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To ensure a steady supply of oxygen and
nutrients, tumors send signals that stimu-
late the growth of new blood vessels. Bone
marrow-derived cells called endothelial
progenitor cells (EPCs) are known to be
recruited to the tumor-associated growing
vessels, but the presence of these cells at
only very low levels in the tumor vascula-
ture has made it difficult to assess their
functional contribution. Studying mouse
models of lung metastasis, Gao et al.
(p. 195; see the Perspective by Rafii and
Lyden) show that EPCs are critical regulators
of the “angiogenic switch” that helps drive
the progression of dormant micrometas-
tases to lethal metastases. Genetic manipu-
lations that blocked EPC mobilization in
tumor-bearing mice inhibited angiogene-
sis, impaired formation of lung metastases,
and increased survival time.

Exotic Superconductors in
Magnetic Field

When a magnetic field is applied to a supercon-
ductor, a regular lattice of vortices usually forms in
which each vortex is threaded by a single quantum
of magnetic flux. This process is often desaribed
by the phenomenological Ginzburg-Landau the
ory in terms of two length scales for the magnetic
field, a coherence length and a penetration
depth. Bianchi et al. (p. 177) now report neu-
tran-scattering results on the heavy fermion com-
pound CeColn, that show a complete departure
fram this model. The authors suggest that the
response is caused by spin polarization of the
quasiparticles within the normal state vortex core
that arises from the superconducting state being
near a quantum critical point.

www.sciencemag.org SCIENCE VOL 319

Chemical Ins and Quts

In bimolecular nucleophilic substitution (the 5,2
reaclion), an altacking group, usually an anion,
binds to a carbon center and simultaneously
ejects a leaving group on Lhe opposite side, This
reaction has been understood in broad terms for
many decades, but many details have been
obscured by medium effects and the low-energy
discrimination attainable in gas-phase studies.
Mikosch et al. (p. 183; see the Perspective by

| Brauman) have achieved precise control over the

gas phase collision energies of 1™ and CH,l and
mapped out the guantum mechanical dynamics
that lead to CH,Cl and I™. Analysis in concert
with theoretical simulations reveals a progres
sion with increasing energy from a mechanism
involving a pre-reaction complex to a more
direct displacement.

Cold Cretaceous Pockets

Although the Cretaceous was a period of excep-
lionally warm sea surface temperatures and high
sea levels, geological and isotopic evidence (such
as sea-level changes and 680 excursions) sug
gests that glaciation occurred during that period.
Bornemann et al. (p. 189; see the news story by
Kerr) now show significant glaciation occurred
during the peak of the Creatceous warmth, around
91 million years ago. By combining measure-
ments of the 0 of foraminifera, which is a func
tion of ocean temperature and ice volume, and a
membrane lipid index that solely reflects temper
ature changes, the authors show thal there was a
200,000-year interval of glaciation, possibly as an
ice sheel in Antarctica about hall the size of the
current ice cap.

Dwarf Galaxy Puzzles

The stars and dark matter of dwarf galaxies are
less concentrated than theories predicl.
Mashchenko et al. (p. 174, published online 29
November) used computer sim
ulations to model the effects
of expelled material from
supernavae and stellar
winds on the overall
properties of dwarl
galaxies. Such stellar
feedback of material
drives large-scale bulk
motions of interstellar gas
that change the gravitational
potential such that the central matter density of
the galaxy is reduced. This effect helps explain
many puzzling properties of dwarl galaxies, such

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

as their large dark matter cores, globular cluster
distributions, and stellar population gradients,

Where the Action Is

An immune response o infection begins within
the secondary lymphoid tissues, where foreign
antigen is presented to T cells by dendritic cells.
Activated T cells then migrate to the infected
peripheral tissues. Wakim et al. (p. 198) present
evidence that may revise the view that peripheral
sites are simply arenas for the end stages of
combat. A pathogen (herpes simplex virus) was
experimentally reactivated in transplanted nery
ous tissue in combination with adoptively trans-
ferred T cells. Fresh T cell activation was detected
at these sites, and as happens in lymph nodes,
this process required dendritic cells and the help
of CO4* T cells.

Expressing Estrogen-
Responsive Genes

Estrogens, upon recruitment of their cognate
receptors, govern the expression of target genes,
Perillo et al. (p. 202) show that transcription of
estrogen-responsive genes is driven by hormone-
dependent demethylation of a critical lysine in
histone H3 to induce a local oxidative burst that
modifies the surrounding DNA by guanine oxida
tion, which is subsequently removed by specific
glycosylases. 8-oxo-guanine-DNA glycosylase 1
and the topoisomerase ||} enzyme are recruited
to these loci and bend the intervening DNA-
chromalin region to mark the site where tran-
scription begins and drive expression of estrogen-
responsive genes.

Find Your Partner

The interactions of proteins with each other and
of protein subunits within a complex are, as one
would expect, primarily dictated by the amino
acid side chains located at the contact inter-
faces. Interfacial residues can be hotspots of
evolutionary change, and cross-species
comparisons of changes often provide
insights into the link between oligomeric
structure and catalytic-regulatory func-
tions. Grueninger et al. (p. 206; see the
Perspective by Janin) have applied these
insights in a project to alter, in a rational fashion,

the oligomeric state of five enzymes. The authors

conclude that symmetry elements are key to
achieving success in the redesign of natural
protein-protein interactions.
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A Case for New Institutions

THE ENVIRONMENT IN MOST COUNTRIES I5 BEING DEGRADED, POVERTY WORLDWIDE 15
increasing, and the gaps between rich and poor individuals and nations are widening. One half of the
world’s human population still survives on less than 82 per day. These people face the prospect of
environmental degradation of their ecosystems that is likely to be exacerbated by climate change. Ye
these local ecosystems contain much of our planet’s biodiversity and are also the sources of livelihoods
and ecosystem services for the rural poor and indirectly for the global community. A key to halt, and then
reverse, these environmental and economic trends may lie in new and imaginatively conceived institutions
of knowledge in developing countries.

Increased knowledge has always provided the basis for human advance. In recent times, wealth has been
generated mainly by technical innovation and entrepreneurship. whereas gains on social and environmental
fronts have been driven by a broader intellectual tradition. In developed countries, these traditions have been
organized into knowledge institutions such as universities. In developing countries. modern universities
have, unfortunately, lacked the historical, social, ecconomic, and political contexts that
shaped those in the developed world, As a result, these institutions have largely failed
to address contemporary cconomic and environmental problems.

Moreover, knowledge institutions inthe developing world face unique challenges.
Current problems associated with hunger, inequities, and environmental degradation
are complex and require considerable human resources and new knowledge. And
institutions that can translate knowledge into action, such as nongovernmental
organizations, extension arms of universities, and community user groups, are
very Tew and have a weak capacity o meet contemporary needs, Universities in
the developing world, generating knowledge for knowledge's sake or, more
often. duplicating knowledge, are not moving fast enough to develop programs
to meet new challenges,

Innovative knowledge institutions and partnerships are needed, and they must be
guided by certain principles. Highly vared local situations and the uncertainty of
complex social and ecological systems call for flexible, expenmental, and adaptive
learning-based approaches. The new institutions must also be problem-driven. The
alleviation of poverty and environmental sustainabihty should be explicit goals for
which knowledge must be generated, Institutions must transcend traditional
disciplinary boundaries w generate new ideas and technologies and link science
with policy and governance to frame questions and foster social change. Two examples
of such new institutions in the developing world meet only some of these criteria:
the Ashoka Trust for Research in Ecology and the Environment {ATREE ) in India and the EARTH University
in Costa Rica. Considening the magnitude of the problems. many more are required.

Ouwr experience with ATREE suggests that new knowledge institutions function best by having partner-
ships with nongovernment and government agencies, as well as with community organizations. Flexible
mandates. freedom from bureaucratic control, and a focus on specific problems, such as the harmonization
of rural livelihoods and conservation at specific sites (for example, in the Western Ghats and Eastern
Himalaya biodiversity hot spots), have been critical for forging frameworks to implement work that is
relevant to the identified societal needs, Collaboration with appropriate institutions in the developed
world that entails integration of different knowledge systems, mutual respect, and syvmmetrical partner-
ships adds a global perspective that is important for sharing knowledge and resolving global problems.

Several supportive actions are necessary for new institutions to emerge and flourish. China, Indiza, and
other countries are making huge investments in knowledge institutions and could easily channel resources
into new institutions or into existing institutions that adopt broad public mandates, The new class of
wealthy social entrepreneurs emerging in the fast-growing economies of Asia and Latin America,
committed to philanthropy. could be convinced that support for these new institutions will provide
stable long-term selutions, even when immediate results from social welfare programs may seem
more attractive. Finally, the reallocation of resources by bilateral donor agencies and foundations from
short-term projects to new institutions that genuinely address long-term capacity-building could also
reverse the present economic and environmental trends,

= Kamaljit 5. Bawa, Ganesan Balachander, Peter Raven

10,1126/ science. 1151835
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DEVELODPMENT

A Need for Glia

The mammalian cerebral cortex, the seat of higher
thought, develops from the inside out, as younger
neurons barn in the ventricular zone migrate past older
neurons to form ever more superficial layers. Radial glial
cells serve as guide wires along which the migrating
neurons travel, and these same radial glial cells also serve
to produce new neurons. As migrating neurons navigate
through the glial cell scaffold, they move stepwise by
means of transient adhesive contacts mediated by gap
junction proteins. Integrins are 3 subunit receptors
located in the plasma membrane and link the extracellular
matrix to the intracellular cytoskeleton. Belvindrah et al.
have taken a closer look at how [31 integrin contributes to
the arganization of these cortical cell migrations. They
used an existing mouse line, in which both radial glia and
migrating neurons were deficient in 31 integrin, and
compared it with a mouse line they developed for this
analysis, with [31 integrin knocked out only in the migrat-
ing neurons. When the radial glia lacked 31 integrin, they
seemed disorganized in their anchor points, and the cortex
developed abnormally, whereas when only the neurons
lacked 31 integrin, migration proceeded normally.
Tissue culture analysis showed that the normal formation
of neurite extensions depended on the expression of [i1
integrin in the glia, but not in the neurons. It seems that
what matters for how [I1 integrin affects the layering of
the developing cortex is not its expression in neurons but
rather its expression in glial cells. — PJH

I Newrosci. 27, 13854 (2007).

www.sciencemag.org SCIENCE VOL 319
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VIROLDGY
Aided by Amyloid

The role played by semen in the sexual transmission of HIV may be more than simply as an
innocuous carrier, Miinch et al. show that semen contains factors that can actually amplify
the infectious potential of HIV by helping to promote the binding of the virus to target
cells. Within semen, the enzyme prostatic acidic phosphatase can break down and form
fragments that can, in turn, coalesce into amyloid-like fibrils. These fibrils can bind to HIV
virions and enhance their binding to target cells—effectively amplifying the chance of
successiul viral infection by several orders of magnitude. Addition of the fibrils al physio-
logical concentrations increased HIV infection in susceptible cell cultures, cultures of
human tonsils, and in transgenic rats. It remains to be confirmed to what extent this mech-
anism is effective during human-to-human sexual transmission, but if it is an important
factor, it may represent a valuable target in efforts lo prevent transmission. — SMH

Ceil 131, 1059 (2007).

MATERIALS SCIENCE
How to Walk on Water

Water striders can skate and jump on water without drowning.
The legs of these insects have a hierarchical structure of
hydrophobic hairs; the resulting highly water-repellent sur-
face is thought to help the insects move on water, because
small hydrophobic objects can floal, or sink with a delay,
even when their density is higher than that of waler. Float-
ing is one thing though—jumping onto and off of a liquid water surface quite another.
How do the impact conditions affect the response of the water surface? To investigate this
question, Lee and Kim studied the impact behavior of small superhydrophobic spheres,
They found that at low impact velocity, the spheres oscillate on the surface while afloat. As
the impact velocity increases, they bounce ofl the water surface. At even higher velocity,
the spheres penetrate the water surface and sink, Whether the spheres bounce off depends
on the viscosity of the liquid and the hydrophobicity of the sphere. Thus, the superhy-
drophobic legs are crudal to the water striders ability to jump on water and avoid drown-
ing. Future robots may mimic such behavior. — JFU

Langmuir 24, 142 (2008).

CHEMISTRY
Aromatic Surprise

Unsaturated hydrocarbon rings are constructively classed by their number of electrons
available for pi-bonding: & multiple of four confers instability in a planar configuration (as
in cyclobutadiene), whereas even nonmultiples of four €as in benzene and naphthalene)
confer exceptional stability, termed aromaticity. Cyclic analogs in which the carbons are
replaced by heavier atoms can be subject to greater degrees of spin-orbit coupling, and it
is thus unclear how straightforwardly the aromaticity picture extrapolates.

Ugrinov et al. explored this question in analyzing an unusual compound they pre-
pared and crystallographically characterized—a dianionic parallelogram with arsenic (As)
and tellurium (TE) centers at opposite corners and charge-balancing potassium cations
sequestered by crown ethers above and below the plane. A simplistic analysis would sug-
gest that four lone pairs (one each per As and Te center) should sum to an anti-aromatic
configuration. However, calculations using density functional theory suggest that the
experimental geometry is consistent with a spin triplet ground state and that the net
electronic configuration is in fact closer to an aromatic system. — JSY

1. Am. Chem. Soc. 10.1021/ja0755131 (2007).

11 JANUARY 2008

137



CREDITS (TOP TO BOTTOM): BOBAE SHUSTER: COLMAN AND PASTER: IMAMA VLADISAVLIENAC

The Wine Divide

Environmentally consdious enophiles in the east-
ern third of the United States may be in for a sur-
prise. A recent analysis of carbon emissions sug-
gests that they will contribute less to global
warming if they drink French rather than
California wines.

Tyler Colman, a wine blogger
(www.drvino.com) and instructor at New York
University, teamed up with Pablo Paster, a sus-
tainability engineer at URS Corp. in Qakland,
California, to do a carbon life-cycle analysis. Their
conclusion: Transportation outweighs all aspects
of production. Shipping a 750-milliliter bottle
from Bordeaux to New York City emits 1.8 kilo-
grams of carbon, whereas trucking one from the
Napa Valley emits 2.6 kg.

The Napa-Bordeaux line.

Other wine tips the authors report in a work-
ing paper posted at www.wine-economics.org:
Because most of the weight is in the glass, bigger
bottles are better. Boxed wine is a good alterna-
tive, but local wine is the greenest of all.

Genes R Us

Personal genomics revved into high gear last
year thanks to DNA chips thal make it possible
to cheaply scan the entire genome (Science,
21 December 2007, p. 1842). You can track
the flood of new discoveries at SNPedia
(www.snpedia.com), a Web site run by two
biotech veterans in Bethesda, Maryland, that
catalogs SNPs culled from the literature,

SMPs are single-nucleotide polymorphisms:
single-base variations in DMA that researchers are
tying to traits and disease risks. Browse by medi-
cal conditions (77 so far) and discover, for exam
ple, that carrying two copies of the T version of a
SNP called rs2273535 raises your risk of colon
cancer by 50%; another SNP, rs6152, is associ-
ated with baldness. Visitors can also search by
genetically influenced drug reactions (48) and
genes (128). There are links to relevant papers
and sites (including James Watson's and J. Craig
Venter's respective genomes) and to blogs by
people who are sending their DNA to a lab to be
“SNP chipped.” The site is also a wiki, which
means anyone can contribute,
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The site “could be a very valuable research
tool,” says computational biologist Mark Daly of
the Broad Institute in Cambridge,
Massachusetts, "It will be great to see
how this develops.”

Man With a -
One-Wheel Mind

A retired unicycling dermatolo-
gist has gotten press, and a few
laughs, by claiming a link between
testosterone and humar.

Sam Shuster of Newcastle upon Tyne, UK.,
rode around town on his unicycle for a year,
recording the reactions of 400 passersby.
Reporting in the 22 December 2007 issue of the
British Medical Journal, Shuster relates that
aboul 75% of male reactions were "altempls al
comedy,” whereas 95% of the females “praised,
encouraged, or expressed concern.” The most
aggressive reactions came from youthful males,
who shouted things such as “Fall off, granddad”

EDITED BY CONSTANCE HOLDEN

and kicked soccer balls at him. Responses mel
lowed with time, Shuster observed, with
older men joking about his having
lost a wheel or his handlebars.
Elderly men tended to com-
ment on the difficulty, saying
things such as “It's quicker
to walk.” Shuster's interpre-
tation is that as men age,
“aggression is concealed by
wil.” He speculates that
humor eventually takes on a
life of its own, persisting beyond
high testosterone levels.
Sociologist Alan Booth of Penn-
sylvania State University in State College is skep-
tical of a testosterone-humor connection—excepl
“to the extent humor means demeaning some
one.” Aggression is “probably just one aspect” of
humor, suggests psychologist Roy Baumeister of
Florida State University in Tallahassee. He says
that in his experience, men are often more likely
than women to use self-deprecating humor,
hardly an expression of aggression.

Hang Up and Get Moving

Research has shown that talking on a cell phone makes a driver about five times as likely to
have an accident. Now it turns out that cell phones also cause traffic congestion and delays.

Researchers led by David Strayer, a psychologist at the University of Utah, Salt Lake City,
put 36 undergraduates into a driving simulator and had each drive about 15 kilometers of
freeway with various amounts of traffic. If they were talking on a hands-free cell phone, they
drove 3.2 kilometers per hour more slowly and were 21% less likely to pass a slow-moving

vehicle on a crowded freeway.

That means for a typical commuter, talking could lengthen the drive time by 5% to 10%,
the group estimates in a paper prepared for this month’s meeting of the National Academies’
Transportation Research Board in Washington, D.C. "As you increase traffic density, the impact of
distracted drivers becomes more pronounced,” says Strayer. The team is now using traffic mod-
els to figure out the exact toll on other drivers. It could be big: In 2005, the U.5. Department of
Transportation found that 6% of drivers were using cell phones at any given daytime moment.
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HEADBANGERS. The Amygdaloids, a rock band formed
by researchers at New York University, has played only
10 shows in s first vear of existence. But the band’s
songs about brain science, fear, and love now grace a
new CD, Heavy Mental, and Jast week the band gave a
free performance at the Kennedy Center in Washington,

CREDITS (TOP TO BOTTOME MYL: CME: STOCKHOLM UNIVERSITY

MOVERS

QUALIFIED. Merit triumphed over politics in
Italy’s choice of a new research chief, according
to scientists who hope that big changes will fol-
low. Theoretical physicist Luciano Maiani was
named head of the $ 1.5 billion Mational
Research Council (CNR) in December and is

expected to be confirmed soon to the 4-year
post. Maiani, best known for jointly predicting
the charm quark with two other scientists,
served as director general of CERN from 1999
to 2003 and previously ran Italy's National
Institute of Nuclear Physics.

CNR has been
without a director
since the resignation
of former chief Fabio
Pistella last summer.
Critics claimed that
Pistella was a political
favorite and publicly
challenged his qualifi-
cations to run the
agency. Last year, to
cut political interfer-
ence, the Italian government adopted a new
system for selecting research heads, in which
an international selection committee sifts
applications and proposes three names to the
government to choose from. Maiani was picked
from about 50 applicants.

Maiani says he wants to restore CNR's role
as the primary driver of Italian research. He
intends to ramp up the agency’s programs in
particle physics, astronomy, and areas of
medicine and biology. Luciano Pietronero,
head of CNR's Institute of Complex Systems in
Rome, says Maiani's experience makes him
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“perfectly suited for the challenge of revital-
izing the agency.”

IN THE COURTS

CLEARED. A French court has removed the
taint of espionage from chemist Luu Bang. But
Luu is still looking to his employer, the National
Centre for Scientific Research (CNRS), to restore
his hanor,

Luu, 67, was arrested at the Strasbourg air-
port on 8 April 2006 while on his way to
Guangdaong, China, to attend a seminar on
Sina-French collaboration. Border police found
four vials containing a white powder in his suit-
case. Luu said they were chemicals for prospec-

Deaths

FIRST IN CLIMATE. The founding chair of
the Nobel Prize-winning Intergovernmental
Panel on Climate Change (IPCC), Bert Bolin, 82, died 30
December 2007 in Stockholm, Sweden, of stomach cancer.
‘A lot of credit [for the Nobel] has to go to Bert,” says

Band Member 01 Music Idal Science ldal Favorite Lyric
Joseph LeDoux, Guitarist Darwin "My body wants you but my mind
NewroscientistRhythm quitarist  Pete Kennedy says no.”
Nina Galbraith Curley Bassist, Marie Curie “You left a trace in my memory /
Gead studentBass gustarkst James Jamerson A permanent place in my synaptic sea.”
Damiela Schiller, Singerfsongwriter  Albert Einstein  “You can't see inside of me /
PostdocDrums Tom Waits That's a place only | can be.”
Tyler Volk, Guitaris Galilen “Don’t go looking too hard /
BiologistLead guitarist Jimi Hendrix it's all a nut in your brain.”

tive scientific partners in China, but CNRS filed
a theft report and suspended Luu as emeritus
researcher (Science, 28 April 2006, p. 512).
The French government eventually charged
him with “breach of trust” for trying to take the
samples abroad withaut proper consent. But
last month, an appeals court in Colmar in east-
em France said that CNRS did not have internal
rules governing such shipments and that Luu
had notified the French consulate in
Guangzhou of his plan. The government did
not use the 5 days it had to appeal the verdict,
CMNRS did not respond to requests for comment.

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

Robert Watson of the University of East Anglia, U.K., Bolin's
successor at IPCC. “If he had not done the superb job that he
did, it wouldn't have happened.” IPCC's current chair,
Rajendra Pachauri, and Al Gore accepted the prize at the
Nobel ceremony last month,

Beginning in the 1950s, Bolin's work at Stockholm
University on the cycling of carbon through land, ocean, and
atmosphere drew attention to the carbon cycle’s vital role in
climate change. In 1988, he became IPCC's first chair and set
the organization’s direction through its first two major cli-
mate assessments involving thousands of climate scientists.
After the Nobel Peace Prize was announced, he told Science
that their hard work helped "to unite the scientific community
around the part of climate knowledge that is really robust
without going beyond that to speculation.”
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PARTICLE PHYSICS

Ants, plants,
and herbivores

Budget Cuts Mean Layoffs at Two
DOE Labs, End for SLAC Collider

An unexpectedly tight science budget this
vear at the ULS. Department of Energy (DOE)
will shut down a particle collider in California
and curtail activities at another accelerator lab
in [linois. In addition, up to 325 scientists,
techmicians, and workers are facing layolls
after Congress last month wrned a planned
4% increase in the particle physics budget
into an 8.5% reduction.

The 2008 budget, signed into law the day
after Christmas, hit DOE’s particle physics
program especially hard ( Science, 4 January,
p. 18). Physicists at the Fermi National Accel-
erator Laboratory {Fermilab) in Batavia, [1h-
nois, fretted that their Tevatron collider would
have 1o shut down for a month. Instead DOE
officials have decided to pull the plug on the
PEP-II collider at the Stanford Linear Accel-
erator Center (SLAC) in Menlo Park, Califor-
nia. at the beginning of March, 7 months
ahead of schedule, SLAC Director Persis
Drell announced on 7 January,

“This came as a total surprise,”
Hassan Jawahery. a physicist at the University

SUVS

Projects to

be halted

Workers now
on project

PEP-I1 is a victim of cuts aimed at other proj-
ects. Federal legislators slashed by three-
quarters DOEs requested
60 million for research and
development for the proposed
International Linear Collider
(ILC), a J0-Kilometer-long,
multibillion-dollar particle
smasher that many physicisis
say 15 key to the field’s future,
LS. researchers hope the
machine will be built at Fermi-
lab. but the 2008 cuts cast a
dark cloud over the entire proj-
ect. Research on superconduct-
ing accelerator technology,
known as SRF, wound up with
%5 million rather than the
523 million requested. For
Fermilab, an expected $47 million turned
into 515 million. SLAC got $4 million for ILC
instead of 320 million,

Those numbers jolted both labs, which
had already spent all the money they will

layolis.

2008 budget
request

2008 funding
allocated

Shared pain. SLAC's new
director, Persis Drell, laments

Fermilab ILC 524 million 510 million
SRF ik 523 million 55 million

NOwA (neutrinos) 70 $36 million none
SLAC ILC 73 520 million 54 million
Running PEP-II NA 522 million 515 million

Down and out. SLAC will shut down PEP-11 in March
to cope with a disappointing 2008 budget.

of Marvland, College Park. who leads the
600-member international collaboration
working with BaBar, the particle detector fed
by PEP-11. *“We had a full program ahead of us.”

SLAC will also lay off 125 of its 1600
employvees. “While | cannot reduce the mag-
nitude or the impact of the coming layolt, |
can acknowledge how painful this will be.”
Drell wld the lab staff, SLAC administrators
had already planned to replace 100 employ-
ces as researchers complete an x-ray laser and
pursue studies in matenals science.

Like a bystander hit by an errant bullet,

. and hundreds of people will be laid off at the two labs,

receve this vear for those projects. The day
after the budget passed, Fermilab Director
Pier Oddone announced that 200 of the lab's
1900 employees would be laid off. But
because the labs must give 60 days" notice, the
ILC and SRF projects will effectively con-
sume millions of dollars more. Oddone now
says a healthy budget request for 2009, due
out next month, could mean fewer lavolts,
That money must come out of other proj-
ccts. At first, Fermilab officials worried that
they would have to shut down the Tevatron,
even as researchers strain to spot the Higgs

Protecting wh

from the Navy
sonar

boson belore it 1s snagged by the higher-
encrey Lanze Hadron Collider (LHC), which
will power up this summer at the European
lab, CERN. near Geneva, Switzerland, “It's a
critical time for the Tevairon,” Oddone says.
But he says a “rolling furlough,” in which all
emplovees take 2 or 3 davs a month of unpaid

leave, will keep the machine going.
PEP-11 won't be so lucky. DOLE cannot
atford o run both colliders, so offi-

its scheduled shutdown on 30 Sep-
tember. “Based on the gudance we
have received from the scientific
community. ... the operation of the
Tevatron in 2008 has a higher sci-
entific priorty,” says Dennis Kovar
of DOEs Office of Science.

Both machines are looking for
signs of massive new particles, but
in very different ways. Fermilabs
Tevatron aims to create the Higgs
and other new particles by smash-
Ing protons into antprotons at the
highest energies. By colliding elec-
trons and antielectrons at lower
energy, SLAC™ PEP-II produces copious
quantities of particles called B mesons. whose
properties depend on particles popping in and
out of “virwal” existence around them. Swidies
of B mesons have already set limits on what the
Tevatron and the LHC might see directly,

PEP-II has produced about 500 million
B meson/anti-B meson pairs since 1999 and
would have produced 250 nullion this vear
alone, The extra data could have revealed rare
decays, Jawahery says, and would have
helped BaBar compete with the Belle experi-
ment at KEK. the Japanese lab at Tsukuba,
which 1s fed by the KEKB collider.

Owverall, the DOE particle physics budget
fell to 5688 million from a requested
$782 million: it received $752 million in
2007, Few expect the budget 1o rebound next
year. “We've had 2 vears in which increases
for the physical sciences were eliminated at
the last minute.” says Burton Richter, former
director of SLAC. *“Are we going to be in the
same sort of budgzet stalemate in 20097

Meanwhile. particle physics proceeds
apace in Japan, Last week, KEK officials
announced that they intend to build a “super
B factory™ to crank out even more B mesons
once KEKB fimishes its work in 2008,
-ADRIAN CHO
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VIROLOGY

Upgrading China's
universities

How tumors sabotage
immunotherapies?

HIV Gets By With a Lot of Help From Human Host

HIV i1s ndiculously simple vet astonishingly
complex, The virus contains a mere 9000 bases
of RNA-——one-millionth the amount of genetic
material ina human cell
nine genes that code for a measly 15 proteins.
Yetthis virus can relentlessly nibble at immune
cells until the entire system collapses, opening
the door for a vast array of illnesses and ulti-
mately, death, For HIV o do s damage, how-
ever, it must repeatedly infect new cells and
copy itself, a teat that requires help from s
human host, And as a startling paper published
online (www.sciencemag. org/cgl/content
abstract/1152725) by Science this week
explains, thats where HIV s complexity
becomes abundantly apparent. The findings
also spotlight imtrgwing, novel drug tareets,
“*This is destined to be one ol the key HIV
papers ol this decade, il not longer.” says

Robert Gallo. who heads the Institute of

Human Virology in Baltimore, Maryland, and
did landmark studies that tied HIV 10 AIDS,
Using cutting-edge moleculartechniques, a
team led by geneticist Stephen Elledge at
Brigham and Women’s Hospital in Boston
tound that the virus relies on 273 human pro-

and a paltry suite of

ranscription and thereby prevent genes from
making their products. Specifically, they wok
human cells and effectively short=circuited
every known gene, one at a ume, and then
tested whether HIV could establish an imfec-
uon and copy itself, In all, their genomewide
RNA interference screen disrupted more than
21000 human genes, and by a process of elim-
ination, they isolated the ones that HIV hijjacks.
“This is an excellent example of sIRNA
screening.” says retrovirologist Warner

Greene, who heads the Gladstone Institute of
Virology and Immunology at the University of

California, San Francisco. “This single paper
could guide several interesting graduate stu-
dent theses in the future”

Gallo says the findings have already led
to many new insights, and he shares the
study investigators” enthusiasm that these
HDFs may make excellent targets for
drugs. Elledge compares the strategy to that
of much-ballyhooed cancer drugs known as
angiogenesis inhibitors, which strangle the
blood supply to tumors rather than attack
the wmors themselves.

More than two dozen current drugs dis-
able key HIV enzymes. (The ULS. Food and
Drug Admimistration in August for the first
time approved an HDF inhibitor, which
blocks a receptor the virus docks onto for cell
entry called CCRA, but its use is limited to
people who have failed to respond to several
other drugs. ) Although drugs that cripple HIV
work powerfully when combined into cock-
tails, the virus can mutate around each of
them, preventing them from binding 1o their
viral targets, eventually leading to drug resist-
ance, Elledge and co-workers contend that
HIV would have more difficulty escaping
drugs that imerfere with HDFs. True, HIV
could evolve the capacity 1o copy itsell with-
out one of these factors, but that's a much
maore difficult task for the virus than mutating
to prevent a drug from binding to a viral
enzyme. On the flip side. human proteins
don’t mutate with anywhere near the case of
viruses, which makes it less likely that an
HDF would develop drug resistance.

Cireene and others caution that targeting

host proteins could lead 1o serious &

teins to do its dirty work. These so-called HIV | 2P0
dependency factors (HDFs)—only 36 of | sknown HOFs .
which researchers had previously identified RIDFS IOk Gomnci =
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Medical School in Boston—{ound these HDFs
by using libranes of recently discovered small
interfering RNAs (siRMNAs), which can disrupt
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Complex relationship. HIV (top, purple) relies on more than 200 human proteins o infect immune cells,
enter the nucleus, integrate itsell into the chromosomes, and then make copies of itself.
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side effects—alter all, these HDFs presume-
ably exist to help humans. not the virus. It's
also a tall order to discover effective
inhibitors against HDFs, says Deborah
Mguyven, who with colleagues at the
Genomics Institute of the Novartis Research
Foundation in San Diego, California,
recently published a more limited siRNA
study to identify new HIV treatment strate-
gies. “Unfortunately, [ think this barrier

GEOPHYSICS

Daggers Are Drawn

Last vear. climate change scientists thought
they had driven a silver stake through the idea
that fluctuations in solar activity were behind
global warming in the last century. Now, a
high-profile team led by geophysicist
Vincent Countillot, director of the Institut de
Physique du Globe in Paris, has sought to
raise the dead in a paper linking changes in
Earth’s magnetic field wo temperature varia-
tions in recent millennia.

The paper, which appeared last year
in Earth and Planetary Science Letters, has
drawn fierce criticism, including a rebuttal in
the 15 January issue of EPSL, and sparked a
rancorous debate on a climate blog, “There is
nothing new nor valuable in Courtillot’s
paper.” asserts Gilles Delaygue, a geochemist
at the University Paul Cézanne Aix-Marseille
3. Mot so, savs Courtillot. I

we are proven to be right. this .l e
will seriously backlash on sci-  *® =o=SIT
entists’ credibility.” he says, it ::m:
To illustrate how the sun and Tyt

Earth’s magnetic field influ- '™
ence climate, Courtillot’s team s |
presented a graph depicting |
how fluctuations in solar bright-

A8 |

ness and the strength and orien-
tation of the geomagnetic field

shifted up and down in unison 1

with global temperatures dur- | . ;-,f _;*r
ing the past century. This was 20| 1’5 ¥
particularly apparent, they

claim. from 1940 1w 1970, when oo t#e0

a decrease in solar brightness
and subsequent weakening of
the geomagnetic feld was fol-
lowed by a 0.2°C decline in
average annual global tempera-
tures. On centurial scales, Courtillot’s team
speculates that a higher Nux of cosmic rays
seeds cloud formation: more clouds would
result in lower emperawures. On a millennial
scale. they argue. changes in Earth’s inner
dvnamo lead to rapid shifis of our planet’s

won't be crossed for a while,” predicts
Mguven. who savs industry’s interest in anti-
HIV drug R&D 15 also waning.

Elledge acknowledges the hurdles but
counters that many marketed drugs against
other diseases target human proteins and
provide more benefit than harm. And the
hundreds of HDFs his group has identified
may play limited roles in human health and
development. “Perturbing one may not have

Over Revived Cosmic Ray—Climate Link

magnetic dipole. Currently, the magnetic
north and south poles are located near the
geographic poles. funneling cosmic rays mto
a bone-dry lower atmosphere. According 1o
the team, when the dipole wanders toward
more humid latitudes, more cosmic rays may
interact with water vapor in the lower atmos-
phere, influencing cloud formation.

Their study challenges reports last year
from the United Nations Intergovernmental
Panel on Climate Change (IPCC), which hold
that the primary driver of global warming in
the past century is rising atmospheric concen-
trations of carbon dioxide and other green-
house gases, largely from industrial and auo
emissions, Courtillot is one of a handful of
credible scientists who reject IPCCS bottom
line. “Magnetic field fluctuations and sun

150

More than a coincidence? In this controversial figure, Vincent Cortillot and colleagues
argue that variations in Earth's geomagnetic field (ESK and SIT) and solar irradiance are
linked to global temperatures in the 20th century, until the advent 2 decades ago of what
they call an "anomalous warming.”

pulses fit with global temperature change bet-
ter than carbon dioxide does.™ he asserts,
reviving a hypothesis that many scientists
believe the IPCC reports had discredited.
Knowing they are touching a sore spot,
Courtillot cautions: *“We are not yvet drawing

TRAD

a profound effect on a cell, but it may on
HIV. he savs. Yet he agrees that this flood of
new data is confusing: "It takes some hard
thinking about where to go next.”

Greene says the most immediate chal-
lenge is to elucidate the molecular detals of
how these 273 HDFs interact with HIV.
“Currently, the authors can only suggest
possible connections,” he says. “But what a
great starting point.” ~]JON COHEN

conclusions nor giving definitive explana-
tions. We are providing new evidences from
observations.” He and his team acknowledge
that “anomalous warming™ in the past
2 decades apparently cannot be linked to solar
or geomagnenc activity, although they decline
to ascribe it w greenhouse zases,

Climate change researchers have set out to
strangle the hypothesized climate-geomagnetism
connection in its crib. In a comment in EPSL.
Delaygue and climatologist Edouard Bard of
the College de France pomt to Nawed analyses
ol temperature records and other data that they
claim undermine the study. Above all. they
dismiss the proposed link between solar
brightness and cooling in the middle of the
20th century. That cooling, Bard says, is
known to be linked to sulfate aerosols, mainly
from industrial emissions.
“This was an obfuscation of a
well-understood phenom-
enon,” geophysicist Raymond
Pierrehumbert of the Uni-
versity of Chicago in [llinois
commented on RealClimate.
org, a Web site run by climate
scientists. Climatologist Phil
Jones of the University of East
Anglia in Norwich, UK., adds
that there 15 no need to invoke
zeomagnetism to explain the
temperature record.

This is unlikely to be the last
word in the saga. “Many mech-
anisms that have been debunked
have not been debunked at all”
claims Courtillot, who says that
he will soon publish two studies
arguing that methods used to
measure global temperature need to be revised.
Delaygue and many others, however, say that
Courtillot’s group is doing more harm than
zood by downplaving the carbon dioxide-
climate change link. =JACOPO PASOTTI
Jacopo Pasolti is a writer in Basel, Switzerland.
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PALEOCLIMATE

More Climate Wackiness in the
Cretaceous Supergreenhouse?

Climate modelers already had their hands
full explaining what warmth-loving croco-
diles were doing in the high Arctic 90 mil-
lion vears ago in the Cretaceous period,
They just couldn’t make their models get
that warm in any polar region—north or
south—without some serious cheaung.

200.000-vear-long isotopic spike as a sign
that an ice sheet existed then with at least
half the volume of the modern Antarctic ice
sheet. Whenever water leaves the ocean to
fall as snow, which feeds ice growth, water
molecules comtaining the lighter oxygen-16
isotope evaporate more readily, leaving
maore of the heavier oxvgen-18 behind in
seawater for forams to take up. Changing
seawater temperature can also shift the iso-
topic composition of forams, but seeing the
shift in bottom-dwellers—for whom tem-
perature changes little—argues for ice for-
mation, the group says. As a check, the
group used a relatively new technique: ana-
Ilvzing for organic compounds unique to the
membranes of certain microbes, Unlike
oxygen isotopes, this technique 1s sensitive
only to temperature. It confirmed that only
part of the 1sotopic shift could be due to tem-
perature: the rest, the group concludes, is
due to ice formation.
, “I"'ve been a doubter of this
whole business [of Cretaceous
ice] for a long time.” savys
paleoceanographer Richard
Morris of Scripps Institution
of Oceanography in San
Diego, California, who is sec-
ond author on the paper. But as
their data came in, I began to be
maore of a believer. Sull, I'm not prepared
to say we've nailed 11" For one thing. in
July 2007, paleoceanographer Kazuvoshi
Moriva of Kanazawa University in Japan
and colleagues published an oxygen iso-

Then, some researchers claimed they had
evidence of a great sheet of glacial 1ce sit-
ting on Antarctica at the height of this
Cretaceous hothouse.

Good-looking. lsotopic analyses of
forams, which suggest there was ice in
the Cretaceous hothouse, depend on appar-
ently unaltered shells (scale bars = 50 um).

MNow, on page 189, paleoceanographers
present new data that make a case for ice.
“They ve done it exactly right.” says paleo-
ceanographer Timothy Bralower of Penn-
sylvania State University in State College.
“This is a provocative paper. [t's going to
stir it up again,”

The new work draws on a classic analy-
sis of microfossils boosted by a newer
innovation. Paleoceanographer André
Bornemann of Leipzig University in Ger-
many and his colleagues analyzed appar-
ently unaltered Foraminifera picked froma
sediment core drilled from Demerara Rise
beneath the western equatonal Atlantic.
Following a classic technique, the
researchers measured oxygen isotopes in
the forams’ shells. They found a sharp shift
toward the heavier oxygen-18 1sotope in
both surface- and bottom-dwelling forams
from 91.2 million vears ago.

Bornemann and his colleagues ke the

Cretaceous ice 95 million years ago, They
found no 1sotopic variation in surface-
dwelling forams.

paleoceanographic technigues. “we're right
at the limit of what our proxies tell us, or a
bit bevond,” says Bralower. And then there’s
the searing Cretaceous climate. Karen Bice
of Woods Hole Oceanographic [nstitution
in Massachusetts studies hot paleoclimates
through both models and proxy data. To her,
lots of ice chock-a-block in time with
Arctic crocs and hot-tub tropical oceans “is
a difficult picture to buy.” Analyses of more
forams, rescarchers say, from more places
in the world are in order.

-RICHARD A. KERR
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topie study of another claimed interval of

For another, despite a half-century of
experience with a growing selection of

(\ O)x

Public-Access Backlash

Opponents of a new congressional rule that
orders the U.5. National Institutes of Health
(NIH) to post online copies of papers it funds
are questioning the legality of the order.
Buried in a spending bill (Science, 4 January,
p. 18}, the directive asks NIH to make manda
tory an existing policy, mostly ignored, that
asks grantees to submit copies of their peer-
reviewed, accepted manuscripts to NIH for
release within 12 months after publication.
Last week, the Association of American Pub-
lishers (AAP) complained that the new policy
“undermines” publisher copyright and is
“inconsistent” with U.5. intellectual property
laws. Open-access advocates support the
new law because il gives taxpayers access o
government-funded research.

AAP's Allan Adler says he's wailing to see
how NIH will implement the law. But at mini-
mum, AAP wants NIH to get public input in a
formal rulemaking. In a statement, NIH said
that “the law regarding a mandatory policy and
copyright is clear.” The agency is expected to
announce its plan as soon as next week.

=JOCELYN KAISER

Coming to America

The number of new foreign students entering
graduate programs in the United States has
rebounded to nearly the levels predating the
terrorist attacks of 2001. The U5, National
Science Foundation's latest Survey of Gradu-
ale Students and Postdoctoraltes in Science
and Engineering shows that first-lime foreign
student enrollment in graduate science and
engineering programs rose by 16% from
2005 to 2006, 10 33,435, after dipping to
27,712 1n 2004, The latest number is just shy
of the 34,204 enrollments in the fall of 2001.

The increase is calming fears that visa
restrictions put in place after the terrorist
strikes are driving foreign talent to competing
nations such as Canada and Australia. The
uptick “suggests that the proactive steps by
U.S. universities and by the U.5. government
have been paying off and that America
remains the deslination of choice for graduate
students, especially in the STEM [science,
technology, engineering, and mathematics)
fields,” says Peggy Blumenthal of the Instilute
of International Education in New York City.
But, she says, the numbers of students from
some countries such as Pakistan and Egypt are
still well below pre-9/11 levels, and competi-
tion for the best young talent remains fierce.
“So we cannot afford o be complacent about
the turnaround,” she says.

=YUDHIJIT BHATTACHAR]EE
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REGULATORY POLICY

Panel: EPA Proposal for Air
Pollution Short on Science

A major attempt to streamline—or, critics
claim, politicize—the revision of important
air-quality standards has run into trouble. One
vear ago, the U.S, Environmental Protection
Agency (EPA) overhauled its lengthy process
of updating the National Ambient Air Quality
Standards (NAAQS), which have far-reaching
impacts on many regulations. Some critics
teared the move would allow polities to trump
science by giving agency appointees more say
and sidelining external scientific review
(Science, 15 December 2006, p. 1672). Now,
some members of the agency's Clean Air Sci-
entific Advisory Commitiee (CASAC) suspect
that has happened n the first “policy assess-
ment” created under the new process,

“It was just a disaster.” says CASAC chair
Rogene Henderson of the Lovelace Respira-
tory Research Institute in Albuguerque, New
Mexico. The document, which requests public
comment on possible changes to the standard
for airborne lead. lacked adequate scientific
analyses, Henderson says. It also included
controversial ideas favored by industry. such
as no longer regulating air emissions of lead
under NAAQS, that CASAC had already
nixed. As Science went to press, Henderson
and other committee members were confer-
ring about the document and how o improve
the process. EPA's deputy administrator
acknowledges shortcomings but says they
reflect growing pains.

The Clean Air Act mandates that EPA set

the ambient air quality standards
according to the best available
science and review them every
5 years, Lead is the first of the
six pollutants covered under
NAAQS to go through the new
procedure. The review began in
2003, after the Missouri Coali-
tion for the Environment sued
EPA for having missed its staty-
tory deadline to review the lead standard.
Many of the new steps went well, according
to EPA and CASAC,

A snag emerged with the policy assess-

ment, formally known as an Advance Notice of

Proposed Rulemaking. The notice s a shorter
version of a document, prepared in previous
NAAQS reviews, called the siaft paper. which
analyzed the scientific evidence for various
changes to the standard and their impact on
health. When CASAC was given the notice for
comment on 17 December, however. some
members were frustrated. “The lack of science
15 really a major problem.” Henderson says.
“We can't do our job without the analysis of the
data.” Marcus Peacock, EPA’S deputy adminis-
trator and an architect of the new process, says
the agency was under court order to create a
stafl paper for lead and it had litle tme to pro-
duce the notice as well. More time will be spent
on the notice for the next pollutant. he says.
because the staff paper will be eliminated.
More discouraging to CASAC was the

Time for review. EPA may revise its air standard for lead, which
comes in large part from smelters like this one in Missouri.

inclusion of the option of removing lead
from the list of NAAQS pollutants. which
the agency had previously floated (Science.
15 December 20006, p. 1671 ). Although
both CASAC and EPA scientists have cau-
troned against this option, the notice ofters
it again for comment with no scientific
rationale. *“We were quite upset.” says com-
mittee member Joel Schwartz, an epidemi-
ologist at Harvard School of Public Health
in Boston. “It seems like there were people
that wanted policy options that did not have
scientific support.”

Peacock says that the agency wants to keep
all options open—even removing the lead stan-
dard—in case new data or interpretations
come in. “Frankly, [ think that’s unlikely.” he
admits, “but ina rulemaking process, you have
to remain open.” Comments on the proposed
options are due 16 January. Under the court
order. EPA must decide whether to revise the
standard by 1 May and finalize any change
by | September. ~ERIK STOKSTAD

ECOLOGY

The Importance of Being Eaten

Like any close relationship. the partnership between acacia trees
and the helper ants that fend oft intruders for them can turn nasty. As
ecologist Todd Palmer of the University of Flornida, Gainesville, and
colleagues reveal on page 192, ants and acacias in East Africa fall
out when large herbivores such as giratfes, elephants, and antelopes
are absent, Loss of these plant-eaters across Africa, the authors sug-
gest, might therefore unleash unexpected ecological changes.
Conservationists often assume that safeguarding large animals
such as elephants—the megafauna—will bring other preservation
payolls, says ecologist Douglas Yu of the University of East Anglia
in Norwich, UK. This research shows “that there’ a link between
saving megafauna and saving the liwtle things that run the world.”
The close interaction between acacia trees and their ants is one
of the best-known examples of mutualism, an ecological relation-
ship in which both parties gain. Brush up against an acacia growing

in the highlands of central Kenya, for instance, and yvou might
meet its fierce guardian, Crematogaster mimosae, whose swarm-
ing attacks can chase off mammalian herbivores that try to munch
on the tree. The plant feeds and houses these defenders by exuding
sweet nectar and growing large, hollow thorns where the ants shel-
ter their young. Three other ant species that provide varying
amounis of protection can inhabit the trees. and the four rivals bat-
tle to the death for control of individual acacias, But C. mimosae 15
the dominant species.

Palmer’s curiosity about this mutualism was pigued several
vears ago when he noticed something unusual about plots of land
that, as part of a different project, had been enclosed by herbivore-
deterring electric fences. Even though the trees outside the wire
were getting eaten—the ants aren’t perfect protectors—they still
seemed healthier than the trees inside.

After comparing plots of acacia trees that had been open or
enclosed for adecade. the researchers can now offer an explanation for
this sceming paradox: Without herbivores, the intricate relationship
between the trees and C. mimosae unravels. With their leaves out of
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Marine Mammals Still Imperiled After Sonar Ruling

LOS ANGELES, CALIFORNIA—Marine mammals
won some protection last week from the
LS. Navy's submarine-chasing sonar technol-
ogy, A federal judge imposed significant
restrictions on use of the technology, known as
mid-frequency active (MFA) sonar, in training
exercises taking place off the southern Califor-
nia coast through January 2009, Environmen-
tal groups that brought the suit harled the rul-
ing. But researchers say it sull leaves the most
vulnerable species with hittle added protection.
MEA sonar detects ulraguiet submarines
by bouncing powerful sound waves off their
hulls. For more than 10 vears, mass strandings
of beaked whales and other marine mammals
have been linked to its use, although the
mechanism i1s not clear, Ruling on 3 January
that the sonar posed a risk to species in
the waters off southern Calitornia, Judge
Florence-Marie Cooper of the U.S. District
Court for the Central District of Califormia
ordered the Navy not to use it within 22 Kilo-
meters of the coast. She also told the Navy o
use shipboard observers, arrcraft, and
hydrophones to monitor for marine mammals
before and during the exercises and to turn of T
an MFA system if a marine mammal was
detected within a 2000-meter “safe zone.”
The Mavy had sought less stringent restric-
tions. But Cooper called one such proposal—a
safe zone of 180 meters—"grossly inadequate
to protect marine mammals from debilitating
levels of sonar exposure.” At the same time,
Cooper saad that granting the 43-kilometer
exclusion zone sought by plamufis, led by the

MNatural Resources Defense Council (NRDC),
a New York City-based nonprofit, would “pre-
vent the Navy from training to detect sub-
marines in the very bathymetry [deep subma-
rine canyons] in which submarines
are most likely o hide.”

Those canyons are also a popu-
lar foraging spot for beaked whales,
the group most susceptible to MEA
sonar. Robin Baird, a marine mam-
malogist with the Cascadia Research
Collective in Olympia, Washing-
ton, who gave expert testimony in
the case. says the zone will protect
porpoises and migrating whales,
but it does linle for beaked whales.
Likewise, a 2000-meter safe zone
around sonar sources won 't neces-
sarily protect beaked whales. who Baird says
dare "more or less invisible” even at 300 meters.

Baird savs that sea-floor hvdrophone
arrays, such as the Navy operates off San
Clemente [sland can detect the whales™ clicks
and warn vessels of their presence. In other
areas of the exercise zone, however. the down-
ward directionality of the whales™ chicks. cou-
pled with the high speed of Navy vessels,
miakes ship-mounted hydrophones “fairly inef-
fective.” according to Baird.

Necroscopies of stranded individuals point
to decompression sickness—bubbles in the
bload formed by rapid changes in pressure—as
the cause of death. However, says Baird.
“there’s still a lot of uncertainty about what
could lead to those symptoms.” One possible

reason that MFA sonar is particularly problem-
atic for beaked whales is that its pings mimic
the calls of Killer whales, their pnmary preda-
tors, Ina recent study, Peter Tvack ofthe Woods

Hole Oceanographic Institution in Massachu-
setis speculates that the false calls might
prompt the whales o leave the area rapidly by
making a series of short, shallow dives that pro-
mote bubble growth,

Cooper ordered a more sweeping ban in an
initial ruling last August, but an appellate court
in November told her to narrow the ruling. The
MNavy isn't satisfied. “We do not believe [the
ruling] struck the right balance between
national security and environmental con-
cerns.” says Commander Jeft Davis, a Navy
spokesperson. The government is expected o
appeal the ruling,

-BEN]JAMIN LESTER
Benjamin Lester, a former Science intern, is a freelance
writer in Washingtan, D.C.

danger, acacias cut back on hollow thorns and nectar-producing
glands. Meanwhile, the ants became less vigilant and were more likely
to raise herds of sap-sucking scale insects. which provide the ants
with food much the way dairy cattle

provide milk. Besides

Hungry helper. African he
vores influence-th

antssand acacia ir
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pilfering a tree’s liquid—a scarce resource in this dry habitat—the
scale insects might spread plant disease. Palmer says.

A related ant species, C. sfostedrd, also ook over the enclosed trees,
A lackadaisical guardian, it somehow encourages colonization by
wood-boring beetles that C mimaosae typically fends oft C. sjostedri
nests in the holes the beetle drills instead of in the acacia’s hollow
thorns. The researchers determined that an acacia inhabited by
C. sjostedri grows more slowly and is twice as likely to die as trees
inhabited by the other ant species. *Big African mammals are important
for maint@ining cooperation between ants and plams.” Palmer says, and
this reciprocity “*falls apart within a decade of herbivore removal.”

Researchers often deseribe changes “rippling” through interlinked
ecosystems, says evolutionary ecologist Anurag Agrawal of Cornell
University. “This work illustrates rippling and puts mutualism into

that context.” he says. Competition and predation dominate studies of

how interactions between species mold ecosystems, says evolution-
ary ecologist Judith Bronstein of the University of Arizona. Tucson.
But scientists are now “getting a glimmer of how mutvalisms are
important in structunng communities.” =MITCH LESLIE
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Gunning for the lvy League

As they strive to become world-class educational institutions, China’s
universities must overcome a host of impediments, from antiquated

curricula to mounting debt

TIAN]IN, CHINA—When Rao Zihe became
president of Nanka University in May 2006,
he hatched a plan to restore glory to a falter-
ing insttution. To shake up the system, Rao
setout to hire new deans for 15 of'the 21 col-
leges. Applications flooded in. After inter-
viewing six or eight candidates for each post
en masse at Nankai’s leaty campus here in

Tianjin. a port city 120 kilometers east of

Beijing, Rao chose his deans, Then he pulled a
switcheroo: He offered faculty positions tw all
the runners-up—several dozen scientists
and most accepted,

Like a baseball executive building his
team. Rao aimed for up-and-comers, mostly
assistant and associate professors from top-
tier institutions. including Yale University,

Cornell University, and the Unmiversity of

Oxford. He brought aboard part-time senior
academics and retired government officials
to provide experience. All told, Rao hired
more than 200 new faculty members—more
than 10% of the academic staff—in the first
18 months of his term. Renewing the fac-
ulty one professor at a time “wouldn’t
achieve my objectives™ of overhauling cur-
ricula and teaching methods and setting
higher standards, he says: “We need a criti-
cal mass [to change] the environment.”
Nankai’s makeover is part of a broad
push by Chinese authorities to create a ter-
tiary education system that matches the
country’s aspirations. And like everything
in China these days, it’s being done in a
hurry. In a remarkably short time. China
has moved from universities for an elite few
to mass higher education. University
enrollment soared from 3.6 million in 1998

college-age youth now receive tertiary
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to 25 million in 2006. Nearly a quarter of

LSk B |

=,

education, surpassing the country’s goal of
15% by 2010,

The quality of education has largely
been an a fierthought—until now. According

to today’s mantra, a vigorous higher educa-
tion system will promote homegrown inno-

in China

Yingyi Qian of the University of California,
Berkeley, now on leave while heading the
School of Economics and Management at
Tsinghua (Qinghua) University in Beijing,
Undergraduates at China’s top universities
are on a par with those at wop U.S, schools,
savs Oian, who has studied how China’s
education revolution compares to the shift
from elite to mass education in the United
States in the late 19th century. As China
expands the system, it needs to
add quality to quantity. Qian and
others say. by employing far
more world-class professors. He
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ENROUMENT (MILLIONS)
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Rising fast. Enrollment at 4-year universities (blue) and graduate
schools (light blue) in China has taken off since 1998.

vation. Aiming for the stars, Chinese educa-
tors and leaders want their top universities
to join the ranks of the world's best.

They have a long way to go. “There’s a
huge zap between China’s universities and
world-class universities,” savs economist
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predicts that will take decades.

One big handicap 1s insuffi-
cient funding: Government sup-
port has not kept pace with rising
enrollments or China’s soarng
gross domestic product. Many
universities borrowed heavily to
finance expansions and over-
hauls and are now saddled with
debt. “If the government does
not increase the investment [in
higher education], then there will
really be a problem here.” says
Ma Wanhua, an education professor at
Peking ( Beijing) University.

Another key ingredient in short supply
1s academic freedom. The central govern-
ment appoints national university presi-
dents. approves curricula, decides evalua-
tion eriteria, and sets admission standards
through the Ministry of Education’s
entrance exam, a matriculation requirement
for all national universities. “If a university
does not have academic freedom as its core

More than a face-lift? Nankai University hopes that
dozens of new professors and deans will reinvigorate its
educational programs and rehabilitate its reputation.

SOURCE: CHINESE MINISTRY OF EDUCATION: CREDIT MAMICAI UMVERSITY
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Lion's share. The Education Mitiistry lau
Project 985 initiablyto buriish Peking University's
bid to became @ world-glass institution,

value. no matter how grand its buildings,
how beautiful its campus, and how luxuri-
ous its facilities, it’s useless o talk about
world-class.” Yang Dongping. an education
scholar at the Beijing Institute of Technol-
ogy, warned recently in the newspaper
Nanjang Zhoumo (Southern Weekend),

Great Leap Forward?

Before the People’s Republic of China was
founded in 1949, the country had scores of
comprehensive universities. In the 1950s,
China adopted the Soviet model of special-
ized higher education. For example, to
remake Tsinghua in the likeness of the
Moscow Power Engineering Institute,
nonengineering departments were moved to
other universities. All universities were
ordered to focus on education and leave
research to institutes of the Chinese Acad-
emy of Sciences, These moves “completely
destroyed” the previous education system,
Cian says. Colleges founded in the 19505
concentrated on a single specialty: textiles,
railways, metallurgy. and so on. Then in the
19605, the Culural Revolution shut down
universities altogether. They resumed opera-
tions in the late 1970s but only admitted a
tiny number of elite students.

Enrollments rose steadily, but by 1995,
only one in 10 college-age youth were edu-
cated beyond high school. The next year,
campus gates swung wide open, when Tang
Min. an economist with the Asian Develop-
ment Bank, suggested that China counter
an economic slump by expanding univer-
sity enrollment to boost domestic spend-
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ing, The suggestion appealed to China’s
leadership. which realized that economic
development required more homegrown
engineers and scientists. Admissions have
since risen fivefold.

As early as 1995, the education ministry
launched a plan to prepare 100 universities
for the 21st century. Project 211 put $2.3 bil-
lion on the table, mainly for
infrastructure and curriculum
development. In 1998, afier
then-President hang Zemin pro-
clammed that “China must have a
number of first-rate universities
of international advanced level.”
the ministry hatched Project 985,
which aims to help universities
fortify existing strengths and
develop new research areas,
Originally intended for Peking
University ( Beida) and Tsinghua
University—widely considered
China’s two best—the program
has since been expanded to three
dozen universities. Most of the
money has gone to building
capacity. For example, Beida
used a portion of its 5225 million
985-phase-1 allacation to estab-
lish the Institute of Molecular
Medicine. focusing on translational research
for cardiovascular diseases,

Despite this largess, the central govern-
ment’s overall university budget allocation
has declined from an average of $847 per stu-
dent in 1998 to $672 per student in 2005,
according wo former education minister Chen

“We needed new
people, new fields,

new subjects.”

—RAQ ZIHE,
MANKAI UNIVERSITY

NEWSFOCUS

Zhili. Compounding the decline, many local
covernments have failed to honor pledges 1o
match central-government funding.

Since 1998, the funding shortfall has
forced universities to borrow an estimated
525 billion from banks, mainly to finance
expansions, An extreme case 1s the new Jilin
University (Jida) in Changchun, created in
2000 from the merger of five local institu-
tions. { The government was then urging
such mergers as a way of creating compre-
hensive universities that would be globally
competitive.) Jida borrowed $400 million
over 3 years, largely for bricks and mortar.
Its precanous finances were further under-
mined when the Jilin provincial government
failed o deliver promised support. Now the
university is saddled with interest payments
ofabout $20 million annually. which is con-
tributing toa budget shortfall of 70 million.
The financial mess came to light when an
internal memo calling on faculty and stu-
dents to bramstorm solutions got posted on
the Internet in March. Jida’s president has
since publicly acknowledged the problem,

Jida is hardly alone. A team led by Beida
education scholar Bao Wei reported to the
nation’s legislators last March that 72 major
national universities have $4.5 billion in out-
standing loans—an average of 562.5 million
per university.

Universities have tried to balance their
books by increasing tuition,
which rose 25-fold over
2 decades to an average
of $623 per year in 2003,
according to the 2006
Blwe Book on Edwearion in
China. In comparison, aver-
age per capita income in
rural China was S376 that
vear. Although tuition is a
huge burden for many
families. Beida President
Mu Zhihong says it covers a
minuscule fracuon of costs.
Public umversities cannot
increase tuition without
approval from the education
ministry, which in 2006
ordered a 5-year freexe on
tuition and fees.

So universities resoned
to setting up affiliated
“independent™ colleges that cater to students
who fail to pass the entrance exams for
public universities but are able to pay higher
tuition. About 300 such colleges are enrolling
students, “We don’t know what the standards
of these newly established universines are,”
says Ma. Although the ministry barred public
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universities from opening more affiliates
and ordered them to disassociate thems-
selves from existing ones, those already
established will be allowed to continue on
their own. In another tap on the brakes, the
ministry has limited the annual growth rate
of admissions to no more than 5% for the
foreseeable future,

At a press conference last autumn, Edu-
cation Minister Zhou Ji plaved down the
debt crisis as a “special situation in a historic
process and not as bad as some have imag-
ined.” Zhou said that the central and local
sovernments would increase allocations to
universities. Observers expect that any
ramping up will be gradual,

It's the faculty

Financial ills are hikely to be cured sooner
than ailing Faculties, At most Chinese uni-
versities, senior faculty members entered
their umiversity as undergrads and joined
the faculty while working on Ph.D. degrees.
Such inbreeding, Rao and others say, results

ENGINEERS AIM FOR
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Brainstorming. Jilin University's president
implored everyone on campus to think of ways to
solve the school's debt problem.

in outmoded courses. antiquated teaching
methods, and a lack of fresh ideas for
research. When Rao arrived at Nankai, the
university’s life sciences courses focused on

A'QUALITY BOOS

rraditional disciplines such as entomology
and botany and ignored emerging felds:
curricula and teaching methods were little
changed from the half-century-old Soviet-
style model: and there was little interaction
among departments. “We needed new peo-
ple. new fields, new subjects.” Rao says.
Meanwhile, throughout the 19805 and
19905, many of China’s best and brightest
scholars established careers overseas,

The need to infuse new blood into uni-
versities was recognized in the 1990s, when
the government set up incentive programs
to tap the expertise of expatriate Chinese.
Many programs offered lucrative incentives
for overseas scholars to return. The pro-

grams have had mixed results: Some of

these “sea turtles™—as the returnees are
nicknamed in Chinese—were looking for
easy moonlighting gigs. Indeed. some star
part-timers offer their host institutions little
more than high-profile names that are good
for public relations (Science, 22 September
2006, p. 1721). “We call them ‘seaweed.” ™

The phenomenal numbers of scientists
and engineers churned out by China's

1

Y -----m m* universities has prompted much hand-

1 l:"‘ *W_ +1 B ; wringing in the Wesl. Three years ago, for example, when the U.S. National

= = Academies called for a broad federal effort "to create new, high-quality jobs for

- all Americans,” a draft report echoed some widely used, scary numbers: In

2004, the United States produced roughly 70,000 bachelor's-trained engineers
versus China’s 600,000 and India's 350,000.

Such statistics are misleading, claims a team led by Gary Gereffi and
Vivek Wadhwa, both of Duke University in Durham, North Carolina. Each
country, they note, uses differing methodologies and different definitions of
“engineer.” China's figures include graduates from 2- and 3-year programs
and vocational fields such as car
repair. U.5. numbers, in contrast,
exclude computer science and infor-
mation technology majors, which
Gereffi and Wadhwa argue should
fall under a broad definition of engi-
neering. Their reanalysis of the 2004
numbers found that 137,000 stu-
dents graduated from rigorous 4-year engineering programs in the United
States compared with 351,000 in China and 112,000 in India.

Just how talented are the droves of overseas engineers? “The bottom line
is that the Chinese increased quantily at the cost of quality,” says Wadhwa,
whose team examined this topic in the January 2008 issue of the Jouwrnal of
Engineering Education. Interviews with companies in China indicate that
although top Chinese universities produce solid engineers, the quality of
graduates of most universities is poor, Wadhwa says.

The Chinese government has recognized the quality gap. Last September,
it launched a pilot program on engineering education reform to raise qual-
ity at 10 top Chinese universities, including Tsinghua, For Tsinghua and the
handful of other institutions that attract the best students, says Yingyi Qian,
who heads Tsinghua's School of Economics and Management, “if | cannot
turn them out to be competitive on the global stage, that's a failure.”

=D.N. AND H.X.
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Back to the
drawing board.

“The Chinese increased
quantity at the cost
of quality.”

—VIVEK WADHWA,
DUKE UNIVERSITY
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says Bo L1, an ecologist at Fudan University
in Shanghai.

Other part-timers offer genuine added
value to a host institution. One example is
forest ecologist Chen Jiquan of the Univer-
sity of Toledo, Ohio, who for the past four
summers has organized an ecology lecture
series at Fudan, Last year, Chen flew in lead-
ing lights, including Jerry Franklin of the
University of Washington, Seattle, to lecture
to several dozen graduate students who
competed for a position in the seminar.
“This way the students are exposed to the
frontiers of science,” Chen says. For the
short term. a reliance on part-timers 1s “ben-
eficial” in exposing professors and students
to new ideas and global trends, Qian says.
But building world-class institutions, he
notes, i1s a full-time joh.

The tide may be turning. More and
more highly qualified Chinese-born aca-
demics are forsaking overseas posts (o
devote all their energies to building
China’s education system. Although they
earn less in China, they have other motva-
tions. Yi Rao said that for him it was a
“sense ol belonging.” He gave up an
endowed professorship at Northwestern
University’s Feinberg School of Medicine

in Chicago. llinois, to become the dean of

Beida's College of Life Sciences in Sep-
tember. Rao was the first endowed profes-
sor in life sciences to return to China full-
time. Another senior returnee is structural
biologist Yigong Shi, currently a professor
in the Department of Molecular Biology at
Princeton University. He has been advis-
ing Tsinghua University since 2003 and
plans to soon take up a full-time position
there to lead its School of Biological Sci-
ences and Biotechnology.

Mankai's Rao went a step further,
recruiting entire teams. Immunologist Yin
Zhinan, who gave up a tenure-track posi-
tion at Yale University to become dean of
Mankai'’s College of Life Sciences, savs
that he would have worried about being
ineffectual it he were one of only a few
coming back. "For modern biomedical
science, you really need collaboration and
interaction. If you are the only one, there
aren’t enough resources or enough inter-
action.” he says. With 55 new faculty mem-
bers in life sciences. medicine, and pharma-
cology, Yin says, “we should be able to
build a unique biomedical program.”

Rao’s team-building i1s a work in
£ progress. in that some recruits are at Nankai
3 only part-time. Romano Rupp, a physicist s
& the University of Vienna in Austria. is dean
E of Mankais Teda Applied Physics School—
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but is only in Tianjin when his class schedule
in Vienna permits. One of Nankai’s new
deans asked not to be idemified in Seience

because he has yet to negotiate the terms of

his departure from his current institution. He
will be working at Nankai part-time for at
least 2 years, Other new recruits say that a
challenge for Nankai is bringing facilities,
students, and logistical support up to levels
they grew accustomed to overseas. If sup-
port fails to match expectations, they say, the
best may leave. For this reason, “it is too
early to tell” whether the overseas hires will
have an impact at Mankai, says Ge Molin, a
mathematician who has spent his entire
career at the university.

One priority. In Beijing’s smoldering
summer, a worker keeps Tainghua's
lawn in front of its Soviet-style building
at Harvard standards.

e

Nankai 15 getting some funding from the
Tianjin government. *To be honest, we
don’t know™ how long the support will con-
tinue, Yin says. Rao admits that he agreed
to less than a full commitment—a “sofl
landing.” he calls it—for many recruits so
that they could wrap up attairs at the insti-
tutions they are leaving. But in the long
run, he says. I cannot tolerate any deans
being part-time.”

The Chinese government hopes to tackle
the dearth of qualified faculty members by
redoubling efforts to send graduate students
overseas. Last vear, the government prom-
ised to give the China Scholarship Council
$1.3 billion over 3 years to pay for 5000 schol-
arships a year for students who have been
accepted by Western institutions, The ration-
ale 15 that foreign-trained Ph.D.s will boost
faculty quality when they return home, as
required by award contracts. The program
has been criticized. however. for shorichang-
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ing domestic graduate programs and grad
students, who receive stipends of less than
5100 per month.

Fresh blood among faculties won't, by
itself, reform all the entrenched practices
and petty regulations that conspire to keep
Chinese universities out of the higher eche-
lons. Education ministry requirements are
s0 detailed that, for example. they specify
that only Full professors can supervise
Ph.D. students. “In the U.S., who super-
vises graduate students and Ph.D. students?
All professors, including assistant profes-
sors!™” Qian savs. “The assistant and asso-
ciate professors are on the frontier.” Qian
hopes that an awareness of practices at top

8

foreign universities will prompt reforms in
China. “Just having this goal [of seeking
world-class status] will be enormously
helpful.” he says.

These issues will not be resolved in a
hurry. Yin worries that Chinese impa-
tience is leading to unrealistic expecta-
tions about how gquickly educational gual-
ity can be improved. “We really need to
calm down. You cannot expect a big out-
come in 2 or 3 vears.” he says. Beijing’s
Rao agrees and elaims that China's best
universities—even Beida and Tsinghua—
are still third-rate. It is premature, if not
counterproductive. to raise expectations
about Chinese universities becoming
world-class soon,” he says. “Let’s be realis-
tic and first take steps to make them second-
rate before we go further”

—HAO XIN AND DENNIS NORMILE
With reparting by Gong Yidong of Ching Features in
Beijing and Richard Stone in Shanghai.
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VALERIE PECRESSE INTERVIEW

After Initial Reforms, French
Minister Promises More Changes

Despite fierce protests, France's new higher education and research minister pushed
through a major university reform bill. I'm only getting started, she says

PARIS—French Higher Education and
Research minister Valérie Pécresse has sur-
vived her first big political test. In Novem-
ber and December, students organized occu-
pations and strikes at almost half of France’s
universities to demand the repeal of the
“Pécresse Law” Designed to give universi-
ties more autonomy and part of French Pres-
ident Nicolas Sarkozy's plan to revamp the
nation’s research, the law had been pre-
sented in June and was approved by France’s
Parliament in August.

The protests, fueled by
broader discontent about pen-
sion changes and salaries, evens
twally died down. And Pécresse
has already announced other
reforms, including a plan to
reduce the 50% failure rate
among first-year university stu-
dents. Although some sav fur-
ther shakeups in France’s edu-
cation system are long overdue,
left-leaning researchers’ groups
are wary of the minister’s plans
to boost project-based funding
and private research.

Pécresse, 40, arrived with
little previous experience in
research or higher education.
A graduate of the elite Ecole Nationale
d'Administration in Paris—the training
ground for many French politicians—she

had a series of jobs in the government of

former president Jacques Chirac, In 2002,

she was elected to the National Assembly,

where she has focused on family issues,
=MARTIN ENSERINK

0: Were you impressed by the intensity of the
student protests last fall?

V.P.: IF you're a minister for higher education
in France and you want to change things. then
you have to be prepared for demonstrations,
strikes, and violent uproar. So | knew it was
coming. OF course, there was real opposition,
but many of the students simply had
unfounded fears about the new law. | gave
them reassurances, but also [ told them: “This
is the law of the Republic. It's being imple-
mented. | cannot repeal it.”

Q: How much will this reform really change
the university landscape?

V.P.: It may not look like a big deal through
an Anglo-Saxon prism, but for France, it's
completely revolutionary. Our universities
are still very bureaucratic. They have huge
elected councils. Presidents are elected by
140 people. It takes 12 to 18 months to
recruit one researcher. The law gives univer-
sities the ability to handle their own budgets,
their own human resources. They can

“For France,
it's completely
revolutionary.

=VALERIE PECRESSE

develop their own research and education
strategies—and they will bear responsibility
for the success or failures of their labs and
students. They can start foundations to raise
private money. Thats revolutionary, oo,

I think all of this will also lead to a
change in culture. In France. there’s almost
no spirit of belonging 1o a university. Stu-
dents come in. they study. and they leave.
Even professors don’t feel very auached o
the institute. 1 think people will start taking
more pride i their universities.

Q: The universities did not get the right to
select their own students—they have to
accept anybody who has passed the state-
run baccalauréat exam—or set tuition fees.
Why not?

V.P.: The baccalauréat is our selection
procedure. That costs millions of euros,
and it takes a full month, So why would

we introduce another form of selection m
the entrance of the university? As to
tuition fees, my priority i1s for universities
to raise new money through partnerships
with the private sector and by offering
“lifelong learning™ programs, to be paid
for by employers. [ want them to try that
First, 1'm not sure that the French people
could accept a decision to let universities
determine their tuition fees.

0: Some scientists have expressed concern
that your plans will undermine the role of
big government institutes like the
National Centre for Scientific Research
(CNRS) and the National Institute for
Health and Medical Research (INSERM).
Some fear they might even be turned into
funding agencies.
V.P.: They won't become funding agencies,
but their organization will need to change.
About 80% of our research i1s
done in so-called mixed units,
made up of researchers from
universities and CNRS or
INSERM. At the moment.
they often have four or five
forms of supervision. four or
five accounting systems. ...
That's too complex: theres too
much red tape. | have ereated
a commission presided over
by my predecessor, Frangois
d’ Aubert, to look at this.
Apart from that, 1 do
want to mcrease the empha-
sis on project-funded sci-
ence, which is something
completely new as well. Our
National Research Agency
{ANR) is only 2 years old, and its budget
will increase by 25% until 2012,

0Q: Yet many French researchers appear
wary of project-based funding. They say it's
an Anglo-5axon model ...

V.P.: They must never have visited Germany,

Q: ... that creates a rat race and stifles
researchers’ freedom and creativity.

V.P.: Well. science is at the service of society.
It’s pand for with public money that must be
invested very efficiently and on the basis of
excellence. Project-based funding is part of
that strategy. In addition. we can use it to
address new research priorities that would
otherwise be neglected. And it's not true that
it stifles creativity. The ANR is also a way to
help young, very creative researchers who
would not find their way in the current,
bureaucratic system.

11 JANUARY 2008 WVOL 319 SCIENCE  www.sciencemag.org

CREDIT JOEL SAGET/AFP/GETTY IMAGES



CREDIT: JOHM STANMEYER/AP

MEETINGBRIEFS>>

AMERICAN GEOPHYSICAL UNION

| 10-14 DECEMBER 2007

Getting a Quick Read on the
Biggest Tsunami Earthquakes

As a huge tsunami raced unnoted
across the Bay of Bengal toward
India in December 2004, seismolo-
gists feverishly sized up the earth-
quake that had generated it In those
first minutes, the signals pounng in
from seismometers suggested s
magnitude was 8.5, only margin-
ally large enough to threaten India
with a tsunami. Wrong. It turned
out to be a great magnitude-9. 1
quake capable of generating a
far-traveling destructive tsunami
(Science, 14 January 2003, p. 201),
The magnitude based on con-
ventional earlv-arriving seismic
waves—then seismologisis” only
means of rapidly determining the tsunami
threat—vastly underestimated the power of
the great quake.

At the meeting, two groups reported new
techniques for accurately determining the
tsunami threat in 10 to 20 minutes rather than
waiting hours for reliable data. Seismologists
Hiroo Kanamori of the California Institute of

Technology in Pasadena and Luis Rivera of
Lowis Pasteur University in Strasbourg,
France, proposed using so-called W phases,
low-frequency seismic waves with periods of
LO0 seconds to 1000 seconds, After a 1992
Nicaraguan quake produced a surprisingly
large tsunami, Kanamori recognized that
carly-arriving W phases accurately reflect a

| SAN FRANCISCO, CALIFORNIA

quake’s tsunami-generating power.

But W phases were too difficult to extract
from the seismic record. Kanamori and Rivera
have now modified an existing technique so
that it quickly picks W phases out of records
and extracts the needed information. Applied
t0 a halt~dozen quakes. the technigue provided
the same magnitude estimates as waves amiv-
ing hours later at the same stanons. Kanamon
believes W phases can be used w determine an
accurate magnitude of great quakes withm 15
to 20 minutes of their start, maybe 10 ninutes
if there are enough seismometers nearby.

Seismologists Andrew Newman and Jaime
Convers, both of the Georgia Institute of Tech-
nology in Atlanta, wok a more empirical
approach, Noting that “tsunami earthquakes™
like the 1992 Nicarmguan quake produce weak
but long-lasting shaking, they simply ploted
40 large earthquakes by the amount of high-
frequency energy they released—their shak-
ing—against their duration. The tsunami-
generating quakes clearly stood apart without
any false alarms. And they could be identified
within 10} minutes of the quake. Newman said.

Both of the new techniques “are hot for us.”
says seismologist Barry Hirshorn of the
Pacific Tsunami Warning Center in Ewa
Beach, Hawail, and will be made operational
as quickly as possible. —RICHARD A. KERR

CLIMATE TIPPING POINTS COME IN FROM THE COLD

Tipping points, once considered too alarmist for proper scientific circles,
have entered the climate change mainstream. At the meeting, a nearly
packed half-day session considered the prospects for a climate system
that is still creeping through change bul might soon cross a threshold into
an entirely new way of operating. The new climate regime may have no
seaice in Arctic summers, a much smaller ice sheet on West Antarctica and
higher sea levels, or wildly redirected storm tracks. Cur-

ening glaciers’ surprisingly fragile ice tongues, which help slow glaciers’
rush to the sea. And meltwater on the surfaces of glaciers is plunging
down giant cracks to glacier beds, where it’s lubricating the glaciers’ sea-
ward slip-sliding. "If a very small warming makes such a difference, " Alley
said, "it raises the question of what happens when more warming occurs.”
Sea ice specialist Josefino Comiso of NASA's Goddard Space Flight Cen-

ter in Greenbell, Maryland, said at the meeting that in the

rent understanding of climate allows that such drastic “The tipping point Arctic, “the tipping point for perennial sea ice has likely
transitions can happen, the speakers agreed. Earth may fﬂf' pEfEﬂﬂ'n"ﬂf seq ice already been reached.” lce persisting from year to year has
even be in the midst of one now. £ not been steadily shrinking in area, he said. The decline of

As evidence, glaciologist Richard Alley of Pennsylva- has ﬂkEfj’ alr Eﬂdj" summer sea ice accelerated in the mid-1990s; since then,

nia State University in State College cited Earth's
response lo the warming that has occurred over the past
3 decades. Compared with the soaring global tempera-
tures that the strengthening greenhouse could drive
through the rest of this century, that warming has been
rather small, Alley said. Yet it is having immediate and often unexpected
effects, he observed.

Since the 1960s, mountain glaciers around the world have begun to
shrink and are dwindling rapidly. Arctic summer sea ice took a severe hit
last year after decades of slow losses. And the Greenland ice sheel is now
clearly shrinking under some unexpected attacks. Warming seas are weak-
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been reached.”

—]OSEFINO COMISO,
GODDARD SPACE
FLIGHT CENTER

summer ice has been disappearing more than three times
faster than before. And the feedback between solar warm-
ing of newly ice-free Arctic waters and the loss of still more
ice has become more and more obvious. Only colder sum-
mers and colder winters can save summer sea ice from
oblivion, he said, an unlikely development at this point.

Other speakers presented possible tipping points that have gotlen less
attention: an eventual sudden shift in jet streams that would bring rapid
climate change to North America and Europe and the abrupt collapse of
the Amazon tropical forest, among others. Clearly, the possibilities are
proliferating faster than researchers can confirm or deny them. =-R.AK.
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CANCER IMMUNOCLOGY

Cancer’s Bulwark Against Inmune

Attack: MDS Cells

First noticed in the 1970s, myeloid-derived suppressor cells appear to play a key role
in sustaining tumors; new methods of overcoming them are being tested

For decades. researchers have been engaged

i a frustrating etfort to harness the power of

the immune system to fight cancer, The
approach works well enough in test tubes

and experimental ammals. Many tvpes of

cancer cells are studded with antigens that
distinguish them from normal cells. and
activated immune cells can seek out these
targets and kill the cells that carry them. Yet
attempis to destroy tumors by sparking
similar responses in human patients,
using so-called cancer vaccines and other
immunotherapies, have largely ended in
failure. Now, researchers may
have an answer to this puzzle:
A recently identified class of
immune cells may help sabotage
these efforts.

Within the past few years,
researchers have found that
production of cells known as
myeloid-derived suppressor cells
(MDSCs) is markedly increased
in cancer patients. As their name
suggeests, MDSCs are potent
suppressors of several facets of
the immune system, By damping
down antitumor FEsponscs.
MDSCs might contribute both

to the original growth of the cancers and to
the talure of immunotherapies.

MDSCs might help explain another
aspect of cancer ology as well: the appar-
ent link berween tumor growth and chronic
inflammation ( Seience, 5 November 2004,
p. 966). Regulatory molecules, or eviokines,
produced either by the cancer cells them-
selves or by other cells in the tumor environ-
ment,. help trigger MDSC accumulation,
And many of these eytokmes also promote
inflammation, suggesting that MDSCs may
be at least partly responsible for inflamma-

MDSC pioneers. Vincenzo Bronte (eff) and Dmitry Gabrilovich (right) were
instrumental in linking MDSCs to cancer growth.

Close contact. MD5Cs (red) are
shown here interacting with CD8*
T cells (magenta).

tion’s carcinogenic effects.
Some chimeal implications
of these findings are already
beginning to emerge. As cancer
immunologists learn what
makes MDSCs tick, they are
using that information to design
strategies to counteract them in
the hope that this will make
anticancer vaccines and other
immunotherapies more effec-
tive. Indeed, researchers have
already identified drugs that
inhibit MDSCs and have begun

what the field has learned so
Far 15 correct, “using different
drugs [to block MDSC action]
could drastically improve responses to can-
cer vaccines,” predicts Dmitry Gabrilovich
of the H. Lee MofTitt Cancer Center and the
University of South Florida in Tampa.

Early sightings

Although MDSC-like cells have been
known since the 19705, “the association
with cancer is recent,” says Vincenzo Bronte
of the Istituto Oncologico Veneto in Padua,
TItaly. Tt can be traced partly to researchers’
eftorts to find out why cancer vaccines
weren't working,

About 10 vears ago. forexample, Bronte,
then working with cancer immunologist
Steven Rosenberg at the ULS. Matonal Can-
cer Institute in Bethesda, Maryland. got a
surprising result when he immunized mice
with a tumaor antigen and then gave a booster
shot of the same antigen 6 days later. The
animals”™ immune response not
enhanced as expected. It was suppressed
instead. Bronte and his colleagues traced the

Wils

immune cells—Ilater called
MDSCs—that were somehow
taking out the CDS" T cells tha
would normally respond to the
antigen in the vaceine,

Analysis revealed that these
suppressors were immature cells
from the myeloid line that pro-
duces macrophages and the den-
dritic cells that are needed to
trigger immune responses, Their
normal function, the researchers
proposed, 15 to help put the
brakes on immune responses so
that they don’t run out of control.
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In cancer patients. though, their long-term
persistence 15 a problem. “There’s nothing
special about these cells; theyre normal
immature myeloid cells,” Gabrilovich says.
But. he adds, they “are supposed to differen-
tiate normally and not get activated and hang
around in this state.”

As researchers soon learned, cancer leads
to increased myeloid suppressor cells even
without vaccination. In the late 19905,
Gabrilovich, in collaboration with M. Rita
Young at Loyola University Chicago in 1l
nois, was also trving to find out why cancer
vaccines are so ineffective. “We started
looking at mice with tumors,” he recalls, and
found that as much as 40% of the cells in the
animals’ spleens—an organ that produces
and stores various immune cells until they're
needed—were myeloid-derived suppressor
cells, Human cancer patients, too, had three
to five times more of the cells than did
healthy controls. Meanwhile, the numbers
of dendritic cells were decreased.

These cellular changes get more pro-
nounced as tumors grow. As a result, patients
with advanced tumors—precisely the ones
who have been in mostelinical vaceine trials—
have large numbers of suppressor cells that
could interfere with their treatment. “There’s
no question about it; we're going to have to
deal with these cells to do immunotherapy.”
says Suzanne Ostrand-Rosenberg of the Uni-
versity of Maryland, Baltimore County.

Researchers are beginning to explore sev-
eral ways of dealing with MDSCs, One
approach exploits the fact that they are devel-
opmentally immature. To promote the differ-
entiation of the cells, Gabrilovich and his col-
leagues have turned to all-trans retinoie acid
{ATRA). which is already used chinmcally to
treat people with promyelocytic leukemia.

In a pilot study, the researchers gave the
drug to 18 kidney cancer patients, all of
whom had elevated MDSC levels. The
short-term study was not designed to look
for clinical improvements such as tumor
shrinkage. But the immune status of the
drug recipients improved: they had fewer
MDSCs, more dendritic cells, and better
immune responses. The MofTiun team is now
beginning a more extensive trial that will
test a combination of ATRA with a cancer
vaccine. “Simply eliminating these cells
won't do.” Gabrilovich says. "You have to
combine that with active immunotherapy.”

Versatile actors

MDSCs turn out to have many ways of
blocking immune responses, They can hit
both the so-called innate and adaptive
branches of immunity. On the adaptive side,
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they suppress antibody-producing B cells
and CD4' (helper) T cells in addition to
CD& (killer) T cells.

One way they inhibit T cells is by blocking
an essential activation step: the binding of
antigen to the T cell receptor. About 4 years
ago, Gabrilovich and his colleagues found that
MDSCs release highly reactive molecules,
including certain forms of oxygen and
peroxynitrite. Findings from Bronte’s group

Angiogenesis promoters. A mouse tumor thottom) exposed to
VEGF-producing MDSCs has more blood vessels and grows larger

than a control tumar {fop) not exposed to the cells.

also pointed to an important role for peroxyni-
trite in immune suppression mediated by
MDSCs. Ina study published in the July 2007
issue of Nature Medicine, the Gabrilovich
team further showed that peroxynitrite causes
nitrate addition to T-cell receptors, rendering
them incapable of binding antigens they
would otherwise recognize,

Other researchers are focusing on a key
regulator of T cells: the amino acid arginine,
Its importance originally emerged in studies
of patients who experienced serious trauma,
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including surgery. These individuals have low
T-cell counts. making them very susceptible
to infections, which can be fatal, particularly
if they lead to a condition called sepsis,
Researchers, including a team led by
brothers Juan Ochoa, a surgeon at the Uni-
versity of Pittsburgh Medical Center in
Pennsylvania, and Augusto Ochoa, an immu-
nologist at Louisiana State University (LSU)
Health Sciences Center in New Orleans,
have linked this immunosuppres-
sion to low levels of arginine in
the patients. They found. for
example, that in lab culwres, the
amino acid 1s needed both for
normal T-cell replication and for
production of the zeta chain of
the T-cell receptor. “The next
question,” Juan Ochoa says. “is
what was destroying arginine,”
Further work showed that it
was none other than MDSCs.
These cells are loaded with the
enzyme arginase, which degrades
the amino acid. About 2 vears ago.
Juan Ochoa and his colleagues
showed that mice subjected 1o sur-
gical stress produce large numbers
of the cells, which proved to be
potent inhibitors of T-cell activa-
tion. The researchers have also
found high arginase production in
cells from human trauma patients
but haven’t yet pinned down the
exact nature of those cells.
Meanwhile. studies of both
animal models and human patients
have pointed o a similar immuno-
suppressive role of MDSC-
produced arginase in cancer.
In one study about 3 years ago,
the Ochoas, with LSU's Paulo
Rodrguez and colleagues, showed
that arginase produced by MDSCs
associated with lung cancers
growing in mice impairs T-cell
function in the animals by decreas-
ing expression of the receptor zeta
chain. MDSCs “interfere with the
T-cell antigen receptor so that there is no sig-
nal” o activate the cells, Augusto Ochoa says,
The researchers also showed that treat-
ment with an arginase inhibitor significantly
slowed the growth of lung tumors in mice.
Since then, the Ochoas and others have
found that MDSCs from human cancer
patients produce large amounts of arginase
and nitric oxide synthase (NOS). another
enzyme that degrades arzinine,
These findings suggest that treatments that
raise arginine levels in T cells can alleviate the
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IMMUNOSUPPression occurring in trawma and
cancer patients. Indeed, dietary arginine sup-
plements have already proved useful in com-
bating infections in trauma patients, and pre-
clinical work indicates that drugs that interfere
with the synthesis or function of arginase and
NOS might counteract the immunosuppres-
sive effects of MDSCs, Ivan Borrello and
Paolo Serafini at Johns Hopkins University
School of Medicine in Baltimore, Maryland
working with Padua’s Bronte, have looked at
three such drugs—sildenafil (Viagra).
tadalafil (Cialis). and vardenafil { Levitra)
that are much better known for their role in
treating erectile dysfunction.

As Borrello and his colleagues reported
a little more than a vear ago in The Jowrnal
af Experimental Medicine, sildenafil in

particular can decrease production of

arginase and NOS by MDSCs, thereby
boosting T-cell responses. In mice with
colon or mammary tumors, treatment with
both the drug and the T cells primed to rec-
ognize the appropriate cancer produced
much greater inhibition of twmor growth
than treatment with the T cells alone.
Bronte and his colleagues have found simi-
lar effects in a mouse-tumor model with an
aspirin derivative called NO-aspirin.

The inflammation connection
Much evidence throughout the past several
vears has supported the idea

VEGF helps tumors grow by stimulating
angiogenesis, the formation of the new
blood vessels they need. Angiogenesis is
also a component of inflammation. And
about 4 years ago, two independent teams,
one led by Mario Colombo and Cecilia
Melani of the Istituto Nazionale per lo Stu-
dio e la Cura dei Tumori in Milan, Italy, and
the other by P. Charles Lin of Vanderbilt
University School of Medicine in Nashville,
Tennessee, showed that MDSCs also pro-
duce VEGF, thereby further promoting
tumor growth and their own formation.

More recent work suggests that it may be
possible to break this vicious cvele. Lin and
others have found that VEGF secretion by
MDSC's requires the activity of an enzyme
salled metalloproteinase-9. And the Colombo
team now reports that a drug that inhibits this
enzyme can reduce VEGF concentrations and
the number of circulating MDSCs in mice that
have mammary wumors. The drug also boosted
responses to a vaccine directed against the
twumor. { The results appeared in the December
2007 issue of Cancer Research.)

As shown by Ostrand-Rosenberg and her
colleagues, the pro-mflammatory cytokine
interleukin (IL)-1[ also stimulates MDSC
production, making it another target For drugs
aimed at overcoming immune suppression in
cancer patients, Evidence to support this idea
comes from experiments on mice lacking the

that inflammation promotes
tumor growth, Exactly how it
does that isn't clear. but recent
evidence implicates MDSCs,
Researchers have found that

cancer cells produce avarety of

proteins that either are directly
inflammatory or can trigger the
production of inflammatory
cytokines in the tumor envi-
ronment. Some foster MDSC
accumulation, and, to make
matters worse, MDSCs them-
selves have pro-inflammatory
effects. thereby creating a
vicious cyele that may perpet-
uate their own maintenance as
well as tumor growth.

One early sign of an
inflammatory link came from
Gabrilovich and colleagues in
1996, They found that a pro-
tein called vascular endothe-
lial growth factor (VEGF),
which 1s released by tumor
cells, promotes the accumula-
tion of MDSCs by blocking
dendritic cell maturation.

Potent immunosuprressars. MDSCs
produced under the influence of
VEGF, interleukin-1p, and other
factors released in the tumor
environment, can inhibit immune
responses to the tumaor in several
ways. These include blocking the
activities of several types of cells
needed for immune responses and
altering type 1 macrophages.

Natural killer cell/
Macrophage

Type 1 >Type 2
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receptor through which IL-1 exerts iis
effects. As the Maryland team reported in the
October 1ssue of Cancer Reseach, mammary
tumors implanted in the animals show
reduced growth and metastases, “This led us
to hypothesize that [MDSCs] are one of the
connections between chronie inflammation
and cancer.” Ostrand-Rosenberg savs,

Tumar cells also produce COX-2, a key
enzyme in the pathway that makes inflam-
matory molecules such as prostaglandin E2
(PGE2). Ostrand-Rosenberg’s team has
found that MDSCs have receptors for the
prostaglandin and that drugs that mimic s
effects increase their formation while PGE2
inhibitors block it In addition, the Ochoas
and their colleagues have found that PGE2
stimulates arginase production by the cells.
And both teams have shown in mouse mod-
els thar COX-2 inhibitors can slow tumor
growth. That may help explain why individ-
uals who take COX-2 inhibitors, which have
been widely used for treaung arthritis and
other inflammatory conditions. seem less
prone to developing cancer than people who
don’t take the drugs.

Mot only are MDSCs induced by inflam-
matory molecules, but in a situation similar to
that seen with VEGE, they themselves can
promote inflammation. Macrophages., which
are part of the mnate immune system, come
in two types; M1 macrophages promote
activity of Killer T cells through

their production of 1L-12 and
are thus antitumor. whereas
M2 macrophages promote
mflammatory responses through
their production of IL-10,

In work reported earlier last
year in The Jowrnal of Immunal-
ogy, Ostrand-Rosenberg’s team
found that MDSC's enhance the
growth of mammary tumors
in mice by interacting with
MI macrophages and convert-
ing them to the M2 type. “This
sets up a strong feedback.” she
says, 1o further enhance MDSC
activity, The results also indi-
cate that the drug gemcitabine,
which is already used to treat
some cancers, exerts some of its
effects by restoring 1L-12 pro-
duction by macrophages.

All in all, researchers
are finding that MDSCs are
extremely versatile immune
suppressors and clearly a force
to be reckoned with ifimmuno-
therapy is to succeed.

-JEAN MARX

B cell

T cell
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Fighting Algae in Kaneohe Bay

"CALLTHE HOSE BRIGADE!" (RANDOM SAMPLES, 10 AUGUST 2007, P. 729) DESCRIBES AN EFFORT
to remove a massive nuisance algae bloom Killing corals in Kaneohe Bay, Hawaii, by suck-
ing it up with huge barge-mounted vacuum cleaners. Unlortunately, this will give only
temporary results and will fail in the long run unless the nutrient excess that fuels the rapid
growth is removed. Kaneohe Bay is a classic example of coral reef eutrophication: Benthic
algal blooms caused by point discharges of sewage killed the reef in the 19705, but died
when the outfall was removed. allowing the reef to gradually recover (/). With continued
suburbanization of the watershed, uncontrolled nutrients that discharge to the bay from golf
courses, lawn fertilizers, and road runofl have again raised the nutrient concentrations (2, 3)
above the thresholds for nuisance algae (4-6). Aside from the temporary success in
Kaneohe Bay, there are very few examples of algae being successfully removed, In one
bay in Jamaica where all the land-based nutrients were diverted. nuisance algae that were
choking the reef began to die in weeks. and only a few dying clumps of weedy algae
remained 2 months later ( 7). [Falgae are starved of nutrients, they die very quickly, and will
not return unless nutrient threshaolds are again exceeded. But no amount of sucking them off
will work when they grow right back because they are overfertilized. It is the suckers
paying for this well-intentioned, but ultimately futile. effort who will be hosed unless the
underlying causes of cutrophication are removed, THOMAS ). GOREAU
Global Coral Reef Alliance, 37 Pleasant Street, Cambridge, MA 02139, USA. E-mail: goreau@bestweb. not
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Response

T. ). GOREAU FEELS STRONGLY THAT THE PRI-
mary cause of algal overgrowth of the coral
reefs in Kaneohe Bay is eutrophication. We
think he may have missed the point, While we
agree that nutrient enrichment and overlish-
ing are both important in causing algal blooms
and coral-algal phase shifis on reefs around
the world { /-6). including Kaneohe Bay inthe
1970s ( 7}, the story today is much more com-
plicated (8/2),

First, the species of algae targeted for
removal by the Super Sucker are non-native or
alien species introduced to Kaneohe Bay for
aquaculture research in the 19705 and have

www.sciencemag.org SCIENCE  VOL 319

been growing unchecked since that nme,
These species are native o the western tropi-
cal Pacific and are cultuvated for the car-
rageenan and agar industries in numerous
areas coverng thousands of hectares where
eutrophication is not a problem ( /3).

Second. exotic species are considered one
of the largest threats to global biodiversity
where they alter ecosystem structure and
function and cause substantial economic
losses (f4). The methods o remove alien
algae from reefs in Kaneohe Bay were devel-
Ul'!l..‘lj d5 4 means Lo prevent or reduce negatnve
effects of an invading species, while buying
time for the development of biological

Gracilaria salicernia in Kaneohe Bay, Hawaii.
This exatic red alga, shown here overgrowing reel-
building corals, is one of the species targeted for
removal using the underwater vacuum cleaner
known as the Super Sucker.

control methods with the native sea urchin
Tripneustes grarifla (15), Preliminary data (&)
are encouraging, as areas that have been

cleared by the Super Sucker remain clear of

alien algae and have increased coral recruii-
ment after just 2 years,

Third. some introduced species are suc-
cesstul n new environments because they are
competitively superior and because they have
no natural predators. While nutrient ennch-
ment can increase algal growth rates. more
recently published nutrient concentrations
from across Kaneohe Bay (/6) have consis-
tently reported values below Lapointe’s
“threshold values.” Other factors such as
reduced herbivory are also clearly important,
but our data show that these alzae are not pre-
ferred food sources for herbivorous fishes in
Hawaii (9), Because these alien algae are able
o grow in low-nutrient environments and are
not readily consumed by herbivorous fishes,
they may be able to spread to Hawaii’s most
pristine reefs. Given this, we believe that it is
our responsibility as scientists and conser-
vation biologists to take action and help 1o
prevent the death of yet another coral reef.

JENMIFER E. SMITH,** ERIC ). CONKLIN ?
CELIA M. SMITH,? CYNTHIA L. HUNTER®
INational Center for Ecological Analysis and Synthesis,

University of California, Santa Barbara, CA 93101, USA.
The Nature Conservancy, Honolulu, HI 96817, USA.
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Taihu Lake Not to Blame
for Wuxi's Woes
THE ALGAL BLOOM OBSERVED IN TAIHU LAKE IN

the summer of 2007 and sensationalized in a
News Focus story ("Doing battle with the
green monster of Taihu Lake” 31 August
2007, p. 1166} 15 certainly a serious environ-
mental and ecological problem. However, the
issue that drew public attention © Tathu Lake
and the very visible bloom was actually a sep-
arate incident that affected the aesthetic qual-
ity of water in the city of Wuxi,
Environmental monitoring indicated that
the tirst wave of algal bloom occurred in Taihu
Lake in late April 2007, However, the offensive
taste and odor in the drinking water of Wuxi
City occurred from the end of May to early
June, It has since become clear that the taste
and odor were not caused directly by algal
bloom in Tathu Lake. but were instead the result

of an intrusion into the main water imake of

Wuxi City by a distinet black water “agglomer-
ate” of unknown origin: the duration of this
agglomerate can be tied to ammonium levels,
which increased suddenly—{rom an average
value of about 0.23 o 0.97 mg/liter—on 28

Letters to the Editor
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May and began o decrease gradually after
peaking at 4.0 mg/liter on 31 May. The
unusually high concentrations of ammonium
observed during this time are not normally
associated with the processes in algal blooms.,
Samples were collected on 4 June 2007 from
both the drinking-water intake and the water
agelomerate, Analysis of the samples, which
had strong septic and marshy odors (/. 2),
detected dimethyl risulfide (3, 4) at concentra-
tions of 11,399 and 1768 ng/liter in the two
samples, respectively—high enough to account
for the odors (3, ). Dimethy] wisulfide and
related alkyl sulfide compounds are produced
by many bactena (e.g.. Psendomonas sp.) that
break down the amino acids methionine and
cysteine into hydrogen sulfide, methylmercap-
tan, and dimethylpolysulfides (7-/1). The
sample analysis also detected two typical algal
metabolites—2-methyl-iso-borneol and geosmin
{(£2-14)—that give earthy or musty odor to
walter. but these concentrations were much
lower than the dimethy! trisulfide. It is clear
from these findings that dimethyl trisulfide and
related alkyl sulfide compounds, not 2-methyl-
iso-bomeol and geosmin, were the main odor-
causing compounds in Wuxi's water supply.
Although it is not clear where the black-water
aggelomerate and the alkyl sulfide compounds
came from. it 15 unlikely that these compounds
are the direct metabolites of algae. OF course,
degradation of cyanobacteria might also pro-
duce such compounds.,

It is well known that some cyanobacte-
ria—such as Microcystis aeruzinosa, the
main visible culpnt in Tathu Lake—do pro-
duce a range of toxins that can be harmiul 1o
human health. Further systematic monitoring
data of rmaw water samples from the same
water intake in Wuxi were collected on 4 and
8 June 2007 for the analysis of dissolved
microcystins. The analytical results show that
microcystin-Leu-Arg (MC-LR) and micro-
cystin-Arg-Arg ( MC-RR). some of the most
frequently recorded microcystins associated
with algal blooms worldwide ([ 3, 16), were
undetectable for the sample of 4 June and
were present only in small amounts (6<4and 72
ng/liter. respectively) in the sample of 8 June.
The level of microcystins detected did not
excead the WHO Drinking Water Guidelines
maximum of | pg/liter.

The algal bloom in Taihu Lake in 2007 was
m fact not much different from those in previ-
ous vears. According to the local monitoring
diata, algal density near the water intake during
the odor event period (end of May 2007) was
much lower than the highest value recorded in
August 2003, The trigger for public concern
about the water supply was in reality a complex
chemical event of biological origin, which has

not previously been associated with blooms of

Mierocystis acruginosa in Taihu Lake.
MIN YANG,® JIANWEI YU,* ZONGLAI LI, ZHAOHAI
GUO,* MICHAEL BURCH,® TSAIR-FUH LINY

I5tate Key Laboratory of Environmental Aquatic Chemistry
Research Center for Eco-Environmental Sciences, Chinese
Academy of Sciences, Post Office Box 2871, Beijing.
100085, China. TAustralian Water Quality Centre, Private
Mail Bag 3, Salisbury SA 5108, Australia. *Department
of Environmental Engineering, Mational Cheng Kung
University, University Road, Tainan City, 70101, Tabwan.
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Correcting the Record on
the Data Quality Act

AFTER DONALD KENNEDY INDICATED IN HIS
Editorial on medical marijuana (“Turning the
tables with Mary Jane.” 4 May 2007, p. 661)
that the Data Quality Act (DQA) (/) could be
useful for public interest groups as well as
industry, Schick er al, (“The tobacco industry
and the Data Quality Act,” Leuters, 17 August,
p. 898) complained that the Editorial failed o
mention the documented leadership role that
Phillip Morris played in the genesis of the
DOQA. However. the Schick er al. Letter
confused the Data Access Act with the DOA.
The DOA implemented provisions of the
Paperwork Reduction Act (PRA) of 1995 (2)
that required the Office of Management and
Budget to 1ssue puidance on federal infor-
mation dissemination: it has nothing to do
with access to raw data,

Neither Phillip Morris (a4 multiproduct
company ) nor any other tobacco company
{or nontobacco company for that matter)
playved a leadership role in the genesis of the
DOA, While working with the Center for

WWW.SCiencemag.org




Regulatory Effectiveness in Washington,
DC. I was personally invelved with the
development of the DOQA. and no industry
entity contributed to its formulation. More-
over, as is evident from its plain wording, the
genesis of the DQA lay in the information
dissemination provisions of the 1995 PRA,
and hearings and debate on those provisions
began at least as early as 1989,

The DOA provisions underwent public
consideration by Congress starting in 19985,
and discussions proceeded almost continu-
ously untl its enactment in 2000 [e.g.. (3-3)].
Entire commentary articles have been based
on the false premise that 1t was enacted
covertly [e.g., (6)].

Finally. it should be noted that the DQA has
been used extensively by public interest groups,
private citizens, and other non-industry peti-
tioners challenging government information on
subjects other than medical marijuana (7).

WILLIAM G, KELLY JR.
Center for Regulatory Effectiveness, Driggs, 1D 83422, USAL
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TECHNICAL COMMENT ABSTRACTS

CommenT on “The Southern Ocean
Biological Response to Aeolian
Iron Deposition”

Philip W. Boyd and Douglas Mackie

Cassar et al. (Reports, 24 August 2007, p. 1067) pro-
posed that aerosol-iron input enhances Southern Ocean
export production. Their conclusion critically depends on
aerosol-iron modeling simulations not validated with
iron-deposition data and dust dissolution rates based on
Northern Hemisphere atmospheric chemical conditions
(low pH). This diminishes the relevance of their findings
and demonstrates that applying such models to this
region is premature,

Full text at www.sciencemag.orgfogifcontentfulli319/
5860159

LET TERS

Response To CoMmeNT on “The
Southern Ocean Biological
Response to Aeolian lron Deposition”

Nicolas Cassar, Michael L. Bender, Bruce A.
Barnett, Songmiac Fan, Walter ]. Moxim,
Hiram Levy Il, Bronte Tilbrook

Net community production in the Southern Ocean is corre-
lated with simulated local dust deposition, and more sowith
modeled depasition of soluble iron. Model simulations of
the latter two properties are consistent with observations in
both hemispheres. These results provide strong evidence
that aerosol iron deposition is a first-order control on net
community production and export production over large
areas of the Southern Ocean.

Full text at wwwesciencemag.orgiogioontent/ful i3 1958460/
1590

CORRECTIONS AND CLARIFICATIONS

MNews Focus: “Inthe HIV era, an old TB vaccine causes new
problems” by M. Enserink {16 November, p. 105%). The
story stated that the live TB vaccine Bacille Calmette-
Guérin (BCG) was developed by researchers at the Pasteur
Institute in Paris. In fact, Albert Calmette and Camille
Guérin did most of their work at the Pasteur Institute in
Lille, beginning in 18%7 and persevering under extremaly
difficult circumstances during World War 1. In 1919,
Calmette joined the Pasteur Institute in Paris, by which
time the vaccine development was essentially complete,
BCG was first used in Paris in 1921,
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HISTORY OF SCIENCE

Delicious Tales of Guinea Pigs, Etc.

Vassiliki Betty Smocovitis

umor has it that the great mathematical

population geneticist Sewall Wright

:ould be so absent-minded that., need-
ing room for his equations on the blackboard
one day, he made an ersatz eraser out of a frac-
tious guinea pig he had brought to class. The
story happens to be untrue [as William
Provine’s careful research showed ( /)], but it
can spice up an otherwise bland histoneal stew
fior nonspecialists, Along with other fun anec-
dotes, interesting asides, and stantling connec-
tions, it appears in Jim Endersby’s charming
A Cuinea Pig s History of Biology,

The book isn't all fun and games, however,
It is pant of a growing trend among historians of
biclogy to concentrate on “the organism,” vari-
ously used as model, experimental system, or
Just plain object of study. In one guise, the
movement merely seeks to explore the varied
ways in which biologisis” organisms have
shaped the development of biology. In another,
it has a more ambitiows project: to give “voice™
or perhaps even agency to nonhumans (though
the Latter has been the subject of much debate).
Sa, silly as it seems, the book’s title isn't just a
cute way to entice readers’ interests; it is also a
kind of word play on a body of literature that
has made “historical actors™ of things like
microbes and sea scallops (2, 3).

Blessedly. discussion of such challenges to
traditional understanding of science 1s brief
and mcluded mostly in the preface and
acknowledgments. The remaming 12 chap-
ters are devoted to the subject at hand, which is
not so much the history of
biclogy as the history of
genetcs and evolution retold
{with occasional additions of
microbiology, physiology,
and cell biology) through
some of the many prominent
organisms  studied. Each
chapter is actually an inde-
pendent essay that can be
read alone; each is framed by
an organism that has playved
some interesting historical role and arranged
around some key event. Some are instantly
recognizable “celebrity” organisms (e.g.. the
truit iy Divesophifa melanogaster and maize,
Zea mas), others are more obscure and now

The Plants anc
Taught Us the

The reviewer is at the Department of Zoology and the
Department of History, University of Florida, Gainesville,
FL 32611, USA. E-mail: bsmocovig ufl.edu
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A Guinea Pig's History of Biology

by Jim Endershy

Heinemann (Random House),
London, 2007, 511 pp. £20.

ISBN 9780434012596, Harvard
University Press, Cambridge, MA
£27.95. |SBN 9780674027 138.

Sewall Wright and one of his guinea pigs.

extinet (e.g.. quagga. Eguns guagga) or
largely forgotten (e.g.. Gregor Mendel'’s pale
hawkweed, Hieracivm awricula, and Hugo
de Vries's evening primrose, Oenothera
lamarchkiana), while still others are actively
used by researchers (e.g.. the
Arabidopsis thaliona and zebrafish, Danio
rerio). One chapter is devoted to a genetically
engineered organism (the famously trade-
marked OncoMouse).

What emerges is a lighthearted retelling
of a familiar story that will appeal to a wide
audience. As we learn about the breeding
patterns in horses and
#ebras, we also leam about
the leisurely interests
ol Victorian aristocrats,
radical political move-
ments, and the chal-
lenges of gardening in
an increasingly indus-
trial context. While gain-
ing an understanding
ol Victorian attempts
to study imheritance in
humans, we learn about the growing concern
with London’s sanitation, the famous Health

CTEss

i Anmimals Who
Facts of Life

Exhibition, and the development and use of

industrial ceramics as toilet bowls and sewer
pipes by Doulon and Company (now known
as Roval Doulton, the maker of fine dinner-
ware), As we learn much about the guinea pig
as model onganism for geneticists, we gain an
appreciation of 1ts culinary merits,

RY 2008 VOL 319 SCIENCE

Although enjovable, this approach has
some drawbacks, Throughout the book, nec-
essary historical details or eritical develop-
ments are missing or “off.” while rrelevant
digressions and asides include far more
detaul than needed. For example. the
chapter framed by the guinea pig.
Cavia porcellus, (really the chapter
on the “modern™ synthesis of evolu-
tion) provides a fascinating discus-
sion of historical and ethnographic
uses of the experimental cavy
(along with descrniptions of recipes)
but a misleading picture of the his-
torical event 1t 15 supposed to cover.
That synthesis wasn't all due o the
use of guinea pigs and Drosophifa,
the insights of theoretical popula-
tion geneticists like Wright, or
the field work and experiments of
Theodosius Dobzhansky. It is almost
as though Emst Mayr. Julian Huxley,
George Gaylord Simpson, and G,
Ledyard Stebbins Ir. (among many
others) and their critical contribuy-
tions didn’t exist. Given the book’s
many plant examples. Stebbins,
whose classic book () brought botany into
the synthesis, would have been a much more
appropriate end point for the chapter than
his friend Dobzhansky, One must also won-
der what Kind of historical account of evo-
lution can be old without fossils. And
although the book is to be lauded for includ-
ing so0 much from the botanical side, the
actual historical analysis is disappointing,
It's great o teature Oenothera for the section
on the “eclipse of Darwin™ (the interval of
time around 1900), but to give it a central
place in understanding the phenomenon of
polyploidy isn’t fair. That part properly
belongs to the Kew primrose, Primuda
kewensis, and the histonies of polyplody,
apomixis, and hybridization are vastly more
comphicated than portrayved here.

In short, the book offers lay readers an
engaging and lively introduction to the his-
tory of biology., But I'm not sure that it
actually enriches historical understanding
of the field.
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PHYSICAL CHEMISTRY

Keeping Time
Stephen Gray

ooks on quantum mechanics are often

organized more in terms of what is

easy 1o understand and caleulate than
in terms of what actually applies to the world
at large. They typically con-
tain much discussion from
the perspective of the time-
independent Schridinger equa-
tion (TISE), ITWMx) = EWx).
This equation determines the
allowed stationary states of
a system (delined by its Hamil-
tonian . which
could be amything from a parti-
cle such as an electron w a
complex molecule containing

Introduction to
Quantum Mechanics
A Time-Dependent
Perspective

l![‘.l!,.‘r;,lh b1 8

many atoms. Depending on

the problem details, the stationary state ener-
mies (F) take on only certain discrete values
(as in the well-known hydrogen atom prob-
lem) or take on a continuous range of values
(as n  problems
Associated with cach allowed energy, £, is a
wavelunction, Yx), where x denotes the
system’s coordinates. The absolute square,
Yix), 1s related 1o the likelihood of finding
the system in a specific region of space.

But tor the most part. the universe 15n't sta-
tionary: the positions of things change with
time (7). For matters concermng time, one
turns o another equation, the tme-dependent
Schrodinger equation ( TDSE). This equation
determines the ume-evolving wavepacket,
Wi r ), and 1s written

ivolving  collisions).

P
ih==Wrix.t) = IMF (x.1)
clf

v—l and # is Planck’s constant
divided by 2. The TDSE may appear briefly
in the early parts of quantum mechanics books
and also later on, when spectroscopic transi-

where

tion rates are discussed. However, one must be
lucky to find a full chapter on the TDSE,
although it 15 the more general equation
because it describes the sysiem’s evolution
through time—and thus compares in iImpor-

tance to Newton’s equations in the world of

classical mechanics.

What we have in David Tannor’s frriro-
duction fo Ouantum Mechanics 15 an ad-
vanced textbook in which the TDSE occupies

The reviewer is atl the Chemical Sciences and Engineering
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center stage. It retlects how the time-dependent
quantum mechanical plciure has Lrown maore
important in the research literature over the
past 30 years, This has been especially true in
the discipline of physical chemistry (or chem-
ical physics). where a number of major
advances in time-domain theory and experi-

ment

The pioneering ideas and approaches
developed by Eric Heller and his collaborators
starting in the mid- 1970z led to
O NEW way l'lll-‘\'ll...“l.'kll'lz,', ]'.I'I-I.'Illl...'i..'-
ular spectroscopy and reaction
dynamics. For example, a
malecular absorption spectrum
is viewed as resulting from

LIV A8,

placing an appropriate minal
wavepacket, Yt = ), on an
excited state potennal enerzy
surface and then secing how
it evolves according to the
TDSE. The Fourier transform
of'a certain correlation function
inferred from Wix.r) is proportionate to the
absorption spectrum. Although o
the general reader this description
may sound a little obtuse, o many
researchers—theoreticians and experi-
mentalists alike
conceptual insight compared to the
banal time-independent picture of

this is a tremendous

calculating certain matrix elements
{or integrals) involving stationary
state wavefunctions,

Also crucial were advances in laser
technology that have allowed expen-
mental research on ime-domain quan-
tum dynamics to bloom. For example,
Ahmed Zewail received the 1999
Nobel Prize in Chemistry for his
experimental work that studied chemi-
cal reactions in real time with femto-
second (10°'% 5) spectroscopy. In addi-
tion, the combination of substantial
methodological advances due 1o
Ronnie Kosloff and others starting in
the 19805 and the steady growth in
computing power now make the task
of actually solving the TDSE easier
than it has ever been.

The book offers a thorough, eru-
dite treatment of time-dependent
quantum mechanics with an emphasis
on the spectroscopy and dynamics
of atomic and molecular systems,
Throughout, readers are challenged to
understand the mathematical structure
behind the prctures and concepts. The
extensive reference lists and occa-
stonal historical notes will help them
do so,

SCIENCE WVOL31%

BOOKS ETAL

One recurring theme is the correspon-
dence between quanium and classical
mechanies: how gquantum motion is inti-
mately connected with the behavior of a
corresponding classical system. Part of the
appeal of wavepackets (going back to
Schridinger’s original exposition of coher-
ent state wavepackets) is that they provide a

direct and intuitive quantum analog of

classical motion, Tannor (a professor at the
Weizmann Institute of Science, [srael)
lucidly brings out this correspondence
through numerous examples and. at a more
rigorous mathematical level, a chapter on

path integrals and semiclassical theory.
Tannor provides a ngorous, self=contained
development of modern tme-dependent
quantum mechanics and discusses numerous
apphications m molecular spectroscopy and
reaction dynamics, With its fresh and con-
ceptually appealing perspective, lntroduction
re Cianium Mechanics could change how
quamtum mechanics is perceived and taught.
10.1126/cience. 1151473

Visual appeal. An initial wavepackel “launched” at the tran-
sition state for a chemical reaction involving atoms A, B, and
C (top) subsequently (bottom) bifurcates, leading to different
product arrangements (AB + C and A + BC).
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Ocean Iron Fertilization—Moving
Forward in a Sea of Uncertainty

Ken 0. Buesseler,'* Scott C. Doney,' David M. Karl,2 Philip W. Boyd,? Ken Caldeira,® Fei Chai,®
Kenneth H. Coale.® Hein J. W. de Baar,” Paul G. Falkowski,? Kenneth 5. Johnson,? Richard S.
Lampitt,”® Anthony F. Michaels,"" S. W. A. Naqvi,” Victor Smetacek," Shigenobu Takeda,"

Andrew J. Watson's

he consequences of global climate

change are profound, and the scien-

ufic community has an obligation to
assess the mmificatons of policy options for
reducing greenhouse gas emissions and
enhancing CO, sinks in reservoirs other than
the atmosphere (/. 2).

Ocean iron fertilization (OIF ), one ol'sev-
eral ocean methods proposed for mitigating
rising atmospheric CO,, involves stimulating
net phytoplankton growth by releasing iron
to certain parts of the surface ocean. The
international oceanographic community has
studied OIF, including 12 major field pro-
grams with small-scale, purposeful releases
of 1ron since 1993 (3. 4). Although these
experiments greatly improved our under-
standing of the role of ron in regulating
ocean ecosystems and carbon dynamics,
they were not designed to characterize OIF
as a carbon mitigation strategy. The efficacy
by which OIF sequesters atmosphenic CO, to
the deep sea remains poorly constrained, and
we do not understand the intended and un-
intended biogeochemical and ecological
impacts. Environmental perturbations from
OIF are nonlocal and are spread over a large
area by ocean circulation, which makes long-
term verification and assessment very diffi-
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cult. Modeling studies have addressed
sequestration more directly and have sug-
gested that OIF in areas of persistent high
nutrients (so-called high-nutrient, low-
chlorophyll areas) would be unlikely to
sequester more than several hundred million
tons of carbon per vear. Thus, OIF could
make only a partial contribution to mitiga-
tion of global CQ, increases.

Despite these uncertainties in the science.
private organizations are making plans w
conduct larger-scale iron releases to generate
carbon offsets, We are convinced that, as vet,
there is no scientific basis for issuing such
carbon credits for OIF, Adequate scientific
information to enable a decision regarding
whether credits should be issued could
emerge from reducing uncertanties: this will
only come through targeted research pro-
grams with the following specific attributes:

e Field studies on larger spatial and longer
time scales, because ecological impacts and
CO, mitigation are scale-dependent.

e Consideration of OIF in high- and low-

nutrient regions o understand a wider range of

processes that are affected by iron, such as
nitroeen fixation and elemental stoichiometry,
& Detailed measurements in the subsurface
ocean to verify the fate of fixed carbon,

mcluding remineralization length scales of

carbon, iron, and associated elements,

* Broad assessment of ecological impacts
from bacteria and biogeochemistry to fish,
seabirds, and marine mammals,

® Characterization of changes (o oxygen
distributions. biophysical climate feed-
backs, and cycling of non-C0, greenhouse
gases, such as methane, nitrous oxide, and
dimethylsulfide.

e Long-term monitoring and use of models
to assess downstream effects bevond the
study area and observation period.

* Improved modeling studies of the results
and consequences of OIF including higher
spatial resolution, better ecosystem parame-
terization, inclusion of other greenhouse
gases. and improved 1ron biogeochemistry.

o Apnalysis of the cosis, benefits, and

It is premature to sell carbon offsets from
ocean iron fertilization unless research
provides the scientific foundation to
evaluate risks and benefits.

impacts of OIF relative to other climate
and carbon mitigation schemes and to
the impacts of global change 1f we take
no action,

The orgamzation of such experiments is
as critical as the scientific design. The
scope of the problem will require individ-
ual sponsors and partnerships of national
sclence agencies. philanthropies, and com-
mercial entities. Academic scientists need
to be involved but must maintain inde-
pendence. This can be accomplished by
regulating experiments in g uniform man-
ner under such international agreements as
the London Convention, widely distribut-
g science plans and results via open
meetings and peer-reviewed journals, and
requiring clear and explicit statements of
contliets of interest,

This group feels it is premature to sell
carbon offsets from the first generation of
commercial-scale OIF experiments unless
there is better demonstration that OIF effec-
tively removes CO,, retains that carbon in
the ocean for a quantifiable amount of time,
and has acceptable and predictable environ-
mental impacts. As with any human manipu-
lation of the emwironment, OIF carries
potential risks. as well as potential benefits:
moving forward on OIF should only be done
if society 15 willing to acknowledge explic-
itly that it will result in alteration of ocean
ecosystems and that some of the conse-
quences may be unforeseen, We are cur-
rently facing decisions on climate regula-
tions, such as the post-Kyoto framework
discussed i Bali. carbon cap-and-trade bills
in the U.S. Congress, and consideration
of OIF by the parues to the London
Convention, and we feel that ocean bio-
seochemical research will help inform these
important policy decisions.
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A Few to Flip the Angiogenic

Switch

Shahin Rafii and David Lyden

he rapid formation of blood vessels, a

process known as the angiogenic

switch, is required for progression
of dormant or micrometastatic twmors to
macrometastatic imvasive tumaors. New blood
viessels may either sprout from preexisting
mature ones or form de novo by recruiting cir-
culating endothelial progenitor cells derived
from the bone marrow (/3. Although these
progenitors can incorporate into human
tumors and transplanted tissue (4, 5), they do
s0 in small numbers, raising doubt about their
physiological contribution to neo-angiogenic
processes, On page 195 of this issue, Gao er al,
cast any doubt aside by showing that notwith-

standing their low numbers, recruitment of

these endothelial progenitor cells is pivotal for
the progression of avascular micrometastatic
tumaors to lethal macrometastatic ones (6),

Why has there been so much confusion? It
may be that only certain types of tumors (7),
producing distinet proangiogenic chemokines
(1. 11, demand bone marrow-derived
endothelial progenitor cells to initiate (/.2) and
possibly maintain nascent vessels within spe-
cific primary and metastatic lesions ([3).
Indeed, the extent of progenitor cell incorpora-
tion 15 maximal in relapsing tumors (%) and
in certain ageressive carcinomas (/4). Bu
the main reason lor inconsistent results 1s
probably the phenotypic similarities between
hematopoietic cells and true endothelial pro-
genitor cells (those with bone marrow repopu-
lating potential) (2. 3), and the technical hur-
dles involved in distinguishing and localizing
them in the lumen of functional blood vessels.
In some mouse studies, the majority of the
bone marrow—derived cells in tumors was not
endothelial, but of hematopoietic lineage, and
were positioned perivascularly rather than
incorporated into the vessel lumen (/5. f6).
However, in these reports, it was unclear
whether true endothelial progenitors were
transplanted into recipient bone marrow.

To circumvent these problems. Gao et al.
tracked endothelial progenitor cells by label-
ing with green fluorescent protein and by
assessing the expression of vascular-specific

The authors are at Howard Hughes Medical Institute, Weill
Cornell Medical College, New York, NY 10065, USA.
E-mail: del2001@med.comelledy; srafii@med cornell. edu
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A relatively small number of endothelial
progenitor cells have a profound effect on
tumor growth and metastasis.

i

(o,
(

switch

Few but mighty. Bone marrow—derived endothelial progenitor cells contribute instructively to micro-
metastasis and structurally to the emergence of macrometastatic tumor nodules.

maolecular markers, mcluding the cell adhesion
maolecules VE-cadherin and CD3 1, VEGFR2
(2 receptor for vascular endothehial growth fac-
tor), and Id1. a ranseription factor that pro-
motes angiogenesis, Using mouse models of
lung (metastatic mouse Lewis Lung carci-
noma) and breast (spomaneous MMTV-
PyMT) cancer models, the authors demon-
strate that about 12% of the endothelial cells
within macrometastases were derived from
bone marrow, Remarkably, when the expres-
sion of [d1 was reduced in these small number
ol progenitors, their mobilization from bone
marrow decreased by 96%, angiogenesis was
blocked, tumor formation decreased, and the
animal’s survival improved.

The inhibition of Id1 did not affect tumor
cell dissemination or the initial colonization of
organs by malignant cells. but rather, shut oft
the mobilization and recruitment of particular
endothelial progenitor cells (those expressing
Id1. VE-cadherin. and low amounts of CD31).
These specific progenitor cells infiltrated
micrometastatic lesions and produced proan-
giogenic growth factors before the inmation of
macrometastases. Ultimately. subsets of these
progenitor cells differentiated (o express VE-
cadherinand increased amounts of CD31 ) and
integrated into the lumen of tumor neovessels.
These data suggest that bone marrow—derived
endothehial progenitors are unique in provid-
ing both instructive (paracrine) and structural
(vessel incomporation) roles w promote twmor
macrometastasis (see the ligure). They also

extend previous studies demonstrating that
hematopoietic progenitor cells initiate meta-
static colonization ( ), whereas endothelial
progenitor cells promote progression of the
metastatic lesion,

How can bone marrow-derived endothe-
lial progenitor cells be distinguished from
preexisting tumor endothelium or hema-
topoictic cells (4 7)7 A phenotypic definition
by specific molecules (including the pres-
ence of [d]l, VE-cadherin, VEGFR2, CD3 1,
CD13. and the growth factor receptor c-Kit,
but absence of the cell adhesion molecule
CDI11b and the phosphatase CD45) have
been used previously to mark endothelial
progenitor cells incorporated in the lumen of
tumor vasculature (/2). However, some of
these markers are expressed by subsets of
hematopoietic lineages, and therefore pheno-
typing must be carefully performed (2. 3).
Another complicating factor is the potential
contribution of recently discovered cells sim-
ilar to endothelial progenitor cells resident
within orzans other than the bone marrow
i /8). Lack of functional standardized bioas-
says to quantify the scarce populations of true
endothelial progenitor cells is a major hurdle
in assessing whether bone marrow transplan-
tations performed in different laboratories (2.
3, 13, 16) results in engrafiment of sufficient
numbers of progenitor cells to interrogate
their contribution to tumor neo-angiogenesis.
Therefore, establishing standardized in vivo
functional assayvs to detect and quantify
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repopulating progenitors 1s urgently needed.
Majorissues still need to be resolved. It s
unclear why endothelial progenitor cells are
recruited only by certain tumors. And the role
of proangiogenic factors elaborated by
{or specific to) endothelial progenitor cells
needs further investigation. Whether their
continuous recruitment contributes to main-
taining stabilized wmor vessels also has vet

to be determined,
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Quo Vadis, Specificity?

Hans Schreiber and Donald A. Rowley

Mutations in cancer cells can give rise to tumor-specific antigens, but abnormal processing of nor-
mal molecules in these cells can also elicit an immune response,

inding molecules exclusively expressed

by tumor cells is one of the great hopes

in the fight against cancer, because ther-
apeutically targeting such molecules. or anti-
gens, should eradicate cancer without harming
normal tissue. The extremely large repertoire
of T cells beanng distinet receptors allows the
immune system to recognize a multitude of
antigens with great specificity and selectivity.
On page 215 of this issue. Savage ef al. (1)
report that T cells recognize a fragment of a
ubiquitous nuclear protein. histone H4, yet
somechow bypass recognizing normal cells,
infiltrating prostate cancer instead.

The authors are in the Department of Pathology, University
of Chicago, Chicago, IL 60637, USA. E-mail: hsrz@
midway.uchicago.edu

Normal cell

(

Cancer 1s caused by somatic mutations
and/or the introduction of genes from
cancer-causing viruses, which leads to the
expression of cancer-specific proteins and
potential antigens (see the figure). This has
led to the controversial idea of the evolution
of adaptive immunity to prevent the devel-
opment of cancers. All cancers in man {and
mouse) that have been analvzed express
bona ide umor-specific antigens that could
be targeted by T cells, In some cases, the
same tumor types share mutations and anti-
zens (2, 3). But each patient’s cancer seems
to have a unique set of mutations (4. 5) that
can provoke a powerlful immune response
(). When it was shown that cancer in mice
could be eradicated if the animals were
immunized with their own, autochthonous

Cancer cell

Lt

T cell

(tumor specific)

L
Gene mutation
Normal self-antigen Tumor-specific antigen
= Tolerance or sequestered in cell = May trigger an immune
* No immune response response
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Normal self-antigen may
be processed differently

cancer cells, it meant that the immune sys-
tem could be primed for subsequent chal-
lenge by the same tumor, bearing unique.
immune-reactive antigens (7). However,
unigue antigens have remamed unexploited
clinically, because highly personalized ther-
apy would be required.

The mice with primary prostate cancers
studied by Savage er af. mounted an immune
response to a nonmutated peptide derived
from histone H4. a nuclear protein. At first,
this may not seem so surprising, because
immune responses of cancer patients often
recognize molecules expressed by both can-
cer cells and some normal cells, so-called
sell-antigens. What is remarkable and unex-
plained is that histone H4 is expressed not
only by prostate cancer cells but also by all
normal somatic cells, yet was recognized
only In cancerous tissue by the immune sys-
tem. Perhaps the histone H4 antigen is
processed and “presented” at the cell surface
i an unusual way by prostate cancer cells in
response to the tumor microenvironment. [f
s0. is this related to the cause (a viral onco-
gene in the mouse model used by Savage ef
al. ) of the cancer? s histone H4 also recog-
nized as an antigen in spontaneous human
prostate cancers ( and in other murine models
of prostate cancer)? No self-reactivity or
harmful effects by the immune system
occurred in normal mice, even with
the abundance of T cells (CD8* subtype)
expressing receptors specific for histone H4.
T cells localized and proliferated in the can-
cerous tissue in response 1o the peptide, but
failed to produce cyvtotoxic effector mole-
cules or evtokines (such as interferon-y) that
could further boost the immune response,

Not so normal. New molecules synthesized in
cancer cells may elicit a tumar-specific immune
response, Cancer cells can also express genes encod-
ing sell-molecules that are released and presented
ta T cells by antigen-presenting cells in the tumar,
Self-molecules may also be aberrantly processed
and recognized by immune cells. Factors in the
tumaor microenvironment could trigger these effects.

Cancer cell

g

Antigen-presenting cell

VOL 319 SCIENCE www.sciencemag.org

CREDT C BICKEL/SCIENCE



PHOTO CREDIT: HENRI BUCANSTITUT PASTEUR, PARS

and there was no increase in animal survival.
The reason for this immunity breakdown
15 unclear.

Antibodies to growth factors (such as
vascular endothelial growth factor), growth
factor receptors (such as HER-2), or self-
antigens (such as CD20, expressed by B
cells) have become important in the therapy
of other cancers. It is unclear, however,
whether T cells that target self-antigens on
tumors could be similarly effective. even if
normal cells expressing those antigens were
dispensable. Self-reactive T cells are readily
deleted and/or functionally inactivated, and
when not deleted. have a reduced capacity to
recognize target antigens (8). When self-
reactive T cells are made effective (¥). fatal
autoimmune damage may occur. Even
though one can generate T cells bearing
receptors with high (nanomolar) affinity for
sell-antigens that are highly expressed in
cancers. it is difficult to predict whether
autoimmune damage will occur it used
therapeutically. Much depends on whether
the self-antigen is only expressed on dispen-
sable normal tissues.

Whether ublquitous, normal self-pro-

teins are sufficiently selective antigenic tar-
gets on prostate cancer to allow tumor erad-
ication without detrimental autoimmune
responses by the therapeutic T cells will
become apparent once any functional
defects of the antigen-specific T cells have
been identified and reversed. Similarly. for
use in adoptive T cell therapy in which
autologous human T cells are activated.
expanded in vitro, transduced to express
antigen-specific T cell receptors. and rein-
fused into the patient. it will be necessary
to compare mutated and normal self-anti-
gens for efficacy as targets. Although the
feasibility and safety of such engineered T
cells have been demonstrated in studies tar-
geting the normal melanocyte-differentia-
tion antigen MART-1 ({#), only 2 of 17
patients responded o reatment, The autol-
ogous T cells expanded in vitro and rein-
fused into these patients likely contained
variable numbers of T cells that recognized
tumor-specific antigens. Procedures are
therefore needed for expanding a patient’s
T cells in vitro so that they recognize the
autochthonous tumor cells specifically.
Such T cells may not only be therapeutic

PERSPECTIVES

upon infusion but also may be used to eluci-
date the genetic ongins of mutated tumor-
specific antigens.

As effective drugs are generated to tar-
get specific mutated proteins. and as can-
cer treatments become “personal” (/1) it
is ironic that individual specificity stll has
to conquer the field of cancer immunol-
ogy. After all, it was the discovery of indi-
vidually distinct tumor-specific antigens
that ended gloom in the field over 30 vears
ago(f2).

References
. P A Savage ef o, Science 319, 215 (2008).
. M. Miettinen, Adv. Exp, Med, Siol. 587, 99 (2006},
. B.S. Worley ef al, Cancer Res. 61, 6368 (2001).
. D. Mumberg, M. Wick, H. Schreiber, Semin, immunol. 8,
289 (1996).
. L. D, Wood et al,, Science 318, 1108 (2007).
. B.A. Weir ef ol, Noture 450, 893 { 2007).
7. G. Elein, H. 0. Sogren, E. Klein, K. E. Hellstrom, Concer
Res. 20, 1561 (1960).
B. & Yuetal, L. Ciin, fnvest. 114, 551 (2004),
9. B. Ludewig ef al., . Exp. Med. 191, 795 (2000,
10. R. A. Maorgan &f af., Science 314, 126 (2006).
11, P A Kiberstis, | Travis, Scence 312, 1157 (2006),
12, M. A. Basombrio, Cancer Res. 30, 2458 (1970).

ekl Pud

o U

103112 &/cience. 1153713

BIOCHEMISTRY

Dicey Assemblies

Joél Janin

roteins are made of polypeptide chains
that may associate to form so-called
quaternary structures (/). More than 40
vears ago, Jacques Monod and co-workers
developed the theory of allostery that explains
how the activity of proteins can be efficiently
regulated. The quaternary structure allows
proteins to have symmetries that play a central
role in allostery (2, 7). Can this symmetry be
manipulated by site-directed mutagenesis?
On page 206, Grueninger ef al. prove that it
can (4). Their experiments confirm some of
the basic arguments made by Monod er af.
Monod eraf. noted that, in an symmetrical
oligomer (a protein made of several polypep-
tide chains) with identical sequences, every
structural Feature or interaction is repeated a
number of times. Thus, any change in contact
between two subunits will affect all symme-
try-related contacts. For example. in the

The author is at Yeast Structural Genomics, Institut de
Biochimie et Biophysique Moléculaire et Cellulaire, Bat.
430 UMR B&19 CNRS, Université Paris-Sud, 91405 Orsay,

France. E-mail: joel janin@u-psud.ir
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Monod's dice. The dimerization mutants of the urocanase and Rua pro-
teins prepared by Grueninger et al. display the symmetries illustrated here
by assemblies of n dice. (Left) Dihedral two-fold (D,) symmetry (n = 4),
{middle) dihedral four-fold (D) symmetry (n = 8), (right) cyclic three-fold
(C;) symmetry (n = 3). Each die represents a poly peptide chain,

eight-dice assembly shown in the figure, the
dice form two layers, each with a € (cyclic
four-fold) symmetry. The layers are related by
two-fold axes that give the assembly a D,
{dihedral four-fold ) symmetry. The sixes form
the interface between the lavers. I one dot
in each six is removed. that interface will

Site-directed mutagenesis allows the symmetry
of protein assemblies to be directed ina
systematic manner,

lose a twotal of eight dot-
dot contacts.

Monod et al. remarked
that “mutations which ab-
olish the interactions should
frequently be found to re-
sult in stabilization of a
monomerc state™ (3) and
cited examples of muta-
tions of that type identi-
fied by classical genetics.
Yet when molecular genet-
ics allowed the introduc-
tion of such mutations in a
rational way, converting
an oligomer into a stable
monomer proved to be dif-
ficult. Most atempts vielded
products that were highly unstable and insol-
uble. because nonpolar (and hence water-
repelling ) protein surfaces become exposed
to water when subunit interfaces are dis-

multiple mutations that make the interface
less water-repelling (5).
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However, Monod er al.'s reasoning applies
not only 1o the destruction of a symmetrical
oligomer but also to its creation: Any change
that can generate a favorable subunit contact
in an oligomer with cyvelic n-fold symmetry
(C,) will do so 2u times, leading to dimeriza-
tion, if the contact is compatible with dihedral
n-fold (D) symmetry. Contacts not compati-
ble with such a symmetry can still promote
subunit association but will generate an infi-
nite helical fiber rather than a closed structure.
A classical example is sickle-cell anemia, in
which a point mutation in the f chain of
hemoglobin causes the protein o polvmerize,

In other svstems. conformation changes
rather than mutations may cause the formation
of a fiber, and this can also lead to dimenza-
tion. The prion protein implicated in neurode-
generative diseases (such as bovine spongi-
form encephalopathy in cows and Creutzfeldt-
Jakob disease in humans) undergoes both
tvpes of selt-association under different condi-
tons (), Thus, fiber formation and dimeriza-
tion are related, frequently observed and pos-
sibly competing natural processes.

Grueninger ¢f af. have now achieved both
dimerization and fiber formation by site-
directed mutagenesis, engineering new sub-
unit contacts in five different bacterial pro-
teins. They used the known crystal structure of
these proteins to model assemblies with a two-
fold symmetry and to select amino acid substi-
tutions that imroduce nonpolar side chains at
the modeled interface. They then generated the
mutations, purified the corresponding mutant
proteins, and checked their molecular
weight by size-exclusion chromatography and
dvnamic hght scattering. They also crystal-

lized several mutants and elucidated their
structures to validate their solution data.

In the cases of 6-phospho-B-galactosi-
dase and O-acetylserine sulthvdrylase, sev-
eral mutant proteins showed various degrees
of dimerization in solution but did not erys-
tallize. In the cases ofurocanase and L-rham-
nulose-1 -phosphate aldolase (Rua), substitu-
tion of one or a few residues resulted in com-
plete dimerization, and crystal structures
confirmed the presence of extensive new
subunit interfaces involving the designed
contacts. Urocanase 1s a O, dimer; substit-
tion of three surface residues yields a
tetramer with approximate [}, symmetry.
Rua is a C tetramer: single substitutions
convert it to two different octamers (one with
the D, symmetry of Monod’s eight-dice
assembly, the other with a lower symmetry).
A different Rua variant with three substitu-
tions aggregates into fibers,

[n another system described by Grueninger
ef al —the bacterial MspA porin—dimeriza-
tion resulis from a deletion. The porin{a mem-
brane-bound Cy octamer) becomes a soluble
Dy 16-mer after the membrane-immersed part
15 deleted. A erystal structure contirms that the
contact between octamers involves the large
protein surface, mostly nonpolar. revealed by
the deletion. Thus, the set of proteins prepared
by Grueninger et al. shows a variety of re-
sponses to point mutations. Not all the engi-
neered assemblies have the expected symme-
try: some are only marginally stable. or they
ageregate instead of dimenizing. But on the
whole, the data indicate that it is relatively easy
to convert a protein with # idenocal subunits
into one with twice that number, at least foren =1,

The successtul dimerization of three bac-
tenal proteins by Grueninger ef al. has impli-
cations for the evolution of protein guater-
nary structures. The new subunit contacts
created by mutation or deletion must show
some specificity. because the mutant pro-
teins do not aggregate in the crowded bacter-
ial evtoplasm, where they fold and assemble
correctly. How can specificity arise in the
absence of natural selection?

The answer may be negative selection
(7). In a eytoplasmic protein with i sub-
units and ' symmetry. nonpolar side
chains must be disallowed at any surface
site where they could stabilize an assembly
with 2n subunits and D symmetry. Mutat-
1ons not compatible with that symmetry
still promote aggregation, but a helical
fiber lacks the multiple contacts that create
cooperative effects ina D assembly. Thus,
a single mutation may not suffice to stabi-
lize a fiber, unless the protein is present at
a very high concentration, such as hemo-
glabin in red blood cells.
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What Triggers Tremor?

Eliza Richardson and Chris Marone

nenduring mystery in geophysics 1s
why the periodic stresses of tides do
not commonly trigger earthquakes.
It earthquakes simply represent reaching
some threshold for the fatlure of rock. tidal
torces should often trigger faults near failure
bv pushing them over the threshold.
However, many studies show that this is not
the case, except in special situations (/. 2).

The authors are at the Istitute Mazionale di Geofisica e
Vulcanologia, Rome, Italy, and the Department of
Geosciences, Pennsylvania State University, University
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Now. on page |86, Rubinstein ¢f af. report
that a seismic activity called nonvolcanic
tremor is indeed triggered by lunar-solar
tides (3) and. in some cases, as reported on
page 173 by Gomberg ef af.. by distant
earthquakes (). Discovering how dvnamic
stresses trigger Fault failure may provide
important clues about the onset of earth-
quake rupture.

Earth tremor episodes involve guasi-
continuous emissions of low-frequency seis-
mic energy that last longer than ordinary
earthquakes. Tremor is well known in vol-
canic settings, where it i1s associated with

Tidal forces and distant earthquakes can
increase the low-frequency rumbling that
occurs where tectonic plates collide.

magma movement and uid-cavity reso-
nance (3, 6). The recent discovery of tremor
in nonvoleanic settings ( 7) has inspired multi-
ple groundbreaking swdies (8-74). An
emerging question is how nonvolcanie tremor
relates to aseismic (that is, radiating no mea-
surable seismic energy) fault slip: they occur
simultaneously and in predictable, penodic
episodes in at least two locations where they
have been studied extensively (8. 15, 16). The
association of nonvolcanic tremor with fault
slip suggests the wnializing possibility that
tremor could be used in earthquake forecast-
ing, as it is in predicting volcano eruption ().
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Rubinstein ¢ ¢of. found a clear
correlation between the domi-
nant tidal foreing (at periods of
12.4 and 24 hours) and the
amplitude of tremor along the
Cascadia subduction zone ofi-
shore Vancouver Island, Canada,
Tremor and asersmic fault shp
recur periodically  every 14
months in this area (8. /3). and
tidal stressing modulates tremor
amplitude only during times of
active tremor (J). This is an
important point. The work of
Rubinstein ef al. shows that tides
are not sufficient w rigoer
tremor at arbitrary times during
the evele of repeated Failure. In
this sense. their result is actually
quite similar to tidal triggering
of volcanoes and ordinary earth-
quakes, when tides primarily
trigger earthquakes during times
of extreme activity, for example,
just before or after large earth-
quakes (/. 2. I7).

In contrast, a recent study
{/4) shows that the Cascadia
tremor was triggered early in the
Fanlure cycle by the passage of surface waves
from the magnitude 7.8 Denali, Alaska,
earthguake on 3 November 2002, The Denali
earthquake triggered the Cascadia tremor
roughly 3 months before the predicted tremor
episode in February 2003, Surface waves
from Denali caused a spike in shear stress on
the subduction interface at Cascadia (/4),
much higher than the stress from tdes (3).
This mphies that tremor can be induced at
arbitrary times during the seismic cyele as
long as the perturbation amplitude is suffi-
cient and its orientation is favorable to shear
Failure. Laboratory observations of triggered
frictional stick-slip corroborate the idea that
larger-amplitude perturbations are needed to
trigger failure earlier in the seismic cyele
(/4). In addition, both laboratory experi-
menis and earthquake studies suggest that a
complex combination of amplitude and fre-
quency of dvnamic stressing determines the
triggering threshold (79).

The mechanism of nonvoleanic tremor 1s
poorly understood. Before the work of
Gomberg et al.. all studies except one (¥)
have observed tremor where tectonie plates
are subducting. As a result, explanations have
focused on fluid migration and thermal
release of volatile elements in subduction
zones, The discovery by Gomberg er af. that
surface waves from the Denal earthquake
triggered remor in muluple locations along

www.sciencemag.org SCIENCE VOL 319

Critical size for earthquake rupture

|

Tremor generating
slip patches

Volcanic arc

Tides and temblors trigger tremor. Volcanic earth tremor is often
generated by movement of magma. Nonvolcanic tremaor may repre-
sent swarms of small slip patches (red shaded regions) that radiate
only low-frequency energy. Rubinstein ef al. and Gomberg et al.
show that periodic stress caused by tides and remote seismic activ-
ity can increase nonvolcanic tremor. The patches may then coalesce
{dashed line) to produce large earthquakes.

the North America-Pacific plate boundary in
California suggests that these may not be the
only viable mechamsms, Theoretical studies
based on laboratory data suggest that tran-
sient, aseismic slip can arise spontaneously
given the right fault rheology (201). This sce-
nario is consistent with recent studies in
Japan (/0—12) suggesting that nonvoleanic
tremor arises from shear failure on quasi-
dynamic slip patches that radiate low-fre-
quency seismic energy. Shelly ef al. (12)
show that tremor can be explained as a swarm
of slow, low-frequency earthquakes. Thus, a
central remaining question is: What causes
slow fault ship” Special conditions appear to
be necessary to limit acceleration during
shear instability (2/). vet seismic obser-
vations of slow and silent earthquakes indi-
cate that this mode of deformation 15 wide-
spread (22, 23).

Tremor may provide clues about the onset
of earthquake rupture. All earthquakes are
thought to nueleate as small patches of unsta-
ble slip. with some events becoming large
carthquakes given the right combination of
energy release and spatial homogeneity of
fault strength. Tremor may represent slip on
a series of suberitical fault patches that radi-
ate low-frequency energy (see the figure),
reflecting ship acceleration before reaching a
critical size associated with fully unstable
behavior and high-frequency seismic radia-

PERSPECTIVES

tion, This idea 15 consistent with results from
studies of small earthquakes. which docu-
ment the acceleration of rupture velocity and
the resulting initiation of high-frequency
energy radiation associated with fast earth-
quatke rupture (24, 25),

The studies by Rubinstein ¢f ol and

Gomberg e al. can guide future efforts to
characterize nonvolcanic tremor, both in
terms of observations and through laboratory
experiments. Forexample, how widespread is
the oceurrence of tremor Far from subduction
zones? 1s nonvolcanic tremor triggered by
small earthquakes or vice-versa? What is the
recipe for triggenng tremor via stress tran-
sients (i.e., what roles do amplitude, fre-
quency. time during the seismic cyele. or oni-
entation of the remote perturbation play?)?
How do tremor, earthquakes. low-frequency
seismicity, and aseismie slip interact in time
and space? Earth tremor represents one of a
wide spectrum of behaviors ranging from
aseismic fault creep to ordinary fast earth-
quakes. Future geodetic and seismic net-
works should help us learn much more about
these phenomena.

.
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CHEMISTRY

Not So Simple

Jaohn I. Brauman

he details of molecular trans-

formations are ofien referred

to as chemical reaction mecha-
nisms. These mechanisms can be
characterized in terms of the number
of molecules involved. geometric and
structural features (including stereo-
chenustry), the presence or absence of
intermediates, and the timing of indi-
vidual steps, Knowledge of mecha-
nism is critical for predicting how
molecules may react and for inventing
or developing new reactions, On page
183 of this 1ssue, Mikosch er af. (1)
reveal details of the nming, structural
changes, and energy exchange in a
paradigmatic reaction: the displace-
ment reaction CI-+ CH,l— CH,CI
+ I7, The work elegantly combines
experiment and theory.

The reaction studied by the authors
is a simple example of a nucleophilic
displacement (S, 2) reaction, which has
an exceptional place in organic chem-
istry because of its apparent simplicity
and its utility. In this reaction, the
nucleophile X~ reacts with RY. which
can be any of a wide variety of organic
chemical structures, giving the products RX
and the leaving group Y=,

The 8,2 reaction is sensitive to the condi-
tons under which it 1s carnied out (2). such as
whether it is performed in solution or in the gas
phase (see the figure). Because the gas-phase
reaction occurs at low pressure, there is enough
energy to cross the reaction barner. The solu-
tion reaction is much slower, because the reac-
tants are stabilized by solvation more than the
transition state 15; only a small fraction of the
reactants has enough energy to proceed o
products at any given time (3).

Mikosch et al. now use molecular beams to
provide a detailed analysis of this reaction inthe
pas phase. In these experiments, the tempera-
ture and collision velocity of the reacting mole-
cules can be controlled separately. The direc-
tonal distribution and veloeity of the products
reveals much about the umes involved in the
reaction and—from considerations of conser-
vation of energy—the distribution of energy in

The author is in the Department of Chemistry, Stanford
University, Stanford, CA 94305, USA. E-mail: brauman@
stanford.edu

X RY

[%-R-¥]

'

KR~
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Images and insights. The ability to image the dynamics of ion-molecule
reactions in the gas phase allows new insights into the details of a classic
organic chemical reaction, as reported by Mikosch ef al. in this issiee.

the products as kinetic energy or internal
{vibrational) energy. Recent advances in detec-
tion allow the data o be accumulated and
displayved as images that reflect the relative
amounts of product produced ateach energy in
every direction (4). This technique has been
used to study reactions of neutral molecules

(.3, ). The authors now apply it to reactions of

ions with molecules,

The details of solution reactions are often
inferred rather than directly observed because
collisions with solvent control the trajectories
of the molecules. so that the behavior of the ini-
tally formed products cannot be determined.
In the current case. the solution reaction is
essentially a simple, one-step process in which
the nucleophile attacks the neutral substrate
from the back side and gives a product with
stereachemical inversion of configuration rela-
tivie to the starting material. Molecular dynam-
ics simulations show, however, that interactions
with solvent can cause products 1o return to
reactants and cross back and forth many times
betore finally completing the reaction { 7),

Mikosch er af. now provide considerable
detail about the reaction in the gas phase. At

AR+

A molecular-beam study of a classic organic
reaction shows that its mechanism is more
complex than previously assumed.

low collision energy, the reaction prod-
ucts are distributed sotropically—that
is. equally probable in all directions—
showing that intermediate X™*RY
complexes persist long enough 1w
undergo many rotations,

At higher collision enerzies, a new
mechanism appears: The I~ departs
directly along the axis from which the
CI™ enters, and most of the energy is
retained as kinetic energy in the I©
product. In this “direct” reaction, the
complexes do not last long enough o
rotate before the reaction oceurs,
Depending on the collision energy, the
orginal process and the new processes
compete, with the direct reaction
becoming increasingly important as
the collision energy is increased.

Direct dynamics trajectory simula-
tions also reported by Mikosch ef af. are
consistent with the experiments in
terms of energenics, but also show
important details that the experiments
do not completely reveal. At even
higher collision energy, the indirect
reaction reappears, but with an unex-
pected wwist: The incoming CF collides
with and induces a rotation of CH, L followed by
backside attack and displacement. This process
can involve multiple rotations of the CH, 1L and a
small fraction of the trajectones show ransient
trapping in the postreaction complex. The study
by Mikosch er al. illustrates the exceptional
insights into details of reaction dynamics that
can be obtained with molecular beams. As
more reactions are studied with this echnique,
it should become possible to generalize and
make predictions prior to detailed expenmenis
or calculations,
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Climate Change, Deforestation, and
the Fate of the Amazon

Yadvinder Malhi,** ]. Timmons Roberts,™? Richard A, Betts,? Timothy ]. Killeen,*

Wenhong Li,” Carlos A. Nobre®

The forest biome of Amazonia is one of Earth’s greatest biological treasures and a major
component of the Earth system. This century, it faces the dual threats of deforestation and stress
fram climate change. Here, we summarize some of the latest findings and thinking on these
threats, explore the consequences for the forest ecosystem and its human residents, and outline
options for the future of Amazonia. We also discuss the implications of new proposals to finance

preservation of Amazanian forests,

he forests of Amazoma () covered aboul
I 5.4 million km? in 2001, approximately
87% of their onginal extent (2), with 62%
in Brazil. They host perhaps a quarter of the
world's temestrial specics (J) and account for
about 15% ol global terrestrial photosynthesis
(). Evaporation and condensation over Amazonia
are engines of the global aimospheric cir-
culation, having downstream effects on precipi-
tation across South America and Turther aficld
across the Nomhem Hemisphere (35, 6) Amaeo-
nian forests have been an important and con-
tinuous part of Earth system lunctioning since
the Cretaceous (7).

By 2001, about 837,000 km?® of Amazonian
forests had been cleared (2), with 19905 gross
rates of ~25,000 km® year™ (X). Clearance is
concentrated in the “are of deforesiation™ on the
southern and easterm margins, driven primarily
by expansion of cattle and soybean production,
and along the Andean piedmont. Amazonia lies
inside nine nations, but 80% of deforestation has
been in Brazil (2) and 70% of that is provoked
by catle mnching, From 1988 1w 2006, deforest-
ation raies in Brazihan Amaeonia averaged 18,100
km?® vear !, recently reaching 27400 km® year
in 2004, Brazilian deforesiation raies had more
than halved by 2007 to ~11,000 km?® year' because
of a combination of Ellmg prices for sov, increasod
stength of the Brazilian cuwrrency, and active
Bruwihan govemment intervention (%), Roughly
6% of deforesied land has remamned in cropland,
62% in pastures, and 32% in regrowing vegela-
tion (A1), The overall direct footprint of human
aclivity in Amazonia is much greater than defor-
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estation alone and includes logging, hunting, and
fre leakage (soe supporting online text).

Global Drivers of Amazonian

Climate Change

In recent decades, the rate of warming in Ama-
zonia (/J) has been about 0.25°C decade™.
Under midrnge greenhouse-gas emission sce-
narios, tempemtures ae projected to Ase 3.3°C
(mnge 1.8 w0 5.1°9C) this century, shightly more
in the interior in the dry scason (12), or by up 1o
B9C il substantial forest dichack affects regional
biophwsical properties (/3% At the end of the
last glacial penod, Amaeonia wammed (J4) at
only ~0.1°C century ™,

Changes in precipitation, pamticularly in the
dry season, are probably the most entical deter-
minant ol the climatic faie of the Amazon. There
has been a drving trend in northern Amazonia
since the mid-1970s and no consistent mulii-
decadal trend in the south ( £3), but some global
climate models (GCMs) project significant
Amazonian drving over the 21t century. Pacific
sca surface temperature (S5T) variation, dominated
by the El Nino- Southem Oscillaton (ENSO), is
particularly important for wet-season rainfall;
El Niio events (warm eastem Pacilic) suppress
convection in northern and castem Amazonia,
However, dry-scason rainfall s strongly influ-
cnced by the tropical Adlantic nonh-south 58T
eradient; intensification of the gradient {wanm-
ing of northem SSTs relative 1o the south) shifis
the Imenropical Convengence Zone nonhwards
(interannual time scales) and siengthens the
Hadley Cell circulaion (longer time scales), en-
hancing the dumiion and intensity of the dry
season in much of southem and castem Amazonia
(65), as occurred in 2005, Intermnnual vardability in
the Atlantic gradient i influenced by remote fore-
ing such as ENSO and the Nonh Adantic Os-
cillation, as well s by varations in evaporation
induced by strengthening'weakening of the bcal
tracle winds (/7). On longer tme scales, the Atlan-
tic 58T gradicnt may be strengthened by changes
in the north Adlantic, such & changes of the ther-
mohaling circulation drven by subpolar melting

< A

{/8), or a warmer north Atlantic associated with
warmer northem hemisphere continents.

Forest Influences on Regional and

Global Climate

Amazonian forests have a substantial influcnce
on regional and global climates, Hence, their

removal by deforestation can itsell be a diver of

climate change and a positive feedback on ex-
temally forced climate change, They store 120 ¢
30 Pg C in biomass carbon (%), of which 0.5
Pg C year ' (0.3 10 1.1) were released through
deforestation in the 1990s (1), Similar or greater
amounts may be held in soil carbon, but these
are less vulnemable o loss afier deforestation
(2. In additon, forest plot studies sugzest that
intact forests are a carbon sink (~0.6 Pg C year ')
(21, pariculardy in more fertile western Ama-
zomia. The existence of this sink is debated (22)
but s strongly supponed by a recent reevalua-
tion of global sources and sinks of atmospheric
carbon dioxide (23). It may be doven by en-
hanced productivity associated with CO, fenil-
ization, changes in light regime, or other factors
not vel identified (24).

The extmction of soil water by tree rools up
to 10 m deep, and its retum 1o the atmosphere (a
“trmspirition scrvice’), is perhaps the most im-
ponant regional ccosystem service. Basin-wide,
25 1o 30% ol minfall is recveled from lorests
(.25), but this effect is particularly important in
regions where most precipitation is derived from
local convection (soe below). Moderate and lo-
calzed deforestation may locally enhance con-
vection and minfall, but large-scale forest loss

tends o reduce rainfall (26), the magnitude of

reduction being dependent on how regional cir-
culation of aimospheric moisture is alfocted. Some
model siudies sugpest that the regional  forest-
climaie system may have two siable states: Re-
moval of 30 10 40% of the lorest could push much
of Amazonia ino a permanently dner elimaie ne-
gime (27). Dy scason minfall, the most critical
for determining vegctation patiems, is more often
driven by locally gencrated convection and may
be more strongly affccied by deforestation,

Loss of forest also results in (1) decreased
cloudimess and mereased msolation, () ncreasced
land surface reflectance, approx imately offsctting
the cloud efftet (248), (i) changes i the acrosol
loading of the smosphere froma hyperclean “green
ocean” atmosphere 10 a smoky and dusty con-
tinental atmosphere that can modify minfall pat-
terns (29), and (iv) changes in surface roughness
{and hence wind spoeds) and the large-scale con-
vergence of atmospheric moisture that generates
precipitation { £3),

Risks of Amazon Forest Loss Due to

Global Climate Change

Risks of a drving climare. The climate models
cmploved in the 2007 Intergovernmental Panel
on Climate Change (IPCC) Fourth Assessment
Report (12) show no consistent trend in annual,
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Amazon-wide minfall over the 21t century, but
a tendency o less dry season rain in the cast
and more rain in the west and in the wet scason
{Fig. 1), Takmg the ensemble of 23 [PCC mod-
els as a crude metric of probabilities, some nten-
sification of dry scasons is about 80% probable
in the southcast Amazon and Guyanas, 70% in
the cast, 60% in the center, and 30% in the west

>0%

=>20%

>50%

caplure key clements of Amaronian climate
varability 1s noeded. When the eflects of rising
tempenitunes on evapotmnspimtion are ncluded,
almost all models indicate incrcasing scasonal
water deficit in castern Amazonia (30), This
drving s exacerbated by ccosystem [eedbacks
such as forest die-back and reduced manspiration
in remaining forests (13),

June-July-August

CcBBs83388 ScBBE83388

ScBBE8B338

Fig. 1. A metric of the probability of enhanced drought in Amazonia; the proportion of 23 climate
models that show a decline in rainfall between 1980 to 1999 and 2080 to 2099 under midrange
(A1B) global greenhouse gas emissions scenarios. (A) Any decline (rainfall decline = 0%); (B)
substantial decline (rainfall decline = 20%); (C) severe decline (rainfall decline = 50%). Dry
season rainfall is particularly important. Left column: December-]anuary-February (dry season in
north); right column: June-July-August {dry season in central and southern Amazonia).

(Fig. 1A). The probabilitics of more substantial
decline are slightly lower: 7% in the southeast,
6% in the Guyanas, 3% in the cast, 40°% in the

center, and 200 in the west. The probabilitics of

severe decline in dry season rainfall are 50% in
the southeast, 300 in the Guyanas and cast, and
1074 in the center and west. This metric is not
ideal, as models may share svstiematic biases and
vary i their ability to represent current Aamiaeeo-
nian climates; further, most underestimate cument
Amzezonim rainfall and moest do not incorporate
the climatic feedbacks from forest loss. Therelore,
a more carclul evaluation of model ability 10

The zone of highest drought risk (south-
cast and cast) is also the zone of most active
deforestation (Fig. 2). Deforestation-driven
changes in precipitation may be strongest in
the castemn dry corridor, 700 km inland from
the coast, where geographical positioning re-
sults in ocean-generated squall lines passing
through the region s night and being unable
to trigger much ramnfall (37}, leaving a greater
fraction of precipitation gencrated locally, This
arca includes important agncultural and ranch-
ing fronticrs that are experiencing high levels of
delorestation.

In contrast, the ponthwestem Amazon is least
likelv 1o expericnce major drought. The high
precipiation m this region s controlled by mois-
ture convergenoe lorced by the Andes, although
it may be vulnerable to reduced precipitation ne-
cycling upwind in castem Amuaeonia, This re-
gion hosts the highest biodiversity and has been
least affected by historical climate varability and
lanel use,

The Andean Nank of the Amazon has excep-
tional rates of biediversity, adjoins the most bio-
diverse regions of lowland Amasaonia, and also
hosts a number of orographic wet spots in other-
wise dry arcas (321 As conditions wammed at the
end of the last ioe age, the Andes acted as refugia
for many “lowland™ (now exclusively Andean)
tree species that were ill-adapred 10 warmung
temperatures (330 Andean ccosysiems have
their own form of vulnerability, however; The
cloud forests between 1500 and 3000 m cleva-
tion are susceptible o drving as cloud levels nise
i the face of warmmng temperatures (34), and
higher elevation restricted endemics would be
particularly vulnerable.

Resilience of Amazoniai forest ecosvstems.
Undestanding of Amazonian forest processes
has greatly advanced through the recent Large-
Scale Biosphere-Atmosphere program in Ama-
onia (LBA)Y (35), There is mounting evidence
from artificial drought cxperiments (367, fux
towers, and satellite remote sensing of lorest
grecmness (37) that imtact Amazonian forests
are more resilient (although not invalnerable)
tor climatic drying than is currently represented
in vegetation-climate models. First, dry season
water supply is greatly enhanced by rool sys-
tems accessing deep soil water and redistribute
ing it into the surface soil through the process of
hvdraulic 1ifi, cnabling the whole forest cco-
syslem to mainiain high transpimtion and photo-
synthesis mies (38). Second, plant acclimation
to higher temperatures may  limit detrimental
effects below 45°C [when proteins begin 1o de-
nare (39, although sclective advaniage by
favored specics may cause changes in commu-
nity composition, as occurned at the last glacial-
interglacial transition (33). Finally, rising 04
may improve plant water use efficiencics and
olfset the negative transpiration eilects ol rising
temperatures. Southern Amazonia was consid-
crably drier as recently as the cardy-mid Holo-
cene, yet the region scems 1o have remained
largely forested (33).

The Interaction Between Human

Pressures and Forest Resilience

The speed and magnide of current human pres-
sures on forests are affecting forest resilience.
Forests close w edpes are vulnerable 1o elevaned
dessication, tree monality (40), and fire impacts.,
Rain forests may become seasonally Tammable
in dry years, but without anthropogenic ignition
sources {ire is a rre ocourrence, Henee, e has
been a weak evolutionary selective force, and
as a result many tree species lack adaptations
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that allow them to survive even low-intensity
fires (47).

Fire use for land management is ncarly
ublquitous 10 ruml Amazonia. About 28% of
the Brazilian Amazon faces incipient fine pres-
sure, being within 10 km of a fire source (42).
Logging and forest fmgmentation also increase
the fammability of forests by providing substan-

(2, 46, 47). Existing pressures might be exac-
erbated by accclerating worldwide demand tor
biotucks. Curent plans for mfmstucture expan-
sion and integration could reduce forest cover
from 5.4 million km® (2001, 87% of original
arca) to 3.2 million km?® (33%) by 2050 (2) (Fig.
2A) This exceeds the likely thieshold for rain-
fall maintenance and would emit 32 = 8 Pg of

Fig. 2. The potential overlap between deforestation and climate change. Potential loss in forest cover (brown} by
2050 under (A} business as usual and (B) increased governance scenarios [derived from (2)], superimposed on the
probability of substantial drought, which is defined as a =20% reduction in dry-season rainfall by the late 21st
century, as shown in Figure 1B. The dry season is defined as from December to February (south of the equator) and
from June to August (north of the equator). Precipitation scenarios are from mid-range (A1B) global greenhouse gas
emissions scenarios, from the 21 climate models employed in IPCC Fourth Assessment Report [extracted and

modified from (15)].

tial combustion material, opening up the canopy
and drving the understory and litter laver and
wreatly increasing the amount of dry fire-prone
forest edge. This synergism between fragmenta-
tion and fire is becoming increasingly important,
with 20,000 1o 50,000 km® of new forest edge
being created annually in Brazilian Amazonia
alone (43). Once bumt, a forest becomes more
vulnerable o further bums (44), loses many pri-
mary forest species, and decreases shaply in
biomass (47). A tipping point may be reached
when grasses can cstablish in the forest under-
story, providing a renewable source of fuel for
repeatod bums,

In scenarios of mercased drving, 1t 15 pos-
sible w see this logging, fragmentation, dessi-
cation, and repeated buming as a likely e for
many of Amaeonia’s forests, The 2005 drought
provides evidence of this in southwest Amazonia:
Remote forests remained fairly  unaffected, but
there was substantial penetration of fires from
agriculwral arcas it surrounding,  wmporarily
Nammable forests (43)

Diespite the very recent slowdown in defor-
estation mies, there s polential for extensive
deforestation in Amazonia, as more roads (both
official and unplanned) are built through its core
and connect across 1o Pacilic ports and as inter-
national demand for topical timber, soyvbeans,
and frec-range beel continucs to grow, paricu-
lady from rapidly expanding Asian economics
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carbon. Deforestation will be more concentrated
in the south and east, with =30% forest loss, and
along the Andean picdmont, solating the wanm-
ing lowlands from potential biotic refuges in the
cooler mountains (+f6). In this scenanio, the north-
westemn Amazon is protecied by its remoteness
and wetness, but longer tenm, this region is also
vulnerble 10 hydrocarbon exploration and oil-
palm plamations than arc suitable for wet cli-
maies and acidic soils and have already replaced
many of Asia’s tropical minforests (46). Drying
of Amazonia, whether caused by local or glohal
drivers, could greatly expand the area suitable
for soy, cattle, and sugarcane, accelerting forcst
disappearance,

Planning for Climate Change

The probahility of substantially enhanced drouglit
(Fig. 1B) under mid-range greenhouse gas cmis-
sions scenanos ranges from =60% in the south-
cast 1o <200 in the west. The seventy of this
potential threat merits planning for development,
conservation, and adaptation in all regions. Even
il the drought does not come, a well-coneeived
and implemented plan will have built resilience
into the Amazon social ecological system,

It is almost inevitable that substantial further
conversion of forest into agricultural and pasture
lands will oceur as part of the ecconomic devel-
opment of Amazonian countries (2, 46). The
danger is that degradation of’ ecosystem services

REVIEW

could push some subregions into a permancint-
Iy dner climate regime and greatly weaken the
resilience of the entire region to possible large-
scale drought driven by 55T changes. Hence,
the challenge is to manage the cconomic devel-
opment of Amezonia so that it occurs where ap-
propriate and sustainable, ina way that maintains
the inheremt climatic resilicnee that the intact

forest provides, Simultancously, this

would preserve the region’s carbon

Drought store and sink and its exceptional
""’?;';“"" biodiversity, contributing both toward
80 mitigating global wanming and assist-
ing that biodiversity o adapt w0 cli-
i mate change,

B0 Key aspects ol such a plan for

50 Amazonia could include
(i) Keeping the total extent of
0 deforestation safely below possible
a0 climatic threshold values (about 30
20 o 40% cleared) in a matrix that -
10 cludes large protected arcas with

limited fragmentation and managed
0 landscapes that maintain sullicient
forest cover and landscape comectiv-
ity o preserve species migration cor-
ridors and lorest mrspiration servicoes.

(i) Controlling fire use through
both education and regulation, prob-
ably for net economic benelit.

(iii) Maintaining broad species
migration corridors in ecotonal areas
that are most likely o show early sig-
nals of climate impacts, such & those
between forest and savannia, between lowlinds
and the Brazilion and Guyana shicld uplands,
between the Andean piecdmont and  montane
forest, and between montane torest and highland
Andean grasslands.

{iv) Conserving river cornidors 1o act as hu-
mid refugia and migration cormdors for terres-
trial ecosystems and as sedimentation buffers
and refugia for aquatic sysiems. Many of the
southern tnbutaries of the Amazon river run
from dry fringes to the wet core and could assisi
the migmition of wel-adapied species.

(v) Keeping the core norhwest Amazon
largely intact as a biological refuge that hosts
the highest biodiversity and 1s the least vulner-
able 1o climatic drying,

Is such a plan feasible? With the expansion of

prodected arcas and effective legal enforcemem
of private land use, the projections of loss of 47
of onginal forest arca by 2050 could be reduced 1o
2% loss (), avoiding ~17 PeC anissions (Fig.
2B). Recent developiments suggest that such good
govemanece is achicvable, Details of the role tha
can be plaved by protected arcas, indigenous peo-
phes, smallholders, agroindustrics, and govemments
are discussed in the supporting online 1ext

Financing a Climate-Resilience
Plan for Amazonia

A plan for keeping Amazonia from ecological
and elimatic decline faces several challenges:
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the drive of globalizing market forces, insutTicient
linancial resources, provision o open acoess o
mfommanen, limied technical and  govemanee
capacity, and ineflective enforcement of nule of
law. In panicular, new financial incentives ane
needed to act as a countervailing force 1o the
cconmnic pressurcs Tor detbrestation,

Such incentives are now a serious possibility
through the inmemational markets in carbon
spawned by the Kyoto Protocol, such as the
European Union's Emissions Trading System,
The recently agreed-upon “Bali Roadmap™ for
extension of the Kyoto Protocol beyond 2012
includes plans for rainforest nations 1o be paid
for reducing emissions from  deforestation and
degradation (REDD), either through imemational
carbon markets or a voluntary fund (48 50).
Tropical forest carbon aredits have  particular
value within a climate mitigation strategy because
they bring additional dircet chmatic services
[cloud formation and precipitation, local cooling
by evapotrmmspiration (248)], as well as other oco-
system senvices such as biodiversity conservation,
watershed protection, and pollination.

These plans have the potential 10 shiflt the
balance of undedying economic market lorces
that currently favor deforestation (45) by raising
Billions of dollars for the ccosvsiem services
provided by minforest regions but will require
exceptional planning, execution, and long-tenn
follow-through. Such resources could suppon
the expansion of capacity in forest monitoring
{e.g.. freely available satellite-hased monitoring,
as already achicved by Brazil) and improved
governance and mle-ol-law in frontier regions,
bt in panticular would need o ensure that they
bring benefits and incentives (c.g., improved social
services like health and education) o the individ-
uals and groups making decisions about Amazon
land use on a daily basis, be they indigenous peo-
ples. nural subsistence dwellers, smallholder mi-
grant. or kage private kandholders.

The interaction between global climate change
and regional deforestation may make Amazonian
forests vulnerable to larpe-scale degradation.
lronically, it is also this linkage between the
global {carbon sequestcring) ccosystem service,
tor which the world may be more willing to pay,
and regional (ranspimtion) services that maintain
the region’s climate that provides an opportunity
to sustain the climatic resilience of Amazona
while conmnbuting wward its conservation and
development,

The next few years represent a unigue op-
portunity, perhaps the last, to maimtain the resil-
ience, biodiversity, and ccosystem services of
Amizonia in the face of a medium threat of
significant drying and a high threat of significant
deforestation, The best climate, ecological, oco-
noamie, and social science will be needed 10 de-
velop, implement, and monitor eftective policy
respomses for securing the negion’s future, The
other key requirement is political will at the local,
national, and intemational levels,
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Widespread Triggering of
Nonvolcanic Tremor in California

Joan Gomberg,™ Justin L. Rubinstein,® Zhigang Peng,* Kenneth C. Creager,?

John E. Vidale,® Paul Bodin®

remor away  from volcanoes (), enmed

I nonveleanic temorn, reflects a Guh slip re-
gime different tan thi of cnhquakes,
Relative 1o rmdiation from canthquakes, remor sig-

maks have longer durtions, lave lewer or no abp
wave orsets, and ae de-

W examined all available recordings of the
Denali canhguake waves from scismic stations m
Calitornia, We idemiied miggered nonvoleanic
tremor as high frogquency (about 3 w0 15 He), non-
impulsive seismic enerzy that pulses with the period

pleted m high Boquen-
cies, Tremor has almest
exclusively been found
m subduction wones:
Cascadi, southwiesicm
Japan, Mexico, Costa
Rica, and Alaska: there
is only one study docu-
menting tremor outside
a subduction-dominaked
region, on the stike-slip
San Andreas Fault in
Parkfickd, Califomia (2),

8 Latitude (M) 8

Mapa Vall

Simi Valle

-118°

In Japan and Cascadia, | |Recording Station
nonvelcame tromor has & Napa Valley

been shown 1 occur A Calaveras
concumently with slip- 34| aSan Juan Bautista pes
page acmss the interBice & Parkfield

between subducting L aSimjValley

and overlving  plates, ‘H_ame! -

both lasting for days 1247 122 1207

to months (3). The

Longitude (W)

pace and amount of

slip are much  soalker
than those dunng canh-
quekes that nuplure com-
parably stred fawl ancas,
and  thus these slow
cvents radiaie kess seis-
mic cnergy. The phys-
ical melation between the
slow shp and  remor
SCTICTTON IS SPoc-
ulaive. Rocent stodics

Fig. 1. Map of the locations of tremor sources [stars (5)], stations that recorded
signals from each tremor source (triangles color coded to the respective sources,
see legend), stations that showed no tremor (dark blue triangles), and major faults
(black lines). (Insets) Examples of the tremor signals associated with four regions
where single tremor sources are identified. The Denali surface waves have been
filtered out to highlight the tremor (black seismograms), and colored traces show
the transverse component of the surface waves from Denali at one unfiltered
broadband station in each region, noting that the amplitudes on the radial and
vertical components do not differ significantly. Depending on the tremor site, we
observed tremor triggering by both Love and Rayleigh waves. The last large bursts
in the Hemet and Napa Valley signals are characteristic of nearby earthquakes.
Each seismogram has been scaled to make the tremor easily identifiable, times are
referenced to the Denali earthquake origin time, and recording stations are labeled.

in subduction zones
have identified short bursts of twemor with the sume
measurble charmcieristics as those associated with

slow slip, but wrggered by the strong shaking of

distant canthquakes (). Bocause nomvolcanic remor
5 preferentially observed  in subduction  aones,
nearly all causative mechanisms proposed  appeal
o conditions expected in them, We show et the
conditions roquined (or fls genermtion must exist in a
wider variety of tecionic enviromments by present-
ing observations of nonvolcanic tremor at seven
sites along the ransform plite boundary in Cali-
fomia tnggered by the 2002 7.8 moment mag-
nitude Denali Fault, Alaska, cathquake,

www.sciencemag.org SCIENCE VOL 319

of the pessing surddoe waves. This energy & not
associgled with nearbw  canhquakes or with the
Dexsali cathquake ftselt, We identified tremor from
seven sources that we located by using mamor cn-
velopes @ input 10 a grdsearch algodthm (5),

These locations range fom the desent southeast of

Los Angeles to Napa Valley in the north (Fig. 1)
Although the observed emor bursts span @
Large ransect of Califomiz, five sourees locate close
1o or on dominemt strike-slip Gubs: the S Andreas,
the San Jacimio, and the Calavers fauhis. The Simi
Valley and Napa Valley sources are likely on more
mmar Gults, Some models of romor associted

with slow ascsmic ship in subduction zoncs nvoke
nctional belavaoes expectad m egions trnsitonsl
betwoen where the faull s locked and canhquakes
occur and where it & slipping reely below (6) Such
mmsiton aonces ako must exist at shallow depths
both below the wp few ki of fwh scgments
known 10 aoep commuesly and buerally between
locked sepments and those that ceep for most or all
of their depth. The distribution of these various be-
haviors is known for most fauls in Califomia.
However, we find no clear comelation between
where the fwlts are creeping, locked, or mnsi-
tional and where tremor ocours.

Many studics have spoculaed that ascismic shp
and tremor are related 10 the release of fluds from
dehydration of the subducting plate (/) Given dus
expected comelation between Nuds and  noovaol-
canic tremor, we examined the doa from stations
close w the Coso and Goysers geothenmal fields.
W identificd signals of many nggensd canthgquakes,
bul no tremor was apparenl. These findings agnee
with previous work on trigeensd canthquakes at
these sites and at the hydrothenmal regions in Long
Valley Caldera and Mamimoth Mountain (7). The
bick of tiggered wremor in these geothemual re-
gions implies that high (uid pressure andlor tem-
peratures, alhough they nmay be necessary, are not
alone sulhicient to produce tremor.

I mvtempreting our results, it is important 1o nole
where we found trigeerad temor as well & where
we did not The paucity of trgeened tremor in y-
droghenmal regions and is bick of comelation with
bocal, ambicnt slip behavior sugpest that very spe-
cific conditions (eg., emperaure, pressune, Thid
content, and nctional  propertics) contmol  where
tremor and canbquakes oceur. The wide geographic
extent of the wigpered wemor indicates that i is
more conmimon than previously recognized and that

the necessary conditions cxist in a wide rmmge of
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Stellar Feedback in Dwarf
Galaxy Formation

Sergey Mashchenko,” James Wadsley, H. M. P. Couchman

Dwarf galaxies pose substantial challenges for cosmological models. In particular, current models
predict a dark-matter density that is divergent at the center, which is in sharp contrast with observations
that indicate a core of roughly constant density. Energy feedback, from supernova explosions

and stellar winds, has been proposed as a major factor shaping the evolution of dwarf galaxies. We
present detailed cosmological simulations with sufficient resolution both to model the relevant physical
processes and to directly assess the impact of stellar feedback on observable properties of dwarl
galaxies. We show that feedback drives large-scale, bulk motions of the interstellar gas, resulting in
substantial gravitational potential fluctuations and a consequent reduction in the central matter density,
bringing the theoretical predictions in agreement with observations.

warl galaxies are the most common gal-
Dux} type (F). In the hierarchical picture

of cosmic structure formation, dwarf gal-
axies form first, later becoming building blocks
for larger galaxics. Thanks to their proximity in
the local universe (around 18 galaxies are located
within 300 kpe of the Sun), several of these gal-
axies have been studied in detail. Accurate mod-
cling of the mass distnbution, based on the

observed line-of=sight velocitics for hundreds of

stars, hos revealad features that pose severe chal-
lenges for the standard cosmological model. It
appears, for example, that the distribution of dark
matter (which is the dominant mass component
of these galavies) is of almost constant density
i a central region that is comparable in scee o
the stellar body of the galaxy (2-6). In the besi-
studicd systems, Fomax and Ursa Mmor, the
radius of this region s ~ 00 and ~ 300 pe, respee-
tively i6). This core 5 @ odds with existing cos-
mological models, which reliably predict the
dark matter 1o have a divergent density (a cusp)
at the galactic center (7). Some dward spheroidal
galaxics also exhibit radial gradienis in the siel-
lar population, with stars more deficient in heavy
clemenis (and therefore presumed older) having
a more extended distribution and being kinemat-
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ically wammer than more metal-rich stars (&, 9),
Funther, the presence ol globular clusters n many
dwarls is puzzling, because these massive, com-
pact systems of many thousands of stars would
have sullered gravitational drag as they moved
through the dark-matter background of the
galaxy halo. This dynamical fction would have
caused the globular clusters to spiral into the
aalaxy center on time scales much shoner than
the age of the galaxy [the Fomax dwarl sphe-
roidal galaxy is notable in this regard (3)).

[t is well established that massive stars inject
large amounts of energy inlo the surounding
medium via stellar winds and supemova explo-
sions, resulting in larpe-scale (hundreds of parsees
in large galavies) mndom bulk motions of the in-
terstellar gas at close to sonic speeds (~ 10 kms™
for the typical gas temperature of 10° K) (/0-12).

The effect of such periurbations is larger for dwarf

galaxics, because they have lower gas pressure as
a result of the lesser depth of their gravitational
potential wells. This stellar feedback has been in-
voked 1o explan a keast some of the puzeding
propenics of dwarl galaxics. In panicular, thene
has been considerable debate as 1o whether or not
such feedback can turn the theoretically predicted
ceniral dark-matter cusp into a core (f3-16).
Previous theoretical work has included both
noncosmological mnd cosmological modeling.
High-resolution, noncosmological numerical
models with detiled descnptions of relevan
physical processes (10, {7, {8) suller from un-

realistically symmetric imitial conditions and a
static deseription of the dark-matter potential, as
well as from the lack of gas accretion from the
ambient cosmic medium. Previous attempts ol
scll~consistent hydrodynamic cosmological sim-
ulations have tended to focus on the formation
of the very first small galaxy progenitors (19, 20)
or on dwarl” galaxy models without sufficien
resolution or the relevam physics o properly
model star formation and feedback because of
the substantial computational challenges involved
in seli~consistent modeling (24, 22).

Here we presemt the results of cosmological
simulations of dwarl galaxy formation and evo-
lution that adequately resolve and model the
processes of star formation and stellar feedback.
In good agreement with ouwr previous semi-
analytical results (16), our selfFeconsistent model
demonstrates that, i small galaxies, random
bulk gas motons driven by stellar feedback play
a cntical role in determining the structure of the
galactic center. The key mesult is the transfor-
mation of the central density profile from a cusp
to a large core. This is a consequence of reso-
nan heating of dark matter in the fuctuating
potential that results from the bulk zas motions,
We also demonstrate that the same mechanism
can cxplain other puszling features of dwarf
oalaxics, such as the stellar population gradients,
low decay mite for globular cluster orbits, and
the low central stellar density.

The simulations were run with the cosmaolog-
ical pamllel ree code Gasoline (27). This code
represents dark and stellar matter as a collection
ol dark-mater and star particles and uses the
smoothed particle hydrodyoamics formalism 1o
descrbe gas evolution. A detailed deseription off
the code, including the prescriptions for star lor-
mation and supemova feedback, can be found in
24, 23). The very high resolution achieved in
our models reguired the addition of two key
features 10 the standard cosmological code. First,
low-temperature (< 10* K) radiative cooling from
the de-excitation of fine structure and metastable
lines of heavy elements was necessary o cor-
rectly model gas cooling in small galaxics (25).
Second, bocause our mass resolution (=200 Mg)
is sutlicient 1o resolve individual supemovac, we
introduced an mmovative, stochastic prescrption
for stellar feedback (25).

Fig. 1. Zoom-in images of the cen-
tral part of the simulated forming
dwarf galaxy at redshift z = 5.3. This
time was chosen to illustrate the
very clumpy gas distribution after a | *

star burst. Gas is shown in blue and *"\
stars are shown in red. (A) Global
view. (B) View of the galaxy. (C) The
central part of the galaxy. Several
star clusters are visible in {(C), and
the oldest (marked) has an age of
200 My.
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We created cosmological imitial conditions
with input constraints designed o produce a
dwarl galaxy with total mass - 10’ Mg at red-
shill = = 6 within a box of st 4 co-moving Mpe,
A central, high-resolution sphere, with radius
0.4 co-moving Mpe, was populated with gas
particles, The particle masses inside the high-
reselution sphere were 1900 Mg, for dark matter
and 370 Mg for gas. The mass of particles gen-
crated 1o represent stars was ~ 120 Mg, At the
end of the simulations, the wial numbers of dark-
matter, gas, and star particles were 1.1 = 107,
4.5 « 10°% and 4.5 = 10°, respectively. The gravita-
tiona] softening length was held constamt at 12 pe,

Further model details, including the description
of numencal convergence tests and free-parameter
stuchies, can be tound mn (25)

Two primary simulations were run. The first
one included all the key physical effects: gas
dynamics, star formation, and stellar feedback.
| This simulation was by far the most computa-
tionally expensive, consuming 6 = 10° central
processing unit hours.] The sccond one was a
dark-matter-only control simulation. The simu-
lations staned at = = 150 and ended m = = 5,

In the simulations, the matier distnbution de-
velops the classic weblike or llamentary struc-
wire on large scales, with the most massive galaxy

Fig. 2. Evolution of the cen-
tral quantities in the model
dwarf galaxy. (Top) Solid
lines correspond to changes
in the dark-matter (black,
gas (bluel, and stellar (red)
masses enclosed within the
central 100 pc as a function
of z. The dashed blue line
shows the evolution of the 4

=4}
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=1
17

log M (M)

T T T T T

- -
P S T N m——

-y e

Dark matlter
Gas

Slars

enclosed gas mass within the
central 1.6 kpc (half the viral
radius). (Bottom} Green and
black lines show the evo-
lution of the central dark-
matter phase-space density,
F, for the hydrodynamic and
dark-matter-only simulations,
respectively, We also show
the evolution of the velocity

anisotropy, n, for the same
dark-matter particles as were
used to calculate F (magenta
line: horizontal black line

marks 1 = 0). Here, n = (6,°=6, M5, %+ 6,7), where &, and o, are, respectively, the one-dimensional

radial and tangential velocity dispersions.

Fig. 3. Evolution of the en-
closed dark-matter masses in
the model galaxy at differ-
ent radn. Dashed lines corre-
spond to the dark-matter-only
simulation, and solid lines
correspond  to the hydrody-
namic simulation.

log M (M)
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forming around = = 10 at the intersection of the
major Nlaments near the center of the compu-
tational box (Fig. 1L The evolution of the gal-
axy is relatively smooth (e, there are no major
miergers) between = = 8 and 3. The star foma-
tion in the dwarf galaxy s very “bursty,” with
major star bursts repeating roughly every ~ 80
million years (My), which is consistent with the
noncosmological models of (1) Stars lorm
predominantly i ¢lusters, but many of them
quickly disperse. Starting at = = 6.2, when the
galactic stellar mass reaches ~ 107 Mg, clusters
that survive until the end of the simulation stan
1o form. These long-lived clusters have broadly
the sme siees (~ 10 pe, essemtially unnesolved in
our simulations), masses (~ 10° Mg), and heavy-
clement sbundance (— 3% of tha of the Sun) as
globular chsters observed m the local universe. In
the Local Group, no old {cardy-typed dwarts with
stellar mass <107 Mg have globular clusters,
wheres all brghter dwards (with the exception
of M32, which is severely tidally stripped by ats
host galaxy, M31) have globular clusters (7).
This suggests that a galaxy has 1o be large
enough (=107 Mg in baryons) to produce glob-
ular clusters, which is in good agreement with
our simulations.

Feedback from the bursty and clustered star
formation results in a dramatically penurbed in-
terstellar gas distribution on large scales (hun-
dreds of parsecs) (Figs. 1 and 2 and movie S1).
This is consistent with the observed (imegular)
distribution of gas in dwarl galaxies (/). At high
redshift, this feedback does not expel gas from
the galaxy, in contrmst 1o the maximum stellar
feedback mechanism (/4). Instead, supernova
cexplosions compress pas into large shells and
filaments, which ane confined to the central pant
of the galaxy and move with speeds ~ 10 10 20

km s ' (which are comparable to the speeds of

dark-matter particles). We showed previously
(/6) that gas motion with these chamcteristics
results in eflicient gravitmtional heating of the
central dark matier and fatening of the cusp.

The heating of dark matter in our model dwart

galaxy is highly cffective (Figs. 2 w 4). Whereas

both density, p, and velocity dispersion, o, of

the particles are strongly affected by the vanable
content of gas and stars at the galactic center, the
phasc-space density, F= p'rr", 15 much less scmsi-
tive 1o adabatic compression of dark matter by
baryons (Fig 2). In the dak-manier-only simula-
tion, £ stays roughly constant, whereas in the hy-
drodymamic simulion, £ gradually decreases with
time as the result of the stellar feedback and, at
the end of the evolution, becomes 10 times as low
as the value for the dadk-manter-only simulation.

The dark-matter density is strongly affecied
by the stellar feedback only in the central region
of the galaxy (Fig. 3). This is the region in
which the enclosed gas mass occasionally domi-
mites that of the dark matter and 15 where the
gas 15 most strongly affected by the leedback.
At the end of the hydrodynamic simulations, the
dark-matter density at the smallest resolved -
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dius becomes seven times as small as the density
obtained in the dak-natier-only simulations,
Whercas the dwarl galaxy halo in the dark-
matter-only simulation develops a central cusp
with logarithmic slope —0.95, which is con-
sistent with previous predictions of the standand
model (7), m the hydrodynamic  simulimions,
resonant heating resulting from stellar feedback
tums the cusp into a at core with radius 400 pe
(Fig. 4) and average density 0.2 Mg pe . These
core parameters are close 1o those inferred for
Fornax: ~ 400 pe (6) and ~ 0.1 Mg pe™* (1),
respectively. The same mechanism produces a
core of somewhat smaller radius (~ 300 pe) in
the distnbumion of stars and, noably, pushes
newly formed globular clusters away from the
galactic center, The four oldest globular clusters,
for example, were bom with radial distance dis-
persion 37 pe (essentially at the galactic center),
bt afer ~ 200 My of evolution, this dislance
had grown o a tme-averaged value of 280 pe
{which s comparable to the stellar core radius).
We suggest that resonant gravitational heating
can at least partially explain why globular
clusters in Fomax, and in some other dwarfs,
are located at large distances from the galactic
center (). Two mechanisms contribute to the
ellect: (i) The feedback Natiens the central cusp,
which reduces the efliciency ol dynamical
Iriction in the central regions (5). and (ii) stellar
feadback would have continued 1o heat the glob-
ular cluster orbits until stars stopped  forming,
around 200 million yvears ago in Fomax (%),
The distnbution of veloeitics s isotropic with-
i the core and shows slight mdial amsotropy
outside the core (Fig. 4), whereas the core remains
isotropic lroughout the evolution (Fig. 2). This
behavior is inconsistent with a mechanism (26)
making use of massive gas clowds, passively or-
biting (i.c.. not driven by feedback) near the
galactic center. which flatten the dark-matier cusp
via heating resulting from dyvnamical (riction,
It has been shown (27) that this would result in

the development of substantial tangential anisot-
ropy within the core, which is not observed in
our simulations. On the other hand, the gravita-
tional resonance heating (/6) naturally produces
isotropic cores because the Teedback-driven bulk
gas motions have mndom directions.

These results also provide a natural explana-
tion for the stellar populstion gradients scen in
many carly-type dwarfs (8, 90 In our simula-
tions, star formation is concentrated toward the
galactic center. Over time, feedback gradually
heats the population of stars, resuliing in older
(and more metal-poor) stars being kinematically
warmer and having a lager spatial extent than
vounger (and more metal-richy stellar popula-
tions., Henee, we can reproduce, qualitatively,
the age, metallicity, and velocity-dispersion gra-
dients observed in dwarl galaxies.

Our simulations were stopped at = = 5, be-
cause continuing bevond this point would re-
quire a much larger computational box (1o
comredly model the growth of larger structures)
and an infeasible inercase in computation time.
Furthenmore, the impact of extemal ionizing m-
diation, which was ignored in our model, can
become substantial after = = 6.5, Neventheless,
we can reasonably infer the subsequent evolu-
tion of our mode] galaxy. 11 is o become one
of the carlv-aype galaxics in the local universe
(which are gas-poor), some mechanism  will
have 1o remove most or all of its interstellar
medium. Some combination of a powerful star
burst, increased metagalactic wonizing rdiation,
and mame-pressure stipping could result in the
dwarl losing most of its gas (28 It is also likely
that only a fraction of s star clusters will sur-
vive umil the present time. As aresult, our model
palaxy would end up resembling a large dwarf
spheroidal galaxy i the local univarse: low sicllar
density: metal-poor, with old stellar populations
having pronounced radial population gradienis:
large stellar and dark-matier cores (which are
comparable in size and density 1o those in dwarl’

Fig. 4. Radial profiles for the mod- e
el galaxy at redshift z = 5.2, At this
time, the central gas density is very :
low, minimizing the adiabatic com- -
pression of dark matter resulting s
from baryons (which makes it ap-

propriate for comparison with pres-

ently observed gas-poor dwarfs). &
Green and red lines show the dark- 2
matter and stellar density (p) profiles, £
respectively, in the hydrodynamic o
simulation. The black line corre- =
sponds to the dark-matter density =
profile for the dark-matter-only sim-

ulation. The magenta line shows the

1 profile for the dark matter (in the i
hydrodynamic simulation).

I BRI I
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- -0.5
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spheroidalsy; and perbaps a few globular clus-
ters. In many respects, the galaxy would resem-
ble the Fornax dwarl,

Our noncosmological modeling (/6) sug-
pested that stellar feedback can be dircetly respon-
sible for the absence of dark-matter cusps only
in small galaxics, with wtal masses < 10" Mg
In larger galaxics, the dark-mater padicle ve-
locities become substantially larger than the
velocity of the random bulk gas motions, which
is ~ 10 km s ', Our current, cosmological simu-
lations are consistent with this result (the mass
of our galaxy reaches 2 = 10° Mg by = = 3).
Numerical simulations (2¥) have suggested that
a universal halo density profile (cither cuspy or
cored), onee sel s preserved through subsequent
hierarelucal evolution (wlich 15 consistem with
the analytical result that the collisionless dark-
matter phasc-space density can only  decnsase
over time), implying that our mechamsm may
also lead o dark-matter cores m larger galaxics

Our simulations indicate that the gravitational
heating of malter resulting from feedback-powensd
bulk gas motions is a cntical determinant of the
propertics ol dwarl galaxies. Large dark-matter
cores are an uavoidable consequence of carly star
formation in dwarf” galaxies. Our model indicates
that, in primordial dwarf galaxies, globular clus-
ters are formed in the most natural place — near
the center, wlhere the gas pressune is highest
and are then pushed by feedback to much larger
distances, This mechanism also ensures tha glob-
ular clusters and unclustered stars have a com-
parble distribution, as is observed in carly-type
dwarls (3. Addiionally, the low stellar density
and stellar population  gradients  observed in
dwarl galaxics are also expected from the model.
Finally, large cores have serious implications for
dircet searches of dark matier, because a (la
core will produce a much weaker pamma-ray
annihilation signal than that produced by a cusp.
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Superconducting Vortices in CeColns:
Toward the Pauli-Limiting Field

Andrea D. Bianchi,**t Michel Kenzelmann,®? Lisa DeBeer-Schmitt,® Jon S. White,*
Edward M. Forgan,® Joel Mesot,® Markus Zolliker,® Joachim Kohlbrecher,® Roman Movshovich,”
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Many superconducting materials allow the penetration of magnetic fields in a mixed state in which
the superfluid is threaded by a regular lattice of Abrikosov vortices, each carrying one quantum of
magnetic flux. The phenomenological Ginzburg-Landau theory, based on the concept of characteristic
length scales, has generally provided a good description of the Abrikosov vortex lattice state. We
conducted neutron-scattering measurements of the vortex lattice form factor in the heavy-fermion
superconductor cerium-cobalt-indium (CeColng) and found that this form factor increases with
increasing field—opposite to the expectations within the Abrikosov-Ginzburg-Landau paradigm. We
propose that the anomalous field dependence of the form factor arises from Pauli paramagnetic effects
around the vortex cores and from the proximity of the superconducting state to a quantum critical point.

eColng 15 a d-wave, heavy-lermion super-
conductor with a critical emperature T, =

2.3 K (1) The interaction of Ce with the

conduction electrons leads o an enhancement of
the effective eleciron mass by severl orders of

magnitude, The competition between an instability
toward antifermomagnetic ordering (suppressed by
superconductivityy and a parmmagnetic state leads
to a quantum crtical point ot the upper critical
field, Hea. and an associated non-Fermi liquid
behavior (2, 3). The heavy electron mass (and,
for the ficld pamllel to the planes, the 2d clec-
tronic struchure ) suppresscs orhiting supercurrents
circling the vortices, Henee, the upper eritical ficld
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at low temperature in CeColng is not determined
by the usual orbital deparing. Instead, it is Tmied
by the Pauli spin susceptibility of the electrons,
which favor the electron spins 1o line up parallel
o amagnetic field, which is in competition with
the antiparallel alignment required for Cooper
pairing in a singlet superconductor (). In
CeColns, the Pauli-limiting field is smaller than
the orbital upper critical field H:._,'b bv a factor
of =2.5, as extrapolated from measurements near
T (5, and the tmansition o the nomal state o low
temperatures becomes first-order (5, 6). Finally,
CeColng can be prepared as an ultmclean super-

conductor with an clectron mean froe path (4 ) of

several micrometers, three orders of magninde
larger than the superconducting coherence length
(7, &

The Gineburg-Landau (GL) model is a phe-
nomenological description of a superconducting
phase with only two parameters: the coherence
length £ of the superconducting order parameter,
and the penetration depth 2 of magnetic fields
inte the superconducting phase.  Abrikosoy
showed that the GL model describes the mixed
state of type [ superconductors (9), where quan-
tum flux whes with a core size of - £ penetrate
the superconductor in a regular vonex latice (VL)
The Abrikosov-Gingburg-Landaw ( AGL) picture
gives a good description of the mixed-state prop-
ertics of orbitally limited superconductors, but it

s nol known o what extent the AGL maodel
applies for Pauli-limited superconductors, partic-
ularly close to the upper eritical licld.

One of the predicted scenarios for the super-
conducting Cooper pairs in Pauli-limited super-
conductors at high fields is that they are no longer
lormed by a pairing of spin-up and spin-down
dlectrons carying opposite momenta; instead, the
superconducting order pammeter carrics a finite
momentum, giving rse o an inhomogencous
superconducting state known as the Fulde-
Femell-Larkin-Ovehinnikoy (FFLO) state (00 1),
In the Lakin-Ovchinnikoy form of such a siate,
the supcrconducting order parameter is expecied
tor develop regularly spaced planar nodes perpen-

dicular w the vortex lines (/2. A number ol

expenments on CeColng provide evidence for a
phase transition inside the superconducting state
near Ho consistent with a FFLO state (/2).
Although the majority ol these measurements
were performed with the Feld parallel w the basal
plane of the tewragonal unit cell, the possible
existence ofan FFLO state has also been repored
for an applicd field along the ¢ axis (/2 14).

In our experiment, the VL was imaged by
small-angle neutron scatiering { SANS). using the
direct coupling of the magnetic moment of the
neutron o the spatial variation of the magnetic
field created by the VL (/35). Figure | shows the
cvolution of the VL diffraction pattierns with
incrensing magnetic field at 30 mK. The VL in
real space has the same symmetry as its dif-
fraction pattern but is rotated by 907 about the

ficld axis. At the lowest ficlds, the YL of

CeColng has a distorted hexagonal symumetry,
giving two cquivalent domain orientations and
hence 2+6 firt-onder reflections, which are sym-
metne with respect o the | 110] erystallographic
direction (Fig. 1. Aand D). With increasing field.
the VL undergoes a lirst-order transition at H,

0.55 T 1o a rhombic symmetry indicated by 2=4
Brage reflections (Fig. 1, B and E). Upon further
increasing the feld, the VL continuously trans-
lorms into an ideal, single-domain square sym-
metry (Fig. 1. C and F) at A = L1 T. This
evolution of the VL svmmetry s in agreement
with our carlier studics conducted in ficlds up w

2T (fa, 7). At higher fliclds, s sequence of

phase transitions reverses (Fig. 1, G and H),
with the VL undergoing a tansition 1o a thombic
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(at Ha" = 3.4 T)and finally a distorted hexagonal
symimetry (at Ay =44 T

Funher mecasurements taken at lhagher tem-
pertures cstablish the held-temperature VL struc-
tural phasce diagram (Fig. 2). We note that the
phase boundary of the high-lield “hexagonal™
phase does not imersect with the onset of the
(irst-order nature of M, (5), nor does it comneide
with the proposed FFLO phase boundary (12, 14).
At higher wmperatures, where thermal excita-
tion reduces the effects of anisotropy, fewer VL
phases are observed, We also note that the se-
quence of VL phise tmnsitions is qualitatively
similar to that in TmNBC (/8), whene localized-
moment antifermomagnetic order interacts with
the superconducting order pammcter, Both com-
pounds have a strong parumagnelic response,
which suggests that this may be the driving force
leading o the sequence of phase transitions, How-
ever, unlike TmNiBLC, which has well-ordened
local moments, m CeColng superconductivity is
thought 1o supersede magnetism ().

The VL structural transitions in Fig. 2 at low
ficld and temperature may be understood in the
following terms: In the limit of large distances,
the vorex lines are isotropic around the screening
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a, (nm'")

0.15
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-1
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02 03
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current plane, as this is the tetragonal crystal
basal plane. As the field 5 increased and the
vortices move closer togcther, there are two ¢f-
fects that can lead 1o the hexagonal-rhombic-
square sequence of tmnsions: (1) d-wave ellects
(19, 20), and (i) the nonlocal relation betwoen
supercument density j and vector potential A duc
to a finite coherence length (24). If the squarc
VL s due o d-wave etfiects, then the neares neigh-
bors should be aligned along the nodal directions
of the d-wave order parameter (22), consistent
with thed,z. = pairing reponted for CeColng (23).

More surprising is the reversal of the se-
quence of phase tmnsitions, back 10 a nearly
isotropic hexagonal V0, as the ficld approaches
He (which is a region not aceessible in the d-wave
high-T; superconductors). A reentrant square V0L
phase has been predicted theoretically, annbuted
1o opposing anisotropics of the Fermi surface and
the encrzy gap (24) or 1o strong (uctuations near
Hea (25). However, neither of these theories is
clearly applicable 1o CeColng. We propose
mstead that a quite dilferent mechanism becomes
important when the vortex spacing becomes
comparable 1o the core size. A qualitative ex-
planation for the weakening of the Tourfold

0.15 B 0.3

0.3

02 01 0 041 02 03
q, (nm™")

anisotropy at high ficlds may lie in the observa-
tion that, by contimuity, the ficld at the center ol a
vorex must exhibit eyvlindrical symmetry, just as
it does at large distances: the “lour-leaved clover™
anisotropy is strong only at intermediate dis-
tnees [see, e.g. (261 The proposed tendency
toward sowopy at large ficlds is scen in free
energy caleulations (204, and this tendency may
be amplificd by the Pauli limiting process that
becomes increasingly important near M5, with
induced paramagnetic moments in the voriex
cores that are less sensitive than the orbital super-
currents 1o the erystallographic directions,

We now analyeze the diffiacted imensity arising
from the spatial vanation of the magnetic ficld due
to the VL. The tota] imtensity of a diffraction peak,
imegrated over angle as the VL is rocked through
the Bragg condinon (/35), 15 proportional o the
square modulus of the VL form factor Flog).
which is the Fourier tramsform at wave veclor
Qe of the two-dimensional magnetic flux
density of the VL. In the hmit of very low
ficlds, the London approach with negligible
vortex core effects should apply, and |F? depends
only on A with the value [v3a,/(8:242))°,
where oy is the flux quantum. Our measured | F2

0.1 -
0.05 -~ 0
0 E o
o
0.05 o 0.1
0.1 0.2
0.15 03
015 -0.1 -005 0 005 01 045 03 02 01 0 01 02 03
- -1
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F
[ ]
™

Fig. 1. (A to C, G, and H) Two-dimensional intensity profiles of
the VL diffraction patterns at 50 mK as a function of increasing
magnetic field (clockwise starting in the top left corner). Images
at the two lowest fields [(A) and (E)] are based on earlier mea-
surements (17). The orientation of the crystal lattice is shown in
). (D to F) Schematics of the VL diffraction patterns. Bragg
peaks belonging to different domains are denoted by open and
solid symbols, and the VL opening angle {3 is indicated.
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implics a value of & = 4650 A, about double the
values obtained in zero fickd by other technigucs
(27, 28y, the cause of this difference 15 not clear
at present. Since the carly work on Nb (29, it
has been observed that F decreases monoton-
ically as the vortices move closer together and
their ficld distributions overlap. Both the GL
model and numencl calculations predict an
approximately exponential decrease of the fonm
factor at low and intermediate ficlds for both s
and d-wave superconductors (20, 30), Near M
Abrikosov's solution 1o the GL equations pre-
dicts that F7° falls quadmtically to zero (31).
Figure 3 shows the measured formm factor in
CeColng at 7= 50 mk and 0.5 K, which is in
striking contrast o typical AGL field de-
pcmlc:u:u shown by the dashed lmes, Below 2
T, F % is cssentially constant, in agreement with

Fig. 2. Structural phase diagram for the VL
in CeColng with the magnetic field parallel
to the ¢ axis. The exact location of the
hexagonal to rhombic transition Hy was
reliably determined only at base temper-
ature, and the dashed line thus denotes our
best estimate at higher temperatures.
Likewise, there is some uncertainty in the
lower branch of the square to rhombic
transition H, between 0.75 and 1.25 K.
The upper critical field is from (5). Above
0.7 K, H. 15 second order Golid circles).
Below 0.7 K, the transition from the super-
conducting to the normal state becomes first
order {open circles) because of the combi-
nation of high cleanliness and dominating
Pauli paramagnetic limiting.

BHM

Fig. 3. Field dependence of the VL form
factor for the (1,0) Bragg reflection at 50 mK
(A) and 0.5 K (B). Solid symbols indicate
earlier results obtained below 2 T (17). The
lines through the data are guides to the
eye. The VL symmetry transition fields H,,
Hz and H3 at 50 mK are indicated by
arrows, and the upper critical field is shown
by the vertical dashed lines. The green and
blue dashed lines in the upper panel cor-
respond to |FI calculated from the Clem
model (30) using a constant i = 235 nm
and 5; = 8.1 nm (blue) or ,p = 5.0 nm
(green). The blue shaded region in the upper
panel indicates the fields above which a
FFLO phase has been reported on the basis
of magnetization measurements (14).

IFF (%)

IF[* (T%)
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previous reports (/7). followed by a monotonic
increase by a factor of ~4 with ficld uplo 45T
atboth 50 and 500 mK. An additonal westimony
to the increasing form factor is given by the fact
that a strong VL diffraction pattern was ob-
served even at 4.9 T (within 30 mT ol fa).
The GL picture can be generalized by allow-
ing the characteristic lengths o vary with ficld.
This was the approach of carlier work, which,
motivated by theorctical predictions for ultraclean
superconductors (32}, used a field-dependent core
size £ 1o explain the unexpected constancy of F°
below 2T (/7). With the increase in [F 7~ reported
here, however, o pammeterization of our resulls
between 0.5 and 4.5 T by a ficld-dependent S
would require a decrease of the core size by a
factor of more than 5. In comparison, provious
experimental reports of core contraction show

. Hex. |
eans. P~ 5
0 05 10 15 20 25
T(K)

HoH (T)

REPORTS

that it occurs mainly at low vortex densities (33),
and although £ decreases, the ratio of the core
stz to the vonex separation increases with field,
causing £ to decrease. Within the Bardeen-
Cooper-Schriefler (BCS) and GL approach, the
BCS coherence length & s field-independent
and S = Mgkl (whene i is the Planck con-
stant divided by 2, v is the Fermi velocity, and
kg is the Boltzmann constanty, To explain our
results strietly in such temms would requine a large
merease of the painng interaction with ficld (which
we regard as very unlikely) or would nequire a
decrease in the Fermi velocity, which would entail
an increase in 2 and a decrease of |[F7, We also
exclude the possibility that an increase in |F * could
be explained by a decrease in A, as this would
imply a superfluid density inereasing toward M.
Thus, our results present a elear departure from
the AGL paradigm. This conclusion is also indi-
rectly supporied by observations ol an unusual
broadening of the nuclear magnetic resomance
line shape in the mixed state of CeColng [see
(12}, references 28 and 1201

Instead, we ascribe the increase in |F 7 at large
ficlds o a contribution of electron spin polariza-
tion to the magnetic induction in the vortex cores.
A similar process has been studied in the boro-
carbide superconductor TmNizB2C, which has
localized magnetic moments (34).

In a strongly Pauli-limited superconductor, it
is expected that parallel spin alignment of the
quasi-particles would be greater in the cores,
where the Cooper pairs are broken. This conclu-
sion is strengthened by recent first-principles cal-
culations, which indeed show an increase in |F?
with field ansing from paramagnetic effects ( 35).
However, there is not complete agreement, as an
increasing form factor requires a ratio between
the Pauli limiting field and the orbital limiting
field, which is larger than the one found experi-
menially for CeColns. This discrepancy may arise
from the fact that the magnetic susceplibility in the
¢ direction is wice that for the basal plane (),
whereas the heat capacity in the normal staic is ap-
proximately independent of field direction, suggest-
ing an additional enhancement of paramagnetic
ellects tor lields along the ¢ axis. Allernatively, it
may be the quantum critical pont at Al T = 1)
that leads to a divergence of the heavy fermion
maasses as measured by de Haas-van Alphen mca-
swements (36) and heat capacity (), possibly
leading both 1o an enhancement of the pammag-
netic effect and w0 a himitation of the vortex core
size, both of which would tend to maintain a large
form factor o high ficlds,

Finally, we draw attention to the drop in £
Just below . shown in our lowest-lemperature
data in Fig. 3. This drop does not coincide with a
VL structure change, However, it does occur in
the lield and empermture region where other
mczsurements have been imerpreted as evidence
lor a FFLO phase with fickd direction parallel 1o
the ¢ axis (/2-/4). Cenainly, the additional
aerocs in the order pammeter in a spatially
modulated FFLO state would be cxpected 1o
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reduce the form factor. Even without this indirect
evidence for the predicied FFLO state, our main
conclusion remains that in this strongly Pauli-
limited superconductor with a guantum critical
point at Ha(T = 0), the mixed state departs in
many respects from the classical Abrikosov VL
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Self-Assembled Water-Soluble Nucleic
Acid Probe Tiles for Label-Free RNA
Hybridization Assays

Yonggang Ke,™* Stuart Lindsay,™** Yung Chang,** Yan Liu,»* Hao van'*

The DNA origami method, in which long, single-stranded DNA segments are folded into shapes by
short staple segments, was used to create nudleic acid probe tiles that are molecular analogs of
macrescopic DMNA chips. One hundred trillion probe tiles were fabricated in one step and bear pairs of
20-nucleotide-long single-stranded DNA segments that act as probe sequences. These tiles can
hybridize to their targets in solution and, after adsorption onto mica surfaces, can be examined by
atomic force microscopy in order to quantify binding events, because the probe segments greatly
increase in stiffness upon hybridization. The nucleic add probe tiles have been used to study position-
dependent hybridization on the nanoscale and have also been used for label-free detection of RNA.

he detection of low levels of gene ex-

I pression (f) has been enabled by tech-
nologics such as DNA microamays (2, 3)

and reverse ranscription: polymerase chain ne-
action (RT-PCR) () Nonectheless, these wech-
nologics are still expensive (5), require probe
labeling, and are hard 0 scale down o sample
vodumes comparable 10 those of single cells.
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Sample volumes have been reduced and sensi-
tivitics have been mereased, but target detection
still relics heavily on creymatic manipulation and
amplification to creae detectable signals. We
present an aliemative that complements bench-
top armays in which individual sclf-assembled
nucleic acid “tile™ maolecules, formed by
“stapling” long, single-stranded DNA segments
with shorter strands into shapes, can act as
hybridization probes for molecules such as
mBNAs in solution, Afler binding, the tiles can
be adsorbed ont mica surfaces and are detecied
by atomic force microscopy (AFMY Thus, the
probe tiles are reagents that are hybndized in
solution and then tirated w quantly the targets.

Because the probes are placed on cach nucleic
acid tile with nanomcter-scale precision, the
effects of probe placement can be explored with

molecular resolution. We found that the exact po-
sition of the probe made a substantial difference
to hybrdization efliciency. We circumyvented this
problem by manutactunng “bhar-coded™ ules m
which all of the probes were placed in an optimal
position, and cach tvpe of nucleie acid tle was
distinguished with a distinetive code represented
by a group ol dumbbell-shaped DNA loops pro-
truding out of the tile surface as wpographic
registrotion markers; each coded tile detected one
gene product.,

Our ability 1o detect single-molecule hybrid-
ization with AFM appears to be enabled by the
difference in the elastic propenties of single- and
double-siranded DNA or of the RNA-DNA
hybrid. Detection sensitivity was, in this case,
limited only by nucleic acid ule concentration
down 1o the 200 pM levels, which we were able
1o image readily,

The design of the nucleic acid probe tiles and
the read-out mechanism for the target binding are
lustrted in Fig, 1. The foundation of the tike
design was based on “scaflolded DNA origami™
iFig. IA) a selfassembling technigue for onc-
step svnthesis of fully addressable DNA nano-
structures (6). Rothemund (6) demonstrated that
a long. single-stranded viral DN A scalfold can be
folded and stapled by a large number of shon
synthetic “helper strands™ into nanostruciures
that display complex patterns. A one-step nano-
molar-scale symhesis vields =10" orgami tiles
with nearly 100%% vield.

We used a simple, rectangular-shaped design,
and its lavout 1s shown schematically in Fig. [A.
Three different sequences of caplure probes
were included on the ongami tle, comespond-
ing to a region of three genes—Rag-1, c-me,
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and f-actin—expressed in the murine progenitor
B cell lime (7, &). A sequence not found in the
mipuse genome was added as a control. Twelve
copies of cach probe were armnged into cach line
on the tile, with an interprobe distance within the
lines of 5 nm and a spacing between the lines of
20 nm (Fig. 1AL Six copies of the commol probes
fiorm a shorter line on the leli side of the tile, An
“index spot” was placed in the top lell corner. We
used six of the 28-nuckeotide-long  dumbbell-
shaped strucwires |desenibed elsewhere (6)] as
“permanent” features 1o break the symmetry of
the tile, so that the images of the tiles could be
orented wnambiguously, Detailed sequences of
the probes, control, and indexes can be found in
the supporting online material (),

The tiles were self-assembled in solution; We
used the single-stranded M 13 viral genome scal-

fold strand o0 nucleate both the probe-modilied
and nonmodificd helper strands. An aliquot of
the solution (2 ply was dropped onto the mica
surface for AFM imaging (Fig. 1B). In our probe
design, selected pairs of neghbonng helper stands
are modificd so that cach contains a single-
stranded fragment of 20 nucleotides that protrudes
out of the tile surface (Fig. 10). Each dangling
single strand in the pair serves as a half-probe for a
single RNA target of 40 bases, Upon hybridization
of the wrget w0 a pair of hall=probes, the strnds
form a sl Veshaped structure [see (9) for mo-
lecular dynamics simulation], This local stiflfening
is readily sensed mechanically with an AFM can-
tilever and appears in the image as local high-spot
(Fiz, 1C) We have tricd vanous different probe
designs (), and this V-shaped junction design
provides the best AFM signal of target binding.

Index
NS

A -~ Helper
}-’7—”“11—-4
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Stiffened probe with target

Fig. 1. (A} (Left) Schematic layout of the indexed nucleic acid probe tiles bearing three different probes
(for targets Rag-1, C-myc, and [i-actin) and a control probe. A simple, rectangular-shaped DNA origami
tile was used, in which a circular single-stranded M13 viral DNA (black lines), composed of 7249 bases, is
folded and stapled, with the help of =200 short synthetic DNA strands, to form the desired two-
dimensional (2D} tile, Helper strands without probe modifications are shown (gray lines), and helper
strands modified with probe sequences and control sequences are shown in different colors. This
rectangular-shaped probe tile has dimensions of 90 nm by 60 nm. Twelve copies of the specific probes are
spaced at S-nm intervals in a line, and lines of probes are separated by 20 nm. Six control probes are
arranged in a shorter line, An index spot, composed of six closely packed dumbbell-shaped bulge loops at
the top left corner, is designed to give the AFM topological feature with which to arient the AFM image of
eachindividual tile. (Right} Tilted view of the tile (drawn in DNA helix style) to illustrate the 3D view of the
probe tile layout. (B) Illustration of the process (not drawn to scale) for the use of probe tiles for target
detection. Probe tiles are self-assembled in solution, hybridized with targets, and then dropped onto the
mica surface for AFM imaging. (C} Probe design and detection mechanism. A pair of neighboring helper
strands is extended out of the surface of the tile, with each 20-base-long extension bearing a half of the
target sequence, These single-stranded probes are flexible and do not produce a visible feature under AFM
imaging. Upon target hybridization with the pair of half-probes, the double helix of the DNA-RNA duplex
forms, and the stiffer V-shaped junction is readily detected with the AFM cantilever,
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In a test of the initial design, tiles with all
three probes and a control (Fig. 1A) were as-
sembled with 10 nM of the M1 3 viral genome as
the scaltold strand and a hivelold exeess of shon
helper strands. Because the existence of the ex-
cess helper strnds (some of which contain the
probe sequences) will interfere with the target
hybridization, the tiles were punlied with Micro-
con centrifugal filer devices [MWCO 100,000
i Millipore, Bedford, MA)] 10 remove the small
oligonucleotides. We adjusted the final concen-
tration of the tile by using optical absomtion m
260 nm. We then mixed 10 nM of the tiles with
60 nM a [probe]/[target] ratio of 1:3} of each

of the three different tangets. AFM images of

these hybndieed tiles revealed that the targal
hybridesation depends strongly on the probe
positions in the tile. The probes on the edge (-
actin al position 3) give the best hybridization

elficiency, whereas the probes in the middle of

the tile (Rag- at position 1) give the worst bind-
ing efficieney (fig. 55).

To confinn that this positional effect does not
depend on the sequence of the probes, we put the
same probes with the worst binding (Rag-1) at all
three positions and found again that the probes on
the edge (position 3) gave the best hybridization
efficiency (Fig. 2 and fig. S6). Because clectric-
charge repulsions between the target and the
underlving tle, as well as repulsions between
probes, are stronger in the middle of the tile than
at the adge of the tile, and because sterie hindmnee
is weakest at the tile’s cdge, these Bctors pre-
sunuibly play a role in our ohserved results. Inthe
DNA micrommay, intemrobe spacing s nol
controlled at the single-molecule level. Hybrid-
teation on a solid surface is not only Kinetically
slow butalso less efficient (70, £1). Our probe tile
design now permits the study of the positional
effect of probes on their efliciency of target bind-
ing. The precise imerprobe-distance comtrol and
the hvbridization in solution also make the bind-
ing kinctically fast, with full hybridization within
30 min with no stirming at room emperature,

The sell-assembling nucleic acid tile (12 14
allows accurate control of probe placement (15, 16).
We designed four differem bar-coded tiles (Fig.
3A), each of which carmed a line of probes: one
for cach of the three tangets and one as a control.
The probes were placed along one cdge of the
tiless 1o optimize the hybndizaton elliciency, and
a bar-coded region was added, in which combi-
nations of different index. geometries were used
to distinguish the tile. An equimolar mix of the
four types of tiles was wsed for simuliancous
multiplex detection. Typical AFM images (Fig. 3A,
middle panel) show that cach bar-coded tile can be
distinguished by its own bar code, without tirgets,

We used these bar-coded probe tiles o test the
detection of single and multiple wrgets (Fig, 3, A
and B, and fig. 59). The detection of the three
different targets is highly specific, with no
binding of the control sequence. Each probe also
serves as a control for the other two probes and
revealed no nonspecific cross-hybridization. To
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demonstrate that our system can detect a syn-
thetic RNA target in the presence of a large
amount of cellular RNA, we performed a spake
expenment i our hybndizatton by nuxmg the
syothetic RNA with 2 mg/ml wotal cellular RNA,
The target hybridization can sull be visualized

(Fig. 3B, right panel), and the excess amount of

ccllular RNA did not interfere with the specific
target hybridization. The use of the tile probes for

RNA detection s also sensitive 1o the amount of

targets added. Figure 3C shows the obvious
difference of the hybridization efliciency  be-
tween low and high tanget concentrations.
Because the nucleie acid probe nles are them-
sclves reagents, it s possible to titrate the probes
against the tangets and obin quantitative results,
as shown in Fig. 4 for two different tile concen-
trations (10 0 and 200 pMy The plos of hybnd-
ization efficiency versus [target ] [probe| ratios at
these two tile concentrations show a similar trend:

Fosition 2 Fosition 3

Paosition 1

-
-

Fig. 2. The effect of the probe positions on the efficiency of target binding. The three lines
(positions 1 to 3) are all composed of the same probes for Rag-1. Four different DNA tiles are
constructed: three tiles with probes at one of the three positions, and one tile with the same probes
at all three positions. The target-binding efficiency is measured by analyzing the height images by
AFM (2], Topographic illustrations of the tile design and their corresponding AFM images with a
[target)/[probe] ratio of 5:1 in all cases are shown. Scale bars, 150 nm. Four representative zoom-in
images are shown in the bottom of each large-area scan. An enlarged zoom-in image is also shown
in the bottom-left corner of the large-area scan. Additional enlarged images and a plot of
hybridization percentage versus probe positions can be found in (9).

Control Hag -1 C- m'g,rc ﬁ-ﬂ::t'tn

Fig. 3. (A} {Top) Topographic illustration of the bar-coded tile designs.
The top left corners of the tiles are modified with one to three groups of
topological features that form distinctive bar codes for each tile. Each tile
carries a line of probes positioned near the right edge of the tile to
optimize target-binding efficiency. (Middle and Bottom) Typical zoom-in
AFM images of the bar-coded tiles without targets (Middle} and with
targets (Bottom); each type of tile is readily identified by its bar code, (B)
(Left) AFM images of an equimolar mix of the bar-coded tiles with
combinations of the three gene targets. The tiles marked by red, green,
blue, and pink circles are identified from their bar codes as carrying the
C-myc, Rog-1, p=actin, and control probes, respectively. Each probe shows
specific target binding in the presence of their targets. The control probes
and the probes for the absent targets do not show any nonspecific

Low target concentration

ancarly lincar increase ai [target]{probe] < | that
reaches saturation at [target][probe] = 1. This
non-Michachis-Menten (i, Iincar) binding shows
that the detection is mited only by the concen-
tration of the tiles; every tarezet molecule is bound
by a probe at these concemrations, This result is
expected, given that the hybridization free encrgy
is about 50 keal/mol (17, and 1t 1s a clear indi-
cation that the intrinsic hybndization elficiency is
[0 and that the Kinetics are not limiting,

Our current sensitivity is limited by our use of
large substmtes for AFM imaging and by con-
ventional micropipetie handling of reagents, To
improve the detection for profiling gene expres-
sion of single cells, we propose that further de-
velopments are needed o deposit a2 smaller
amount of tles onto a tny spot for AFM imag-
ing. For example, if tiles as small as | nlof 1 pM
solution (the tiles are dilutable) could be placed
on an optically indexed AFM stage for imaging,
it would bring the detection limiat down o ~ 1000
molecules, which would be adequate lor label-
fiee and PCR-firee detection of the product of gene
expression in a single cell. Although this approach
does nol yel compele with existing arrays tor anal-
wais with hundreds of thousands of probes, it can
probe the eflects of nanometer-scale changes in
geometry, as demonstrted by our measurements
of the position dependence of hybrdization. Such
investigntions need not be limited to DNA or RNA
analvsis. For example, we have shown that pro-
teins can be placed onto these tiles with nanometer-
scale precision using DNA aptamers (/8). Thus,

p-actin spike in total RNA

High target concentration

binding. (Right) [i-actin RNA spike experiment in the presence of 2 mg/ml
cellular total RNA extract, The detection efficiency of the [i-actin target is
not interfered by the presence of a high concentration of the cellular
RNA. Scale bars, 150 nm. (C) Typical AFM images showing the sensitivity

of the probe tile to target concentration (with the C-miyc target as an
example). The [target)/[probe] ratios of 0.2:1 (left) and 2:1 (right} are
shown. Dimensions of each tile in all images were measured to be ~ 60
nm by 90 nm.
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Fig. 4. Hybridization percentage as a function of the [targetl/[probe] ratio. The tile used is the one shown
in Fig. 3A carrying the Rag-1 probes. Two different tile concentrations are used: 10 nM (black squares) and
200 pM (red triangles). Each error bar represents 5D calculated from measurements on 50 tiles.

it should be possible to probe the spatial depen-
dence of binding interactions involving multiple
biomaolecular components,
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Imaging Nucleophilic
Substitution Dynamics

). Mikosch,* 5. Trippel,® C. Eichhorn,* R. Otto,* U. Lourderaj,’
J. X. Zhang,” W. L. Hase,® M. Weidemiiller,* R. Wester'*

Anion-molecule nucleophilic substitution (542} reactions are known for their rich reaction
dynamics, caused by a complex potential energy surface with a submerged barrier and by weak
coupling of the relevant rotational-vibrational quantum states. The dynamics of the S2 reaction of
Cl™ + CHal were uncovered in detail by using crossed molecular beam imaging. As a function of the
collision energy, the transition from a complex-mediated reaction mechanism to direct backward
scattering of the I” product was observed experimentally. Chemical dynamics calculations were
performed that explain the observed energy transfer and reveal an indirect roundabout reaction

mechanism involving CHj rotation.

imolecular nucleophilic substitution s
B:l fundamental reaction mechanism n

chemistry (1), The reaction’s equation,
X+ RY — X-R + Y, summarizes bond for-
mation by the attacking nucleophile X with the
moicty R and concened bond cleavage of the
substituted leaving group Y, Sy reactions are
widely used in preparative organic synthesis
{2). Low-energy negative-ion reactions, most
likely nucleophilic substitution, are suggested

Yphysikalisches Institut, Universitat Freiburg, Hermann-Herder-
Strafbe 3, 79104 Freiburg, Germany. “Depantment of Chem-
istry and Biochemistry, Texas Tech University (TTU), Lubbock, T
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1o cause the large amount of DNA double
strand breaks in the wake of 1onizing panticles
(3.

Anion=molecule Sy2 reactions may be the
most prominent type of on-molecule reactions,
studied extensively both expenimemally (4. 5) and
computationally (6, 7). Rate coellicients for these
reactions  depend strongly on the sumounding
solvent (4), making expertiments on isolated gas-
phase systems a crucial reference point in distin-
guishing solvent ellects from the intrinsic dynamics
ol the reaction, The low mie coeflicients observed
inthe gas phase, which are much smaller than the
clissical Langevin capture mte expected for a
bamrier-less on-molecule  reaction, are qualita-
tively well understood 10 stem from two wells
(Fig. 1) on the potential encrzy hypersurface (5).

This characteristic potential energy landscape
is attributed to the formation of ion-dipole col-
lision complexes on both sides of the reaction
bamier. The barrier itsell, which represents a
transition state that corresponds o inversion al
the reaction center, has a substantial influence
on the reaction kinetics even though it most
ofien lies submerged with respect to the energy
of the reactants.

Studies of anion-molecule 542 reactions have
determined reaction mies as a function of tem-
perure (9, /0y and energy (f1) and probed the
dynamics of the pre- and postreaction ion-dipole
complexes (42, 13). An imporiamt finding from
these studies is that the reaction kinetics and
dynamics are often inadequaicly described by sta-
tistical theorics (/4 -76, 12, 17), arcsult supponad
by classical (6, [8) and quanmum /9, 7, 20)
chemical dynamics simulations, An illustrative
example of nonstatistical behavior is the strong
dependence of the CU -+ CHyBr reaction mite on
the welatve ranslational energy of the reactants,
despiie insensitivity © their intermal temperature
(/4). Such dynamics contradict the siatistical
assumption of mpid randomization of all the
available energy in the CT - CHyBr prercaction
complex, Nonstatistical dynamics of ithe ion-
dipole complexes are also evident in the product
energy pantitioning  for the CI7 + CHil uni-
molecular decomposition (/3), the mode-specilic
dvnamics of the C1 - CHyBr complex (12, 2f),
and the C1 + CH3Br reaction rate dependence on
collision encrgy (/). Therelore, a detailed analy-
sis of the Now of cnenzy dunng the course of the
reaction is required (6),
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Uintil recently, many details of the Sy2 dy-
namics of melecular anon-molecule reactions
could only be obtained from chemical dynamics
simulations, However, with recent expenmental
advances (22), insight into the reaction dynamics

may be obtained from measurements of cormelated
angle- and energy-differential cross sections.
Specitically, the probabilitics for energy redist-
bution wathin the 1on-dipole complexes, ther
dependences on initial quantum stakes, the branch-
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Fig. 1. Calculated MP2{fc)/ECP/aug-cc-pVDZ Borm-Oppenheimer potential energy along the reaction
coordinate g = Re_y — Re_¢ for the Sy2 reaction CI” + CH;l and obtained stationary points. The reported
energies do not include zero-point energies. Values in brackets are from (28).

E,=03%eV

ing into different product quantum states, and the
role of wnneling through the contrml bamier pose
open guestions to be probed expenmentally.

We report kinematically complete reactive
scattering expenments of the anion-molecule
Spe2 reaction C17 + CHsl — CHyCOl + 17 (Fig 1)
with usc of our ion-molecule crossed beam imag-
ing spectrometer (22), In this way, we extended
the successiul crossed beam imaging experiments
of neutrals (23) 1o jonie reactions, These single-
collision experiments measure dircctly the velocity
vector of the product anion, which reveals the
energy- and angle-dilterential reaction cross sec-
tion. By using reactamts with well-delined relative
kinctic energy and momentum, we can determine
energy trnster during the reaction, which yields
the fraction of ol available encrgy partitioned o
internal modes of the molecular product. For com-
parison with the expenmental results, we have
performed high-level rajectory simulations,

In the expenment, we produced slow pulses
of C1” anons with a tunable well-defined kinetic
energy between 0.2 and 5 ¢V oin a compact
clectron-impact supersonic cxpansion ion source
(22). The ion pulses crossed a supersonic neutral
Jet of CH3l seeded in helium, whereby a few of
the O anions induced nucleophilic substintion
and liberted | anions, The imemction region of
the crossed beam experiment was placed in a
pulsed-ficld velocity map imaging spectromaeier,
which maps the velocity of the |~ product anion
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Fig. 2. (A to D)} Center-of-mass images of the I” reaction product velocity
from the reaction of CI” with CHal at four different relative collision energies.
The image intensity is proportional to [(d®a)/ldv, dv, dv,)]: Isotropic scat-
tering results in a homogeneous ion distribution on the detector. (E to H)

The energy transfer distributions extracted from the images in (A) to (D) in
comparison with a phase space theory calculation {red curve), The arrows in
(H) indicate the average @ value obtained from the direct chemical dynamics
simulations,
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onto a position-sensitive detectorn, With the use of
slice imaging (2.3) implemented by activating the
detector only dunng a short tome window, we
imaged only scattering events for which the velo-
city veetors of the products lie within the planc
defined by the reactant velocitics, Because off the
eylindrical symmetry of the scattering cnoss section,
this procedure viclded the velocity magnitude-
and angle-dilferential cross sections directly, with-
out resonting o Abel-inversion-type algorithims,
The neutral product does not need o be detected
because its propenics can be infemed lrom con-
servation of encrgy and momentum (24),

The top row of Fig. 2 shows maps of the |
product jon velocities from the CI + CHyl —
CH3Cl+ 1 meaction at four ditferent relative col-
lision energics between gy = 039 eVand Ey =
190 V. which were chosen because they span the
distinct reaction dynamics observed in this energy
range. The only data processing applicd to the jon
impact position on the detector s a linear conver-
sion from position o on speed and a transforma-
tion into the center of mass frame. Consequently,
the velocity vectors of the two reactants, the CT
anion and the CHl neatral, line up horizontally
and point in opposite directions., indicated by the
arrows in Fig. 2. Each velocity image represents a
histogram summed over 10° to 10° scattering
events, The wtal energy available to the reaction
products is given by the relative translational
energy, Ey, of the reactants plus the exoergicity,
0.55 eV, olhe reaction (Fig. 1), 1 products reach
the highest velocity when all the available encrgy
15 converted o translational energy. The outer-
most eirele in Fig. 2 represents this Kinematice
cutodl” for the velocity distribution. The other con-
contric rings display spherss of the same trans-
lational energy and hence also the same imternal
product excitation, spaced at 0.5-¢V intervals,

The images in Fig. 2 reveal many details of
the reaction dvnamucs. For the lowest relative
collision energy of 0.39 ¢V, there 15 an 1sotropic
distribution of product velocities centered around
zero with all scattering angles equally probable.
This pattern points 1o the traditional reaction
mechanism (8) mediated by a collision complex
whose liletime is long compared to the time scale
ol its rotation. The complex-mediated mecha-
nism is accompanicd by a velocity distribution
that drops 1o zero far before the Kinematic cutofl
is reached, as can be inferred from the position
of the outermost ring in the image. Thus, the
largest fraction of the available energy is pani-
tioned o internal rovibrational energy of the
CHLC1 product.

A distinetly different reaction mechanism be-
comes dominant at the higher relativie collision
energy of 0.76 ¢V (Fig. 2B): The 17 product is
back-scattered nto a small cone of scatlering
angles. This pattern indicates that direet nucleo-
plulic displacement dommnates. The C reactant
attacks the methyliodide molecule at the concave
center of the CHy umbrella and thereby drves the
I product away on the opposite side. The direct
mechanism leads o product ion veloeities close
to the kinematic cutoll. In addition, pan ol the
product Mux is found at small product velocities
with an almost isotropic angular distribution, in-
dicating that for some ol the collisions there is a
significant probability of forming a long-lived
complex.

At a collision energy ol 1.O7 eV (Fig. 20, the
complex-mediated reaction channel is not
observed any more. The reaction procecds almost
exclusively by the direat mechanism, with a similar
velocity and a slightly narmower angular distribu-
tion relative 1o the 0.76-eV case. AL an even
higher collision energy of 1.90 ¢V, the domi-

81fs 4411s
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Fig. 3. View of a typical trajectory for the indirect roundabout reaction mechanism at 1.9 eV that

proceeds via CHy rotation.

www.sciencemag.org  SCIENCE  WOL 319

REPORTS

nating backward scattering pattem of the | ion
spreads over an increased mnge of scatiering
angles. The msered rngs demonstrate a con-
comitant broadening of the velocity distibution.

In addition, a new feature appears that consists of

two distinet low-velocity peaks symmetric in the
forward and the backward directions with respect
to the center of mass, As detailed below, these
peaks represent reactions that occur via a round-
about mechanism. At relative energies above 2 ¢V,
new dissociative channels open and influence the
scattering dynamics, and so we restricted the cur-
rent presentation o collision energies up 1o 1.9 ¢V,

For a quantitative analysis, we caleulated the
energy transfer O = Eingiml — Exinniia for the
reaction events. For the lowest collision energy
of 0.39 ¢V, Fig. 2E shows that the observed
distribution vanishes for @ values far below
the kinematic cutofl at +0.55 ¢V, A theoretical
phase-space calculation (red line in Fig. 2E) (25),
which assumes that the avanlable energy 15 dis-
tnbuted statistically among all degrees ol free-
dom of the maction products, shows excellent
agreement with the data alter convolution with
the expenmental resolution stemming from the
velocity spread of the reactant beams. The ob-
servation of statistical energy pantitioning at this
finite collision energy is unexpected, given the
reported nonstatistical unimolecular decomposi-
tion of metastable C1-CHzl Sn2 complexes
(/3). We found that 84% of the total available
energy is trapped in internal excitation of the
CHLC1 reaction product, which amounts to £, =
0.79 eV, At all the higher relative collision
cnergies (Fig. 2, F 1o H), the phase space model
cannot reprodduce the observed dynamics. Here,
the (2 value distribution peaks near its maximum
value of +0L55 ¢V, The mean internal excitation
in absolute and in relative numbers is given by
0.5 oV (40%), 0.45 eV (25%), and 095 oV
140%%). Ar 1.07 eV relative collision energy, a
minimum is found both in the absolute and the
relative amount of intemal excitation, which is a
sign of subtle changes in the translation-vibration
coupling during the reaction.

To complement the above experimental study
of the CI7 + CHyl reaction dynamics, we per-
formed a trajectory simulation at the MP2{Icy
ECPaug-ce-pVDZL (26) level of theory by a
computational approach directly using this theory
(27). As shown in Fig. 1, this theory gives ener-
gies for the reaction’s stationary points n- good
azrcement with previous values based on mte
coeflicient measurements (28). These simulations
are compuiationally expensive and only practical
at the highest collision energics where both the
encounter time is shont and the reaction proba-
hility appreciable. Here, we repon resulls for the
1.9-¢V collision energy and CHsl rotational and
vibrational temperatures of 75 K and 360 K,
respectively, which are the approximate cxperi-
miental conditions,

Although the reaction has no overall bamer,
the simulations show a quite low rcaction prob-
ability w 1.9 oV, decreasing from 0,063, 0,035,
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.03, 10 0.005 as the collision impact parameter,
fr, 15 mereascd from 00, 1.0, 2.0, to 3.0 A, On the
basis of the centnfugal potential at the central
bamer, the maximum mmpact parameter for ne-
action s estimated as 5.2 A, but the low reaction
probability at & > 2 A makes it computational-
ly intractable to sample the complete range of
b, Nevertheless, important details of the reaction
dynamics are found, The reaction occurs by both
dircet and indirect mechanisms, with a dincet
fraction of 0.4, 0.8, 0.8, and ~1.0 for impact
parameters of 0.0, 1O, 2.0, and 3.0 A, nespec-
tively, suggesting the direct reaction dominates at
the larger & values, The product energy pani-
tioning for the direct reaction isthe same forthese
four impact parameters, with average fractions of
004, 023, and 0.73 for retaton, vibration, and
trnslation, respectively. For the indirect tmjecto-
rics, the average fractions of energy pariitioning
to rotation (0281, vibration (0,56), and translation
(0.16) are quite different. Because the dineet
reaction is expected 1o dominate when trajecto-
ries are averaged over all impact paramelers, an
overall fraction pantitioned to translation in the
range of (L6 1o 0.7 is expected. This partitioning
comesponds o a mean intemal excitation of about
(.85 eV, which agrees well with the experimental
value of 0,95 ¢V as given above, The much
higher intermal excitation for indirect reactions
amounts o about 1.9 ¢V, which is in good agree-
ment with the average energy of the two low-
velocity peaks observed in the experiment (Fig 2D
and Fig. 2H, left amow).

The atomic-level mechanisms for the direct
and indirect reactions at 1.9 ¢V collision energy
are substantially different. The dircet reaction
occurs by the classical S52 reaction path, with
C1” autacking the backside of CHsl and dircetly
displacing 1~ (8). The indirect reaction occurs via
a roundabout mechanism involving a ClHy
rotation. The principal mode for this mechanism
is depicted in Fig. 3. where CI first strikes the side
of the CHy group, causing it w0 rotate around the
mone massive [ atom. Then, after one CH,
revolution. C1™ attacks the C atom backside and
directly displaces 1. The time between the initial
Cl-CHy collision and the departure of 1 ranges
around 400 5. Two variants of the roundabout
mechanism, of much lesser imponance and with
imtermediate lifctimes of 1 1o 4 ps, were also
found. One is dentical o the roundabout
mechanism, except the depanting 1 becomes
tmnsiently trapped in the post-reaction potential
energy well (Fig. 1), The other s similar 1o the
roundabout mechanism, except CHs rotates
twice about the 1 atom. The tanslational energy
partitioning  for the roundabout mechanism
approximates that of phase space theory (Fig.
2H), which assumes statistical dynamics. This
suggests that this mechanism may participate in
the statistical product energy panitioning obseryved
for the C1 + CHal 52 reaction at lower colli-
SHN CNCrgics.

This combined experimental and computa-
tional study has identificd a previously unknown

roundabout, CHy-rotation mochanism lor gas-phase
Sa2 mucleophilic substitution reactions. This mech-
anism may also play a role for other Sx2 re-
actions, such as the Cl + CHaBr reaction, where
an encrey-dependent change in the reaction mech-

anism has been discussed (/f, 299, It wall be of

particular interest to determine the role of the
roundabout mechanism in other and mone com-
plex ion-molecule reactions,
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Tidal Modulation of Nonvolcanic Tremor

Justin L. Rubinstein,»* Mario La Rocca,? John E. Vidale,* Kenneth C. Creager,! Aaron G. Wech®

Episodes of nonvolcanic tremor and accompanying slow slip recently have been observed in the
subduction zones of Japan and Cascadia. In Cascadia, such episodes typically last a few weeks and
differ from “normal” earthquakes in their source location and moment-duration scaling. The three
most recent episodes in the Puget Sound/southern Vancouver Island portion of the Cascadia
subduction zone were exceptionally well recorded. In each episode, we saw clear pulsing of tremor
activity with periods of 12.4 and 24 to 25 hours, the same as the principal lunar and lunisolar
tides. This indicates that the small stresses associated with the solid-earth and ocean tides influence
the genesis of tremor much more effectively than they do the genesis of normal earthquakes.
Because the lithostatic stresses are 10° times larger than those associated with the tides, we argue

that tremor occurs on very weak faults,

hortly alier the discovery of both non-
S volcanic tremor (/) and recurning slow-slip

events (2, 3), Rogers and Dragen deter-
mincd tha these wo phenomena oocur com-
cident with cach other at regular imervals in the
Cascadia subduction zone (). They termed this
phenomenon episodic tremor and slip (ETS).

Soon thereafter, ETS was also observed in the
Nankai Trough in Japan (5. ETS falls into a
newly identified class of geophysical phenomena
that are distingt from “pormal” canhgquakes. For
these slowsslip phenomena, scismic moment
scales with event duration (6), whereas for carth-
quakes, moment scales with the cube of evem
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duration (7). The relative locations of nonvol-
canic tremor and earthquakes also indicate that
they are ditferent processes, In Cascadia, tremor
appears o Al volumes of crust that have liule or
no scismicity (§), whereas on the San Andreas
Faull, tremor is found below crustal seismicity
(9, Precise locations of low-leguency canboquakes
in Japan, which have been shown to make up a
substantial pan of nonvolcanic tremor (/1) place
them well above the only nearby scismicity (/1)

ETS has been inerpreted by many as inter-
mittent accelerated slip located between the locked
and freely slipping portions of subduction mega-
thrust B, possibly mediated by pressure fuc-
tuations of Nuids nsing from the subducting slab
(-6, 1, 11 However, a wide range of other
physical mechanisms for ETS remains on the
table. Here we spotlight a stoking difference
Troum normial earthquakes: The amplitude of trom-
or strongly correlates with tidal stresses. Many
have sought a cormelanon between canhquakes
and the stress Muctuations induced by the ndes,
but only those examining the most favorable
conditions for wriggering (/2-17) sce any cone-
lation of canthquakes with the tides. Careful
studies of large carthquake daa sets find no
such correlation (f8-21),

The ETS episodes in the portion of the
Cascadia subduction zone near Puget Sound
and southern Vancouver Island have a periodic-
ity ol approximately 14 months, with each epi-
sode Iasting 2 1o 3 weeks, The last three major
ETS cpisodes in this region were in July 2004,
September 2005, and January 2007, Although
cach event had its own chamctenstics, they all
covered approximaiely  the same region  from
southem Puget Sound 1w southern Vancouver
Island (Fig. 1). Betore each of these events. we
deploved focused seismic amays o beter locate
and charmcierize ETS. Each army recorded one
ETS event. The amays had 5 o 11 stations and
their apertures ranged from 0.6 to 2.0 km. In this
study, we used five of these amays (Fig. 1) o
filter o noise and 1w closely examine how the
amplitude of wemor vanes with time (22). This
allowed us investigate whether nonvolcanic
tremor has a tidal perodicity. Two additional ar-
rays that were deploved (LO in 2004 and BD in
2007y and two individual stations (SE-1 and
PA-15) were not used because they were domi-
nated by cultumal noise.

The ampliude of the remor vaned over time
and trom amay o amay (Fig 2). The recorded am-
plitude of the tremor depended on both the stength
of the tremor and the proximity of the army 1o the
migrating tremor source. For example, it is ovi-
dent that the 2007 ETS episode migrated from the
south 1o the nonh, because carly i the ETS event,
the amplitudes were larger ot the southem amay

'Department of Eath and Space Science, University of
Washington, Box 351310, Seattle, WA 98195, USA. “Istituto
Nazionale di Geofkica e Vulcanologia—0Osservatorio Vesuviana,
Via Diocleziano, 328-80124 Napol, Italy.
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PL than ol ammay BS. A low days later, amplitudes
were largest at amay BS (Fig. 2C),

When examinmg the ampliude of the tremor
for the 2004 and 2007 ETS cpisodes, one can
cleady identify a twice-a-day pulsing of remor
activity, and there are suggestions of such a
penodicity in the 2005 episode (Fig. 2 and fig.
S1). Onee-a-day periods are also visible in sev-
cral of the time series. The likely signals from
tidal stresses would be roughly once- and twice-
a-day signals from the gravitational influence of
the Sun and Moon, As with all seismic data, we
also have 1o contend with cultural noise that has
a daily cvele and ofien a week/weekend cyele,
These signals are visible, for example, in the
nontremor interval at the PA army (Fig, 2),

To present a more quantitative evaluation of
the perodicity of the tremor, we took a 13-day
window ol the remor and computed its spec-
trum {22). The approximately twice-daily peri-
odicity visible in the amplitude time series lor
cach array (Fig. 2} is even more clear when
we examine the spectra during ETS episades
(Fig. 3). Avall five arays, there is a strong peak
in the spectral amplitude s 124 hours, the pe-
riod of the principal lunar tide. This is in con-
trast with the charactenzation ol the noise at
these same arrays, many of which have a much
weaker peak at periods of approximately 12
hours. The strongest tidal foreing is at a period
of 124 hours, so, given its presence in all three
ETS episodes, its absence at other times, and the
lack of altemative sources, we can confidently
identify the 12 4-hour peaks as due 1o tidal stresses.
The strong 12.4-hour periodicity of the remor
amplitudes is evident when one compares the
tremor amplitudes 1o a sinusoid with 12 4-hour

Fig. 1. Map of the study
region. Seismic arrays
used to record tremor (tri-
anglesh, the approximate
source region of Puget
Soundfsouthern  Vancou-
ver lsland ETS episodes
(shaded region), and iso-
depths of the plate inter-
face between the Juan de
Fuca and North American
plates (lines) are indicated
on the map.
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penodicity (fig. 51 Many peaks in the tremor
amplitude line up with peaks in an aligned 12.4-
hour-period simusond.

To guantity the influcnce of the 12.4-hour
lunar tide on the remor, we examined the rela-
tionship between tremor amplitude and its phas-
mg in a best-1it 12.4-hour periodic model (Fig, 4).
To do this, we converted time into a phase angle,
given a Tunction with a 12.4-hour periodicity.
This means that we can now Cxpress remor am-
plitude as a function of phase instead of time. For
cach degree of phase, we computed the mean
amplitude of the wemor over all =25 tmes that
particular phase angle repeated in the | 3-day
window, We then stacked these curves for all five
arays deploved 1o get an overall sense of how
the tides miluenced the ampliude of tremor.
Using this calculation, we find that tremor am-
plitude vanes smoothly as a function of phase in
a sinusoidal fashion, Tremor amplitude vanes
strongly with phase; the vanance of the ampli-
tude is 334% from the mean. This is in strong
contrast with the results from same methodology
applied 10 the noise. The noise shows no sig-
nificant amplitude variation with phase, having a
variance of 3.3% from the mean,

During the ETS episodes, we also identified
astrong peak in the spectm at a range ol periods
from 24 to 25 hours, the period of the lunisolar
and lunar declination tides (Fig, 3). This peak is
more diflicult to interpret than those at 124
hours, because this is the period at which we
would expect o identily cultural noise. In fact,
we expect that the rather strong source at a
penod of 24 hours during periods without ETS
15 a result of culural noise (Fig. 3C). Forunate-
ly, we have no reason o believe that the culiural
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noise that we observe at our sites should be
varable from any one penod of time to another,
Theretore, the much larger spectal amplitudes at
periods of 24 to 25 hours during ETS than when
ETS is not occurning indicate that tremor is being
strongly forced at a daily periodicity in addition
to the twice-daily penodicity discussed carlicr,
We also note that the peaks in tremor amplitude

Fig. 2. Tremor ampli-
tudes for ETS episodes in
2004 (A), 2005 (B), and
2007 (C). Each line rep-
resents the amplitude of a I
stack of envelope ampli-
tudes for a single array,
each of which recorded a
single ETS episode. These
stacks were low-pass fil-
tered at a period of 1 hour B
to distill signals at the
frequencies we are inter-

A | Noise
SE

|2

S0
a2

.-_._,...,._._A-.-l-..-..n_.._.,— AL -

that have an ~24-hour periodicity do not cormelate
with davhight hours, when cultural noise is at a
maxmum. This lends further support 0 our
argument that the 24-howr penodicity of the

tremor s real. Because of the comphication of

having two sources of cnengy that are periodic at
24 howurs and do not have the same phasing, we
clected not 1o examine the relationship between

2004 Tremor Activity

.

;h,ﬁ%fﬂﬁ.______wmm

713
2005 Tremnr Activity

.ﬁ._fuﬁmjﬁfﬂw‘nm pad” Wt et PUALA

ested in. Earthquakes and 2
glitches were removed
before stacking. Before
computing the envelope,
seismograms were band-

ane a2
2007 Tremor Activity
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pass filtered between 1 and

8 Hz. The shaded regions .

represent a 13-day peri-

od during each ETS epi- ““""‘—"‘1:1;-—'»-

sode when tremor was

an 28 215

strongest at the arrays we were using. The ETS estndes for these events lasted longer than the 13-day
windows highlighted; we focused on the periods when recordings of tremor were strongest, when the
ETS sources were passing near the arrays. These shaded regions are the regions used to analyze the
periodicity of tremor. The dashed-boxed regions represent a 13-day window in which there was no
substantial tremor and were used to characterize the noise. Amplitude was normalized at each array by

maximum amplitude.
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Fig. 3. Spectra of the 13-day windows of tremor (A and B) and noise (C and D). Shaded regions in (A)
and (C) represent the region that is shown in a zoom in (B) and (D). (D) has been rescaled by a factor of 5.
Amplitudes in each panel have been normalized so that the area under each curve in (A) is equal. The
variation in amplitudes of the noise [(C} and (D)] indicates the variation in the signal-to-noise ratios at
individual arrays; that is, arrays with higher amplitudes of noise have lower signal-to-noise ratios. Dashed
vertical lines indicate the strong tidal periods of 12, 12.4, and 24 hours.

amplitude and phase at these periods, because the
noise and tremor would interfere with cach other.

We have conducted explomtory modeling of
the ocean tidal stresses, inding peak-to-peak
values of 153 KPa on the Cascadia subduction
interface at depth, Solid-carth tides are also like-
ly to be impontant, inducing stresses on the onder
of 5 KPa (/3). A dircet correlation of tremor
with the phase of stressing proved beyvond the
scope of this study, Such correlation would re-
quire tidal stress calculations that account {or the
complexities of remor as a moving source (),
variability in the orentation and even polarity of
tidal stresses across the source region, and
viriability with depth for the appropnate loading
geometry. We did compare remor amplitude and
tical herghts (fig. 52), because the nonmal stress
effect of water loading 15 simple: An increment
in waler increases nommal siress with a diminish-
ing effect with depth. We found that remor is
stronger al penods of high water and therefone
periods of increased nommal stress. This s in line
with the findings of Shelly ef af. (23). who argue
that the increment in water height above the
subducting slab will slightly decouple the sub-
duction zone and thus allow for increased tremor.
An altemate explanation is 10 consider that the
increase in water height above the ovemiding
plate {and the tremor) is increasing [riction on the
alrcady  slipping  subduction zone, causing the
slow-slip even to radiate more energy. There are
undoubtedly other viable explanations for this
comelation, but they require knowladge of the
shear stresses associated with cecan loading or the
carth ides, which will both have a corstant phlase
refative 1o the occan udes and the tremor.

Oither recent studies have shown twice-daily
tidal periodicitics in ETS wremor in Japan (23, 24).
To explain the propensity for tremor at cenain
periods of time, they suggest that solid-carth
tides (24) and ocean tides (23) increase the
Coulomb filure stress on the plate interlace. We
do not ver know whether the Coulomb model
can explain our observations,

We have shown that tidal modulation at both
daily and twice-daily frequencies is a pervasive
feature of all three recem episodes in the best-
instrumented tremor source region in Cascadia.
The stresses associated with these tides are on
the order of 15 KPa, approximatcly 10° times
samaller than the lithostatic stresses at the depih
where tremor radiates. Although it secms -
probable that such small stress changes would
have such a dramatic effect, there is supporting
evidence that small siress changes can influence
the genesis of nonvolaanic remor A recent study
{25) has shown that nonvolcanic remor was
tiggerad in Cascadia by the surface waves of
the moment magnitude 7.8 Denali eanthquake,
which imparted shear stress changes of - 40 Kpa.
Similar obsepvations of weleseismic canhguakes
tngeenng tremor have also boen made in Cal-
iformia (26 and Japan (27-29),

Our observation that tremor s strongly mod-
ulated by the tides shows that the physical pro-

11 JANUARY 2008 VOL 319 SCIENCE www.sciencemag.org




Fig. 4. Amplitude versus phase for
a 12.4-hour tidal cycle. In this
figure, we compare the vanation of
the amplitude of tremor during the
13-day ETS windows (solid line) and
the 13-day noise windows (dotted
line) according to phase in the
best-fitting 12.4-hour—period tidal
cycle. Phase for each array was
determined by cross-correlating a
12.4-hour—period cosine function
with the tremor and noise ampli-
tude functions. The amplitude for
each degree at each array was
averaged over the 25 to 26 times

that phase occurred in the 13-day g
window examined, The amplitudes
at the five arrays were averaged for

90 180
Phase (degrees)

270 360

both noise and tremor and were then normalized so that the mean of each curve is 1.

cesses underpinning  nonvoleanic  temor are
substantially different from those governing carth-
quakes, which are not typically aflected by the
tides. ETS appears 1o represent slow ongoing
lailure, and thus any increment in stress should
affect the failure mte, regardless of the siress
state. We believe that this failure is occurting on
very weak fauls, because small siresses will
have a much larger effect on a low-stress Gl
than a high-stress one, These Guls could be very

loww-friction or, similardy, occur in the presence of

near-lithostatie pore pressures.
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Isotopic Evidence for Glaciation
During the Cretaceous Supergreenhouse

André Bornemann,¥?* Richard D. Norris,! Oliver Friedrich,X? Britta Beckmann,”
Stefan Schouten,® Jaap S. Sinninghe Damsté,* Jennifer Vogel,* Peter Hofmann,® Thomas Wagner®

The Turonian (93.5 to 89.3 million years ago) was one of the warmest periods of the Phanerozoic
eon, with tropical sea surface temperatures over 35°C. High-amplitude sea-level changes and
positive 5**0 excursions in marine limestones suggest that glaciation events may have punctuated
this episode of extreme warmth. New 5*®0 data from the tropical Atlantic show synchronous shifts
~91.2 million years ago for both the surface and deep ocean that are consistent with an
approximately 200,000-year period of glaciation, with ice sheets of about half the size of the
madern Antarctic ice cap. Even the prevailing supergreenhouse climate was not a barrier to the
formation of large ice sheets, calling into question the comman assumption that the poles were
always ice-free during past periods of intense global warming.

espite the extreme wannth of the Turonian
D” 3y [93.5 o 89.3 million years ago
(Ma) (41, 1t has been argued that there
may have been several stages of continental ice
growth during the penod, reflecied in both cro-

sional surfaces and geochemical reconds asso-
ciated with possible glaciation-imduced sea-level

www.sciencemag.org  SCIEMCE  VOL 319

falls (5-7). Rapid decreases (<1 million vears)
in sea level are known from diverse locations in
the Turonian of nonthem Europe, Nonth Amer-
ica, and the Russian Platform and are estimaned
al magnitudes of 25 10 40 m (7, &) or cven more
{9, These mpid changes in sea level are oo fast
and wo widespread 1o be accounted for by iec-

tonic processes and were therefore plausibly ig-
gered by glaciocustasy (7, /). Further evidence
comes from positive 8'%0 excursions in marine,
bui diagenetically aliered, limesione sequences
5, 1) and brachiopod isotope data (6). How-
ever, evidence from sedimentological findings
such as ice-ralted debris is still lacking, and un-
equivocal ™0 records of well-preserved open-
ocean fomminifer are mre, are of low resolution,
or do not suppont the 1dea ol Late Cretaccous ice
shoets (12, Morcover, there 1s only a poor under-
sanding of how large ice sheets might grow in a
penod when tropical sca surface temperatures
(58Ts) exceed 35°9C (2, 1.3) and high-latiude 1em-
peratures ane in excess of 2000 (2, [4).

We used two independent techniques 1w es-
timate SSTs during the carly Late Cretaceous.
One proxy is the "0 paleathermometer, which
we applied 1o monospecific planktic foraminil-
eral samples from a 40-m-thick, organic carbon
rich, laminated marlsione succession of Turonian
o Samonian age from the westem equatorial Ad-
bintic &t Demeram Rise [Ocean Drlling Program
(ODPy Sie 12539), These sodiments contain
planktic foraminifera with a “glassy™ appearance
and pristine, well-preserved wall textures (15).
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This state of preservation is ideal for an exten-
sive geochemical investigation in order to recon-
struet past S5Ts (fa). Comparson of the "0
values of planktic and benthic foraminifera was
also used o provide mfommation on the global
Isplopic composition of ocecans when compared
against a salinity-independent temperature proxy:
the tetrmether index of lipids with 86 carbon atoms
(TEXgs), which is based on the distibution of
crenarchacol mambrane lipids (17, 18). Beause
the growth of cominental ice enriches scawaler in
0, the "0 chemistry, when consimined by
TEXss temperature csiimates, can be funher used
to estimate the size of continental ice sheets.

Our tropical 8'O-derived SST estimates
rnge from -34° o <37°C |-4.2 10 4.9 per mil
%), Vienna Pee Dec belemnie (VPDB) stan-
dard] in the Turonian and from -3 1.5 to ~35°C
(365 1w -44% VPDB) in the late Coniacian
and Santonian (Fig. 1A}, These values are in
good agreement with carlier estimates from spol
measurements from the westem Atlanie (1, 3)
and with low-resolution data from the organic
palcothenmometer TEXy, (/3). Newly gencrated
TEXg data indicate high S5Ts of up o 36°C
during the Turonian, followed by a shifi 10 cooler
temperatures during the Coniacian and Santonian
{Fig. 1B). Today, temperaturcs in the weslem
tropical Atlantic mnge from 287 to 29°C (/9), so
our dotn suggest that the Turonian surface ocean
was 57 o 9°C warmer than at present.

The Turonian warmth was punctuated by a
short-lived decrease in the 80 content of
planktic foraminifera 9134 Ma [523 meters of
composite depth (med)] and a pronounced posi-
tive "0 excursion centered on the CC11ICC12
calcareous nannotossil biozone boundary ~912
Ma (321.5 med) (Figs. |A and 2A) The most
negative 60 ratios in our record are found
~91.34 Ma. but the implied SST peak (=36°C)
is not reflected in either the benthic foraminil=
eral 80 or the TEXgs data (Fig. 2). Evidently,
this $'%0 evemt reflects an episode of acceler-
tion of the hydrological cvele, causing a de-
crease in the local sea surface salinity (Fig, 2C),
and was followed at -91.2 Ma by a synchro-
nous positive shift in "0 in both planktic and
benthic foraminiferm, which lasted for 200 (00
years, The magnitude of the positive "0 excur-
ston in planktic forammifera is = 1%, whereas it
15 up 10 0.7%a i benthic formminifor,
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Becuse TEXgs temperature estimates are in-
dependent of changes in scawater 5"%0 (Bw), we
caleulated temperatune anomalies based on paircd
measurements of both 60 and TEXgs 10 quin-
tily the change in dw (Fig. 2C) produced by the
possible growth of cominental ice. The TEXgs
data display only a 1°C deercase in surface occan
temperatures associated with the 91,2 Ma plankitic
oxyeen isotope shifi. Therelre the remaining
0.4 1o 0.6% anomaly during the 91.2 Ma event
in planktic foraminiferal "0, which is similar
to the mnge suggested by the benthic formminif
era (0.3 1o (,7%0), must primanly reflect changes
in dyw rather than ocean temperature alone, Both
the surface ocean and the deep sea floor (esti-
mated to be at depths =1300 m) (26 show the
positive 80 anomaly, making it unlikely that
this signal reflects local changes in surface occan
salinity. It 15 much more likely that the synchro-
nous change in benthic and plankte foramanif-
eral $™0 was produced by sequestering "0 in
glacial ice, cousing a whole-occan increase in Gy,

The middle Turonian is charactenzed by a
series of short-term relative sea-level changes

(9, 24y that are consistent with our glaciocustatic
interpretation of the isotopic record. Two major
widespread unconlommtics, Tu-2 at 91.2 Ma
and Tu-3 a1 9409 Ma (24, 220, cornespond to sca-
level falls of at least 25 m (9, 24) and oceur close
o the CCIOCI2 nannofossil zone boundary
{91.2 Ma) (), Data from the Russian Platform
(&) suggest a drop in sea level of up o 40 m @
~91 Ma, and a further drop by =25 10 30 m is
reported from the New Jersey margin at the
CCHACCI2 boundary (7, Fi). The sca-level
record from the Russian Platform is panticularly
important beciuse this region is generally regarded
as tectonically stable, making 1t a panicularly
good place o estimate global sea-level changes.
A large-scale unconformity has also been re-
ported from the Western Interior Basin (23) and
northwest Europe (24) in the late middle Turonian.
Because ol stratigraphic unceraintics and the
lack of sophisticated suprarcgional stratigraphic
concepts, it s nol clear which of these uncon-
lormities comespond o the observed positive
&0 shift. However, the widespread occurrence
of high-amplide relative sea-level changes sup-
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Fig. 1. Stratigraphy and calculated 55Ts based on planktic foraminiferal 50 and TEXg; data for the
Turonian to Santonian interval at ODP Site 1259 (33), Demerara Rise, western equatorial Atlantic. (A}
580 data based on monospecific planktic foraminiferal and corresponding conservative SST estimates.
(B) TEXgg values and the calculated SSTs. The late Turonian 6'80 peak interval is estimated to represent

~200,000 years (200 ky). T, temperature.
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ponts the hypothesis that continental ice may have
formed in the middle Turonian, Cur biostratig-
raphy and the 313C recond (fig. 52} suggest that
the positive 8 0 shift is synchronous with the
Pewsey Event in westem Europe (23, 26), which
15 considered to have been associated with re-
gional cooling based on bulk-rock $'%0 data and
faumal pattems from westem Europe (1),

The magnitude of the sca-level fall associ-
ated with the 91.2 Ma 8"%0 shift is constrained
by four variables: (i) our 0.3 10 0,7%0 Sy anom-
aly, (i) the magnitude of the lale Turonian sca-
level fall [-2510400m (7,
the relationship between sea level and 8'°0
[0.11%a VPDB 80 per 10 m of sca-level fall
in the Quaternary (27) and (L075%, VPDB 5'°0
per 10 m of sea-level fall m a warm climate
scenario (7)), and (iv) the estimated 5"%0 com-
position of Cretaceous ice. The lirst three
vanables are well known, whereas the isolopic
compaosition of Cretaceous ice can be constraimdd
between the average modem value for the Am-
arctic ice cap [-44%oe Vienna standard mean
ocean water (VSMOW)] (7)) and the predicted
ice composition for past warm climates (- 30%.

cale. nannofl.

strafigraphy
stage

). (i) an estimate of

VSMOW) (7, 28). Given the modem 80 com-
position of the Antarctic ice cap, the observed
"0 anomaly 15 consistent with a sca-level fall
of 27 o 64 m. Today, the Antarctic ice shoet
stores sullicient water to change global sea evel
by 61 m (29). Therefore, our calculated volume
of the Cretaceous e sheet 1s equivalent 1w 44 10

105% that of the modem Antarctic ice sheet, If

Cretaccous ice had a 8"0 composition of —30%
VEMOW, the 91.2 Ma event would be consist-
ent with a sea-level fall of 40 1o 93 m and an ice
volume 66 o 1532% that of modem Antarctica,

We propose that any large Turonian ice sheet
was probably located on Antarctica, given the
polar position of the continent and the wide-

spread arcas of clevated termn (with aluudes of

15060 1o 2500 m) when the modem 1ce cap is
isostatically removed (30). However, the uphii
history of the Transantarctic Mountains before
the Cenoeoic s very poorly known and may have
commenced dunng the Creaceous (37) or the
Eocene (32). Wann tropical and subpolar S5Ts in
the Turonian (f-3) would seem to preclude
substamial ice development at or near sea level,
even on Antarctica, emphasizing the need for
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Fig. 2. Detailed data from the CC11 and CC12 calcareous nannofossil biozone interval of ODP Site
1259 (33). Data are plotted against absolute age (4} (table 51} and cover the interval from 518.02 to
530.78 med in Fig. 1. (A) The raw planktic foraminiferal 5'®0 data (see Fig. 1 for symbol explanation)
and TEXgs data; both are plotted on the same scale with respect to the estimated 55Ts in Fig. 1. (B)
80 and TEXgg anomalies were calculated in reference to sample 1259B-22-4, 75-76.5 cm (530.08 med,
91.93 My). In (B) and (C), only those samples are shown from which both proxy data types (5*%0 and
TEXgs) are available. These anomalies were then converted to expected &y anomalies (O by application
of a 50T relationship of —0.208%-/C. The resulting &y anomaly was then assumed to reflect
changes corresponding to surface water salinity changes due to shifts in the precipitation/evaporation
balance, The salinity anomaly field represents a Gy /salinity relationship of 0.30%e/practical salinity
units (p.s.u.) (33). (D) 620 data from two benthic foraminiferal taxa show a positive 520 shift of 0.3
to 0.7%. within ~200,000 years, which parallels the Gy anomaly.
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further work on the paleoelevation history of the
continent,

It is unlikely that an ice sheet of the size of

the modem Antarctic ice cap existed in the Cre-
taccous, both because of the warm surface em-
pertures noted above and because there is no
evidence for the ice-rafted debns that should be
present in the Southarn Ocean i all of Amarc-

tica had been glaciaed. However, an ice cap of

up 1o ~60% the size of the moderm Antarctic ice
sheet is plausible given the constraints imposed
by the sea-level recond, as well as our estimale
of the change in mean ocean dw, and our 4%
VEMOW estimate lor the Bsolopic composition
of glacial 1ce. These results also imply that the
&"%0 composition of Turonian polar precipitation
was not substantially heavier than wday and
contradict expectations thal greenhouse wann-
ing should decrcase factionation during vapor
transport from mid- 1o high latiudes (7, 28).
We are leli with the apparent paradox that
the prevailing extmordinanly high tropical em-
pertures during the Turonian were not a barrier
to the initiation and growth of large continental
ice sheets. The development of these ice sheets
could be attributed 0 an increase in the activity
ol the hydrological cyele, which must have ini-
tisted more humid conditions and enhanced pre-
cipitation in the high latitudes. As with periods
of Cenozoie ice growth, the initimtion of Creta-
ceous ice expansion may have been triggered
b orbital dyvnamics, because the ~200,000-year
duration of the 91.2 Ma cvent is similar to the
hall period of the 400,000-year cccemngeity cy-
cle. Our resulis suggest that Gy large ice sheas
could grow and decay equally mapidly, which is
very much the same pattem as during the Pleis-
tocene. However, unlike the Pleisiocene, Creta-
ccous ioe sheets were apparenily not a regulary
recurring  phenomenon,  possibly  because  the
exireme warmth of the Turonian, the paleocle-
vation of Antarctica, and the orital conliguration
allowed the initiation of ice sheat developmem
only under cenain rare conditions. Cur resulis
further suggest that the common assumption

that ice sheets did not exist during periods of

past supergreenhouse climates should be reex-
amined, with implications for palcotemperature
cstimation, the detenmination of the past isolopic
composition of scawater, and high-latitude ter-
restrial climate reconstruction,
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Breakdown of an Ant-Plant
Mutualism Follows the Loss of Large
Herbivores from an African Savanna

Todd M. Palmer,**** Maureen L. Stanton,>** Truman P. Young,®*® Jacob R. Goheen,**%

Robert M. Pringle,*’ Richard Karban®

Mutualisms are key components of biodiversity and ecosystem function, yet the forces maintaining
them are poorly understood. We investigated the effects of removing large mammals on an ant-
Acacia mutualism in an African savanna. Ten years of large-herbivore exclusion reduced the nectar
and housing provided by plants to ants, increasing antagonistic behavior by a mutualistic ant
associate and shifting competitive dominance within the plant-ant community from this nectar-
dependent mutualist to an antagonistic species that does not depend on plant rewards. Trees
occupied by this antagonist suffered increased attack by stem-boring beetles, grew more slowly,
and experienced doubled mortality relative to trees occupied by the mutualistic ant. These results
show that large mammals maintain cooperation within a widespread symbiosis and suggest
complex cascading effects of megafaunal extinction.

bligate mutualisiic relationships among
species are ubiquitous and  central o
ceological function and the maimenance
of biodiversity (/-5). The symbiosis between
ants and plants, which involves many specics
throughout the tropics, was the first coevolved
mutualism to be thoroughly clucidated by ecol-
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ogists (6). Many studies have shown the efficacy
of ant mutualists in deterning herbivory (7)) and
explored the costs and benelits accruing 1o the
imteracting partners (8. However, although the
importance of large herbivores in the evolution
and maintenance of these imeractions has been
hypothesteed (%, 100, 1t has never been shown.,
We investigated the effects of lange mamma-
lian herbivores on an ant-dcacia mutualism in an
African savanna The whistling-thorn tee, Aca-
cia drepanclolivm, dominates heavy-clay soils
across large expanses of upland East Adrica (/).
Al branch nodes, A drepanefalimm produces
cither slender stipular thorns or hollow swollen
thomns tha serve as ant housing (“domatia™),
The tree also scerctes a carbohydrate-rich nee-
tar from extrafloral glands located near the
bascs of leaves (/21 At our study site in Kenya,
four specics of ants (Crematopastor mimaosae,

C. sfostedtf, C. nigriceps, and Tetraponera pen-
zigh) compete lor exclusive possession of host
trees and vary strongly in both their delense of
the host trees and their use of the ree's “rewands™
lie. domatia and nectar (1, 13)]. Crematopaster
mimosae aggressively defends host trees from
hebivores and relics heavily on swollen-thom
doratia, where they mise brood, house workers,
and occasionally tend honevdew-producing scale
insects (Coceidae) (A1), In comrast, € sfosredi
15 a lessaggressive defender of host plants (/3)
and, exclusively among the four ant species,
does not nest in domatia but rather in stem
cavities excavated by the lavae of long-horned
bectles (Cerambyeidac). Under naural conditions,
C. mimosge 15 the most abundam ant symbioni,
occupying ~32% of all wees a1 our sites, whercas
C. sjosted occupics ~16% of host planis.

The remaining two ant species, €. migriceps
and ¥ penzigi, also oceur in relatively low abun-
dance (~153% and ~17% of wees, respectively).
and each uses distinctive behaviors that reduce
the likelihood of hostile takeover by the com-
petitively supenor O mimosae and O, sjostedii.
Crematogaster nigriceps is an efloctive defender
(/3,14 but also pruncs axillary buds and Kills
apical meristems, which reduces latermal cinopy
sprcad and thus the kelibood of contact with trees
eccupicd by hostule colomes (15) Tarapanera
penzigi, an intermediate protector, destroys its
host-plants” nectaries: a “scorched-canh™ strategy
that reduces the probability of akeover by neigh-
boring nectar-dependent. Crematezaster colonics
(/o). All thiee Cremuatogaster species derive o
least some of their energy by loraging ofFiree
for insects; in comrast, T, penzied seldom leaves
its host and appeirs 1o subsist by gleaning small
food items (c.g., pollen and fungal sponcs) (rom
the surfaces of its host (/7).

In 2005, we sampled A, drepanedofimn rees
(1.5 10 3.0 min height) in 12 plots (4 ha each)
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situated within three replicate blocks of the Kenva
Long-Term Exclosure Expenment (KLEE) ( £8).
In cach block, two plots were accessable o all
wildlife, and m the other two (hereafter called
“exclosurcs™), all wild herbivores =15 kg had

=
L]

MNumber of active nectaries

Ccn

Mumber of swollen thoms @

Fm |_]
2
CE Cl" Cit

Ant species

Fig. 1. Rewards produced in the presence {white
hars) and absence (gray bars) of large herbivores
by A drepanolobium occupied by different spe-
cies of Acacia ants. Ant species’ abbreviations are
indicated as: Cs, C sjostedti; Cm, C mimosae; Cn,
C. nigriceps; Tp, T. penzigi, All means shown are
averages across six plots £ SEM. "Ant species,”
herbivore-exclusion treatment (“treatment”), and
their interaction all had significant effects on the
production of host-tree rewards [multivariate anal-
ysis of variance (MANOVA), Wilk's lambda; for ant
species: Fy74 = B0J, P < 0.0001; for treatment:
Fa37 = 7.54, P < 0.002; for the interaction: Fg7a =
2.3, P = 0.04]. There was no significant block ef-
fect on overall reward production by host plants
(P > 0.30). (A) ANOVA revealed a significant ant
species » treatment effect (F; 55 = 4.3, P = 001)
on mean production of active nectaries by host
plants. There was no significant block effect on
mean nectary production (P = 0.4). Asterisks
indicate significant differences in planned contrasts
of mean production of active nectaries by species
between treatments. (*), P = 0.06; *, P < 0.001.
Nectary data are not shown for T. penzigi because
this species actively destroys all host-plant nectaries
(16). (B} Both ant species (ANOVA, F3 3g = 39.5,
P < 0.0001) and herbivore-exclusion treatment
(ANOVA, Fy3s = 8.0, P < 0.01) were significant
sources of variation in the mean number of swollen
thorns produced by host plants. There were no ant
specdes x treatment (P > 0.5) or block (P = 0.2)
effects on mean swollen-thorn production.

Tp
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been excluded continuously since 1995 (18, 19)
This gave us six replicates per treatment, divided
among three blocks in a stratified rmndom design
(f9, 20

In the absence of browsing by lange heda-
vores, A drepanolebiom trees decrcased  their
investment toward supporting svmbiotic ants, A
single decade of herbivore exclusion resulted in
reduced rewards (both extrafloral nectanes and
swollen thoms) provided 1o ants by tnees (Fig. 1),
Within exclosures, reduction of kal nectar gland
rewards was strongest for trees occupied by C
spostedi and C. mimosae, wheneas the abundance
of “active” nectaries (/f) did not decline sig-
nificantly on wrees occupied by O migriceps
{Fig. 1A} From the plant’s perspective, the pruning
behavior of C meerieeps may simulate browsing
by hebivores, inducing host rees to provide
maore rewards to O pigdeeps symbionts even in
the absence of browsers (£, 20, 21). Production
ol domatia by host trees was also sigmificamly
reduced by herbivore exclusion (Fig. 1B). Sim-
ilar to the observed reductions that occurned for
nectanes, reductions in swollen-thom densities
for host plans occupied by C. nigriceps were
negligible relative 1o trees oocupied by the other
three ant species. Differences in the density of
active nectarics and swollen thoms between ex-
closure tresiments almost certainly do not result
from trit-specilic vamation in tree recnaitment or
survivorship over the 10-year duration of this
experiment; sampled host trees are estimated 10
be 47 to 70 vears old (18, and there were mo
signilicant differences in tree density among tneit-
ments within this size cles of wees [analvsis of
varance (ANOVA), for treument: F , = 037, P=

0.6
E *
S
§ ok

0.4
@
£
k=]
g o2l

0
Cs Cm Cn Tp
Ant species

Fig. 2. The proportion of host trees occupied by
the four Acacig-ant spedies in the presence of large
herbivores {white bars) and in plots from which
large herbivores had been excluded (gray bars) for
10 years. Means shown are averages across six
plots = SEM. MANOVA revealed significant differ-
ences in Acacig-ant species composition in plots
with and without large herbivores (Wilk's lambda,
Fs3 = 17.9, P < 0.02). There were no significant
block (P = 0.13) or treatment = block (P = 0.65)
effects on Acada-ant species composition. Asterisks
indicate significant differences in planned contrasts
of the relative abundance of each ant species be-
tween treatments. **, P < 0.003; *, P < 0.01.
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0.56] (F5). Rather, reductions in swollen-thom
and nectar provisioning hkely represent pheno-
typically plastic responses by host plants 1o the
reduction of browsing pressure (/8), as with
previous studics demonstrting both the relaxa-
tion and expenimental re-inducibility of stipular
thoms in A, drepanalebinm in the mammal ex-
closures (2.

The experimental exclusion of large herbivores
caused marked shills in the commumity of sym-
biotic ants occupying A, drguaolobiem (Fig, 2).
In the absence of browsing by large herbivores,
the proportion of trees occupied by O sfostedin
doubled, with this species becoming the most
abundant symbiom (/8] In contrast, the propor-
tion of trees occupied by C mimosae decreased
by more than 304 (Fig. 2). There were no sig-
nificant differences between treatments in the pro-
portion of host rees occupicd by the less-common
guild members O wigriceps (P = 04) and T
penzigi (P = 09) { 18). Herbivore exclusion also
reduced the average siee of individual C mimesae
colonics by 47% (planned contrasts, £ < 0.001),
while having no significant effet on average
colony siee for C. sfostedii (7= 0.5), C migriceps
(P =09). or T. penzigi (P = 0.5) (18).

In addition to shifling the community struc-
ture and competitive relationships among  am
svmbionts, the exclusion of lrge herbivores in-
creasad the froquency of apparently antagonistic
behavior by O mimosae. After reductions in the
production of leal nectar glands  within the
herbivore-exclusion treatment, O mimosae was
twice as likely, on avemge, o tend sap-sucking
homopleran  scale mscets (scale insects were
tended on 194 versus 9.7% of branches surveyed
for exclosures versus open plots, respectively:
logistic regression, for treatiment: chi-square =
1230, di= 1, P= (.007) (18).

In addition, aggressive necruiiment in response
to experimental disturbances of host plants was
0% lower for C mimosae workers in herbivore
exclosures versus unfenced plots (fig. S1; planned
conirasts, << 0000 1) (f &), whereas herbivore
cxclusion had no significant effects on host-
defending behaviors in the three other Aogeia-
ant specics (planned contiasts, P = 0.4 for all
compansons) (8L Thus, trees occupiod by O
mimaosae within exclosures are likely to experi-
cnoe both mereased costs (due 1o mercased
tending of scale insccts by their associale ans)
and decreased benefiis (due w0 the ams” reduecd
azgression in response o experimentally induecd
disturbance).

Changes in Acacig-ant communily structure
and . mimosae colony size appear o be driven
by differences among the four ant species in the
degree 10 which they depend on host-plant re-
wards, The greater reliance of C mifmeosae and
O, agriceps on nectar rewards from host trees,
relative to that of O sjosiedr, 15 indicated by their
much higher mites of atendance at active nec-
tarics [mean number of workers atiending nec-
taries (= SEM) = 202 (£ 037), 3.76 (= 038),
and 0.1 (+ 006) for O mimosae, O migriceps,
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and € sjostadri, respectively; ANOVA, Faus =
GLO4, P = 0.0001] (/5) and by their relatively
lower values of &N |a stable-isotope signature
indicating that C, sjostedti derives a greater pro-
portion of its dict from higher trophic levels
22}, namely other anhmopods (23, 24)]. When
large herbivores are excluded, a reduction in
the availability of active nectancs on trees appears
o reduce average colony size, defense of host
plants, and the reltive abundance ol nectar-
dependent O mrimosae, all in Bvor of its parsitic
competitor, O sfostedi. In contrast, although
O migriceps also depends heavily on nectaries,
branch pruning by this species appears 10 main-
tain the production of active nectarics by its host
trees (Fig, 1A) even where herbivores ane ab-
sent (13, 20, 21,

The reduction in ant domatia on host trecs
that resulied from herbivore exclusion also had a
disproportionate negative impact on O primosae,
This species depends entirely on swollen thoms
for nest space, whereas O sfostedti houses cpgs,
larvae, and pupac exclusively within stem cav-
itics excavated by cermmbycid beatle larvae
Again, allhough €. migriceps also raises voung
exclusively in domatia, pruning by this species
may help o maintain domatia production by host
trees. Finally, the relative abundmnce of T penzigi
wis not influenced by herbivore exclusion, Be-
cause this specics destroys its host-plant’s nec-
taries (/6), very rrely undergoss aggressive
colony expansion (25), and is offen able 10 resist
invasion by neighbonng ant colonies (f3), T

Fig. 3. Average annual growth {white 0.4

bars + SEM) and cumulative mortality
{gray bars) for host trees occupied by the
four Acada-ant species over an 8-year ob-
servation period. Average annual growth
increments were calculated for trees con-
tinuously occupied over an 8-year period
by each ant species, with n = 158, 192,
162, and 75 for trees occupied by C
sfostedti, C. mimosae, C. nigriceps, and T.
penzigi, respectively.

Proportion of trees dying

Fig. 4. long-homed beetle
(Cerambycidae) attack on
ant-removal (gray bars =
SEM) and control trees (white
bars + SEM) occupied by the
four Acacia-ant species (n =
9 to 12 trees per ant species
per ireatmentl. Significance
levels for effects of ant re-
moval on new beetle damage
sites are shown for one-way
ANOVA models conducted
separately on each ant spe-

10ecm

0.3

02

01

penzigi is less aflocted by vanation in host-plant
rewards than € sunrosae,

Because O sjestedti derives much of s diet
from temestrial invertebrates, increased arthro-
pod abundance after mammal exclusion might
favor that species. However, this is unlikely 10
explain our results. Extensive sampling within
experimental plots (/8) demonstrated than nei-
ther the mean abundances of arboreal, herba-
ceous, and terrestrial non-ant arthropods, nor the
mean biomass of herbaceous and temestrial non-
ant arthropods, differed  significamly  between
hebivore-exclusion and control plots (1 wess, =
0.1 for all compansons) (/&) This finding is
consistent with a previous study showing no dif-
ferences m toial anhropod  abundance across
these reatmens (20).

Thus, herbivore exclusion effects dramatic
changes in the Acacia-ant community, but how
do these changes feed back to the host plants
themselves? Counterintuitively, the loss of lape
herbivores that browse on A drepanolobinm is
likely w have strong negative impacts on the
growth and survival of these troes, mediated
through changes in the abundance ol dominant
ant symbionts. Eight vears of longitudinal data
for =1750 marked A drepanedobiem individuals
(18) show that trees occupicd by O sjostedti
grow markedly more slowly and sufter twice the
mortality a5 compared with trees occupied by
the other three ant species (Fig. 3). The reduced
vigor and higher mortality of C sjosiedn
occupied trees are likely tied 10 stem damage
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47 &
i ls &
(5]
15 8
2
L 4 §
[i=]
43:‘3-&
= -2:
113
2
0

Cm Cn Tp
Ant species

g0 - ==

g of

I'.ﬂﬁ- E

: (%)

e *f

g 2

3 o

<= Cs Cm Cn Tp

Ant species

cies, after the discovery of a highly significant interaction (18) between ant species and the ant-removal
treatment. (*), P = 0.07; *, P = 0.02; **, P = 0.005. The left panel shows cavities excavated by boring
beetle larvae within a longitudinal cross section of a main stem of A drepanclobium, An adult
cerambycid beetle discovered within this stem is also shown.

bv wood-boring cerambyeid beetles that create
nesting spaces for O sfostedt. An ant-removal
cxperiment (M%) revealed that O sfostedt actively
facilitates attack of s host tnees by cerambyeid
bectles. Adter 18 months, attack by long-horned
beetles decreased by 77% on trees from which
C, sfosteds had been removed, relative o trees
where colonics were left intact (Fig. 4). In con-
trast, C migriceps and C. miimosae appear ©
actively protect their host trees from atlack by
these beetles (Fig, 4) The facilittion of these
highly destructive (27) tree-boring insects by €.
sfostedit provides a mechanism for the negative
impact of this ant on ree growth and survival,

Our results indicate that the large herbivores
typical of Alncan swvannas bave driven the
evolution and maintenance of o widespread ant-
Acacia mutualism and that their experimental ly
simulated extinction mpidly tips the scales away
from mutualism and woward a suile of antagonis-
tie behaviors by the interacting species. Browsing
by large herbivores induces greater production of
nectary and domatia rewards by troes, and these
rewards in wrn influence both the behavior of
a specialized, mutualistic ant symbiont and the
outcome of competition between this mutualist
and a non-obligate host-plant parasite. Where
herbivores are present, the carbohivdmite subsi-
dy provided by host trees plays a Key role in
the dominance of the strongly mutualistic
mimaosae. which is consistent with the hypoth-
esis that plant exudates Tuel dominance of canopy
anmt specics that are specialized users ol these
abundam resources (25) In the absence of lange
herbivores, reduction in host-tree rewards 1o ant
associates results in a breakdown in this mutual-
ism, which has sirong negative consequences for
Avacia growih and survival. Ongoing anthropo-
eenic boss of large herbivores throughout Adirica
(249, 30y may therefore have strong and unan-
ticipaied consequences for the broader comimu-
nitics in which these herbivones occur.
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Endothelial Progenitor Cells Control
the Angiogenic Switch in Mouse

Lung Metastasis

Dingcheng Gao, Daniel ). Nolan, Albert 5. Mellick, Kathryn Bambino,

Kevin McDonnell, Vivek Mittal®

Angiogenesis-mediated progression of micrometastasis to lethal macrometastasis & the major cause of
death in cancer patients. Here, using mouse models of pulmonary metastasis, we identify bone

marrow (BM)—derived endothelial progenitor cells (EPCs) as critical regulators of this angiogenic switch.
We show that tumors induce expression of the transcription factor 1d1 in the EPCs and that suppression of
Id1 after metastatic colonization blocked EPC mobilization, caused angiogenesis inhibition, impaired
pulmonary macrometastases, and increased survival of tumor-bearing animals. These findings establish
the role of EPCs in metastatic progression in preclinical models and suggest that selective targeting of
EPCs may merit investigation as a therapy for cancer patients with lung metastases.

sseminated malignant primary  umor
Dw.:l]s. colonize target sccondary organs,

through bone marrow  (BM)-derived
premetastatic miches (f, 2), w form dommant
mictometastases (3). In some cases, these micro-
metastases activate the angiogenic switch and
progress 1o macrometastases (4, 3). The cellular
and molecular mechanisms regulating the angi-
openic switch and the dviamics of vessel assem-
bly during the progression of micromelasiases o
miacrometastases remain poorly understood, which
limits the wiility of antiangiogenic approaches o
controlling metastasis, In this study, we have
imwvestigated whether BM-derived endothelial pro-
genitor cells (EPCs) contnbute 1o angiogenesis-
mediated progression of micrometastascs nto
deadly macrometastases,

To lacilitate tracking ol both metastatic tumor
cells and BM-derived cells i vivo, we implanted
Lewis lung carcinoma cells stably expressing red
NMuorescent protein (LLC-RFP) imo syngencic
mice reconstituted with BM cells expressing
green Muorescent protein (GFPT BM) (lig. S1A)
(6). Affer primary tumor resection (fig. S1B),
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Laboratory, Cold Spring Harbor, NY 11724, USA.
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numerous RFPT pulmonary micrometastases (<1
mm in diameter) were detected by stercomicro-
scopic imagmg at day 14 aficr umor inoculation
(12 on average per animal) (fig. S1C) The wtal
number of metastases increased with time (aver-
age 22 and 35 per animal at day 21 and day 28,
respectively) (Fig. 1A) with a concomitant in-
crease in macrometastases (=1 mm in diameter,
47 at day 28) (Fig. 1A), which indicated a time
window of micrometasiasis o macrmetasiasis
progression. We nexi determined whether this
window of metastasis progression was associated
with the angiogenic switch. Immwunohistochemical
staining  showed that the micrometastatic foci
(day 14} were largely avascular, as determined
by a lack of CD317 vessels (Fig. 1B, top). In
contrast, macrometastatic foci (days 21 1o 28)
were infiltrated with many CD317 neovesscls
ol various sizes (Fig. 1B, bottom), which sug-
gested that these lesions had undergone an an-
giogenic switch during their expansion in size,
As expected. many BM-derived GFP™ cells
were recruited 1o both micro- and macro-
metastases (fig. S1C and Fig. 1B). Although a
majority ol these cells represented  hemato-
poictic lincages, as previously deseribed in pri-
mary twmors (7) (g, S2A), we locused on
BM-derived endothelial cells that directly con-
tribute to neovascularization (8), Microscopic

analvsis of macrometasiases showed that a sub-
sel of neovessels had incorporated BM-derived
endothelial cells [GFP'CD317 (Fig. 10)]. Lumi-
nal meomporation was conlimned by optical see-
tioning microscopy, which showed that the GFP
and CD31 signals were localized w the same
individual cell in all three dimensions [supporting
online material (SOM) text, Note |, and (lig.
S2B)). Functional incorporation ol BM-derived
endothelal eells was quantfied by systenie per-
fusion of fluorescently labeled isolectin GS-1B4,
which specifically binds to the luminal surlace
ol endothelial cells in vessels with active blood
circulation (&, 9). Macrometastases were dis-
sected from the lungs, and Muorescence activated
cell sorting (FACS) analysis showed that the
luminally incorpormted BM-denved endothelial
cells (GFP LectinCD31'CD1I b7y represent on
average 127 + 2.9% of wtal endothelial cells
(Lectin" CDITCDIIb piFig. 1, D and E)

To confinm that these events also occur in a
midel of spontancous metstasis, we transplanted
syngencic GFP™ BM into MMTV-PyMT trans-
genie mice, a model of breast cancer. Pulmonary
micromctastases were detected in the mice m 12
weeks of age, and these lesions progressed into
numerous macrometasiases by week 16 (Fig. 2A4).
Notably, GFP" BM-derived cells colocalized with
the metasiatic lesions (Fig. 2B), Asobserved inthe
LLC model, the micrometastases were avascular
and lacked CD3 1 vessels (Fig. 2C), whereas nocm-
metastases were infilimted by CD31T neovessels
{Fig. 213, which indicated that these lesions had
undergone an angiogenic switch at this defined win-
dow. Histology revealed vessel-incorporated GFP
CD317 BM-denved endothehial cells (Fig. 2E).
Further quanufication showed that 117 = 3.7%
of vessels in the metastases contamed mcomorated
GFP™ BM-derived endothelial cells (Fig. 2F).

Wi have previously shown that the BM-derivad
endothelial cells are derived from progenitor cells
defined by cell surface expression of vascular
endothelial (VE}-cadhenn, vascular endothelial
growih factor receptor 2 (VEGFR2), dim CD3 1,
and Prominin | and lack various hematopoictic
markers (8), Analysis of micrometastases showl
infilimtion of BM-derived GFP™ VE-cadherin’
EPCs in the penpheral region of the lesions (Fig.
3A) FACS analysis of the lungs bearing micro-
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metastases showed a fivelold ncrease in BM-
+ - N - i El & o - i

derived EPCs (GFP" VE-<cadherin® CD3 5™

CDIEbT Y as comparad with that of control normal

lungs (1985 = 299 versus 37,3 £ 601, = 0.0001)
(Fig. 3, B and C). To determine the mechanism
underlying EPC recnuitment to the sites of neo-
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Fig. 1. BM-derived endothelial cells contribute to the angiogenic switch in mice transplanted with
LLC cells. (A) Quantification of total metastatic colonies in the lung after tumor inoculation. The
percentage of macrometastases (=1 mm in diameter} is indicated; n = & per time point. (B)
Microscopy showing avascular micrometastases (top, day 14) and a vascularized macrometastasis
(bottom, day 21). Blood vessels were detected by CD31-specific antibody. Dotted line separates the
host tissue from the tumor in this and subsequent figures. Scale bar, 200 pum. (C) Vessel
incorporated BM-derived endothelial cells (GFP* CD31", arrows) in RFP* macrometastasis stained
with DAPI (4" &'-diamidino-2-phenylindole}. Scale bar, 100 pm. (D} Scatter plot depicting
contribution of BM-derived endothelial cells in functional vessels of microdissected macrometas-
tasis. P1 gate, total functional endothelial cells (CD31" Isolectin® CD11b7); P2 gate, BM-derived
endothelial cells (GFP* CD31" lsolectin® CD11b7). Results obtained by analyzing 1 x 10° cells.
55C, side-scatter values. (E) Quantification of FACS analysis showing percentage of BM-derived
endothelial cells (BMEC) in vessels of macrometastases. Data are means + 50; 7 = 5 per group.

Fig. 2. EM-derived endothelial cells contribute to A
the angiogenic switch in MMTV-PyMT mice, a model
of spontaneous metastasis. (A and B} Representa-
tive lung images showing metastasis progression
(weeks 12 to 16) in MMTV-PyMT mice reconstituted
with GFP* BM; n = 20 mice. Scale bar, 5 mm. (D31
staining of pulmonary micrometastases (C) and

viscularization, we examined metastatce lesions
for the expression of adhesion molecules, Nascem
vessels conlinad 1o the matastatic lesions expressad
higher levels of vascular cell adhesion molecule
I IVOAM-1), and notably, EPCs expressed cog-
nate receplors integrin agfd, (g, 83, A, C, and D),
Indecd, the presence of EPCs in the proximity of
VCAM-17 vessels (fiz. 33B) suggests that inter-
actions between VUAM-1 and integrin ayffy
mediate EPC' recruiiment, as observed previously
lor hematopoietic progenitors (/0-/2), Taken
wogether, these resulis demonstrne that an an-
giogenic switch is associmed with the progression
of micrometastises 10 macrometastases, during
which BM-denved EPCs are recruited 1o the
metastastic foct and contribute luminally © the
neovasculature i metstatic lesions,

To explone whether BM-denved EPCs are ne-
quircd for the progression of micromelastasis
macrometastasis, we studied the effects of loss of
EPC
trnseripion factor because [d1 knockout mice
(1d1™ 137 exlubit impaired tumor growth, be-
cause of BM-associated angiogenic defects (13, 14).

funchion m vive, We focused on the 1dl

Notably, in response to a tumor challenge. we
detected a -2.5-fold up-regulation in ldl mRNA
expression in the BM cells iFig. 3D) More
impornant, Id] expression was conlined 10 EPCs
and was not seen in other BM eells upon tumor
challenge (Fig. 3E and fig. S4A), which suggests
that Id1 may be critical for EPC function in the
context of metastisis, To dissect the mole ol Kl in
EPC-mediated progression ol metastatic lesions,
wie used a lentiviml-based symthetic microRNA
(miR-30}-based short hairpin RNA (shRNA) ex-
pression system whose activity could be induced
by doxyeyveline (Dox) to target Id1 expression n
vivo (fig. $3). This approach allowed us 10 gen-
crate acute [d] suppression in the BM selectively
during metastasis progression withoul compro-
mising the contribution of BM-derived endo-
thelial cells o the growth of primary tumor,
which cannot be achieved in the 1d1 knockow

macrometastases (D) in MMTV-PyMT mice. Dotted
line, as in Fig. 1. Scale bar, 200 um. (E} Incor-
porated BM-derived endothelial cells (GFP* CD31",
arrows) in the vessels in macrometastases in MMTV-
PyMT mice. Scale bar, 20 um. (F) Quantification of
vessels containing GFP* BM-derived endothelial cells.
Data are means = 5D. (A total of 2418 vessels were
counted; n = 38 metastases derived from six animals).
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mice. Aneffective shRNA that reduced endog-
cnous ldl mERNA and protein levels (=95%
reduction) (fig. S4. B and C) was cloned into a
Dos-mducible expression vector (lig. 540). The
specilic and nght regulanon of 1dl shRENA
capression by the inducible system was estab-
lished in the context of genomic integration in
vitro (fig. 54, E and F).

To determine the impact of Id 1 gene suppres-
sion on metastasis progression, lincage negative
(Lin"} cells denved from ROSA26 reverse
tetracy chine transactivator (MTA) tinsgemic mice
(13} were transduced ex vive with lentiivirus
expressing either the [dl shRNA or the non-
specilic shRNA and trnsplanted into lethally
nradiated recipient mice aceording to the scheme

REPORTS

in fig. 55A. No significant change in primary
tumaor growth was observed in these animals ( fig.
558} betore Dox admimistration. However, Dox-
meediated mduction of 1d] shENA expression sub-
stantially reduced the wtal number of metastases
in animals having an ld] shRNA bone marmow
tmnsplant (BMT) (28 + 6 in - Dox versus 8 + 5
in +Dox) as compared with nonspecific shRNA-

¥ i ; o
f|g+ 3 1d1 EPl;s contribute to early metastatic lesions A GFP/DAP! VE-cadh/DAP GFRIVE-cadh  GFPIVE-cadh/DAPI
in mice. (A) Microscopy showing recruitment of BM- \
derived EPCs (GFP* VE-cadherin®) at the periphery of Lung
LLC micrometastases in the lung (day 14). Dotted line

Micromets

is as in Fig. 1. Scale bar, 100 um. (B} FACS analysis of
EPC recruitment from lungs bearing micrometastases
iday 14). Of the total lung cells, BM-derived non-
hematopoietic cells (GFP* CD11b7) cells were gated
(P1), from which BM-derived total endothelial cells B
(GFP* VE-cadherin® CD11b7) were determined (P2). A
subset of these cells are EPCs (GFP* VE-cadherin®
€D31%™ CD11b7) represented by (P3). (C) Quantifica-
tion of FACS analysis showing EPC recruitment to
metastatic lungs (LM} (day 14) versus control lungs
{Cont.), Results are from analysis of 1 x 10° cells per
animal. Means £ 50; n = 5 per group. (D} Quantitative
RT-PCR analysis showing 1d1l mRNA levels in Lin~ BM
cells harvested from tumor challenged versus un-
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Microscopy showing RFF* pulmonary metastases S s00 2 200 [ Jow:
(day 28) in mice with BMT of nonspecific 3 8 29 Saso{ [
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absence (—Dox) or presence (+Dox) of Dox. & & 128 g
Scale bar, 5 mm. (B and €} Quantification of & § 6.2 < s0 . i
macrometastases (=1 mm in diameter) and 31 o= -
micrometastases (<1 mm in diameter) in the Dox  +Dox

lungs. Data are means = 50; n = 10 per

group. (D) Survival curve comparing untreated (—Dox) and treated (+Dox) 1d1
shRNA—BMT mice. (Insets) Representative lungs isolated from —Dox (day 30
post resection) and +Dox (day 42 post resection) mice. Scale bar, 5 mm. (E)
Quantitative RT-PCR analysis showing 1d1 mRNA levels in the BM harvested
from the treated (+Dox} versus untreated (—Dox) ld1 shRNA-BMT mice. Data
are means = 50; n = 10 per group. (F} FACS analysis of the circulating EPCs
(c-kit"VEGFR2*CD11b™} in peripheral blood of untreated (—Dox) and treated

(+Dox) Id1 shRNA-BMT mice (day 21). A total of 1 x 10° cells were analyzed per
animal. Data are means = 5D; n = 10 per group. Note, that because FACS did
not detect GFP expression, circulating EPC levels in the peripheral blood were
determined in the context of c-Kit expression as described (21). (G) CD31
staining showing the vascularization defects in pulmonary metastases in
treated (+Dox) versus untreated {(—Dox) 1d1 shRNA-BMT animals (day 28). Scale
bar, 100 um. Dotted line separates the RFP* metastases from the host lung.
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BMTanimals [32 = 7 in -Dox versus 33 = 6in
+ Dox (Fig. 4A)]. This reduction was due primarily
o a decrease i macrometastases in Dox-treated
1dl shBENA-BMT ammals [13.8 = 6.1 m -Dox
versus (L6 + 1.3 in +Dox, P= 0.0014 (Fig. 48)).
No significant reduction in micromclasiases wils
observed in the lungs of these animals (Fig, 4C),
which suggestad that the inducible Id] suppression
did not affect initial lung colonization by tumor
cells, but impaired their progression into macro-
mictaskses, Furthenmore, wmor-bearing 1d] shRNA
BMT mice reated with Dox outlived the untreaied
mice [P = 0233 (Fig, 4D)]. Necropsy revealed
that the untreated mice had collapsed lungs con-
taining numerous macrometastatic lesions (Fig. 4D,
mscrt - Dox), which suggested that pulmonary
macrometasiasis was the main cause of death.
Inducible suppression of 1d] gene expression
in vive was conlirmed by quantitative real-time
polymerase chan reaction (RT-PCR), which
showed a reduction in Id] mRNA levels n the
BM of the Dox-treated Id] shRNA-BMT nmuee
to one-filth those of untreated mice (Fig. 4E).
More important. conditional 1d1 suppression re-
sulted in reduction in the level of circulating
EPCs (e-kit VEGFR2Z'CD11b ) to one-third the
circulating EPCs in those without doxyeyeline
{Fig. 4F). The reduction in EPCs was specilic, as

we detected no significam change in the levels of

BM-derived hematopoictic cells, including B
cells, T cells, and myeloid and VEGFR1™ cells
(figs. So 10 S8), Our daa also suggest that a
decrease in lvmphocyies in resting 1d1 knockout
mice recently repored by Nimer and colleagues
(16) was most likely due to developmental com-
pensations associated with the knockout mice.
Overall, our siwdy provides evidence that BM-
derived EPCs play a direct role in angiogenesis-
mediated progression of metastatic lesions, bt
they have no elfect on metastatic initiation, which
is dependent on VEGFRI™ cells. Notably, im-
paired mobilization ol EPCs resulted in a damatic
reduction in vessel density in metasiatic lesions in
Dox-treated Id1 shRNA-BMT mice 222 + 47%
in ~Dox versus 4.1 = 2.9% in ~Dox (Fig. 4G)).
Aldthough we have observed that a reduction in the
levels of circulating EPCs correlates with impaired
angiogenesis, our study docs not address whether
local lung resident progenitors or dedifferentiation
of commited hematopoictic cells also comnbute
to EPC population as reviewed in (47),

This study illustrates the ertical role of EPCs
as novel rezulators of the angiogenic swiich in
mictastatic progression and points 1o a direct role
of Idl in mediating EPC mobilization and re-
cruitment. Although only 12% of the neovessels
in the metastatic lesions showed Juminal incor-
poration by BM-derived endothelial cells, it is
neteworthy that blocking EPC mobilization caused
severe angiogenesis inhibition and sigm ficantly
impaired the formation of lethal macrometastases,
which suggested that EPCs may have additional
proangiogenic propertics inomediating the angi-
ogenic switch, Notably, gene expression analysis
of FACS-puriticd EPC's from wmor tissue revealod

up-regulation of a variety of key proangiogenic
genes including growth factors, receptors, chemo-
kines, and ECM modifiers (table S1L Together,
these lindings support the rationale for the anti-
angiogeme treatment of metastatic cancer and sug-
gest that the elficacy of antiangiogenic inhibitors
currently used in clinical mals, such as blocking
antibodics 1o VEGF and VEGFR2, may be a con-
sequence of dincetly targeting BM-derived EPCs,
as well as the nascent umor visculatune, This
hypothesis is bolstered by studies that have shown
that antiangiogenic drugs also suppress the mobi-
liztion and levels of EPCs (/&) Given that BM-
derived endothelial cells also contribute 1 vesscls
in humans (/9 20) and that nitial metastatic

colonization las vsually occumed by the tme of

the primary wmor diagnosis, our resulls suggest
that trpeting BM-derived EPCs, perhaps in com-
bination with conventional chemotherapoutics, may
provide a fesible therapeutic approach For cancer
paticnts with lung metastases. It s important 1o
note, however, that i the cliucal setting 1t can
sometimes take vears for domant micromelastases
1o progress 1o lethal micrometastases, a ime course
that is not recapitulated in our mouse models.
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Dendritic Cell-Induced Memory T Cell
Activation in Nonlymphoid Tissues

Linda M. Wakim, Jason Waithman, Nico van Rooijen,?

William R. Heath,?®* Francis R. Carbone®*

Secondary lymphoid organs are dominant sites of T cell activation, although many T cells are
subsequently retained within peripheral tissues. Currently, these nonlymphoid compartments are
viewed as sites only of effector T cell function, without the involvement of renewed induction of
immunity via the interactions with professional antigen-presenting cells. We describe a method of
reactivation of herpes simplex virus to examine the stimulation of tissue-resident T cells during
secondary challenge. The results revealed that memory CD8* T cell responses can be initiated
within peripheral tissues through a tripartite interaction that includes CD4" T cells and recruited
dendritic cells. These findings lend evidence for the existence of a sophisticated T cell response
mechanism in extra-lymphoid tissues that can act to control localized infection.

he activation of T cells during localized

I infection takes place within the dmining
lymph nodes, where the bulk of T cell
priming is thought to occur (f). However,
peripheral nonlymphoid tissues harbor a stzable
proportion of the overall T cell pool, primarily
consisting of long-lived memory T eells (2, 3).
During infection, peripheral tissues invanably
represent the first point of contact with a wide
range of pathogens, with resident T cells con-
stdered as entical 10 local infection control ().
Indecd, it has been suggested that such sites
should be viewed as an extension of the sce-

ondary lymphoid companment, and the tcrm
clfector-lymphoid tissue (ELT) has been used in
their description (3). Nevenheless, the contribu-
tion ol the individual components within the ELT
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and the nature of the local responses remiain poorly
defined. Futhermore, it 15 commaonly assumed
that penpheral responses oceur solely through the
claboration of effector molecules in the absence
of new lymphocyte proliferation (6, 7). However,
local expansion has been reponted in cenain situ-
ations (&), and it remains possible that dendrine
cells (DCs) are involved because these cells arc
known 1o aid in memory T cell activation (9),
Such DCs might be resident within peripheral
tissues (0 or could derve from infillmting mono-
evies in response o inflammation (/7).
Transplantation of peripheral tissues containing
T cells imo naive recipients provides one conve-
micnt mears of studying local responses, because i

permmits identilication of the memony cells onginat-
mg from these nonlymphoid sites while allowing
recrultment of other cells that may be entical for
therr optimial activation. We selected sensory dorsal
root ganglia (DRGs) from mice that had been
infected with herpes simplex virus (HSV) in
their Nlank, because these tssues retain infilimting
T cells well after resolution of acute infection
(1 2-14). In addition, these ganglia harbor HSV
i a latent form, which is typically reactivated as
a consequence of surgical extraction ( /3), provid-
ing an effective means ol local virus challenge.
Ganglia taken 20 and 40 days afier infection had
datectable numbers of virus-specific T cells and
no infectious vins at the time of extraction (/3).

REPORTS

Excision and transplantation provided a obust
level of virus reactivation over the course of 5 or b
days (ig. S1) To track virus-speaific T ccdls, we
seeded muce (0 be used as DRG donors belore
HSV itection) with low numbers of T edlls from
animals expressing transgenic T cell receptors
specific for the class I restricted immunodominanm
peptide of HSY glycoprotein B (gBT-1 cells).
Within two days of transplantation, the numbers of
T cells in the DRGs (el sharply, in most Gses 1o
undetectable levels (Fig. 1, A and B) in a fashion
similar 1o that observed recemtly (/6), This decline
was lollowed by a nse in specilic T cell numbers,
beginning around days 5 or 6 after tmmsplanation
(Fig. 1A). The peak in numbers of gBT-1 cells m
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Fig. 1. Expansion of tissue-resident T cells after HSV reactivation. (A and B) Bé mice seeded
with naive gBT-1.CD45.1* CD8" T cells were infected with HSV. DRGs from these mice harboring
latent HSV infection were transplanted under the kidney capsule of naive recipients. Numbers of
gBT-1.CDA45.1" CDB" T cells within each graft were enumerated by flow cytometry. Data points
represent individual mice from a single experiment (A} and pooled data from seven experiments
(B). Horizontal bars indicate the mean, (C) Sections of the graft on days 3 and 9 after
transplantation, stained for CD8 (green) and 4,6 -diamidino-2-phenylindole (DAPI) (blue
nuclear staining). (D) B& mice were seeded with in vitro activated gBT-1 cells and OT-1.CD45.1*
CD8* T cells 4 days after HSV infection. Latently infected DRGs from these mice were
transplanted under the kidney capsule of recipients. Grafts were recovered, and the numbers of
gB-specific and ovalbumin-specific CD8* T cells were enumerated. Error bars represent the
mean + SEM with five mice per group. (E and F) B6 mice seeded with naive gBT-.CD45.1" CD8*
T cells were infected with either a thymidine kinase mutant H5V incapable of viral reactivation
or the wild-type parental strain. Latently infected DRGs were transplanted under the kidney
capsule of recipient mice and, at the indicated times, the number of gBT-1.CD45.1" CDE" T cells
within the graft was determined. The data in (E) represent the mean + SEM with five mice per group. The decay in the number of donor gBT-1.CD45.1* CD8*
T cells within the graft after transplantation of ganglia latently infected with a thymidine kinase mutant HSV is shown in (F). The data in (F) represent the
mean + SEM with eight mice per group. (G} Donor gBT-1.CD45.1" CD8" T cells could not be detected within the spleen or kidney-draining lymph nodes (LN) of
transplant recipients,
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Fig. 2. Local reexpansion of resident
memory CD8" T cells. B6 mice seeded with
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either gBT-1.CD45.1* or gBT-1.CD45.2*
CD8* T cells were infected with HSV. Latent
DRGs harboring these different T cells were ﬁ
harvested and placed in different locations
under a single kidney capsule. (A} Plots of
lymphocytes isolated from the grafts in dif- CDe51
ferent locations on day 9 alter transplan- :
tation. (B} The numbers of gBT-1.CD45.1" B =
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day 9 represented a 1 7-old increase over starting
cell numbers and at least a 45-fold difference over
those found at the day 2 post-transp lant nadir (Fig.
|B). Histological companson ol ganglia at days 3
and 9 after transplantation (Fig. 1C) confirmed
that these cells were undatectable in ganglia at the
carlier tme,

To venly that the expansion of T cells was
antigen-specific, we sceded donor mice with
activated gBT-1 cells and control ovalbumin-
specilic T cells (OT-1 cells). Because T cell infil-
tration of infected DRGs is nonspecilic, reliam
solely on an activated T cell phenotype (/3),
trnsplamed DRGs imitially contained roughly
cqual numbers of HSVespecific gBT-1 cells and
irelevant OT-1 cells. However, only the gBT-
cells responded o reactvation (Fig. 1D). Infec-
ton with a thymidine kinase mutan virus, which
does not reactivate lrom neuronal tissue (/7).
failed to dave any T cell expansion (Fig. 1E),
showing that the response required overn infec-
ton. In contmst, reactivalion was nol necessary
lor the loss of the resident Teells (Fig. 1F), which
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Fig. 3. Stimulation of resident memory CD8™ T cells is dependent on recruited APCs. (A) Latently infected
DRGs harvested from Bé& donor mice were transplanted under the kidney capsule of C045.1 recipients. The
number of donor (CD45.17) and recipient (CD45.1") DCs (CD11¢* MHCI*) was determined at the indicated
times after transplantation. Error bars represent the mean + SEM with four mice per group. (B) Section of the
graft on day 9 after transplantation, stained for CD8 (green) and CD11c (red). (C} Latent ganglia were grafted
into recipient mice centaining fluorescein isothiocyamate (FITCHbead-labeled Gr- 1M monocytes, The level of
expression of Gr-1, CO11b, CD11c, and MHC Il on the bead-positive cells in the grafts was determined at the
indicated times. (D to F) Latent DRGs containing gBT-1.CD45.1* CD&" T cells were grafted into recipient mice
depleted of circulating monocytes via the administration of dlodronate-loaded liposomes (+Clod-liposomes).
On day 9 after transplantation, the number of CD11c*MHCI* cells [(D) and (E)] and gBT-L.CD45.1* CD8* T cells (F} in the graft was determined by flow cytometry. The
data in (D} and (F} represent the mean + SEM with seven mice per group. *, P = 0.0262 in (D), *, P = 0,0175 in (F). (G) Latent DRGs from HSV-infected mice containing
gBT4.CD45.1* CD8" T cells were transplanted into either B6--B6 or bm3--B6 bone marrow chimeras. The number of gBT4.CD45.1* CD8" T cells within the graft was
enumerated at the time of transplantation (day 0} or 2 days after transplantation, The data represent the mean + SEM of the combined experiments shown in fig. 55. The
difference between groups was determined to be statistically significant with a Mann-Whitney test. ***, P = 0.0002.
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suggests that these cells were probably dyvingas a
consequence of the surgical taumea Finally, at all
timics examined, gBT-1 cells were absent from the
spleen and renal lymph nodes (Fig. 1G), arguing
that the antigen-specific increase in T cell num-
bers resulted from local proliferation.

Despite our imability o detect circulating T
cells, the numencal increase m gBT-1 cells within
the ganglia could nonctheless have resulied from
stimulation within lymphoid tissues, followed by
rapid recruitment into infected ganglia. To exclude

this possibility, we infected two differant groups of

mice: one received HSV-specific cells agged with
the CD45. 1 allelic marker (gBT-LCDS 1 T cells)
betore infoction, whereas the second group received
D43 2-beaning g BT cells (gBT-LODS2 T eelk),
All muice were miected with HSY, and on nesolu-
tion of primary infection, ganglia from cach group
were transplanted into distinet regions under the
kidney capsule of a C3TBL/G (B6) recipient. The
reisobted DRGs lrgely contamed either one or the
other T eell subset, showing hitle cross-migration
of Teells between DRGs (Fig. 2, A and B). Such
strict segrepation would not be evident if T cell
expansion oceurmed in lymphoid organs with sub-
sequent infilimtion of DRGs. Thus. the local re-

sponse is maintained in cach tissue, with few of

the T cells released into the wider circulation,
Transplantation of ganglia into bone mamow
imadiation chimems suggested that parenchyvma
was not the dominant drver of T cell expansion,
For these experiments, bm3 animals camving the

non-gBT cell stimulating K™ major histo-
compatibility complex class [ {MEC 1) molecule
(13} were reconstituted with B bone marmow,
These Bf—bm3 dumcras were then wsed as
donors, because they pemmit gBT-1 cell priming by
Bo DCs and their subsequent infilimation into
infected ganglia, A robust glveoprowin B (gB)
specilic T cell expansion was measured in the
transplanted Bo—bm3 ganglia (fig. 52), despite
infected neurons being of nonpresenting bm3 on-
gin. Amigen-presenting cells (APCs), most likely
DCs, were thus responsible for the elfective T oell
stimulation, Analysis of CD43.2-reactivating gan-
elia wansplanted into CD43, 1 recipionts showed
recruitment of substantial numbers of recipient-
derved CDI e eells aftera 2-day delay (Fig. 3A).
These cells expressed a range of DC markers
{1z, S3) and were sometimes [ound i close prox-
imity to CDRE™ cells (Fig. 3B).

DCs recruited imto sites of miflammation are
denved from a subset of circulating monocyics
that develop mto DCs onee they enter penpheral
tissues (£ 8-21). To investigate whether such DCs
were formed in reactivating DRGs, we took
advantage of the finding that Gr1™ monocyies
that convert into DCs can be labeled with uo-
rescent beads after eliminating an interfering
noninfilirating  subset via the administmtion of
clodronate-containing liposomes (22). Figure 3C
shows that such bead-labeled colls mature in
reactivating ganglia to a Grl" population con-
taining CD1IB"CDIE™ DCs expressing high

REPORTS

levels of MHC 1T molecules. Similar recruitment
of blood-denvad DCs 15 seen alter pnmary -
fection {Ng. S4), and these cells are the hkely
source of the low number of persisting DCs found
in the latent ganglia (Fig. 3A). To formally show
monocyte-derived DC mvolvement in T cell ex-
pansion, we climinated their procursors by repeat-
edly adminstering clodronate-contaiming liposomes
after ransplantation (2.3), Despite incomplete DC
ablation (Fig. 3, D and E), teatman inhibited the
level of T eell expansion (Fig, 3F). A contribution
from other presenting cells during T cell stimula-
tion may explain the residual expansion, although
blood-derived APCs clearly make a substantial
contribution w the observed response,

It was possible that the cells recruied from
the carculation were driving T cell expansion solcly
by some indircct means mther than by dircet
antigen presentation. To exclude this possibility,
w trnsplanted latent ganglia from HSV-infected
B6 mice containing gBT-1 cells into bm3—B6
bone marow chimeras that contam DCs unable
to stimulate the ¢ BT-1 cells. These chimeras sul-
fered from a high degree of vardability (fig. 55).
although on average, T cell expansion was much
reduced in the b3 —B6 recipients as compared
with that in the Bo—B6 controls (Fig. 3G),
which is consistent with a host APC contribution.
Again, inhibition was incomplete, which suggests
some contribution by donor APCs.

Donor CD4" T cells, which persist within
latent ganglia, also expanded within transplamed
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erafis after viral reactivation (Fig. 4A). This CD4
T cell proliteration was significantly raduced afier
transplantation mto MHC H-deficient recipients
as compared with such proliferation 1n B6
controls, implying a further role for blood-
recruited APCs in Jocal T cell acuvation (Fig,
4B8). Unexpectedly, these MHC 11 deficient recip-
ients also showed anenuated expansion of DRG-
resident gB-specific T eclls (Fig, 40), anguing that
the local mamony CDE" T eell activation was itsell
CD4" helper T cell-dependent. To contirm this
linding, we grafied lwent ganglia, taken from
donor mice depleted of CD47 cells just before
harvest, into recombination-activating  gene
(RAL) deficient mice. Eliminating the CD4™ T
cells inhibited CDS™ T cell expansion on
secondary antigen encounter (Fig. 4D, although
it did not compromise their intrinsic responsive-
ness because the cells were sl able 1o produce
imterferon-y afler in vitro stimulation ( fig. S6). The
tissuc-resident D47 T eells alone were sutlicient
toelicit help because the RAG-delicient recipients
are otherwise devoid of T cells, It should be noted
that primary HSV-speeilic CDR™ T cell activation
is abso helper T cell-dependent (24).

Al lace value, our results appear 1o contradict
findings arguing that antigen encounter within
nonlymphoid tissues does not result in Jocal Teell
prolileration (6, 7). However, it may prove that
such a lack of prolifertion s only scen under
cenain conditions: for example, during activation
of the T cells by parenchymal cells or where the

virus is mpidly brought under control by resident
T cells (25). As a consequence, we propose that

local responses are tallored to the level of

il lammation or the extent of miecton. In scttings
with limited inflammation or where presentation
of virus antigen is confined to the parcnchyma,
pure claboration of elfector function results in lintle
overall T cell expansion. I, however, infoction
progresses and DO recruitment comes into play,
then Jocal T cells proliferue in sitw. Finally, our
results provide insight into HSV immune evasion
during reactivation, Virnus-specific CDE™ T cells,
thought capable of suppressing reactivation ( /2, 26),
are lost from latemt ganglia in situations that
promote virus recrudescence (f6), The natural
delay in DC infiltration and local T eell expansion
affords a natural opportunny for ransicm HSV
replication before the vinus 1s onee again brought
under renewed immune conirol,
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DNA Oxidation as Triggered by
H3K9me2 Demethylation Drives
Estrogen-Induced Gene Expression

Bruno Perillo,»*f Maria Neve Ombra,’* Alessandra Bertoni,® Concetta Cuozzo,

3

Silvana Sacchetti,® Annarita Sasso,? Lorenzo Chiariotti, Antonio Malorni,?

Ciro Abbondanza,? Enrico V. Awedimento®t

Modifications at the N-terminal tails of nucleosomal histones are required for efficient transcription
in vivo. We analyzed how H3 histone methylation and demethylation control expression of
estrogen-responsive genes and show that a DNA-bound estrogen receptor directs transcription by
participating in bending chromatin to contact the RNA polymerase 1l recruited to the promoter. This
process is driven by receptor-targeted demethylation of H3 lysine 9 at both enhancer and promoter
sites and is achieved by activation of resident LSD1 demethylase. Localized demethylation produces
hydrogen peroxide, which modifies the surrounding DNA and recruits 8-oxoguanine=DNA glycosylase
1 and topoisomerase |3, triggering chromatin and DNA conformational changes that are essential
for estrogen-induced transcription. Our data show a strategy that uses controlled DNA damage and

repair to guide productive transcription.

strogens control growth and survival of
E]iliﬁlh?ticﬂllhili\ﬂ cells by inducing ex-
pression of genes important for cell eyele
progression (/) and apoplosis (23, The homone
Tp-esradiol (E2) regulates transcrption of tangzet
genes by binding (o cognale estrogen receplors
(ERa and ERB), which then bind with high aflinity
to estrogen-responsive DNA clements (EREs)

(3-3). Adter hormone activation, ERa interacts with
transcrplion co-activitors that covalently modify
histone proteins within nucleosomes (6) and con-
tribute 10 the control of gene expression | 7).

We examined the molecular mechanism by

which specific methylation and demethylation of

lvsines in histone H3 governs homone-induced
transenption. We studied the anti-apopiotic bof-2

gene that contains two EREs in the coding region
(.2 and validated our findings with the prototypie
E2-target gene p52 (4, 5). With chromatin immu-
noprecipitation (ChlP) analysis, we assessed DNA
binding of cswrogen receptors in ERa” human
breast cancer MCF-7 cells (8). Figure 1A shows
et DNA fragments fiom the Acl-2 ERE enhancer
region (enh. ) and the upstream promoter (pr), which
are 1.5 kb apant (%), are bound by ERa afier wea-
ment of quicseent cells with 10nM E2 for 30 min.

Binding of both regions that reside on dil-
ferent fmgments in sonicated DNA suggests loop
formation between the bel-2 promoter and the
ERE enhancer. To test this hypothesis, we used
the chromosome conformation capture { 30) tech-
nique, which detects trmnsenpuon-de pendem
chromatin looping caused by dynamic interac-
tions between distant DNA segmenis. Briefly,
after cross-linking of proteins with formaldchyde,
we ligoted restriction-digesied DNA ends: DNA
circles were genemicd by ligation of sites not
comiguous on lincar DNA (H0). Figure 1B shows
that the fod-2 promoter and enhancer were bridged
{when co-amplified with divergent primers) only
in chromatin harboring activated ERa (45 min of
E2) The promoter-enhancer loop (or ligated DNA
circle in the 3C) was lost by 60 min of E2
addition. Morcover, the receptor was essential in
this process because DMNA bending was mhibied
by treatment with the antiestrogen 1C1 182,780
that prevents reeepior binding o the DNA (Fig. 18).
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Assembly of productive ERa transcription
complex between 30 and 45 min (fig. S1) was
marked by a substantial increase ol dimethyl-
Lys* in histone H3 (H3K4me2) on promoter and
enhancer regions of bol-2 or p82 gene, whereas
presence of H3K9me2 was appreciably found in
homone-starved cells or after 60 min of E2
treatment, concurrent with loss of receptor from
chromatin (Fig. 1C and fig. S1). Binding of the
K4-specific histone methyl transferse (HMT)
SETY (/1) and the K9-specific HMT Suv3ulll
(12) peaked at 30 min and 60 min of E2 ex-
posure, respectively (Fig, 10),

We show that H3K9me2 demethylation at the
promoter and enhancer sites is achieved by the
lysine-specilic demethylase LSD1, known o ne-
licve transcriptional repression by demethy lating
K9me and KWme2 (130, In fact, LSD1 was found
o be present on chromatin in both the presence
and the absence of estrogens (Fig. 2A), and dis-
appearmee of K9me2 was prevented by treatment
of cells with the monoamine oxidase nhibitor
pargyline { £3) or by LSDI1 knockdown with spe-
cific small interfering RNAs (siRNAs) (Fig. 2A).

LSD1 is also responsible for demethylation of

H3K4me2 (/4) observed 60 min afier E2 ad-
dition and in hommone-starved cells, and this step
is mediated by ERe (Fig. 2, B and C). In fact, in
the ERa MDA-231 breast cancer cells and in -
broblasts, H3K4 and HAKY are both dimethy Laed
at these sites (Fig. 2C), as also observed for sur-
rounding chromatin in MCF-7 cells (fig. 82
Expression of the receptor in quicscent MDA-
231 ecells resulted in specific loss of HIK4me2
{Fig. 2C). Therelore, in the absence of hommone,
ERao comtacts and wansiently activates LSDI,
leading o local HAK4 demethylation. However,
under these conditions, LSD1 is unable 1o ingger
demethylation of H3K9me2 and wanscription ini-
tintion. In fact, a wanscriptionally unproductive
cyele has been described, solely driven by the
receptor ().

Local demethylation of H3KY9me2 was rig-
gered by recruitment of liganded ERa 1o chroma-
tin (5 that was also required for RNA polymerase
I ipol 11y assembly on the promoter (Fig. 2D).
Inhibition of LSDI activity in the presence of
homone prevented chromatn looping (Fig, 2E)
and estrogen-dependent transcription (Fig. 2F),
even though the receptor was bound to the EREs
(Fig, 2A).

Demethylation by LSD1 of H3K9me2 is an
oxidative process that resulis in the production of
hydrogen peroxide (HaOa) (fa). To explore the
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possibility that fommation of Ha0k 15 a signal in-
duced by estrogens to drive transcniption initia-
tion, we measurcd the main DNA product induced
by the poroxide: the S-oxo-guanine (S-oxo-(i)
that is removed by bise excision repair (BER)
enzymes (/7). As shown in Fig. 3A, cstirogens
causcd a rapid nuclear accumulation of 8-oxo-Gis
in discrete foci, mimicked by wreatment with

a b ¢
9 h wacq 408 1008

[ §

REPORTS I

Ha(2 and inhibited by scavengers of reactive
oxvien species (ROS), such as N-acetyleysicine
INACY Production of 8-ox0-Gs was tightly linked

to LSDI activation (hence demethylation of

H3K9me2) bocause it was inhibited by pargyline
or LSDI knockdown (Fig. 3, A o C). Further-
more, oxidation of Gs was dependent on ERa
because the Muorescent signal was detecied in

bet-2
24 li"!l.“
g x
3
3| T
[-% 2 "
27 30 33 38
PCR cycles

1298

E2

TS

Ez -

30 45

- 30 45 o0

Fig. 1. Dynamics of estrogen-dependent chromatin modifications. (A) {Left) ChIP experiments performed
with antibodies to ERu (a-ERa) or a-tubulin {e-tub) and with primers spanning the bel-2 gene. Primers
are numbered relative to the translation start site (+1). enh., enhancer; pr., promaoter; 5', upstream DNA.
prienh., DNA including promoter and enhancer. Input, DNA extracted from sonicated (sonic) chromatin
before immunoprecipitation and used to quantify PCR reactions at different cycles and with different
primer {(prim.) pairs (right). Error bars indicate SEM. (B) (Left) Simplified structure of bel-2 gene showing
the baxed coding region with EREs (red). intr., intron. Sac / restriction sites (yellow arrows) and primers
used for PCRs in 3C experiments (thin ammows) are reported. The square box includes the circle generated
by DNA ligation in the 3C. (Right) PCRs performed with divergent (a to d) or convergent (e and f) primers.
The a-d (655 bp) or the e-f (202 bp) bands were absent in amplifications realized on Sac /-digested naked
DNA. (C) Kinetic ChIP experiments realized on cells stimulated for 30, 45, and 60 min with 10 nM E2.
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Fig. 2. Histone H3K9me2 demethylation by LSD1
is essential for DNA bending induced by activated
ERw. (A} ChIP experiments on bel-2 and pS2
promoters with indicated antibodies in cells
exposed to E2 in the absence or presence of
pargyline or control scrambled (scram.) RNAs or
siRNAs targeting L5D1 coding region (LSD1-1). (B)
Effect of pargyline addition on H3Kdme2 de-
methylation, assessed by ChiP. (C) ChIPs showing
presence of H3K4me2 and K9me2 in MDA-231
cells, expressing (ERa*) or not (wild type, WT) ERa,
or in human primary fibroblasts. (D) Effect of
prevention of ERc binding to DNA by 1 uM ICl on
LSD1 activation and RNA pol Il recruitment to bel-2
promoter. (E} 3C assessing the effect of LSD1
inhibition on DNA loop formation. Primers used in
PCRs are the same as in Fig. 1B. (F) Transcription of
bel-2 and p52 genes measured by nuclear run on in
cells stimulated with E2. P-actin was used as
hormone-unresponsive control.

Fig. 3. Estrogens induce a burst of nuclear
8-ox0-Gs and recruitment of 0GG1 and topo-
isomerase Il (Topo N3} to the promoter and
ERE region of E2-responsive genes. (A to O
Immunofluorescence detection of 8-oxo-Gs by
the fluorescein-tagged 8-oxo-G—binding pro-
tein. {A) Effect of pargyline or NAC addition to
hormone-exposed cells. (B and C) Assessment
of LSD1 knockdown, with two different siRNAs
targeting the coding region (LSD1-1 and LSD1-5),
on accumulation of 8-oxo-Gs. Scrambled
iscram.} RNA was used as control. Red fluores-
cent protein (DsRed1-N1) was added to visualize
transfected cells (B). (D) ChiP assays with re-
ported antibodies. Topo |, topoisomerase |, The
lower supplement shows the location of bed-2
DNA regions used in ChiIP analysis (indicated by
arrows pairs) The histogram on the right is from
four different experiments. A representative gel
with the pS2 promoter & also shown. Error bars
indicate SEM.
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Fig. 4. E2-induced demethylation of H3K9me2 by LSD1 is necessary for OGG1 and topoisomerase M3 re-
cruitment and assembly of productive transcription initiation complex. (A) ChiPs showing 0GG1 and topoisomerase
lj5 recruitment to bc-2 EREs in cells treated with two different siRNAs, targeting the LSD1 coding (LSD1-1) or the
3-untranslated region (LSD1-3'). scram, scrambled RNA. The rescue by exogenous wild-type (wt) or catalytically
inactive (mut) LSD1 in SIRNA-LSD1-3'treated cells is also reported, (B) Effect of 0GG1 or topoisomerase I
knockdown with specific siRNAs on accumulation of Ser-phosphorylated RNA pol Il (Pol I1-P) on b2 promoter,
assessed by ChiP. (Insets) siRNA-dependent down-regulation of presence of each enzyme at the same site. The
diagrams in (A} and (B) are from three independent experiments. Emor bars indicate SEM. Effect of treatment with
NAC (O on H3K9me2 demethylation, (D) on formation of chromatin loop assessed by 3C, and (E) on
accumulation of active RNA pol Il (Pol II-P) on bdl-2 promoter measured by ChIP. (F) ChIP assessing the role of
H, 05 on assembly of transcribing RNA poldl on bel-2 promater. (G) Induction of 0OGGL by E2, by inhibition of
proteasome activity with MG132, and by ROS. The histogram shows the quantitative analysis from three
experiments in which normalized OGGL levels in the absence of E2 were set to 1. Error bars indicate SEM.
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MDA-231 cells exclusively after receptor ex-
pression (g, 53). This is noteworthy because
1 oM E2 wreatment for 2 hours has been re-
ported o induce accumulation of oxidized bases

in the DNA of responsive cells in the absence of

active receptor (15),

Because S-ox0-Gs are specifically recog-
nized and removed by the S-oxo-guaning
DNA glyvcosylase | (OGGL) (19), we looked
lor QGG presence on bel-2 and pS2 promoter
and ERE regions. OGGI engaged both siles
concomitantly with recruitment o’ ERa to chro-
matin (Fig. 3D). On the other hand, E2 pres-
ence did not induce joining of the BER eneyme
o the promoter of the androgo-sensitive, ERE™
PSA gene, notwithstanding the presence of LSDI
(13) (fig. S4). We also measured assembly to the
complex of topoisomerases | and 1P and found
that, whereas the former bound chromatin inde-
pendently of hormone treatment, opoisomernse
Hp. required for estrogen-dependent pS2 trn-
scrption (20), was targeted to both promoters
after E2 addition (Fig. 3D). Systematic analy-
sis of chromatin dow nstream from hel-2 EREs
revealed that OGG] and topoisomerase 1P ac-
cumulated preferentially at the promoter and
ERE sites (Fig. 3D). Morcover, with suitable
polyvmerase chain reactions (PCRs) and primer
extension expeniments, we found that the den-
sity of S-oxo-Gs was higher on the noncoding
strand within the region surmounding fdf-2 EREs,
although this observation might be due w the
particular chromatin conformation at this site
ilig. 83),

Reeruitment of QGG and topoisomerase 13
o the bed-2 and p&2 promoter EREs was depen-
dent on E2-induced activation of LSD1 (Fig. 4A).
Morcover, inhibition with siIRNAs of wopoisom-
crase P appreciably reduced loading of the ac-
tively ranscribing RNA pol 11 phosphorvlated m
Ser” on the promoter, whereas inhibition of OGGl
aflected assembly of the phospho- RNA polvmer-
ase by 30 1w 40% (Fig. 4B), indicating tha

transcription initiation was driven by targeting of

both enzymes io these sites, The partial inhibition
of transcription observed affer QGG knockdown
is not surprising in light of the evidence that
mactivation i vive of OGGT does not induce
accumulation of B-oxo-Cs (24) because 1t can be
replaced by other BER eneymes (22). Moreover,
presence of S-oxo-Cis 15 scarcely mutagenic be-
cause their emoval is very elficient (22), and this
may explain the cffectivencss of coupling trn-
scrption initiation to repair of oxidative lesions,

Because it has been shown that topoisomer-
ase 1 recognizes and repairs a single-stranded
DNA break in double-siranded substrates (23),
we propose that removal of the oxidized bases
generles transient nicks that function as entry
points lor the enzyme., In this way, lopoisomerase
1 relaxes the DNA strmnds and favors chroma-
tin bending 1o accommaodate the trmscription
initiation complex,

ROS contribute to assembly of the RNA pol
I complex. In fact, treatment of E2-stimulated
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cells with NAC that did not prevent H3IK9me2
demethylation (Fig. 40 inhibited chronatin bend-
mg (Fig. 41 and, henee, mhubited accumulation
of active polymerasse on promaoter (Fig, 4E) and
trnscription (fig, 63 On the other hand, HaO4,
besides enhancing per se recruitment of phos-
phorylated RNA pol 11, also westored its E2-
dependem promoter assembly in cells with
pargyline added (Fig. 4F), Therefore, ERa plays
a pivotal role in directing the oxidative signal 1o
the promoter. Subsequently, OGG] and wopoisom-
erase B (but with differemt efficiencics) are
recruited 1o the promoter after peroxide accumu-
lation: in the absence of hormone, however, their
targeting is dispersed throughout chiromann, withow
the selective gradient imposed by bound receptor:
Hz05 does not substitute for ERa (fig. S6).
Estrosens mduce high OGG] protem levels, and
this induction is prevented by NAC or mimicked
by Ho0; (Fig. 40G) Moreover, the proteasome
mhibitor MG 132 simulardy induees high OGG 1
levels (Fig. 4G). Because the proteasome catalyvi-
ic subunit LMP2 assembles with the ERa complex
and is essential for estrogen-induced transeription
{24, we suggest that the oxidative burst. initiated
by H3KYme2 demethylation, inhibits the protea-
some activity and increases the intmcellular con-
centration of OGG, Thereafter, extinction ol the
demethylation-ROS wave leads 1o proteasome

reactivation and degrmdation-release of the re-
ceptor (60 min afier E2 stimulation) (Fig. 1C).
Production of HaOs 15 temporally hmited and
strictly localizad (25),

H3K9me2 demethylation at the promoter and
enhancer regions selectively marks the site where
transeription nitiation complex is assembled 10
drive the cyele of estrogen-induced gene expres-
sion (movie S1) Henee, the RNA pol 1 complex
intimately associates with DNA repair engymes
1o initiate hormone-dependent gene expression,
Local lysine demethylation, with its associated
oxidative burst, may indeed represent the initial
signal at other inducible promoters,
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Designed Protein-Protein Association

Dirk Grueninger, Nora Treiber, Mathias O. P. Ziegler, Jochen W. A. Koetter,

Monika-5arah Schulze, Georg E. Schulz®

The analysis of natural contact interfaces between protein subunits and between proteins has
disclosed some general rules governing their association. We have applied these rules to produce a
number of novel assemblies, demonstrating that a given protein can be engineered to form contacts
at various points of its surface. Symmetry plays an important role because it defines the multiplicity
of a designed contact and therefore the number of required mutations, Some of the proteins needed
only a single side-chain alteration in order to associate to a higher-order complex. The mobility

of the buried side chains has to be taken into account. Four assemblies have been structurally
elucidated. Comparisons between the designed contacts and the results will provide useful
quidelines for the development of future architectures.

n a cell, permanently associated proteins
Euummu‘ mechanical mtegnty, whereas tran-

sient associations are indispensable for me-
tabolism and the regulation thereol, Our study
focused on permanent contacts, many of which
have been established at aomic resolution (/).
Exiensive analvses (2-8) showed that these con-
tacts are diversificd and that only a few rather
general rules can be extracted: The contact arca
should be larger than about 600 A%, and the con-
tacting surfaces should be complementary and
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Universitat, Alberstrasse 21, 79104 Fredburg im Breisgaw,
Germany,

“To whom correspondence should be addressed. E-mail:
georg.schulz@oche uni-freiburg.de

predominantly nonpolar. Morcover, the contribu-
tion of hydmogen bonds and salt bridges at the
contact rim is negligible. It is rather casy to de-
stroy a contact by imroducing a bulky side chain
that is sterically incompatible. It is also compar-
atively simple 1o produce weak contacts mndom-
lv, as demonstrated by many examples using
surface mutations to induce proteins o crystallize
(%, [ However, the ereation of a desired per-
manent contact is a more difficult task (14, [2).
Whereas establishing tight comacts by screening
15 well known from the antigen-antibody svstem
that has also been applied in enginecred com-
plexes (£3), the designed production of a tight
novel comact has w0 our knowledge only been
tried once, but the system failed 10 erystallize
(14). However, in a number of cases, a given

contact was modified by mutations (£5-18), Here,
wie repor the production and analysis of designed
penmanct hovmo oligomers of five proteins.

The imporance of symmetry for the associ-
ation of identical protein subunits was recognized
some me ago (/9). Al the lowest symmetry
level, a single contact paich has 1o provide the
whole binding energy, which usually involves a
large number of residues. As a consequence, the
creation of such a contact requires numenous
muiations. Because these contacts also general ly
form infinite helices that cannot be crysiallized
(Fig. 1A} we did not try to construct such an
assembly. In contrast, a Cs-symmetric dimer (20)
has a contact multiplicity of 2 and thercfore re-
quires only half the number of mutations, More-
over, it s usually globular and thus crystallizable
(Fig. IA). The same applics o higher symme-
trics. Associating two Cs=symmetric dimers along
their molecular axes results ma £ wiamer with
a contact multiplicity of 4 (20, whereas Oy
tetramer units give rise o 2y oclamers with a
multiplicity of & (fig. S4). Obviously, the higher
the symmetry, the fewer mutations are requined,
which explains the abundance of symmetry in
natural fovro oligomers,

Whereas the svmmetry concems the Trame-
work of a design, the actal production of frese
oligomers was based on the exchange of side
chains on the surface, We refmined from touch-
ing any main chains, because the corresponding
structural changes are much more dilficult 1o
predict. Because comacts rgidifly the involved
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side chains, the side-chain mobility describes pan
of the entropy reduction required for associations
(24, 22). Therefore, 1t possible, mobile side
chains have to be identified and eliminated. Be-
cause the mobility of a side chain depends on its
environment, its derivation from a single crystal
structure s difficult, However, for the cnzyme
L-rhamnulose-1-phosphate aldolase (Rua) (23) 10
high-resolution arystal structures with dilferent
packing amangements are available (24). Within
this group, we compared the side-chain torsion
angles ¥y and ¥; for cach relevam residue,
derived the angular spread in the 10 structures,
and defined it as the side-chain mobility ( 24), The
resulting mobility distnbution over the surface
contained surpnsingly few hot spots (Fig. |B).
Unfortwmately, 1t was not available when we
designed our contacts, but we were able 1o use it
for the assessment of an unexpected contact (see
below).

The production of home oligomers was iried
at increasing levels of symmetry. In our attempt
to make dimers of monomenc 6-phospho-f3-
galactosidase (Pga) (25), we enrched two erystal
contacts across local twolold axes (Fig. [, C and
D) with nonpolar residues. In order 1o design
tetramers from dimeric O-acetylserine sullhydry-
lase (Oas) (26) and wrocanase (Uro) (27), we
aligned the dimers along their molecular axes and
performed a one-dimensional search along the
relative rotation angle (fig. $4), which vielded
two suitable orientations For Oas and one for Uro
{Fig. 1, E to G). The same was caried oul Tor Rua

Fig. 1. Design of protein assemblies
(24). The proteins in (C) to (H) are
depicted as thick-lined Ca plots at
various scales with mutated residues
as colored spheres. (A) Sketch of an
asymmetric interface between patches
a and b, which, in general, gives rise to
an infinite helo (top). A G-symmetric
interface also between patches a and b
doubles the numbers of contacts and
forms a globular complex (bottom).
Along the same lines, the reported 05,
D, and Dy oligomers have 4-, 8-, and
16-fold contacts, respectively (fig. 54).
(B) Side-chain mobility of the Gy
symmetric Rua, color-coded from 0°
{blue) to 90° (red) angular spread in
the torsion angles ¥, and 3 (24). The
C- and N-terminal domains are at the
top and bottom, respectively. (C) Pga-
A and -B designed in crystal contact
a-a (25). (D) Pga-C and -D designed
in crystal contact f-f (25). (E) Oas-A
and -B planned asa D, tetramer at a
rotation angle of 86 around a com-
mon molecular twofold axis (vertical).
(F) Oas-C designed as a D tetramer
at an alternative rotation angle of
29°. (G} Designed Dy tetramer of
Uro-A around a common molecular
twofold axis (verticall. The designed

A

I
(3)

(23) and its molecular fourfold axis (Fig. 1H and
fig. 54B). The alignment along an axis allows
three amangements of the contacting partners,
which we designated head-head, tail-tail, and
head-tail (equals tail-head), defining an arbitrary
end as the head, With Oas and Uro, we performoed
only a tail-tail association, whereas all three types
ol association were assaved with Rua The Dy
symmetric tail-tail associstion of an engineered
fragment of the mycobacteral porin MspA (Myp)
(28) was fully unexpected.

Guided by one of the crvstal contacts of Pga,
we produced the two mutants Pga-A and Pga-B

REPORTS

(24) that yiclded about 3% dimer, as shown by
size-cxclusion chromatography (SEC) and dyvnam-
ic light scattering (DLS) (Fig. 2A and Table 1L
The Pea-A dimer wis stable in rechromatogra-
phy and m DLS. Crystallization attempts of the
dimer fraction failed. The single dimer peak in
the rechromatography (Fig. 2A) demonstraned
that the obtained dimer was stable, Its structure is
certainly similar 1o that shown in Fig. 1C because
the contact is defined by the applicd mutations,
Following the other crystal contact, we con-
structed the two mutants Pga-C and Pga-D (24)
that resulted in about 50% dimer (Fig. 2B).

Table 1. Protein-protein associations (24). Double prime entries indicate the same entry as in the
line above; dash entries indicate that a small number of experiments were unsuccessful; none
means no success in a very large number of experiments.

Mative Designed Olinomer Observed oligomer
. number  {observed) total  Newly introduced gﬂ.
Protein 2 fraction
of contact area residues SEC DLS  Crystal
: ta (%o}
residues (A%}
Pga-A 1 = 468 750 Phe, 3 2 2 -
Pga-D " B60 Phe,, Trp, Met 56 2 2 none
Das-A 2 x« 303 1080 Asn, Thr, lle, Val [ 4 4 -
Das-C ' 1200 Asng, lle, Leu; 5 4 4 2
Uro-A 2 x 557 1760 (1570 llez, Ala 80 4 4 q
Rua-p 4 x 274 3060 (4040) Phe 100 b 8 8
Rua-B g 3250 (1970) Tyr 100 8 8 8
Rua-D " 1410 Trp, Ser 60 8 8 4
Rua-E " 4470 Phe, Trp, Ser 100 poly  poly fiber
Myp-A 8% 184 (24800 5 2-deletion 100 146 - 16

contact is between the NAD*-binding domains (residues 142 to 343), which are given in lighter hues. (H) Designed octameric Rua-D with a head-head contact.
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Both dimers were stable in rechromatography
and in DLS (Table 1) However, neither of them
yviclded crystals, although a total of 24 mg of
dimer was used in crvstallization sereens. Again,
the dimer structure is most likely close to that of
Fig. 1D,

On the basis of the molecular tiwolold axis of
native Oas, we designed a Dy-symmetric weimamer
by axis alignment and rotation angle adjusiment,
We chose a tail-tail association and constructed
the three mutants Oas-A, -B, and -C' (24) for as-
sociation al rotation angles of 86% and 29° (Fig. 1,
E and F}. The obtained tetmamer fractions ranged
around &% (Fig. 200, For all three mutants, rechro-
matography resulied in pure tetramers, indicating
that they were stable, and adopted structures sim-
ilar to those of Fig. 1, E and F, as defined by the
positions of the mutations. We produced a total of
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Fig. 2. SEC of modified and native proteins
(24). Each peak is labeled with its apparent mass
(kD). Initial runs are given in solid lines,
rechromategraphed fractions in dashed lines,
and standards in dotted lines. (A) Pga-A with
manomer and covalent-dimer standard (24). (B)
Pga-D with monomer and covalent-dimer stan-
dard (24). (C) Oas-A with rechromatographed
tetramer and dimer. (D) Uro-A with wild-type
standard. (E) Rua-A and Rua-E (dash-dot line)
with wild-type standard. The Rua-B and Rua-C
distributions were identical to that of Rua-A. (F)
Hexadecameric Myp-A with octameric Myp-B as
standard (24),

35 mg ol wiramers, which we used in various
crystallization screens. These attemipts vielded a
number of imiial crystals. Among them, one Oas-
C crystal fonm grew o sizcs suitable for an x-rmy
analysis. Unforunately, it contained only dimers
(Table 1 and tables S1 and 52).

With Uro we followed the same approach as
with Oas. We chose a ail-tail association at the
nicotinamide adenine dinucleotide (NAD™) do-
mains and found a suitable rotation angle ol 63°
(Fig. 1G), We introduced two small nonpolar side
chains in place of two polar side chains and ad-

Justed one nonpolar side chain in order 10 im-

prove the hit. The resulting mutant, Uro-A,
formed a tweramer frmction of 8070 or more (Fig,
2D). The purified tetramer was stable in SEC and
DLS iTable 1) It was cryvstallized, and the strue-
ture was established at high resolution (24). The
actual tetramer followed the design in general
terms (Fig. 3A). An analysis showed that the two
observed contacts between the four NAD do-
mains were nearly identical, which confimmed
that they were highly specific. However, the con-
tact that was actually produced deviated from that
which was designed by a relative shift of about
1.5 A batween the contact partners, and this shifl
wis incompatible with the designed % symme-
try (Fig. 1G),

Apparently, the designed contact wias so
strong that this incompatibility caused a disrup-

tion of the associated proteins themselves rather
than preventing contact formation. The observed
new contict caused two of the four NAD™ do-
mains o be lifted off the protein cores, one in
cach dimer. This wis unexpected because the
native contact arca between core and NAD'
domain was much larger than the newly formed
interface. As a conscquence, the designed global
Dy symimetry broke up into four local C5 sym-
metrics, the axes of which were tilied by aboum
10F and displaced by about 2 A in relation to the
05 design (Fig. 3A). However, the tetramer kept
aglobal Cy symmetry defined by the twolold axis
pointing toward the viewer,

Rua is a Cy-syvmmetric tetramer that is asso-
ciated via its C-terminal domains, whereas its N-
tenmunal domains dangle like tils imto the solvem
(Fig. 1H). We designed the Dy-symmetne tail-tail
complexes Rua-A, Rua-B, and Rua-C with inter-
digitating tails and very large nterfaces (Table
| and 1able S1). Given the contact multupheity of
8 for the design, smgle pomnt mutations i Rua-A
and -B and a double mutation i Rua-C sufliced
to vield 100% octamer in SEC and DLS (Fig.
2E). Moreover, all three mutants erystallized. The
high-resolution structures showed that Rua-A
formed the designed octamer (Fig. 3B), whereas
Rua-B formed an octamer with displaced four-
fold axes (Fig. 3C) and Rua-C dissociated into
tetramers dunng erystallization (24). Sumpnsing-

Fig. 3. Established oligomer structures (24), All mutations are marked by purple spheres, (A} Crystal
structure of C;-symmetric Uro-A showing the twofold molecular symmetry axis (red) and four local twofold
axes relating the cores (darker colors) and the NAD® domains (light colors) to their counterparts. The
interface between core and NAD" domains was broken in the lower left and upper right chains. (B) Dy
symmetric octamer Rua-A. (C) Cy-symmetric octamer Rua-B. (D) Negatively stained electron micrograph
of Rua-E showing the fiber association and a Rua-A octamer (B) at the scale defined by the box edge. (E)
Native mycobacterial porin (28). The encircled membrane-immersed part was deleted, giving rise to Myp-
A. {F) Dg-symmetric association of two Myp-A molecules (top and bottom ring). The positions of the 52-
residue deletions are marked by red spheres (fig. 510),
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lv, the obscrved contact arca of the Rua-B
octamer was only 60F4 of the planned one, and
1ts symmeetry was mercly Oz (Table 1) However,
it turned out that its average side-chain mobility
was 32° (angular spread) compared to 43° of the
respective anca of the designed contact (Fig, 1B),
We therefore suggest that the unexpected contact
i cxplained by a lesser reduction of the side-
chain mobility, which amounts 1o a lesser entropy
reduction on association,

Following the successiul tail-tail association,
we designed the D-symmetric head-head octa-
mer Rua-D (Fig, 1H), which showed an octa-
meric fraction of 60% conlirmed by SEC and
DLS (Table 1), However, the octamer fraction
yiclded crystals that coptained only tetramers. In
the next step, we combined the tal-tm] mutant
Rua-A with the head-head mutant Rua-D, resule-
ing in the head-tail mutam Rua-E. With its con-
tact surfaces at both ends of the fouwfold axis,
Rua-E was designed o fom polyvmers. The po-
lymenzation was confinmed by SEC (Fig. 2E).
Morcover, clectron micrographs  demonstrated
that these polymers fommed the expeeted fibers
(Fig. 3D).

In a sepamte project, our aim was 1o produce
a soluble carrier for large nonpolar molecules,
such as organic catalysts, by removing the
membrane-immersed part of the mycobacterial
porin MspA (28). A 52-residue deletion yielded
Myp-A(Fig. 3, E and F). To our surprise, Myp-A
formed a soluble hexadecameric complex
instead of the expected octameric ring, The hexa-
decamer was identified by SEC of Myp-A in
companson with the octamerie mutant Myp-B
{24 (Fig. 2F). Myp-A was crvstallized and struc-
turally elucidated, showing a De-svmmetnc dou-
ble nng sssociated at the position of the deletion
(Fig. 3F).

Reviewing our data, we find that the inro-
duction of large nonpolar side chains is an cfli-
cient means of constructing permanent contacls.
Our experience with Pga-A, -B, -C, and -D was
that only a few of them were necessary 1o
produce contacis with very low dissociation and
association mics a1 4°C under physiological con-
ditions. However, such side chains tend to reduce
the protein vield (24), presumably because of
folding problems. Morcover, these casily obtamed
contacts were most likely not well defined because
extensive crystallzation atiempts with Pga-C" and
Pea-D dimers never resulicd in orvstals (24,
which is uncommon for rigid proteins but a well-
known problem with, for instance, fusion proicins
(24, We conclude that it is relatively casy 1o form
complexes by introducing large nonpolar side
chains, such as phenylalanine or tvplophans, but
rather ditficult to construct a rigid one,

In light of our observations with Pga, we
introduced  smaller nonpolar residucs such as
valines and isolecucines o dimeric Oas and
dimenc Uro, The mutants of Oas were iclmmers
in solution and yielded small crysials, However,
it was only possible w establish a crystal stucture
containing a native dimer. Along the same lines,
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the Rua-C and Rua-D octamers found atpHl = 7.0
in SEC and DLS vielded crystals at this pH that
contained only native wetramers (24) (Table 1,

Morcover, a sccond erystal form of Rua-A
grown al pH = 4.9 in a low-polarity solvent con-
tained only 1eramers, although Rua-A Tormed
100%% octamers in this pH range in SEC and
DLS. The same applics for a second crystal form
of Rua-B grown at pH = 5.0 in a low-polarity
solvent. In both cases, the wetramers observed in
the erystals were confinmed by SEC analyses at
conditions close 1o those of the respective crystal
forms. We conclude that the produced Rua octa-
mers were strong enough in a mild physiological
environment but failed 1w withstand harsher
crystallization conditions in, for example, high
salt concentrations, extreme pH values, or low-
polarity solvents. Achieving stability in a broad
range of unphysiological conditions is a more
difficuln task.

Symmetry 15 an important factor in protein
association because it enhances the multiplicity
ol a single point mutation (Fig. 1A). The highly
symmetric Rua octamers with a contact mul-
tiplicity ol 8 form complexes afier merely one or
two mutations, and the 16-fold comact of Myp-A
required no designed mutations at all. On the
other hand, high muliplicity is hazardous for
evolving organisms that need to avoid detrimen-
tal mutations. This may explain the mre occur-
rence of Oy tetrmmers such as Rua compared 10
the ubiguitous £ tetramers, because Oy can
associate with cightfold comacts whereas the
contacts in an association of [y symmetric
partners are fourdold at most (hg. 54).

To what extent did our constructs ollow the
design? The answer depends on the details avail-
able. For all reported mutants (table S1), the de-
signs (Fig. 1. € w0 ) were confimed by the
comparatively rough SEC and DLS daa. Uro-A
fied the design at low but deviated at high
resolution. The same applies for the Pga and Oas
complexes, where the mutations mosi likely form
the contacts. The available high resolution of
Uro-A revealed that the novel contact deviated
slightly from the design but was so strong that it
caused the opening of a large, surprisingly weak
interface within the protein pariners (Fig. 3A).
Rua-A followed the design except fora 3 A shili
that did not change the symmetry (Fig. 3B),
whereas Rua-B formed an unexpected Cs syme-
meine complex with o much smaller contact arca
(Fig. 3C). Because this Rua-B complex can be
explained by the influence of the side-chain mo-
bility, the mobility is probably an imporiant factor
in contact design. Our experiments demonstrate
that the production of a particular contact is quite
feasible, whercas high precision seems dilficult 1o
achieve.
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Membrane Phosphatidylserine
Regulates Surface Charge and

Protein Localization

Tony Yeung,® Gary E. Gilbert,? Jialan shi,? John Silvius,? Andras Kapus,® Sergio Grinstein*

Electrostatic interactions with negatively charged membranes contribute to the subcellular targeting
of proteins with polybasic clusters or cationic domains. Although the anionic phospholipid
phosphatidylserine is comparatively abundant, its contribution to the surface charge of individual
cellular membranes is unknown, partly because of the lack of reagents to analyze its distribution in
intact cells. We developed a biosensor to study the subcellular distribution of phosphatidylserine and
found that it binds the cytosolic leaflets of the plasma membrane, as well as endosomes and
lysosomes., The negative charge associated with the presence of phosphatidylserine directed proteins
with moderately positive charge to the endocytic pathway. More strongly cationic proteins, normally
associated with the plasma membrane, relocalized to endocytic compartments when the plasma
membrane surface charge decreased on calcium influx.

he negative surface charge of the mner
I leatlet of the plasma membrane detenmines
the targeting of proteins conlaining poly-
cationic motils (/). The unigue negativity of the
plasmalemmal inner leallet has been anributed, in
part, to its high polyphosphoinositide content,
Phosphatidylinositol<, 3-bisphosphate | PI4.5)1P;)
and phosphatidylinositol-3,4, 5-trisphosphate
[P1{3,4.5)P;] are required to rget and retain
polveationic proteins, such as K-Ras, 1o the plas-
ma membrane (21 Although they are polyvalent,
polyphosphoinositides represent only a minor
fraction of the phospholipids of the plasma mem-
brance and are less abundant than phosphatidy |-
serine (PS), the predominant anionie specics,
which represents 10 w0 20% of all surface lipid
(3). The extent to which PS contributes 1o the
targeting and retention of cationic proteins in
cells is unclear, because suitable probes 10 mon-
itor PS distribution in live cells are lacking.

We wanted w0 develop a probe to monitor the
endogenous distribution of PS in imact cells,
Lactadherin, a glyeoprotein of milk, binds PS in a
calaum-independent manner (4, 3), with the ma-
jJor PS-binding motil localized to its C2 domain,
We used the C2 domain of lactadherin { Laci-C2)
to generate genctically encoded Nuorescent bio-
sensors of PS (6) Recombinant Lact-C'2 was
gencrated in bacteria and purificd to west s al-
ity for PS-contaiming liposomes by (luores-
cenee resonance energy ansfer (7) (g S1, A
and B We assessed the effectiveness of lipo-
somes ol varving composition to displace Lact-
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C2 from glass microsphenes coated by phospho-
lipid bilayers containing 20% PS and 80% phos-
phatidylcholine (PC) (lipospheres). Liposomes
containing 5 to 20% PS reduced Lact-C2 binding
1o the lipospheres in a concentration-dependent
manner (g, S1C), whereas liposomes containing

only PC (fig. S1C) or physiological levels of

cither phosphatidylinositol (P1) or PH4.5PS had
no effect (Fig. 1AL Lact-C2 fused to green uo-
rescent protein (GFP-Lact-C2) also bound ex-
clusively 10 PS-coated beads but not 10 those
coated with PC or phosphatidylethanolamine (PE),
or with anionie phospholipids such as phos-
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phatidic acid (PA). PL. or PI{4.5)P: (Fig. 1B).
which confimmed the selectivity observed with
the bacterially expressed C2 domain.

We next expressed GFP-Lact-C2 m both
wild-type and mutant Saccfaromyoes cerevisiae
deficient in PS (&), GFP-Lact-C'2 was obscrved
predomimantly on the plasma membrne of the
wild-type veast (Fig. 1C); however, it was cylo-
solic in the PS-deficiem mutant (Fig. 1C).
Although a contribution of protein-protein inter-
actions cannol be completely ruled out, these
findings demonstrated than most membrane bind-
ing of Lact-C2 requires PS.

The plasma membrane of BAW264.7 macro-
phages was similarly labeled by the GFP- Lact-C2
probe (Fiz, 1D Additonally, immeellular vesicles
wore decormted with GFP- Lact-C2 (Fig. 1D), and
a similar distribution was noted for the C2 doman
of factor VI, which also binds PS (9 (lig. S3A).
Cenam key residues in the C2 domains of fctors
VIl and V (fig. 523 are required for these proleins
to band PS. Mutation of the equivalent residues
in GFP-Lact-C2 obliterated its ability 1o bind PS
in vitro (Fig. 1B) and rendered the construet cy-
tosolic in macrophages (Fig. 1D

Several lines of evidence indicated that mem-
branc binding of GFP-Lact-C2 was driven spe-
cilically by PS and not by negative charge, First,
plasmialemmal targeting of GFP- Lact-C'2 persisted
after PI4, 5P was depleted by cither synaptojanin
2 (fig. S4A) or Inp54 (an inositol 5-phosphatasc)
(fig. 54, B and C). Lact-C2 remained bound w
the membrane, despite elimimation of PI3.4.5)P,
with wortmannin (lig. 54, A and C) or when

Fig. 1. Characterization of the PS probe Lact-C2. (A) Com-
petition for Lact-C2 by liposomes of varying composition.
& Fluorescein-labeled Lact-C2 (2 nM) was added to a mixture of

lipospheres containing 20% PS5 and 80% neutral lipid with
increasing concentrations of liposomes containing the indicated mole fraction of anionic lipids (the
balance was PC). (B) Binding of wild-type GFP—Lact-C2 (black bars) or GFP—Lact-C2-AAA, (6, 15) (white
bars) partially purified from Hela cells to C18-nucleosil beads coated with PC alone or with PE (20%), PG
(20%), PA (209%%), P1 (20%), PIi4,5)P; (PIPs) (2%, 5%}, or PS (5%, 20%6). Data expressed relative to PC-
only beads. (C) Confocal images of wild-type 5. cerevisioe (left) and a PS-deficient mutant {chol) (right)
expressing GFP—Lact-C2. Scale bars here and elsewhere are 2 pm. (D) Confocal images of RAW264.7
macrophages expressing GFP-Lact-C2 (left) or GFP-Lact-C2-AAA (right}.

11 JANUARY 2008 VOL 319 SCIENCE www.sciencemag.org




Pli4.5)P and PH3A5P were elimimated by
adenosine 3'“nphosphate (ATP) depletion (lig.

S4. D and E). Similady, the accumulation of

Lact-C 2 on endomembranes remained unchanged
when phosphatidylinositol 3-phosphate |[PRH3P)
was depleted (fig. S4F) Last, reducing the
negativity of the plasma membrane by addinon
of sphingosine (a membrne-permeant base) or
squalamine (a divalent cationic sterol) was with-
out effect on GFP-Lact-C2, bul induced a drastic
redistibution of surface charge reporters (fig. S35,
A and By (/).

Next, we identilied the endomembrane or-
ganelles bearing PS on their eytosolic surface by
L'l1|{l|,':I[if.Lti¢!|1 '.ll'l;,l.]}.wih. f'n“[ni,'hull\ll'iu 1["i:_'_. :.-"l. 1,
the Golgi complex (Fig. 2B), and the endoplas-
mic reticulum (Fig. 2C) did not colocalize
significantly with Lact-C2. These Iimdings were
unexpected because PS s synthesized, trans-
ported, or metabolized in these compartments,
The concentration of PS m organelles of the
secretory pathway may be lower than that of the
plasma membrane, and'or PS may be largely
confined o their luminal leaflet In contrast, ex-
tensive overap was observed between the endo-
cytic pathway and Lact-C2 (Fig. 2D). Various
subcompanments of the endocytic pathway were
labeled with Lact-C2: carly endosomes (fig. S6,
A and B), lme endosomes (lig. S6C), and lvso-
somes (N, S6D) all colocalized with the PS
prrobe,

The presence of PS, an anionic lipid, may
conler negative surface charge o endosomes and
lvsosomes. To test this hypothesis, we expressed
a serics of surface charge biosensors. These
probes combine a hyvdrophobie famesyl chain
with an adjacent sequence of varying net positive
charge (1), The most cationie ol these biosensors
(8+) which is expectad o accumulate on mem-
branes with the most-negative surlace  charge,
localized preferentially o the plasmalemma (Fig.
A0, which suppons the notion that this membrane
bears the most negativity on its inner surface,

likelv because of the unique accumulation of

phosphoinositides (f, £2, 13, Accordingly, the 8
probe was observed 1o relocalize from the plasma

Fig. 2. Subcellular dis-
tribution of PS in macro-
phages. (A) Macrophage
coexpressing the monomaer-
i form of red Muorescent
protein  {mRFP}—Lact-C2
flefty and mitochondria-
targeted GFP (mito-GFF)
(middle). Overlays of both
images shown in right
panel here and below.
(B) Macrophages express-
ing GFP—Lact-C2 (left}
were stained with anb-
bodies to GM130 (rmid-
dle). (C) Macrophages

meimbrane o intemal organelles afier PH4.5)P
and PI3.4.5)P depletion ( fig. S50).

By contrast, the least catiomic probe (2+),
which 15 targeted predommantly by hydrophobic
mteractions, associled mamly with mtracellular
membranes (Fig, 3A). A progressive increase in
the number of positive char
interaction of the biosensors with more negative-
ly charged membranes. Indeed, the fraction of the
Nuorescence associated with the plasma mem-

ges should favor

brane increased gradually along with the charge
of the probes (Fig. 3, A and Bl This was
accompanicd by redistrbution of the  fluores-
cence in endomembranes. Whereas the !E,L:Jlu.'.-._".-

lated 2+ probe clearly sssociated with reticular
and juxtanuclear structures, which feature prom-
inently components of the secrctory pathway, the
frt probe bound to the plasmalemma and 1o a
more diserete, vesicular subpopulaton (Fig. 3A).
A 4+ probe showed an imermediate distribution,
Thus, the surface charge of the reticular and jux-
tanuclear membmanes may be less negative than
that of the more randomly distnbuted vesicular
manbrancs.

The nature of the vesicular compantment and
the source of its negative surface charge were
revealed when we compared the distnbution of
the charge biosensors with that of Lact-C2, The

ST TN
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it ms-'trm-ch!.r\g‘ﬁ
Fig. 3. Cationic surface charge
probes are preferentially at-
tracted to PS-containing or-
ganelles. (A} Macrophages
cotransfected with mRFP—Lact-
€2 (middle) and a series of
GFP-tagged surface charge
probes containing a famesyl
anchor and a cationic motif
with 2 to 8 positive charges, as
indicated (left). Overlays shown
at right. (B} Quantification of
colocalization of surface charge
probes with Lact-C2. The Manders
coefficient indicates the fraction
of the surface charge probes
that colocalize with mRFP—Lact-
C2. The contribution to the
overall Manders coefficient of
the plasmalemma (blue} and
of all intracellular endomem-

branes (red) is indicated.

Mandors coafficiant

coexpressing mRFP—Lact-C2 (left) and the endoplasmic reticulum marker KDEL-GFP (middle). (D) Macrophages expressing GFP—Lact-C2 (left) incubated
45 min with FM4-64 to label the endooytic pathway (middle).
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compariments of intermediate negative surface
charge (lower than that of the plasmalemma, but
higher than that of seeretory membranes ) identifiod
by the 6+ probe were clearly labeled by Lact(2
(Fig. 3A) Surlace charee iosensors with pro-
gressively lower positive charge showed steadily
decrcasing colocaliztion with the PS probe (Fig. 3,

A and By, This implics that the eytosolic lealla of

endosomes and/or lysosomes s negative and that
the charge is confermed, at least in part, by PS,

Two additional lines ol evidence indicate that
PS contributes to the recruitment ol charge bio-
sensors 10 the membranes. First, in ATP and
phosphomositide-depleted cells, the 84 probe
partially relocalized from the plasma membrane
to intemal organelles (g, S3C), The redistribution
wis nod mndom; the 8+ probe wis argeted w
intemal membranes that bound Lact-C2 (g S5C7),
Moreover, a considerable fraction of Lact-C2
remamed at the plasmalanmey, despite the fact that
PIi4.5)P; and P13,4.51P were no longer detectable
ifig. 84, D and E) This suggests that PS. which
persists in the membrne of ATP-depheted cells, is
responsible for retention of the +8 probe. Accond-
ingly, we found that, although the 8 probe is
partially retained on the surface membrane of wild-
tvpe vt alter ATP deplction, @t is largely lost from
the membrane of PS-deficient veast (fig. 571

The finding tha PS-enriched endomembrmnes
recnuil proteins bearing sequences with a moder-
ately cationic charge has important  functional
implications, Although the plasma membrane is
the platform where most signal transduction
events are mtiated, endomembranes are inercas-
mgly recognized as sites where signals can be
{further propagated and amplitied (74, We there-
fiore analyzed whether the negative charge asso-
ciated with the enrdchment of PS in endocyiic

compariments coniribuics 10 the recruitment of

signaling molecules wo these loci. Pamticular atten-
tion was given o molecules that, like our charge
biosensors, have both a hydrophobic membrane-
binding motety and a cattonike motl of mtenme-
dhate (3+ 1o 64) charge. Several well-known
signaling molecules it this description. ¢-Sre,
which contains 5+ charges at its myristoylated N
termminus, was [ound at the plasma membrane and
in a vesicular compartment that overapped ex-
tensively with Lact-C2 (Fig. 4 and lig. S8). The
active forms of Racl and Rac2 were similarly
found in PS-comaining membrnes, OF note, the
more cationic Racl (64) associated predomi-
nantly with the plasmalemma, with a smaller
fmction i endomembrmanes, whercas the con-
verse was true for the less charged (34) Rac 2
(Fig. 4, A and B). That Racl s directed to the
surface membrane by its cationic tul 15 suggested
by the observation that a mutant where all six
charges were neutralized by replacement of tail
cationic amino acids with glutamine () (Racl-
601 (4 5) had a widespread distnbution reminis-
cent of the 2+ probe (Fig. 4A). The colocalization
ol modermtely cationic proteins with PS-enriched
membranes extends 1o other Rho family proteins
like Cde42 and 10 members of the Ras and Rab
familics  lig. S9), By contrasl, guanosine tAphos-
phatases like RheB that bear no positive charge
in their tail pantition indiscriminately o most cell
membranes, setting an upper limit for purely
coincidental colocalization with Lact-C2 (Fig. 4).

The electrostatic interaction that largats sig-
naling molecules o PS-enniched endomembranes
can be modulated by varving the surface charge
ol the membrane or by aliering the net charge on
the protein. K-Ras, which camies 8+ charges at its
C-terminal tail, 15 loeated pnmanly at the plasma
membrane in resting cells (76) (Fig. 4A). When
cyviosolic calcium rises, plasmalemimal PS is ex-

B @ndomamibranes
W plasma mambrans

0 0 3 6 5 8§ B B

net charge of
membrana-targeting region

118

Manders coeflicient
o L= (=
- o o

2
[ ]

Fig. 4. Proteins with cationic domains
are recruited to PS-containing compart-
ments. (A} Macrophages coexpressing
mRFP—Lact-C2 (red) and one of the fol-
lowing: ¢-Src—GFP, GFP-Racl{Q61L),
GFP=Rac1(Q61L)-6Q (inset), cyan
fluorescent protein (CFP)-Rac2(Q61L),
CFP-RheB, GFP—K-Ras(v12)-3E (activated

Ras with two tail Ser and one Thr replaced by Glu to mimic phosphorylation), or GFP—K-Ras (green) (6). (Top,
right} Overlay of mRFP—Lact-C2 and ¢-Src—GFP. Where indicated, cells were treated with ionomycin, (B)
Quantification of protein colocalization with the PS probe, measured as the Manders coeffident. The
contribution of the plasma membrane (blue) versus that of endemembranes (red) is indicated.

temalized (/7)) and P45 )Ps is hydrolyezed. As a
result, the plasmalermmal surface charge decreases
and becomes comparable o that ol endomem-
brancs, which now compete ellectvely tor binding
of K-Ras (Fig. 4, A and B). Conversely, post-
translational modilications, like phosphorylation,
that reduce the net charge of the cationic tail of
K-Ras can also alter its localization ( /8), Accord-
ingly, a phosphomimetic K-Ras mutant with three
serine- or threonine-to-glutamate substiutions in
its polybasic domain { K-Ras-3E) rdocated from
the plasmalemma o endomembranes, notably
those enriched in PS (Fig. 4).

The presence of sizable pools of PS on the
eytosolic leaflet of endosomes and lysosomes im-
plics that these compartments can serve o dock
proteins with PS-binding C2-domains, which m-
clude a number of mportant signaling and fuso-
genic effectors, The accumulation of the anionic
lipid also produces the acerction of negative sur-
face charge. As a mesull, polycationic proleins,
particularly those beanng a hydrophobie anchor-
age site, associate with PS-cnched compartments,
including endosomes and’or lysosomes. Electro-
static binding will occur in a manner dependent
on both the charge of the membrane and that
of the ligand, such that the most-negative meim-
brane (.., the plasmalamma) will overwheliming-
Iy accumulate the most cationic proteins, whereas
less-positive proteins associate with the plasma
membrane and, 10 a subsiantial degree, also with
membranes of imermediate charge, Because the
interaction is dvnamic, changes in charge can ne-
dircet protens from one tanzel membrane o anoth-
or. Thus, diminution of the plasmalemmal charge
caused by phospholipid redistribution or metab-
olism, or phosphorylaton of proteins like K-Ras
can relocaliae them o endocytic membranes, where
they could catalvze a different set of reactions,

Clearly. interaction with the surface charge of
membranes is but one of the determinants of
prodein targeting, and other tvpes ol interactions
must not be neglecied. However, the comribution
ol electrostatic attractions, particularly in endo-
membranes, should be reevaluated. The electro-
static switch theory (F¥) may be exiended io
include intermembrane redistribution ol ligands
in response o charge alteration,
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The Limits of Counting: Numerical
Cognition Between Evolution

and Culture

Sieghard Beller and Andrea Bender*

Number words that, in principle, allow all kinds of objects to be counted ad infinitum are one basic
requirement for complex numerical cognition. Accordingly, short or object-specific counting
sequences in a language are often regarded as earlier steps in the evolution from premathematical
conceptions to greater abstraction. We present some instances from Melanesia and Polynesia,
whose short or object-specific sequences originated from the same extensive and abstract
sequence. Furthermore, the object-specific sequences can be shown to be cognitively advantageous
for calculations without notation because they use larger counting units, thereby abbreviating
higher numbers, enhancing the counting process, and extending the limits of counting. These
results expand our knowledge both regarding numerical cognilion and regarding the evolution of

numeration systems.

he discovery of the largely restricted (£)

I or probably even nonexistent () nu-
meration system of the Pirahd in the
Amazonian Basin contributed 1o the discus-
sion of how numerical cognition depends on
language. Numeration systems are cognilive
tools for numerical cognition (3-6), and the ex-
perimental evidence gathered among the Pirahi
provided a sound basis Tor an analysis of how
such wols interact with the cognitive processing
of numbers, Cognitive tools, like wols in gen-
cral, may be more or less efficient, and re-
spective differences in clliciency have been
demonstrated both for notational (7, 8) and for
purcly linguistic numeration systems (9-42). It
should be noted, however, that the assessment
ol whether a feature is efficient always depends

on the nature of the sk and on the context of

usage and that the efliciency of a specific nu-
meration system does not say anything aboul
the cognitive abilities of its users.

Apant from their efficiency, cognitive tools
can also be ordered according 1o their presumed
evolution, Because wols are typically developed
in arder to improve their efficiency, it is reasonahle
o assume thal numention systems evolve [rom
being simpler 1o more sophisticated (6, 13- 135).
But can one also conclude that the simpler a nu-
meration system, the older it is? Although the

authors of the recent studies on the Amaonian
cases were carclul not o draw this conclusion,
the evolutionary staws of the Pirahid system has
become a matter of lively debate, both inside (2)
and outside of academia. We propose that draw-
ing conclusions on the cognitive and evolutionary
status of specilic numeration syslems requires
both dischronic and synchronic data, We set out
1o highlight the cogmitive efficiency of some al-
legedly primitive systems in another part of the
wordd and to show how they may bhave evolved
from abstract W more specilic as a result of cul-
tural adaptation.

Among the propertics commonly taken as
indices for the simplicity of a numeration sys-
tem are its extent and 1s degree of abstraciness.
The two are largely independent of cach other,
both on theoretical grounds as well as in prae-
tice, and they differ in terms of the attention they
have attracted: Whereas the extent of numeration
systems has been extensively addressed recently
(1. 2, 12, the degree of abstractness has largely
been neglected so far. We will illustrate these
properties with two instances for cach but will
focus on the second feature,

One region where systems with limited extent
abound s Papua New Guinea (/6). Takia, a
language in Madmg Province, contains five
numerals—kark, wrara, wiol, iwaive, and kafe-n
{also denoting “hisher thumb™), Higher numbers
may be composed by adding or muliplying
numerals o the word for 3, but this seems to have
been done rarcly and for low numbers only (7).
Adzera, a related language in the Markham River
valley in Morobe Provinee, contains an even more
restricted sysiem. lis number words for | 1o 3 are
composed of numerals for 1 and 2 only: bis, iru”,
i’ da bits (= 2+ 1), ine” dair” (= 24 2), and
ird’ da i’ da bits (=2 + 2 + 1), Although
because ol its recursive character this system is in
principle infinite, the inevitable difficultics in
tallving the tenms in higher-number words render
it cumbersome. In such cases, people nowadays
prefer to use loan words Irom Tok Pisin mstead, a
creoke language based on Enghsh and used as
lingua franca in New Guinca (/8),

These two numeration sy stems are admitiedly
not as simple as the case of the Pirahd sysiem, but

their bow bases and the lack of higher powers of

their base restrict both of them. Although nu-
merical cognition among the two Melanesian
groups has not been studied experimentally, i
can be inferred by analogy that, with such re-
sticled systems, precise numerical operations
should be labonous. i not impossible, for larger
numbers (/, 12, [9).

The second propenty that is readily taken as
evidence for restricted efficiency of a numeration
system s its object specificity. Menninger
inferred that the more object-specilic counting
sequences a language contains, the more anti-

quated the numeration system is (/). One of

the languages referred 1o as having such object-
specilic counting sequences is Old High Fijian, a
language in the castern part of Fiji: Whereas it
denotes 10 as hola when canoes are counted, for
coconuts Kevo s used (20). Similar object-
specilic counting sequences can be found in the
related Polynesian languages. On Mangareva, for
instance, a voleanic island group in French Poly-
nesia, tools, sugarcane, pandanus, breadlmit, and

Table 1. Numerals in traditional Mangarevan (abstract sequence),

Single numerals

Power numerals (quantities)

1 tahi 6 ono 10" rogo’uru 2-10° makiukiu
— - 2 rua 7 hitu 2-10" takau 2-10° makore
Deparlmenl of Psychology, University of Freiburg, D-79085 3 taru B varu 2-10° rau 210’ makorekore
FEERITG; Seima0). 4 na 9 iva 2.10°  mano 2.10° tini
*To whom correspendence showld be addressed. E-mail: 5 rima 2.10% makiu 2.107 maeaea

bender@psychologie uni-freiburg. de
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octopus were counted with different sequences
{24). From an evolutionary point of view, it ap-
prears reasonable to regard such spealic counting
systems as prodecessors of an abstract mathamat-
ical comprehension. But surpnsingly, these same
systems often also contained numerals for large
powers—as far as 10° in Mangarevan— thus
defining an extent not compatible with the
conception of “prmitive” numerical tols,

Why did we pick these panticular instances?
Al four languages belong 1o the same linguistic
cluster, namely, 1o the Oceanic subgroup of the
Austronesian language Gimily, and all inherited
a regular and abswact decimal numeration
system with (at least) two powers of base [0
from their common ancestor, Proto-Oceanic
(47,22, 23 Both the relavve hmitation of the
two numeration systems in Papua New Guinea
and the specific counting sequences i Fiji and
Polynesia therelore constitute subsequent devel-
opments, Although the former nught count as a
case of regression in evolutionist taminology,
the Polynesian cases are more complex and
therefore require an claborate analysis,

Traditional Mangarevan contained an ab-
stract numeration system (Table 1) and three
additional counting sequences for specific ob-
jects (21) As can be seen from Table 2, cach of
these sequences comained quantity wemms difler-
ent from the abstmet power numerals and ap-
pears 0 have proceeded in diverging steps.
However, this apparent divergence disappears
when the value of the counting unit o which

Table 2. Different counting sequences in Mangarevan, ordered by number of
single objects counted. Group 1 consisted of tools, pandanus, sugar cane, and
breadfruit; group 2 of ripe breadfruits and octopus; and group 3 of the first

these sequences refer is extracted. For the first
group of objects, the smallest unit fauga equals
2, for the second 1t oquals 4, and for the thied 1t
cquals 8 (for the polynomial composition and
the sequence pattems, see Fig, 1C) (24),

Specific counting sequences were adopted in
neardy every language in Polynesia and cven
bevond, and they all operated with counting
units other than 1 (25-27), However, despite
being based on the same construction principles,
ciach of them was idiosyneratic with regard 10
the value of counting units, the objects of ref
erence, and cven o the numeration principles
themselves, This indicates that each culiure
adapied s inhented system individually, in re-
sponse 1o culral needs. With only a few ex-
cepuions, the specilic sequences regularly
accompanied a general sequence that was purely
decimal and abstract (28), Because this general
sequence is constructed according to simple and
coherent riles (Fig. 1AL it fulfills—unlike the
English or German sequences (4, 3, 9-11)y—all
ol the requirements of a well-designed and efli-
cient numeration system. Why, then, the object-
specilic counting sequences?!

One of the remarkable facts about numeration
systems in Polynesian languages is their large
extent. Clearly, Polynesians were interested in
high numbers and had a need 1w operate with
them (25). For instance, in precolonial times,
Mangareva was home to a highly stratilied
socicty and was a junction for the long-distance
exchange of poods. Accordingly, tnbutes and

large shares for trade were regularly due (29-31).
However, without notation, dealing with large
numbers 15 difficult. In this context, specilic
counting sequences served practical reasons.

Their main efleet was o abbreviate numbers
by extracting from the absolute amoum the fac-
tor inherent in the counting unit. This extraction
has implications for critical factors for mental
arithmetic: It direetly aflects the problem siae
effect in that it reduces caleulation time (3), and
it indireetly affeats base size (¥). Although large
bases are more efficient for encoding  large
numbers and may, by virtue of compact intemal
representations, facilitate mental operations, they
also require the memorization of larger addinion
and muluplication tables, Small bases, on the
other hand, are cumbersome for the representa-
tion of large numbers but advantageous when it
comes to simple caleulations, This holds partic-
ularly for the binary system, as 15 well known
since the work of Leibnize.

In Mangarevan, a preoccupation with 2 is
apparent. Not only do the three specilic sequences
differ with regard to the value of their counting
unit fanga by factor 2, but their general decimal
pattern is also modulated with elements of a binary
svstem. Because ol its irregularities, the Mangare-
van system gave rise to disadvantages not faced by
other Polynesian languages with more-regular
specific svstems, but the disadvantages were
compensated by a rmange of fcilitation effects,

One ol these effects was that counting
specific objects was enhanced by counting them

breadfruits and octopus of a season. Ellipses indicate that parts of the counting
sequence were omitted for reasons of space; dash entries indicate that a
reqular number word is lacking for this number in the respective sequence.

Objects a [l 2... 4... B... 10... 20... 40... 80... 160... 200... 320... 640...
general tahi  rua ha ... varu rogo'ury  takau rau
group 1 - tauga rua tauga ha tauga paua tataua varu rua varu ha vamu varu varu
group 2 - - tauga rua tauga - paua tataua varu rua varu ha varu
group 3 - - - tauga - - paua tataua varu rua varu
A Regular numeration systems (Polynesian languages) C Object-specific numeration systems {Hangarnm}
N=[n-Qup + ... +[n-Qyge] + [n-Qyg1] + [] N = ([n-Qqpl + [Qagl + [Qyal + [n-Qyl) - x
e actor i o Factor
12 ol )i EEE "
12 .. [ TT T T [wfee |, Bl | N
2] [ [ [ 11 oo tens (hundreds) 12 @ sl | || :
[y single units powp i | 2 -t'I T Twla 160 -Qﬂfmmj . ': -
goup? |4 g 36|60 (o (tatawa)
ooed | 8|16 72| Qg (paua) ey
B General numeration system (Mangarevan) 0y (1auga) . 8 fgroup 3)
N = [n-Qo g8 + ... + [n-Q2402] + [0-Qo gp1] + [Qygt] + []
Q2107 Q102 Qz10 " i3 Factor Fig. 1. Steps of three types of numeration systems: (A) the regular one
2 :—.——[ 0 prevailing in most Polynesian languages, (B) the general system in
] l"' [EpuE] i’“: 10 Mangarevan, and (C) the object-specific ones, occurring in three variants

=2 (101 Q201 tens of pairs)
2l T T T T Toleten (hundreds of

[y ] single wnits

02102
pairs) 10

2 {indicated in the polynomial by x = {2, 4, 8}). N indicates the number
word, n = {1, ..., 9}; Q,, the power term or quantity, with indexed number
referring to the numerical value. Gray squares represent possible terms in

the polynomial, with numbers inscribed indicating the value lequal to the
amount of single items referred to). Rows of squares (equal to quantities @) are denoted by the words subscribed; numbers superscribed indicate the numeral n,
multiplied by the respective quantity Q. The numbers on the right indicate the factor by which a level in the polynomial is multiplied to reach the next level.
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in larger units (of pairs, quadruples, or cights),
In addition, extracting the respective tactor ex-
tended the hmits of the counting sequence, but
more importantly it also abbreviated higher num-
bers and consequently combined effects of lanze
and small hase sizes: Encoding produced com-
pact number represcmiations (c.g., 4% npe
breadiiuits could be represented as 12 umits =
| peue + 2 panga) as inoa base 40 system: at
the same tme, caleulating ensued with the ad-
dition and muliplication tables of the decimal
base, supported by two binary steps,

To sum up, the linguistic analysis revaals
that the specific counting systems in Mangareva
did not precede an abstmact system but were
rather denved from it despite their nonabstrict
nature (32). And the cogmitive analysis suggests
that this was done deliberately and for mtional
pumposes. This justilies the conclusion that a
leature of apparently hittle efficiency, once taken
as indicator for an carlier evolutionary step in
numencal cogniion, can be wused © overcome
another such feature.

Not all cultures value numbers in the same
way, even il they are concemed with mathe-
matical topics (33). In some cullures in Papua
New Guinea, for instance, large power nu-
merals were given up together with decimal
systems and replaced by quinary or body-
counting sequences. In other culres, the re-
verse of this ok place: Not satisfied with the
restrictions posed by their inherited numera-
tion systemn, many Polynesian cultures not only
extended its limins of counting but also designed
ellicient strategies W0 cope with the cognitive
difficultics of’ mental arithimetic. Both lines of
development siarted from the same regularly
decimal and abstract numeration svsiem inher-
iied from Proto-Oceanic and  therefore speak
against a lincar evolution of numerical cogni-
tion. Numeration sysiems do not always evolve
from simple 10 more complex and from specific
10 absiract sysiems,

There may be no other domain in the ficld of
cognitive sciences where it is so obvious that
language (i.c. the verbal numemtion sysiem)
allfects cognition (i.c.. mental arithmetic). One of
the two core systems of number hinges on lan-
guage (6, 34) [Mone’s language docs not contain
numerals bevond 1 oand 2, calculating larger
amounts is dilficuly, if not impossible, However,
people are also very creative in adapting their
cognitive and linguistic tools 1o culivral needs,
and cases like those presented here add w our
knowledge of how they achieve this.
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Recognition of a Ubiquitous Self
Antigen by Prostate Cancer—
Infiltrating CD8" T Lymphocytes

Peter A. Saﬂhrai;peu1 Keith ‘.“n:lssa‘:lh‘:n2 Chulho lcang,a Kevin Lar‘imnre," Elyn I?.im:llz*l,5
Kathleen Wt}jnonnski,l Achim A. ]ungl}lu'tl't,dr James P. Allison*

Substantial evidence exists that many tumors can be specifically recognized by CD8* T lymphocytes.
The definition of antigens targeted by these cells is paramount for the development of effective
immunatherapeutic strategies for treating human cancers. In a screen for endogenous tumor-associated
T cell responses in a primary mouse model of prostatic adenocarcinoma, we identified a naturally
arising CD8" T cell response that s reactive to a peptide derived from histone H4. Despite the
ubiquitous nature of histones, T cell recognition of histone H4 peptide was specifically associated with
the presence of prostate cancer in these mice, Thus, the repertoire of antigens recognized by
tumar-infiltrating T cells is broader than previcusly thought and includes peptides derived from
ubiquitous self antigens that are normally sequestered from immune detection.

Ivmiphocytes that are reactive to antigens
expressed by wimor cells have been shown

to modulate cancer development in animal

models and human cancer patients (., 2 Thus,
much efTort has been devoted w the development
ol immunotherapeutic strategics aimed at
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imducing cancer regression by enhancing anti-
tumor Teell responses (31, The identification of T
cell wmor antigens typically relics on the in vitro
culture of T eell lines reactive to clonal tumor cell
lincs or w candidate peptide antigens (4),
However, antigens defined in this manner may
nod provide a complete picture of the mange of
antigenic peptides in primary, heterogencous
tumors comprsing a variety ol cell types al
different stages of differentiation, In this study,
we sl out o define a natarally arsing T cell
response o a wmor-associated antigen in an
autochthonous mouse model of cancer.

Our approach was based on the direct
detection of T cell populations that infilimte
primary wmors i vivo, thereby bypassing the
need for in vitro T cell manipulation. To do this,
we used a model in which male trunsgenic

"Department of Immunclogy, Howard Hughes Medical
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Memorial Sloan-Kettering Cancer Cenfer (MSKCC), New
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adenocarcinoma of mouse prostate (TRAMDP)
mice express simian virus 40 T antigen (Tag)
under the control of a prostate-specilic promoter,
resulting in the developmen of spontancous
adenocarcinoma in the prostate by 14 o 20
weeks of age (5, 6). In a screen o identify
endogenous T cell responses in the TRAMP
model, we analveed T cell reeeptor (TCR) rep-
croire diversity within the prostate inliltmate
of late-stage tumor-bearing TRAMPY mice
(=27 weeks of age, B6 genctic background) in
order 1o identily reproducible T cell clonal
expansions expressing conserved TCRs, We
analvzed repenoire diversity using TCR CDR3
stee spectratyping (7), in which the length dis-
tnbution of the hypervariable complemenanty-
determmuning region 3 (CDR3)of a TCR cham s
analyzed via a polymemse cham reaction { PCR)
based approach (X). Spectratyping analvsis of the
TCRE chain variable region (V) lamilies
| through 20 revealed the consistenl overmepre-
sentation of VP83 TCR transcripts with a

conserved CDR2Y length in the prostates of

tumor-bearing TRAMP™ mice but not in the
prostates of control B6 mice (Fig. 1A and fig.
S1A) Sequencing of the prominent VPSS tran-
scripts from several TRAMP™ mice identified
conserved transeripts that preferentially encoded
a CDR3 of 10 amino acids in length and a con-
served amino acid sequence (g, S2). Spectra-
tvping analysis of prostate-infiltrating CD4 and

CD8" T cells from tumor-bearing TRAMP™
mice revealed that T cells expressing the con-
served VPR3 TCRP chain fall within the CD®'
T cell subset (Fig, 1B and Nig, S1B), suggesting
that these cells are major histocompatibility
complex {MHC) class [-restricted, In an analo-
gous mamner, we used CDR2 size spectratyp-
ing and sequence analysis to identify restricted
Va2 and Vals TCRa chains that preferential-
ly pair with the conserved TCRB chain 1o fomm
a lunctional TCRap heterodimer (fig. 53 and
tables 82 and S3). Overall, the finding tha
CDE" T eells infiltmting TRAMP™ prostate w-
mors express highly conserved TCRs suggested
that a T eell response reactive 1o the same antigen
was ansing spontancously in most wmor-bearing
TRAMP™ mice.

Having identified a conserved TCRaf rocep-
tor expressed by T cells infilimting TRAMP™
prostate tumors, we generated transgenic mice ex-
pressing the conservad Va2 TCRa and VER.3T
TCRP chams (Fig. 1C and fig. 54). When a
TCRap transgenic line was crossed 1o the Ragl ™
{recombination activating gene 1) background, in
which rearrangement of endogenous TCRs is
precluded. mature peripheral T cells were se-
lected to the CDE™ lineage (Fig. 1C). In addi-
tion, T cells in Rag/™ TCRaf ransgenic mice
exhibited no evidence of clonal deletion or co-
receptor downregulation in the thymus or activa-
tion in the penphery (Fig. 1C and fig. S4),
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are reproducibly overrepresented in the prostate of TRAM
B) TCR VB8.3 CDR3 size spectratyping analysis of TRAMP** prostate. (A)
cDMNA from prostate tissue from 9 (21- to 36-week-old) B6 control mice, 10
(21-week-old) TRAMP*'* mice, and 10 (27-week-old) TRAMP* mice. (B)
A cOMNA from CD4* or CD8a* T cells purified from the prostates of nine 27-
week-old TRAMP** mice by fluorescence-activated cell sorting. The
“reference” spectra [bottom row in (A)] are derived from Bé female spleen
samples. NP indicates no PCR product. (C) Flow cytometric analysis of
thymocytes and splenocytes from Bé mice and Rag1™" TCRuf} transgenic
mice expressing the conserved Viu2* and V8.3 TCR chains.

V8.3
THYMUS SPLEEN
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1 | 1
WL Ll "
=L S s M
NP l ! foo
il 68 0
. a LI -
NP o=l
}_-‘1 _ O )
| — ! CDBx——» (D8I —»
| | | I
_.__J = JN
Fig. 1. CD8u™ T cells bearing V[38.3* TCRs with a conserved CDR3 length
P*'* mice. (A and
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suggesting that there was no ovent immunolog-
ical selfrcactivity in tumor-free TCRof trans-
Zenic mice,

To facilitate the characterization and identifi-
cation of the antigen driving the observed T cell
response, we generated an immortalized T cell
hybridoma expressing the conserved TCRafp
{hereatier refemred w0 as the “clonotypic hybrido-
ma,” clone 6B1-6) from T cells from TCRap
tansgenic mice, In vitro, stimulation of the
clonotypic hybridoma was not observed afier
direet culture of the hybridoma with a varety of
twmor cell lines [including the TRAMP-C2
prostate cell line (9] and primary immune cell
types. Instead, stimulmion was only observed
when the clonotypic hybridoma was cultured
with high-perdomance liguid chromatography
{HPLC) fractions of crude cellular acid extracts
together with MHC-cxpressing antigen-prosenting
cells (APCs). When crude extracts from the
prostate of tumor-bearing TRAMP™ males were
assaved e this manner for stimulation of the
clonotypic hybridoma, a single peak of stimula-

tory activity was observed (Fig. 240, Addition-
ally, stimulatory activity was found in eximcts
froom other organs (Including liver, lung, sploen,
and thymus) and bone marmow [rom TRAMP"
mice, as well as in organs from male and female
B6 mice (Fig. 2A and fig. S5). T cell stimulation
was only observed when APCs expressed the K?
class | MHC molecule, and was blocked by
culture with antibodies 1 K® (Fig. 2A), indicating
that antigen recognition is KM-restricted. Taken
together, experiments that used crude oxiracts
from mouse tssue indicate that the antigen nec-
ognized by clonotypic prostate-infilirating T cells
is derived from a sellf molecule that is present in
many organs of both wmor-bearing and wmor-
free mice,

In addition to the crude extracts from primary
mouse tissue, the stimulatory activity was present
in crude extracts from all mouse cell lines
assaved.  Biochemical fractionation of ccellular
extracts from a tumor cell Ime revealed that the
stimulatory activity is preferentially associated
with the chromatin-coriched nuclear fraction

REPORTS

(Fig. 2B). We therelore assaved the highly con-
served histone proteins, an abundant constituem
ol chromatin, and found that preparations from a
histone mixture and from punficd histone H4
stimulated the clonotypic hybridoma (Fig. 2C).
To identify the potential antigenic histone H4

derved peptides, we acid-treated, purified, and se-
guenced histone H4 using liquid chromatography

tandem mass spectrometry (LC-MS/MS) (7). A
single 17-mer peptide (ie., 17-amino acid pep-
tide) of sequence VWYALKROQGRTLYGFGG
{11 (identical 1o the C terminus of histone H4,
residues 86 10 102) was identified (g, S6).
LO-MS/MS analysis of peptides present in the
stimulatory fractions obtained from crude ex-
tracts (Fig. 2A) revealed the presence of the
histone HAEG6-102) 1T7-mer. Analysis of clono-
typic T cell stimulation after culture with histone
H4B6-102) or smaller tuncated peptides in
the presence of APCs confirmed that clono-
typic T eells recognize listone HA(86-102) and
revealed that the minimal core epitope for recog-
nition is the heptamer HA86-92) VVYALKR

A B C D
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Fig. 2. T cells expressing the conserved TCRufl recognize a histone H4—
derived peptide. (A to C) Reactivity of the clonetypic T cell hybridoma 6B1-6.
Extracts or proteins were boiled in 10%b acetic acid and resolved by reversed-
phase HPLC. Fractions were then dried and cultured with 6B1-6 and K™
expressing APCs, and 6B1-6 stimulation was assayed. (A} Reactivity of 6B1-6
to crude extracts from prostate (PR}, spleen (SP), and liver (LIV) from 27-week-
old male TRAMP** mice and liver from male (M) and female (F) B6 mice.
Where indicated, a cocktail of antibodies to K® (anti-k®) or control antibodies
{ctrl Ab) was added to the culture. (B) Reactivity of 6B1-6 to extracts of
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FRACTION NUMBER

subcellular fractions, B16 melanoma cells were fractionated according to
Wysacka et al. {16). The indicated subcellular fractions were solated, acid-
treated, processed, and assayed. (C) Reactivity of 6B1-6 to histone H4. A
mixture of histone proteins or the indicated individual histones were acid-
treated, processed, and assayed, (D) Stimulation of conotypic T cells with
histone H4—derived peptides. T cells expressing the conserved TCRau[3 (either
6B1-6 or TCRuf transgenic T cells) were cultured with peptide and APCs
[either primary dendritic cells (DCs) or L-K® cells]. The histone H4—derived
peptides assayed and the control SHNFEKL peptide are indicated.

PEPTIDE (M)
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(Fig. 2D). The finding that clonotypic T cells
recognize histone H4(86-92) presented by K® is
unexpected, given the preference of K& for
peptides that are eight amino acids in length and
that contain a phenylalanine or tyrosine in the
{ifth residue (/1) Consistent with this idea, his-
tone H4 peptide binding 1o K®, as measured by
stabilization of K® on the surface of RMA-S
cells, was barely detectable (fig. 57), suggesting
that H4 peptides bind K® with low aftinity.
Having determined that clonotypic T cells are
reactive 1o histone HAHS6-92)-related peptides,
we designated TCRof transgenic mice as
SHRC™ (histone FH-reactive TCR transgenic,
complele expression),

In onder to directly identify endogenous his-
tone H4 reacuve T cells in wmor-bearmg
TRAMP™" mice, we used fluorescent peptide
MHC tetramers in conjunction with low cytom-
eiry. Becawse the low alliniy ol wild-tvpe
histone H4(86-92) VVYALKR binding to K°
precluded the generation of stable tetramers, we
produced KP tetramers bearing the analog peptide

VVYAFKR, in which the leucine lying in the
dominant H"-himiiug anchor position is mutated
to a phenylalamine. The VVYAFKR peptide
exhibited increased affinity for K® and was nee-
ognized by clonotypic T cells in vitro (fig. S8),
and VVYAFKR/K® tetramers (hereafter referred
to as “HAK® wermmers™) stained HRC T cells
efficiently (fig. S4). With the use of H4/KP
tetramers, histone H4-reactive T cells were not
observed in the prostates of wmor-free Bo6 mice
(n = 9 mice, Fig. 3A) In contrast, antigen-
expericnced CD44" DS HY/KD teramer” T

cells were detected in the prostate infiltrme of

most wmor-bearing TRAM P mice (Fig. 3A,
with a median frequency of 0.15% of DS T
cells), with prominent HAK® wetramer” popula-
tions i 3 owt of 13 mice that were analyeed
{(=0.2% of CD8" T cells and =20 tetramer” cells
were recovercd from the prostate ). The frequency
of histone H4-reactive cells in TRAMP™ pros-
tate 15 comparable o that reported for T cells
specific for wumor-associated  antigens  found
commonly in the wmor infiltmte and metastatic

Iymph nodes of human melanoma patients (/7).
In addition to those identificd in the prostate,
antigen-cxpencnocd HA/K® tetramer” cells were
also identilied at detectable frequencies in the
prostate-draining periaortic lyvmph nodes (7 o
of 13 mice, with median Irequency 0,029%%) and
the spleen (4 owm of 13 mice, with median
frequency 0.023%) of some TRAMP™ mice
{Fig. 3A), including the 3 mice with prominent
H4/K® tetramer’ populations in the prostate.

To evaluate antigen recognition by histone
HH-reactive T cells in late-stage prostate cancer,
we analveed the proliferation of HRC T cells
afier adoptive transfer into TRAMP™" mice.
HRC T cells labeled with the dyve caboxyfluo-
rescein diacetate succinimidy| ester (CFSE) were
ransfemed into wmor-bearing TRAMP™" mice
and B control mice and were analyeed 5 or 30
davs afler ransfer, At both time points, HRC T
cells that had undergone division (.., with
dilmed CFSE) were observed in TRAMP
mice but not in B6 controls (Fig. 3B). CFSE-
diluted HRC T eells were predominantly found in
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Fig. 3. T cell recognition of histone H4 in vivo. (A} Identification of
endogenous histone Hd—reactive T cells with peptide/MHC tetramers. T cells
from >24-week-old TRAMP** and B6 mice were stained with H4/K®
tetramer and antibodies to cell-surface markers. (Top) Representative
samples from SP, periaortic lymph nodes (pLN), brachial lymph nodes
(bLN}, and PR. (Bottom) Summary of tetramer staining results, pooled from
five experiments. To determine which TRAMP samples were “tetramer™,” we
used data from Bé samples to establish a limit of detection (dashed
horizontal bars), defined as the mean plus two SDs. For PR samples, solid

median values.

and open circles denote samples in which =20 or <20 H4/K" tetramer”
cells, respectively, were identified. (B) Division of HRC T cells transferred
into TRAMP*™ mice. CD45.1* HRC T cells were labeled with CFSE, trans-
ferred into TRAMP*™ and Bé mice, and analyzed 5 days (top) or 30 days
{bottom) after transfer. Asterisks indicate statistically significant differences
between TRAMP*™ and B6 pLN values (P < 0.0001 for day 5, P < 0.006
far day 30). For 5 and 30 days after transfer, data are pooled from four and
two experiments, respectively. Solid horizontal bars in (A) and (B) indicate
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the wmor-drining periaodic lvmph nodes (Fig,
3B). mdicating that T cell antigen recogmition in
the ymphoid organs 15 mamly restricted 1o the
Iymph nodes draining the wmor site.

Together, tetramer analysis of endogenous T
cells and adoptive T cell transfer studies indicate
that, despite the ubiquitous nature of listone H4,
MHC class Frestricted T ocll recognition ol histone
HA peptide is specifically associated with the pres-
ence of prostate cancer in TRAMP™ mice (/13),

Next, we performed a series ol expeniments o
analyze the ability of HRC T cells o wrallic 1o the
prostate and develop effector function alter an-
tigen recognition in tumor-bearing TRAMP™
mice, First, when analyeed 4 1o 8 weeks alier
trnsler, prostate infilration of HRC T cells was
observed i a proportion (10 out of 31 mice,

~32%, with =20 HRC T cells recovensd) of

TRAMP™ recipients, with a median frequency
of 0.27% of prostate-infilirating CDR™ T cells
{Fig. 4A) Second, when analyzed either 3 or 30
days afier transfer, HRC T cells that had under-

gone division exhibited increased expression of

the activation marker CD44 but generally pro-
duced little or no interferon-y (IFN-y) (Fig. 4B).
Third, HRC T cells wansfemed into wimor-bearing
TRAMP™ mice did not exhibit detectable eyio-
Ivtic activity (Fig. 4C) and did not express the

p-J

Fig. 4. Trafficking and
effector function of his-
tone Had—reactive T cells. 100
() Trafficking of HRC T
cells to TRAMP*™ pros-
tate. CD45.1" HRC T
cells were transferred into
=23-+week-old TRAMP**
or Bé6 mice and ana-
lyzed 4 to 8 weeks after
transfer, Solid and open
circles denate samples
in which =20 or =20
C045.1" cells, respec-
tively, were identified.
For three representative
mice, flow plots are
shown. (B) CD44 expres-
sion and IFN-y produc-
tion by HRC T cells.
CFSE-labeled CD45.1%
HRC T cells that had been i
transferred 30 days earlier i ’
into 23-week-old TRAMP™* =

mice were re-stimulated 4
in vitro and analyzed

The positive control indi-

-
nd

CD45.1* DONOR T CELLS
(% OF CD8c*)

0.0
PR

Bb

4-8 WEEKS

lrli a®

B6 TRAMP*

cyiotoxic effector molecules granzyme B or per-
form (fig. S Thus, atter tanster into wmor-
beanng TRAMP™ mice, HRC Teells proliferate
and traffic to the prostate in a proportion of mice
but typically fail 1o develop measurable effector
function. These functional chamctenstics are anal-
ogous o those of wmor-reactive T cells found in
tumor lesions of melanoma patients (12, 14, [35).
To gain insight ino the contribution of” his-
tone Ha-reactive T cells o antiumor immunity
or 1o tolerance, we crossed TRAMP™ mice 10 a
TCR trmnsgenic line exhibiting variegaied expres-
sion of the histone H4- reactive TCR (designated
“HRV"), resulting in expression of the complete
TCRap heterodimer on 10 10 200 of mare T
cells (hg. 54). The mesulting male offspring,
cither TRAMP'™ or TRAMP"™ HRV, were
cuthanizad between 26 and 28 weeks of age,
and the mass of the genitouninary tract and
prostate was determined. Although there was
no difference in survival 1o the 26- to 28-weck
end point (fig. S12), malysis revealed a shgh,
statistically significant reduction (~10% ) in pros-
tate and genitourinary tract mass in TRAMP"
HRY mice relative to that in TRAMP™ con-
trols. This linding suggests that, on average, a
high precursor frequency of histone H4- reactive
T cells results in decreased tumor burden in

REPORTS

TRAMP mice. Despite this eflect, the animals
eventually die of prostate cancer, indicating that
histone H4-reactive T cells are not by them-
selves protective in the absence of Immune inter-
vention, We are currently performing histological
analyses of TRAMP prostate tumor pathology
and immune infiltration in an effort o cluci-
date the mechanisms underlying the observed
reduction in tumor burden in TRAMPY™ HRV
mice.

On account of its abundant, ubiquitous nature,
the histone H4 antigen described here does not i
o the major classes of wmor-associated an-
tigens () and may represent a previously un-
defined type of antigen. Hypothetically, antigens
of this type would be denved from ubiquitously
expressed protemns that, under normal crcume-
stances, are not efticiently processed in the MHC
class | presentation pathway because of seques-
tration within the cell, either by comparimental-
tzation within the nucleus or mitochondra or by
segregation within supermolecular complexes.
The CDR" T cell repentoire would be largely

ignorant of such antigens. However, as a result of

distinet conditions within the twmes microenvi-
ronment, changes in antigen processing and pre-
sentation would induce MHC class |- restricied
presentation of the antigen, allowing recognition

gated on CD45.1* donor T cells
pLN bLN PR
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cates cells from B& mice
that had previously re-
ceived in vitro—activated
CD45.1% HRC cells. (C)

Lack of detectable cytolytic activity of HRC T cells. CD45.1" HRC cells were injected
into >24-week-old TRAMP*"* or B6 mice. Fourteen days later, mixtures of target
cells labeled with either VWYAFKR (H4) or control SINFEKL [ovalbumin (OVA)]
peptide were injected, and the recovery of targets was quantified. The positive
control (OVA vax) indicates B6 mice that had been vaccinated against OVA
peptide. (D) Slight reduction in PR mass and in genitourinary tract (GU) mass
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TRAMP™

TRAMP*
HRY

TRAMPY  TRAMP
HRY

GU PR

in TRAMP™~ HRV mice. Organ masses were determined for 26- to 28-week-old
TRAMP* HRV (n = 106 mice) and TRAMP*'~ (7 = 119 mice) animals. Mice
that died before the analysis point (1 = 9 for TRAMP*~ HRV and n = 10 for
TRAMP*) were not included in the analysis. Median masses were 902 mg
{GU) and 95 mg (PR) for TRAMP*'~ HRV mice and 1042 mg (GU) and 112 mg
{PR) for TRAMP*~ mice. Horizontal bars indicate median values.
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Molecular Biology Liquid Handling

Three products have been released in the CyBi-GeneRobots line that
combine reliable nucleic acid purification processes with precise
low-volume pipetting capacity. The CyBi-DiluSpro is an eight-channel
pipettor suited for many molecular biclogy applications. Because it
offers high precision over the pipetting range of 0.5 mlto 250 ml, itis
a suitable choice for polymerase chain reaction set-up and clean-up,
as well as sequencing reaction set-up and clean-up. The CyBi-Well
vario is a multi-channel pipettor suited for nucleic acid transfer appli-
cations in the 96-well, 284-well, and 1536-well format, such as high-
throughput small-interfering RNA screenings. Exchangeable pipet-
ting heads cover a volume from 25 nl to 250 ml to provide flexibility
from the downscaling of reaction volumes to throughput increases.
Sterile and polymerase chain reaction-certified disposable tips pro-
vide reliable results without cross-contamination. The pipetting
technology enables gentle cell handling as well as rapid nucleic acid
transfer protocols on the same instrument. The CyBi-RoboSpense is
an all-purpose pipetting robot with four or eight individually address-
able channels, suitable for nucleic acid purification, processing, and
analysis applications. The system works with tubes and plates both
in the 96-well and 384-well format. It is designed for fully automated
sample purification and reaction set-up and clean-up tasks.

Mobile Ductless Fume Hoods

The EDU Maobile Ductless Fume Hoods are a low-cost solution for
clean air requirements, providing operator protection when using
hazardous substances. These economical and efficient units feature
high-guality pre-filters and carbon filters with efficiencies greater than
99.6%, all-around visibility, mobility from laboratory to laboratory,
and easy installation. They include alarms that monitor flter, airflow,
and filter lifetime,

Air Science USA

For information 800-306-0656

Www.air-science.com

Trypsin Removal

Mag-Trypsin provides a method for magnetically immobilizing trypsin
that allows it to be removed easily from a protein digestion mixture
using a magnetic separator after the reaction is complete. Treatment
with trypsin immobilized on magnetic beads prior to immaobilization
inhibits chymotrypsin activity without any effect on trypsin, Unlike
agarose-linked immobilized trypsin, Mag-Trypsin does not require
any centrifugation or use of columns. It provides a simple method for
eliminating trypsin contamination after digesting protein samples to
their peptide constituents in preparation for such techniques as mass
spectroscopy or peplide enrichment.

Clontech Laboratories

For information 650-919-7382

wwwy. clontech.com

Protein Expression Media

The ProNSO Chemically Defined (CD) Serum-free Media support
maximal production of recombinant protein in NSO cells. The NSO cell
line is widely used for recombinant mammalian protein expression in
research and biotherapeutic applications. Two formulas are available
to cover a broad range of nutritional needs, with acompanion ProNSO
Lipid CD Supplement also available.

Lonza

For infarmation 800-521-0390

www.lonza.com

www.sciencemag.org/products

SCIENCE

New Products

CyBio
For information +49 36 41 351 0
www.cybio-ag.com

T Cell Isolation

The flow-compatible Dynal Dynabeads Regulatory CD4+CD25+ T Cell
Kit is used for positive isolation of human regulatory T cells (Treg
cells). The tube-based technology provides highly functional Treg
cells with up to 97% purity. In the three-step isolation procedure,
cells are left both bead-free and antibody-free after isolation, and can
be used in any downslream experiment.

Invitrogen

For information 800-955-6288

www.invitrogen.com

Diamond Knife

A new diamond knife for the sectioning of frozen hydrated specimens
features a 25" angle for the least possible compression and the best
structural preservation. Its cutting range is from 25-—200 nm and
it is available in a 3.0-mm diamond width. The triangular holder,
suitable for dry sectioning, as well as the trough, for sectioning using
fluids, are both made from a special copper-nickel alloy, for the best
possible heat/cold conduction. A cold-resistant epoxy resin is used
far the seal.

Diatome

Forinformation 215-412-83%0

www.emsdiasum.com

Electronically submit your new product description or product literature
information! Go to www.sciencemag.org/products/newproducts.dtl for
more information.

Newly offered instrumentation, apparatus, and laboratory materials of
interest to researchers in all disciplines in academic, industrial, and gov-
ernmental organizations are featured in this space. Emphasis is given to
purpose, chief characteristics, and availabilty of products and materials.
Endorsement by Science or AAAS of any products or materials mentioned
is not implied. Additional information may be obtained from the manufac:
turer or supplier.
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POSITIONS OPEMN

Marterial Intelligence has the following positions
apen,

(1) SENIOR SCIENTIST. Requires Ph.DD, in
physics or closely relared field and working knowl-
edge of scalar diffeaction and inverse scattering in
nonumform media. Duties will include both theory
and expenments. Software, clectronic design, or me-
chanical skills are desarable.

(2) PROGRAM MANAGER. Roquires degree in
engincering, or physical science, expencnce in similar
job funchion, and competency in office and project
management software, Dutics include administering
a government contract; preparing and submitting re-
ports and data items; and coordinating mectngs,
program reviews, and ficld rests.

{3) ELECTRICAL ENGINEER/DESIGNER.
Requires degree plus five vears of experience in clee-
trical engincering, analog circuit design for instru-
mentation, digital desipgn with field-programmable
gate array, lavout, and test. Degroe in a physical science
with relevant experience may be accepred. Also desir-
able are ultrasound, microwave, and video expericnce.

(4) SOFTWARE ENGINEER. Requires degree
in engineering, or physical scicnce, plus five years of
expericnce designing and  programming real time
sysrems, device drivers, signal processing, dara ac-
quisitien, graphics, and video.

(5) MECHANICAL ENGINEERING TECH-
NICIAN. Requires degree in mechamcal engineenng,
or physical sdence, and relevant experience. Dutics
include light mechanical design, machining and as-
sembly, and assisting in experiments. Experience in
environmental testing is desirable.

() TECHNICAL ASSISTANT/COMPUTER
SUPPORT. Requires degree in engincering or phys-
ical science, experience in system management, and
software programming skills. Mechanical and elee-
trical skills are desirable. Duties include maintaining,
computer systems and assisting the senior techmcal
stafl.

All posinons are located near Mornstown, New
Jersey.

Mease send resumes to e-mail: jobs@mi-llc.com,

ASSISTANT PROFESSOR POSITION
Dalhousie University
Cardiovascular Physiology

The Deparement of Physiology and Biophysics in-
vites applications for a position ar the Assistant Pro-
fessor level available for the 2008 academic vear.
Quaalified candidares will have demonstrared rescarch
expertise in cardiovascular physiology, with an em-
phasis on molecular or cellular research m cardienvascular
physiology /pathophysiology. Applicants must have
a I, and for MLD. degree, several vears of post-
doctoral training, excellent communication skills,
and a strong record of peer-reviewed publications.
The successtul candidare will be expected o develop
active and synergistic rescarch collaborations with other
cardiovascular researchers in both the basic science
and clinical departments of the Faculty of Medicine.
The candidare is expected to develop an exrramurally
funded rescarch program and o participate in the
teaching mission of the Department. This is a sal-
aried, probationary tenure-track appointment; how-
ever, the candidate will be expected to apply for
external salary support from appropriate granting
JEJ.'HL'!L"!.

Interested applicants should submit curriculum
vitae along with a bnef descripiion of rescarch ex-
pericnee and interests, teaching experience and in-
terests, and arrange to have three letters of reference
sent dircerly oo: D, Paul B, Murphy, Head, De-
partment of Physiology and Biophysics, Faculty
of Medicine, Dalhousic University, Sir Charles
Tupper Medical Building, 5850 College Street,
Halifax, Nova Scotia BAH 1X5, Canada.

Review of applications will begin March 31, 2008,
and will continue until the position is filled.

Al gualified arndidies ave envonrsged fo apply: howvrer,
Cannndimng ad pernranient negidenes will e Hivea prionty.
Drallvanise I'Jul'ruurr FLE 1) f:'arjflkrr-m:'ur f."nfllzrr.".-'!__I'.lFrill.HrJ"r
Adtion Employer. The Unfiersity eneoverapes applications from
1u.|'h_ri|'|ﬂ ,'lhlrwm.il' ]"1’1'}':‘-{'. prevsans wirh o .;.Fr:r.ll'-lIrJ':'_ J.r.:l.r”r
rishle persons and unen

POSITIONS OPEN

RIOLOGY FACULTY POSITION in
HUMAN ANATOMY

The Department of Biology ar the University
of Alabama ar Birmingham (UAB) secks highly
qualified candidates for a full-tme nontenure-
track neaching position ar the rank of ASSIST-
ANT PROFESSOR. This full-time position is
renewable subjeat o performance. The primary
responsibility of the successful candidate will be
tor teach human anatomy and ather genetics or
introductory biology courses, Candidares st
have a Ph.D. in biology or related ficlds, a com-
mitment to undergraduate education and out-
reach, and preferably a2 record of excellence in
teaching, Applicants should submit curmriculum
vitae, a staterment of texching interests, and copics
of recent waching evaluations, and have three
lemters of reference sent to: Dy, Ken Marion,
Chair, Deparmment of Biology, University of
Alabama at Birmingham, 1300 University
Boulevard, Birmingham, AL 35294-1170.
The anuapated start date s August 1, 2008,
Beview of matcrials will begin March 1, 2008,
and will centinue until the pesition s filled. The
Dypuartinacnet -!f-fﬁn’-ll.,‘]' and UAB ae annnnitted ro busild-
JIW i .ll.rm.r.rﬂ;' |I|w1:-|' In'rl:'.l;'lnr i ~inl|lrlhl¥]' ru-lrl:r.l;,,_lr
appbitions fropy women avd andividuals from pender-
n'rln'_q'.lrh'd Amdigag LIAR B s active MNaromal Sacine
Foundrtion-supported AR VANCE  Program and a
Sponge Relocrtion Proyram fo asasd g the aoeds of
aftnal-carcer coples. LA B &5 o Affinmative Adion/ Egral
Employment Oyppovtamity Langloyer,

NEUROANATOMIST

The Section of Anatomy at the Southern [linois
University (SIUE) School of Dental Medicine s seck-
ing apphicants for a full-tme (12-month) tenure-track
appointment for a Newroanatomist at the AS-
SISTANT/ASSOCIATE PROFESSOR level. Ap-
plicants must have a Ph.D). or equivalent, teaching
expericnee in neurcanatomy, and the background o
assist in teaching in the gross amtomy kboratory. Ex-
perience in teaching histology, oral biology, and for
pain moechanisms is preforred but nor required. Post
doctonal fdlowship s dearable. The candidare is expeaed
to be active in dentally related rescarch, particulardy
the pathways and mechanisms of dental pam. Aca-
demic rank and salary are commensurate with ex-
perence and qualificanons, The school 15 located on a
historic campus, 15 minutes from the campus of South-
em Minois University Edwardsville and 30 minutes
from %, Louis, Review of applicaions will begin in
February 2008, and continue unnl the position s filled.
Send a lerrer of interest, curriculum vitae, and three
lerers of reference o: Dr. Ann Bovle, Dean, School
of Dental Medicing, Southern Ilinois University,
2800 College Avenue, Alton, IL 620024900, s1°E
i Fpuat! Fanplopmens Oppomsouty/Afinnamye Adion -
jrb]w connrigled b Jﬂr:sn‘" i ecisanimr and nujnl‘:q'nrur. S
i st anniversity; Benits snder state-sporcsornd plans may mot be
avadalle to holders of -1 o |- s

The Section of Nephrology at the University of
Chicago s secking a MOLECULAR BIOLOGIST
for a RESEARCH ASSOCIATE position; academ-
ic rank will be commensurate with previous experi-
ence and accomplishments. Cultored renal cells as
well as whole animal studies will be used to answer
complex scientific questions. Microscopic, biochem-
ical, molecular biologic, and genomic approaches will
be minilized. Ar least five vears of experience in the smdy
of cultured cells, including with imaging, signal trans-
duction, and transfection is required. Expenence with
transgenic mice is preferred, but not required. Our
ongoing wark is in the plysiology of jon transport,
although expenence in this area i not essenbal. Sub-
stantial resources are in place for this work. Send cur-
rculum vitae and names of three references o
Dr. Robert Hoover, Assistant Professor, Sec-
tion of Nephrology, e-mail: rhoover@medicine bsd.
uchicago.edu.
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Faculty Positions in a New Cancer Center

The New Jersey Medical School (NJMS) - University Hospital (UH) Cancer Center, a new 220,000 square fool state-of-the-art
facility on the Newark Campus of UMDN], 15 looking to continue 1ts major expansion through aggressive recruitment of outstanding
scientists in basic and translational cancer research, at both the junior and senior levels, The MIMS-UH Cancer Center is located
within the New York Metropolitan area and contains three research floors. a 20,000 sq. fi. mouse barrier facility, and three clinical
foors for outpatient cancer services. There are twelve cancer researchers already housed in the building, and a broad cancer research
community on campus. Areas of excellence include: breast cancer research. signal transduction, oncogenes and tumor suppressors,
tumor virology, immunology. and cancer stem cells. Core facihities located in the building include those for confocal microscopy,
digital imaging and histology. biostatistics, a proteomics facility and a tissue culture core. Additional core facilities are conveniently
situated in adjacent buildings. Successful candidates must have an M.D. and/or Ph.D. degree together with outstanding credentials
and will be expected (o maintain a vigorous, independent extramurally funded research program. Generous start-up funds, competi-
tive salary, and ultra-modem laboratory space are available for both tenured and tenure track positions,

Electromic applications, including cwrvicudum vivae. a brief summary of accomplishments and future research directions, should be
sent to muhammdi@ umdnj.edu. Applicants should also arrange to have three letters of reference sent to:

Harvey L. Ozer, M.D.,
Professor and Director, NJMS-UH Cancer Center
UMDNJI-New Jersey Medical School
Rim H1202, 205 South Orange Ave., Newark, N, 07101

Senior investigators need not provide letters of reference at this time and their applications will be treated with confidentiality if

requesied. For more information about the NJIMS-UH Cancer Center visit: hitp:/mjmsuhec.umdnj.edu/research.

LUMDNJ is an AA/EOE, MF/DAV Emplover: The Caneer Center is an Affifiate of the UMDNJ Cancer Institute of New Jersev.
Women, minorite applicants, and dual career couples are encouraged to applyv.

DEPARTMENT OF HEALTH AND HUMAN SERVICES R
NATIONAL INSTITUTES OF HEALTH A
OFFICE OF THE DIRECTOR L

OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITIATIVES
DIVISION OF RESOURCE DEVELOPMENT AND ANALYSIS

The Office of the Director, National Institutes of Health (NIH) in Bethesda, Marvland. is seeking a Director of the Division
of Resource Development and Analysis (DRDA) within the Office of Portfolio Analysis and Strategic Imtiatives (OPASI),
If you are an exceptional candidate with an M.D. and/or Ph.D.. we encourage vour application.

The OPASI's primary objective is to develop: a transparent process of planning and priority-setting characterized by a
defined scope of review with broad input from the scientific community and the public; valid and reliable information
resources and tools, including uniform disease coding and accurate, current and comprehensive information on burden of
disease: an institutionalized process of regularly scheduled evaluations based on current best practices; the ability to weigh
scientific opportumty agamnst public health urgency; a method of assessing outcomes to enhance accountability; and a system
for identifving arcas of scientific and health improvement opportunities and supporting regular trans-NIH scientific planning
and initiatives,

As the DRDA Director, vou will be responsible for emploving resources (databases, analytic tools, and methodologies) and
developing specifications for new resources, when needed. in order to conduct assessments based on NIH-owned and other
databases in support of portfolio analvses and priority setting in scientific areas of interest across NIH.

Salary 1s commensurate with experience and includes a full benefits package. A detalled vacancy announcement with the
mandatory qualifications and application procedures can be obtained on USAJOBS at www.usajobs.gov (announcement
number OD-08-236976-T42) and the NIH Web Site at http://www.jobs.nih.gov. Questions on the application procedures
may be addressed to Brian Harper on 301-394-3332,  Applications must be received by midnight eastem standard time on
February 14, 2008,

This position is subject to a background investigation.

DHHS and NIH are Equal Opportunity Employvers
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THE UNIVERSITY OF CALIFORNIA, BERKELEY
Department of Integrative Biology

Faculty Position in Plant Paleobiology and Evolution
Position ID #714

The Department of Integrative Biology an the Umiversity of Califormia, Berkeley, s soliciing applica-
tions for o tenure-track position { Assistant Professor) in Plant Paleobiology and Evolution. We seck
a colleague tojoin a department with a strong imerdisciplinary emphasis who will developa vigorous,
independent rescarch and teaching program in the arca of plant paleobiology. Applicants should have
a Ph.D. or eguivalent advanced degree and an excephional research record in: the evolution and ecol-
opv of past plant communitics or ccosvstems, the evolution of vascular plant lineages m deep time,
and/or long-term plant response to environmental change using paleontological and neontelogical
data. The position entails teaching both lower and upper level courses in plant evolution/paleobotany,
with an emphasis on strueture and function, phylogeny, paleoccology. and/or historical biogeography.
An academic curatorship m the UC Museum of Paleontology s associmted with this appointment;
the successful candidate will be encou raged to promote the use of the muscums’ extensive holdings,
supervise studemt rescarch, work with museum staffto pursue opportunities for collection improve-
ment and growth, and participate in UCMP and the Berkeley MNatural History Museums activities
and events. For more information, see: hitpa/ib.berkeley.edu.

Application packages should include a CV with a hibliography of published work, a deseription of
research accomplishments and objectives, a statement of teaching interests, and selected reprints.
Three letters of reference should be sent separmtely by the recommender.

Both applications and letters of reference should be subminted electromeally via: hp:/f
ih.berkelevedu/admin jobs/paleohiojob.php or via emaoil o Plant Paleobiologyie gmail.com. If
clectronic submission 15 nol possible, materials may be sent by regular mail to;
Plant-Palcobiology Search Commitice
Department of Integrative Biology
3060 Valley Life Sciences Building
University of California
Berkeleyv, CA94720-3140 USA

Apphications and supporting letters must be receved electronically or postmarked by February 29,
2008, Review of application will begin March 10, 2008. Applicants should refer their reviewers to
the UC Berkeley Statement of Confidentiality at hitp://apo.chance.berkeley.edu/evalltr.html

The University of California is an Egual Gppartusine A ffirmative Aciion Emplover.

UNIVERSITY aof NEW HAMPSHIRE

Associate Dean of

Undergraduate Studies
The University of New Hampshire, College
of Life Sciences and Agriculture, sceks an
Assoviate Dean  for  Undergraduoate
Studies. Reporting to the Dean. the ideal
candidate will have a record of distinguished
research and education achievement and a
commitment to undergraduate education that
warrants appointment as a tenured faculty
member, demonstrated administrative skills,
excellent communication and interpersonal
skills, a commitment (o the principles of
diversity, the ability to enhance the college’s
role within the Umversity and the broader
academic community, and the commitment
o a college leadership team focused on
academic excellence.

Applicants should submit Curriculum Yitae,
I-2 page vision stalement on research and
education, and names and contacl
information of four references 1o: Gale B,
Carey, Search Committee Chair, 403
Kendall Hall, 129 Main Street, University
of New Hampshire, Durham, NH 03824,
Review of applications will begin Feb. 1,
2008 and comlinue umiil the position is
filled. For more information go  to:
hitp://www.colsa.unh.edu/employment/
index.html

The Universiry is commiited to excellence in
its focnliy aned staff and strongly enconrages
wommten aned minerities teo apply,

mncn ﬂuﬂmu.l

Clinical Program Manager
HIV/AIDS Prevention, Care and Treatment

The U.5. Military HI'V Research Program (USMHRP), supported by the
Henry M. Jockson Foundation for the Advancement of Military Medicing,
15 a key contribwtor the President’s Emergency Plan for AIDS Relief
(PEPFAR/Emerzency Plan) in Kenyva, Migeria, Tanzania, and Uganda,

Harvard University

Associate Dean
for the Sciences Division

This internationally recognized program is x‘wkin;. a dynamic physician
10 manage USMH RP's clinical programs supporting the Emergency Plan.
Ensure quality clhinical services are supported overseas (OCONUS) by
the Walter Reed Army Institute of Research (WRAIR), as well as plan,
implement and monitor clinical activities supporting the prevention, care
and treatment iniliatives. Must have demonsirated knowledge and ability
related to HIV pathogenesis and treatment (initial infection w end stage
disease palliative carel, HIV iransmission and prevention; Medical Educa-
ton program development and management expenence; Program moni-
toring and evaluation; Budget development, management and reporting;
Excellem communication skills; troubleshooting and supervisory skills,
Must have a Medical (MDD degree with post medical gradumte education
in Imemal Medicine and 1'-.lltm:-hip in Infectious Discase or nelated.
A minimum of 2 years of managing hospital based Infectious Disease
service; field or clinical research experience is desired: 3 10 5 vears of
international work experience s preferred. Incumbent will be located at
Rockville, Maryvland offices and travel 1o research/ficld as required on at
least a semiannual basis, sponsored by the USMHRP 10 assis1 program
personnel and liaise with on the ground U.S. government agencies.
Mease e-mail resumes 1o carcersihjforg or fax w 240-314-7334 wah
Job Mo, 203000 in subjeet line. The Henry M. Jackson Foundation for
the Advancement of Military Medicine offers a competitive salary and
generous benefits package.
AAEEQ

This search seeks an implemenung parmer for the Dean for the
Sciences of the Faculty of Arts and Sciences of Harvard
University as he builds the new sciences division, improves its
administrative systems, and undertakes a senes of saence
initiatives. The division is expected to pursue objectives within
existing departments and centers as well as themes that bring
together scientists from across the University, This recently
created position will manage administrative activitics spanning
eleven science deparmments plus several research centers.

The Associate Dean position offers a significant opportunity to
build an administranve career ar the University. It reporns o
the Dean for the Sciences with a doted line report to the
Exccutive Dean of the Faculty of Ars and Sciences. The search
is currently scheduled to conclude in the coming winter with a
ﬁ[.‘lr{iﬂi.', date as soon thereafter as possible,

ll'il‘:i, referrals, and resumes should be sent (electironic

mission to  3482@imscarch.com  encouraged), in
Lﬂ-l‘lrdLl‘ILL, with a cover letter to: Liz Vago, Internal Box 3483,
lsaacson, Miller, 334 Bowlston Street, Suite 500, Boston,
MA 02116,

For further information: 3482 @imscarch.com and
www.harvard.edu

Harvard University is an equal opportemityfaffirmative action
emplover. Candidates from all backgrounds are enconraged
tor apply
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POSITIONS OPEN

TWO FACULTY POSITIONS

Searches are underway in the Department of Plant
Sciences ar the University of Tennessee Knoxville ( UTT),
Both positions are ASSISTANT /ASSOCIATE level,
tenure track, 100 percent research appointments in the
Tennessee Agricultural Experiment Station, Full pos-
tion descriptions can be found ar website: http://

lantsciences.utk.edu itions.htm,

e first search s for a TATIONALS
SYSTEMS BIOLOGIST in plant science who uses
bicinformatic, statisteal, in silico, and for experi-
mental approaches. The second search is for a PO-
SITION in BIOFUEL CROPS BREEDING of
grasses for cellulosie ethanol production. The scheaed
individual will conduct applied and basic plant breed-
ing rescarch to identity and incorporate key plant traits
fiar optimum bioenergy production.

Successtul candidates will be expected to create
and sustain nationally recognized, vigorous rescarch
programs that will be competitive for substantial cx-
termal funding. The successful candidares will have
excellent communication skills, mentor graduae sm-
denes and other scientists, and publish results in peer-
reviewed journals. Collaborative opporunines ar UT
abound, including those ar the nearby Oak Ridge
Mational Laboratory, which has extrmordinary comput-
ing capabilities, with opportunitics for adjunce status,

Application procedure: Each applicant should
send curnculum vitae and a statement of research
imrerest, along with the names and contact informa-
fion (including c—mail) of at least three references to:
Jamice Crockett (e-mail: janice@tennessee.edu),
Department of Plant Seciences, 252 Ellington
IMlant Science Building, 2431 Joe Johnson Drive,
Knoxville, TN 37996-4561.

Inquiries for positions should be made o Search
Chairs: Computational Systens Biologist: Neal Stew-
art (e-mail: nealstewartdutk.eduo, telephone: B65-
974-6487), Biofucl Crops Breeder: Vince Pantalone
(e-mail: vpantalo@utk.cdu, telephone: B65-974-
B801) Roview of applications will begin on March 15,
2008, and contnue unil the positon is filled.

The Uwivensity of Tennessee is an Eqeal Emplopmen
Cpportunity  Affimnative Action Title VI Tile £X/ Section
F4d ADALADEA Bostituerion i the provision of its educa-
tion and erplopment progroms and services.

The DEPARTMENT of PSYCHIATRY
University of Pennsylvania’s
School of Medicine

The Department of Psvchiatry secks candidates for
an ASSISTANT or ASSOCIATE PROFESSOR
position i cither the nontenure clinican-educator
track or the tenure track. Track and rank wall be com-
mensurate with expencnce, The successful applicant
will have experience in the ficld of neuroscicnce with
a focus on behavioral neuroscience, functonal mag-
nenc resonance imaging, or clectrophysiodogy. Rospon-
sibilities include partiapation in a muldisciplinary
veann of basic and clinical neurosaentists with oppor-
tunities to contribute to study of schizophrenia and
other brain disorders while pursuing, independent
rescarch. Applicants must have an M.D. or Ph.D
degree and have demonstrated cxcellent qualifica-
tions in education and rescarch. Individuals with
training in developmental neuroscicnce are especially
encouraged o apply. Opportunides tor dinical and
teaching activities are available. Please submit curric-
ulum vitac, a cover letver, three reference names, and
a statement of research interests to: Dwighe L.
Evans, M.D., Professor and Chair; Raquel E.
Gur, M.D., Ph.D., Director of Neuropsychiatry;
Reference #75-2, ¢/o A. Plotnick, Department of
Psychiatry, 305 Blockley Hall, 423 Guardian
Dirive, Philadelphia, PA 19104-6021; e-mail:
plomick@mail. med .upenn.edu.

The Ulmiversity of Penegyliventa is an Egrad Ogprortnseity,
Affimative Aetion Enplayer, Wnen and nuiviovity candidises
dare strongly ervenraged o apply,
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POSITIONS OPEN

The Cell and Muolecular Biology { CMB ) Program at
Grand Valley State University (Michigan) s secking
candidares with experience in biorechnology and mo-
lecular biology for a TENURE-TRACK POSITION
o begin in the fall 2008, A Ph.0D. in molecular biology
or reated field and excellent communicaton skills are
required; biotechnology, teaching, and postdocroral
experience are desired. Teaching responsibilities will
include an advanced undergraduare nudeic acuds lab-
oratory, courses in the professional sciences Master's
biotechnology curmculum, and other CMB offerings.
The suecesstul candidare wall be expected 0 maintain
active scholarship; rescarch imvolving undergraduate
and for Master®s students is desared. Grand Valley
Stare University is a primarily undergraduate inso-
tution whose faculty members are expeaed 1o advise
students and participate in the academic governance
of the Department, College, and University. Apply
online at website: hoep:/ Swww.gvsujobs.org/.
Include a cover letter, curriculum vitae, statements
of teaching philosophy and research interests, and
scanned copics of your transcripts. Arrange to have
three letters of reference sent to: Mark Staves,
Cell and Molecular Biology Search Committee
Chair, Biology Department, Grand Valley State
University, Allendale, MI 49401-9403 (c-mnail:
stavesm@gvsu.edu). If vou have questions or need
assistance, call Human Resources ar telephone:
616-331-2215. Review of applications begins
February 18, 2008, Grnd Valley Snete Uinfversity is
an Affirmative Action/ Lguanl Opportunity Employer.

BIOLOGICAL OCEANOGRAIHER
TENURE-TRACE FACULTY POSITION
Florida State University
Department of Oceanography

The Department of Oceanography s secking to
fill a renure-track faculty posion in biological
occanography. We are looking for excellent candi-
dates who are expected 1o become leaders in their
respective fields. The Depantment actively collabao-
rates with the Department of Biological Sciences
(website http:/ Sww. biofsuedo/), the Geophys-
ical Fluid Dynamics Institute (website: httpe//
www.gfdi.fsn.edu), and supports the Florida State
University Coastal and Manne Laboratory (website:
hetpe/ Soww. marinelab.fsu.edu /), a facility with
coastal vessels and biboratorics, focusing on rescarch

in the pristine ccosvstems of the northeastern Gulf

of Mexico, The search will contnue unrl the po-
sition is filled, bur applications received by March 1

2008, are guaranteed full consideration. Applicants
are asked to send separate PDF files contamng cur-
riculum vitae, a statement of research/teaching in-
tercsts, and the names of three references via e-mail
to Dr. Joel Kostka (e-mail: jkostka®ocean.fsu.edu),
Department of Oceanography, Florida State Uni-
versity, 117 N, Woodward Avenue, 0. Box
3064320, Tallahassee, FL 32306-4320. Telephone:
BH0-644-67MME, fax: 850-644-2581, FSL7ioan gl
Opportnaty Eaplvyer; appticaions from umdenpreseoted groups
are emaTaped,

PHARMACOLOGY TENURE-TRACK
FACULTY POSITION
University of Wisconsin, Madison

A tenure-track faculty posinon as an ASSISTANT
PROFESSOR is available in the Department of Com-
parative Biosaences, School of Veterimary Medicine.
Qualifications include Ph.DD., postdoconal experience,
and potential ta develop an cutstanding, extramurally
funded rescarch program in pharmacology that com-
plements existing departmental serengths. Teaching
responsibilities incude instrucdon in fundamenrals
of plamuacology. To apply, send curriculum vitae,
bricf statements of rescarch intercsts and teaching phi-
lesophy, and three reference beters to: Gondon S,
Mitchell, Chair, Department of Comparative Bio-
sdences, University of Wisconsin, 20015 Linden
Drive, Madison, WI 53706, Applv by March 1,
2008, H:raddjru:rl.ll information, sec website hmi’
wwnmctmcd.uns:xdufphthﬂ Equad Oyywrtiniry,/

Affrnnative Amion Banpleyer,

POSITIONS OPEN

USDA aE percutyal

The LS. Department of Agriculture, .’ibrju.n]tuml
Rescarch Service (ARS), Vegerable Crops Rescarch
Ui, locared on rhe University of Wisconsin campus
in Madison, Wisconsin, is accepring applications for
a permanent, full-nme position. Interdisciplinan: RE-
SEARCH PLANT MOLECULAR BIOLOGIST/
RESEARCH GENETICIST PLANTS, G5-12/713
to lead rescarch on a project developing tools for
evaluating and improving cucumber germplasm, iden:
tifving traits usctul for cucumber breeders, de-
termining their nhentance, developing enhanced
germplasm for wse by geneticists and breeders, and
broadening the molecular knowledge base of cucur-
bits. This position presents rich opportunitics o work
in an interdisciplinary environment and o collaborate
with faculty, staff, and industry. Salary is commensu-
rate with cxpenence |5|51-1|.-' to 598041 per an-
num), plus benefits. Candidares misr be US. cinizens
C .mdldlm.; must request a copy of the svacaney an-
nouncement (ARS-XS8W-0091) by calling telephone:
301-504-1583, via the ARS homepage at website:
hnp:ff\m'w.ars,usda.go\' or by contacting Jean
Weinbrenner ar telephone: 608-890-0044, e-mail:
jean.weinbrenner@ars usda.gov. Candidares must
submir specfic information as outlined in the vacaney
annowuncement. Applications nwust be postmarked l‘u
the dosing dare of Felwuary 13, 2008, For informa-
tion on the Rescarch I"ml_..r.trn contact Philipp Simon
at telephone: 608-262-1248 or e-mail: pamoné@
wiscedu, US4 i an Egrul  Olpportinrity Prowader and
!;'m;d':-?rr Womiienn aid pdiporaties e 4'm:=|lr.|;~.'l'.{ (1 .r”JJ-.

FEINBERG SCHOOL of MEDICINE
Department of Medicne
Division of Hematology /Oncology

The Division of Hematology/Oncology of North-
western University’s Feinberg School of Medicine is
sccking accomplished investigators for full-ame, tenure-
track positions in basic or translational rescarch. The
Division consists of a faculty of over 35 (website:
hitp/ S www.medicine northwestemn edu,/divisions,/
hematology_oncology /), all members of the Na-
tional Cancer Instirure-Designared Roberr H. Lurie
Comprechensive Cancer Center (website: hoep://
www. lurie.northwestern.edu).

Candidares should have an M.D., Ph.I2., or
M.D./Th.D). degree and an established publicaton
record. Faculty rank and salary are negotiable based
upon expenence, The proposed start date 15 summer
2008, Interested candidates should submit currdon-
lum witae by March 1, 2008, to:

Jonarhan D, Licht, M.D.

Chief, Division of Hematology /Oncology
Northwestern University Feinberg
School of Medicine
Lurie 5-123
303 East Chicago Avenue
Chicago, IL 60611
E-mail: hemonc@northwestern.edu
The Feinberp Sdool of Medidane iz an Affiomative Aetioe /
Equal Oypportumity Employer. Women and minorities are en-
conraged to apply. Hining i comtimgent ppow eligbility fo work

i the Ulnited Setes.

POSTDOCTORAL POSITION available o
work in a confocal Ranan/atomic force microscopy
imaging, faality o investigate the molecular mecha-
nisms of cve discases. Applicants with cither Raman,/
Founer transform infrarcd -spectroscopy /microscopy,
or protein-nuclear magnetic resonanoe expericnoe will
be preferred, Please send complete curnculum vitae
and comact information of three references, electron-

ically to: D, ] Pande, e-mail: jpande@al bany.edu

11 JANUARY 2008 WYOL 319 SCIENCE  www.sciencecareers.org
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POSITIONS OPEN

USDA

ieultural
Agricultu

=
=]

www.ars.usda.gov

RESEARCH LEADER. Agricultural Rescarch
Service (ARS) is sccking applications for a perma-
nent, full-time, Research Leader. This position is
interdisciplinary (SUPERVISORY RESEARCH
GEMETICIST,/ ENTOMOLOGIST,/BIOLOGIST,/
PLANT PATHOLOGIST, GS-440/414,/401 /434~
147153} and s located ar the Whear, Peanue, and Other
Ficld Crops Rescarch Unie, in Sullwater, Oklahoma, As
Research Leader { RL), the incumbent will be respon-
sible for overall management and development of
programs in a premicr unit that conducts rescarch on
pest-ressstant germplasm and the associated pests. The
RL is also responsible for developing a highly visible
and effective personal rescarch program fimdamental
to plant protection of whear, barley, sorghum, or pea-
nut through approaches including developing single
and multiple pest-resistane germplasm, eluadating
biological, ccologeal, or genctoe mechanisms leading
to improved namagement of posts, and Sor devd oping
improved pest management methods or wehnologies,
Salary is commensurate with experience (391,562 to
5140,020 per annum ) plus bencfits, LS. aitizensinp is
requived. The full-text announcement (ARS-XES-
D059 ) is available ar the ARS carcers websine (webaites
hrp:/ Swwwars.usda. gov Scareers) or by calling
telephone: 301-504-1482, Locanon contact: Diana
Wehr, telephone: 405-624-4141, extension 247, or
e-mail: diana.wehr@ars.usda.gov, Applicants  must
address specific education and expericnee require-
ments. PhId desirable. Applications must be post-
marked by February 29, 2008, USDAZARS i an Eqal
Cippomnniry Enployer and Provider,

ASSISTANT PROFESSOR in ECOLOGICAL
ECOMOMICS or BIOECONOMICS

The School of Life Sciences at Arieona State Umni-
versity (ASU) invites applications for a tenure-track
faculty position in conlogical coonomics or biocoo-
nomics at the Assistant Professor level, The appoint-
MEenT supports an initative o strengthen capacity in
the ficld within the School of Life Sdences, e-mail:
ecoservices@asuedu, and o promote collaboration
with other academic unis in ASLU.

To apply, send curnculum vitae, three rescarch pa-
pers, and a statement of rescarch plans, plus names
and contact information for three references o
Chair, Ecological Economics Search Committee,
School of Life Sdences, PO, Box 874501, Arizona
Stare University, Tempe, AZ 85287-4501, Inquirics
and c-mailed applications mav be sent o e-mails
nclesko@asu.edu. The initial deadline for receipr of
applications is February 15, 2008, with applications
reviewed weekly thercafter unnl the scarch is closed.
A badegrownd check i requeined for employment. Anizone Stare
University is ao Affimative Adion, Ggual Opportsity Ewe-
ployer commitied to exeflence through diversiry.

POSTDOCTORAL POSITIONS in molecular
endocrinology and cancer therapeurics. Secking re-
cent Ph.D. graduates for funded openings on two
projects: (1) growth hormone acton and JAE-STAT,
using Chromatin  Immunopreapitation /microarray
technologies combined with computational analyss
and traditional molecular approaches to cluddate
sexually dimorphic liver gene expression { Mofecnlar
Endocrinofagy 20:2613-29, 2006); (2) cvtochrome
450 prodrug-based gene therapy For cancer (| Maleen-
lar Caneer Therapeutics 5:541-5, 2006; 6:2879-90,
2007). Experise in cell and molecular biology, ge-
nomics and computational biology, gene therapy
andor phamacology, and ammal models nghly
desirable. Flexible stamt dare. Send cuomiculum virae,
summary of rescarch expenience and interests, and
three references to: Dr. David J. Waxman, Depart-
ment of Biology, Boston University, 5 Cumming-
ton Street, Boston, MA 02215, E-mail:

djws@bu.edu,

240

POSITIONS OPEN
FULL-TIME ENDOCRINOLOGY

ASSISTANT PROFESSOR, Department of
Medicine, Division of Endocrinology, University of
Pitssburgh School of Medicine, M., or M.D,, Ph.ID.
candidates are weleome. The suecessful applicant will
be an M.D. with exceprional skills and experence in
clinical and basie research aspects of diaberes and
obesity, including but not limited to rodent insulin and
glocose clamps, mathematical modeling of clamp-
denved datasets, liver, fat, betm ecll, andfor human
skeletal muscle opsy with biochenucal and histologcal
evaluation, intermediary carbohydrate and far meab-
olism, signaling and eneymatic assays, and large
dataser management skills. He/she must also have
excellent collaborative skills as well as current or
antcipated academic independence with respect o
manuseript preparation and grant preparation. Full
trainiing and Board cartification in dinical endocnnolo-
gy are abso required.

Mease send curriculum virae to:

Dr. Andrew Stewart, Chief
Division of Endocrinology
¢/o Nancy Penney
Endocrinology Division Administrator
University of Pittsburgh
E1140 BST, 200 Lothrop Strect
Pittsburgh, PA 15261

The Ulnnwriry of Pieshongh 6 an .'1_|'|l|'m|.m|r Amim, Fpal
f.ijl:l:ufmld]' I;}lrpi.l}'n'

AVIAN RESEARCH ECOLOGIST
L5, Geological Survey’s Patuxent
Wildlife Research Center

The U5 Geological Survev's Patuxent Wildlife
Rescarch Center in Lawrel, Marviand {website: hoop: £/
www,.pwreusgs.gov,/) sccks a Rescarch  Beologist
with expenicnee conducring, research in avian biology,
ceology, and conservaton. The candidates” rescarch in-
terests may be broad but special consideration will be
given to those with rescarch mterests that boadge tmph
ulation coodogy, monitoring, and conservarion b )
As lead invesngator the Ecologist conducts original re-
search thar responds to regional and natonal consera-
ton goaks, pamanly in suppont of Depamment of
Interior agendes missions. Applications must be com-
pleted online at website:  http:/ Swww.usgs.goy,”
ohr/oars/, Ammouncement ER-2008-0042 = open
to all qualiffcd US. ctizens; announcement ER-2008-
0043 is open to current and former Federal emplovees.
Announcements will open on January 7, 2008, and
close at midnight eastern standard time on E L‘l!«nmn 19,
2008. Applications must be filled out completely *uui
all supplemental marerials, such as proof of educanon,
must be submirted to be considered. Additional de-
tails regarding position and application are provided
on the website, The U8, Geolopiad Survey i an Equal
Oipportugity Emplayer

RESEARCH ASSOCIATE
{ASSISTANT PROFESSOR)

The University of Chicago, the Ben May Instine
for Cancer Rescarch is secking a full-time Rescarch
Associare | Assstant Professor) to examine the struc-
tural interactions and biological functions of cellular
signaling molecules mvolved n growth control using
a range of molecular, cellular, genetic, and for bio-
physical approaches. Apphcants should have Ph.DD.
degree, and at least five vears of rescarch expericnce
in signal rransducton.

Qualified applicants should provide current curricu-
lum vitae, bibhography, and statement of rescarch
interest and goals, along with full names, addresses,
telephone fax numbers, and e-mail addresses of a
least three scholars who can provide academic refer-
ences, Apphication matenals should be sent o; Acisti
Dembowski, Executive Administrator, The Univer-
sity of Chicago, The Ben May Institute for Cancer
Research, 929 E. 57th Street, CIS, W-421B Chicagp,
IL 60637,

The Upiveraity of Chicago in o Aflinnariy
Cypportiinty Employer,

Aation S Egnal

POSITIONS OPEN

INSTRUCTOR of MEDICINE POSITION
School of Medicine
Department of Medidne
Division of Cardiovascular Discase

The University of Alabama at Birmungham, Division
of Cardiovascular Disease is secking applicants with a
Ph.Iy. or M.ID. for the position of Instructor. This is a
nontenure-caming, fculty position. Candidates must
be capable of independently designing and conducting
experiments and preparing and submitting dara for
publication, [t is expected that the successful candidare
will be able w secure independent, extramural funding
o supporn ongoing rescarch, Individuals interested in
this position should have experience in small animal
surgery and be able w work in both in vitre and in
vive, Interested candidaves should send curriculum
vitae, three letters of reference, and a brict stavement
of your interest to: Robert C. Bourge, MLD., Director,
1900 University Boulevard, University of Alabama
at Birmingham Station, Birmingham, AL 35294,

LA iy an Egien Opportinsry -'.'!ffi'nmﬂflr Aaion Empliyer.

POSTDOCTORAL RESEARCH FELLOW in
ATMOSPHERIC SCIENCES

The Encrgy Binsciences Institute at the Universiny
of Illinois ar Urbana-Champaign is seeking a Post-
doctoral Rescarcher to conduct innovative rescarch
examining the biophysical implications of large-seale
biofuel production as part of an interdisciplinary re-
scarch program. The specific duties include the in-
tegration of an existing, biogeochemical ovde model
with an agnculture crop model to explore our un-
derstanding of how biogeochemical systems interact
with land cover and land use and agnculture crops,
This research will also investigare the implications of
large-scale production of biofucls in the United
Srares and other counmics for agriculmural ind use, soil
carbon sequestranion, and greenhouse gas emissions.

A Ph.D. in ammospheric scienoes or another re-
lated field in the sdences or engincenng is required.
The applicant should have working expericnce with
high-speed, super fast computers, nomencl simula-
tion models and ability to analvee satellite data for
land wse changes and dyvianues of the agro-ccosvsiems,
Koy factors in owur hinng dedsion will be intelligence,
I‘h"lli..]lthlhh‘i’;.‘ creativity, motivation, productivity,
and a record of sun.u:m!ul scientific |u|h|||.atmr|

Applicants should send the following marerials by
c-mail 1o Prof. Aml Jain (e-mail: pinl @oiuc.edu):
(1} curriculum vitae, (2) a lerrer desonbing rescarch
interests and experience, and (3] names and concact
information for three references, Review of completed
applications will begin Januwary 15, 2008, and continue
untl position is filled.

Science Careers

i v s [

Make vour faculty, scientist, or postdoc line ad
STAND OUT ON THE PAGE.

Call 202-326-6543
o find oul more about lne o upgrades

MARKETPLACI

8l

Taq DHA

N /12 1omd §9-C
LIS Por #5,434,14%  e-mail: abpaps@msn.com
Call- Ab Pﬂpl‘”ll. | =800=IBI=3342

Fax: 314=9468=8988  www.aobpeps.com
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