylation of
malonyl-CoA, methylmalonyl-CoA, and malonyl-
ACP. o penerte acayl-CoA, propionyl-Co A (fig.
85), and acetyl-ACP, (fig S4B), respectively.

Next, kinetic parameters for decarboxyla-
tion were measured by HPLC for malonyl-CoA
and methylmalonyl-CoA and by radioassay for
[1,3-"Cmalonyl-ACP,_(table S1). The steady-
state analysis indicated that malonyl-CoA is the
preferred  substrate, The catalyiic rate constani
(k.,) for malonyl-CoA was ~1.8 5!, which is
about sixfold and -49-fold higher than those
values for methylmalonyl-CoA and malonyl-
ACP,, nespectively. Similarly, the catalytic cf-
ficiency, k. /Ky (where Ky is the Michaclis-
Menton  constant), for malonyl-CoA was ~525
mM " 57!, which is about threefold and about six-
fold higher than those values of methylmalonyl-
CoA and malonyl-ACP), respectively,

With clear evidence for a relatively rapid
decarboxylation siep catalyzed by GNAT,, we
sought (o measure the rate of acyl loading by

AR-GN AT -ACP; . We determined the in ¢ acetyl-
group transfer rate of AR-GNAT-ACPL (holo)
by using [1-"*Clacetyl-CoA and [2-"*Cmalonyl-
CoA substrates. The &, and Ky, values were
derived by measuring the intramolecular acyl
transfer rate at a series of acyl-CoA concen-
trations (table S1). The &, or Ky values for
acetyl-group transfer were similar for acetyl-CoA
and malonyl-CoA substrates. In contrast, the ko
for acetyl-group transfer was ~780-fold slower
than the k., for decarboxylation of malonyl-
CoA, suggesting that decarboxy lation and acetyl-
group transfer ane separated by a slow tndomain

A C
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Cury 5" LELLELR + ]
AR-GNATL-AGPL (1-532) l).:

IEBE=] GHATL-ACP (319-532)
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&) AR (1-188)
ACP. (441-522) =l
B P ek D
60 5 30 60 90 90 min
GHATL-ACPL -
[1-"TCammtyl-Cadk R Cmaionyt-Cod

B0 5 15 30 60 60 min

oo, S

conformational change that leads w effective
binding of the ACP_ PPant arm in the active site
(k2 in Ffg. 57). Taken together with the
decarboxylation kinetic data, these results con-
firm that malonyl-CoA decarboxylation precedes
acetyl-group transfer to ACP;_(holo). In addition,
the apparent Ky of acetyl-CoA or malonyl-CoA
for acyl transfer is 80- o 90-fold lower than the
K of malonyl-CoA for decarboxylation and is
dependent on the ratio of rate constants (& o &,
in fig. 57).

Because previously described GNAT en-
zymes catalyze varous N-acetylation reactions,

1115 1120
miz
o o
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Oos: 111609 Obm: 11744 8

Cale 111807 Cai= 117447
ACPL-5H ALPL-NHD

Caontrol

DEBS ATL-ACPL

=" Clprogeonmyi-Cal

ACP -5H+
ARGHAT-ACH,
47

ACP-MH2 =
AR-GMNATL-ACP,

=42

1m0

1124 1113 12

méz

Fig. 2. (A) Expression constructs for curd initiation module. (B) Substrate loading of (apo and holo)
GNAT,-ACP,, AR-GNAT.-ACP_, and DEBS AT,-ACP,. Proteins (30 uM) were incubated with 90 uM CoA
substrates, in 50 mM Mops, pH 7.0, at room temperature. The SD5-PAGE gel images for Coomassie blue
staining (top) and autoradiography (bottom) are shown. () FTICR mass spectrum (left) showing the ACP
Ser-containing peptide from the trypsin-digested (holo) AR-GNAT-ACP, loaded with malonyl-Cod, and
partial IRMPD spectrum (right) showing the PPant ejection product with a covalently linked acetyl
group. miz, massicharge ratio. (D) Partial FTICR mass spectra showing (holo) ACP,-SH (left) and (holo)
ACP-NH; (right) loaded with acetyl-CoA. The N-terminal His tag of ACP, was removed. 10 uM (holo)
ACP-SH [or ~1.5 pM (holo) ACP-NH,] and 2 uM AR-GNAT,-ACP, were incubated with 50 uM acetyl-
CoA at room temperature for 30 min.

Fig. 3. (A) Structure of GNAT, domain. (B} Substrate tunnels with models
(black-colored carbons) of acetyl-CoA (wheat-colored) and PPant arm of holo-

ACP, {orange-colored). Residues Trp®*?, His*®, Thr®s5, and Arg*™ are shown

2 NOVEMBER 2007 VOL 318

{green-colored carbons). (C) Stereo diagram of modeling results overlaid with
the observed structure, showing interaction of His*** and Thr**® with thioester

carbonyl of acetyl-CoA. Coloring is identical to that in (B).
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we tested whether CurA GNAT, retained a
similar residual activity. We synthesized a CurA
ACP,-PPant analog bearing a terminal NH; in
place of native (holo) ACP-SH (refer to the
supporting online material) and tested it for in
trans acetylgroup transfer catalyzed by AR-
GNAT-ACP; (apo) to excised CurA (holo)
ACP -NH, (monitored by FTICR-MS). A
convenient intemal standard was supplied by
low levels of ACPL-SH in the ACP -NH-
preparation (Fig. 2D), likely resulting from the
activity of endogenous £, cofi ACP synthase or
EntD (24). In contrast to the significant level of
acetyl loading on ACP,-SH (Fig. 2D), only a
trace amount of acetyl-NH-ACP, was detected.
In addition, simple alkyl amines (eg., cthylene-
diamine and butylamine) were tested as substrates
for acetyl-group transfer by CurA GNAT |, but no
N-acetyltransferase activity was detected for any
of them. Thus, the N-acetylransferase activity
typically associated with GNAT eneymes is almost
completely attenuated in the CurA AR-GNAT, -
ACP, chain initiation module,

To advance our understanding of GNAT,
function and to identify active site residues, we
determined the crystal structures of the excised
CurA apo GNAT, (ligand-free) domain and of
the comresponding GNAT, with added malonyl-
CoA (lable 82). GNATL (CurA residues 219 o
439) has the GNAT superfamily fold, consisting
of'a central, mostly antiparallel B sheet flanked by
a helices (Fig. 3A) (11, 12), and is most similar to
serotonin N-acetyltransferase (rool mean square
deviation= 1.9 A for 160 Ca atoms) ( 21).

The crystal structures of Curd GNAT, pro-
vide key insights into the function of this distine-
tive member of a luge and ubiquitous profein
family. Two tunnels from opposite faces of the
protcin converge at a position comesponding to
the active sites of homologous G ATs (Fig. 3B).
Presumably, these innels are the binding sites for
the PPant amms of the CoA and ACP) subsirates.
To distinguish the two tunnels, we soaked arystals
of GNAT, with malonyl-CoA (table 52), New
electron density was observed in only one tunnel:
the CoA-binding tunnel (fig. S8). The location of
this wnnel and the mode of CoA binding, in
which the nucleotide lics in a surface clefl and the
PPant amm extends into the wonel, are consistent
with structures of other members of the GNAT

superfamily (17, 12). In CurA GNAT, selectivity
for CoA over ACPL is imparted by a 5-
diphosphate-binding loop (residues 327 to 332)
and by Arg™ recognition of the 3'-phosphate.
Neither of these recognition features exists in
FeeM, a GNAT superfamily member that uses an
acyl-ACP donor substrate (22), Compared with
the strong density for the CoA nucleotide, density
for the PPant anm was weaker and indicative of
multiple conformations, perhaps as a result of the
presence of bath the malonyl-CoA substrale and
the acetyl-CoA decarboxylation product in the
crystal. No new electron density was observed in
the second twnnel, which we designate the ACP; -
binding unnel. The side chain of conserved Arg™
forms one wall of the putative ACPp-binding
tunnel (Fig. 3C and fig. S9), and a series of waler
molecules extending to the protein exterior forms
the opposite wall. The designated ACP-binding
wnel overlays well with the acetyl-group aceeplor
site in other GNATS, is well-matched in length
to the fully extended PPant arm of holo-ACP,.
(~15 A), and likely forms the ACP PPant arm
binding sile {Fll:g. AB). The two twnnels meet at
conserved Trp™, just as many other GNAT fam-
ily members have their two binding sites separated
by an aromatic residue (Fig. 3B and fig. $9).

We scarched for potential catalytic residues
for decarboxylation and found His™ and Thr'™*
at the junction of the two tunnels (fig. 59 and
Fig. 3C). These residues are precisely positioned
by hyclmgm bonds of His“m. to Tyr'n?'&und of
the Thr'™ backbone to the Arg™™ side chain. All
four of these residues are invariant among
GNAT, -containing PKS loading modules (fig,
$9). To test the role of His™ and Thr'**, we as-
saved HAR9A, HIRON, and T355V variant pro-
teins for decarboxylase and acety liransferase
activity (table 51). Decarboxylation was severely
impaired by substitutions at either site. Specifical-
Iy, the His™ and Thr'** varianis resulted in at
least 100-fold reduction in &, for decarboxylation
of malonyl-CoA o acetyl-CoA and in relatively
modest changes to Ky values. In contrast,
substitutions at His™ and Thr'* had only modest
effects on acetyl-group transfer activity, demon-
strating that these residucs do not play a critical
role in acetyl-group trans fer

Based on mutagenesis results and on model-
ing the PPant ams of acetyl-CoA and ACP,

Fig. 4. Proposed mechanism of the CurA AR-GNAT -ACP, chain initiation module. Malonyl-CoA enters the
CoA-binding tunnel (white tunnel of the GNAT, domain (dark blue region) and GNAT, catalyzes
decarboxylation to acetyl-CoA. The AR domain (light blue circle) directs the PPant arm of ACP, (yellow circle)
into the ACP tunnel (yellow tunnel) for subsequent acetyl-group transfer via transthioesterification.
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(Fig. 3C and fig. S8), His™ and Thr™* are pro-
posed to stabilize an enolate anion intermediate of
the decarboxylation reaction. We further propose
that the isoenergetic transfer of an acetyl group
from acetyl-CoA o ACP-SH (holo) is catalyzed
by dircet atiack of the deprotonated thiolate of
ACP; upon acetyl-CoA at the junction of the
GNAT) CoA- and ACP -binding wmnnels. The
buried Arg™™ residue at the base of the ACP, -
binding twnnel may facilitie binding of the
deprotonated thiol of the acceptor PPant arm of
ACPL. The N-terminal AR domain, which was
stabilized by the PPant arm of ACPy, may also
assist in delivering (holo) ACP| to GNAT,. AR
is likely to have a common function in GNAT, -
containing modules based on {is highly con-
served sequence.

Based on the swdies descrbed above, the
mechanism of CurA AR-GNAT-ACPy is pro-
posed o involve a series of acyl-CoA-protein,
protein-protein, and protein-PPanl arm inlerac-
tions (Fig. 4 and fig. 57) that mediate the distine-
tive bifunctional decarboxylase/S-acetyltrnsferase
activity. It is likely that other presently um-
recognized GNAT members will be found with
unexpecied biochemical properties or that previ-
ously identified proteins will be grouped within
this large family. For example, the enM-encoded
methylmalonyl-CoA decarboxylase (4) has not
been the subject of structural analysis, but com-
parative amino acid sequence analysis now
predicts that it contains the GNAT scaffold.

An important outcome of the current work: is
the realization that GNAT, -containing modules
are nol uncommon among previously charac-
terized natwral product biosynihetic gene clus-
ters and are well-represented within bacterial
genome sequences, This metabolic strategy thus
represents an additional widely used chain ini-
tiation process for assembly of important biolog-
ically active small molecules. At a comparative
level, the CurAc GNAT, has a significantly slower
S-acetyltransferase activity than the erythromycin
PKS AT . However, L. mafuscida has a relatively
slow growth rate in the maring environment as
well as in culture (i.e., doubling time of ~1 0 days)

23) and a comespondingly low production of
curacin A per unit biomass as compared with
yields of other microbial natural products [eg.,
erythromycin via the DEBS aglycone interme-
diate by Sacchampolspora erviliraea (24)]. Thus,
the curacin A PKS assembly ling has evolvad
under environmental constraints and organismic
needs that reflect its reduced efficiency.

The work described in this repont provides
clear evidence for an unprecedented bifunctional
decarboxy lase/S-acetyliransferase role for the
CurA GNAT scaffold, which substantially
broadens the chemical reaction inventory of this
well-known protein superfamily, The method of
PES chain initiation deseribed here enables
malonyl-CoA 1o serve as the sole precursor 1o
both initiate and extend the carbon chain of
curacin A, Moreover, by virue of the greater rale
of acetate versus propionate transfer o ACP
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afier decarboxylation, the GNAT, stategy for
chain imtiation provides an additonal mechanism
to ensure fidelity of curacin A chain length.
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A Bifunctional Bacterial Protein Links
GDI Displacement to Rab1 Activation

Matthias P. Machner® and Ralph R. Isberg**

Rab guanosine triphosphatases (GTPases) regulate vesicle trafficking in eukaryotic cells by
reversibly associating with lipid membranes. Inactive Rab GTPases are maintained in the cytosol by
binding to GDP-dissociation inhibitor (GDI). It is believed that specialized proteins are required to
displace GDI from Rab GTPases before Rab activation by guanosine diphosphate—guanosine
5'-triphosphate (GDP-GTP) exchange factors (GEFs). Here, we found that SidM from Legionello
pneumophifa could act as both GEF and GDI-displacement factor (GDF) for Rabl. Rabl released
from GDI was inserted into liposomal membranes and was used as a substrate for SidM-mediated
nucleotide exchange. During host cell infection, recruitment of Rabl to Legionelle-containing
vacuoles depended on the GDF activity of 5idM. Thus, GDF and GEF activity can be promoted by a
single protein, and GDF activity can coordinate Rabl recruitment from the GDI-bound pool.

esicle trafficking between membranc-
‘ f‘ bound organclles in cukaryotic cells is
regulated by the highly conserved Rab
family of small guanosine triphosphatases
(GTPases) (/). Rab proteins activated by guano-
sine diphosphate-guanosine 5'-triphosphate
(GDP-GTP) exchange factors (GEFs) are asso-
ciated with membranes by means of two hydro-
phabic prenyl groups covalently attached to their
C terminus (2-4). Inactivated GDP-Rabs are ex-
tracted from membrancs and maintained in the
cytosol by GDP-dissociation inhibitor (GDI)
(7-11). GDI binding prevents spontancous
GDP-GTP exchange on Rab proteins, and, there-
fore, their inappropriate activation (12).
Delivery of Rab GTPases Lo siles of acti-
vation involves their release from GDI, a process
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thought 1 require GDI-displacement faciors
(GDFs) (13, 14). PRA-] (the human homolog
of Yip3) facilitates dissociation of endosomal
Rab proteins from GDI and represents a protein
with GDF activity discrete froma GEF (/5). The
identity and function of other proieins with GDF
activity has remained clusive.

The human pathogen Legionella prewmo-
phila establishes a replication vacuole within
alveolar macrophages by recruiting matenal from
the host cell endoplasmic reticulum (ER) (/f6-18).
The bacterium translocates a large cohort of of-
fector proteins into the host cell cytosol by means
of ils Dot-lem prolein type 1V secrdion system
(T4SS) (/¥). Two of these translocated proteins,
SidM (DirA) and LidA, target mammalian Rabl
20, 27), the key regulator of endoplasmic retic-
ulum (ER) to Golgi vesicle ransport (22, 23),
SidM was necessary for the recruitment of Rabl 1o
the Legionella-containing vacuole (LCV) and had
GEF activity specifically toward Rabl (26, 27). In
vitrg, sudace-immobilized SidM and LidA could
collaborate to tether ER-denved vesicles depen-
dent on activaled Rab (20), which suggests that
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both L. poeumophila effectors are crucial for
intercepting Rabl-controlled secretory vesicle
transport during infection.

Although recruitment of host cell Rabl to
the LCV required SidM (20, 217), the Rab 1-GEF
activity of SidM was unlikely 1o be responsible
for this capturing event, because Rabl must be
released from GDI before nucleotide exchange
can occur. The L. prermophila genome does not
encode any obvious PRAI homologs that could
wrigeer GDI dissociation from Rabl. Thus, we
tested whether SidM and’or LidA had GDF
activity toward the Rab1-GDI complex. Because
G DI preferentially binds prenylated Rab proteins
(24}, and bacteria lack the enzymatic machinery
for Rab prenylation, Saccoharomyces cerevisine
was used for the production of prenylated hexa-
histidine {(His,, }-iagged human Rabl B (ScRabl)
and FLAG-tagged human GDI2 (ScGDI2) (fig.
51). Double prenylation of purified ScRabl was
confirmed (25), and purificd ScRab] and ScGDI2
formed a heterodimeric 1:1 complex (fig. 52).
When ScRabl-5cGDI2 was incubated with bead-
immobilized recombinant SidM or LidA, ScRabl
only bound to SidM-coated beads but not io
LidA-coated beads or uncoated control beads
(Fig. 1A). ScGDI2 did not coprecipitate with
SidM-bound ScRabl, which indicated that it was
displaced from the complex. Nonprenylated GDI-
freec human Rabl purified from Eschericfia coli
{EcRabl ) was bound equally by SidM- and LidA-
coated beads (Fig. 1A) (20). Thus, the Rab1-GEF
SidM exhibiled GDF activity and promoted
dissociation of the ScRabl-ScGDI2 complex
during ScRabl binding, whercas LidA binding
was restricted o the GDI-free form of Rabl,

Because SidM dissociated Rabl from GDI
{Fig. 1A), we tested whether SidM could
catalyze exchange of GDP against radiolabeled
[v-PSIGTP+-5 [guanosine 504 I thiotriphosphate,
a nonhydrolyzable GTP analog] in ScRabl in
complex with ScGDI2, In the absence of SidM,
ScRab1-Sc¢GDI2 showed only minimal sponta-
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neous [T-"jSHiTP uptake (Fig. 1B). In contrast,
addition of SidM led to the rapid incomporation
of [+S]GTP into ScRabl. However, the
amount of [y-""S]GTP incomporated into ScRab1
in complex with ScGDI2 (Fig. 1B) was consist-
ently lower than that obsaved for EcRabl (Fig.
1C). Because active Rab GTPases associate with
the membrane by means of their C-terminal preny]
groups in vivo (3, 4, 14, 26-28), the lack of a lipid
bilayer during the in vitro GDP-[y-“S]GTP
exchange studics (Fig. 1B) may explain the ai-
tenuated activation of prenylated ScRabl. Con-
sistent with this, we found that SidM-promoted
[v-"S]GTP incorporation into ScRabl in the
presence of phosphatidylcholine (PC) liposomes
was more than four times that seen in the absence
of lipid vesicles (Fig. 1D). Thus, ScRabl activa-
tion by SidM was kinetically enhanced in the
presence of a lipid bilayer, presumably because
the bilayer provided a hydrophobic environment
into which GDI-free ScRabl could be incorpo-
rated by SidM.

Next, we performed vesicle floating exper-
iments to monitor prolein association with lipo-
somes during the different stages of nucleotide
exchange. Incubation of SidM with a molar ex-
cess of ScRabl-Sc¢GDI2 revealed that accumu-

lation of ScRabl on PC vesicles occurred only
in the presence of both SidM and GTP-v-5 (Fig,
1E). Without GTP-y-5, only a fraction of ScRabl
was integrated into PC wvesicles and remained
bound by SidM, which showed that nucleotide
exchange was required to allow release of
membrane-bound ScRabl by SidM before anoth-
er ScRabl-ScGDI2 complex was targeted. When
LidA was added w PC liposomes, the protein
specifically interacted with vesicles enriched in
GTP-y-5-5cRabl (Fig. 1F). Membrane-bound
ScRabl adivated and released by SidM was thus
available to bind downsiream acceplors such as
LidA, The SidM-mediated Rabl activation pro-
cess can therefore be divided into three stages: (i)
GDI release from Rabl accompanied by mem-
brane insertion of SidM-bound Rab |, (ii) catal-
ysis of nucleotide exchange in Rabl, and (iii)
release of activated Rabl by SidM to allow
downstream ligand binding to GTP-Rabl. Alier-
natively, SidM could have indireetly aceelerated
the dissociation of Se¢GDI by catalyzing nucleo-
tide exchange in ScRabl while bound to ScGDI,
thereby generating GTP-charged ScRabl that is
released by ScGDL

The discovery of both GEF and GDF ac-
tivity within the same polypeptide chain was sur-

A E S:Rab1 SeGDI2 cﬂ EcRab1
SeED Mqum-u—“— &, - S e I TR
[ 2™ bouna § = = SidiM - Sidid
[nfiound=— " = | 0,75
ScRab! Mo = 202
E 0.5
ST 8
& 0.1
&
[EcRabi] bourd] e = > 0.25
o
0 o
ﬁ*‘fﬁ!‘f 0 10 20 A0 40 5D D 10 20 30 40 50
Time [min] Time [min]
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D == - SkdM 4+ PC
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0= = SidM
ScRab SeGOE E Giay i F
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Fig. 1. Rabl activation by SidM involves GDI displacement and membrane insertion of ScRabl. (A)
ScRabl pull-down assay shows activity by SidM but not LidA. Bead-immobilized 5idM or LidA or
uncoated control beads were incubated with 5cRabl-5cGDI2 (top panel) or EcRabl (bottom panel), and
proteins on the beads (bound) or in the supernatant (unbound) were detected by immunoblot analysis
using antibody against GDI2 or Rab1B. (B and €) For a [y-**S]GTP incorporation experiment, we used
2 pmol SidM and either 40 pmol ScRab1-5¢GDI2 (B) or 20 pmel EcRabl (€). [ *S]GTP incorporation
was detected as the increase in radioactivity over time. (D) [y-"*S]GTP incorporation by SidM (1.6 pmol)
into a molar excess of ScRab1-5¢GDIZ (10 pmol) is accelerated in the presence of phosphatidycheline
(PQ) liposomes, The curves of nucleotide-exchange studies in the absence of PC vesicles are shown with
another scale in the inset (E) Protein assodation with PC vesicles during nuclectide exchange. ScRabl-
ScGDI2 was incubated with PC liposomes in the presence or absence of SidM or GTP-y-5 (as indicated).
Liposomes were separated from soluble proteins by sucrose-gradient centrifugation, and proteins in the
vesicle fraction were detected by immunoblot analysis. (F) Analysis of LidA assocation with PC vesicles
previously incubated with ScRabl-5¢GDI2 in the presence or absence of SidM and GTP-y-S fas
indicated). (A) to (F) represent at least two repetitions.
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prising, Thus, we wanted to map the regions of
SidM contributing to cach of these activitics.
Purified SidM variants with ™N- or C-erminal
truncations (Fig. 2A and fig. $3) were analyzed
for their ability to interact with EcRab1. Deletions
excecding amino acids 1 1o 316 at the N terminus
or residues 54510647 atthe C terminus disrupted
binding of SidM variants to EcRab] (Fig. 2B). In
contrast, fragments containing amino acids 317
0 545 bound EcRabl as efficiently as full-length
SidM. Similar results were obtained in pull-down
studies using EcRab1(S25N) (Fig. 2A), a GDP-
locked mutant (2¥). Thus, the central region of
SidM containing amino acids 317 1o 545 was
required for EcRabl binding.

Similarly, we found that only SidM vananis
containing amino acid residucs 317 to 545 asso-
ciated with ScRabl (Fig. 2C). SeGDI2 did not
precipitate with ScRabl on the beads and re-
mained in the supematant (Fig. 2C), consistent
with its exclusion from the complex of ScRabl
bound to SidM varanis.

To identify the GEF domain, SidM varianis
with N- or C-terminal truncations were analyzed
for their ability to mediale incorporation of
[v-7"SIGTP into EcRabl. Only SidM fragments
containing the entire region required for Rabl
binding (residucs 317 w 545) showed GEF ac-
tivity equivalent (o full-length SidM (Fig. 2D).
Likewise, only those SidM vanants that had
GEF activity toward EcRabl catalyzed GDP
[y-"SIGTP exchange when incubated with
ScRabl1-ScGDI2, with efficiencies comparable
to full-length SidM (Fig. 2E). Thus, GDI dis-
placement, Rabl binding, and nucleotide ex-
change activity required the same central region
within SidM (Fig. 2A).

We also characterized a SidM varant con-
sisting of only amino acid residues 317 (o 5435,
Purified recombinant SidM(317-345) cfficiently
bound to immobilized nonprenylaied glutathi-
one S-transferase (GET)-tagged EcRabl (Fig.
3A). Similarly, SidM(317-545) was capable of
dissociating ScGDI2 from ScRabl and dis-
plaved ScRab |-binding activity comparable to
that of full-length SidM (Fig. 3B). Furthermore,
SidM(317-545) efficiently catalyzed GDP
[v-"S]GTP exchange in both EcRab1 (Fig. 3C)
and ScRab1-ScGDI2 (Fig. 3D). Thus, the central
region of SidM comprising amino acid residues
317 to 545 was sufficient to mediate the activitics
of GDI displacement, Rabl binding, and nucleo-
tide exchange.

Both SidM and LidA efficiently interacted
with Rabl and localized o the eytoplasmic sur-
face of the LCV (20, 31y, Nevertheless, only SidM
was required for the recruitment of endogenous
Rabl to LCVs (fig. 34) (20, 27). Because SidM
dissociated the ScRab1-ScGDI2 complex in vitro
{Fig. 1A), we asked whether GDF activity al-
lowed SidM to target the cytoplasmic pool of
GDI-bound host cell Rab1, and whether the lack
of GDF activity in LidA prevented this effector
from recruiting Rab] complexed by GDL Thus,
we lesied whether the requirement for SidM
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during Rabl recruitment to LCVs could be by-
passed by LidA in the presence of Rabl{D<44N)
(fig. $5), a Rabl mutant in which Asn (N) re-
places Arg (D) at residue 44 and that shares all
features described for wild-type Rabl but thatis
unable o bind GDI (37). The D44N substitution
in Rabl did not interfere with LidA binding, as
GST-Rabl{D44N) and GST-Rabl purified from
E. coli were bound equally by recombinant LidA
(Fig. 4A), When COS-1 cells producing green
fluorescent protein (GFP)-tagged Rab1{D44N)
were infected with L. prewmophila (Fig 4, B and
C), GFP-Rabl(D44N) was efficiently recruited
to LCVs containing wild-type (44 + 8%5) but noi
the type [V secretion-defective (T4557) strain
LpO3 (12 + 3%), which indicated that GFP-
Rabl (DN} recruitment was dependent on a
functional Dot-lem transporter. L. prewmaophila
AsidM, which was defective for the recruitment
of wild-type Rabl (20, 27), showed robust colo-
calization with GFP-Rab1(D44N) (51 + 10%).
This SidM-independent recrutiment of GFP-
Rab1{D44N) was mediated by LidA, as deletion
of both sidM and lidd in L prewnophila
abrogated recruitment of GFP-Rab 1{DHN) to
LCVs (17 + T4). Thus, LidA binding in vivo
was restricted o GDI-free Rabl, which explains

Fig. 2. Domain mapping of SidM. (A) (Left)
Schematic representation of SidM variants used in
this study (numbers indicate amino acid residues).
(Right) Summary of the experiments shown below
in (B to E} indicating positive (+) or negative ()
outcomes. The central region between amino acid
residues 317 and 545 (shaded blue) was found to
be essential for all in vitro activities of SidM. (B and
C) Pull-down of EcRabl (B} or 5cRabl1-5¢GDI2 (Q)
by bead-immobilized SidM variants. Proteins bound
to the beads or unbound in the supernatant were
detected by immunoblot analysis (using FLAG-
specific or RablB-spedfic antibody). The lane
marked with an asterisk shows a 28.1-kD protein
crass-reacting with an antibody [corresponding
to the bait protein SidM(396—647)]. (D and E)
[y-**S]GTP incorporation into (D) EcRabl [(left)
20 pmol, (right) 10 pmol] or (E) ScRabl-5¢GDI2
(10 pmol) by SidM variants (2 pmol). Rabl proteins
and SidM variants were incubated, and [y-**SIGTP
uptake by Rabl proteins was determined as the
increase in radioactivity over time. (B) to (E) rep-
resent at least two repetitions.

2 NOVEMBER 2007

why release of GDI and recruitment of Rabl
trom the cytoplasmic pool required the GDF ac-
tivity of SidM. The inability of LidA to extract
Rabl from GDI indicated a hicrarchy between

these two L. prenmophila effectors, presumably
to ensurc that Rabl recruited to the LOCV was
activated by SidM before its association with
LidA, which assists in accumulating activated

Fig. 3. The central region of SidM is A B

sufficient for GDI displacement, Rabl SIOM(317-545 fam o i Dound] -
binding, and GEF activity. (A) Im- & ,Q-Qéon EREENS umﬁg
munoblot showing precipitation of sal-A Schabl| boumnd] e e [e)

SidM(317-545) by GST-Rabl—coated
beads but mot by GS5T-bound control
beads. Lane marked with an astersk
shows a protein of 25 kD (corresponding
to the bait protein G5T) cross-reacting
with the antibody. (B) 5cGDI2 displace-
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ment and 5cRabl binding by SidM
(317-545). ScRabl-5cGDIZ2 was incu-
bated with bead-immobilized SidM
variants (numbers indicate amino acid
residues) or uncoated control beads,
and proteins on the beads (bound) or
in the supernatant (unbound) were
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(12.5 pmol) (D) were incubated with SidM variants (3 pmol), and uptake of [y-**S]GTP by Rab1 protein was
determined over time. All figure parts represent at least two repetitions.
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Fig. 4. LidA can recruit GDI-free Rab1(D44N) in the absence of SidM. (A) LidA can bind Rabl(D44N),
Binding of LidA to bead-immaobilized G5T-Rabl or G5T-Rab1(D44N) but not GST was determined by
SDS—polyacrylamide electrophoresis and Coomassie staining. The figure represents two repetitions, (B)
Recruitment of GFP-Rab1(D44N) during L. pneumophila infection. Transiently transfected CO5-1 cells
producing GFP-Rab1(D44N) were infected for 30 min as indicated. Cells were fixed and stained for
intracellular bacteria (left). (Middle) GFP-Rabl(D44N), (right) merged images with bacteria (red) and
GFP-Rab1(D44N) (green). Arrows indicate the location of the LCV magnified threefold in the insets of
each panel. Scale bar, 5 um. Contrast was equally changed by linear adjustment. (€} Quantification of
(B) showing that recruitment of GFP-Rab1(D44N) in the absence of SidM requires LidA. The graph
represents pooled data (mean + SD) from four independent experiments. *P = 0.0001 (Student's ¢ test).

Rabl about the LCV. Indeed, vacuoles contain-
ing L. prewmophila AlidA showed delayed Rabl
recruitment compared with wild-type LCVs (20),

SidM isa protein that has both GEF and GDF
activity toward a Rab GTPase. This unique abil-
ity of SidM 1o link GDI displacement o Rabl
activation explains how the intravacuolar patho-
gen L. prenmophila can efficiently exploit host
cell Rabl even in the presence of GDI that natu-
rally interferes with this process. The discovery of
both GEF and GDF activity within SidM raises
the intriguing possibility that cukaryotic GEF pro-
teins may possess similar abilities o mediate mamn-
brane delivery and activation of Rab GTPases
during intracellular vesicle transport.
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Rheb Activates mTOR by Antagonizing
Its Endogenous Inhibitor, FKBP38

Xiaochun Bai,*”® Dongzhu Ma,* Anling Liu,* Xiaoyun Shen,” Qiming ). Wang,®

Yongjian Liu,” Yu Jiang*

The mammalian target of rapamycin, mTOR, is a central regulator of cell growth. 15 activity is
regulated by Rheb, a Ras-like small guanosine triphosphatase (GTPase), in response to growth
factor stimulation and nutrient availability. We show that Rheb regulates mTOR through FKBP38, a
member of the FK506-binding protein (FKBP) family that is structurally related to FRBP12. FKBP38
binds to mTOR and inhibits its activity in a manner similar to that of the FKBP12-rapamycin
complex. Rheb interacts directly with FKBP38 and prevents its association with mTOR in a
guanosine 5'-triphosphate (GTP)—dependent manner. Our findings suggest that FKBP38 is an
endogenous inhibitor of mTOR, whose inhibitory activity is antagonized by Rheb in response to
growth factor stimulation and nutrient availability.

is a serine-threonine protein kinase that

controls a wide spectrum of cellular events
in response to varous environmental cues, in-
cluding stimulation by growth factors, changes
in nutrient conditions, and fluctuations in ene
levels (1, 2% mTOR elicits its pleiotropic func-
tion in the context of two distingt muliiprotein

Thc mammalian target of mpamycin, mTOR,

complexes ermed mTOR complex | (mTORC)
and mTOR complex 2 (mTORC2) (31 Rapamycin,
in complex with FKKBP12 {an FK506-binding pro-
tein), specifically interferes with mTORCT func-
tion, and consequently, inhibits cell growth (4, 5).

The major upstream regulators of mTORCI
are the TSC1 and TSC2 wmor suppressors, The
two TSC proteins form a complex that displays
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a guanosine triphosphatase (GTPase)-activating
protein (GAP) activity toward Rheb, a Ras-like
small GTPase (6-8). Like other small GTPases,
the activity of Rheb is dictated by its guanine
nucleotide binding stakes: it is active in its GTP-
bound form and inactive in the guanosine diphos-
phate (GDP)-bound fonm (), The TSCI-TSC2
complex stimulates the intrinsic GTPase activity
of Rheb and, thus, negatively regulates Rheb
function. Conversely, inactivation of the TSC1-
TSC2 complex results in accumulation of GTP-
bound Rheb, which activates mTORCT (0, [

FEBP38 (also known as FKBPE) belongs to
the peptidyl prolyl cis'trans isomerase (PPlase)
family of FKBPs, It contains a region, referred
to as the FKBP-C domain, that s highly related
to FKBPI2 (/2). FKBP38 also has a trans-
membrane domain at the very C terminus, which
is unique among all the FKBP proteins and is
required for targeting it to mitochondnia (13, 14).
We isolated FKBP3S in a veast two-hybrid sareen
designated to identify Rheb-interacting proteins
(fig. S1) (15). The potential interaction between
Rheb and FKBP38 in mammalian cells was con-
firmed by coimmunoprecipitation of endogenous
Rheb with FKBP38 from human embryonic kid-
ney (HEK293) cell lysates (Fig. 1A). Funhemmone,
purified bacterially expressed recombinant Rheb
and FEKBP3E mteracted with each other in an in
vilro binding assay (Fig. 1B). The interaction of
Rheb with FEBP38 appeared to be dependent on
its nucleotide binding states, because Rheb loaded
with GTP+y-8, a nonhydrolyzable GTP analog,
puanosing  5'-Ck{ 3-thiowriphosphate), exhibited
much higher binding affinity toward FKBP35
than did GDP-bound or untreated Rheb (Fig. 1C).

In cells overexpressing FKBP38, insulin-
stimulated phosphorylation was largely prevented
for several downstrean targets of mTORC], in-
cluding ribosomal protein S6 kinase (S6K), ribo-
somal S6 protein (36) and the eukaryotic initiation
factor 4E-binding proiein 1 (4E-BP1) (Fig. 2A
and fig. 52). In contrast, FKBP38 overproduction
had no detectable effect on phosphorylation of
protein kinase Akt (Fig. 2A). The inhibitory effect
of FKBP38 on mTORC| activity was reversed if
Rheb was overexpressed, which suggested that
Rheb antagonizes FRBP3IE. Similar effccis of
FEBP38 overproduction on mTORC activity
were observed when cells deprived of amino acids
were exposed to amino acids (Fig. 2B and fig. 82).

In cells ransiently transfected with FKBP3S-
specific small interfering RNA (siRNA) oligonu-
cleotides. the amounts of FKBP38 were reduced
by ~80% (Fig. 2C). Accompanying the decreased
abundance of FKBP38 was an increase in mTOR-
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dependent phosphorylation in both S6K and
4E-BP1 but not of extracellular signal-regulated
kinase (ERK) | or 2 (Fig. 2C). This effect on
mTORCI activity appeared to be specific, be-
cause a different FKBP38-specific siRNA oli-
gonucleotide produced a similar effeet (fig. 83).
In addition to the enhancement in mTORCI ac-
tivity under normal growth conditions, decreased

mTORCI inactivation in response o serum or
amino acid deprivation (fig. $4), which indi-
cated that the affected cells were less sensitive to
growth factor or nutrient limitation. The partial
response of mTORCI to changes in serum and
nutrient conditions may result from the remain-
ing FKBP38 in the cells. Alternatively, it may
indicate the existence of FKBP38-independent

abundance of FKBP38 also reduced the mte of  mechanisms that regulate mTORCI. Collective-
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Fig. 1. GTP-dependent interaction of Rheb with FKBP38. (A) Coimmunoprecipitation of FKBP38 with
Rheb. Lysates from HEKZ93 cells were immunoprecipitated with antibody to FKBP38 (lanes 2 and 4) or
control IgG (lanes 1 and 3). FKBP38 (top) and Rheb (bottom) in the precipitates were detected by
immuncblotting. (B) Direct binding between Rheb and FKBP38 in vitro. Histidine-tagged Rheb (His-
Rheb) was incubated with glutathione S-transferase (GST) or GST-tagged FKEP38 (GST-FKP38) followed
by precipitation with glutathione beads. The precipitates were immunoblotted for His-Rheb (bottom),
GST, and GST-FKBP38 (top). (C) GTP-dependent binding of Rheb with FKBP38. Untreated His-Rheb
{lane 1) GTP-y-5—loaded His-Rheb (lane 2}, and GDP-loaded His-Rheb (lane 3) were all incubated with
GST-FKBP38 followed by precipitation with glutathione beads. The precipitates were immuncblotted for
GST-FKBP3B and His-Rheb.

A c Ciil FKBP3S siRNA
Phosphorylation Prodein o ——
Hm = iy = = - § T =
HA-FKBP3E = = + = 4 = Ok e —— PEEN(TES)
Flag-Rheb = + = + + - + = * + — S
-SGK[TI00) - A — p———— -5
i ) — L . P-4E-BP1(TITME)
PAEBPITITME) | e . et 4F.FP ._-H-sum
PAK 7] e —— e s S i | == == P-ERK1Z (T202/Y204)
1 2 8 4 & & T & 9 10 —— R
1 2
B D
100
Phosphondation Pratain
Reps - & = = = = + = = -~
HA-FEEPIE - - + - % - - - +* L
ragehb = = Sk =% = ot % -
P-SEK(TI80) e ——— HA-SEK _— T T
POAGIIEDIN) - e - ——— — - 55 GSTFKBPI2 - - # - + - =
PAE-BPATI7E) T —— Bl ssBpy  GSTFHBPIE - - - - - 4 #
(T37i46) - T oA S R el
FLAKHGATE)  ——— S —— — i ] S s e ey e : PAEEP
{TarE}
1 2 3 4 § BE T 8 9 10 P

Fig. 2. Inhibition of mTORC1 activity by FKBP38. HEK293 cells were transfected with hemagglutinin
(HA}-tagged S6K along with (+) or without () Flag-tagged Rheb and HA-tagged FKBP38 as indicated. (A)
Effect of FKBP38 on insulin-stimulated phosphorylation. Cells were collected after being deprived of
serum (0.5%) for 16 hours and treated with 100 nM insulin for 30 min. (B) Effect of FKBP38 on amino
acid—stimulated phosphorylation. Cells were collected after being deprived of amino acids for 1 hour and
then incubated with amino acids for 30 min. Rapamycin (20 nM) was added to the indicated samples
30 min before the addition of insulin or amino acids. (C) Effect of FKEP38 depletion on mTORC1
activity. HEK293 cells were transfected with FKBP38-specific (lane 2) or confrol (lane 1) siRNA. Cells were
harvested and lysed 60 hours after the transfection. The indicated proteins (right panels) and their
phosphorylation {left panels) were detected by immunoblotting. (D) In vitro kinase assay of mTORC1.
Endogenously expressed mTOR was immunopurified from HEK293 cell lysates with antibody to mTOR and
assayed for activity toward recombinant GST—4E-BP1 in the presence (+) or absence (—) of the indicated
agents. Phosphorylation was detected by immunoblotting using antibody to phospho—4E-BP1({T37/46),
and quantified by densitometry from three independent experiments (top).
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ly, the above findings demonstrate that FKBP33
15 a negative regulator of mTORCL.

FKBP38 inhibited the kinase adtivity of mTOR
in a dose-dependent manner in vitro (Fig. 2D
and fig. $5). and the extent of maximal inhibition
was similar o that induced by the FKBP12-
rapamyan complex (Fig. 2D). Although rapa-
mycin alone had no effect on kinase activity
of mTOR, it augmented the inhibitory effiect

of FKBP38, which suggests thal rpamycin may
interact with FKBP38 and may increase its -
hibitory activity toward mTORCI .
Coimmunoprecipitation revealed that FKBP38
associated with the components of mTORCL, in-
cluding mTOR itself, the GPL protein and reptor,
but nol fdor, a unique component of mTORC2
(Fig. 3A), which suggests that FKBP3E tarpets
mlORCTH but not mTORC2, In addition, the

A5G aFKBPIS g Cc
AR - 4 - o F"m_lp Input
19G _ween B R S —— P30 Rapa - + - %
— — — — — ] R “ln rn]m:—mTﬂH
e AR e —— R — e — I FKEPE
G e — - Raptor 1 2 3 4
- Rictor
1 2 3 4 5 B
B D
Pull-down Input GST pull-down Input
| R — Hig-mTOR (1967-2191) P e
Cirl Rheb Rheb Cii Rhwb Rheb
-— . e — s e HES-MTOR(1967-2191)
— His-FRB e .
o = ——— GST-FKBP38
1 2 3 4 5 B
—-— - gaT
1 2 2 4 5 B

Fig. 3. Control of the interaction between FKBP38 and mTOR by Rheb. (A) Association of FKBP38 with
mTORC1. HEK293 cells were deprived of amino acids for 1 hour and then incubated with amino acids for
30 min. Lysates were precipitated with antibody to FKBP3 8 or control 1gG, and precipitates were blotted for
the components of mTORC1 and mTORCZ. (B) The AXBP38 binding domain in mTOR. Recombinant His-
mTOR(1967—2191) or His-FRB domain of mTOR was incubated with G5T or GST-FKBP38 followed by
precipitation with glutathione beads. The precipitates were immunoblotted for GST (bottom, lane 1), GST-
FKBP38 (bottom, lanes 2 and 3), His-mTOR (1967-2191) and His-FRE {top, lanes 1 to 3). Asterisk denotes
a breakdown product of FKBF38. {C) Effect of rapamycin on the association of FKBP38 with mTOR. HEK293
cells expressing both myc-mTOR and HA-FKBP38 were treated with 20 nM rapamycin (lanes 2 and 4) or
drug vehicle (lanes 1and 3) for 1 hour. Lysates were precipitated with antibody to myc epitope. HA-FKBP38
and myc-mTOR in the precipitates were detected by immunoblotting. (D) Effect of Rheb on the interaction
of FKBP38 with mTOR, Recombinant His-mTOR (1967—2191) and GST-FKBP3 8 were incubated together in
the absence (lane 4) or presence of GDP-loaded His-Rheb (lane 5) or GTP-loaded His-Rheb (lane &),
followed by precipitation with glutathione beads. The precipitates were immunoblotied for GST-FKBP38
(bottom), His-mTOR(1967—2191) (top, top bands), and His-Rheb (top, lower bands).
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association of FKBP38 with mTORC] appearcd
to be regulated by nuinent conditions, because the
association was increased in cells deprived of
amino acids,

Rheb assocates with mTOR through a region
{amino acds 1967 to 2191) that overlaps with the
FEBP12-tgpamycin binding (FRB) domain (amino
acids 2015 1o 2114) (16). We tested the possibility
that the association was mediated through FKBP3S.
Indeed, a recombinant peptide containing amino
acids 1967 to 2191 of mTOR interacted directly
with FKBP38 in an in vitro assay (Fig. 3B). On
the other hand, no direct interaction was detected
between Rheb and this FKBP38 binding (FKB)
domain of mTOR (fig. 56). Deletion analysis of
FKBP3E furiher revealed that ns FKBP-C do-
main, a region highly similar to FKBP12, was
sufficient for mTOR binding, which suggested
that FKBP38 may bind to mTOR in a manner
similar to that of the FKBP12-rapamycin com-
plex (fig. S7B). In support of this, we found thal
the FKBP12-rapamycin complex competed with
FKBP38 for mTOR binding in vitro (fig. $8), and
rapamycin reduced the associaion of FKBP3S
with mTOR in cells (Fig. 3C).

The interaction of FKBP38 with the FKB
domain of mTOR appeared (o be regulated by
Rheb in a GTP-dependent manner, because the
interaction was unaffected by the presence of
GDP-bound Rheb but was abolished by the pres-
ence of the same amount of GTP-bound Rheb
{(Fig. 3I). The dissociation of FKEP38 from the
FEB domain of mTOR was also accompanied
by its binding 10 Rheb, which suggesied that the
interaction with Rheb interfered with FKBF3S
binding 1o mTOR.

Because Rheb activity is regulated by growth
factor and nutrient conditions (6, 7, 18), we
examined whether Rheb controlled the interac-
tion between endogenous FEBP3E and mTOR. in
a growth factor- and nutient-dependent manner.
FEBP38 interacied with mTOR in cells deprived
of amino acids, and the interaction was reduced
when amino acids were restored (Fig. 4A). Over-
expression of wild-type Rheb also reduced the
interaction of FRKBP38 with mTOR in cells de-
prived of amino acids, and the interaction was
further diminished when amino acids were re-
stored. Accompanying the amino acid-induced
decrease in the interaction of FKBP38 with
mTOR was an increase in the binding of Rheb
with FEBP3 8, which suggested that Rheb pre-
vented FKBP3S from binding to mTOR in re-
sponse to amino acid availability.

Rheb mutants, including an active allele,
Q4L in which leucine replaces glutamine at
residuc 64, and two inactive alleles, S20N and
D6OK (in which asparagine replaces scrine at
residue 20 and lysine is substituted for aspartic
acid at residue 60), are defective for nucleotide
binding, which renders the mutants largely in-
sensitive o the GAP activity of the TSCL/TSC2
complex (J9, 20). In cells expressing the Q64L
muiant, the interaction of FKBP38 with mTOR
was barely deteciable, regardless of the availability

www.sciencemag.org  SCIENCE  WVOL 318 9 NOVEMBER 2007

979



REP

980

ORTS

of amino acids, whereas the interaction of the ex-
pressed Rheb mutant with FKBP38 was strong
{Fig. 4A and fig. $9). Despite this, the latter inter-
action was partially sensitive to amino acid starva-
tion, consistent with a previous finding that the
Q641 mutant retains a limited response 1o the GAP
activity of the TSCI/TSC2 complex (200 In con-
trast, in cells expressing the S20N mutant, liwle
Rheb was bound to FKBP38, and the interaction
of FKBP3S with mTOR was strong and largely
insensitive to changes in amino acid conditions.
These observations indicate that these Rheb
mutants block the amino acid-dependent regu-
lation of the interaction between FEKBP38 and
mTOR, which suggesis that amino acid con-
ditions control the inieraction of FKBP38 with
mTOR through Rheb.

The effect of D6OK on the interaction of
FEBP28 with mTOR was similar to that of S20M,
However, despite its failure o bind nucleotide
and a low expression level (19), the DA0K mu-
tant interacted with FKBP38 more strongly than
did wild-type Rheb, and the interaction was in-
sensitive to changes in amino acid conditions.
This observation suggests that the Asp to Lys (D
to K) substitution at position 60 confers to Rheb
a higher affinity for FKBP38 but impedes its
action to release mTOR from FKBP3E, The fact
that the DS0K mutant binds strongly o FKBP3E
but does not displace it from mTOR interaction
suggests that the binding of FKBP38 with Rheb
and that with mTOR are not mutually exclusive.

Cells deprived of serum also showed incressed
interaction between FEKBP38 and mTOR that

was prevented by serum repletion or overex-
pression of wild-type Rheb (Fig. 4B). Similarly,
overexpression of active Rheb mutant (Q64L)
or inactive Rheb mutants (S20N and DaOK) ren-
dered the interaction of FKBP38 with mTOR
insensitive o changes in serum conditions, which
suggests that the interaction was regulated by
Rleb in mesponse o serum conditions,

The ability to bind and inhibit mTOR, activity
in the absence of rmpamycin establishes FKBP38
as an endogenous inhibitor of mTOR. Under ami-
no acid or serum starvation this mTOR inhibitor
binds and interferes with mTORC] function in a
manner similar to that of the FKBP12-rapamycin
complex. In response o growth faclors or amino
acid availability, Rheb prevents the interaction
of FKBP38 with mTOR in a GTP-dependent
manner, which leads to mTORC] activation.
This mechanism for the action of Rheb on mTOR
is consistent with evidence that active Rheb
associates less with mTOR than does the inactive
form (/%). In addition to mTOR, FKBP3S
associates with Bcd-2 and calcincurin (J4, 2/). It
is thus possible that Rheb may also control Bel-2

dependent apoptosis and  calcineurin-dependent
transcription through FKBP3S.
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Magnetic Resonance Spectroscopy
Identifies Neural Progenitor Cells in
the Live Human Brain

Louis N. Manganas,’ Xueying Zhang,! Yao Li,! Raphael D. Hazel, > 5. David Smith,?
Mark E. Wagshul,* Fritz Henn, Helene Benveniste,™* Petar M. Djuric,
Grigori Enikolopov,®* Mirjana Maletié-Savatic

The identification of neural stem and progenitor cells (NPCs) by in vive brain imaging could have
important implications for diagnostic, prognostic, and therapeutic purposes. We describe a
metabolic biomarker for the detection and quantification of NPCs in the human brain in vivo, We
wsed proton nuclear magnetic resonance spectroscopy to identify and characterize a biomarker in
which NPCs are enriched and demonstrated its use as a reference for monitoring neurogenesis. To
detect low concentrations of NPCs in vivo, we developed a signal processing method that enabled
the use of magnetic resonance spectroscopy for the analysis of the NPC biomarker in both the
rodent brain and the hippocampus of live humans. Our findings thus open the possibility of
investigating the role of NPCs and neurogenesis in a wide variety of human brain disorders.

he adult mammalian brain retains the abil-
ity to generate new neurons. These neurons
are produced from neural stem and pro-
genitor cells (NPCs), which reside in the hippo-
campus and the subveniricular zone (/-4). NPCs
possess the ability w0 self-renew and also to
generate progeny that can give rise to mature cell

2 NOVEMBER 2007

types, The ability of NPCs to produce neurons,
astrocyies, and oligodendrocyles in vitro and in
vivo mises the prospect of hamessing them to
repair nerve lissue damaged or lost o neurological
discase or trauma (/, 2, 4). The realization of the
curative potential of NPC's would benefit from the
development of methods that would enable their

VOL 318 SCIENCE

identification and tracking in vivo, Currently, pos-
itron emission tomography, single-photon com-
puted tomography scanning, and magnetic
resonance imaging (MRI) are being examined
toward this goal (5-7). These technologies reguine
WPCs 1o be preloaded ex vivo with radiolabeled
agents or superparamagnetic iron oxide-based
derivatives, and thercfore arc not applied for the
detection of endogenous WPCs in the human
brain. We used proton magnetic resonance spec-
trosopy {'H-MRS] to overcome the above limita-
tions and o detect NPCs in the live human brain.

Proton nuclear magnetic resonance spectros-
copy ("H-NMR) has been widely used for in
vitro detection of low quantitics of known metab-
olites and the identification of unknown com-
pounds present in body fluids or tissues in vitro
(#). '"H-NMR can identify metabolites that are
specific for neurons [such as N-acetyl aspartate
(NAA) or glia [such as choline (Cho) and
myoinositol (ml)], and these compounds have
been used as reliable biomarkers of the come
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sponding cell types in isolated tissue samples.
However, "H-NMR cannot be used to analyze
metabolites in live organisms: instead, its cormre-
late, 'H-MRS, is used to provide information
about the metabolic stats of a tssue in vive (9),
These two techniques complement cach other
when physiological or pathological stales are
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investigated { /0-12). Thus, we decided 1o search
for NPC-specific metabolites using 'H-NMR and
then to exploit the information about these
metabolites for detecting NPCs in the live brain
using 'H-MRS.

To identify unique features in the spee-
troscopic profile of NPCs, we compared the
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Fig. 1. The 1.28-ppm biomarker identifies NPCs. (A) Spectral profiles of cultured neural cell types: NPCs,
neurons, oligedendrocytes, and astrocytes. Dotted lines outline the 1.28-ppm NPC peak, NAA (2.02 ppm),
and Cho (3.23 ppm). Arrowheads denote lactate doublets (1.33 ppm). Spectra are not of equal scale. (B)
Bar graphs show quantification of the 1.28-ppm biomarker (top), MAA {middle), and Cho (bottom) (2.5 =
10° cells each, n = 3 experiments per group, done in triplicate samples per experiment). N, neurons, O,
oligodendrocytes, A, astrocytes. (C) Quantification of the 1.28-ppm biomarker shows comelation of the
number of NPCs and the 1.28-ppm signal amplitude (0 = 3 experiments per data point, done in triplicate
samples per experiment). (D) Quantification of the 1.28-ppm biomarker in proliferating cells: NPCs, ESCs,

SPCs, OPCs, macrophages (M), T lymphocytes (TQ), and microglia (MG) (1 x 10° each, n = 3 experiments

per group, done in triplicate samples per experiment). For all figures, quantification was done with the
SVD-based method; bar graphs represent mean = SEM; *, P < 0.05; ", P < 0.01; ***, P < 0.001. Detailed

statistics are provided in the supporting online material.
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"H-NMR spectra of NPCs from embryonic mouse
brain tissue cultivated as neurospheres in vitro (1.3)
with the spectra of cultured neurons, astrocytes,
and oligodendrocytes (Fig. 1A). The NPC specira
demonstrated a unigue profile, including a prom-
inent peak at the frequency of 1.28 parts per
million {ppm), which was not observed in other
neural cell types (Fig, 1A). Quantification of the
selected signal amplitude confirmed that WPCs
were strongly enriched in the 1.28-ppm bio-
marker as compared to other cell types, whercas,
as expected, NAA (2.02 ppm) was predominant
in neurons and Cho (3.22 ppm) in astrocyites (Fig.
1B). Small amounts of NAA and Cho were also
observed in WPCs, most likely reflecting the
presence of neuron- and astrocyie-commitied
progenitors in the newrospheres. The 1.28-ppm
biomarker was detected, to a lesser degree. in our
oligodendrocyte preparation, perhaps due to the
presence of oligodendrocyte progenitor cells
(OPCs; also see Fig. 1D) within the primary
cultures analyzed. The amplitude of the 1.28-ppm
signal on the "H-NMR spectra was proportional to
the number of NPCs taken for analysis (Fig. 1C):
this linear correlation indicated that it is possible to
quantitatively account for WPCs based on the
amount of the 1.28-ppm "H-NMR signal.

To further examine the specificity ofthe 1.28-
ppm biomarker, we compared the ' H-NMR spec-
troscopic profile of NPCs with the profiles of
embryonic stem cells (ESCs), cells of the hair
follicle-derived sphere cultures (SPCs) (/4), OPCs,
and other types of cells that may be present in
the brain, such as macophages, T lymphocytes,
and microglia. The 1.28-ppm biomarker was
detected in ESCs, SPCs, and OPCs at sig-
nificantly lower levels than in the NPCs and
was near or below the detection limit in the
resting macrophages, T lymphocytes, and microg-
lia (Fig. 1D} We also performed experiments
with cultured neurospheres derived fiom brains of
rransgenic mice expressing green  fluorcscent
protcin (GFP) under the control of nestin gene
regulatory elements (/3). Nestin-GFP neuro-
spheres were dissociated and cells were sorted on
the basis of GFP expression levels by means of
fluorescence-activated cell sorting (fig. 82). NPC-
enriched GFP-gxpressing cell populations con-
tained higher levels of the 1.28-ppm biomarker
than did GFP-negative cells (fig. S2). Together,
these experiments indicate that progenitor cells of
different origin (but each with neural potential)
express the 1.28-ppm biomarker; that among the
panel of tested cells, NPCs have the highest level
of the biomarker; and that neither postmitotic
differentiated cells nor cells withowl progenitor
propertics express the biomarker,

If the presence of the 1 28-ppm biomarker
correlates with the progenitor status of cells, the
levels of this biomarker should decrease as cells
differentiate in vitro or in vivo, whereas the levels
of the biomarkers of differentiated cells should
increase, We cultivated neurospheres under
conditions that promote their neuronal and
astrocytic differentiation and analyzed their 'H-
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NMR spectra. The levels of the 1.28-ppm
biomarker decreased, whereas the levels of the
neuronal biomarker NAA and astrocytic bio-
marker Cho increased afier several days of cul-
tivation (Fig. 2A). We next compared the specira
of cells isolated from the mouse brain al
embryonic day 12 (E12), when ncurogenesis
begins, and at postnatal day 30 (P30), when most
of the cells in the brain have already dif-
ferentiated. The levels of the 1.28-ppm biomarker
were significantly reduced, whereas the levels of
biomarkers of differentiated cells were signifi-
cantly clevated, in the postnatal adult brain as
compared o the embryonic brain (Fig. 2B).

We next examined whether neurogenic re-
gions of the adult brain are enriched in the 1.28-
ppm biomarker. We compared the "H-NMR
spectra of cells isolated from the adult mouse
hippocampus, where continuous neurogenesis
takes place, and from the corex, where neuro-
genesis is not detected (1, 2, 15) A significantly
higher amount of the 1 28-ppm biomarker was
observed in the adult hippocampus as compared
to the cortex (Fig. 2C), providing additional
evidence that the presence of the 1.28-ppm bio-
marker correlates with the presence of NPCs. We
then analyzed whether changes in the levels of
the 1.28-ppm biomarker comelate with dynamic
changes in adult neurogenesis. Neurogenesis in
the adult mammalian hippocampus is sensitive to
a wide range of stimuli, including electrocon-
vulsive shock (ECS)(/6-27). We applied ECS 1o
adult mice and assessed cell proliferation using
bromodeoxyundine (BrdU) incorporation in the
subgranular zone of the dentate gyrus and mea-
sured levels of the 1. 28-ppm biomarker using
"H-NMR. The number of BrdU-immunoreactive
cells was significantly increased in ECS-treated,
as compared o control sham-operated, animals,
demonstrating the effectivencss of the procedure
(Fig. 2D). The levels of the 1.28-ppm biomarker
in the preparation of cells from the hippocampus
were also significantly increased afier ECS (Fig.
2. Together, our results with the cultured NPCs
and with the developing and adult animal brain
demonstrate that the amount of |.28-ppm bio-
marker comrelaies with neurogenesis and suggesi
that changes in newrogencsis can be analyzed
using the 1.28-ppm biomarker as a valid ref-
erence for NPCs,

We next sought to charactenize the chemical
nature of the 128-ppm biomarker. A specific
group of resonances in the 0 to 2 ppm range of the

H-NMR is thought to arise from macromole-
cules and the fatty acyl chains of inacylglycerides
and cholesterol esters found in free-floating
maobile lipids in the cytoplasm and in unrestricted
lipid microdomains near the plasma membrane
{22). Proton chemical shift comelation spectros-
copy of NPCs showed that there was aJ-coupling
partner for the 1.28-ppm biomarker at (L8 ppim, as
would be expected for a fany acid containing
methyl (-CH;) groups on the same molecule (fig.
53 and Fig. 1A) The notion that the 1.28-ppm
biomarker corresponds to lipids was also

2 NOVEMBER 2007

supported by a decrease in the 1.28-ppm signal
amplitude when neurospheres were treated with
cerulenin, an inhibitor of fatty acid synthesis (Fig.
2E). To further examing whether the 1.28-ppm
biomarker contains lipids, we analyzed the
'H-NMR specira of NPCs extracted with a
chloroform/methanol mixiure, The 1.28-ppm bio-
marker was mainly present in the chloroform

fraction, which is suggestive of a lipid metabolite
{Fig. 2G). Indeed, it overlapped with some of the
specific fatty acid spectra, most closely with the
spectra of saturated fatty acids (SFAs), such as
palmitic acid, and of monounsalrated fatty acids
{MUFAs), such as oleic acid (Fig. 2G). The
spectra of polvunsaturated fatty acids (PUFAs),
such as arachidonic acid, which resonate in the
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Fig. 2. Analysis of the specificity and malecular composition of the NPC biomarker using *H-NMR. (A)
Quantification of NPC, neuronal (NAA), and glial (Cho) biomarkers during in vitro differentiation, at 0, 1,
and 5 days (D} after neurosphere plating {1 x 10° cells per time point, n = 3 experiments per time point,
done in triplicate samples per experiment). (B} Quantification of NPC, neuronal {NAA,) and glial (mi}
biomarkers in whole-brain homogenates at £12 and P30 (1 x 10° cells per time point, n = 3 experiments
per time point, done in triplicate samples per experiment). {C) Quantification of the NPC biomarker in the
dissociated adult mouse cortex (CTX) and hippocampus (HIPP) (1 x 10° cells per group, n = 3 experiments
per group, done in triplicate samples per experiment). (D) ECS increases both the number of BrdU-
immunoreactive cells (n = 3 experiments; P < 0.01) and the 1.28-ppm biomarker (n = 3 experiments;
P < 0.05) in the mouse hippocampus. (E) The 1.28-ppm biomarker diminishes while Cho increases
upon blockade of fatty acid synthesis with cerulenin (CRL) (n = 3 experiments per group, done in
triplicate samples per experiment, P = 0.001). (F) 5FAs and MUFAs are more abundant in NPCs thanin
astrocytes (n = 1), (G) The 1.28-ppm biomarker belongs to a chloroform (CCl;D) and not methanol
(MeOD) fraction. It overlaps with SFAs and MUFAs rather than PUFAs,
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1.3- to 1. 4-ppm mange, did not overlap (Fig. 2G).
Using gas chromatography, we sought to separate
and gquantify specific faity acids in NPCs and
compare them to those found in astrocytes. There
was a higher concentration of SFAs and MUFAs
than of PUFAs in NPCs, but not in astrocyles
{Fig. 2F). Together, our results suggest that the

1.28-ppm biomarker is most likely a mixiure of
lipids that include SFAs and/or MUFAs,

We next addressed the possihility of using the
NPC biomarker for in vivo brain imaging. Using
29.4-T micro MRI (mMRI) scanner, we obtained
adult rat spectra of the hippocampus, where en-
dogenous NPCs reside, and the parictal cortex,
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Fig. 3. Identification of NPCs in the rat brain in vivo, using mMRI spectroscopy. (A) Imaging of
endogenous NPCs. Voxels are placed along the hippocampus (HIPP) and in the cortex (CTX). In the
hippocampus, the 1.2 8-ppm biomarker (red) is evident when 5VD-based signal processing is performed
(colored peaks) but not when Fourier transform is done {insets). In the cortex, the 1.28-ppm biomarker is
not detected by either data analysis. Colored asterisks and peaks correlate. Bar graphs show absolute (top)
and relative (bottom) quantification of the 1.28-ppm biomarker (0 = 4 experiments, P < 0.05). (B)
Imaging of transplanted NPCs. Voxels are placed in the area of NPC transplant (NT; 5 x 10° NPCsin 5 il of
saline) and saline injection (5T 5 ul. In the NT site, the 1.28-ppm biomarker {red) is observed with both
Fourier transform and SVD-based signal processing. In the 5T site, no significant 1.28-ppm signal s
observed. Bar graphs show absolute (top) and relative {bottom) quantification of the 1.28-ppm biomarker
(n = 5 experiments; P < 0.05). (C and D) Imaging of endogenous NPCs after ECS. Voxels are placed along
the hippocampus in control (EC5—) and ECS-treated (ECS+) adult rats (C). Quantification of the 1.28-ppm
biomarker [(C) n = 4 experiments, P < 0.05] and the number of BrdU-immunoreactive cells in the dentate
gyrus of the same animal [(D) n = 4 experiments, P < 0.01] indicates linear correlation (E).
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where dividing NPCs are undetectable (Fig. 3).
Traditional Fourier transfonm signal processing
was unable to distinguish the 1.28-ppm biomark-
er in the hippocampus from background noise
{Fig. 3A, insets), most likely due 1o a low NPC
density in the adult rat hippocampus. Therefore,
we developed a more sensitive signal-processing
algonthm in order to isolate the signal of the
1.28-ppm biomarker from the noise within the in
vivo 'H-MRS spectra. We used singular value
decomposition (SVD), which permils improved
detection at low signal-to-noise ratios and allows
betier resolution of signal components (modes)
that are close 1o one another in a given frequency
domain (23-25). Based on SVD signal process-
ing, we developed an algorithm that enables
detection of the 1.28-ppm biomarker in the adult
rat hippocampus in vivo (Fig. 3A, red peak).
Absolute quantification of the 1.28-ppm bio-
marker was achieved by estimating the amplitude
of the 1.28-ppm signal, whereas relative quan-
tification was achieved by mtiometric analysis
with the creatine (Cr) signal amplilude as a
denominator. Both quantification methods are
established as reliable indicators of a given con-
centration of metabolite (26). A large difference
was observed when the absolute quantities of the
1.28-ppm biomarker were compared between the
hippocampal and cortical spectra; this was paral-
leled by the ratiometric quanti fication, which con-
firmed that the hippocampus was highly enriched
in the 128-ppm biomarker as compared to the
conex (Fig. 3A).

We also transplanted NPCs into the lefi cor-
tical hemisphere of the adult rat brain and in-
jected an equal volume of saline into the control
right hemisphere. 'H-MRS data were obtained
for both hemispheres from voxels of the same
size, centered on the injected arcas (Fig. 3B).
Both Founer transform (inset) and SVD-based
signal processing (colored peaks) clearly detecied
the 1.28-ppm biomarker in the spectra of the
experimental site containing NPCs (Fig. 3B).
Both the direct quantification and the ratiometric
analysis demonstrated that the signal in the hemi-
sphere with the injected WPCs was more than 35
times greater than that in the comesponding re-
gion of the control cortical hemisphere (Fig. 3B).

Furthermore, to detect changes in the density
of endogenous NPCs in vivo, we treated adult
rats with ECS, Five days afier the treatment, we
injected BrdU to label dividing cells and ana-
lvzed the ECS-treated and sham-operated con-
trol animals the next day. Quantification of the
1.28-ppm:Cr signal ampliude ratios in the hip-
pocampus showed a significant increase of the
1.28-ppm biomarker in ECS-treated rals as come
pared 1o sham-operated controls (Fig, 3C). To
validate the spectroscopic findings, we quantified
the number of BrdU-immunoreactive cells in the
hippocampus of the same animals (Fig. 3D). A
significant increase in the number of BrdU-
immunoreactive cells in ECS-treated rats as com-
pared to sham-operated controls demonstrated
that, as expected, ECS increased NPT prolifera-
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tion. Moreover, in the ECS-ineated amimals, we
found a comrelation between the number of BrdU-
immunoreactive cells and the 1.28-ppm:Cr signal
amplitude ratio in the hippocampus of the same
animal (Fig. 3E). Together, these data indicate that
'"H-MRS can be used to detect and measure
changes in the density of endogenous NPCs in vivo,

We then procecded with the identification of
endogenous NPCs in the human brain. Brain
'H-MRS was performed on healthy adults,
using a 3-T MRI scanner and SVD-based signal
processing (Fig. 4A). An experimental voxel
was placed along the length of the hippocam-
pus, while a control voxel of the same volume
included gray and white matter of the ipsilateral
parietal cortex (Fig. 4A). The Founer transform
did not reveal the 1.28-ppm biomarker (inset) in
any of the voxels (Fig. 4A). However, the SVD-
based analysis (colored peaks) clearly detected
the 1.28-ppm biomarker in the hippocampal
spectra, indicating that this methodology can be
used to identify endogenous NPCs in the human
brain (Fig. 4A). For each person, we found a

Fig. 4. |dentification of A
NPCs in the human hip-
pocampus in vivo, using

H-MRS, (A) Vaoxels are
placed along the hippo-
campus and in the cortex.
In the hippocampus, the
1.28-ppm biomarker
(red) is evident when
SVD-based signal pro-
cessing is performed
but not when Fourier
transform s done In the
cortex, the 1.28-ppm bio-
marker is not detected by
either data analysis. Col-
ored astersks and col-
ored peaks correlate, Bar
graphs show absolute
(top) and relative (bot-
tom) quantification of the
1.28-ppm biomarker (CTX,
cortex; LH, left hippo-
campus; RH, right hippo-
campus; n =5 people P <
0.01 and P = 0,05, respec- (
tively). (B) Quantifi@tion
of the 1.28-ppm bio-
marker in the adult hu-
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major difference between the hippocampus and
the cortex when using either absolute or ratio-
metric quantification of the 1.28-ppm biomarker,
indicating that both can be applied to indirectly
measure WPC density in the human hippocam-
pus. Mo differcnce in the level of the 1.28-ppm
biomarker was observed when the left and right
hippocampi were compared (Fig, 4A). Further-
more, when we imaged the left hippocampus of
the same people afler a 3-month period during
which there was no major change in their daily
routing, no difference was observed in the 1.28-
ppm biomarker (Fig. 4B). Finally, we analyzed
the age-related changes in the 1.28-ppm bio-
marker dunng human development by imaging
people of varying ages: preadolescents, adoles-
cents, and adults, Quantification of the 1.28-ppm
biomarker revealed a decrease in the 1.28-ppm
signal amplitude (Fig. 4C), which is compatible
with data demonstrating age-related decrcase in
nevrogencsis in animals (27)

In our work, we identified a spectroscopic
biomarker of NPCs, developed a methodology 1o
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detect this biomarker in the live brain, and dem-
onstrated the use of the biomarker for identifying
NPCs in the live human brain. The NPC bio-
marker could be readily detected in vitro with
"H-NMR, but its detection at low concentrations
in the live brain with '"H-MRS required the
development of more refined methodology. Our
SWD-based signal processing proved to be
superior to the traditionally used Fourier trans-
form and can now be applied in a varety of
imaging settings where low levels of a particular
metabolite preclude its reliable detection in vivo.

Our resulls sugpest that the NPC biomarker,
represented by a 1.28-ppm spectral peak, is a
complex mixiure of salurated and'or mono-
unsaturated fatty acids and related compounds,
The functional relevance of these molecules for
the control of proliferation and differentiation of
NPCs remains to be elucidated.

Finally, our data on humans provide in vivo
imaging evidence for NPCs in the human hippo-
campus, These findings support the numerous
data demonstrting continuous neurogenesis in the
dentate gyrus (/, 2, 28). We also demonstrated
that in humans the presence of the NPC biomarker
in the hippocampus dramatically decreases with
age. Althoush a decrease in neurogenesis has been
reported in aging mammals, these are the first data
from the living human brain that indicate a
decrease in NPCs during brain development from
childhood to adulthood. More generally, this
biomarker can be applied to track and analyze
endogenous or tansplanied WPCs, 0 monitor
neurogenesis in a wide range of human neurolog-
ical and psychiatric disorders, and to evalvate the
efficiency of therapeutic interventions.
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Sex-Linked Genetic Influence on
Caste Determination in a Termite

Yoshinobu Hﬂ}'ﬂs!li,i Nathan Lo, Hitoshi Miy’atil," Osamu Kitade™*

The most ecologically successful and destructive termite species are those with both a nymph caste and
an irreversibly wingless worker caste. The early developmental bifurcation separating these castes is
widely accepted to be strictly environmentally determined. We present evidence that genotype also
influences this process. Offspring from four different crosses of nymph- and worker-derived secondary
reproductive individuals had strongly differentiated caste and sex ratios, despite uniform rearing
conditions. These data fit an X-linked, one-locus-two-allele medel. Of five possible genotypes, one was
lethal, two resulted in workers, and two resulted in either nymphs or environmentally determined workers,
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Caste is thus controlled both by environment and by a complex genetic inheritance pattern,

characterized by the differentiation of colo-
ny members into either reproductive or
sterile individuals (/). Kin selection theory pre-
dicts that caste results from environmentally
induced differences in gene expression from a
totipotent genome (2, 3, a prediction supported by
cempirical studies of hymenopteran social insects
(bees, anis, wasps) (4, 3). Although genetic
determination of hymenopieran queen and worker
casies has been documented (6-/7), these are
excepiions resulting from hybridization, thelyio-
kous parthenogenesis (asexual production of
female offspring), and dimorphic queens. In
tamites, the reproductive and worker casies are
hypothesized 1o be determined entirely by extrin-
sic factors, primarily pheromones (/2-14).
Termites (Blattaria: Isoptera) are a cusocial
form of cockroach (/5). In =80% of species, a
bifurcation occurs carly in development (Fig, 1).
The vast majority of offspring (both female and
male) enter the functionally sterle, irneversibly
wingless worker pathway (73, /6). Allemative-
Iy, some offspring develop wing buds and enter
the nymphal pathway, which leads to the alate
(primary reproductive) caste. In the absence of
the queen and/or king, some individuals (termed
neolenics) take over the role of reproduction
while retaining juvenile charactenistics (/3). In-
breeding within the colony is thus common in

S ocial msects, such as ants and termmites, are
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termites. Neotenics may arise from the nymphal
andior the worker pathway and are, respectively,
termed mymphoids (with wing buds) and ergatoids
{without wing buds) (Fig. 1). Workers, although
functionally sterile. therefore retain the ability to
oceasionally become fertile in some species.

We isolated nymphs and workers from
reproductive individuals, producing female (£)
and male (m) nymphoids (N) and ergatoids (E)
from three distinct colonies of Reticuliternies
speratus, We crossed them (i.e., FNmN, fNmE,
fEmE, FEmN) as described (/7). Each mated
pair was placed with 50 female workers from an

I: larva

n: nymph

N: nymphoid
A: alate
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independent, unrelated fourth colony 1o promole
egp production. Eggs were removed daily and
raised by 50 male workers from the fourth
colony to identify environmental and genetic in-
fluences on developmental bifurcation (Fig. 1).
The sex and caste of third-instar offspring were
determined, as were survival rates. In the absence
of a male reproductive, R sperans females can
reproduce  parthenogenetically via thelytokous
aulomixis, resulting in homozygous female
nymph offspring (/8-20)). Therefore, we also
examined the development of parthenogenctic
offspring from single parents of types N and fE.

Among replicates of a particular pair type,
offspring caste and sex ratios were similar, re-
pardless of whether they were outbred or inbred
{17). No significant differences among offspring
types were found with Fisher's exact test [FNmN,
P=030(n=7) fEmE P=0.11 (s = 4): fEmN,
P =0.54(n = 7)), with the exception of fNmE
(£ = 0.02), where | of 5 replicates had slightly
more female workers, although the pattem was
similar to the other 4 replicates (P = 0L10 upon
exclusion of the female worker-skewed replicaie).
Theretore, we pooled our data for comparisons
with the other treatments,

Adl offspring of parthenogenctic fN and fE
were female, and almost all differentiated into
nymiphs (100% and 99%, respectively) (Fig. 2). In

NNN

n, EDn2E>n3E>n4E}n5EDnﬁl:>A

wing bud dovelopment ———

juvanilas «+— — adults

wingless

w1E>w2E>w3EDW4 t>w5

w: worker
E: ergatoid
s. soldier

E

Fig. 1.

.._f_"?‘ 2 €7

EESES

Caste developmental pathways of Reticulitermes spp. (I3). Termites are diploid and

hemimetabolous; larvae of each sex follow either the worker pathway, in which individuals remain
irreversibly wingless, or the nymphal pathway, leading to the alate form. Arrows indicate molts; dotted
arrows indicate occasional molts to neotenic nymphoids or ergatoids, which may reproduce in the absence
ofthe queen and/or king. Workers undergo stationary molts after ws. Soldiers are derived from wy and w.
Ergatoids arise from all worker stages after w.
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contrast, offspring from different pairs diverged in
both caste and sex ratios, FNmN had a ~1:1 ratio of
female workers 0 male workers [48.4 + 1.7%:
47.7 + 1.5% (mean + SEM)]. fNmE had a ~1:1
ratio of female nymphs 1o male workers (45.9 +
1.6%: 50.2 + 1.4%). TEmN had a~1:1:1 ratio of
male nymphs 1o female workers to male workers
(31.0+4.0%: 35.84+2.7%:31.9+ 1 .4%). Finally,
fEmE had a ~1:1:1:1 split of all four offspring
types, with a slight bias of nymphs over workers
(33.0 + 5.8% female nymphs: 29.7 + 5.2% male
nymphs: 198 +4.5% femalke workers: 17.4+4.1%
malke workers). We saw significant differences (P <
0.001}) in the offspring caste and sex ratios for all
six pairwise comparisons between pair types by
Fisher's exact iest with Bonfermoni comection,

The mean survival rate (Fig. 3) of fE off-
spring was significantly lower than that of N,
fNmN, fNmE, and fEmE. The mean survival
rale of [EmN offsprng was lower than all treal-
ments but FE, although not significantly. Death
or removal of eggs by workers before hatching
accounted for offspring mortality. Because lar-
vae disappeared only rarely, it is highly unlikely
that workers removed particular castes. The sen-
sitivity of temmile eggs to experimental condi-
tions may explain the relatively low survival
rate across the six treatments (<48%) (1 7).

Our data contradict the hypothesis that ter-
mite nymph and worker caste determination is
due only to environment (/2-/4) (Fig. 2). If
maternal effects in the eggs were responsible for
the different casie ratios, we should see similar
patierms among offspring of NmM and TNmE,
and also of fEmE and fEmN. Similarly, pa-
temal effects are unlikely because of the highly
differentiated caste mtios of offspring between
fNmN and fEmN and between fNmE and
fEmE.

B female nympa || male nymph

fN

fNmN
fNmE

fEmN
fEmE

Our data it a genetic model featunng a sin-
gle X-linked locus, dubbed warker (wk), with
two alleles, A and B (Fig. 4) [sex determination
in R. speratus appears 1o involve an XY system,
as found in other Rhinotermitidae and Termitidae
(13, I¥)]. The model assumes no influence of
environmental stimuli produced by reproductive
individuals. Offspring with genotypes wk™® and
wk™Y develop into workers; offspring with
genotypes wk™* and wk™Y develop into nymphs.
Allele B is homozygous lethal. Because half of
the offspring produced parthenogenetically by
ergatoids are wk™®, they will be inviable: this is
consistent with the significantly lower survival
rate of [E offspnng (Fig. 3). Similardy, one-
quarter of fEmN offspring are predicted o be
inviable, which is in agreement with the lower
survival rate of these pairs relative to FNmN,
fNmE, fEmE, and .

Mymph genolypes are plastic, being subject 1o
pheromonal modification. When we placed par-
thenogenetically produced N offspring (wk™?) in
the presence of a male and female nymphoid pair,
24% developed into female workers, the rest into
female nymphs (1 7). Slight deviations in offspring
ratios predicted by the model (as seen in Fig. 2)
nuay be due to weak pheromonal influence from
tending workars, incomplete penetrance at wi,
other loci with weak effects on caste and sex, ora
combination of these factors. We also determined
a similar but less parsimonious model that fits the
data of Figs. 2 and 3 (fig. S1).

We predict that offspring in queen-king
colonies will be workers (Le., wk™ = Wiy —
wk™® + k™). In the event that the queen andlor
king dies, ergatoid neotenics should develop, and
fEmE, queen-mE, or king-fE matings should
result in workers and genotypic nymphs (Fig. 4),
Independent colony composition studies were

B female worker [ male workar

0 0.25

0.5 0.75 1

proportions of offspring caste and sex

Fig. 2. Proportions of R. speratus female and male nymph and worker offspring from six experimental
rearing treatments. Fifty workers raised eggs from parthenogenetic female nymphoids (fN) and
ergatoids (fE), and the four possible crosses among fN, fE, male nymphoids (mN), and male ergatoids
(mE) {i.e., fNmMN, fNmE, fEmM, fEmE). Offspring were pooled across replicate colonies for each colony
type (see text). Sample sizes (numbers of offspring produced) are shown at the right.
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consistent with these predictions, R speratus
quecn-king incipient colonies contained work-
ers and soldiers derived from the worker line
{Fig. 1), but no nymphs (/ 9). On the other hand,
R, sperafus queen-gueen incipient colonies con-
tained nymphs and workers (/9), as predicied
from our experiments showing environmental
modification of nymph genotypes, In the related
R. flavipes, queen-king colonies contained neg-
ligible numbers of nymphs (0,72 + 028, » = 17),
whereas queenless colonies (with neotenics)
contained many nymphs (550 + 86, n = 3)(27).

The bifurcaied caste pathway shown in Fig.
1 is thought to have evolved from a linear pathway
(J2, 13, 22). Species with a hnear pathway ane
basal (22) and nest and feed wathin one wood
source. All offspring have the potential for selfish
development into alates or neotenics, but they
remain as sterile individuals under the influence of
pheromones produced by reproductive individu-
als. The selective advantage of the derived R
speratus genctic system may be enhanced inhibi-
tion of selfish reprodudion by offspring, particu-
larly during colony development. The offspring
produced in R. speratus queenking colonies are
presumably unable to develop into alates, and their
propensity 0 develop into selfish neotenies is
relatively low: R speratus nymphs reguire ~12
days and a single molt o become nymphoids,
whereas workers require ~30 to 40 days and two
maolts to become ergatoids (23). The evolution of
the genetically influenced caste determination
system may therefore have facilitated increased
colony size and ecological dominance.

If having genctically (as opposed to envi-
ronmentally) determined workers were advanta-
geous, the A allele would invade the population
at wik. Allele A would lead to colonies producing
a fermale bias among alates, due to =50% of
males being wingless workers. Such a bias
could favor the invasion of B, which would cause
an alate sex-ratio bias toward males, due to =350%
of females within colonies being wingless work-
ers. Eventually, primary reproductive individuals

0.6
- .
05 @
5 .
2 ' } ?
Eﬂ.ﬁ 4'- ab +
; |
= 03f |
c
a
0.2
b
01| 2
0 =
™ fE fNmN fHNmE fEmN fEmE
(n=4) (7} (5) (4 (8) i)

Fig. 3. Survival rates of offspring to the third
instar {(means £ SEM) in experimental treatments.
Rates were determined for most replicates
presented in Fig. 2. Means that bear the same
letter (i.e., a or b) are not significantly different
(Tukey's HSD test, P = 0.05; n = number of
replicates per treatment.
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wkBY wk?Y :

& nymphokd o ool Parthenogenesis
WKAA WKAE | wkAY | wkM | wik\Y WkAA
@ mymphoid | © worker | " warker | @ nymph | " worker @ nymph
wki8 | wikhY [ wkM | wikAY WAA
wkAB Q@ worker | " worker | Q@ nymph | " worker 2 nymph
Qevatcid (BB | wkBY | wkAB | wkBY wkes
Qlethal | " nymph | P worker | " nymph @ lethal

Fig. 4. One-locus-two-allele model of genotype affecting caste determination in R. speratus. This
madel fits the data from Figs. 2 and 3. The locus, dubbed worker (wi), is X-linked and has two alleles, A
and B. Females inheriting two copies of A have a nymph genotype; females inheriting a copy of bath A
and B have a worker genctype (the B allele is dominant), Males inheriting a copy of A have a worker

genoctype; males inheriting a copy of B have a nymph genotype. The

wi® genotype is lethal. Genotype

matches phenotype under experimental rearing conditions (ie, in the absence of reproductive
individuals). In the presence of reproductive individuals, the nymph genotype may be modified into a
worker phenotype as a result of environmental stimuli. Note: R. speratus nymphoid and ergatoid
females produce homozygous females by parthenogenesis.

carrying a combination of A and B alleles would
produce workers of both sexes, outcompeting
those with only one sex and allowing the alleles
to spread to fixation. Because an FE always has
the opportunity to mate under natural conditions
(with the king, mE, or mN), lethal wi?®
genotypes will not be produced by FE partheno-
genesis. However, [E-king or FEmN crosses, if
they oceur, will result in 25% lethal wk™, The
advantage of the B allele (i.e., production of
female workers) presumably outweighs this
potential cost.

Although some termites may have up to half
their genome linked o the X and ¥ chromo-
somes (24), R speranus appears 1o have at mosi
2 out of 21 (haploid) sex chromosomes (1¥).
Thus, the presence of wik on a sex-linked chro-
mosome may be important, Theory predicis thai
sex-linked loci are more efficient at transporting
the population from a previously sexually mono-
morphic optimum to a complex, sex-conditional
optimum, as would be the case during invasion of
the A allele (25).

Alleles A and B have an opposite effect in
cach sex. Allele A results in genotypic female
nymphs when homozygous, wk™*, but results in
male workers as a single copy, wi™Y. Allele B
resulis in male genotypic nymphs, w&™Y, but
female workers, wi™®. Female and male alates
each carry one allele type, which is passed on to
offspring of the opposite sex, resulting in wingless
workers, [nbreeding within the colony appears o
be required to produce further alates, It is the
occasional reproduction by workers (as ergatoids)
that allows the evele to continue. The existence of
several termite species with ergatoids and/or
workers of only one sex (/3) suggests thal
genetically influenced nymph and worker caste
determination may not be limited o & speranes,
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Mnemonic Function of the Dorsolateral
Prefrontal Cortex in Conflict-Induced
Behavioral Adjustment

Farshad A. Mansnuri,i* Mark ). Butkley,z Keiji Tanaka'?

Our cognitive abilities in performing tasks are influenced by experienced competition/conflict between
behavioral choices. To determine the role of the anterior cingulate cortex (ACC) and dorsolateral
prefrontal cortex (DLPFC) in the conflict detection-resolution process, we conducted complementary lesion
and single-cell recording studies in monkeys that were resolving a conflict between two rules. We observed
conflict-induced behavioral adjustment that persisted after lesions within the ACC but disappeared after
lesions within the DLPFC. In the DLPFC, activity was modulated in some cells by the current conflict level
and in ather cells by the conflict experienced in the previous trial. These results show that the DLPFC, but
not the ACC, is essential for the conflict-induced behavioral adjustment and suggest that encoding and
maintenance of information about experienced conflict is mediated by the DLPFC,

(1), which has been used rowtinely for
neuropsychological assessment, is a suit-
able task 1o examine the mechanisms of the

Th-: Wisconsin Card Sorting Test (WCST)

conflict-induced behavioral adjustment. In the
WOST, the relevant rule and its frequent changes
are nol cued, and thercfore the subjects face a
conflict or competition between the potential
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matching rules, Paticnis with prefrontal cortex
damage typically show wnpaired performance
on the WCST and other tasks in which they
should resolve conflict between potential rules
or responses (2-<). We trained 16 macaque
monkeys to perform a close analog of the WCST
{figs. S1 and 52) (5-7) Four monkeys received
bilateral aspiration lesions to the principal sulcus
within the DLPFC, four other monkeys received
bilateral lesions to the sulcal region within the
ACC, and six other monkeys remained as un-
operated controls (Fig, 1C) In the two remaining
monkeys (M1 and M2), single-cell activity was
recorded from the DLPFC,

In each tral, the monkeys were required to
select which one out of three different test ilems
matched a sample, according to the currently
relevant matching rule, under one of two dif-
ferent levels of conflict: low conflict and high
contlict. In the high-conflict condition, the sam-
ple matched one of the test items in color and
another test item in shape: however, it did not
match the remaining test item in either color
or shape (fig. S1). Therefore, the monkeys had
to resolve the competition between two po-
tential matching rules (ie., matching by color
and matching by shape) o select the target. In
the low-conflict condition, the sample matched
one of the lest items in both color and shape,
and it did not match the other two test itlems in
either color or shape: thus, there was no con-
flict between matching rules. The low- and
high-conflict tials were intermingled in a ran-
dom order. Trial events and the feedback were
similar in high- and low-conflict conditions
(figs. 81 and 82).

We examined the possible role of the ACC
and DLPFC in conflici-related behavioral ad-
justments by comparing the postoperative be-
havior of monkeys with bilateral lesions within
the ACC (ACC group) or DLPFC (DLPFC group)
(Fig. 1C) with the behavior of intact monkeys
{control group). The resulting lesions were as
intended in the ACC and DLPFC lesion groups
{71 (figs. S8 and 59).

All groups successfully performed the WCST
analog, as evidenced by their abilitics 10 make
numerous switches between maiching rules per
session (99 swilches par daily session in the con-
trol group as compared to 9.6 and 9.6 switches
in the ACC and DLPFC groups, respectively).
For all groups, we observed that the level of
conflict between matching rules influenced the
monkeys' behavior in curent as well as in sub-
sequent trials.

With regard 10 current trials, we found that,
in the control, ACC, and DLPFC groups, tanget
selection was slowed by the presence of conflict

*Cognitive Brain Mapping Labaratary, RIKEN Brain Science
Institute, Wako, Saitama 351-0198, Japan. *Department of
Experimental Psychology, Oxford University, Oxford, OX1
3UD, UK. ‘Graduate School of Science and Engineering,
Saitama University, Saitama 338-8570, Japan.

*To whom correspondence should be addressed. E-mail;
farshad @postman. rken.jp
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(Fig. 1A): The speed of target selection (STS),
which was calculated as the reciprocal of the time
between the test item onset and the first soreen
touch, was slower in high-conflict trials. A three-
way analysis of variance (ANOVA) [“monkey™
(between-subject factor) = “conflict” {low/high;
withinsubject factor) * “group” (control DLPFC/
ACC; between-subject factor)] applied o the
normalized STS in correct triak showed that there
was a significant main effect of conflict (F) ag, =
509, P< 1 = 1077, but the interaction between
the conflict and group factors was not signifi-
cant (F 155 = 1.9, P= 0.15) (7). When we used
only one averaged (across sessions) nommalized
STS value for cach monkey, no significant dif-
ference was seen in the magnitude of the STS
modulation (i.e., the difference in STS between
high- and low-conflict trials) between the con-
trol and ACC groups (fse = (L3, P = 05, 1 test)
or between the control and DLPFC groups (f744 =
061, P = 04). These resulis indicaie that the
modulation of STS by the cumrent conflict level
was not different between control and lesion
EOUpS,

The conflict hypothesis (8- /i) posits that the
assessment of conflict and the ensuing adjust-
micnt in control should result in enhanced reso-

lution of conflict and improved behavioral choiees
in subsequent circumstances where conflict anises
yet again, Consequently, in order to examing
whether monkeys' performance level improved
when faced with repeated high-conflict situations,
we compared the monkeys” behavior in high-
conflict trials that followed low-conflict trhals (LH
tials) with that in high-conflict trals that fol-
lowed high-conflict trals (HH trials). Only cor-
rect trials that were preceded by comed trials
were considered in this analysis.

We observed that, in both the conirol and
ACC groups, the STS of the second tral in HH
pairings was significantly faster than that of the
second trial in LH painngs; however, no such
significant difference between HH and LH pair-
ings was seen in the DLPFC group. A three-
way ANOVA [“monkey” = “previous conflict”
{HH/LH) = “group™] applied to the STS showed
a significant main effect of previous conflict
(F, 15 = 84, P = 0.004) and no interaction
between monkey and previousconflict factors
or among monkey, previous-conflict, and group
factors (P > 0.05). However. there was a sig-
nificant (Fs 255 = 34, P = 0.03) interaction
between the previous-conflict and group factors.
A follow-up post-hoc test (Tukey test) showed

A Fig. 1. Conflict-induced behavior-
11 - al adjustments in control, DLPFC,
Low-conflict (L) rials B and ACC groups. (A) The mean
el High-conflict (H) trials M pormalized STS in low-conflict (L)
w and high-conflict (H) trials {error
E bars indicate SEM). (B) The mean
1 difference in STS, with respect to
E the second trial of HH versus LH
2 trial sequences. Diamonds indicate
the data from individual monkeys.
0.8 (C) Black shadings show the in-
Control DLFFC  ACC tended lesion within the DLPFC
(left) or ACC (right).
B
0.3 9 Control group O
= P DLPFC group [
g ACC group O
E z ™ Miand M2 [
b
= x|, H s
- s H
= *
£ 0 s~
-
-0.03 - s
i Anterior cingulate sucus
Pt (Lesioned anea) Cinaulata
rincipal sulcus  Arcuate sulcus o

{Lesiened area)
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that there was a significant differcnce between
the control and DLPFC groups (P < (L05) but
not between the control and ACC groups (P =
0.9), When we used only one averaged (across
sessions) value for cach monkey, there was a sig-
nificant difference in the magnitude of the STS
maodulation (e, the difference in STS between
HH and LH irals) between the control and
DLPFFC groups (70 = 2.44, P = 0.02, one-iailed
¢ otest) but not between the control and ACC
groups (15, = 0L03, P = 0.5). Figure 1B shows
the mean STS modulation in the control, ACC,
and DLPFC groups, as well as in the two ad-

between the two conflict levels while the eye
position was fixed and before the monkey had
initiated its motor response. The example cell
shown in Fig. 2 showed higher activities in the
low-conflict trials during the sample period, re-
gardless of the direction of the upcoming motor
response. The activity difference between low-
and high-conflict trials was not related o the
sample identity, because higher activities were
consistently observed for each of the three sam-
ples used in low-conflict conditions, and lower

Fig. 3. DIPFC cell actiity A

REPORTS I

activitics were scen for cach of the seven samples
in high-conflict conditions. It was also indepen-
dent from the relevant rule, because the activity
was higher in low-conflict conditions imespective
of the relevant rule (fig. S5).

When we applied a two-way ANOVA (Fcon-
fict” = “rule™) to the activity in comect trals of
146 recorded cells, we found that 22 cells (15%)
and 30 cells (21%) showed a significant (P <
0.05) main effect of conflict in the sample and
decision periods, respectively, Only two (sample

ditional monkeys (without lesions) used inthe  represented conflict experi- 13 - : mtg_:i "
single-cell recording study (M1 and M2). These  enced in the previous trial. e 11 L
results show that, in intact monkeys and also (A and B) Activities in LH P=0.015 -"'.:“'_"ﬁ'r . ol
in monkeys with lesions within the ACC, the  trials (blue) and those in HH = | et il 4 LAY
STS was modulated by the conflict expe- frials {pink) are shown for 'g g
rienced in the previous irial but that this mod-  two cells [results are shown =
ulation was impaired after lesions within the forone cellin (&) and forthe @ = L
DLPFC. other cell in (B)l. The mean i b -

Having observed that the conflict-induced be-  activities are aligned at sam- o 0.
havioral adjustment was impaired in the DLPFC ~ Ple onset. Only activities in , : g 440
lesion group, we explored the underlying neural ~ COMTect trials that were pre- oo 0 125s . e

by recording single-cell activity in the ~ (eded by comect triaks were " =z:s (i
e g X included. The P values show 1 Stat-cue |Sam
DLPFC of two monkeys (M1 and M2). Both i W T Euaa ple
i : the significance level of ac Start Sample Decision
monkeys suceessfully performed the WCST an- . ar : . A Fixation
; : i ; tivity difference in the fixa- Fixation  Decision

alog (fig 52) even with the additional require- fion period | HH and
ment of eye fixation, and they acerucd more than LH trials (bin width, 55 me)
10 changes in the relevant rule per day (7). For B
both monkeys, the STS was significantly slower 71 j sirl
in high-conflict trials in all three response dirce- ey P
tions (fig. 83A), and the STS in HH wials was [ PR Y
significantly faster than that of LH tnals in all 2 B
three response directions (fig. S3B). 2 "] |

We found that the DLPFC cell activity dif- t% f
fered between low- and high-conflict trials in ‘V\\ .
the sample and decision periods (/7). In contrast p=<0.01 |
1o the lesion study, in the recording study (7) (fig. i
82), because different samples were consistently ¢ : [4
used in the high- and low-conflict trials (fig. -11 0z -~ 7 "
S4), the monkeys could know the conflict level
of the trial as soon as the sample was presented. Start-cue Fixation SampL _— SNk Fh‘“ﬂggmm ——
This design allowed us to compare the activity
F;nt-ed 2. WuF: cell actmtymd remg[t* Low-conflict m Color Shape Color Shape Color Shape Rule
5 currently experienced conflict {L) trials z :
The lef peri-stimulus time (PST) a i Lefi Lefi Right Right Down Down Direction
histogram shows activities in low- (H) trials - - - a + -
conflic (black) and high-conflict | 20
(red) trials (bin width, 55 ms). Each 11 | .M Il §
column shows activities in low- and AEEERGL [l M M MR 0 @
high-conflict trials that required the SN SO A GlSE M “'rﬁ,# Gy

application of the same matching
rule and responses in the same di-
rection. Left and right vertical
broken lines indicate the sample
onset and the onset of test items, 0
respectively. Samples presented in T
each conflict condition are shown
above individual PST histograms
(bin width, 20 ms). Bar graphs at
bottom show the mean activity in
the sample period. Only correct
trials were included. The recording
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area covered both dorsal and ventral banks of the principal sulcus.
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period) and four (decision pernod) of the cells
showed a significant interaction between the nule
and conflict factors, indicating that the activity
difference between low- and high-conflict wials
was independent from the relevant rule (fig.
55). The activity was higher in high-conflict
trials in some cells (522 and 14730 cells in the
sample and decision periods, respectively) and
higher in low-conflict trials in others (fig, 83).
Further analyses showed that the activity dif-
ference between low- and high-conflict trials
was not due to selectivity for physical fea-
tures of the sample stimuli (supporting online
material).

The modulation of behavior in the current
trial by the level of conflict experienced in the
previous trial requires a purported system to
hold the memory of experienced conflict across
trials. The neural representation of such a mem-
ory is expecled to appear in the period preceding
the actual stan of each wial. Thus, we also com-
pared the cellular activity between LH and HH
trials in the fixation period (a period in which
the eve and hand positions of the monkey were
fixed). A two-way ANOVA (“previous conflict” =
“rule”™) showed that out of the 146 cells, 15 cells
had a significant (P < 0.025) main effect of
previous conflict or is interaction with rule.
This number of cells is significantly (P = 0.004,
binomial test) greater than the number of cells
that could be obtained by chance. The activities
of two examples of these cells are depicted in
Fig. 3, A and B. The activity in the fixation
period was higher in HH trials in 4/15 cells and
higher in LH wials in 11/15 cells. Figure $6
shows the mean normalized activities of the
15 cells in prefemed (i.e.. whichever trial se-
quence, LH or HH, that had the higher activity
for that cell) and nonpreferred trial sequences.
Al the cell population level, the activity dif-
ference between LH and HH trals could be
seen during and even before the fixation pe-
riod. These results suggesied that DLPFC cell
activitics maintained, across tnals, the infor-
mation of the previously experienced conflict
level.

Our resulis showed marked similarty in
conflict-induced behavioral adjustment between
monkeys and humans (8, J2-16). Previous
studies (8-f0, {7-23) have (1) shown activation
of the ACC when human subjects face a conflict
between behavioral choices and (i) reported
impairment of conflict-related behaviorl modu-
lations in patients with ACC lesions (24), which
suggests the involvement of the ACC in the
conflict detection-resolution process. However,
humans with lesions that include the ACC do

2 NOVEMBER 2007

not necessarily show impairment in conflict-
related behavioral modulations (25). We found
that lesions within the ACC of the monkey did
not impair the behavioral modulations that oc-
curred after experiencing conflict in the current
or previous trial, Owr results indicate that, even
without a functional ACC, the behavioral effects
of experienced conflict can still be realized,

We observed that lesions within the DLPFC
impaired the conflict-induced behavioral modu-
lations. This suggests that in contrast 1o the ACC,
the DLPFC plays a crucial role in mediating
the behavioral effects of experenced conflict.
Previous studies have shown that lesions in the
principal sulcus cortex lead to impaiments in
short-term maintenance of spatial information
(26-28). We show that the indispensable role
of principal sulcus cortex in cognition extends
beyond shor-term storage of spatial infor-
mation to suppor conflict-induced behavioral
adjustment.

We found that DLPFC cells represented the
conflict level in the curmrent trial independently
from other aspects of task, suggesting that the
currently experienced conflict is encoded in
DLPFC cell activity as a distinct variable. These
results provide support (o the hypothesis (17, 14)
that the DLPFC is involved in the detection of
conflict.

We also found that the DLPFC cell activity
maintained information regarding previously
experienced conflict, and, in tum, the conflict-
induced behavioral adjusiment was impaired by
DLPFC lesion. Based on these complementary
findings, we can conclude that this region of the
DLPFC is necessary for conflict-induced behav-
ioral adjustment, and we posit that the cellular
activities that we have observed in the DLPFC
represent the conflict level and bring this infor-
mation o bear over time (o the following ral o
be wsed in adjusiment of cognitive control (2%),
In a changing environment, we need © optimize
the usage of our limited cognitive resources, and
the DLPFC might support an adaptive and dy-
namic tuning of our cognitive control processes
by maintaining information of recent cognitive
challenges.
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Electrophysiological Guidance System

Developed to improve micro-volume injection techniques used to study connectivity and function
of specific brain nuclei, the Recording Nanoject |l facilitates recording of neural activity. The sys-
tem enables direct displacement of neural tracer or excitotoxin from the pipet. Itis engineered to
mount easily on popular stereotaxic instruments and supplements instrument coordinates in guid-
ing the placement of injections. When operated in conjunction with an extracellular amplifier, it
can be used to place small volumes into targeted areas with a high degree of precision.
Drummond Scientific For information 800-523-7480 www.drummondsci.com

Gel Plate Cleaner

Gelplate-clean is formulated to clean elec-
trophoresis gel plates in a way that helps prevent
poor electrophoretic migration, band distortions,
and poor image development. The user simply
sprays the plate and wipes it, with no need to soak
plates for hours in strong and toxic solutions, It
leaves no residues, while removing proteins,
nucleic acids, fats, lipids, radiocisotopes, and other
contaminants. It is suitable for use with sequenc-
ing plates, protein gel plates, and mini gel plates.
G-Biosciences/Genotech For information
314-991-603 4 www.GBlosciences.com

Enhanced Image Reader Software

An enhanced version of JelMarker Image Reader
Software now incorporates unigue physical com-
parison DNA variant technology. In addition to
automatically identifying gel image lands and
bands, the mutation detection module of the soft-
ware converts the image into a synthetic electro-
pherogram that it then compares with a wild-type
reference, thereby detecting single nucleotide
polymorphisms at a sensitivity not possible with
previous visual detection methodologies. Jel-
Marker is compatible with fluorescence, chemilu-
minescence, and autoradiography gel image files,
especially those generated by the Li-Cor 4300
DMNA Analyzer and the Kodak Image Station
4000R. JelMarker can import up to two TIFF, BIF,
JPEG, BMP, or TXT files for comparative analysis.
SoftGenetics For information www.softgenetics.com

G-proteins; epigenetics and chromatin function
reagents; transcription factors and nuclear recep-
tors; and multiplexing and drug-discovery services.
Millipore For information 800-645-5476
www.millipore.com/guides

Solid Phase Extraction System

The Maxilute is a 48-well solid phase extraction
{SPE} system designed to bring the benefits of
microplate technology to drug development,
food, and environmental laboratories currently
using SPE cartridges. The Maxilute can repeat-
edly and precisely process up to 200 ml of sam-
plein one go, and is up to four times faster than
traditional manual SPE cartridge methods. It can
be automated easily for further productivity ben-
efits. Constructed of a single piece of high-qual-
ity molded polypropylene, the Maxilute will not
bend or distort, unlike SPE cartridges that have
to be repeatedly plugged in and out. With a
broad selection of packed bed volumes (250 mg
to 1500 mg) and a wide choice of high perform-
ance sorbents, the MaxilLute offers the flexibility
to be packed to perform optimally for almost any
SPE application.

Porvair Sciences For information +44 1932 240255
WP OTVaIT-SCieNces.com

Literature

Cell Signaling Application and Product Guide
includes dozens of cell signaling pathways, more
than 100 pages of technical articles, an estensive
troubleshooting section, and thousands of Upstate
cell signaling products, including antibodies,
enzymes, and kits. The range of cell-signaling
research tools includes kinases, phosphatases, and

WWW.SCiencemag. org

Stem Cell Medium

Stempro hESC SFM is a new serum-free, feeder-
free medium formulated for the growth and
expansion of human embryonic stem cells
(hESCs). The medium has been shown to main-
tain these cells in a genetically normal state. It
has been tested extensively and proven to keep
the cells pluripotent in a number of lines, includ-
ing BGO1, BGOZ, BGO3, HUESY, H1, and HY.
Currently, researchers working with hESCs grow
them in serum-containing undefined media
using mouse ar human embryonic fibroblast
feeder cells. These cultures not only make it dif-

ficult to keep cells pluripotent, they are also
labar-intensive and lead to challenges in scaling
up cell production. The undefined nature of
other cultures means scientists have a harder
time controlling culture conditions and compar-
ing results from experiment to experiment,

Invitrogen and Novocell For information

800-955-6288 wm.invilmgen LM

Stem Cell Passaging Tools

The StemPro EZPassage is a disposable device
designed to simplify manual passaging, the
process of dividing human embryonic stem cell
(hESC) colonies. The new tool is designed to
reduce the time required for this crucial step in
stem cell research, improve the uniformity and
consistency of manual passaging, and decrease
the amount of training required for newcomers to
the field. The ability to self-renew and continually
divide is a main characteristic of embryonic stem
cells. Cells replicate in culture, form colonies, and
eventually outgrow the dish in which they were
placed. Researchers must then "passage” the
cells to a new dish to allow them to continue
growing. Current manual and enzymatic passag-
ing processes are labor<intensive, can take more
than 20 minutes, and result in passaged colonies
of non-uniform size. By contrast, the passaging
process with StemPro EZ Passage can take less
than a minute, and the resulting stem cell sub-
colonies are uniform.

Invitrogen For information B00-955-6288
www.invitrogen.com

Wewly offered instrumentation, apparatus, and laboratary
materials of interest to researchers in all disciplines in aca-
demic, industrial, and government organizations are featured
in this space. Emphasis is given (o purpose, chief characteris-
tics, and availability of products and materials. Endorsement by
Science or AMAAS of any products or materials mentioned is not
implied. Additional information may be cbtained from the
manulacturer or supplier,
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Managing Scientists

Christina Hull chuckles when asked where sci-
entists acquire their interpersonal skills. She
acquired hers the same way most scientists do;
They were thrust upon her when she staried her
laboratory at the University of Wisconsin,
Madison. Suddenly she was the boss, faced with
the daily challenges of motivating students,
negotiating with peers in commitice mectings,
resolving conflicts in the lab,
and a dozen other tasks that
require what are broadly
called “people skills.”

Hull acknowledges that
possessing good manage-
ment ability is essential to
productive scientists, but
she received no formal man-
agement training prior to
taking the reins. Her experi-
ence is not unusual. Fully
halfof U.S. postdoctoral sci-
entists responding to a 2003
Sigma Xi survey said that
they had received no train-
ing in lab or group manage-
ment, and nearly all the rest
had received only ad hoc or
“on-the-job™ training. Most
wanted formal training in
lab management, but only
4% had attended a workshop
or done formal coursework.,

Even established senior
scientists recognize the disconnect. “Science
is odd in some ways,” says Robert Doms,
chair of the Department of Microbiology at
the University of Pennsylvania School of
Medicine. “You spend all vour time as a stu-
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“l realized there

were some things |
was doing that my
lab expected me to
do differentiy.”

—Christina Hull,
Unwersity of VWisconsin,

dent and postdoctoral fellow learning how to
be a good experimentalisi. Then you become
an independent scientist, and if vou are suc-
cessful, before long you are no longer doing
experiments because you don’t have any
time, and personnel management becomes a
major issue,”

Like many scientists, Doms modeled his
management style on that
of his scigntific mentor,
Ari Helenius, a virologist
al Yale Universily School
of Medicine, whose style
Doms admired. The ad hoc
method can work some-
times, but it's hit-or-miss.

“There are some horrible
pathologies in some labs
in the relationships,” says
Edward O Neil, director of
the Center for the Health Pro-
fessions atl the University of
California, San Francisco
{(UCSF), who offers labora-
tory management work shops
throughout the United States.
“People stay because they are
inspired by the science, but
they leave the training in
some of these labs really
wounded people. ... Then
they will use that as a model
for leadership”

In his workshops, O Neil tries to get scien-
tists to change their behavior by asking them to
frame a hypothesis. For example, “1f | stop
yelling at my technician when he makes a mis-
take and work together to correct the problem, he

Madison

“Scientists have to
learn that it's not
the science they're
managing, it's the
people who are doing
the science that
they’'re managing.”

—Alice Sapienza,
Simmons College

SCIENCECAREERS

will finish experiments more quickly and com-
pletely.” Then, O'Neil asks them to collect and
analyze data to see if the data fit the hypothesis.

Becoming an effective leader
Success in science is often meas-
ured by number of publications,
citations, and similar metrics. Bul
when Alice Sapicnza, a chemist
with a Ph.D. in organizational
behavior who is now at Simmons
Collegze in Boston, Massachu-
seits, asked experienced scientisis
what gualities they most admire
in a scientific leader, she got a
very different answer.

Sapienza says her research
suggests that the best leaders are those with
the best people skills. She surveyed more than
200 scientists and engineers from the United
States, Europe, and Asia, asking them to
describe the most effective scientific leader
they knew. Leading the list were people of
“caring and compassion,” followed by those
who “possess managerial skills” such as effec-
tive communication and conflict resolution.
Technical skill was a distant third,

Another common misperception among
scientists, she says, is that managing people
in a laboratory environment is somchow dif-
ferent from managing people in othertypes of
workplaces. “People are people,” Sapicnza
says. “There's a very short List of things that
ga wrong when people work together.”

S0 how do you make sure those things
don't go wrong? “There is no casy fix," she
says. “It should not be surprising that it will
take time to become an expert in the disci-
pline of interpersonal behavior.”

Carl Cohen, co-author of the book Lab
Dynamics: Management Skills for Scientists
{and a former Seience Carcers contributor),
recommends taking short courses in manage-
ment and reading books such as William
Ury's Getting Past No, which he found invalu-
able in developing negotiation skills. There’s
a whole literature out there, he says, that can
be very helpful.

" Meil recommends yearly performance
evaluations for everyone in the lab, including
the lead investigator, using what's known as a
360-degree evaluation in which people give
and get constructive feedback from supervi-
sors and those they supervise. This kind of
assegssment taught Sapienza that she needed
tobe more explicit with her students and posi-
docs in setting goals and expeclations.

Formalizing training

Mot long after her trial by fire at Wisconsin,
Hull, a former Burroughs Wellcome Fund
(BWF) Carcer Award recipient, got a taste of
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TOWARD A PHILOSOPHY OF RESOURCE MANAGEMENT

IN A COMPETITIVE RESEARCH ENVIRONMENT, THE USUAL
virtues—bold ideas, solid research qualifications, a pas-
sion for discovery—can't guarantee a satisfying and
lasting career. Even in an academic setting, seri-
ous researchers need financial knowledge and a
businesslike attitude.

Michael McClure, former chief of the
National Institute of Child Health and
Human Development’s Reproductive Sci-
ences Branch, compares the modern research
environment to a shopping mall in which the
landlord=—the university—leases space to new
businesses—junior faculty members—and
provides start-up assistance. The proprietor
expects those fledgling operations to become self-sufficient gquickly and
provide a reliable source of revenue far the university. "You need to
understand the principles of business and develop skills to market your
business,” McClure says. "In the harsh environment today, there's very
little forgiveness in the system.”

A programmatic vision

Like any successful businessperson, your most important requirement 1s a
clear plan. “It's not all about money,” says Joan Lakoski, associate dean for
postdoctoral education and associate vice chancellor for academic career
development at the University of Fittsburgh in Pennsylvania. "it's about
defining what your research goals are and then using the fiscal tools to be
able to accomplish the work.” “Grant reviewers will be looking for a long-
term plan,” agrees Maryrose Franko, senior program officer for graduate
science education at the Howard Hughes Medical Institute in Chevy Chase,
Maryland. "Money follows the vision.”

50 how do you develop a vision and a long-term
plan? Your adviser probably doesn't expect you to
think hard about the direction her lab ought to go
in or see to day-to-day details such as preparing
budgets, tracking expenses, building finan-
cially sensible collaborations, or juggling
multiple funding sources, but she praba-
bly will be willing to help you learn if

you express an interest.
Once your vision is in place, draw up
a detailed chart of the equipment and sup-
plies you'll need to do the work you intend to do
once you're independent. Figure out where to buy i,
how much it costs, and what equipment you might be able to share

with other scientists.

Funding your venture
A programmatic vision won 't just help you land job offers; it will also guide
your negoftiations for start-up funding.

Many new faculty members are afraid to ask for too much, so instead
they ask for too little, endangering their success during the critical first
years of their research careers. Take the guesswork out by knowing what
you need. Because you made a list, you know how much your lab will
cost to start up and operate until research grants start flowing—and you
can spell it out in detail for your future landlord, “You shouldn 't shoot
for the moaon, but it does the university no good to nickel and dime
you,” Franko says.

When grant-writing time comes, many researchers target only fund-
ing powerhouses like the National Institutes of Health and the National
Science Foundation. But it's also worthwhile to explore other possibilities

formal training when she participated in a
S=day lab management “boot camp”™ spon-
sored by BWF and the Howard Hughes
Medical Institute (HHMI) in Chevy Chase,
Maryland, in 2005,

“I decided to go to [the course] grudg-
ingly,” she acknowledges. "1 wasn’t sure it
was worth a week of my time.” She feared the
course would be a bunch of “business-speak™
that didn't apply to the issues she
faced in the lab. But by the end of
the course, she was glad she had
come. She says she valued hear-
ing the collective expertise of
experienced scientists who had
been through the same issues she
faced, and she learned enough
aboul her own personality and
management style o make changes
she says have improved her skills
as mentor and manager.

“| realized there were some
things [ was doing that my lab
expected me to do differently,”
she says. “My students pointed

994

out that [ don’t manage interruptions well
that [ allow them to interrupt me too much. |
thought that was interesting because | was
very much into my open-door policy. When |
became more protective of my time, they
respected my time more.”

Peter Bruns, vice president for grants and
special programs at HHMI, says that HHMI
is unlikely to offer the lab leadership course
again. Instead, the
institute is trying to
disseminate its model

people need at

“I've become much
more cognizant of
what level of hands-
on management

different stages of
their training.”
—Michelle Hermiston,

University of California,
San Francisco

by “training the trainers™: teaching the nuts
and bolts of how to run such courses to a core
proup of 17 interested professional societics
and universities that want to offer them.

HHMI pgave small seed grants to each pari-
ner and asked for evaluation data from the
workshops. [n aggregate, more than 90% of
respondents who participated in the courses
said that they would recommend them to a
colleague, according to Maryrose Franko,
senior program officer at HHMI.

Michelle Hermiston, a new assistant pro-
fessor of pediatric hematology at
UCSF, took a laboratory leader-
ship course offered by UCSFs
office of postdocioral education
this past spring. “I'm a huge
cheerleader for the leadership
course. | found it extremely use-
ful, as did all of my friends whao
also ook it,” she says. She partic-
ularly appreciated the tips on how
Lo assess work styles and how to
ask difficult questions aboul
potential weaknesses during the

9 MOVEMBER 2007 WOL 318 SCIENCE www.sciencemag.org
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including specialized federal programs, state agencies, private founda-
tions, industry partnerships, and community grants. Even small supple-
mental grants stabilize a laboratory’s cash flow and support auxiliary
materials, activities, or personnel that a primary grant might not. Small
grants can also fund exploratory work that can lead to mare significant

funding later on.

Before sitting down to craft a grant proposal, it's essential to under-
stand different funders’ priorities, says James Kitchell, director of the

Center for Limnology at the University of Wiscon-
sin, Madison. The best way to gain that under-
standing, he says, is to read funders’ strategic
planning documents, study successful proposals,
and talk with program officers, Program officers
are eager to discuss strategic priorities with
researchers; they can also advise scientists about
funding possibilities at foundations and other
agencies. Many funders offer online grant-writing
tutorials and other lab-management tools. Some
agencies host regional grant-writing workshops,
and most major scientific conferences have sub-
stantive lab-management components. "As a
researcher, you are an entrepreneur, and what you
have to offer the marketplace is ideas,” Kitchell
says. "It's to your advantage to know as much
about the process as possible.”

Every business needs a steady and diversified
supply of revenue, and a lab is no exception, so
take a holistic view of your funding portfolio. One
big grant is nice, but a financially healthy lab has

a variety of grants, large and small, that come due at different times.

Spend wisely

Knowing how to spend your laboratory's money is as important as knowing

hiring process. “For many of us who have
been trained in science, learning how 1o do
those things can be challenging.”

Hermiston says that the course has already
had an effect in her lab. Her technician told her
recently that she has become much more open
to feedback and said how nice it has been not to
have to guess what she is thinking. “I've
become much more cognizant of what level of
hands-on management people need at different
stages of theirtraining,” she says. “It's probably
changed some of my behaviors for the better in
that | give and ask for feedback more often.”

The United Kingdom has decided that such
training should come long before a scientist
finds herself running her own lab: A funda-
mental change is under way that aims to make
*soft skills” a part of doctoral education in sci-
ence. In 2002, a government-commissioned
panel recommended that all science graduates
receive such training. In answer to those rec-
ommendations, Research Councils UK, the
nation’s primary research-funding body, now
disburses £21 million (abouwt ULS. 542 million)
per year to universities for professional devel-

www.sciencemag.org SCIENCE VOL 318 9 NOVEMBER 2007
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how to get it. A growing number of institutions provide formal financial-
management training for scientists. Career-development workshops at
the University of Pittsburgh, for example, help postdocs and junior fac-
ulty members prioritize research goals, develop financially manageable
research programs, improve grant-writing skills, write budget justifica-

tions, and navigate fiscal policies. The Laboratory Management Institute

“Grant reviewers will be looking
for a long-term plan. Money follows
the vision.”

—Maryrose Franko,
Howard Hughes Medical Institute

at the University of California, Davis, offers a yearlong course for post-
docs that teaches skills including writing grant proposals and protecting

intellectual property.

Husbanding your resources is
key. Burn through cash too quickly
and you'll have to cut back on
research or let people go. Play it
too conservatively and you'll end
up with an admirable surplus that
you may not be able to roll over
into the next year—along with a
less-than-stellar CV.

Getting it right requires pre-
dicting how much money you'll
need for the current funding
period, building in overlap among
multiple grants, tracking expendi-
tures faithfully, and knowing how
to save a few bucks when you can.
Some tried-and-true scrimping
strategies include negotiating with
equipment and supply sales repre-
sentatives, who are usually eager to

get in on the ground floor at a new laboratory; buying used or surplus

equipment online; and sharing equipment with colleagues.

opment for graduate students and postdocs in
arcas such as project management, superyis-
ing others, and communicating with the pub-
lic. The goal isn't to improve laboratory man-
agement per se: it is, rather, to give graduates
skills that make them more attractive W poten-
tial employers in all sectors.

There is still some skepticism on the part of
supervisors, and some people believe that the
money would be better spent elsewhere. But the
program seems (o be having an effect, “We're
probably about hal fway there in terms of getting
transferable skills into Ph.I) programs,” says
lain Cameron, head of the Research Carcers
and Diversity Unit within Research Councils
UK. *We've made a huge amount of progress
since 2003, but we've still got some way to go.”

Such skepticism is not confined to the
United Kingdom. When Elizabeth Ellis, diree-
tor of Graduate Training in Biomedical Sci-
ences al the University of Strathelyde, UK.,
gave a talk on the ULK.s integrated-training
model at an Association of American Medical
Colleges meeting last year, she encountered
skepticism there as well. “There seemed to be

=5IRI CARPENTER

siri Carpenter is a freelance science writer in Madison, Wisconsin,

some resistance 1o mov[ing| towards skills-
based training in the U.S., and there was little
understanding of why transferable skills were
needed,” she writes in an e-mail.

Brian Schwartz, a physicist and vice presi-
dent for research and sponsored programs at
the Graduate Center of the City University of
Mew York, has been co-teaching courses on
business skills for scientists for 10 years,
Schwartz says students and postdocs are often
savvier than their supervisors about the need
for such skills in the job market. He adviscs
students to take such courses throughout their
graduate careers. “Even while getting a Ph.D.,,
take some other courses,” he says. “A lot of
students say, *‘But my thesis adviser won'i
allow me.” [ say ‘Don’t iell "em.” ™

“Seientists have to learn that iU's not the
seience they're managing, it's the people who
are doing the science that they're managing,”
says Sapienza. “Sometimes thats a quantum
leap for people to understand.”

-KARYN HEDE

Karyn Hede is a freelance writer in Chapel Hill,
MNorth Carolina.
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POSITIONS OPEN

ASSISTANT PROFESSOR of BIOLOGY
TWO POSITIONS: ANIMAL PHYSIOLOGIST
and ECOLOGICAL GENETICLIST

Truman State University

Position one: Assistant Professor of Biology | Ani-
mal Physiology ) available August 18, 2008; nine-
month, wnure-track appointnwent. Candidans whaose
rescarch emphasizes inernal physiological proceses
are encouraged to apply (examples include, but are
not limited o reproductive physiology, endocrinol
ogy, cardiovascular physiology, and newrobiology).
The successful candidate will teach unior-level phvs
wlogy, sophomaore-level cell biology, and upper-level
elective coumseis ), amnd may weach introducton: biologye.

Position owor Assstant Professor of Biology (eco-
loyrical penetics), available Aupuost 18, 2008; nine-
month appointment, tenure-track, Candidates who
possess broad rraining in both genetics and ccology,
and whose research is at the interface of ecology and
genctics are encouraged o apply, The successfl can-
didare will teach a sophomore-level genetics course, a
pnioe-level introduaion w ecology course, and may
wach introductory biclogy and/or an upper-level
elective coursels),

Candidates for both positions should be strongly
committed to maintaining both quality teaching and
an active research program involvng undergrado
ates. Successtul candidates wall also be encouraged to
develop mterdisaplinary courses and collaborative refa-
tionships with colleagues from other departments.

Required gualifications: PhoI}. in biology, or re-
lated field, by Auguse 2008; academic preparation
specifically related o animal phasiology and cell bi-
odogry (position one ) or geretc and ecology (position
twor); evidence of teaching effectivencss or evidence
of potentia teaching eflectivenss; research experience
in animal physiology (for pesition one) or ecological
penetics (for position two), as evidenced by publica-
nons i peer-eviewed venues (professional journals,
successful grans k evidence of effective communica-
tion skills.

Prefemed qualifications: previous experience mentor
ing undergraduate research smdents, provious teacher
scholar expenence av a fiberal arts mstitution.

Fank and salary: Assistant Professor. Salary 15 com-
mensurate with experience. Truman offers a benefits
package including life, health, and disability insur-
ance, retirement contributions, and partial reimburse-
ment fir moving expenses,

More information about the positions, Truman
Stare University, and the Biology Deparument can be

s/ academics. truman.edu
: L] ng:.’.trulmn.

edu”
T Application: Send a ketter of applcation; current
currculom vitae; statement of teaching philosophy
and commitment to the liberal arts and sciences and
student development statement of research interests
and goals; three recent letters of recommendation;
and all graduate and undergraduate transcripts (copies
acceptable, official coples of graduate tanscripts re-
quired prior w0 hirng ) to: Dr. Scott Burt, Biology
Faculty Search, Department of Biology, Truman
State University, 100 East Normal, Kirksville, MO
63501-4221; velephone: 660-785-4597. Oualificd
applicants must be limble fo work in the Uwited
Srates, Screening of applications will begin Novem-
ber 19, 2007, and continue until a sutable candidae
is hired.

Trinnar Sure I-mn'nrlf ag aar .-'”ﬁnu.lilrr .'lrunu.l.-"f:-..me
Cipportnaniry Bwgloyer commived o clinral dioeesity aned
e el e Arvodcens sl Disalulines Aa

POSTDOCTORAL MOSITIONS in BIOPHYS-
ICS of SIGNAL TRANSDUCTION available at the
Universny of Winas-Chicago, Two pesitions are open
immediately to study signal transduction n bacteria,
Candidate should have expertise in the fields of flu-
orescence, total nternal reflecnon Auorescence, sin
gle molecule biophysics, or molecular biology and
bischemistry. Send curriculum vitae and names of
three profissional references to: D Linda J. Kenney,
Department of Microbiology and Immunology,
University of Illinois-Chicago, 835 5. Wolcorr,
M,/C 790, Chicago, IL 6061 2.

POSITIONS OPEN

FACULTY POSITION
Gene Therapy Program
Lousiana State University Health Sciences
Center

The Gene Therapy Program at the Louisi
ana State University Health Saences Center
(LSUHSC) in New Orleans, Louisiana invites
applications for open rank tenure-track faculey
positions. Applicants must hold a Ph.). and /
or an M., degree. The position would suit
an individual with interest in gene delivery
and Sor vaccination for modulation or prophy-
laxis of infectious or neoplastic disease, areas
of current strength within the Program. We
are particulardy interested in candidates who
have demonstraved translational rescarch ca-
pacity and intramural funding is available o
support developmental and ongoing transla-
tional studics. Curvent external finding held
by Program members exceeds 523 mallion, most
by from the National Institutes of Health, and
includes Federal and State M awands. The
Program was founded in 2000 and i part-
nered with Tulane University Flealth Sciences
Center and LSU-Shreveport in the state-funded
Lowisiana Gene Thenpy Reseanch Consomium
(LGTRC). The Progeam is located in the new
Clinical Sciences Research Building a LSUHSC
in space adjacent o the Swanley Scor Cancer
Center. The Program curently has seven faculy
members, severd adjunce Geulty, funds three
state of the ant core fcilities in morphology and
imaging, aucroarray and  bicinformatics and
vector development, and oversees a BSL-3 faxil-
ity Stare-of the-art immunology and proteomies
cores have also been developed ar LSUHSC.
Through the LGTRC, we will have dirnca aceess
o wet laboratory space in the New Ordeans
Biolnnovation Center and a Good Manufacur
ing Practoe Fadlity aomently under construction
that will faahtate the development of dimcal
mials arisings from Program research. Applicants
should send an e-mail induding  curriculum
vitae to Dr. Alistair Bamsay, Program Direc-
tor at c-mail: proctherapy@lsuhse edu,

LEUHSC & am .F.".pm:f Clpyriwtamenty /2 [Fremia i
AAetionr Eingilayer.,

TENURE-TRACK FACULTY POSITION
Department of Mhysics
Morchouse College

The Department of Phvsies at Morchouse College
invites appheations for tenure-track ASSISTANT
PROFESSOR positions effective July 1, 2008, We
seck candidates possessing a PhoD. in physics, post
dodonl experience, and 2 comnatment o undengrad
uate teaching. The succesful candidate s expected to
establish a stromg rescarch program: that myvobies un-
dergradummes. Submit curmiculom vitae and an official
copy of the graduate school transenpt, descnption of
teaching experience and philesophy, description of
rescarch interests and carcer goals, and the names
and contact information for three professional ref-
erences from whom the College will request reference
letters uy The Search Committee, Depantment of
Physies, Morchouse College, 830 Westview Drive,
S.W., Adanta, GA 30314-3773, and must be re-
ceived by December 7, 2007, For more information
on the Department and College, visit our website:
http: /S www.morchouse.edu. Moelorse Collge i an

Equal Cypportarnaity  Affermuatiee Activn Emgloyer.

POSTDOCTORAL POSITIONS
University of California, San Francisco

(1} Embrvonic stem (ES) cell commitment and
differentianion into neurons (experience with mowse
or ES cells required); (2) neural circuies /behavior in
#ebrafish (background in nevrobiology  required ).
Please send curriculum vitae and names of three
references to e-mail: peter, lu@ ucsf.edu,
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National Center for
Research Resources

NATIONAL INSTITUTES OF HEALTH

Deputy Director, Clinical and Translational Research

THE POSITION: The National Center for Research Resources (NCRR) 1s secking exceptional candidates for the position
of Deputy Director, Clinical and Translational Research for the Center. The incumbent will lead NCRR efforts to integrate
basic discoveries with clinical research and ensure that the resources supported by NCRR catalyze the advancement of
biomedical research. He/She will advise the Director, NCRR, on the importance, policy implications, and program sig-
nificance of current clinical and translational research issues, focusing on translation from basic research into pre-clinical
studies and clinical trials, recommend changes in policy/operations, or follow-up actions. Areas of responsibility include
sensitive biomedical and/or political issues that cut across the NIH. The NCRR provides laboratory scientists and clinical
researchers with the environments and tools they need to understand, detect, treat, and prevent a wide range of diseases.
www.nerr.nih.gov This support enables discoveries that begin at a molecular and cellular level, move to animal-based
studies, and then are translated to patient-oriented clinical research, resulting in cures and treatments for both common and
rare diseases. This position offers a unique and exciting opportunity for an extremely capable individual to share responsi-
bility in providing strong and visionary leadership to an organization dedicated to enhancing our understanding of health
and disease, translating basic research into medical care, and improving human health. The Deputy Director, Clinical and
Translational Research will be expected to represent the Director on a broad range of clinical and translational research
issues related to the Center’s activitics before Members of Congress and their staffs, high level Government officials,
leaders of national voluntary and professional health organizations, and leaders in business, science and academia.

QUALIFICATIONS REQUIRED: Applicants must possess an M.D., Ph.D., or equivalent degree, as well as senior-
level research experience or knowledge of research programs moving research from the basic laboratory sciences into
pre-clinical models and clinical trials. Candidates should be outstanding communicators and known and respected as
distinguished individuals of outstanding competence. Applicants should also demonstrate the ability to think strategically,
work collaboratively and use a consultative approach to problem solving and decision making.

SALARY/BENEFITS/OTHER INFORMATION: Salary is commensurate with experience and a full package of Civil
Service benefits is available, including: retirement, health and life insurance, long term care insurance, leave and savings
plan (401K equivalent). The National Institutes of Health inspires public confidence in science by maintaining high ethi-
cal principles. In addition to the Federal government’s code of ethics, we have our own agency specific standards - check
them out at the NIH Ethics web site. This position is subject to a background investigation,

HOW TO APPLY: A Curriculum Vitae, Bibliography, and two letters of recommendation must be received by Novem-
ber 30, 2007. Application packages should be sent to the National Institutes of Health, National Center for Research
Resources, ATTN: Bonnie Richards, 6701 Democracy Boulevard, Suite 1010, Bethesda, Maryland 20892.

For further information, please call (301) 435-0717. All information provided by candidates will remain confidential and
will not be released outside the NCRR search process without a signed release from candidates.

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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TENURE TRACK POSITION IN IMMUNOLOGY

The Experimental Immunology Branch (EIB), Center for Cancer
Research (CCR) of the National Cancer Institute (NCI1), National
Institutes of Health (NIH), Department of Health and Human Services
(DHHS), Bethesda, MD, invites an][canb; to apply for a tenure track
position in Immunology. The applicant should have a Ph.D., M.D. or
equivalent degree, a strong record of scientific accomplishments, and
the potential to establish an independent research program in mga&p-:cl
of molecular or cellular immunology. The position provides salary and
full funding to establish an independent research program, including
laboratory space, equipment, budget, technical personnel, and support
for fellows. Salary will be commensurate with education and experi-
ence. The EIB consisis ol 9 Principal Investigators: Alfred Singer, Tri-
antafyllos Chavakis, Richard Hodes, Andre Nussenzweig, Paul Roche,
David Segal, Stephen Shaw, Gene Shearer and Dinah igger, Active
research covers awide range of arcas of immunology including: thymic
education and T cell differentiation, HIV-induced immunodeficiency,

enetic recombination and chromosomal instability, inflammation

iology, antigen presentation, receplor assembly and transport, signal
transduction, and regulation of gene expression. Scientific nteractions
are encouraged and occur cxtens.iveliammg members of EIB as well
as with other scientists at the NIH. Applicants should send a CV and
hibliography, outline ofa proposed research program (no more than two
pages), and three letters of recommendation to Caroline McCabe, 10
Center Drive, Bldg. 10, Room 4B36, NIH, Bethesda, MD 20892-
1360. Applications must be received by December 15, 2007.

Postdoctoral Fellowship
Experimental Transplantation and Immunology

Post-doctoral positions are available in the Ex perimental Transplaniation
and Immunology section of the National Cancer Institute in the labora-
tory of Dr. Dennis Hickstein, The laboratory focuses on translational
research in the genetic correction of hematopoietic stem cells in animal
models of human genetic diseases. Experence in molecular genetic
techniques is strongly recommended. The laboratory is located on the
main campus in the new Clinical Rescarch Center in close proximity
to the clinical unit, thus facilitating the clinical application of basic
investigation.

The NCI offers competitive Post-doctoral stipends along with an excel-
lent work environment. The NCI is an Equal Employment Opportunity
and Affirmative Action employer that values and fosters diversity
throughout the entire organization,

Interested applicants should send a CV, brief description of research
interests and experience, and contact information for three references to:
Dennis D. Hickstein, M.D., Investigator, Experimental Transplanta-
tion and Immunology, Center for Cancer Research, National Cancer
Institute, Bldg. 1WCRC, Room 3-3142, Bethesda, MD 20892, Email:
hicksted@ mail.nih.gov.

Postdoctoral Positions Available

The Extracelular Matro Pathology Section of the Cell & Cancer Biology Branch, Center
for Cancer Rescarch, National Cancer Institute, National Institutes of Health, Department
ofHealth and Human Services invites applications for two Postdoctoral Fellowship raning
positions, The Scction's rescarch offort focuses on the “tumor microcnvironment™ with
particular emphasis on tumor angiogenesss and the epithelial-lo-mesenchymal ransition.
Ongoing investigations inchude explormg the metalloproteimase-independent roles of the
tissue mhibitors of metalloproteinases (TIMPs) in modulating the iumor-host inleractions.
Special emphasis s placed on understanding the mole of these proteins m regulating
tumor-associated angiogenesis, wmor growth and metastasis. The mechanisms of TIMPs
inregulating tumor growth and angiogenesis are studied through the use of genctic mouse
models, specialized in vive mgiogenesis assays, murme tumer models, flow cylomelry, as
well as bochemical, immunoe-histochemical methods and confocal micrascopy, Current
projects also include the preclnical dovelopment of TIMP-derived peplides as novel cancer
therapeutic agents, Expenience in flow cytometry and 'or scanning confocal microscopy is
preferred Postdoctoral fellowship training at the Natoonal Cancer Institute offers a unigue
scientific environment with significant opportumities for outstanding postdoctoml fellows
1o pursue innovative cancer research and provides excellent preparation for suceessful
independent scientific careers,

Interested applicants should have a PhoD.and'or M.D, have less than 3 years postdociorl
expericnee, and be cither all 5, citzen ora UL S, Pormanent Resident, To apply send cur-
riculum vitac, biblography, cover ketier with a brief description of rescarch experience and

imterests, and 3 letters of references (with phone numbers ) via c-mail to_sstevenw Gmazl,

nifgov, o via post to William . Stelter-Stevenson, M.D., PhIv, Cell and Cancer
Binlagy Branch, Center for Cancer Research, National Cancer Institute, Advanced
Technology Center, 8717 Grovemont Circle, Bethesda, MD 20892-4605,

H 4+ ¥ %
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Deputy Director, National Institute on Aging (NIA)

The Department of Health and Human Services (HHS) and the Nafional Institules of Health
(NIH) i seeking candidales for the position of Deputy Direclor ofthe Nabional Instifule on Aging
(NIA) fo support NIAs mission of improving the health and well-being of older Americans by
supporting and conducting high-quality esearch on aging processes, age-related diseases,
and special problems and needs of the aged; iraining and developing highly skiled ressarch
saientists from all population gmups, developing and maintaining state-of-he-art resources
lo accelerale research progress, and, developing and disseminating information, nationally
and internationally, and communicating with the public and interested groups on heath and
reseach advances and on new dircctons for research. This position wil assst the Direc-
for, NIA in coondination of all activities related o the mission and funclions of the Institule,
in the: development and execution of plans and policies of the MIA and in the allocation of
resources. Applicants may browse the NIA Home Page at htip dhwww.nia.nih. gov for additional
nformation on the Instifute. Applicanls must possess an MD., Ph.D., or equivalent degree
in a biomedical field related to lhe mission of NIA and have professional experience with 2
broad national programmalic or sdentific background, have the demonstrated capatbility fo
plan and direct programs of national and infemational imporiance; and have the abiiy fo
communicate with and oblain the cooperation of public, private and national and inberna tianal
organizations and individuals. Salany is commensurate with qualifications and experence.
Full Federl benefits available. Questions may be addressed to Melissa Fraczkowski at
kellermel@mail. nih.gov orby phone at 301-451-8413. Application packages am bo include
a CV, biblicgraphy, and slalament addressing the qualificafions and interest in the postion.
While applcation packages wil be accepted until the pesition & filled, the application review
process will begin in early January, 2008.

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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17 Mechanistic Neuronal Cell Biology
[ D s Tenure-Track Investigator
N Intramural Program

The Intramural Research Program of the National Institute of Neurological Disorders and Stroke invites applications
from creative, interactive scientists to establish an independent research program exploring biophysical/molecular
mechanisms of cellular processes in the nervous system. Candidates using a combination of structural and func-
tional approaches interested in any arca of cell biology important for nervous system function are encouraged to
apply. Outstanding imvestigators interested in the fundamental mechanisms of membrane or cytoskeletal dynamics,
or protein trafficking, are particularly of interest. New investigators will be considered at the level of tenure-track
investigator, and candidates with international reputations and well-documented evidence of substantial indepen-
dent accomplishments will be considered at the level of tenured senior mvestigator. A MD or PhD degree and at
least three years postdoctoral experience are required. Laboratory facilities, start-up and sustained research funds
and salary will be competitive with premier academic institutions.  Applicants should send the curriculum vitae
including bibliography, statement of research interests and the names of'three references to: Alan Koretsky, Sci-
entific Director, NINDS, NIH, ¢/o Pegay Rollins, Building 35, Room GAY08, 35 Convent Drive, MSC-3716,
Bethesda, MD 20892-3716 or by email in one .pdf file to rollinspi@ ninds.nih.gov. (Phone: 301-435-2232).
Applications will be reviewed beginning November 30, 2007.

DEPARTMENT OF HEALTH & HUMAN SERVICES

Nln“ NATIONAL INSTITUTES OF HEALTH
gedimie NATIONAL INSTITUTE OF MENTAL HEALTH

Developmental Neurobiology Program

The National Institute of Mental Health (NIMH) Division of Neuroscience and Basic Behavioral Research announces an opening for a Health Sciences Administrator to
guide and manage a grants program supporting basic research in developmentzl neurobiclogy. The Program Officer will lead an innovative program aimed at discov-
ering fundamental mechanisms underlying the establishment of functional circuitry in the developing central nervous system and elucidating factors that influence
neurmdevelopment, especially in brain regions important for the maturation of cognitive and emotional processes implicated in psychiatric disorders. This position
provides an opportunity to impact priorities, develop new research inftiatives and to contribute to the advancement of a national program of neurodevelopmental
research spanning mofecular, cellular, physiological, and systems levels of analyses, including model systems and organisms.

Individuals are encouraged o apply who have research experience using @ broad range of methods, procedures and techniques to understand the mechanisms
whereby intrinsic molecules, genetic factors, and extrinsic influences impact pre- and post-natal developmental processes that determine adult brain function. Gen-
eral responsibilities will include administering and managing an extramural portfolio of research grants, interacting with researchers and program officers for related
programs at NIMH, NIH, and other funding agencies, and developing new research initiatives.

Candidates must be LLS. citizens and have a Ph.D. equivalent degree with post-doctoral research experience relevant to developmental neurcbiclogy. Candidates
should also have experience in the grants process. The position requires working both independently and collaboratively, Strong organizational and oral and written
communication skills are also required. Salary will be commensurate with experence. A full package of Civil Service benefits is available including retirement, health
and life insurance, leave, and savings plan (401k equivalent).

Applications may be submitted beginning October 9 through December 10, 2007. Baginning October 9, official application instructions can be found at the
USAJobs Web Site (http:f [www usaiobs.aov), by searching on Vacancy Announcement NIMH-07-222652-DE. For further information about the application
process, please contact Ms. LaDonna Daniels (DanielsL@mail.nih.gov) at NIH Human Resources. For more details concerning the nature of this position,
please contact Dr. Lois Winsky [winsky@mail.nih.goy. With nationwide responsibility for improving the health and well being of all Americans, the Department
of Health & Human Services oversees the biomedical research programs of the National Institutes of Health (httpaf /www .05 dhhs.gov).




Stanford University
Department of Materials Science and Engineering
Materials for Energy Faculty Opening

STANFORD

MATERIALS SCIENCE
AND ENGINEERING

The Depariment of Matenals Science and Engineering at Stanford University invites applications for a tenure-track position at the jumior (unienured)
level, Applicants should hold an earmed doctorate in a core engineering or science discipline and should have outstanding potential for establishing an
independent research and teaching program focusing on materials for enengy science and technology with connections to energy supply or demand, energy
conversion or transformation, or the environmental impacts of energy.

online @sciencecareers.org

We are especially interested in a person who would collaborate effectively with materials science faculty and students engaged in energy-related materials
research, or those in other core areas of nanomaterials and biomaterials in the MSE department involving electronic, optical and photonic, magnetic, and
mechanical propertics. The successful candidate is expected to contribute to leadership in Stanford s multidisciplinary materials ¢ ffort which spans several
depariments and schools, including faculty in Chemical, Electrical, Mechanical, Civil and Environmental Engineering in the School of Engineering, in
Physics, Applied Physics, Chemistry and Biclogy in the School of Humanities and Sciences, as well as at the Stanford Synchrotron Radiation Labora-
tory, We seck an individual who is committed to excellence in teaching and to the mentoring of students, The successful candidate will be expected to
contribute to the teaching program of the department by offering core courses in materials science, as well a5 by developing new curricula in their own
area of specialization.

Applicants should include a summuary of their educational and professional background, a current list of published work, evidence of teaching experience
and the names of at least three referees who may be consulted by the search committee. An indication of how the candidate’s experience matches the
position described above should also be given. Applicants are encouraged to write brief descriptions of their plans for future research and how those plans
might be realized in a Stanford setting, as well as o submit similar statements on teaching, focusing especially on their vision of teaching to students in
the Department of Materials Science and Engineering. The appointment is expected to be nmde during 2008; applications should be submitted by March

-]
g
3

1, 2008, o

Professor Reinhold H. Dauskardt
Chair, Search Committee

Department of Materials Science and Engineering

Stanford University
Stanford, CA 94305-2205
phone:{(650) 725 - D6TD
fax: (650} 725 — 4034
e-mail: davskardtir stan ford.cdu

Stanford University is an Egual Opportunity Emplover and is committed to increasing the diversity of its faculte. It wefcomes nominations of and appli-
catfons from wommen amd minority groups, as well as others who would bring additionad dimensions fo the umiversite s reseavefr and teaching missions,

FACULTY POSITIONS

YESHIVA COLLEGE
DEPARTMENT OF BIOLOGY

Yeshiva College, the men’s undergraduate
liberal arts college of Yeshiva University,
invites applications for three Assistant or
Associate Professor tenure-track positions in
the Department of Biology to begin Fall 2008,
These positions are part of the ongoing
expansion and development of our department
which includes new research facilities and new
teaching laboratories,

Successful candidates are expected to develop
vigorous, externally funded rescarch programs
involving undergraduates and to  be
outstanding teachers. Preferred areas of
interest are neurobiology, developmental
biology, and computational biology.

Review of complete applications
will begin on January 1, 2008.

Applicants should submit curriculum vitae,
separate two-page statements of research and
teaching interests, three representative
publications, and arrange for three letters of
recommendation to be sent to; Biology Search
Commillee, Office of the Dean, Yeshiva
College, 2495 Amsterdam Avenue, New York,
NY 10033-3312, EOE

Yeshiva University

THE BRAIN INSTITUTE
. THE UNIVERSITY OF UTAH

USTAR Tenure-Track Faculty Position

Diagnostic Imaging Research

The Brain Institute at The University of Utah, Salt Lake
City seeks to fill one or more tenure-frack positions in
diagnostic imaging research. We are particularly
interesied in candidates with established research
programs imvalving the application of imaging
technologses to the study of brain and spinal cord
disorders. An M.0L, Ph.D. or equivalent doctoral degree
is required. These positions are funded by the Utah
Science, Technology and Research Economic
Development Initiative (USTAR). Through LISTAR, the
State of Utah is imvesting mare than $15 millon per
year in new funds, plus additional ongoing support to
recruit world-class scientists and engineers,

Interested applicants should email a CV, names of five
references, a statement of research goals and
statement of teaching interests to the Search
Committee, USTAR Diagnostic Imaging faculty search, at
brain_imaging@unite.utah.edu. Or mail to: Diagnostic
Imaging Search Committee c/o The Brain Institute at
The University of Utah, 383 Colorow Way, Rm, 321, Salt
Lake City, UT 84108

The Universily of Utah i an EQMAA employer, encourages
applications from women and minarilies, and provides
reasonable sccommoadation fo the known disabiliies of

applicants and employeas,

http://brain.utah.edu

i+ 2 Full-time Tenure-track
fdfﬁ%‘% Faculty Positions In
& Biochemistry and Organic
g Chemistry at the Université
3 catholique de Louvain

%ﬁm.&* {Louvain-la-Neuve, Belgium)

i are opened (10/01/2008)
Full-time Tenure-track Facuolty Position in
Biochemistry: Ref: SC/CHIM/2008/831
Profile: The successlul candidate will be mvolved
i teaching mainly biochemstry and in research
in bischemistry with special atiention to the
connection between organic chemistry amd life
chemistry, A multidiseiplimary activity centrad (o
big-muolecular ¢chemistry and especially protein
chemstry (structure and function) will be pre-
ferred. Collaboration with groups of the chemisiry
Department and/or the Institute of the Lile Sci-

ences will be an assct. Informal enguines: Prof,
Yves-Jacgues Schneider, vjsiruclouvain be,

Fp

Full-time Tenure-track Facolty Position in
Organic Chembiry; Rel: SC/CHIM// 2008832
Profile: The successlul candidate will be myvalved
i teaching courses m general chemistey and in
orgamic chemistry, a5 well as in rescarch in
organic chemistry. A muludisciplinary activity
centred 10 organic synthesis and dealing with
big-organic chemstry and'or the study of struc-
ture-(re)ac ivity relationship will be preferred.
Informal enguirics: Prof. Olivier Riant,
rianija chim.ueLac.be.

For exact apphcation procedure, consult hitp:
Mwww.uelouvain.be/en-38120.himl. Closing

date: 11 January 2008,
The Universiteé catholigue de Lownvaim ix
committed to Equality of Gpporiumity i
Ermnplenaneni.
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FACULTY POSITIONS
UNIVERSITY OF MICHIGAN

MATERIALS SCIENCE
AND ENGINEERING

The University of Michegan Department of Matarials Science and Engineenng College
of Enginearing, has epenings for both tenured and tenure-track faculty positions.
Applicants must have a Ph.D. degres, be qualified to teach undergraduate and
graduate courses in Materals Science and Engineerng and ame axpacted to devalop
independent and cooperative research programs. A demonstrated research record or
potential is required. The prefered areas of expertise include materials for energy
conwersion and storage as wall as photonic and phononic materalks, akhough
outstanding candidates are welcomed in all areas. Wae seek candidates who wil
provide inspiration and Badershep in research and contribute actively to teaching, and
am especially interested in candidates who can contribute, through their reseanch,
teaching and/or sarvice, to the diversity and excalenca of the acadamic comimunity.
The University of Michigan is responsive to the needs of dual career families.

Send curriculum vitae and a list of references to:
Prof. David C. Martin, Chairman, Search Committes
Department of Materials Science and Engineering
The University of Michigan
2300 Hayward Street
Ann Arbor, Ml 48109-2136

An affrmative acton, equal ooportumty amipioyer
Tha Uinfversty of Michigan is a aual carper fiendly insfifution.

Yale University invites applications for faculty
appointments at both the nontenured (tenure
track) and fenured levels in its Department
of Biomedical Engineering, These faculty
additions represent growth of the Faculty of
Engineering and the formation of unique activi-
tics uniting Yale Engincering with the Yale
School of Medicine, New faculty members
will collaborate with an already strong team
of engineers, basic scientists, and clinical sci-
entists providing research and education at the
undereraduste and graduste levels. The areas of
specializtion are open, but Yale is particulady
interested in candidates with research interests
in biomaterials, biosensing., and biomechanics,
Successiul candidates will have the potential
to interact with existing foc of research in
biomedical imaging, biosensing. biomechan-
ics, drug delivery, and tissue engineerning.
Please send a complete OV, example publica-
tions, research/teaching plans, and the names
of three references to: Professor W, Mark
Saltzman, Yale University, Department of
Biomedical Engineering, P.O, Box 208284,
New Haven, CT 06520, The deadline for
applications is December 31, 2007,

Yale University is an Affirmative Aedion/
Equead Opprportrnity Employer amd weloomes
appalicarions from wonten and memibers
of miinoriries.

=

LISIVERSITY OF MISSOURI-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 poiential, The candidate will be expected to participate in graduate
and/or undergraduate teaching, faculty mentorship, and work closely with the Dean on deci-
sion-making matters pertaining o the growth, development and direction of the School, The
School of Biological Sciences is positioning itself to become a regional leader in the areas
of structural biology and molecular cell biology and welcomes applications from qualified
candidates in these research areas: however, outstanding scientists from all areas of basic
life sciences research are encouraged to apply. The successful candidate 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, Dreyfus, 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 o drevfuslm umke.edu. All materials will be handled with sirict
confidentiality. The position will remain open until filled.

UMK is an Affirmative Action/Equal Opportunity Emplover.
Wamen, minoritics, veterans, and individuals with disabilities are enconraged to apply.

Faculty Position
Cell and Molecular Physiology

The University of North Carolina
at Chapel Hill

The Department of Cell and Molecular Physiol-
ogy in the School of Medicine invites applica-
tions for a tenured faculty position at the level
of Full Professor. This position includes full
membership in the UNC Kidney Center, We
seek candidates in the field of Kidney physiol-
ogy who will advance the field of translational
kidney rescarch and train students and post-
doctoral fellows. While research will be the
primary focus, this faculty member will have
teaching and service obligations comparable
with other full professors in the department.
An attmctive startup package and laboratory
space is offered. Faculty members are expectad
o develop a strong externally funded research
program and contribute to teaching graduate
and medical students. Applications must hold
a doctoml degree.

Please submit the names of four potential ref-
erences, curmiculum vitag, statement of your
proposad research program, and career poals
by email to: research_goalsi@ med.un c.edu;
James M. Anderson, M.D.. PhD, ¢/o Mary
Wright, Executive Assistant to Chair,
Department of Cell and Maolecular Physiol-
ogv, School of Medicine, The University of
North Carolina at Chapel Hill, CB #7545,
6312 MBRE, Chapel Hill, North Carolina
17599-T545. Closing Date: Untal Falled

UNC-CH is an
Eeveeld Opoerr tumi ty Ervpaleryer,




ITYor THE BRAIN INSTITUTE

EIAW W THE UNIVERSITY OF UTAH

LUSTAR Tenure-Track Faculty Position

iencecareer 5.0rg

: 1 : Brain Circuits Research
S Dean of Engineering 3 “
@ The University of Deloware invites nominations and applications for the position of Dean of the Colkge of The Brain Institute at The University of Utah, Sakt Lake
g Engineering. The Dean provides scademic leadership for ever 100 facully in five depariments thal enmoll City seeks to fill one or more fenure-track positions in
= approximaicly 1300 undergradunte and 500 graduate stdents. The Colkege of Enginecring is home to o vwide brain circuit research. We are particularly interested in
=] range of disciplines that support workl-class programs and to cight esecarch oonlers; o maltidisciphnary por- candidates with established research programs in: (1) A

spective is fostered and is of conlinued interest b the college, Extemal funding through contracts and granis
exceeds 345 million in the college. Reporting dircctly to the Provost, the Dean occupics a key role in the life of
the University and must function cffectively as pan of the central administrtive team, including active partici-

particular circuit in the brain and its behavioral output;
(2] Methods for genetic control of the activity of single

disaiplinary snd multiculweal sducation and have 5 record of promaeting diversity,

&
o pation in University development activities. cells in a circut; and (3) Electrophysiological methods
to record from such cells. An M.D,, Ph.D. or equivalent
5 The I._'l|:|.|1 r-_l:-nuld posscis an ﬂui_sl_undl;ig :Ircutlr‘mlc TT;TM mn:iuhlfllr'ith a senior I’av:ultgr'l appointment, have doctoral degree is required. Positions are funded by the
cxpenenoe i recrusting and retaming faculty of excellence. and ¢ to manage a complex acodemic enter- ' \
prise. The Dean must provide vision for the college and foster both vigorous nesearch programs and excellkent Utah Science, Tﬁ:hm and Research Economic
u unsbergrntuate and graduale education sonos the hreadth of disciplines within the colkege. An ability to devel- Development IIﬂl‘Ba.lh'E (USTAR). Through UE“'H" the
E op innovalive scademic programs and o promoie the college’s imerests with internal amd exiernal constituen- Hate of Wahis h‘N‘E-S1I'l§ maore than $15 mallion per
a cies within the staie snd ai the national kevel is imporiand for the position. The Dean must be commitied to inter- year in new funds, plus additional ongoing support.
- -

Interested applicants should email a O, names of five
With the most beaotiful campus on the East Coast, the University of Delaware is a community of 15 849 umder- references. a statement of research gual'i and

3 4: W, 3 3 mosier® e
prduate and 3 446 gr'.n.h:alr.: slu:l:n.Ls lu."mw.u:lcl.c'dm. [.1. has 126 umjc!.'gmdu.'lh: Majors, !'I-._ mmh:_r 5 ]'.tngru.rm etatement of tEH‘J"IIE'bg inlerests 1o the Seareh
and 39 doctoral programs.  The University has a commitment 1o tesching excellence and inpovation. UD is a Committee. USTAR Gircuits of the Brain fa -
research-extensive institution that has land grant, sea grnt, urban gront and space grant statws . Extemal fund- e, L an acuty search,

ing ul the University exceeds $150 million, brain_circuits@unite.utah.edu. Or mail to: Gircuits of
Revi f applicati ill begi M ber 1, and will conti il 1} ition is filled. The De ill L1 St Ewct Commiles 20T Bk oty
eview of applications will begin on November 1, and will continue until the position is filled. The Dean wi
WEE LT nffi.:\lflm July l,lil]H.SNuminuLinm and expressions of mterest will Irwhci.l in confidence, Candidales Iiug:f&t::ﬂl':ah' 333 Colorow war' Rm, 321 ! Salt
should submit a letter of interest, a detailed resume, snd the names and addresses of four references to Dean
Tom Apple. Chair, Engincering Scarch Committee, 4 Kent Way, University of Ddaware, Newark, DE 197 16; The Universily of UTah iz an ECYAA employer, encourages
or by email to engsearch® ar-sciudel edu. For more information about the college. plesse visit the college's applications fam wamen and minorities, and provides
web site a1 www.engridel edu. reasonable sccommadation io the known disabliias of
appicants and ampioyees.
The UNIVERSITY OF DEIAWARE is an Equel Opportunity Emplover which
enconrages applications from Minority Growp Menbers and Women, http://brain.utah.edu

-

Drexel

UNIVERSITY
UNIVERSITY FACULTY POSITION AT DREXEL UNIVERSITY
FACULTY POSITION AT DREXEL UNIVERSITY Department of Bioscience and Biotechnology
Department of Bioscience and Biotechnology PLASMA BIOLOGY
BIOLOGY Drexel University is searching for a biologist with experience in cell

biclogy, especially epithelial biology or wound healing, or molecular
pathogenesis, Appointment will be made at either the Assistant or
Associate Professor Level. The successiul candidate will be committed
o develop a dedicated research program in close collaboration with an
interdisciplinary research institute focusing on medical applications ol
electrically generated plasma. An ideal candidate will have knowledge
and previous experience in the area of plasma chemistry and/or biology.
Appointments at the Associate Professor level will be expected to have
significant current funding in one of the described areas. Position requires
a Ph.D. in an area of biology, medicine, or other plasma biclogy related
disciplines, as well as a strong research background and a commitment
to undergraduate and graduate teaching.

The Department of Bioscience and Biotechnology has tenure-track
openings at the Assistant and Associate Professor Levels in the Division
of Orzanismal, Cellular and Molecular Biology, Successiul candidates
will lead new growth in an expanding department that is doing dynamic
research. The Assistant Professor candidates should be prepared to estab-
lish an externally funded research program. Applicants for the level of
Associate Professor should have already achieved external funding and
an independent research program. Candidates should be prepared to teach
in both the graduate and underzraduate programs. Successful candidates
should be working in the areas of cell biology of eukarvotic cells, bio-
chemistry, stem cell biology, virology, or viral immunology.

Please send a CV, a statement of research and teaching interests, and the Please send a CV, a statement of research and teaching interests. and the
names of three references to: names of three references to:
Chair of the Biology Search Committee Chair of the Plasma Biology Search Committee
Department of Bioscience and Biotechnology Department of Bioscience and Biotechnology
Drexel University Drexel University
3141 Chestnut Street 3141 Chestnut Street
Philadelphia, PA 19104 Philadelphia, PA 19104
www.drexel.edwbioscience www.drexel.edwbioscience
Drexel University is an Equal OpportuminAffirmative Aetion Dvexel Universine is an Equal Opportuitv/Afftrmative Action
Emplover and encourages applications from qual ified women, Emplaver and encowrages applications from qualified women,

members of minoviey groups, disabled individwals, and veterans. members af minority growps, disabled individuals, and veterans,




provide high qualty educational
opportunities 1o students from all
segments of Egyptian sociely as
well a5 from other countries, and to
conripute 1o Egypt's culturl and
inteliectusl [ife. The university offers
programs at the undergraduate,
graduste and professional levels

&5 well as an exensive continuing
educatisn program, The language of
instruction is English,

Foumded in 1919, AUC's campus
is currently located in Caio, Eqynt,
Dut wil be moving 10 & new, state-
of-the-art camges in New Gairo
beginning Fall Semester, 2008,
See the New Campus websile at

www. auceqypledu/ned

AUC’s degree programs are
acorediled by the Commission on
Higher Education of the Midde
States Assocation of Colleges
and Schools; Engineering
programs are accrediled by ABET
angd the Management program

iz accredited by AACSE, The
nommal teaching load is three
colrses par semesterand English
i the language of nstruction,

For expatriates, benefits include
howsing, annual round-trip air
travel for appointee and qualifying
dependents, plus schooling for he
equivalent of up 10 bero children at
Cairo American College, In view
ol AUC"s protocol agreement wilh
the Egyptian government, which
requiras specific proportions of
Egyntian, LS., and third-country
Citizen faculty, at this time
preferance will be given to gualified
applicants who are U.S. citizens.

For mare information visit our websta

at www.aucegypt.edu

The American Linivessity i Caro is an
independenl nor-peofit, apoltical, non
santarian and aqusal-apporunity instiuton.

THE AMERICAN
UNIVERSITY IN CAIRO

BIOTECHNOLOGY

The School of Sciences and Engineering has bunched a new intendisciplinary Master of Science degree in Bistechnokbgy. The School is
inviling applications for a facully position in Bisindormatics. The candidate should have a Strang track record of teaching and research
in Do formatics with broad computational analyss expeviende incuding but not imited 1o modeling protein and DNA nteractions in
networks or systems and computational and statistical analysis of sequencing and microanray data. Hefshe is ako expected 10 ead
research aclivilies in bioinformiatics and 10 collaborate with the Youse! Jameel Science and Teclnology Research Center at AUC.

FPosition# BIOTECH-1-08

Rt ui rements:
The candidate must hold a docioral level degree with an educational backgrownd i biology and compulér Science,

The successiul candidate may be a biologist with advanced degrees in nformation technology or a compuber sclentist specialzed n
information technology with advanced degmes in Biokogy.

Additional Information:
The facully siot could be housed in eiher the Biolegy Department or the Department of Compiter Science and Engineering,

One-, o~ o ree-year appontment, subject b motual agreement will begin September 2008. Rentwal of an appointment depends
ipon st fitional needs andfor the appointes’s performance,

The position will remain open until filed; however, el date for receiving apolications ts Noverber 30, 2007.

Applicants must submit the following documents via onling:
4) an updated C.V; b a letter of interest; o) a completed AUC Persanal Information Form (PIF); d) names and contact informeation for at
least three references famikar with your professional background,

POST DOCTORAL TEACHING FELLOWSHIPS IN
ASTRONOMY, BIOLOGY, CHEMISTRY, & PHYSICS

The American University in Cairo (AUC) & pleased to announce several new Post-Doctoral Teaching Feflowships for moent PhoD.
gracduates. The febrwship program & made possible by generous support Trom the Melon Foundation. Successhul appicants will be
apocinted as Post-Doctoral Teaching Fellows with the rank of visiting assistant professor and will become part of & unigue program
designed Lo provide young scholars with the opporunty 10 acquine e skills and experience necessany for SUCCESS in 1eaching. The
program also supplies Telows with tavel and ofher support for research purposes. In addition, one of 15 principal obectives is to provide
feliows with wparalkeled opportunily 10 observe, work in and leam aboul cne of the most fascinating countries in the world, Egypl

Fellovrs will primarily teach students engaged in AUC's freshman-leved Core Curriculum, The Core b5 designed to introduce students 1o
the liberal arts and sciences and includes a variety of freshman-level cowrses in the humanities, sodal sciences and sciences. Fellows
will leach Core courses that reflect heir personal intenests and descinlinary backgraunds. Thery will also have the oppartunity 10 teach
addlional courses n i own or related dedplnes while at AUC,

Requirements:
Several Felows will be appointed (o AUG's program of Post-Doctoral Teaching Fellowships beainning in fall 2008.

To be eligible for appomiment, agalicants for Post-Doctoral Pellowshaps shoubd have receised their Ph.D.s within three calendar years of
the date of apglication. in exceptional cases A B.D.'s will be considered. Teach ing experience & not required.

Additional Information:

Successtul apphicants will hold a term of appaintment Tor three acacemic vears; receive support for tavel associated witha job seach
ai the end of the employment; receive special research awards of up to $5,000 per year; and parlicipate in a monthly seminar that dll
provioe Fellows with an opportunity 10 meet and eschange ideas and views with leaging schalars and intellectuals from both Egypt and
the wicer Arab world,

Al applicants must submil the fallowing documents via anline:
f)an updated C.V; 0) a keteer of interest; ¢} a compieled AUC Personal information Form [PIF)

For complete details and application information:
http://aucegypt.interviewexchange.com
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Research Faculty Position
Division of Medicinal Chemistry and Natural Products
The University of North Carolina at Chapel Hill
School of Pharmacy

The University of Morth Caroling invites qualified scientists two apply for a Research Assistant Professor

prosition in the Divizion of Medicinal Chemistry and Matural Produets and Investi gator in the Center for

Integrative Chemical Biology and Drug Discovery.

Roles and Responsibilities:

« Create innovative 1T and computational solutions to data creation, storage and analysis o support a
team of medicinal chiemists in hit discovery, SAR development and lead optimization,

« Mamtaim state of the ant 1T infrasimctuce and deskiop wols for data visvalizaton, analysis and deci-
sion making,.

« Effectively communicate work in oral and written form for intemal and external communication of
Center activities.

= Collabomte effectively with scientists from across multiple disciplines,

= Contribute 1o an envirooment for interdisciplinary teamwork, constant learning and long-term excel-
lence within the Center.

Experience:

« 3-5 years of [T and computational chemistry experience within the pharmacentical industry.

* Treck recond of successfully enabling medicinal chemisory programs via [T and computational chem-
istry.

* Thorough knowledge of [T systems and computational approaches o drug discovery and structure-
based drug design.

« Familiarity with basic aspects of medicinal chemistry and pharmacology with substantial know ledge
of data analysis and statistical inference.

* Track record of effective publication and presentation of scientific work.

Education: Ph.0. in Computational Chemistry or Cheminformatics or demonstrated equivalency through
primary authorship in peer-reviewed journals,

Applications will be reviewed upon receipt and continue until the pesition is filled. Applications must
inclide: curmeulum vitae, and two letters of recommendation o be sent directly 1o the search comminees,
on your behalf. Contact: Prof. Stephen V. Frye, Phl}, Chair of the Search Committee, Division of

Medicinal Chemistry and Natural Produocts, School of Pharmacy, University of North Carolina at
Chapel Hill, CB #7360, Beard Hall, Chapel Hill, NC 27599-7360; www.pharmacy.unc.edo.

The University of North Caroling at Chaped Hill is an Equal Opportuity Employer. Womenr and
members of under-represented mimority groups are especially encouraged o appl

Your
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POSITIONS OPEN

RESEARCH LABORATORY DIRECTOR

Looking for Rescarch Laboratory Director at
Canlion Clinic in Roanoke, Virginia dedicaced
to immunology, Egumlnmil:.a.-, armd cell biology.
Will be responsible for rescarch collaboraton,
oversight of the laboratory, training staff,
maintaining the tissue bank. Terminal degree
required with five o ten vears of experience.
Tor apply, visit website: hrope /S www.carilion.
com, for more information e-mail: choyd@
carilion. com,

UNIVERSITY of CALIFOENIA, RIVERSIDE

ASSISTANT COOPERATIVE EXTENSION
SPECIALIST, ASSISTANT ENTOMOLOGIST,
INVASIVE SPECIES ECOLOGY, University of
California (UC), Riverside. Posinon available Julv 1,
2008, 11-month, 25 percent organized rescarch, 75
pereent cooperative extension. Appointment level and
salary commensurate with experience. Ph.D. in ento-
mology or related diseipline required. The suecesstul
candidate must have strong ramning and expericnee
with modern approaches wo the study of ccology
suitable for application o management and control
of mvasive arthropod pests in wrban, natural, and
agricultural environments. A program of research
could incdude basic and applied ecological studies of
plant-herbivore-natural enemy interactions, studies
of classical biological control, and integrated pest
management of invasive species,

The study of invasion processes, methods of erad-
wating or limiting the spread of incpient popula-
tions, compunity ecology of host amd n:lu.lr.J enemy
systems, metapopulation dynamics, and the lomg-term
persistence of hosts Aprey and parasivonds /predarors
at low population density levels, and nontarger effects
of introduced biological control agents. It b expected
that the successtul individual will exvend the results of
the rescarch program as well as research efforts of other
scientists through educational programs to a variety
of clientele including UC Cooperatve Extension Ad-
visors, pest control advisors, urban narural resource
and landscape managers, commercial growers, and
home owners, Send curnoulum vitae, ranscripts, state-
ment of research interests, reprints, manuscrpts in

ress, and have four letters of recommendation sent

v Januwary 31, 2008 to; Dr. John T. Trumble,
Search Committee Chair, Department of Ento-
medogy, University of California, 3401 Watkins
Drive, Riverside, CA 92521; e-mail: johntrumble@
ucr.edu; telephone: 951-827-5624. This position
will remain open until filled. Information about the
Entomology Department and an expanded position
descrption can be found on the website: higp: £/
www.entomology .ner.edu.

The Uiversity of California is an Egqoal Opportueity Af

Sirenarive Acvivn Engplopee.

TWO TENURE-TRACK ASSISTANT PROFESSORS
POPULATION GENEITCIST and PLANT
ECOLOGIST/TAXONOMIST

Applications are encouraged from candidates with
a Doctorate and at least two years of postdoctoral
experience in (1) population genetics and (2} plant
ceology or plant taxonomy. Success ful candidates are
expected to participate in undergraduate and prad-
ware teaching and o develop an externally funded
research program. Send lewer of application, academic
wranscripts, statements of research interests and veaching
philosophy, curriculum vitse, along with names and
contact information for five references to: Cynthia
Mondragon, School of Biological Sciences, Ross
Hall, IO, Box 92, University of Northern Colo-
rido, Greeley, CO B0639. For derails see website:
http: / /www.auncoedu/ohs femployment/. For
questions, contact the Search Charr at e-mail:
tony.schountz@uncoedu, Beview of applications
bemns November 30, 2007, UNC is an Affirmative
Actiowr Egual Oppornaniny Eegela per.




Chair
Department of
Microbiology &

Immunology
Emory University School
of Medicine

Emory University School of Medicine invites nominations
and applications for the position of Chair of the
Department of Mic mbiulpugy & Immunology
(http/www.microbioclogy.emory edu/).

This is an outstanding opportunity to lead a premier basic
science department with established strengths in research
and training. The Department maintains a dynamic
research-intensive environment that provides excellent
Dﬁpurtun'rties for pre- and postdoctoral training and
offers effective educational programs for Medical
students and Physician Assistants students. On a national
level, the department is currently ranked #7 in total NIH
funding in the US and Canada, and due to steady gains
in research funding has maintained a consistent presence
as a top ten leading department in the fields of
microbiology, immunology and vaccinology research.

The Department also holds a unigue position due to
extensive interactions and collaborations with the Centers
for Disease Control (CDC), directly adjacent to Emory,
and other external institutions in the local area; its strong
interdepartmental links and collaborations, and its
participation in interdisciplinary research programs and
centers such as Emory Vaccine Center, Influenza
Pathogenesis and Immunology Research Center and the
Center for AIDS Research. The Department is also making
significant contributions to Global Health. Atlanta has a
reputation as a powerhouse for Global Health, and this
just got another boost with the establishment of a new
$110 million funded Global Health Institute at Emory. The
institute will work globally to cure disease, develop
vaccines, develop health infrastructures, expand research
collaborations and train scientists and students. The
Drepartment has also benefited through funding of a
vaccine partnership with the International Center for
Genetic Engineering and Biotechnology in Mew Delhi,
India and a consortium that includes the Schoal of
Medicine's new MIH-funded Center for Excellence for
Influenza Research and Surveillance and the Harbkin
Veterinary Research Institute in China.

We seek an individual with outstanding leadership
capabilities, proven academic and administrative
experience, the vision to build and sustain programs at
the foretront of microbiclogical and immunclogical
research, and a commitment to excellence. Candidates
must have demonstrated leadership in research,
education, and administration. Salary and benefits are
highly competitive,

Applicants should submit a letter of interest and a current
curriculum vitae along with names and addresses of three
references via email to MWILL26@emory.edu

Emory University is an equal

opportunity/affirmative )i EMORY

action employer and

ol e U slkation UNIVERSITY
SCHOOL OF

and nominatien of qualified
MEDICINE

minority and female
candicates,

@l | UNC

PHARMACY

Research Faculty Position

Division of Medicinal Chemistry
and Natural Products

The University of North Carolina at Chapel Hill
School of Pharmacy

The University of North Caroling invites qualificd scientists to apply
for a Rescarch Associate or Assistant Professor position in the Division
of Medicinal Chemistry and Matral Products and Investigator in the
Center for Integrative Chemical Biology and Dirug Discovery.

Roles and Responsibilities:

« Dircet the svnthetic and medicinagl chemmstry efforts of a tcam of
research associate chemists in the progression ofnovel biological
targets of therapeutic relevance through the it discovery to lead
optimization stage of drug and'or tool compound discovery.

+« Ewvaluate novel biological targets for tractability and validity,

o Create innovative chemical plans for efficient development of
structurc-activity relationships and optimization of “drug-like’
physicochemical propertics.

« Maintain state of the art laboratory for parallel organic synthesis,
charscterization and purification of small organic compounds.

+ Effectively communicate work in oral and written form for internal
and extermal communication of Center activitics.

¢ Collaborate effectvely with scientists from across multple
disciplines.

+ Develop innovative and fundable proposals for target progression
and exploration of chemical biclogy of target systems within the
Center.

« Contribute to an environment for interdisciplinary teamwork:,
constant learmning and long-term excellence within the Center.,

Experience:

* 5-13 years of medicinal chemistry experience within the pharma-
coutical industry.

+ Extensivie track record of successul hit discovery and lead opti-
mizntion as demonstrated by contribution o selection of drug
candidates for development.

+ Thorough knowledge oforganic synthesis and parallel approaches
to preparation, characterization and purification of organic com-
pounds.

+ Familiarity with basic aspects of cell biology and pharmacology
with substantial knowledge of assay development, compound
profiling and daa amalysis.

* Track record ofeffective publication and presentation of scientific
work.

* Supervisery experience with a demonstrated ability o develop
other scientists within the discipline of organic and medicinal
chemistry.

Education: Ph.D. in Organic or Medicinal Chemistry or demonsirated
cquivalency through primary authorship in pecr-reviewed joumals,

Applications will be reviewed upon receipt and continue untl the
position is filled. Women and members of under-represented minority
groups are cspecially encouraged to apply. Applications must include:
curriculum vitae, and two letters of recommendation o be sent directly
to the search committee, on your behall Contact:

Prof. Stephen V. Frye, PhD

Chair of the Scarch Committec
Division of Medicinal Chemistry and Natural Products
School of Pharmacy, University of North Carolina at Chapel Hill
CB #7360, Beard Hall
Chapel Hill, NC 27599-7360

www.pharmacy.unc.cdu

The University of Novth Caroling af Chapel Hill is an Equal
Oppertunity Empdover: Women and members of under-represented
minority groups ave especially enconraged fo apply.

online @sciencecareers.org
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POSITIONS OPEN

JAMES BUCHANAN BRADY
UROLOGICAL INSTITUTE
The Johns Hopkins Hospital

The Department of Uralogy of the Johns Hopkins
University School of Medicine is secking applications
from outstanding scientists for a new fculty position
it the areas of stem cell bology and enmreenng, or
developmental biolopy., This 15 a full-time tenure
track position, expected to start as an ASSISTANT
PROFESSOR, but the rank will be commensurate
with expenience. Applicants should have a doctoral
depgree and substantial postdoctoral experience, and
be committed and able o develop an ndependent,
extramurally funded research program. Candidares
with established funding suppon are preferred,

Please forward leers of application, with curric-
wlum vitae and names Aaddresses of at least three
references .

Bobert H. Getzenberg, Ph.D.
Director of Urological Research
James Buchanan Brady Urological Institute
The Johns Hophins Hospital
el North Wolfe Strect
Marburg 121
Baltimore, MD 21287

The Jolrns Hopkms University &m0 Bgua Oppocteniny
Enployer and does nor dizemniimate on the basis of race, alor,

gomder, mlighon, age, sexwal orfeertabion, datiomad o cinie

origin, disabifity, marival statis, reteran state, o any other
acenpativially fretesant oiterin. The University proneotes A
firmarive Action for minoditics, noneer, disabled persoies, and
veterans, The folms Hopkin: Univesity is a saoke-froe o
romment amd as sudy, profvibits smolelng o all furlities. The

Johus Hophins University & a daig-free aorkplan.

Califoirnia State University, San Marcos secks an
ANIMAL PHYSIOLOGIST for a tenurc-track
ASSISTANT PROFESSORSHIP beginning fall
2008, Applicans must have a Ph.D. in the biological
seienees with training and research in physiology. All
subdivisions of plysiology will be considered; how -
ever, rescarchers who focus on invertebrite systems
are especially encouraged w apply. Postdoctoral re-
search and previous teaching expenence 1s preferred.
The successtul applicant will have a strong commit
ment to undengraduate education and should have a
demomstrated  abiliey or potential to effectively in-
struct undergraduate and graduate students, establish
community partnerships, and develop an independent
research program with undergraduate and graduate
students. Teaching responsibilities will include some
combination of a biokogy major core phvsiclogy course,
upper-division physiology electives | preferably with a
laboratory section |, upper-division general education
cotrses, and graduae advanced undergraduate courses
in candidate’s area of expertise. For position details
and application imlrut'linn:-..éh,m see our websive:
hetp:/ Swwwossnsmoedu /A fl-a:Smrdms. Screen

g of applications will begin in January 2008, and
continue until position is filled. Culiforria Stare ifirer
sity, Sin Muros 5 an Afirmatine Actions Egual Opportuni-
ty/ Tide IX BEmploper. The University las o strong
oommritment o the peinciples of divesity and, in thar spiri,
seeles o broad spectmin of amdidates fduding wonren, sembes
af anvariry grovips, and peaple sirl disabilivies.

ASSISTANT PROFESSOR, University of Cal-
ifornia, Davis. Tenure-track faculty position asso-
ciated with the Foods for Health Initiative in
Department of Chemical Engineenng and Matenials
Seience and Department of Food Science and
Technology in biochemical engineering, biomaten
als, bophotonics, food engneenng, biochemstry,
or a relaved field. Applicants are expected to hold a
Ph.l™ in a relevant arca. Apply at website: htep: 7/
www. chms.nedavis.edu femployment/. The pos

tion 1s open untl flled; but to assure full consider-
ation, submit applications no later than December 3,
2007, S date of July 1, 2008, U6 Dawi & an
Affirmnarie Avion/ Egeal Enploproenr Cpaortuniy Ewployer
aind s abedieared ro rn'rrn'.'mx a -fuwsr_fd:'m!r].' SORHRIERTIY (1 &
welcame all gualifed applicanes 0 apdy, iwchoding wevmien,
wivarres, indtindpals wvdy dizaliline, and peteninz,
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UMIVTRSITY OF ALATKA
FAIRBANKS
The School of Fisheres and Ocean Sciences
(SFOS) at the Univerity of Alaska Fairbanks {LTAF)
invites applications for two MARINE BIOLOGIST
vacancies specializing in carly life eccology and
mammalogy /population genctics. Both positions
are ASSISTANT/ASSOCIATE PROFESSOR,
tenure-track faculty positons within the SFOS
Institute of Marine Scaence located in Fairbanks,
Alaska. To learn more about the School please visit
website: heep:/ Swww.sfos,nafiedu. Complere po-
sickon iformation can be fourd at website: higps
www.uakjobs.com, reference postings 0054202 and

? NOVEMBER 2007 VOL 318

0054183,

FACULTY POSITION in INFECTIOUS DISEASES
Fred Hutchinson Cancer Research Center and the
University of Washington

The Fred Hutchinson Cancer Rescarch Cenger
(FHCRC) and the University of \"n-'.al.hingmn {LI'W)
are jointly recruiting a full-time faculty position at
the ASSISTANT or ASSOCIATE MEMBER;"
PROFESSOR level for a faculty position in the
Program in Iefectious Diseases in the Clinical
Research Division of the FHORC and the Division
of Allergy and Infectiows Disease at the UW, with
preference being given to those who study fungal
diseases. A Doctorate degree is required. The indi-
vidual will be expected to develop independent re-
search programs. University of Washngton faculey
engage in teaching, rescarch, and service. Excellent
collaborations are avadable with scientists in clincal,
medecular mediane, and basic sowences at the FHCRC
and the UW. Sadary depends on expenence and excel-
lene benefits, Interested candidates may submit cur-
ricudum vitae, a conase statement of ther reseanch plan,
and three reference letters wo:

Lawrence Corey, M1,
Head, Program in Infectious Discases
Fred Hutchinson Cancer Research Center
1100 Fairview Avenue M., LE-500
P.O. Box 19024
Scattle, WA 98109

Application review will continue until the position
is filled,

The !-Jrrn'bil'!;.' J.lf J‘l'.J.-'Iru#_‘Jhur ard the Fad Hurdvinson
Cinwer Rimeard Conter e Alfronatioe Amien, Egeal Oppors
frniry Hm]n'-lp"r.ﬂ. dedicaed 1o rllk"khl.r' q."fluf:fl'u# a rrrf!mr.lﬂr
diverse and pluralistie facolry aed stdll aomenntted w0 weadng
and wordking in g muelticelmral eovironrene, amd sty en-
conre apgRications frone wavnee, mnoritics, ndendoals with
dicabsilithes, and covered e

POSTDOCTORAL RESEARCH ASSOCIATE

Texas Tech University Health Scences Center in
Lubbuock, Texas, has two positions avatlable for a Post-
doctoral Besearch Assocate, The vwo Postdoctoral
positions are available to conduct research on mo-
lecular and inmmunological aspects of helmineh par-
asites with special emphasis on DNA vaccines for
schistosomes, Another arca of interest is aging gencs
in nematodes. A Ph.D. degree and experience in the
field of molecular biology or immunology is rl:qLLu'Ld
Salary will be based on 1.||.u|.|hl..1tu1n: and experience.
For additonal information and to apply, log on w
website: hop: / Sjobs.exastech.edu and refer w
requisition numbers 74647 and 74648, In addition
to applving onhne, please send resumes along with
contact mformation of three references to: Afeal Al
Siddigqui, Ph.D)., Microbiology and Immunology,
Texas Tech University Health Sciences Center,
3601 4th Street, Mail Stop 6591, Lubbock, TX
T9430-6591; telephone: 806- 743-2638 (office);
fax: BOG-743-2334; c-mail: afeal siddiqui@ttuhse.

cdu, TTUHSC ¢ an Equal Enplameent Opportiniy/

.'|_l|'|'irrmlru|' Ao Erﬂpf:!]'rr
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FACULTY POSITION in BIOCHEMISTRY
University of California, San Diego

The Department of Chemistey and Biochemistry
of University of Californima, San Dicgo (website;
http:/ S www-chem.uesd.edu) invites applications
for a tenure-track faculty position in biochemistry,
Candidates must have a Ph.D. and a demonstrated
ability for creative rescarch and teaching at the
undergraduate and graduate levels. The Department
will consider applicants whose research applies ex
perimental methods of structural analysis o bio
polymers and their functional compleses, induding
nuchear magnenc resonance or ather tvpes of spec-
troscopy, diffraction, or mn.mn.up\ or combinations
of these methods. Salary is commensurate with qual-
ifications and based on University of f“ll:ﬁmua pay
scale, Applicants are asked to submit materials online
at website: htep:/Swww-chem. uesd.edu Srecruit/
index.cfmiaddno-4- . Materials include a cover
letter, curmeulum vitae, complete Bst of publications,
samples of published research, and statement of vour
waching expenence. Please arrange for three refer
ence letters w be mailed direcdy by references wo:
Chair, Biochemistry Search Committee, 4-984,
University of California, San Diego, Department
of Chemistry and Biochemistry, La Jolla, CA
92093-0332. The deadline tor applications s
December 1, 2007, but until position is filled, all
applications received will be assured full considera-
tiewt. LCSEY i oan Equal anrrrarrjl'r:.f.'".'!_!h'rm.J.']'r!' Alevion
Famgloyer winls a seip instiviionad s to e adviove
rient of df iversity

FACULTY POSITIONS in THEORETICAL
PHYSICAL CHEMISTRY
University of California, San Diego

The Department of Chemistry and Bioche mistry
of the University of California, San Diego (website:
hietpe £ Swww-chemouesd edu) secks applications for
a tenure-track faculty position in theoretical physical
chemistry, Candidates whose rescarch interests are
interdisciplinary are especially encouraged w apply.
Candidares must bave a Ph.0Y. in physical chemisery
or a related field with a substantial record of rescarch
accomplishment and an innovatve rescarch plan.
The suceessful candidare will be expected o teach at
both the praduace and undergraduace levels. Salary is
commensurate with gualificasons and hased on Um
versity of California pay scale. Applicants are asked to
subout a cover letber, curricalum vitae, complete bst
of publications, samples of published research, and
a statement of their weaching experience, online at
website: heep: //www -chem. uesd. edu /recruit /
index. cimfaddno=4T86. Mease armange for three
reference letters to be mailed directly by references
to: Chair, Physical Search Commitnee 4986,
Department of Chemistry and Biochemistry,
University of California, San Diego, 9500 Gil-
man Drive, Mail Code 0332, La Jolla, CA
92093-0332. The deadline for applications is
December 1, 2007, but until the position s filled,
all applications received will be assured full consid-
eration. LACSEY i an Equal Oppormaity £Afimuanioe Action
Employer witle a0 swong istitational  ammianest o te
arfiiveeneit of diversiny.

The HEISER PROGEAM for RESEARCH

in LEPROSY and TUBERCULOSIS

Beginning POSTDOCTORAL RESEARCH
FELLOWSHIPS in leprosy and tuberculosis avail
able ar a supend level of S40,000, and research
grants in leprosy only o amounts ranging from
550,000 to S1E0,000.

Applicants should have MDD, Ph.D., or equiva-
lenk degree. .-‘Lpplic.ﬂiun deadhne March 3, 2008, for
awards o be activated August through December
2008, For information and forms, sce website:
hitp: /S, NYCommunitytrust.org. Click on
rantmaking and scloct Spociil Programs, For yLics-
tions or problems with application forms, e-mail:

Im@nycr-cfi. org,
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ASSISTANT to ASSOCIATE PROFESSOR. of
SURGERY (RESEARCH)
INFLAMMATION RESEARCH SCIENTIST
Brown Medical School
Rhode Island Hospital

The Depariment of Surgery at Brown University
announces a research fculty position at the Assistant
or Associate Professor level in mflammation and s
sue amury. Besearch arcas of nterest to the Depart
ment include cellular molecular mechansms of
mflaimmation after imury or surgery. Candidates
should have a Ph.D. and for MDD, and at least two
vears of postdoctoral expenience, preferably with a
background i cell biology and immunology. Scien-
fists pursuing basic research and Sor chinical efforts in
inflammartion relevant to surgical critical care are en-
couraged to apply.

For a currene listing of the Division of Surgical
Research or the Department of Surgery members and
their research inwereses, please visic website: heep://
bmis. brown.edu Ssurgery /rescarch.

All applcations receved by December 30, 2007,
will be given full consideration. Mease submit cur
riculum vitae, a set of representative reprings, and a
concise desenption of research interests and goals_ In
addition, arrange for three letters of reference to be
submitted on vour behalf.

Alfred Ayala, Ph.D,

¢/o Ms. Courtney Coto (e-mail: cooto@lifespan or;
Professor of Surgery {Rescarch )

Divison of Surgical Rescardh et of S
Rhode Islind Hespital /The Warren Alpert Medi
School at Brown University
Aldrich 230, 593 Eddy Street
Providence, BRI 02903

Reviewr of applicanes will bogin imeerediarely and counime
aetil a candidare is seleced or the searcls & closed. Rbode Islased
Hpiral & ave Egual Oppornamry LA firisanne Amion Bnployer
aond aerfvely soliciee apphcarions fow aninaritics, nomo,
pavierted persii

CONSERVATION BIOLOGIST
Dresert Botanical Garden, Phoenix, Arizona

Besearch position in one of the world's major
boranical gardens spedalizing in desert planes. The
successful applicant will include molecular genetics
approaches in research on conservaton biology of
plants in arid regions. Responsibilicies include con-
ducting original research, seeking extramural fund-
ing, and cooperating with other departments in the
development of exlibits and educational progeams,
Ph.a? required, Send cumculum vitae and a one-
page deseription of rescarch approaches and goals,
along with names and contact nformation of three
references to: Ms, Mary Catellier, Director of Hu-
man Resources, Desert Botanical Garden, 1201
N. Galvin Parkway, Phoenix, AZ B5008. Review
of applications will begin January 15, 2008, and
apphcations will be accepied until position s filled.
An Lgoal Oppiwtenrity Emploger.

A POSTDOCTORAL POSITION i available
w study the role of caspase-2 in the interaction
berween apoptesis and agng, Rescarch interests
center on the devdopment and use of novel in-
strumentation to observe real time caspase-2 activiey
in living cells, tissues, and small animals. A new mul-
tiphoton fluorescenee lifetime optical imaging svs
tem using streak camera detection will be the major
technology emploved. A PhY. preferably in the o
phsical scienoes with expeniena: in opticll microscopy
15 desired. Semnd cumoulum vitae and three letters of
recommendation v Dr. Brian Herman, Profes-
sor, Cellular and Structural Biology, University
of Texas Health Science Center, 7703 Floyd Curl
Dirive, Mail Code 7763, San Antonio, TX 782249
3900; c-mail: hermanb@uthscsaedu; website:
http:,-’,’muuthmsa.céu;”murdlf. The Uhriversi-

1y of Texis Health Soence Coorter i San Aniondo i an
Equal Opprovteenrey A fmnarae Aition Ewplayer,
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UNIVERSITY

The Department of Bomedical Sciences at the
Ohio University College of Osteopathic Medicine in-
vites applications for an 11 -month appointment as a
tenure-track ASSISTANT /JASSOCIATE PRO-
FESSOR in PHYSIOLOGY. Ths individual will
be expected to establish and maintain an acove, ex
ternally funded research program. Collaborations are
desirable in the College’s arcas of strength. Flease
visit our website for more information  {website:
hetp: / Swww.oncom.ohiowedu /dbms). The suc-
cessful candidate should be hru.n"'l. trammed i sys-
tems physiology w enable participaton in che delivery
of our integrated medical curriculum.

A Ph.D. (or equivalent) and a minimum of two
vears of postdoctoral training are required. Salary
will be commensurate with expericnee. To apply, cur-
riculum vitae and statements of research and waching
interests and cxperience muost be submitted online at
website: https/ Swww.ohiouniversitvjobs. com/
applicants /CentraliguickFind=53605. Also mail
three representanve papers, and arranpge to have three
letters of recommendation sent ;. Sharon Inman,
Ph.D., Biomedical Sciences, 228 Lrvine Hall, Ohio
University, Athens, OH 45701, For guestions about
the position, contact Dr, Inman at e-mail: inmans@
ohio.edu. Position will remain opened wnl flled; Tor
Tl consideration apply by December 1, 2000, 16wk
a capdidiare wfl a commiment o rnvlu.lp effectively il
stenlanits, i rrjf.' rul staff froem i hukqn:rm:l'f e
LUlniversiry is .m Aftirenative Amion, Equal Oppoaty En-
ploger with o Daal Carver Netvorke fwebsite: hitp: 4w,
oo edu Sdwal),

PLANT EVOLUTION and BIODIVERSITY
Harvard University
Department of Onganismic and Evolutionary Biokgy

The Department of Onganismic and Evolutionary
Biology (OER} ar Harvard University invites apphi-
cations for a TENURE-TRACK FACULTY PO-
SITION in plant evolurion and diversity. We seck w
appoint an individual who uses phyvlogenetic ap-
proaches w address fundamental Guestions regard-
ing the origin and maintenance of diversity in plant
limeazes and for compinitics, Besearchers focised on
noncore eudicot lineages such as monocots, gymno-
sperms, nomsced land plants, and adgae are especially
encouraged to apply. Applicants will be expected w0
d.l.'u.lup an infovative research program and con-
tribute to teaching at the underpraduate and grad
uate levels. Applicanons from, or information about,
female and minority candidates are encouraged. This
search 15 part of a broader mibative to develop com
prehensive rescarch programs in plant biology and
evolution at Harvard University. The Department
has strong linkages toa number of allied instubons,
including the Harvard Forest, Amold Arboretum,
Harvard University Herbaria, and Harvard Centre
for the Environment.

Applicams should submit the following applica-
tion materials online (to website: hitp:/ Swww,
Isdiv.harvard.edu foeb Macultyscarch,/peb): cur-
rculum vitae, sttements of rescarch and waching
interests, and representative publications; and arrange
tor three references to be uploaded to the website
Letters of nomination from thind parties are also
welcome and mav be sent via emal tor Elena M.
Kramer, Professor of Biology, /o Katie Parodi,
e-mail: kparodi@och. harvard.edu, Roview of appli-
cations will begin on December 15, 2007

Further mformation about OEBR 15 available at
wiebsite: http: /Swww.och.harvard.edu; informa-
tion about the ongomg Plane Eu:luh\r Initiative at
Harvard cam be found ar website: h rep: {j“
phi.fas. harvard.edu.

HAarvamd Urrenity &
portinry Ernploper.

Affirmative Acrions Fgual Op-

POSITIONS OPEN

INTERDISCIPLINARY SCIENTIST
BESEARCH GEOLOGIST/BIOLOGIST
Department of Paleobiology
National Museum of Natural History
Smithsonian Institution

The Smithsonian's National Museum of Natural
History secks a PALEONTOLOGIST to conduct
an meeprative, collections-based rescarch program in
nondinosaunan vertebrates. The successful candidate
i expecied woutlize modern methods in pursuing
research n one or more of the following areas of
emphasis: evolution, paleoccology, morphology, phy-
loygenetics, or biogeography. Frequent publication i
peer-reviewed journals in specialty areas s expected,
as is curation of appropriate collections and partic-
ipation in the scientific community in a manner com-
mensurate with emerging leadership in the area of
specialty.

The position s initially a four-vear appointment
and wilf b filled ar the GS-12 level (salary range is
866,767 1w SE6,801 per vear, commensurate with
experience. ) Reforenee specfic application proce-
dures in actual announcement; see website: hit
www.sihrsiedu or contac Audrey Davis at tele-
phone: Z0Z-633-6298. The announcement will
open on October 17, 2007, Applications must be
recetved by November 28, 2007, and must reference
announcement number: 08-AD-293537- JWNT-NMNE
{category rating ). This is an interdisciplinary position
twy be filled by either a Research Geologist or a R.:
search Hml:]gtlﬂ depending upon the applicant’s
primary discipline, All applications will be notified by
e-mail or velephone when their application is re-
ceived. L1 einzeslip & reguired. The Smitlsonion -
et 5 oan Eqeal Oypporasety Enmployer

STEM CELL INITIATIVE
University of North Carelina at Chapel Hill

The University of North Carolina at Chapel Hill
invites applications for two academic positions at the
ASSISTANT PROFESSOR level n stem cell biol
ogy. The tarpeted faculty hinngs are part of a Stem
Cell Imitiative to expand our Program in the arcas of
stem cell tramslational research. Each suceessful can-
didate will be expected to develop a vigorous, exwernally
fimded research program based on fundamental gues-
tions related to the biology of embronic or adule
stem cells. Specific areas incude: (1) Research ex-
poring the molecular regulation of embryonic stem
cell pluripoteniality and differentiation, including ge-
nomic remodeding and nuclear reprogramming., (2)
Active pescarch programs focused on defining the
petential of both embrvonic and adult stem cells in
the reatment of neurologcal diseases.

Applicants should have a Pho) or MDA T,
degree. Flectronie copies of curticulim vitae, letter
of meerest with descnprion of past research/future
plans to e-mail: larysa_pevoy @med.unc.edu. Four
letters of recommendation (hard copy) should be
sent o

Dr. Larysa Pevny
University of Morth Carelina at Chapel Hill
B109b Neuroscience Research Building
Campus Box #7250
Chapel Hill, NC 27599-7250

Applicasion deadline: open wmil fiNad. The Unfvemsity of
Norh Cawboa @ Cliape! Hill & an Egnal Opporrunity 74124
Eanplayer. Wonien and minonities are enaarmaged o apply.

ASSISTANT PFROFESSOR in ENVIRON-
MENTAL CHEMISTRY, Southern Ilineis Uni-
vemity, Edwardsville. The Department of Chemistry
and the Environmental Saences Program mvice ap-
plications for a tenure-track appointment to beginin
Augrusi 2008, We are a comprehensive state univer-
sity offering a wide variety of undergraduare and
masters programs. A Ph. D s required; postdoctoral
expericnce s desired. Applicaton procafures are found
at website: hegps /S wwwsive.edu /CHEMISTRY /
EnvChemScarch, Fvaluation of cindidacs will hegin
j.l'l'l.tl:lr‘_l.' Eﬁ, 005,
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The Department of Population Health ar the
University of Georgia is secking outstanding candi-
dates with a 'h. D, for a wnore-track fouley position
at the rank of ASSISTANT /ASSOCIATE PRO-
FESSOR in the arca of molecular virology, The
DV M. degree in addition w a Ph), s a plus. Pref-
erence will be given to those with rescarch interests
in negative-stranded RNA viruses. The applicant is
required w have a Phaa) in a lological scence or a
relaved fickd and should ideally have three to five
vears of postdoctoral experience in molecular virol
opy, nchuding viral molecudar iology, virus structure,
host-pathopen interactons, and virus evolution. Ex
periences i cellular liology would be valuable. Tdeally,
the candidate should have a record of extramurally
funded independent research as evidenced by peer-
reviewed publications.

The successful candidare will be expected o es-
tablish an independent and exvernally funded rescarch
program focused on poultry diseases and develop a
graduare level course in gencral virology with the
focus on animal viruses, Thus, experience in teaching
at the undergraduare and graduate level is desirabile,

In additon, the faculty member is expected o
waork as a team member and collaborate within the
Drepartment providing support to clinical faculy and
ficld vetemnarians, with the am of solving discase
problems in the poultry industry.

The position is located at the Poultry Diagnostic
and Besearch Center (PDRC). The PDRC is 2 umit
within the Collepe of Veterinany Medicine totally
forused on research, serace, and instruction pro-
grams related to the poulry indusiry. The environ-
ment is highly interactive and productive with close
ties to all basic science departments, federal research
facilities, and other academic instturions nearby
(website: heep: /Swww.avianuga.edu /) Startup
funds, stare-Tunded salary conunensarate with expe-
ricnce, and modern research fcilities will be pro
vided, The position is available August 2008,

Applicants should send a statement of interest
detailing research and ther curriculum vitae, along
with names, addresses, and ¢-mail addresses of three
references (in one PDF file} by 31 December 2007,
by eomail tor Dr. Egbert Mundt, ¢-mail: emunde@
uga.edu or by mal to: Dr. Egbert Mundt, Depart-
ment of Population Health, 953 College Station
Road, Athens, GA 30602, Applications will be
entertained unril the position is filbed. The Univosing
of Cieorgia &5 an Egual  Oyppormenity Afffenarive Aaion
Tnstitaerion

CHAIRPERSON
Department of Physics
Muorehouse College
Morchouse College invites applications for the

position of Chairperson of the Deparmment of Phys-
s effective July 1, 2008, Applicants should hold a
Dociorate in physics, and have appropriate rescarch
and reaching experience w qualife for an appointment
ar gither the ASSOCIATE or FULL PROFESSOR
level, We seek an effective and imaginarive Adminis-
trator, As an undergraduste insuttion, Morchouse
values excellence in weaching, research, and mentor-
ing. The successtul applicant should demonstrate a
capacity to assume a leadership role in the Depart
ment, will be expected to maintain an active research
program, amd to have a strong commitment to en
hancing the teaching and research capadty of the
Department. For more information on the Depart
ment and College, visit our website: hrl:E:,-r‘fwww.
maorehouse.edw. Please submir full curriculum vieae
and an official copy of a graduate school transcript
b January 23, 2008, and also prowide the names of
three professional references from whom the College
will reques meference lewers by the same date o

J.E. Haynes, 'h.D.

Dean, Division of Science and Mathematics
Muorehouse College
830 Westview Drive, 5.W.
Atlanta, GA 30314

Mwelworse Colloge & an Egual Opportmity LA T inmanve
Asrion Emploper.,
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POSITIONS OPEN

TENURE-TRACK AVIAN ECOLOGIST

We seek a colleague whois lighly committed
to weaching bright, motvated inderpraduates,
i lecture, field laboratory, and rescarch venues,
at a nationally ranked deparment in a iberal ars
college with a strong sense of community. Teach-
ing nespansibilities include co-participation in our
ore ceology course, an upper level course in
ornithology, plus two ather upper-level spedany
courses, The following are essential auribures:
commitment o collabortive gudent-fGculty ne-
search, o periodic leadership of wips w the
tropics, and to sharing a broad undestanding of
natural himore. PhY. required, postdoctoral
preferred, and we will begin reading applica-
tions on December 1, 2007, Send cover letter,
curriculum vitae, and teaching philisophy and
research statements, and arrange to have three
letters of reference sent to: Dr. Brent Smith,
Department of Biology, Earlham College,

Richmond, IN 47374 (website: hitp: //www.
c;n'ihmn.ﬂ:luf ~biol). Earlfram cagerly solicin appli-

iyt fromm Ao Anericans and wiver ethinic iminoe.
s, apanen, and Qualiens,

FACULTY POSITIONS in ORGANIC CHEMISTRY
University of California, San Diego

The Deparment of Chemistry and Biochemistry
of University of California, San Diego (website:
hetp: / Swww-chemopesd.edu ) invites  applications
for tenune-track faculty positions in organic chemistry.
A Ph.DD. or equivalent degree in one of the chemical
sciences is required, Candidates are expected w
establish a vigorous and orginal research program
anad b capable of owstanding teaching ar the
undergraduate and graduate levels, Salarv, commen-
surate with qualifications and experience, is based on
University of California pay scabe. Applicants are
asked to submit curriculum vitae, a summary of re-
scarch plans, and a list of publications online at
website: hoope S Swwwe-chemauesd. edu Srecuit/
index.cimfaddno=4-983. Candidates should arrange
for three retenence letters w be maled directly by ref”
erences to: Chair, Organic Search Committee, 4-983
University of California, San Diego, Department
of Chemistry and Biochemistry, 9500 Gilman
Drvive, Mail Code 0332, La Jolla, CA 92093-0332.
Review of applications begins December 1, 2007,
and will continue until the position is filled, (S0 &
air Egeal Opparteniry LAfmnavive Aetion Bnplo yer ienlt o
strour dnstiemional conrunitment fo the aclievenent of diversiry.

POSTDOCTORAL ASSOCIATE
Moswdoctoral positions, available startng immedi-
ately, o study DXNA damage and repair in the MIT
Deparment of Biological Engineering (website:

http:/ S webmit.edn fengelward-lab /). Project
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one - cancer and inflammation: Exploit transgenic
monse models to study the relationship berween
exposures, mutations, and cancer with a particular
focus on DNA damage, Become invalved in making
novel transgenic animals designed 1o derect se-
quence rearrangements and conal expansion. Projea
two - microfluidic devices for studics of DNA dam-
age and repair: Work with engineers to invent new
tools for high-throughput analysis of DNA damage
levels in human cells. Explon novel technologes w
study pene-environment interactions that promaote
cancer. Doctorate in biology or relaved subject
required.

Funding at a competitive mie 5 guaranteed for one
vear; suppornt is available for up w three vears. Send
applicavon mawnabs wy: Prof, Bevin P, Engelward,
MIT Deparmment of Biological Engincering, 56-
631, 77 Massachusetts Avenue, Cambridge, MA
D2139-4307; or to e-mail: bevin@mitedu, Fjual
I—J||?flurmrrr'l';,'.-".-'|_.|',i'fn'rhlj'rr'r vy Engrla yer.

POSITIONS OPEN

FACULTY POSITIONS in
CARDIOVASCULAR BIOLOGY
University of Cincinnati
Molecular Genetics,/Biochemistry / Microbiolo gy

Cardiovascular investigators sought for tenure-track
ASSISTANT, ASSOCIATE, or FULL PROFES-
SOBR FACULTY pesitions in the Departments of Med
idne or Molecular Geneties Brochemistry, " Microbiology
tor work with the exsting Interdiscpbnan: Cardiovas
cular Center of Excellence. The Universaty of Cincin-
nati, as part of its Cardiovascular Imibiative, is seeking
individuals who have a strong and comperitive car-
diovascular research programs, The Universioe intends
w supplement its already prominent cardiovascular
group, which includes experse in cell signaling, gene
regulation, calcium handling, and molecular basis of
cardiovascular disease, stem cell therapy, and devel-
opmental biology, Secondary amd joint appointments
are feasible. Candidates with expertise including, but
not limired o, the arcas of stem cell and regencerative
biclogy, translational rescarch, molecular cardiovas-
cular iology and signaling, and who would synergize
with existing investgators are encouraged to apply.
Candidates should have a strong record of scholarly
accomplishment, and should be able o work n a
highly collaborarve, interdisciplinary environment.
In addition to a pererous recruimment package, an
ENDOWED CHAIR is available for the exceptional
candidate. Successful candidares will be expected to
maintain an inmwative, externally funded research
program, contribute to graduae and medical student
waching and rraining of fellows, and participate in
climical activinies (for MDY, candidares). Submit re-
SLIMCS T

Search Committee
Department of Molecular Geneties
University of Cincinnat
P.O. Box 670524
Cincinnati, OH 45267-0524
E-mail: jerry lingrel@uc.edu
Telephone: 513-558-5324
Fax: 513-558-1190

CHEMISTRY /BIOCHEMISTRY-CANCER
CENTER-PHABRMACY FACULTY POSITION
University of California, San Diego

The Depannment of Chemistry and Biochemistry of
University of California (UC), San Diego (website:
hetps/ S www-chem.ucsd. edu ), the Moores Cancer
Center (website: hetp: 7 Aeancer.ucsd .edu /) and the
Skaggs School of Pharmacy and Pharmaceutical Sci-
einces (website: http:/ Spharmacy. uesd.edu /) in-
vite applications for a tenure- rack or tenured fculty
position in an arca of chemistry, chemical biology, or
biochemistry contributing w0 basic knowledge in the
field of oncology, translational medicne, or transla
tional pharmacology. Candidates must have a Mh.D,
Pharm I, or M1}, and a demonstrated ability for
creative research and reachings at the undergraduare
and graduate levels, Senor candidaies will be jointly
appointed with the Department of Chemistry and
Biochemisiry and the Skaggs School of Pharmacy
and Pharmaceatical Sciences, and will have academic
commitments in both unis, Salary s commensurate
with qualifications and based on the University of
California pay scale. Applicants are asked to submit
materials online, website: Ig:ffuw-:lwm.umd.
edu Srecruit Sindex. cfm?addno~F-985. Marcrials
mnclude cover Tetter, curniculum vitae, complete lise
of publications, list of current and past grant support,
samples of published rescarch, and statement of vour
teaching eapenence.

Please arrange for three reference lemters o be
mailed directly by references to: Chair, Chemistry,/
Cancer Center Search 4985, University of Cal-
ifornia, San Diego, Department of Chemistry and
Biochemistry, La Jolla, CA 92093-0332, The
deadline for applications s December 1, 2007, but
until position is filbked, all applications received will
be assured full consideration, TCSD i an Egqeal Op-
portanityd Affieaive Action BEmplaper amth @ strong institu-
wawral commiiment 1o the wliievanent of diversing
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POSITIONS OPEN
TENURE-TRACK FACULTY POSITION
Bioinformatics
Department of Biological Sciences
The University of Southern Mississippi
The University of Southern Mississippi Depart
ment of Buologial Scences invites applications for a
tenure-track ASSISTANT PROFESSOR position
in computational biology. The position 18 tied to the
development of the NSF-funded Mississippi Com
putational Biology Consortium (website: hetpz//
mche.usmoedu /mebe /), a network of expertise that
15 collectively and cooperatively interfacing computer
scwence and technology with the biologeal scences
within the State of Mississippi. We seck exXpertise in
the application of informatics tools o biological
problems thar enhance a growing strength in cellular
and molecular biology. Suitable research arcas in-
lude, bur are not imited o, comparative genomics,
data mining, systems biology, or structural infor-
matics. The successtul candidare will have the op-
portunity to participate in the Missisippi Functonal
Genomics Network, a competitively funded NIH
comsortium that spans the disciplines of genomics,
proteomics, cellomics, and bionformatics (website:

htrp: / Smtgn. vsm.edu Smfgn /).

The University of Southern Mississippi, a Carne
rie High RBesearch Acovity Institution wath over
14,000 students, is located in Hlartesburg, Missis
sippi, near the Gulf Coast and abundam opportu-
nities for ourdoor recreation.  Hamiesburg s the
medical, commeraal, and culoural center of south
Mississippi and is ranked in the top five small met-
ropolitan areas in the United Stares. The Depart-
ment of Biological Sciences & comprised of over
thiny faculty and offers Bacealaurcare degrees in bio-
loggical scicnces and marine biology, Over 60 grad-
wate students currently pursie Master™s and doctoral
degrees. Further information about the Department
may be found ar website: hop: //www.ousm.edu/
biclogy /.

The successtul candidare will be expected o es
tablish an active, extramurally funded research pro
gram, mentor graduate students, and p'Lrtn:lp:ltL in
undu.rl.u'.nimu. and graduate tu..!-_hlnq in his area of
expense. Postdoctoral mescarch experience s required;
salary is commemsurate with gqualifications and ex-
pericnce, Applicants should submit a letter of appli-
cation, curniculum vitae, statement of rescarch plans,
copies of pertinent reprings, and three leners of ref-
erence tio: D, Shiao Wang, Bioinformatics Search
Committee, Department of Biological Sciences,
The University of Southern Mississippi, 118 Col-
lege Drive #5018, Hattiesburg, MS 39406-0001.
Electronic submission accepted (e-mail: ﬂ'li!'.’:l.wa.lﬁ@
wsmedu ). Review of applications will begin Dhe
cember 11, 2007, and continue until the position is
filled.

The Ulntiersiey of Sowhem Mississippi is an Affirnarive
Aerwoard Egraal Oppostunity Ewployoer.

BRANDEIS UNIVERSITY. The Buschemistry
Department secks a full-time faculty member to
teach introductory biochemistry kecture and labora-
tory classes beginning fall 2008, Candidaves should
have a PhD. in biochemistry or a related ficld, post
doctoral, andsor reaching experience, and be com
mitted to undergraduate education. This wall be a
one-vear, renewable nontenure trade appointment.
Salary and rank will be comme nsurate with expenence.

Applicants should submit curmiculum vite, state
ment on teaching philosophy, slabi from any courses
taupht by the applicant, and three letrers of refer-
ence o

Ms. Lynn Qlsen, Scarch Coordinator
Biochemistry Department, M5, 009
Brandeis University
IO, Box 549110
Waltham, MA 02454-21 10

First consideration will be given to applications
received by December 15, 2007, Beandeis Cinsersiny i
i h-.||¢r.n' :-}IIIHITHHJI?}’ fflw;ulul;ht sovirmninred 1o Jlun'-l'mll" a el
il y diverse fenellornal commrnity, and sermply endonraps
uj?_rn'u':rl‘fwh vt e adid R
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POSITIONS OPEN

POSTDOCTORAL POSITION. HIV re
combination creates viral diversity that obstructs
therapy. We are defiming the mechanisms of
DMNA-ENA strand interactions and viral protein
activitkes that promote recombination within
the co-packaged HIV genomes. Smong back-
pround in biochemistry and molecular biology
required. Send curriculum vitae and three
recommendations w: Dr. Robert Bambara,
Binchemistry and Biophysics, P.0. Box
712, University of Rochester, Rochester,
NY 14642; website: hetp///www.urme
rochester.edu/smd Sbebp,

POSITION ANNOUNCEMENT
MICROBIOLOGY FACULTY POSITION
College of Sdences and Mathematics
Auburmn University

The Department of Biological Sciences at Auburn
University invites applications for a tenure-track fac-
uley position at the ASSISTANT PROFESSOR
level m microbiology begnning fall 2008, The suc-
cessfl candidate is expected o establish an interna-

tionally recognized rescarch tl‘“'l':”“" in an arca of

miberobiology, and engage i the traiming of graduate
and undergraduate students. The sucoestul candidace
will also have teaching responsibilities n the micro
biology program and will participate in teaching
general microbiology.

Applicants should have a Ph.D}. in microbiology
or a closely related discipline wath at least two vears
of postdoctoral experience in microbiology. Desired
qualifications mclude a strong record of publication,
teaching experience, and good interpersonal skills.
Tl candsdate selected for tar position must be alde fo
meet elimbility requiresments ra wark in the United
Stares ar the Hme appointment is gheduled to bepin

and comtinse working laafly for the propased term af

enmiplavmient, and be alle to communieate effectively in
Enlish,

"l.}1|'t|iu|ll.!- should submit curmculum vitae, a de-
seription of rescarch interests and teaching experi-
ence, and the names and contact imformanon of at
least three references to: D, James Barbaree, Bio-
logical Sciences Search Committee Chair, Depart-
ment of Biological Sciences, 101 Life Sciences
Building, Auburn University, AL 36849-5407,
Beview of applications will begin December 15, 2007,

Anlwan !.i.lrn'rsir}l = dir .-!_i'.Frr.ll.:r.:w Amons Egnal Oppoti -
nity Emploper. Fowsenr amd nrinoditics ame enconripod i gy,

TENURE-TRACK MOSITION
ASSISTANT PROFESSOR
University of California, Davis

The Departments of Nutntion and Food Science
and Technology are currently secking w fill a faculey
position by Iuh 1, 2008, We are interested in in-
dividuals who have o can establish a strong research
program focusing on metabolic regulation, specifi-
cally the physiological impace of nutritionally depen-
dent metabolic fuxes and pawerns. The candidate
miist have demonstrated skills and abilities related w
the ntegranon of metabolic data with high infor-
mation wntent imo phyvsologically meaningful results.
Teaching responsibibities wall include undergraduare
and graduate courses m metabolic regalation, partic
ulardy these that emphasiee quanntanve amd analvtical
CONCepts.

Full details and application informaton can be

found at website: htps/ /. recruitments, ucdavis.

POSITIONS OPEN

ASSISTANT PROFESSOR of BIOLOGY
The University of Mississippi

The Department of Biology at the University of
Mississippi invites applications for a enure-track As-
sistant Professor position starting August 2008, The
successful candidare will be expected w develop an
active research program in any area related to immu
nology. Teaching responsibilines will include a course
i immunology, a graduate course in the mdwadual s
area of expertise, and the opportunity to romee through
a course m cellular and molecular biology, mioro
bilogy, phvsiclogy, or freshman biology.

To apply, please visit owr Online Emplovment
Service at website: http: S/ www. jobs.olemiss.edu.
Address questions to: Dr, Colin Jackson, Scarch
Committee Chair, e-mail: gackson@olemiss.edu.

The {-r.uw'r:u]' -:J ."lhn.-r.»:ﬂr'”-.u B Hfrmf f.'-m_rnlulp'l lf-.i']-u
partaniry S Affmmative Acvions Title V17T ile TX/ Section 5047
ADASADEA Employer

Get your
career questions

answered.
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MARKETPLACE

Custom RNAI Service
« Gene silence guaranteed
» Multi-targeting-site strategy
« Design, synthesis and construction
+ siRNA, shRMNA, mIRMNA & viral shRNA

EZBiolab www.ezbiolab.com

Oligo Labeling Reagents
t BHQ"/CAL Fluor /Quasar’ Amidites
L Amidites for 5' & Int. Modifications
% Standard and Specialty Amidites

BIOSEARCH  +1.800.GENOME. 1
AEChHOL e woww.btilabeling.com

edu. Online applications should be submitted no later
than Drecember 31, 2007,

LT Draevs 6 awr I_lﬁllﬂM Ity .'h'l'mu-r-"f:'.fu..llI I:'mIlf:!}'r.'h'ur
Opyporminrity Emiploger and & dedicwed o seeruinng o d e

__r.luzn'!]' LURITHTIRLIT Y, e avleame .:n'I.rrJ.rff.E.d .Jfl:lhe.ml\ I "I"I'IJ"

wrctirdrg o, ainones, indisidials seide disabalities, and
TR

MCLAB DNA Sequencing from $3.50

Free shipping for 20+ reactions,
High throughput. Direct sequenc-
ing from bacteria, phage, genomic
DNA, PCR products, hairpin, ete.

5-B83-mdab-88, www.mclab. com

SCIENCE www.sciencecareers.ong




STEPT -2

Phospho-RTK Array

Choose from our various multiplex assays
to screen for your proteins of interest.

R&D Systems: With You Every Step of the Way

STEP2- 2

Quantify your results with our dependable
ELISA/Assay kits.

Phospho-PDGF-R[S DuoSet [CELISA
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Untreated PDGF-AA PDGF-AB PDGF-88
Treatment

STEP3 -

Select from a wide range of high quality proteins
and antibodies that ensure accurate results for
many types of experimental procedures.

Phycoerythrin-conjugated mouse anti-human
PDGF RS

Cell Count
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PDGF R

Request your poster by visiting www.RnDSystems.com/go/2007Poster

Selection expanding weekly—visit w

USA R Canada RAED Systems, Inc. Tel: (800} 1237475 m!-u-llknl.'i&hlmuum

Ewope R&D Systems Europe, Lid. Teb + 44001 233 520440 infolRnDSntemaco.uk

For research use only. Mot for use in diagnostic procedures,
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