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Linked Reactivity at Mineral-Water Interfaces Through Bulk Crystal

Conduction

5. V. Yanina and K. M. Rosso

A current Mlow through a hematite crystal couples dissalution and growth reactions at

different surfaces, a finding likely relevant to a broad range of semiconducting minerals.
10.112 &/science. 1154833
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Stimuli-Responsive Polymer Nanocompaosites
Inspired by the Sea Cucumber Dermis

J. R. Capadona et al.

A rubbery polymer coated with nanafibers that segregate
upon addition of a solvent can rapidly stiffen and relax,
like the inner skin of a sea cucumber,
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High-Resolution Mapping of Crossovers Reveals 1395
Extensive Variation in Fine-5cale Recombination

Patterns Among Humans

G. Coop, X, Wen, C. Ober, ]. K. Pritchord, M. Prreworski
High-density genotyping of individuals from &2 families shows
unexpected variation in the number of meiotic crossovers and

in the relative activity of recombination hotspats.

CHEMISTRY
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Scale from Molecular lon Clusters to Nanoparticles

F. M. Winkler et al.

Experiments mimicking aerosol formation show that organic vapors
tend to condense an any nanometer-scale particles, particularly
negatively charged ones, rather than forming pure nuclei
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Sequence Variants in the RNF212 Gene Associate 1398
with Genome-Wide Recombination Rate

A. Kong et al.

A variant of 3 human gene associated with high rates of recombination
in males and low rates in lemales is an ortholog of a nematode gene
essential for recombination.,
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¥ Polyak, C. Hill, Y. Asmerom

Dating of cave deposits that form at the water table implies that
incision of the Grand Canyon began in the west 17 million years ago
and only accelerated in the east recently.

R. Dentin, 5. Hedrick, . Xie, ]. Yates ill, M. Montminy
Competing glycosylation and phosphorylation of a single amina acid
in a transcriptional coactivator regulate nutrent- and energy-sensing
pathways and may contribute lo diabetes. [
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The Dust Halo of Saturn’s Largest lcy Moon, Rhea 1380
G. H. Jones el al.

Observations of a large shadow in electrons and particles behind
Rhea imply that it has a small ring system formed from dust lofted
into orbit by impacts.
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Streptococcus M1 Are Required for Virulence

C. McNamara el al,

Mutating a cell-surface virulence protein on strep bacteria stabilizes
its structure, minimizing its inflammatory side effects and potentially
making it a better vaccine.
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TOPLESS Mediates Auxin-Dependent Transcriptional
Repression During Arabidopsis Embryogenesis

H. Szemenyei, M. Hannon, J. A. Long

A transcriptional co-repressor is part of the protein complex that
inhibits developmental gene activation in Arabidopsis until the
growth hormone auxin triggers its degradation.
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C-1 Liv etal,
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for multi-drug-resistant Staphococcus because of unexpected 1 348 & 1 402
structural similarities amang critical proteins,
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TOWARD DESIGNER ANTIBIOTICS

In the past few years, there has been an alarming increase in the number of methi-
cillin-resistant Staphylococcus aureus (MRSA) infections occurring in hospitals and in
the community. Liu et al. (p. 1391, published online 14 February) suggest an antibi-
otic approach that targets the pigment staphyloxanthin that, besides giving 5. aureus
its golden color, provides resistance to killing by the host immune system. Early steps
in staphyloxanthin biosynthesis resemble those in cholesterol biosynthesis and an
enzyme involved in pigment biosynthesis, CrtM (dehydrosqualene synthase), is struc-
turally similar to human squalene synthase (SQS). Inhibitors of 5Q5 were screened for
activity against CrtM, and the structures of CrtM bound to three compounds that inhib-
ited pigment formation in vitro were examined. One of these inhibitors, which has
been through initial human clinical trials as a cholesterol-lowering agent, increased
the susceptibility of 5. aureaus to killing by the innate immune system.

Reconciling Sea-Level
Changes

Estimates of global sea level during the Creta-
ceous period vary widely and sometimes are diffi-
cult to reconcile with the geological record of
widespread continental flooding that occurred
then. In order to remove some of those contradic-
tions, Miiller et al. (p. 1357} incorporate marine
geophysical data into reconstructions of ocean
basin volumes to show that global sea level was
between 175 and 235 meters higher during the
Cretaceous, when climate was much warmer than
itis today. Moreover, by using a mantle convec-
tion model to incorporate the effect of the
dynamic topography of the East Coast of North
America associated with the movement of the
subducted Fallaron plate, some different sea-level
reconstructions can be reconciled that had
seemed to be mutually exclusive,

Rings Around Rhea?

Rhea, one of Satum's largest moons, lies outside
of the main rings of the planet and is heavily

cratered. As described by Jones et al. (p. 1380;
see the news story by Kerr), Cassini recently flew
by Rhea and was able to detect a depletion in ion-
ized particles and electrons in Saturn’s magneto-
tail downstream of Rhea out to several radii of the
moon. Analysis of the data and the geometry of
the depletion imply that Rhea may have a ring
system formed from dust lofted from the moon by
impacts that caused the observed depletions.

Model Citizens?

Much has been made of the prosocial force of
altruistic punishment in human societies—the
willingness of some individuals to incur personal
costs in order to coerce others inlo behaving in a
cooperative fashion, Herrmann et al. (p. 1362;
see the cover and the Perspective by Gintis)
describe a large data set collected from university
students across a range of sodeties. The frequency
and extent of behaviors that were antisocial in
nature—where individuals who had been pun-
ished would react by punishing the cooperators—
was correlated with previous survey data measur-
ing the social norms of civic cooperation and rule

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

() W

of law in these same socielies. Cross-societal vari-
ation of this antisocial punishment was associated
with cross-societal variation in cooperative behav-
ior and was more prevalent in societies with
weaker social norms.

Grand Canyon Dates

The incision history of the Grand Canyon has been
an unsettled issue, in part because common dat-
ing methods that rely on the analysis of basalt
flows and travertine do not provide any informa-
tion on samples older than about 1 million years.
In order to overcome this imitation, Polyak et al.
(p. 1377; see the Perspective by Atkinson and
Leeder) take advantage of technical advances in
uranium-lead dating methods to date cave mam-
millaries, a type of spelecthem that forms only in
caves at or near the depth of the water table.
Because these structures are common throughout
the canyon, the authors could construct a history
of its incision that extends back 17 million years
for much of the length of the canyon.

Changing Stiffness
with Solvents

The sea cucumber can rapidly and reversibly alter
the stiffness of its inner dermis. Capadona et al.
(p. 13700 created a material that mimics these
properties by combining a rubber copolymer and
cellulose nanofibers taken from tunicates. Addition
of a hydrogen-bond-
ing solvent causes
the fibers to segre-
gate, This process can
be reversed upon
remaval of Lthe sol-
vent, which causes a
reaggregation of the
fibers to form a percolating network. By interfering
with the cellulose network in this way, the stiffness
of the compasite can be altered by a factor of 40.

Seeing Over the Optical
Event Horizon

The evenl horizon of a gravitational black hole
represents a point of no return—particles inside
this boundary, including photons, cannot
escape. Howewver, the direct observation of the

Continued on page 1305
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This Week in Science
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event horizon and the possibility of verifying the proposed theoretical properties appear remote.
Looking to lab-based analogies thal may describe the underlying physics, Philbin et al. (p. 1367; see
the news story by Cha) report to have found a connection between light propagation in optical fibers
and black hole physics. They report on the observation of an optical event horizon and probe some of
the expected properties, such as frequency shifting of probe light. The authors also propose a scenario
for observing Hawking radiation.

Getting the Balance Wrong

Cancer development lies in the balance between tumor-suppressing activities and tumeor-promoting
activities. Halazonetis et al. (p. 1352) review the accumulating evidence that oncogenes, which
force cells into rapid cycles of cell division that lead to cancer, cause errors in DNA replication and
accumulation of damaged DNA. Cells that detect problems with DNA replication can signal through
the p53 tumor suppressor protein and delay cell cycle progression. Mutations in p53 that are very
common in cancer cells presumably bypass this barrier to tumorigenesis.

Toward Designer Enzymes

The creation of “"designer enzymes” with new activities remains a challenge. Jiang et al. (p. 1387)
take a step in this direction by computationally designing a retroaldolase that, in a multistep reac-
tion, catalyzes the breaking of a carbon-carbon bond in a nonnatural substrate, Sevenly-two designs
representing four different catalytic motifs and 10 different scaffolds were examined. Active-site
designs that used charged side-chain networks to mediate proton transfer were less successful than
simpler designs that used a water molecule. Close agreement between Lwo crystal structures and the
corresponding design models validated the design procedure; however, the catalytic proficiency of
the designed proteins remains far from that of natural enzymes.

Toward a Designer GAS Vaccine

M proteins are antigenically variable cell-surface virulence factors of group A Streptococcus (GAS).
This organism is an important cause of human illness and notably provokes the autoimmune disease
rheumatic fever. McNamara et al. (p. 1405) examined a fragment of M1 that binds to host fibrino-
o gen and promotes inflammation.
atagger M" The M1 protein consists of ct-heli
— Spleving oy m  cal coiled coils bearing distinctive
-;:"u""‘"-' = structural features that impart
TMaaasans?  iregularity and instability to the
coiled coil. These features mimic
muscle myosin and tropomyosin, which may explain postinfection autoimmune responses. Mice
immunized with a mutant, stabilized M protein exhibited reduced harmful inflammation without
compramising protective immune responses.

Fine-Scale Analysis of Human Variation

Two reporls examine patterns of human recombination that underlie some of the significant variation
that exists among humans. Coop et al. (p. 1395, published online 31 January} genotyped individuals
in a Hutterite population and identified the fine scale of recombination events between generations,
Kong et al. (p. 1398, published online 31 January) examined parents in the Icelandic population to
identify a gene associated with recombination frequency. Together, these studies point to a genomic
region affecting the variation in recombination levels among individuals.

Directly Modulating Glucose Homeostasis

The concentration of glucose in the bloodstream is regulated by glucose itself along with the hor-
mones insulin and glucagon. Glucagon stimulates gluconeogenesis in part by regulating phosphoryl-
ation of a transcriptional coactivator known as cyclic adenosine monophosphate response
element-binding protein £ (CRTC2). Dentin et al. (p. 1402; see the Perspective by Birnbaum) found
that high concentrations of circulating glucose also regulate CRTC2, but do so through stimulation of
the hexosamine biosynthetic pathway and consequent O-linked glycosylation of the same serine
residue in CRTC2 that is modified by phosphorylation.
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Bruce Alberts is
Editor-in-Chief of Science.

A New Editor-in-Chief

IT IS WITH RECOGNITION OF UNDERTAKING A HUGE NEW RESPONSIBILITY THAT | WRITE MY
first Editorial as Editor-in-Chiel of Science, New science will be needed on our crowded
planet to protect our environment, to insure our health, and to provide sufficient water and food
tor humanity. This publication is a major vehicle for the success of'the scientilic enterprise, both
by spreading scientific findings and by promoting community standards.

My predecessor as Editor-in-Chief, the former president of Stanford University, Donald
Kennedy. has done a masterful job of steering this ship to make it maximally effective on
both scores. His nearly 8 vears of leadership have created a new emphasis on the science of
sustainability, on science education, and on standards of openness and honesty in science.
He has exposed our readers to advanees in the social sciences, as well as in a wide range of
the natural sciences. He has broadened our international reach, establishing news bureaus in
Germany, South Africa, and China. adding to those in the
United Kingdom, France, Japan, and India.

Don’s strong support of voung scientists is reflected inthe
Science Careers Web site that he promoted. Never afraid of
controversy, he has written more than 150 Editorials, many
of them boldly defending the scientific point of view on
evervthing from genetically modified crops to climate
change. He has repeatedly insisted on the highest standards
of scientific conduct. Urbane, witty. and engaging, Don has
set a nearly impossible standard o follow. 1 salute his past
achievements, which leave this magazine in excellent shape.

Why did 1 accept this position? In many ways | see it as
anextension of my 12 years as president of the US. National
Academy ol Sciences (NAS). As part ol the Matuonal Acade-
mies. the NAS published more than 200 reports each year. Most were in response to govern-
ment requests, on topics that ranged from the health effects of arsenic in dnnking water to the
mentoring of science graduate students and postdoctoral fellows, 1 soon became painfully
aware of the many opportunities to spread science and scientific ways of thinking that are
being missed—in our failure w teach science as inguiry to most students, in our overly narrow
defimition of scientific careers in umiversities, and in the inadequate recognition of the truly
international nature of science.

| also became aware that science is a remarkable social construet, which relies on constant
vigilance to maintain the standards that make it so successful. It matters a great deal how we
scientists treat our colleagues, rewand excellence, share our data and resources, and relate to the
public, whose taxes support the enterprise with generous research funding. Partha Dasgupta,
Distinguished Professor of Economics at Cambridge University, has noted that “Today, we
take it for granted that the Institution of Science has in place incentives which encourage
researchers to disclose their findings for public use. But the emergence of those social
contrivances which embody those incentives was not inevitable. nor did they emerge easily: It
required the collective efforts of scientists and their patrons to establish them . . . the Institution
of Science embodies a set of cultural values in need of constant protection . . "

Science plays an important part in protecting this setof cultural values. [t does so through the
way that it selects the articles it publishes, enforces standards of honesty and data sharing. and
makes all seientific articles freely available on the Web within a year after publication. Equally
mmportant, it produces a vigorous News section that attempts to probe every aspect of science
and its interface with society with truth and integrity.

I am at heart a scientist, and scientists love to tackle important challenges. The challenge of
this new job is to vigorously explore how I and Seience’s outstanding staff might make this
publication an even more effective agent for spreading science and its values throughout the
world—a world that desperately needs much more of both.

=Bruce Alberts

100126/ science. 1156722
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ashy Affair

Humans see chameleons as masters of camouflage. The lizards
themselves seem to see more in it than predator aveidance. This family
of lizards has evolved a range of talents, some merely changing skin tone, others
changing color, too. All thanks to rapidly reacting neurally controlled chromatophores in
their skin. Stuart-Fox and Moussalli used reflectance spectroradiometry, tuned to the spectral sensi-
tivities of the retinas of chameleons and of potential bird predators, to measure the conspicuousness of a
variety of lineages of African dwarf chameleons in their preferred habitats. If the habitat is dense and complex,
bird predators tend to be excluded, and there is less need for disguise. Here, the chameleons indulge in flashy
aggressive behavior, changing color spectacularly in social displays; at least from a chameleon's-eye view. In
more open, hotter habitats it pays to live a drab and quiet life, avoiding the notice of predators,
staying cool sand=colored and merely adjusting brightness during social exchanges. 5o, deep in the bush, what
we perceive as subtly changing camouflage, chameleons perceive as flamboyant social signaling. — CA

Plos Biol. 6, e25, 10.1371/journal.pbio.0060025 (2008).

CLIMATE SCIENCE
All Stirred Up

Around 55 million years ago, at the height of the
Paleocene-Eocene thermal maximum, the world
was a much warmer place than today. Sea surface
temperatures were higher everywhere than now,
and the eguator-to-pole thermal gradient was
much shallower. Climate for much of the past
500 million years has been warmer than it is now,
and during the warm periods the surface merid-
ional temperature gradient generally appears to
have been weak. Explaining how the climale sys-
tem might have transferred heat from low to high
latitudes Lo maintain such a shallow thermal gra-
dient has been difficult, and many
hypotheses have been advanced,
including those involving effects

from radiative forcing by high con-
centrations of atmospheric carbon
dioxide, more intense ocean heat
transport, differences in the

amounts and locations of polar
stratospheric clouds, and extra-
tropical atmospheric convection.

Korty ef al., using a coupled model

of intermediate complexity, investigate
another possibility: that tropical cyclones could
have caused enough ocean surface mixing in the
tropics to cool the sea surface there and drive the

:
s
g
:
2
E
;
E
g
b
:
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strong poleward heat flux needed to produce
the shallow thermal gradients that seem Lo have
prevailed during warm climates. This solution, if
correct, also has implications for how we might
expect the climate system to respond to anthro-
pogenic warming. — H]S

1. Clim. 21, 638 (2008).

BIDCHEMISTRY

Anyone for a Cuppa?

Inhaling the soothing aroma from a mug of pep-
permint tea renews the sense of wonder at the
delightful mix of monoterpenes produced by the
hybrid plant Mentha » piperita. Its oil, which
accumulates within a
structure called a
peltate glandular tri-
chome, contains high
levels of (-)-menthol
and low levels of the
precursor (+)-pulegone
and the side product
{+}-menthofuran. The
critical balance belween
the activities of pule-
gone reductase (which

Scanning electron
micrograph showing  produces menthones

the peltate glandular  that are converted into
trichomes. menthols) and mentho-
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furan synthase {(which diverts pulegone into
menthofuran) can be disturbed in less-than-ideal
environments, such as low light.

Rios-Estepa ef al. have collected the measured
biochemical parameters of kinetic constants and
metabalite concentrations, validated them where
feasible against independently derived guantities
(gland volume, oil density, and terpene molecular
weight), and built a biosynthetic model that simu-
lates the developmental time courses under opti-
mal and low-light conditions of menthal, pule-
goneg, and menthofuran levels, An earlier genetic
engineering study had suggested that menthofu-
ran turned down the transcription of pulegone
reductase, but plugging this constraint into the
model failed to reproduce the observed changes
in terpene levels. Instead, the observations could
be replicated by assuming that menthofuran
acted as a competitive inhibitor of the reductase,
a supposition confirmed by Lineweaver-Burk
analysis of in vitro enzyme assays. — GJC

Proc. Not. Acad. 5ci, ULSA. 105, 2818 (2008).

CHEMISTRY

A Fruitful Fuel Proposal

Sustainable alternatives to gasoline and diesel

fuels will need to recapitulate some of the prop-

erties that make currently used fuels attractive
Continued on page 1311
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energy carriers, such as low vapor pressure and
stable long-term storage. Horvath et al. exam-
ined the properties of one such alternative,
y-valerolactone (GVL}—a small cyclic ester pro-
duced by fruits and used as a food additive.
Compared to methanol, ethanol, and methyl
and ethyl tert-butyl ethers, GVL has a
much lower vapor pressure, which
reduces volatile emissions, and
also low melting and flash
points that facilitate safe
storage. It is not readily
hydrolyzed to the acid
under pH-neutral condi-
tions, nor does it readily
form peroxides. Because GVL
does not form an azeotrope
with water, less energy is
needed Lo recover it through dis-
tillation, The authors have explored
catalytic routes to GVL from sucrose and con
clude that with further advances in synthetic
efficiency from biomass, GVL could serve as an
oxygenated fuel additive or even a fossil-fuel
replacement on its own. — PDS

Green Chem. 10, 238 (2008).

APPLIED PHYSICS

Vapors Plucked on a Harp

Optical or electronic devices that sniff out
chemical compounds with high sensitivity and
selectivity clearly have applications in a broad
range of circumstances, from environmental
monitaring to the detection of biohazards.
However, the compounds of interest may not
be in pure form; often they are diluted among
multiple background substances, and such an
artificial nose must therefore be able to sorl
through complex mixtures. Stievater et al. pres-
ent a chemical sensor based on a micro-opto-
mechanical bridge that can be interrogated
remolely using oplics, Their device, a microharp,
forms one end of a Fabry-Perot interferometer
and comprises an array of microbridges in
which each bridge is coated with a sorbent
polymer sensitive to a particular analyte.
Each bridge also has a distinct length and so
3 vibrates at an individual frequency. When the
device is placed in a test atmosphere, different
compounds bind to particular strings on the
harp, changing the mass of the bridge and
thereby inducing a shift in the frequency at
which it vibrates. Interrogating the vibrational
frequency of each bridge separately allows
monitaring of a vapor's chemical composition
remotely, and in some cases (as for organo-
phosphonates) detection concentrations down
to 17 parts per billion. — 150
Opt. Express 16, 2423 (2008).

CREDIT: FIELDMNG ET AL, J\ CELL BA0L 180, 481
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CELL BIOLOGY
Doing Double Duty

During cell division, centrosomes are important
in the organization and maintenance of the
mitotic spindle. Fielding et al. found that a
kinase, integrin-linked kinase (ILK},
known to be important in cell
adhesion, also interacts with
centrosomal and spindle pro-
teins, including the main
constituent of the mitotic
spindle, tubulin, When
ILK was inhibited, cells

ILK {red) concentrates

at the centrosome at
the poles of the mitotic
spindle (green). Con-
densed chromosomes (blue).

failed to assemble mitotic spindles prop-
erly, resulting in aberrant chromosome segre-
gation. The centrosomal protein RUVBL1 was
important for ILK targeting to the centrosome,
and the activity of ILK was important for
another centrosomal protein, ch-TOG, to pro-
mote spindle pole organization and mitosis,
This unanticipated role for ILK in promoting
centrosomal organization, spindle assembly,
and chromosome segregation may represent
an important link between cell adhesion and
mitosis. — SMH

J. Cell Biol 180, 681 (2008).

HUMAN GENETICS
An Autism Association

Although autism is highly heritable, sorting out
the genes associated with this complex disease
has been difficult. Weiss et al. searched for
structural mutations (duplications or deletions
below the level of microscopic detection) in the
genomic DNA of 751 families who are part of the
Autism Genetic Resource Exchange. They found a
significant association of autism with a nearly
600-kb region that was deleted or duplicated at
a locus on chromosome 16. This structural
mutalion was also observed in patients from
Children’s Hospital in Boston and in a group
from lceland. It occurred at a frequency of
approximately 1% in patients as compared with
less than 0.1% of the general population. It
might result from unequal crossing over at this
region of chromosome 16, which is a known
hotspot for deletion and duplication and is
bordered by two duplicated regions. Autism may
represent the summation of a series of rare
events, whose delection will require screening
tens of thousands of patient samples, — B)

N. Engl. J. Med. 358, 667 (2008).

www.sciencemag.org SCIENCE VOL 319 7 MARCH 2008

Order today,
oligos tomorrow

Next-Day Service for
custom DNA oligos

Invitrogen's new U.S.

express service allows you to order
oligos and receive them the next
business day. Just order online
before 2 p.m. eastern time.

Get 2 OD units guaranteed minimum yield
(25 nmol scale) for tube CNA oligos 7 to 40
bases in length, with the same quality control
as our standard oligos.

On-time shipment is guaranteed—if we
don't ship your full order on time, the $19.95
Next-Day Service fee will be credited back
to you. Next-Day Service is avallable In the
United States only.

Place your order now at
www.invitrogen.com/oligos.

@invitrogen-

ww.im'irrugen com

E2008 hvitrogen Coraatation. Al fghti fesérved. Servide 1o6 UL duitSimed anly.
Thse produriy may tl.l:l:wldl')ium;i e Limvied e | ahs | remey e

FSDgen GHalog of reves ineitrogen o)



1312

www.sciencemag.org

Science

1200 New York Avenue, NW
Washington, DC 20005
Editorial 202 -326-6550, R 202-285 7562
News: 202-326-6581, FAX 202-371-9227
Bateman House, 82-88 Hills Road
Cambridge, UK CB2 110
+44 100 1223 326500, FAX +44 (0) 1223 326501

Semicmirnon Semvices For change of address, missing issues, new
orders and renewals, and payment questions: Bo6-434-AARS (2227)
of 202-326-6417, FAX 202-842-1065. Mailing addresses: AAAS, PO,
Bax 96178, Washingion, DC 20090-6178 or AAAS Member Services,
1200 Mew York Avenue, NW, Washington, DC 20005
Instrumonas Sire Licenses please call 202-3246-6755 for any
questions or 1nformation
Rermmrs: Author Inquiries B00-635-7181

Commercial Inquiries 803-359-4578
Peuwsssons 202-326-T074, FAX 202-682-0816
Movass Bewenrs AAAS/HarnesENabde.com bookston www.aam.onglbin
AAAS Online Store hitp:/fwew.apisource.com/aaas’ code MKBS;
AARS Travels: Betchant Expeditions B00-252-4910; Apple Store
ww.applefeppstone/asas; Bank of Amernca MasterCard 1-800-833-
6262 prindity code FARIYU: Cold Spring Harbor Laboratary Pregs
Publications wew. cshlpress. com/afiliates/aaas. him: GEICOD Auto
Insurance waw.geico.comiandingpage/gos 1. Mm?lego=17624;
Hertz 800-654-2200 COPFI43457; Office Depol htpstibed.
officedepot.comportallogin.do; Seabury & Smith Lile Insurance S00-
424-9883; Subary VIP Program 202-324-6417; VIP Maving Sendces
hitpodwswcvipmayflower comidomesticfndo html; Other Benefits: AAAS
Member Senvices 2002-326-641 7 or wawaassmember.ong.
schenoe_oditors@aaas, org (o general editoral queries)
wience_leters@aax org thor qaeries about letters)
el & _OviewsBHan 5. 0 o returnling marscript reviows)
shence_bookrevi@anas.ong  (lor book review queries)
Published by the American Association for the Advancement of Sdence
(AAAS), Science serves its readers as a lorum foe the presentation and
discussion of important &sues relaled Lo the advancement of science,
including the preseration of minority or conflicting paints of view,
rather than by publshing only matedal o which a consenius has bieen
reached. Accordingly, all articles published in Scence—including
editorials, news a:mommenl. and book reviews—iare signedand reflet
the indiadual views of the authors and not offical paints of view adopbed
by AAAS or the institutions with which the authors are affiliated.
AARS wirs founded in 1848 and incorporated in 1874, Its mission & to
advance science and innowation thee world for the benefit of all
poaphe, Thi goals ol the assoetietion an: to: Tobid communtcation Among
scientists, engineors and the public enhance international cooperation in
soenon and its applications; promaobe the responsible conduwd and use o
science and technology; foster education in science and technology fos
everyone; enhance the science and technology workfarce and indrastnsc-
fure; increase public und erstanding and appreciation of sience and tech-
nolagy; and strengthen support o the science and technology enterprise,

INFORMATION FOR RUTHORS

See pages 634 and 635 of the 1 February 2008 issuc or access
wnA_sCiEnoemag. orglaboutiauthars

EommoR-oi-oiis Bruce Alberts
EXECUTRYE EDiTos Monica M. Bradford
DEPUTY [DITORS HEWS EDTTOR
R. Brooks Hanson, Barbara R. Jasny,  Colin Norman
Katrina L. Kelner

surervsony semson e Phillip D. Szuromi; semon mos
remsrecrves Lisa D, Chong; sewsos epooes Gilbert ). Chin, Pamela ).
Hines, Paula A. Kiberstis (Bosion), Marc 5 Lavine (Torontol, Beverly A
Purndl, L. Bryan Ray, Guy Riddihough, H, Jesse Smith, Valda Vinson,
David Voss; assocar pomoss Jake 5. Yeston, Laura M. Zahn; osuss
eomon Stevsart Wilki; assocurs on use epmoas Robert Frederick, Tara 5.
Marathe; wen coNTINT DEVELOPER Martyn Green; soon RiviEw FoMOR
Shierman ). Suler; assocart wTrims gomon Jenni fer Sills; comoma
samacee Cara Tate; smon cory nomons |elbroy E. Cook, Cynthia Howe,
Harry Jach, Barbara P. Ordway, Trista Wagoner; cory noivoas Chris
Filiatreau, Lauren Kmed, Peter Mooreside; romomaL cooRDimATORS
Caralyn Kyle, Beverly Shclds; rusucanons asasmsts Ramatoulaye
Diop, Jod 5. Granger, Jefirey Hearn, Lisa Johnson, Scott Miller, Jerry
Richardson, Brian White, Anita Wynin; epmosa assswars Carlos L.
Durham, Emily Guise, Patricia M. Moone, Jennifer A. Setbert; meamve
assreranm Sylwda 5. Kihara; aosmmmestve soreont Maryrose Madrid
News SENMDR CORRESPONOENT |Can Mar; peruTy mews Eomoss Robert
Coontz, Eliot Marshall, Jefirey Mervis, Leslie Roberls; commmunne
ross Elizabeth Culotta, Polly Shulman; wews wemms Yudhiit
Bhattacharjoe, Adrian Cha, Jermiber Couzin, Dinid Grimm, Condtance
Holden, Jocebyn Kaiser, Richard A Ko, Hi Kintisch, Andrew Lasder (New
England, Gaeg Miller, Blizabeth Pennis, Robert F. Sendoe {Pactlic NW),
Erik Stokstad; wrromn Eba Youngsteadt; contesumm conmrsronoinTs jon
Cohen (5an Diego, CA), Daniel Ferber, Ann Gibbons, Robert Irion,
Mitch Leslie, Charles €. Mann, Virginla Morell, Evelyn Strauss, Gary
Taubes; corromoni Rachel Cuman, Linda B. Felaco, Melvin Gatling;
ApMmiSTRATI SUPPORT Scherraine Madk, Fannie Groom:; smmass New
Emgland: 207-549-7755, San Diego, CA: TA0-942-3252, FAX 760-
942-4579, Pacific Northwest: 503-963-1940
Peopucnion omEcToR James Landry; simon sasaces Wendy K. Shank;
sssistanT manacen Robecca Doshi; semon seeosuses Jay Covert, Chris
Redwood; seeciaust Steve Forrester, Preruchr simecmr Davd M.
Tomplanes; sasacen Marcus Spiegler; sreasas Jessie Mudjitaba
ART DRECTOR F:I:II:.I Buckheit Krause; assoCisms amr pmecvoR Aarcn
Morales; mustrarors Chris Bickel, Katharine Sutlifl; semos aarasso oares
Hally Bishop, Laura Creveling, Preston Hussy, Nayoml Kevitiyagala;
assocws |essica Mowfield; meonosonos Lestic Blizand

Serwce INTERRATIONAL

Euwoes (science@science-int.oo.uk) Eomonia: INTERRATIOMAL MAMAGIN G
eomok Andrew M. Sugden; senor epoo e sreoves Julia Fahrenkamp-
Uppenbrink; semon eprmoas Caraling Ash, Stella M. Hurtley, lan 5.
Osborne, Stephen |. Simgson, Peter Stern; tomors surroet Deborah
Dennion, Rachel Roberts, Abice Whaley, spsmsisraammng surroat johin
Cannell, fanet Clemnents, Jill White; miws: umort wews Eomoa |ohn
Travis; oerury miws epmox Danfel Clery; commammss conREsrosBENTS
Michacl Balter (Paris), John Bohannon (Viennal, Martin Enserink
(Amatordam and Par), Gretdhin Vogéd (Berlind: ses Elizabeth Quill

e Japan Office: Asca Corparation, Eiko kshioka, Fusako Tamura, 1-
8-13, Hirano-che, Chud-k, Oaka-shi, Dsaka, 541-0046 Japan; +81
0) & 6202 6272, FAX +81 (0) 6 6202 6271; asca@os.gulfonjp; ass
uews eomon Richard Stone (Befjing: rstone@aaas.ong); conmmumne
connssromoents Dennis Normile (Japan: 481 (00 3 3391 0630, FAX
81 (0 3 5936 3531; drormile@gol.com); Hao Xn (China: + 34 (0}
10 6307 4439 or 6307 3676, FAX +B8& (00 10 6307 4358;
cindyhao@gmal.com); Pallava Bagla (South Asia +91 (00 11 2271
28946; pbagla@vwsnLoom)

Armea Robert Koenig (contribuing comespondent, rob koenigi@gmailoom)

FXECUTIVE PUBLISHER Alan 1. Leshrer
rupusHir Beth Rosner

FULFRLLMENT SYSTEMS AND OFERATIONS {marlbershi&ﬁs.mg}; DMRECIDR
‘Waylon Butler; cusvos smace surinnson Fal T, SPECIALISTE
Laurie Baker, Latoya Casteel, LaVonda Crawlord, Vicki Linton; oam
ewmey supEmeson Cynthia Johnson; seeomusTs Tarrika Hill, Enn Layne

Busimiss Orianions AND AowemsTrenos omecior Deborah Rlvera-
Wienhold; asasTant cmecron, susmess oreramions Randy Yi) semos
e Ansrers Mechael LoBue, Jessics Tie mity; escHTs Ao pomwes oons:
aommsreanon Emile David; assocwrn Elizabeth Sandler; manmmes
oumictoa John Meyers; sanomes manscins Allison Pritchard, Darrgd
Waller; s rmne assooames Aimee Aponie, Alkon Chandler, Mary Ellen
Cromdey, Marcia Leach, Julianne Wielga, Wendy Wise; inmensamon
s Timd skanaci i Windy Sturloy; sssmms mecutecl Jennilor Reoves;
A RNE TG AE MAER SE RS ES EEOUTIVE Lind a Flusk; sie ioemise SaLes omscoa
Torn Ryan; saues masacen Russ Edra; saes aws cusmomen semnce Mehan
Dwossani, Iquo Edim, Kiki Forsythe, Catherine Holland, Phillip Smith,
Fhilip Tsolakid®; mecmome mesis: manscer Lizabeth Harman, mogce
smanaces Trista Snyder; assesmant manacer Lisa Stanford; semon
rropucnon seassTs Cheistopher Coleman, Walter Jones; reosuomon
seecuursts Nichele Johnstan, Kimbery Oster

AT G D €70 R wolLowed Ao wues Bill Moran

Proouct (seience_advertising@aaas org); consusin & sronsorimp
savns manacan Tin Morra: 202-326-6542; newest Rick Bangiovanni:
330-405-7080, FAX 330-405-TO81; wesr coastw camana Teola
Young: 650-964-2266; Eastooasue. camana Christopher Bresling 443-
E12-0330, FAX 443-512-0331; uwmumarrasa Michells Field: +44
(0) 1223-3246-524, FAX +44 [0) 1223-325-532; jaran Mashy
Yoshikawa: +81 (0) 33235 5961, FAX +81 (0) 33235 5852; semom
Trasre assoaate Delandra S¥mms

Commenant Eomon Scan Sanders: 202-326-6430

Cuassimin (advertise@sciencecarcers.orgl; us: RECRINTMINT SALES
masacen lan King: 202-326-6528, FAX 202-289-6T42; iniiDe 1ALES
wanAGER: wiwispeanana Dary Anderson: 202-326-6543; ey acoousT
manncen Joribah Able; wonmaesst Alexis Fleming: 202-326-65T8;
sourniast Tina Burks: 202-326-6577; west Nichalas Hintibidze: 202-
326-6533; saues coonpinarss Erika Foard, Rohan Edmonson, Shirley
Youmg; INTERMATIOMAL: SALEs manacEr Tracy Holmes: +d4 (0) 1223
326525, FAX +44 (0) 1223 326532; smans Marium Hudda, Alex
Palmer, Alessandra Songente; saues sssistant Loutse Moore; jaran
Mashy Yoshikama +81 (0)3 3235 5941, FAX +B81 (003 3235 5852
ABVERTISING FRODWCTION oFiRaTIONS manacir Deborah Tompking
simioe peooucTion seeciausts Robert Buck, Amy Hardcastle) souoa
s assocurs Chrstine Hall; rusucanoss asseoaer Mary Lagnaoul
AAAS Boams or Dwictors mimenws pRISIENT, chue John P Holdren:
reessoint David Baltimore; meesmews-eecr James | McCarthy; Treasume
David E. Shaw; cmer ocuees orrom Alan |, Leshnes; noase John E.
Dionwlimg, Lynin W, Enquést, Susan M. Fitzpateick, Alice Gast, Linda P, B.
Katehi, Cherry A. Murray, Thomas D, Pollard, Kathryn D, Sullban

AYAAAS

ADVAMNCING SCIENCE. SERVING SOCIETY

SENIOR EDITORIAL BOARD D. Pring etan Liny, Sephen Jackson, s Edwand Lawrence Serkaley National Lab
; i phen ML Cohen, mﬁhﬁ-!rﬂn Lofr, Singopore SRevem ]-INH %f-lﬂ_ﬁr , Los Angeles L I'H'il tﬂv o Lok of Wiwaw
A PSRy e GRS sO B e
i g D e e e A ard Karseaity, gty Calioge of PaS Geory Schula, Aiber- Luimigs Lmversie
1, Uik, of Norths Caroting Bermhard Mo Plarmck it Paul Schulze-Lefert, Max Flonck init., G
T fRLss ek s ke metiagion
Emma T. Dermitrakis, Wellcome ol Sange Inst (= -I Pﬂ; Un““*" n.“““.""-“di'“é . ]
Limhe, of Penmylvania Mitchel i v of nia onigemery Liniy. of Codiformin, Berlivley
oF RE per— ‘p‘.:"“ “'mm‘ﬂﬂ:r"m’ it mh'.' X q’mm Lo, Uibgna. Chamaaign oan S1ettr, 1oic m?:«
Boarp oF Reviewing Eoimors “'.lf‘il"“ﬁ.n’uﬂ:r;ﬁ( 1 e tuw M h’htg‘r&ﬂ?ﬁmmfm
er A Dowdna 3 formia, Berkedey WH Thomasz e, Ui, o
Enu mberg, Horwed Lin Lks, Coumell Liniy. rame Virginia Commonsealih
Hﬁil:mu-‘::rﬁ Univ i le, m-’i‘."?sf;"-‘m“ 1 Lawsanne ._1_-:_ o Loxka Fﬁn:\;grﬁ!ﬂ*- Siean T g o -:,rifafumr o
anum-h;m,m of Calforma Son Fronciuco R g D Andrew P, Mackenale, Unkr. e o Asomomcol et of Amsiesd
Richard Amasing, Uiy, of Wisconn, Hod m-u“.:u wm&m ME Rasl Mad fcoté Mormaie Sqm-w.- Poriy u“h. der Kooy, Link
3 | il i, L] Amne
ﬂ 0. Andrese, Max Planck Int, Mo, s ol i.mu‘ Hopia
Krjsty 5. Anseth, nfe of Calorads e %‘:ﬂk’ﬂmﬁ #ﬂ u-r,m Tl tlrrhmhﬂh- m.ummrmmsam
John &. Bargh, fale Paul G, Falkewski, Girigers Liv, § Miyashita, Lins. of loyo Graham Warren, Yo Undv, School of Med.
iml. ﬁ‘«l dem Ernst Fehir, Limiy. .,;3.% Richard Borris, Uin z:’w.rﬁq'fr S r.ﬂh'-u. Liny. of -ﬂmqlrr
Ray M. Eaughman, Lt a?‘n-m.' H:mﬂﬂﬁ'ﬂm’m e Maots Nagacia E?'nﬁ':; fekyo n r-'l'-n- ﬁnmmh Sam Frencfice
=g:- Pm!rﬂ'.r hr Seatt [ Frases, Cof Tech mes Me Stanford Liniv. School of Med. ea . 'l'lli.lu. . of
mlﬁl Bevam, Uit wm rhf {h]r:'i 4 Lomdan W hm-fmr ﬁﬂm‘rkm:wl‘.l‘m :-k'[“._ The 5"“1;”#
Irlr“.... Srowers last. fmwm
Mins Biasel keley Wational Lok Charl, r%?i wwnmnma Board
m- Bt ofFort Diane Griffin, fohms Hopking Bloomberg Schoal of Bk'l’ m‘ﬁm lexas, SW { '::';:?Jﬂ'ﬂmwh‘m'
Linfy. of Rochester Christian Haass, L odwig Maximifions Sy, Ostrom, r.-umw:.rmm ; ""' -'“'" At
r- Felien e Niels X Uni. of Demark u- A Univ. of Arizong a?mma,,qwm
ln;. u.-:r.-. cw Desnis L. Hartmann, Lint. shingron r|. inpnihnrr !ldl
atow “ihedie] Sehool m evmith i Eristod e n B
hﬁﬁ' .w gﬂ ﬂmmrmm A, H ﬁ‘ﬂﬂﬂgwmhil Eﬁ Eﬂrﬁ e et bt
m
-:.uﬂﬁi l:.nnkc m-n of Washington .'l i.hm q":‘uiudd
mﬂ Ove ubdberg, Lint. of Queemiond
Davld Claghasm ?M'mmuphr.hmn ?"Lh a cmm Samta Barbarg whh Hl..lrﬁ:'rﬁf ' g Liniv. of Chicago
David € oijnrd mﬂuu.‘#ﬂsmk lon: amwhnﬁ l.nnu A m-ﬁh Colfoimia Berbeley  Ed mm ]
LM WS, Marie Meyer B. Jackson, Unfy. of Wizonsin Med Schoal Wancy Rods, Wegima fech Lewis Wolpert, Unfv Codege Lordon

7 MARCH 2008 VOL 319

SCIENCE www.sciencemag.org




CREDITS (TOR TO BOTTOME WALID DADUD: WIKIPEDLA; FIELD MUSELMOF CHICAGD

Budding Scientists

How does your garden grow? A team of ecolo-
gists and climate scientists wants to know.
Project BudBurst invites the public to record the
timing of leaves, flowers, and fruits to help track
climate change, Part of the USA National
Phenology Network (NPM), the project began in
2007 to foster consistent continentwide monitor-
ing of phenology—the timing of annual biologi-
cal cycles, Participants from across the United
States enter their reports on the Project BudBurst
Web site, and university and government
researchers will analyze the data.

Jake Wellzin, a government ecologist and
NEM executive director, says the network aims
to understand how climate variation affects
ecosystems. Plant phenology is a "sensitive
integrator” of environmental factors, he says.
For example, the timing of lilac blooms in the
western United States is one of the best ways o
predict a wildfire year,

To monitor how plants respond to climate,
NPN will maintain a database that includes
contributions from trained researchers and
Project BudBurst participants. In 2007, a test
run of BudBurst fielded 913 observations from
26 states. Sandra Hendersan, a science educa-
tor and Project BudBurst coordinator, says the
program caplured the public imagination
because of the climate change connection.
“People don't want to sit on the sidelines and
be passive observers,” she says.

Without Bounds

Bound encyclopedias aan't
hold a cursor to the multime-
dia display of the first part of
the Encyclopedia of Life (EOL), a
Web site assembled by a consortium

of 25 museums, botanical gardens, and other
scientific institutions. The effort, funded in part
by $12.5 million in grants, aims to provide one-
stop shopping for biodiversity for scientists and
the public. Launched last year (Science. 11 May
2007, p. 818), EOL will come online in stages.
The first phase, unveiled in late February,
includes information on 30,000 plants and

www.sciencemag.org SCIENCE VOL319 7 MARCH 2008
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animals. Eventually, the site will
incorporate images, distribution
maps, life histories, and identifi-
cation data for each of Earth's
1.8 million known species,

The first entries were built
using multiple existing sources, an
effort the collaborators hope to automate in the
future. The first set of pages concentrates on
fish and amphibians, as well as plants related
to peppers, tomatoes, and petunias. Work on
the project is ongoing. However, scientists note,
given the rapid rate of new species discovery,
it's a project that likely will never be finished.
== www.eol.org

Let the Sun Shine

Researchers from Australia and Hong Kong plan
to take the wash out of washday with fabrics that
clean themselves, The self-cleaning property
comes from coating the fibers with nanocrystals
of titanium dioxide, a photocatalyst that decom-
poses dirt and stains when exposed to light.
Walid Daoud, a chemist at Monash University in
Churchill, Australia, and colleagues at the Hong

True Blue

Bowls, ritualistic objects—even people—were

EDITED BY KELLI WHITLOCK BURTON

New TiO,-infused fabric is
self-cleaning when exposed to light.

Kong Polytechnic University
describe their findings in
the 26 February issue of
Chemistry of Materials.

The photocalalytic prop-
erty of titanium dioxide is
well known. Daoud and his

colleagues developed a treat-

ment for fabric fibers that
chemically bonds the titanium dioxide
nanocrystals to the fibers. Although sunlight
produces the best resulls, the self-cleaning
works under any light source, even while the
clothes are being worn. The crystals also inhibit
the growth of odor-causing bacteria.

Daoud foresees initial applications in clothing

for campers and soldiers. "But the target is really
lo reduce the consumplion of water, detergent,

and energy used in laundering and dry cleaning,”

he says. The treatment shouldn't increase the cost
of fabric production, says Daoud, who is negotiat-
ing with potential industrial partners. Self-cleaning
fabrics could be on the market in 2 years.

painted a brilliant turquoise blue before being
offered up as sacrifices by the Maya, the original
residents of the Yucatan Peninsula. Now,
14th century pottery recovered from an
ancient sacrificial well reveals just how
the Maya created the blue pigment.

The Maya started using the pigment
known as "Maya blue” about 500 CE.
Researchers knew that ils ingredients
included indigo and the clay mineral paly-
gorskite, but the rest of the preparation process was
unknown. Studies of a Maya bowl found al the bottom of
the Sacred Cenote, a famous sacrificial well in Chichen
Itza, showed traces of a resin incense called copal.
Researchers now believe that when heated, the copal
fused the indigo and palygorskite together, producing
the long-lasting blue pigment.

Archaeologist Dean Arnold of Wheaton
College in Wheaton, lllinois, came across the
bowl, which had originally been uncovered
in 1904, while examining collections at
the Field Museum in Chicago. In Maya cul-
ture, each of the three ingredients had healing
power, says the Field Museum’s Gary Feinman. “The
Postclassic Maya appear to have used this pigment as
a key component in rituals that petitioned for rain to heal
the Earth from drought and desiccation,” he says. Arnold's team
reported the findings online 26 February in the journal Antiguity.
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HEROIC. Michael Kelley, an oncologist and basic researcher at the Veterans
Affairs Medical Center in Durham, North Carolina. routinely gets calls from
cancer patients asking him for health advice. But Josh Sommer is the first
patient he met whose reaction to being diagnosed was to “roll up [his] sleeves
and say, *I want to work with you and in vour lab,”™

Sommer. a junior at Duke University in Durham, found out in 2006 that
he had chordoma, a rare cancer that afflicts one in a million people with
tumors at ditferent spots along their spinal column. The news prompted him
and his mother, physician Simone Sommer, to launch the Chordoma
Foundation to foster collaborations among the small community of chor-
doma researchers around the world. Sommer, who switched from environ-
mental engineering to biomedical engineenng after learning of his 1llness,
also works part-time for Kelley analyzing the zene expression of differem
chordoma and normal cell lines.

I think they ve catapulted the research light-years ahead™ says Duke’s Neil
Spector. a cancer drug development expert who has found preliminary evi-
AN dence that an existing chemotherapy drug may prove helpful against chor-
l doma. Sommer is “a phenomenally gifted young man.” Spector adds.

without an assistant director since January of | decisions, advocacy, and other matters rela-
last year. NSF asked oceanographer Mark tive to NCAR.”

THEY SAID IT

“It is a moral outrage that a wealthy country
like the United States allows its closest
neighbors to suffer from some of the
world's worst levels of disease, poverty,
and malnutrition. ... By transforming
Gitmo from a detainee facility to a center
for research on the diseases of poverty, the
U.S. would show that it sincerely wants to
address the Millennium Development Goals
in Latin America and the Caribbean, and
ultimately make things better for the next

Abbott of Oregon State University (DSU),
Corvallis, in July of last year to fill the job,
Abbott later withdrew after NSF's lawyers
told him that his close managerial ties to
05U posed too many conflicts of interest
(Science, 17 August 2007, p. 879). NCAR
receives 70% of its $150 million budget
from NSF, but Killeen says he's stepping
down as director to become a senior scientist
and "will not be involved with funding

In the News >>

Killeen says his 8 years as director of NCAR
have taught him that being a science adminis-
trator “is all about people, facilities, manag-
ing effectively, and keeping an eye on the sci-
ence.” He'll join NSF in July after completing
his 2-year term as president of the American
Geophysical Union in Washington, D.C.

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

generation of all Americans,”

-Peter Hotez, editor-in-chief of PLos
Neglected Tropical Diseases, offering a
bit of unsolicited foreign policy advice
about Guantanamo Bay in the February
issue of the journal.

MOVERS
A KEEPER. Six months after a stalled attempt to
appoint a head of geosciences, the National
Science Foundation
(NSF) has named

A SECOND LIFE. Korean veterinarian Byeong Chun Lee, who
collaborated with disgraced stem cell researcher Woo Suk
Hwang to create the world’s first cloned dog, Snuppy, is now
trying to clone a deceased pit bull terrier named Booger.
Booger was owned by a California woman, Bernann
McKinney, who banked some of his ear tissue after his death
in 2000. She recently placed a $150,000 order with a Seoul-

based biotech firm, RNL Bio, to have the dog cloned. Under

an agreement between RNL Bio and Seoul Mational
University, the cloning will be done by Lee and his col-
leagues at SNU. If successful, it will be the first commercial
cloning of a dog in the world, which could launch an era of
pet cloning. (The tissue bank company McKinney used,

space physicist
Timothy Killeen to the
job. Killeen currently
heads the National
Center for Atmospheric

Genetic Savings and Cloning, successfully cloned a cat for
550,000 in 2004 before being acquired by Viagen, a California company that clones livestock.)

Lee made headlines in 2005 as part of a research team that cloned an Afghan hound.
Although most of Hwang's other accomplishments turned out to be fraudulent, Snuppy stood
up to scientific scrutiny. During its investigation of the Hwang affair, SNU officials found Lee

Research (MCAR) in guilty of embezzling funds but allowed him to stay on because of his accomplishments.
Boulder, Colorado. Since Snuppy, Lee has cloned a number of other dogs and a wolf. He plans to deliver
The geosciences Booger's clone by February 2009.
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directorate has been
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Ecologists Report Huge Storm
Losses in China’s Forests

GUANGZHOU, CHINA—From delicate orchids
and magnolias to rare Chinese vews and
Kwangtung pines, the lora of Guangdong
Manling National Nature Reserve is consid-
ered so precious that ecologists call the
reserve “a treasure trove of species.” But win-
ter storms have reduced the
biological hot spot 1o a
splintered ruin, Snow,
sleet, and ice laid waste
to 90% of the 38,000-
hectare reserve’s forests,
savs He Kejun, director
of the Guangdong Foresury
Administration in Guangzhou,

MNanling Reserve is one of scores of
fragile ecosystems, from Anhui Province in
the east to Guangdong Provinece in the south,

that wok a beating from storms in late January
and early February that set records for snow-
fall and low temperatures in some arcas. Last
week, China’s State Forestry Administration
(SEA ) announced that the storms damaged
200.86 million hectares—one-tenth of China’s
forests and plantations—roughly equivalent to
the number of hectares that were reforested
between 2003 and 2006. SEA pegs the losses
at 58 billion. "The severe storms did a massive
amount of harm.” savs Li Jiangiang, a plant
taxononust at Wuhan Botamcal Garden. “This
scale of damage has never happened before™
He Kejun and others say it will take decades
fior the hardest-hit ecosystems to recover,

The ecological and economic toll rivals
that of devastaung floods along the Yangize
River in 1998 that inundated 25 million
hectares of farmland. For broadleaf evergreen
torests, “this 1s bigger than the Yangtze disas-
ter. It’s unique in the history of south
China.” says Ren Hai, an ecologist with
the South China Botanical Garden (SCBG)
in Guangzhou. SFA and other agencies have
dispatched scientists 1o take stock and formu-
late restoration plans. “The government is
acting very. very fast.” says Ren.

In southeastern China’s worst winter in
3 decades. snow and 1ce knocked out power
and paralyzed roads and rail lines at the height

7 MARCH 2008 YOL 319 SCIENCE
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of the vear's busiest travel season—the Spring
Festival, when many Chinese return to their

hometowns. The storms pummeled 21 of

33 provinces and regions, claiming 129 lives.
Some 485000 homes were destroyed and
another 1.6 million damaged.

Disaster scene. Storm damage was more severe in
eight provinces (red); devastation at Nanling reserve.

displacing nearly 1.7 million people, accord-
ing to central government statistics. Agricul-
ture officials estimate that 69 million live-
stock—muostly chickens and ducks—froze
death. Storm-related losses exceed 521 bil-
lion. As Science went Lo press, elecineity had
still not been restored to some remote areas,
Scenes of serums at train stations and vehi-
cles adrift on highways were splashed across
the news in China and abroad last month,
Meanwhile, outside the spothght, an ecologi-
cal calamity was unfolding. In Jiangxi
Province, for example, entire bamboo foresis
were reduced o matchsticks; fast-growing
bamboo can regenerate in several years. In
Ciuangdong. officials estimate that more than

Aring around a
Saturn moon?

T00,000 hectares of forest and plantations are
damaged severely, with losses approaching
51 billion. Other provinces enduring extensive
forest damage are Anhui, Guangxi, Guizhou,
Hubei, Hunan, and Sichuan (see map),

The carnage was not limited to natural
ecosystems. “Exonc species were harmed
more than native species.” says Ren. In north-
ern Guangdong Province. plantations of
slash pine (Pings eflionii), an import from
the southern United States. splintered under
wet snow, and extensive stands of Australian
gum trees “are almost all going to die,” Ren
predicts. At Wuhan Botanical Garden in
Hubei Provinee. the roof of a greenhouse
housing Asia’s largest assemblage of aquatic
plants caved in under heavy snow, “A unique
collection has been lost.” says Wuhan
botanist L1 Xiaodong,

SCBG scientists maintain long-term
experimental plots at Nanling that will allow
them to gauge ecosystem damage and recov-
ery. At the moment. the picture is bleak.
Nanling's entire forest between 500 meters
and 1300 meters in elevation was wiped out,
savs He, “Before the storm, we could hear
birds singing in the reserve. Now it is mostly
stlent,” he says. Many bai xian. or silver
pheasantis—Guangdong’s official bird
succumbed to the severe weather, and
carcasses litter Nanling’s tranls, savs He. One
worry, he says, is that epidemics will erupt
this spring in the storm-sapped animal popu-
lations and among migratory birds.

With support from Guangdong Province’s
covernment, SCBG plans to send teams of sci-
entists to several of the most devastated forests
to survey damage and to set up test plots that
will rack everything from species compo-
sition to the susceptibility of the degraded
forests to insect pests and fires.

The storm damage lends urgency o a
new national strategy for plant conservation
released last week by SFA, the Chinese
Academy of Sciences, and the State Envi-
ronmental Protection Agency. Under the
manifesto, crafted with help from Botanic
Gardens Conservation International, a
Richmond, U.K., nonprofit, China has

pledged to launch a nationwide survey of

species and habitats, construct a national
herbarium, crack down on illegal logoing,
and establish by 2000 a system to monitor
and protect China’s 31,000 plant species,
more than half of which are native. Some »

WWW.SCIeNcemad.org

CREDIT: QIUWEIRONG! GLANGZHOU DALY



CREDMTS (TOP TO BOTTOM: ROBERTA SMANLL, COURTESY OF CLAUDIO CAVALCANTI

S000 plant species in China are threatened
with extinction,

As damage assessments procead SFA has
established a disaster relief technology group
and will hold an emergency meeting later
this month to plan for restoration. Botanical
gardens are domng their part, wo. “We must
work hard o save vegetation and lessen the
extent of damage.” says Ren. “We want to
find a way to help natural ecosystems

AMNIMAL RIGHTS

Brazilian Scientists

Brazilian scientsts are fighting a series of
local attempis to ban animal experimentation
that they say could cripple scienufic research.
At the top of their list: a controversial law
passed 2 months ago by the city of Rio de
Janeiro that prohibits all animal experiments
at private companies. Researchers are hoping
that a comprehensive federal bill addressing
animal experimentation, which has been lin-
gering in the Brazilian Congress for 12 years,
will put a stop to such local bans,

The battle in Rio, a major biomedical
research hub, has gone on for more than
2 years. In 2006, the city council passed an
animal-welfare law, introduced by actor-
turned-politician Cliudio Cavalcanti, that
would have banned all animal experiments in
the citv. Mavor César Maia vetoed the bill. A
second version, passed in September 2007,
made an exception for universities and public
organizations such as the Insututo Oswaldo
Cruz {Fiocruz), a major vaccine producer,
Maia vetoed that one, o, But the council over-
rode his veto on 26 December.

The law has not taken effect vet, and the
mavor does not appear in a hurry 1o enforce it,
says animal physiologist Luis Eugénio Mello
of the Federal University in Sio Paulo. presi-
dent of the Federation of Brazilian Societies
of Experimental Biology. But if enforced. the
ban could force several Rio biotech compa-
nies out of business. "Its a crazy law.” says
Eduardo Krieger, a former president of the
Brazilian Academy of Sciences.

A comparable far-reaching bill was
approved in December by Flonanopolis, the
capital of the southern state of Santa
Catanna; that law was replaced by the city’s
mavor in February with much less

Inside the
asteroid watch

recover with minimal human disturbance.™
That is a wicky balancing act, At Nan-
ling. managers are barring local residents
from entering to remove downed timber.
Although salvage logging could reduce
wildfire risk. it could exacerbate erosion.

further degrading ecosystems. The bulk of

the restoration work is likely to focus on
economic recovery: rehabilitation of plan-
tations, The storm’s aftermath should also

Mammoaoth th
craters

spur long-term research on plant cold toler-
ance, sayvs Li Jangiang,

The immediate tsk is picking up the pieces
after the worst winter in recent memory, “We
chenish our endangered species,” says Li. But
for some of the precious plants at Wuhan
Botamical Garden and in southern China's
battered reserves, he says, “there is nothing we
can do to save them.” -RICHARD STONE
With reporting by Li Jiao in Befjing.

Battle Animal Experimentation Bans

stringent regulations,
Similar legislative plans
are afoot in other cities.
Brazil's scientists con-
tend that regulating ani-
mal research should not
be a local issue and are
arguing for a federal law.
Indeed, such a bill was
introduced in 1995 by
Chamber of Deputies
member Sergio Arouca,
who was once director of
Fiocruz: it would ban ani-
mal experiments if other
alternatives are available,
require ethics commitiees
to approve studies, and set
up a national council to
issue guidelines. But the
bill never came to a vote,
and Arouca died in 2003,
Researchers say
“Arouca’s law™ would
protect them from a wave
of municipal or state ini-
tiatives. and they have
been lobbyving hard 1o get
the bill to a vote. Animal-
rights activists oppose it. however. Ethics
panels, which already exist at the majority of
research institutions, are dominated by
scientists and rubber-stamp proposals, savs
George Guimardes, director of Ethical
Vegetarianism, Animals Rights Defense
and Society, a Sio Paulo-based group.
The researchers’ lobbying appears to have
paid off, says Mello, with “support from lefi to
right™ in Congress. And recentlv. Brzil Presi-

No petty issue. Claudio Cavalcanti is
pushing for a ban on animal experiments
to include the Instituto Oswaldo Cruz (fop).

dent Luiz Indcio Lula da
Silva, whohas made advanc-
ing research a national pri-
ority, named Arouca’s
law among his legisla-
tive priorities, Guimaries
agrees that the federal bill
15 now likely to pass. But a
legislative stalemate in the
Congress, unrelated to the
bill, could make it hard to
paass any ks at all in 2008,
Mello warns.

Cavalcanui says that he
wunis Rios mayor toenforce
his law; he will also rein-
troduce the proposal for a
total ban this vear. Offi-
cials at Fiocruz, a big yellow
fever vaccine producer,
have warned that such a
move could imperil rou-
tine quality testing of vac-
cines, But Cavalcant says
that he does not believe
animal research can bene-
{1t human health, A single-
issue politician, he has
offered to become a guinea
pig himself if it can help save ammals, “This is
my mission, my only reason for living.” he says.

Scientists should do more to counter the
cruel image of animal studies that activists
have promoted and explain why such work 1s
necessary, says Walter Colli ofthe University
of Sio Paulo. *“We are guilty of not having
done enough o influence public opinion,” he
says, “The average citizen 1s confused.”
-MARTIN ENSERINK
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Test of Hawking's Prediction on the
Horizon With Mock "White Hole’

Physicists can't travel to a black hole to see how
it ticks, but they have taken a big step toward
creating something similar in the lab, Using an

optical fiber and laser light, Ul Leonhardr of

the University of St. Andrews in the LLK. and
colleagues have simulated a “white hole™
essentially a black hole working in reverse—as
they report on page 1367, The model might
soon mimic perhaps the most tantalizing prop-
erty of a black hole; the “Hawking radiation™
that should emanate from it.

Others have cooked up analogs, but “this is
probably the first one that has some correlation
to the Hawking effect.” says Grigon Volovik, a
physicist at Helsinki University of Technology

No go. Current can stop fish moving upstream and mimic an event
horizon. A pulse in an optical fiber captures the physics, too.

in Finland who is working on a model inliquid
helium. *This 15 some kind of a breakthrough”
Formed from the collapse of a star, a black

hole is like a funnel-shaped pitin the fabnc of

space and time. Light or anything else that
ventures into the funnel cannot get back out
once it passes a point of no return known as
the event horizon. In contrast. a white hole
would resemble a mountain in spacetime so
steep than nothing could reach the summit, It
would have an event horizon that marks the
point of closest approach. Unlike black holes,
white holes should be unstable, and none are
thought to exist.

In principle, simulating an event horizon is
simple. Consider a river Nlled with fish swim-
ming upstream at maximum speed. If the fish
reach a point where the water flows as fast as
they can swim against it, they will pile up
there (see figure, above). That point similates

a white-hole horizon, and theorist William
Unruh of the University of British Columbia
in Vancouver, Canada, and colleagues have
experimented with fluid analogs.

Leonhardt and colleagues took a different
tack. They fired a pulse of infrared light down
an optical fiber. Crucially. the intensity of the
pulse iself altered the speed at which light
could travel in the fiber. The researchers then
shot in light of a second, longer infrared wave-
length that moved slightly faster than the pulse.
As that light caught up to and “ascended” the
pulse, it slowed until at some point its speed
exactly matched that of the pulse.

That spot on the pulse simulated the event
honzon, and light accumulating
there was compressed to a
slightly shorter wavelength,
That squeeze made the light
travel slower than the pulse. so 1t
effectively rolled back down the
peak and fell behind. The
researcher detected the telltale
wavelength shift and other evi-
dence that the light was piling
up on the horizon,

The next goal is o see
Hawking radiation, Leonhardt
says. Thanks to quantum
mechanics, the vacuum roils
with photon pairs that nor-
mally pop in and out of exis-
tence too quickly to be observed,
But near a black hole, one parti-
cle might emerge beyvond the
event horizon and fall in while its partner
emerges outside and escapes, as theorist
Stephen Hawking argued in 1975, So ablack
hole ought to glow like an ember, although Far
too feebly to be seen through the cosmic
microwave backoround,

The white-hole analog ought to radiate,
too, Leonhardt says. Like warped spacetime

near a black hole, the wildly varying speed of

light in the fiber can rip particles out of the
vitcuum. 5o the pulse should shine Faintly but
detectably in ultraviolet wavelengths,

Seeing that glow would be key. Unruh says,
because in spite of'its fame, Hawking radiation
remains unconfirmed. If physicists spot its
equivalent in an analog. Unruh says, “then you
get a lot. lot more faith that the prediction is
solid,” Volovik agrees: “If they really sce
Hawking radiation, | think Hawking will
finally get his Nobel Prize.”

=ADRIAN CHO |
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Crash in Antarctica Kills Two

A helicopter crash in Antarctica has claimed
the lives of two people and injured three.
Willem Polman, 45, a technician at the Royal
Netherlands Institute for Sea Research (NIOZ),
was killed on 2 March when a helicopter based
on the research ship Polarstern crashed near
the German Antarctic station Neumayer Il. The
German pilot, 37, was also killed. Three other
passengers were injured, two of them seri-
ously, according to the Alfred Wegener Insti-
tute (AWI} in Bremerhaven, Germany, which
operates both the ship and the coastal
Neumayer station.

The ship is on a 10-week voyage to investi-
gate the Southern Ocean as part of the Inter-
national Polar Year. One of the injured is Dutch
scientist Maarten Klunder, 27. Two others, a
24-year-old German helicopter technician and
a 25-year-old female French researcher, were
also injured. NIOZ announced the names of the
two Dutch researchers, but AW has declined to
name the pilot and the other researchers, cit-
ing German privacy laws. The news of Polman’s
death “hit all of us like a bomb,” says Jan
Boon, a NIOZ spokesperson, “We still have
trouble believing it.” After the injured are
evacuated, Polarstern is expected to continue
its voyage, which is scheduled to end in Punta
Arenas, Chile, on 16 April. The cause of the
crash is unclear; the weather at the time was
apparently good. AWI is working with the
German Aviation Authority to investigate.

=GRETCHEN VOGEL AND MARTIN ENSERINK

New Suitfor Penguins

The U.5. government is moving too slowly to
protect 10 species of penguins against cli-
mate change, says a suit filed last week by the
Center for Biological Diversity (CBD), a Tucson,
Arizona-based environmental group. Accord-
ing to legal code, the U.5. Fish and Wildlife
Service (FWS) was supposed to decide by the
end of November whether to list the penguins
under the Endangered Species Act, which
would require tighter requlations on fisheries
and review of greenhouse gas emissions by
government agencies. Chris Tollefson, an FWS
spokesperson, says a decision will be finalized
in the "next few weeks."

But environmental physiologist Yvon Le
Maho of the French national research agency in
Strashourg, France, says that without a "big
movement against climate warming, [official
protection of the penguins] may be hopeless.”
If the U.S. government's answer is no, CBD says
il will sue again.

—ELSA YOUNGSTEADT
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LARGE FACILITIES

NSF Delays Three Projects to Get Better Handle on Costs

Alter a decade ol making their case to the
LS. National Science Foundation (NSF),
scientists planning a major project for
remote monitoring of the oceans thought
they had cleared the final hurdle in Decem-
ber. That’s when an external panel blessed
the 5331 nullion venture, called the Ocean
Observatories Initative (OO1), and told
NSF officials “to enter into the detmled
design and construction phase™ to build it
"We were ready to go, and the reviewers
agreed.” says Steven Bohlen of the Consor-
tium for Ocean Leadership in Washington,
D.C.. which is managing the project.

S0 Bohlen and his colleagues were
shocked last month when NSF omitied
building funds for OO1 and two other long-
running projects on the verge of construc-
tion—the S 100 million Mational Ecological
Observatory Network (NEON) and the
123 mullion Alaska Region Research Ves-
sel (ARRY }—from its 2009 budget request
to Congress. It's part of a new
policy aimed at eliminating cost
overruns that occur after con-
struction 15 under way. Those
overruns have not only forced
NSF 1o from other
accounts, but they can also lead
to last-minute changes that
weaken a project’s scientific
capabihties. Under the previous
policy. a project was approved
based chiefly on its scientilic
merit: it might be vears before
NSF arrived at a final price
based on all relevant factors.
Mow, N5SF is requiring a Firm
cost estimate before asking
Congress for construction funds,

Scientists whose projects
face delays of a year or more

borrow

aren't pleased about the sudden
policy shifi. But they under-
stand why NSF 15 asking them
to go back to their calculators.
“Its not good news for the sci-
ence,” says Terry Whitledge,
director of the Institute of
Marine Science at the Univer-
sity of Alaska, Fairbanks, which
manages the ARRV project for
NSFE “But I think that NSF is
probably doing the nght thing in
the current budget environment,
And their message toall of us s
clear: Don’t come back to us

7 MARCH 2008 WOL 319 SCIENCE

down the road with a higher number”

The new rules mark the latest attempt by
MSF, an agency known for its expertise n
small science, to get a better handle on an
expanding portfolio of large projects. The
facilities can cost upward of $300 million
to build and tens of millions of dollars a
year o operaie, a sizable commitment for a
56 billion agency. The policy atfects four
projects now in NSF's major research
equipment and facilities construction
account—including the Advanced Technol-
ogy Solar Telescope in Hawaii, which is
listed as a new start for 2009 although it is
currently still in the design phase
as all future proposals,

The large-facilities account was created
more than a decade ago to segregate big-
ticket items such as ships and telescopes
from the agency’s bread-and-butter research
and education programs, But the commu-
nity was so unhappy with how NSF's over-

as well

R
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sight body, the National Science Board,
approved and ranked projects that it com-
plained to Congress, which ordered up a
review by the National Academies’ National
Research Council. Tts 2004 report recom-
mended that the process be more rigorous
and transparent { Scicice. 10 January 2004,
p. 2949}, NSF Director Arden Bement says
the agency has embraced those suggestions
by setting up a new administrative office
and monitoring each project more closely.

Even so. last month Bement went one
step further. Although NSF has spent mil-
lions on each project to help scientists lay
the groundwork, Bement says he won't ask
for construction funds until each has passed
a final project review that includes a firm
cost estimate and a detailed analysis ofenvi-
ronmental and regulatory 1ssues, “It’s a
huge culture change for the foundation,”
savs 4 White House official familiar with
how NSF manages its large projects.

A more thorough vetting
could shorten the actual con-
struction time, Bement says,
and reduce the chances that a
project would need to be
“descaped™ to stay within its
budget. He says the new rule
also brings NSF practices closer
to those at other federal agen-

Energy and NASA, which have
more experience building and
managing large scientific facili-
ties and instruments.

MEON's checkered history
highlights the problems Bement
15 trying to correct. NSF first
requested money for NEON
some 512 million—in its
20001 budget request. Then-NSF
Director Rita Colwell called it
“a continental-scale research
mstrument consisting of 10 geo-
graphically distributed observa-
tories, networked via state-of-

: =
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From ship to shore. A national ecalogical network (top) and a new Arclic
research ship have been temporarily pulled from NSF's construction budget.

the-art communications, for
integrated studies to obtain a
predictive understanding of the
nation’s environments.” But the
initial design was reworked sub-
stantially after scientists raised
numerous objections. Last
spring, the community came up
with the current version, which
features a network of 20 core

P
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sites and 40 “relocatable™ sites.
The core sites are expected to
provide a 30-year longitudinal
record of myriad factors,
whereas the other sites will focus
on narrower scientific questions
and capture more transient envi-
ronmental events,

Despite those ups and downs,
its price tag never varied. David
Schimel, who runs the Boulder,
Colorado-based consortium
responsible for building NEON,
says the original $100 million
figure announced in 2001 “was
not based on anvthing”™ The new
policy, he says, allows project
leaders to do it right. “NSF has
actually done us a huge favor by
unshackling us from that
5100 million estimate.” he says.
“Now we can start over and come
up with a new, more realistic baseline. Need-
less to say, the new figure will be higher.”

Just as important as the initial consruc-
tion cost, says Schimel, is the estimated
530 million a vear needed to operate and main-
tain the network. “That’s the real constramt.”
he says, “We don't want to gut the commu-
nity s research budget [at NSF] by building a
facility that’s too costly to operate.” Project
sclentists are hoping to incorporate several
features to reduce labor and maintenance
costs in the final design, he says. Accordingly.
MSF% 2004 budget request includes $26 mil-
lion for NEON from its research account. in
part to fund the additional work needed 1o
come up with a more efficient design.

Project leaders for OOIL, which 1s
expected to cost 550 million annually to
operate, say they made similar hard choices
in preparing for the preliminary design
review NSF conducted in December. The
observatories will gather data on coastal,
regional. and global scales. and the commu-
nity has been ruthless in paring each system
down to the bone, says Holly Given, the con-
sortium’s director of ocean-observing activ-
ities. For example. Bohlen notes that only
three sites remain from an original plan for
10 blue-water autonomous buoy systems
in the Southern Ocean off the Chilean coast,
the Morth Atlantic near Greenland, and the
Gulf of Alaska in the northern Pacific. “As
we refined our cost estimates, we had to
scale back and concentrate on what was
most important scientifically,” he explains.

The cost of some components can’t be
nailed down unul the plans are actually sem
out for bids, Bohlen says. Referring to the
five sets of seabed cables that will connect

networks.
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Oceans 3. 001 has been

scaled back to three blue-
water autonomous buoy
systems and two regional

instruments continuously monitoring the
Juan de Fuca Ridge off the coast of Wash-
ington state, he notes that “the market price
for those materials and sensors, plus labor,
can vary alot” NSF is seeking $10.5 million
in 2009 for OOI for continued planning.

Scientists involved in the Alaska
research vessel are acutely aware of how the
cconomy can wreak havoc on carefully laid
scientific plans. Whitledge estimates that
NSF% new policy will add 12 o 18 months
to the project’s scheduled solicitation of
bids in 2010—at a price vetto be calculated.
“Shipyard costs have been going up by
20% a vear.,” Whitledge says. because of the
rising cost of steel and other raw materials
and industry’s demand for new and refur-
bished exploration ships triggered by
$100-per-barrel 0il prices. A delay also
means a longer wait for data on the impacts
of climate change in the Arctic. he notes,
The ship will replace the Alpha Helix, a
40-year-old research vessel that the univer-
sity retired m 2004,

Bement doesn’t pretend to have all the
answers for managing large facilities. *1"'m
convinced that we can do a lot better.” he
told Representative Alan Mollohan
{D-WV), chair of the House panel that sets
NSF's budget. during a hearing last week
on N5F's 2009 budget request. But the
problem clearly has his full attention,
When Mollohan asked about one project,
Bement brushed aside the chair'’s sugges-
tion that he turn to one of his aides for the
details. That won’t be necessary. Bement
replied: T know the answer. 1 get a report
every month. And I read them.”

=]JEFFREY MERVIS |
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Brits Rejoin Gemini

The United Kingdom last week reversed plans
(5cience, 23 November 2007, p. 1227) to with-
draw from the Gemini Observatory, whose twin
scopes sit in Hawaii and Chile. Instead, it will
stay put and try to save some of the £4 million
in annual costs it's obligated to pay by selling
telescope time, The plan to pull out of the inter-
national partnership outraged British astronomers
because it threatened to cul off their access lo
the northern skies. “It's unfortunate this was so
badly handled,” says astrophysicist Martin
Rees, president of the U.K.'s Royal Society.
—ELIZABETH QUILL

Wisconsin Wins Latest
Patent Bout

The U.5. Patent and Trademark Office (PTO) has
upheld a 2006 patent on human stem cells
owned by the university-affiliated Wisconsin
Alumni Research Foundation (WARF). Two years
ago, two nonprofits challenged the patent and
two other WARF patents. Last week, the govern-
ment released an 85-page decision that upholds
the patents yet narrows their scope slightly,
“We're very pleased,” says WARF's managing
director, Carl Gulbrandsen. "We believed from
the very beginning that [James] Thomson's dis-
coveries were patentable.” WARF's opponents,
including Alan Trownson, now president of the
California Institute for Regenerative Medicine,
had argued that Thomson's work was obvious
when he performed it in the 1990s. But the
patent examiner rejected those arguments ear-
lier this week, saying thal the published science
in the 19905 was too “unpredictable” to lead
someone to try making human stem cells with
an “expectation of success.” The groups plan to
appeal the decision, and rulings on the other
two patents are pending. =ELI KINTISCH

Research Strategy: Centered
On Centers

The U.S. Department of Homeland Security
(DHS) has funded five new university-based
research centers to study border security and
immigration; explosives detection; maritime,
island and port security; natural disasters; and
emergency management and transportation.
The new centers, each of which will receive up to
52 million a year for 4 to 6 years, will join eight
existing centers focused on DHS's mission,
“These colleges and universities ... will provide
scientific expertise, high-quality resources, and
independent thought—all valuable te securing
America,” says Jay Cohen, DHS undersecrelary
for science and technology.
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U.S. Biomedicine’'s Mother Ship
Braces for Lab Closings

Distress signals are emerging from the intra-
mural program at the ULS, National Institutes
of Health (NIH) in Bethesda, Marvland, as
funding troubles begin to pinch. Most insti-
tutes are affected, but the pain 1s acute at the
National Institute of Child Health and Human
Development ( NICHD). where up w 12 intra-
mural labs—run by 16% of 74 tenured staft
could be shuttered. “This 15 a completely new
ategory of mightmare,” saysan NICHD inves-
tigator who asked not to be named. Compared
with a poor review in the extramural world, in
which a researcher can try for a new grant,
closing an intramural lab means going “from
full funding to zero.” he says.

i | NIH Intramural Principal Investigators
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Downsizing. The MIH intramural program has lost
more than 100 Pls since growth ended in 2003,

SPACE PHYSICS

NICHD troubles reflect the impact of
5 years of flat budgets on the $2.8 billion
NIH intramural program. The campus has
seenanet loss of 114 of 1252 principal inves-
tigators ( PIs), or 9%, since 2004 when a
period of rapid growth halted. Half of the
dechme came in the past vear, according to
NIH data. “There’s no way with conservation
of matter to do anything else.” savs NIH
Deputy Director for Intramural Research
Michael Gottesman, who nevertheless thinks
the program is still **a reasonable size”

He adds that the squeeze “is not unique to
NIH or any organization,” although extra-
mural research seems less constrained. The
number of funded extramural Pls has hov-
ered around 26,300 for the past 4 years,
according to NIH.

Giottesman points out that the intramural
program has downsized before, after a 1994
blue-ribbon panel called on NIH to cut less
productive programs and create a formal
tenure system. The number of Pls dropped
from roughly 1584 in 1990 to 1206 i 2000,
Growth resumed from 2000 to 2002 (sece
graph). But when it stopped, many of NIH's
21 intramural programs had a hard landing.

Constant gardener. Intramural research chief
Michael Gottesman says there are benefits to pruning.

Scientific directors saw budgets lag behind
inflation while costs increased.

As a result, at the Natonal Cancer Insti-
tute. the tally of Pls has dropped by 65 to 253,
a decline of about 20% since 2003, says Cen-
ter for Cancer Research Director Robert
Wiltrout. The institute has been more aggres-
sive in closing labs after a leader retires or
receives low marks on a site visit. And some
top scientists have simply left. The diabetes
institute closed several labs in 2006 to
help trim 7% from its operating budget.
says Mational Institute of Diabetes and »

Antimatter Experiment May Be Too Costly for NASA to Launch

NASA says it1s willing to fly a $1.5 billion
experiment desioned to detect antimatter. But
Congress would have to come up with as
much as 54 billion to make it happen, the
agency says, Supporters of the Alpha Mag-
netic Spectrometer (AMS) dispute those cost
estimates but face an uphill struggle to get the
T000-kg probe into orbit,

In a 17-page report to Congress that was
released last month, NASA paints a sobering
picture of what it would take to attach the
instrument to the intemational space station.
Samuel Ting, the physics Nobelist at the
Massachusetts Institute of Technology in
Cambridge who has championed the project.
savs the 16-nation AMS collaboration has no
money to buy another ride into space. That
leaves the fate of AMS. and its quest to under-
stand why there is more matter than antimat-
ter in the universe, with Capitol Hill.

Testitving before the House Science and
Technology Commitiee on 13 February,
NASA Admimstrator Michael Griffin said
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he doesn’t oppose launching AMS aboard
the shuttle. But for planning purposes, he
added. Congress must find the money this
vear. The agency’s report, submitted a week
later, notes that all remaining shuttle flights
are devoted to completing the station by
2010, after which NASA intends to retire the
launcher. Adding an additional fight “would
be difficult, costly. and would have a signifi-
cant negative impact on NASA’ exploration
program.” the report asserts,

An additional flight in late 2010 would
cost between $300 million and 5400 million,
NASA estimates. The cost would nise 10-fold
it the flight were delayed until 2011 because
of the need to extend industry contracts.
“These costs would come directly at the
expense of exploration development activi-
ties,” states the study,

MNASA 15 overstating the costs, says Trevor
Kincaid, a spokesperson for Representative
Nick Lampson (D-TX). who represents the
area around NASAYS Johnson Space Center

and 1s a strong AMS backer. Lampson puts
the price of another shuttle mission at
between 5150 million and 5175 million. A
spokesperson for Senator Bill Nelson ( D-FL)
suggested that a 51 billion supplement to
NASATS 2009 budget could cover the addi-
tional mission. Last summer. the Senate
approved such an increase, but it was dropped
from the final 2008 spending bill, “NASA
signed on to this. and they should uphold their
end of the [mternational] deal.” adds Kincaid,

The only option besides an additional
shuttle mission is to put AMS on an expend-
able rocket. That would cost at least 5600 mil-
lion, says the report, and delay the launch by
2 or 3 years while the spacecraft 1s modified.
That means AMS might not arrive until 2013
or 2004 at a space station that NASA intends
to shut down in 2016.

Ting and s collaborators say AMS needs
at least 3 vears in space o gather daa, But the
MNobehst says he’s not giving up. “My job is to
get this Nimished” he says.  ~ANDREW LAWLER
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Digestive and Kidney Diseases senior scien-
tist Alan Schechier. Last vear, a shortfall in
lab operating funds at NICHD forced scien-
tists to curtail experiments and travel
(Seience, 18 May 2007, p. 968).

The possible cuts in personnel at NICHD,
however, appear to be more drastic than any
before, Soon after the final NIH budget passed
Congress in mid-December, Owen Rennert,
NICHDs scientific director, met with program
chiefs and “tentatively outlined ... some areas
that could be reduced” to free up 515 million,
he told Science by e=mal. In January, a few Pls
were ol their labs were to be closed this year.
After stafl protested to Gottesman, Rennert
relented, In a 30 January e-mail sent to Science
and circulated to his staff, he wrote that “no
decisions have been reached.” Any cuts in pro-

FLAMNETARY SCIENCE

orams, he wrote, would be based on reviews by
outside scientsts over the next 2 vears and fac-
tors such as publications and relevance to
NICHDs mission. Sull, anxiety 1s running
high throughout NICHD's labs.

Some don’t blame Rennert: he has made
“Herculean efforts™ to avoid lab cuts until now,
says one senior scientist, But Pls who are due
for their 4-year site visit in April are now brac-
inge for the worst. Those whose labs are closed
won't be out of a job, Gottesman says, but will
have to jon someone else’s lab or become an
extramural grants adnumistrator. University
positions seem out of the question for anyone
but superstars. Even if they survive, NICHD
scientists worry about the impact; *You'll have
to be more focused and not take as many risks.”
says fruit fly geneticist Judith Kassis,

NEWS OF THE WEEK

It seems unlikely that NIH's intramural
researchers will get much sympathy from
outside, where funding is also tight. Yale Uni-
versity cell biologist Barbara Ehrlich. a mem-
ber of NICHD s board of scientific coun-
selors, says that although some of its mvesti-
gators are “just spectacular,” others “haven
kept up as much.”

And Gottesman says there’s a bright side o
this “pruning™: It has freed up some money to
strengthen other labs, including big teams
doing cutting-edge science. (The overall
number of intramural scientific staff. about
6000 w 7000 M.D.s and Ph.D.s, is proba-
bly stable, he says.) “For the remaining sci-
entists, this is still a terrific place.” He
admits, however. that “evervbody says that
I'm a Pollyanna.” ~JOCELYN KAISER

Electron Shadow Hints at Invisible Rings Around a Moon

Space physicists poring over Cassini space-
craft data think they have two firsts: the first
known natural satellites of a moon, which
also form the first nings known 1o encircle a
moon. Unlike the rAngs around Jupiter. Sat-
urn. Uranus, and Neptune, however, the pro-
posed rings around Saturn’s

moon Rhea are—so far, at
least—invisible.

Even though the proposed
rings are physically “very
welnd and [Cassim sclentists]
don’t have image proof, it's
certainly a good batch of cir-
cumstantial evidence.” says
ring dyvnamicist Jack Lissauer
of NASA™s Ames Research
Center in Mountain View, Cali-
formia. Ring specialist Jeffrey
Cuzzi, also of NASA Ames,
agrees, up to a point. “It's
clearly something unusual,” he
says, But whereas the discov-
erers “want to say it's unusual
rings, 1'd want to say its unusual physics.”

The case for rings depends on shadows
Cassini passed through while flying by
| 330-kilometer-diameter Rhea in Movember
2005, as space physicist Geraint Jones, now
of University College London, and his col-
leagues report on page 1380, Rather than
recording how the rings block starlight—a
common way of spotting them—~Cassini
serendipitously recorded the dimmung of Sat-
urn’s trapped energetic electrons that stream
by Rhea. The electron dimming extended
about 6000 Kilometers on each side of Rhea.

WWW.SClencemagq.org

Something seemed to be absorbing elecrons
before they got to Cassini. Because other
Cassini instruments failed to deteet enough
gas or dust to do the job, Jones and colleagues
inferred that unseen boulders up to about a
meter across were absorbing the electrons.

MNow you see it. In an artist’s simulation, the proposed rings of Rhea—presented here
edge-on—are abvious. In reality, there is no trace of them in spacecraft images, only in
the dimming of flowing electrans they apparently absorhb.

The Pioneer |1 spacecratt discovered the Gnng

of Saturn in 1979 in much the same way.
The clincher for Jones was a set of s1x

dark. narrow electron shadows that

Cassini recorded, three on each side of

Rhea. The shadows are stunningly sym-
metrical side to side, as seen in figure 4b
of the paper. 1 saw [a figure] like that in
my first planetary science class,” Lissauer
recalls. The year was 1977, and the figure
was the now-classic plot of the previously
unimagined narrow rings of Uranus
occulting a star. Given Cassini’s broad

electron absorption with narrow spikes, all

strikingly syvmmetrical, a broad disk of

debris in Rhea’s equatorial plane with
three embedded narrow ringlets or incom-
plete ringlets was “the only reasonable
explanation we’ve been able to come up
with.” Jones savs, Space

the University of Colorado,
Boulder, agrees. Cassim has
provided “a fascinating set
of observations from muln-
ple instruments that is
indeed best explained by
rings around Rhea” he
writes in an e-mail.

But ring specialists still
have their reservations. Such
rings. they say, are possible
but imprabable. First, just the
right sort of impact would
probably have been required
to blast material off the icy
moon and into orbit. Then the nng particles
would have had w survive millions if not bil-
lions of years being torn apart by the tidal
pull of Saturn and worn down to dust by
eroding small impacts. Most constraining.
perhaps, is the “incredibly low™ limit on dust
around Rhea set by Cassint'’s camera, says
Joseph Burns of Cornell University, who 1s
on the imaging team. Ring boulders must

shed some dust, and even tiny amounts of

dust show up when backlit by the sun. “We're
gomg to keep trying harder,” says Burns, to
see what may be seen. ~RICHARD A. KERR

SCIENCE VOL 319 7 MARCH 2008

physicist Mihaly Horanyi of

proposing a possible set of
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Preparing for Doomsday

Over the next several years, new telescopes will spot thousands of
near-Earth asteroids and comets. If one is headed our way, will world

leaders be ready to respond?

TIESHAN TEMPLE NATIONAL FOREST, CHINA—
In the control room of XuY1 Observatory, Zhao
Haibin sits at a computer and loads the night
sky over Jiangsu Provinee. A faint white dot
streaks across a backdrop of pulsating stars.
“That’s a saellite,” Zhao says, Elsewhere on
the screen. a larger white dot lumbers from east
to west. [t a main-belt asteroid, circling the
sun between Mars and Jupiter.

Onaridge in this quiet. dark corner of south-
eastern China, abowur 100 Kilometers northwest
of Manjing, Xu¥i% new l-meter telescope
espies a few dozen asteroids on a zood night,
Most are known to science. But since China’s
first telescope dedicated w asterond detection
saw Tirst light early last year, Zhaos team has
diseovered more than 300 asterowds, including a
near-Earth object (NEO). the class of asteroids
and comets that could smash into our planet, if
tate would have it

China’s asteroid hunters are the latest par-
ticipants in a painstaking global effort to cata-
log NEOs. Close encounters with asteroids in
recent years—and comet Shoemaker-Levy's
spectacular death plunge into Jupiter in
1994—have spurred efforts to find the riskiest
NEOs before they blindside us. Tracking
potentially hazardous objects—NEOs pass-

Hit or miss? Artist’
of Apophis approacl

ing within 0.05 astronomical units, or 7.5 mil-
lion kilometers, of Earth’s orbit—is essential
for any attempt to deflect an incoming rock.
The firsttest of our planet s defenses could
be Apophis, an asteroid the size of a sports
arena that made the world sweat fora few days
in December 2004, when calculations sug-
gested as great as a 1 in 37 chance of an
impact in 2029, Although further data ruled
out that day of reckoning. another could be
looming. In April 2029, Apophis will pass a
mere 36,350 kilometers from Earth, inside the

orbits of geostationary satellites. If it enters a
kevhole—a corridor of space barely wider
than the asteroid itself where gravitational
forees would give ita ug—it willend upon a
trajectory that would assure a collision 7 years
later: on 13 April 2036, Easter Sunday. The
odds of Apophis threading the needle are cur-
rently 1 in 45.000—but dozens of factors
influence asteroid orbits. Researchers will get
a better look during Apophis’™s next appear-
ance in our neighborhood in 2012,

By then. a powerful new telescope for
detecting asteroids and comets—the
Panoramic Survey Telescope and Rapid
Response System (Pan-STARRS), expected 1o
be up and running by summer—should have
unmasked thousands more NEOs. An even
erander project, the 8.4-meter Large Synoptic
Survey Telescope (LSST). is expected to be
operational in 2014,

The anticipated bumper crop of NEOs con-
fronts society with urgent questions. In the next
several yvears, with increasing rapidity,
Pan-STARRS and its ilk will discover poten-
tally dangerous NEOs. Currently. 168 NEOs
have a chance of striking Earth in the next cen-
tury, although the odds are minuscule. By 2018,
the risky rock roster could swell more than
100-fold. Additional observations will allow
astronomers to refine orbits, and in most cases,
rule out a threat. For that reason. astronomers
are debating when the public should be alerted
to hazards, to minimize false alarms.
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Eventually, an asteroid with our name on it
will come into focus, forcing an unprecedented
decision: whether to risk an interdiction effort.
*“The very conceptof being able to slightly alter
the workings of the cosmos o enhance the
survival of hife on Earth is staggenngly bold”
sayvs Russell Schweickart, chair of the B612
Foundation, a Sonoma, California, nonprofit
that lobbies for NEO deflection strategies. We
have the means to deflect an asteroid—indeed
“it's really the only natural hazard that we can
possibly prevent.” says NEO specialist David
Morrison. an astrobiologist at NASAS Ames
Research Center in Mountain View, California.

There is one “fatal missing element,” says
Schweickart, who in 1969 piloted the lunar
module for the Apollo 9 mission: *“There is no
agency in the world charged with protecting the
Earth against NEO impacts.” He and others
hope to change that.

Wake-up calls

Like any natural disaster, impacts occur
perniodically: gargantuan impacts are so rare
that their frequency is hard to fathom. Every
100 million years or so, an asteroid or a
comet a few kilometers or more in width—a
titan like the rock thought to have wiped out
the dinosaurs 65 million vears ago—smacks
Earth. *This is not just getting hit and
killed” says Edward Lu, a former astronaut
who now works for Google, “You're on the
other side of the Earth and the atmosphere
turns 5007 hotter. Lights out.”

Reassuringly, no doomsday asteroid identi-
fied thus faris on track to intersect Earth’s
orbit in the next century. Less reassuring, an
unobserved, long-period comet from the Oornt
cloud could swoop in with little warning.
Although the odds of this happening in any-
one’s lifetime are on the order of winning the
Powerball lottery. a megaimpact’s annualized
fatality rate i1s likely to rival those of earth-
quakes or sunamis. says Clark Chapman, an
astronomer at the Southwest Research Insn-
tute in Boulder, Colorado.

Near-Earth asteroids tens to hundreds of
meters in diameter are far more numerous—
there may be as many as 3 million in the solar
system—and they cross Earth’s path more fire-
quently. The iconic Meteor Crater in northern
Arizona was gouged by a S0-meter-wide hunk
of iron and nickel 50,000 years ago, In 1908, a
fireball scorched and flattened trees over
2100 square kilometers of taiga in Siberia’s
Tunguska region—the devastating footprint,
many experts say, ol a modest asteroid that
exploded in midair.

Recent supercomputer modeling has
downsized the Tunguska rock. An asteroid
Just a few dozen meters wide, fragmenting

explosively with a vield of 3 10 5 megatons—
a fraction of earlier estimates—could have
done the trick, Mark Boslough and David
Crawford of Sandia National Laboratories in
Albuquerque, New Mexico, report in an arti-
cle in press in the fnternational Journal of
Tmpact Engineering. 1f this 1s correct, the
expected frequency of Tunguska-sized
impacts changes from once every couple of
millennia to once every couple of centuries.
“Smaller objects may do more damage than
we used to think,” says Chapman.

Today the impact threat may seem obvious,
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Aswarm with asteroids. In 2000, there were more
than 86,000 known asteroids. By 2007, there were
nearly 380,000, including main-belt objects that
don't approach Earth (green); objects that approach
but do not cross Earth’s arbit (yellow); and objects
that eross Earth's orbit (red).

but for decades it was largely ignored. Aerody-
namicist Anatoly Zaitsev, director general of
the Planetary Defense Center in Moscow,
sounded the alarm in a landmark report deliv-
ered to Soviet leaders in 1986, “They just
laughed.” he says. Then on 22 March 1989, an
asteroid several hundred meters across
whizzed by Earth atabout twice the distance to
the moon: astronomers didn’t spot Asclepius
until it had already passed.
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Asclepius was a shot across the bow,
prompting the U.S. Congress to query NASA
about whether the agency had a plan for the
next killer asteroid. A parade of committees
followed, after which Congressin 1998 ordered
MASA totally and track at least %0% of NEOs
that are more than | kilometer wide, NASA
launched the Spaceguard Survey, named after
a survey in Arthur C. Clarke’s 1972 novel
Rendezvous with Rama. To date, Spaceguard
and other efforts have identified more than
T00 of an estimated 1000 or so NEOs in this
category. Then in 2005, Congress called on
NASA to expand the search by 2020 o cover
90%% of NEOs at least 140 meters in diameter
the approximate minimum size to damage an
area at least as large as a state or seaboard.
MNASA expects Spaceguard 11 1o spot 21,000
potentially hazardous NEOs and forecasts a
1-in- 100 chance that such a rock will hit Earth
in the next 50 years.

The uncertainties are huge. Main-belt
asteroids can knock into each other, twming a
benign rock into a malignant projectile. And
with only a fraction of NEOs having been
identified so far, what we don’t know can hurt
us. Astronomer Brian Marsden, director emer-
itus of the International Asronomical Union’s
Minor Planet Center, the elearinghouse for
asteroid and comet orbits, figuratively sums
up the situation: *“The ones to worry about are
those that were discovered yesterday and have
a very high probability of hitting us the day
after tomorrow. Those, plus the ones we've
never even seen yet!”

Drawing a bead

Night has fallen on an early December
evening near Tieshan Temple. which, accord-
ing to local lore, was the home of China’s first
monk. The sky above the national forest is
pitch-black but overcast. On nights like this,
asteroid hunters know how to kill time. In a
chilly, cigarette smoke—filled lounge down the
hall from XuY1'’s control room. Zhao and his
colleagues play cards and sip from tall, clear
plastic bottles packed with green tea leaves.
hoping that the weather forecast is wrong and
the skies will clear.

Zhao has worked at Purple Mountain
Obsenvatory, which operates Xu'Yi, since grad-
uating from Nanjing University in 1996. He has
a comet named after him, but his biggest thrill
came last spring. when he found an NEO.

On most nights, the telescope is pointed
away from the sun. toward main-belt asteroids
outside Earth’s orbit. More elusive objects
between Earth and the sun can be discerned in
the right conditions, With a clear sky and a new
moon, just after nightfall or before sunrise,
Zhao aims the telescope at a 60 angle 1o the
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sun, where faimt NEOs, like a crescent or gib-
bous moon, reflect sunlight in phases. During
the telescope’s first vear, his team got fewer
than a dozen opportunities to gaze sunward.
One was 7 May, when they scored their NEO.

Tonight, just after midnight. the clouds
have dispersed enough for viewing. Zhao's
team swings into action, pointing the telescope
at a 2-degree-square patch of sky. As dawn
breaks. they will e-mail the data to Purple
Mountain’s Nanjing headquarters for analysis,

Zhao’s team is working fast to stake NEO
claims before Pan-STARRS, the first Space-
wypard 11 tacility, starts gobbling up the heav-
ens. The telescope on Mount Haleakala on
Maui Island, Hawaii, has a charge-coupled
device camera with 1.4 billion pixels—the
highest resolution in the world—that acquires
images every 30 seconds,

Pan-STARRS, which saw first light last
August, will usher in a new paradigm in
observational astronomy (Science. 12 May
2006, p. 8400, “It's a setof surveys that will be
analyzed in a wealth of different ways.” says
Kenneth Chambers, an astronomer with the
Institute for Astronomy ( [FA) at the University
of Hawaii, Manoa, who is leading a consor-
tium of 300 scientists whose institutions have
paid for first crack at Pan-STARRS gold.
Some will map the Milky Way or look for dis-
tant quasars, Others will hunt for asteroids.
“The astronomical community is not ready for
the fire hose of data that’s going to hit them,”
Chambers says.

Once Pan-STARRES begins taking data in
camnest this summer, NEO finds should come
thick and fast. According to IfA astronomer
Robent Jedicke, who led development of
the software that will cull NEOs
from the data deluge, Pan-
STARRS will be 10 times more
effective at spotting NEOs
than all current surveys com-
bined. “Are there many more
objects like Apophis out
there? This is something

In the hunt. Zhao
Haibin's team at XuYi has
a few hundred asteroids
under its belt.

7 MARCH 2008

peptA T HARAR e

4\ .

that Pan-STARRS will answer,” says [FA
Director Roll-Peter Kudnitzki.

Magnificent feats of detection are also
expected from LSST, which will have 24 imes
greater survey power than Pan-STARRS. Like
its Hawaiian rival, the $389 mallion project has
broad science objectives, including studyving
dark energy and dark matter and mapping
the Milky Way. Unlike Pan-STARRS. LSST
data will be available immediately to any
researcher. Construction is expected to begin
in 2011 at Cerra Pachon, Chile.

When completed. LSST will cover the
entire available sky every 4 nights with a
3. 2-billion-pixel camera. Project scientists
have teamed up with Google, Microsoft, and
others to develop algorithms for processing
the masses of data. Afier 10 vears of operation,
LSST should have plotted rough orbits for
82% of potentially hazardous NEOs larger
than 140 meters. with only the risk assess-
ments requiring human input, says LSST
Director J. Anthony Tyson, a physicist at the
University of California, Davis,

Funding is not assured. Tvson has lined up
545 million so far from private sources, includ-
ing two gifts announced in January that will
help pay for the murror: 320 mullion from
Charles Simaonyi, chiel executive of Intentional
Software. and $10 million from Microsoft’s
Bill Gates. The tvcoons, says Tyson, “are
excited about the LSST acting as a peripheral
device for the Internet and thus bringing the

universe to evervone'’s computer.” Much of

LSST s construction funds are expected from

the ULS. National Science Foundation, which

will hold a Major Research Equipment and

Facilities Construction review on the
project this autumn.

Wi

Gauging risks
[n the early 19905, as astro-
nomers intensified their
search for NEOs, IFAs David
Tholen upbraided col-
leagues for turning a blind
eve 1o asteroids lurking
inside Earth’s orbit. He
was concerned that an
inner-orbit NEO at its
farthest point from the
sun could tour planet.
“For vears, | wanted to
do something about
that.” says Tholen. But
he lacked the means.
“(ther folks had great
cameras. [ was envi-
ous,” In 1997, he finally
got time on a decent
telescope. Aiming it

low on the honzon just afier mghtfall or betore
dawn, his group over 3 years discovered four
asteroids in this blind spot—including a whop-
per that is 5 kilometers wide,

Riding high. Tholen won a grant for a more
mtensive search campaign. But his team strug-
gled with techmical glitches, and by their final
year of funding in 2004, he says, “we hadn’t
found a single asteroid.” He redoubled his
efforts, booking time at observatories around
the world. In June 2004, he was juggling
nights on two telescopes. Then in the early
evening of the 18th, at Kin Peak National
Ohbservatory near Tueson, Arizona, Tholen,
Roy Tucker. and Fabrizio Bernardi hat pay dirt:
They got a first glimpse of Apophis.

“Apophis demonstrated that we know very
little about the region of space near Earth.”
siys Bons Shustov, director of the Institute of
Astronomy in Moscow. Anxiety will mount
when Apophis chugs back into range in 2012,
Ironically. the best instrument for refining the
asteroid’s orbit—1the world’s most powerful
planetary radar at Arecibo Observatory in
Puerto Rico—may be switched offin 2011, the
victim of budget cuts. Even without Arecibo,
optical measurements almost certainly will
reduce orrule out the impact rsk. For that rea-
son, NASA has no plans to send a probe to
Apophis, and the European Space Agency has
shelved a mission (see sidebar, p. 1329).

A chilling reassessment of Apophis could
change the political landscape fast.

Suppose that observations forecast a 1-in-
1000 impact risk in 2036. “That risk is really
low, but it hits, ivs really bad” says Lu, “How
much is it worth to us to have peace of mind?™”

The “threshold of pain,” as Lu calls it, may
depend on who would be affected—and what
resources they have, Based on current caleula-
tions, the line where Apophis might hit—the
so-called risk corridor—runs from Kazakhstan
through Siberia, over the northern Pacific, and
across Costa Rica, Colombia, Venczuela, and
the south Atlantic. Who would mount and pay
for a deflection mission? All countnes along
the corridor? Just Russia, vulnerable to a direct
hit. or the United States, vulnerable to a tow-
ering tsunami? The United Nations? What if'a
mission failed. deflecting Apophis to another
point on the risk cornidor, converting an “act
of God™ into an act of humankind? Who
would be liable?

As experts grapple with these questions,
some are trying to rouse political leaders.
With outside advice, the Association of Space
Explorers, an organization of astronauts and
cosmonauts based in Houston, Texas. 15 drafi-
ing an NEO Deflection Decision Protocol o
present to the UNs Committee on the Peace-
ful Uses of Outer Space in 2009, “Apophis
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THE STATE OF OUR PLANET’S DEFENSES

Experts can't say exactly when the next Earth-bound asteroid will heave into
view, but they are confident that humanity has the tools to defend itself.
There are several deflection scenarios; in most, the straightforward objective
would be to change an asteroid’s speed so that it arrives too early or too late
to hit Earth,

In 2005, former astronaut Edward Lu of Google and astronomer-astronaut
Stanley Love, a mission specialist on the shuttle flight last month that deliv-
ered the Columbus Laboratory to the space station, proposed a “gravity trac-
tor”: a spacecraft that hovers in front of or behind an asteroid, using its
minuscule gravitational force to slightly accelerate it or slow it. The gravity
tractor could divert an asteroid from a keyhole, a narrow swath of space where
gravitational forces would yank an asteroid onto a trajectory inwhich it would
hit Earth a few years later.

Steering an asteroid clear of a keyhole would require less energy and thus
is much easier to accomplish than diverting an asteroid on a direct course for
Earth. A 1-ton gravity tractor would have to hover more than 3 years near a
Tunguska-size, 45-meter-wide NED on a collision course 1o change ils orbil
enough to bypass Earth, says Russell Schweickart, chair of the B612 Founda
tion. It would take less than 40 days to divert the much-larger Apophis from a
keyhole on its close encounter with Earth in 2029, he says.

Another way to fiddle with Apophis's speed would be to spray it with mate-
rial that changes the amount of sunlight it absorbs or reflects. If such a mission
were mounted by 2018, just a few-percent change in its energy balance over
18 years would assure that Apophis misses Earth, says Jonathan Giorgini, a
senior analyst at NASA,

Coaxing an asteroid to miss a keyhole won't necessarily eliminate the risk,
Space is littered with keyholes and resonant return points that can sling an
object back at Earth. To counter that possibility, scientists are devising ways to
slap a transponder on a target asteroid or otherwise send back telemetry
revealing whether a follow-up mission is necessary.

Last week, The Planelary Society in Pasadena, California, announced the win
ners of a competition to design a mission that would tag a potentially hazardous
near-Earth asteroid to better track its orbit. The top prize of $25,000 went to two
companies—SpaceWorks Engineering Inc. in Atlanta, Georgia, and SpaceDev
Inc. in Poway, California—for Foresight, a $137 million spacecraft that would
shadow Apophis for almost a year, taking its measure with a multispectral imager
and a laser altimeter. The European Space Agency (ESA) has a similar mission on
the drawing board: Don Quijote, which for €150 million would send a spacecralt
to rendezvous with Apophis and precisely measure ils position, mass, and
other parameters. But Don Quijote is on hold. "Without an imminent impact

Apophis 2029
Close Pass

threat, ESA is focusing on other priorities,” says the agency’s lan Carnelli,

A modest-sized asteroid spotted too late for subtle maneuvering could be
rammed with a kinetic impactor—a missile, or a spacecraft similar to NASA's
Deep Impact probe that crashed into comet 9P/Tempel in 2005. According to
a report last year in the journal Science and Global Security, a single strike,
with 5 years' lead time, should safely divert an asteroid up to 250 meters wide;
many larger asteroids could be deflected with multiple strikes and longer lead
times. A gravily tractor in place before the strike could both provide telemetry
and give the asteroid an extra nudge, if necessary.

Some scientists, meanwhile, favor a nuclear detonation, the force of which
could obliterate smaller asteroids—uwith the hope that any fragments still on tar
get for Earth would burn up in the atmosphere—uor alter the trajectory of larger
ones. Schweickart, for one, views nukes as a last resorl. An asteroid for which
other technologies would fail, he contends, comes along only once every
100,000 years or so. However, notes Harvard University astronomer Brian
Marsden, "if the warning time is such that an object will hit us in a matter of
months or even weeks, the nuclear option is the only one we really have. If the
warning time is only days, | really don't know what we would do.” -R.S.

should wnite our efforts to deal with the
threat,” says Shustov, who is leading an effon
to develop Russia’s first national R&D pro-
gram on NECO hazards.

Shustov’s nightmare is that leaders will
drag their feet until the threat of a direct hit
becomes real. But an asterond need not impact
to cause chaos. Each year. malitary satellites
detect several 1-kiloton explosions of aster-
oids in the upper atmosphere. and every sev-
eral years, a much larger explosion of 10 kilo-
tons or more, says Sandia’s Boslough. “They
are quite frightening to people on the ground.”
A bus-s1ze meteorond would explode in the
stratosphere with the energy of a small atomic
bomb. producing a blinding flash much
brighter than the sun, says Chapman, “Mil-

WWW.SClencemag.org

tary commanders in a region of tension might
regard it as the hostile act of an enemy and
retaliate.” he says. A 25-kiloton airburst
occurred over the Mediterranean Sea on
O June 2002, Imagine. Chapman savs, “if
that had happened instead in the vicinity of
Kashmir, where tensions between India and
Pakistan were elevated.”

While this scenario may argue for giving
MEO sightings wide publicity. some experts
think that detailed predictions
risk corndors—should be withheld from the
public. They want to avoid a “Chicken Litle™
phenomenon of repeatedly sounding alarms
that are later downgraded or called off. NASA
has not released Apophisk nsk corndor in 2036,
{The B612 Foundation provided the diagram

particularly
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above.) “We do not generally release these kinds
of diagrams when they relate to future and
ongoing risk assessments,” savs Steven Chesley,
an NEO specialist at NASAs Jet Propulsion
Laboratory in Pasadena, California,

Others believe in full disclosure. “People
don’t like secrecy. It breeds distrust.” says
Chapman. "When the facts are finally
revealed. people wonder whether to believe
them and wonder about what else might be
stll under wraps.” NEO impact forecasts, he
says., should be treated like hurricane fore-
casts, allowing people o respond.

Like the first hurnicane of the season. the
First test of our planetary defenses may be an
asterond whose name starts with the letter “A.”

=RICHARD STONE
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PALEONTOLOGY

Experts Find No Evidence for a
Mammoth-Killer Impact

A devastating cosmic collision 13,000 years ago continues to play well in the media,
but specialists are challenging the grounds for thinking it happened

[t looked impressive as slide alter data-laden
shde flashed on the screen last spring. Nearly
a dozen debris markers, found at 26 sites
from the U5, West Coast to Belgium, tesu-
Fied 1o a huge impact followed by a conti-
nent-spanning wildfire, The catastrophe had
taken place a geologic instant ago
comeiding with the disappearance of North
America’s mammoths and the continent’s
earliest human culture (Science, | June 2007,
p. 1264). Then came the 26-author paper last
October in the Proceedings of the National
Aecademy of Sciences (PNAS). not to men-
tion the hourlong National Geographic
Channel documentary running on cable
since last October, with more coverage on
the way from the History Channel and
PBS's prestigious program NOVA,

Although cosmically blasted mammoths
may make good copy, many impact specialists
have lately swung from leeriness to thorough
disbelief. “The whole thing is contrived™” says
geochemist and impact specialist Christian
Koeberl of the University of Vienna. Austria.
“Their data don't agree with anvthing we
know about impacts. It just doesn™t make any
sense. Occam’s razor has been put safely ina
drawer somewhere.”

One problem is that no one has “any of the
classic evidence of an impact,” savs impact
specialist David Kring of the Lunar and Plan-
etary Institute in Houston. Texas. Spurred by
the 1980s debate over what killed off the

closely

dinosaurs, “the community learned a lot
about what the threshold of evidence 157 for
confirming an impact, he explains. But k-
ing all the evidence offered by the group pro-
posing the mammoth-killer impact, “you end

up with [markers] that are not diagnostic of

impact,” savs impact specialist Bevan French
of the National Museum of Natural History in
Washington, D.C. Proponents. meanwhile,
are defending some of their published claims
and giving ground on others but promising
ultimate vindication.

ET? Animpactor (top) may have produced magnetic
spherules (fower right), but similar spherules (fower
left) continually fall from space.

NEWSFOCUS

Victims of a hit? Published evidence
that an impact triggered the mammaoths®
disappearance is falling far short of proof.

Diamonds not forever

Everyone agrees onone point at least,
“Obwviously, something really interest-
ing happened 13,000 yvears ago.” as Kring
puts it. [t was 12,900 years ago. to be precise,
that a world staggering out of the last lee Age

suddenly plunged back into a millennium of

near-glacial climate before emerging into the
current warmth. It was also about then
emphasis on the uncertainties summed up by
“about™—that the mammoths and other great
beasts disappeared from North Amenca, And
the Paleo-Indian Clovis culure vamished from
the archaeological record around then, too.
The PNAS authors have a cosmic explana-
tion for the coincidence of climate shift,
extinctions, and cultural oblivion: A body or
clump of bodies from outer space ravaged
Morth America. By exploding over or actually
hitting the great ice sheet in the north, their
reasoning goes, the impactors could have
shifted climate into the chill of the so-called
Younger Dryvas (YD) period. And the blast or
blasts. as well as the resulting continent-wide
wildfire, would have sufficed to wipe out orat
least serously weaken man and beast.
Headed by nuelear chemist Richard
Firestone of Lawrence Berkeley National Lab-
oratory in California and retired geophysical
consultant Allen West of Dewey. Arizona, the
26 PNAS co-authors present what they argue is
debris from the impact: metallic bits, an abun-
dance of the exotic element iridium. nano-
diamonds, and molecular “buckyballs™ filled
with extraterrestrial helium. And the wild-
Fire would have left charcoal, soot, carbon
spherules, and glasshike carbon. Along with the
impact debris, these components appear in a
thin layer of sediments—the ¥ D boundary
layer—that was laid down near the beginning
of the cold snap and the end of the mammaoths.
That sort of litany impressed the largely
nonexpert crowd at last Muoy's Joimt Assembly
of the American Geophysical Union (AGU) in
Acapuleo. Mexico. but the few experts there
were nonplussed. Mow, in the wake of the
detatled PNAS paper. the experts are able to
take a more eritical look. For starters. they are
pointing out that the carbon-rich debris says
nothing about the cause of the fires. Fire hap-
pened back then, notes geologist Nicholas
Pinter of Southern linois University (SIU) in
Carbondale. especially once humans arrived,
Critics are equally quick to set aside the
helium-filled buckyballs or fullerenes
reported in the PNAS paper by geochemist
Luann Becker of the University of California.
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Santa Barbara (UCSB). Throughout a half-
dozen vears of effort, no one else has reph-
cated the isolation of fullerenes with helium
(Science, 14 May 2004, p. 941},

Then there are the nanodiamonds. Zillions
of diamond bits a few nanometers in size
sound exotic enough. Many meteorites are
filthy with them, so the impactor could have
brought them in. Nanodiamonds have in fact
been reported in the debris of the dinosaur-
killing impact 65 million vears ago.

At the AGU meeting. paleoceanographer
and PNAS third author James Kennett of UCSB
reported that UCSB colleagues had “conclu-
sively™ shown the presence ol nanodiamonds in
sediments from the YD boundary laver. They
used transmission electron microscopy ( TEM),
the gold standard for nanodiamond identifica-
tion. However. no TEM results appeared in the
PNAS paper. Instead, a sample of glassy carbon
recovered from the YD boundary had been sent
to a commercial laboratory for analysis using
carbon=13 nuclear magnetic resonance
{NMR). The NMR analysis showed that the
“sample contains nanodiamonds. which are
inferred to be impact-related material.” the
paper states.

Experts asked to comment on the hindings
disagree. “Their NMR data do not provide
evidence for nanodiamonds.” says geochemst

George Cody of the Carnegie Institution of

Washington's Geophysical Laboratory in
Washington, D.C., who in 2002 was the first
to use NMR to identify nanodiamonds in
meteorites. 1 would never have claimed that
[their NMR spectrum] had anything to do
with nanodiamonds.”

Under the proper analytical conditions,
savs Cody. nanodiamonds produce a narrow

NMR peak centered at a chemical shift of

34 parts per million. The PNAS spectrum is
broad and centered at 38 parts per million, too
broad and too far afield to be nanodiamonds,
he says. In any case, the analyvtical conditions
used were wrong for detecting nanodiamonds,
Cody adds: no peak would have appeared
even if they were there.,

Mundane metals?
Another claimed marker of the YD impact—
the element iridium—is coming under
attack as well. An iridium “spike™ was the
first clue to identifyving the impact that
caused the Cretaceous-Tertiary (K-T) mass
extinetion 65 million years ago. The metallic
element is scarce in Earth’s crust but rela-
tively abundam in meteorites, so like nano-
diamonds. any excess might have arrived via
asteroid or comet.

Firestone and colleagues reported elevated
iridium of a few parts per billion (ppb)

comparable to K-T sediments—in some sedi-
ment samples from the ¥ D boundary but not
n sediments above or below. They found tens
to more than 100 ppb of iridium in micro-
scopic particles—both rough grains and once-
melted spherules—magnetically separated
from some of those sediments. And they cite
an earlier report in Narwre of “large
increases” in iridium “during the Younger
Drvas as recorded in the GRIP (Greenland)
ice core.” The iridium came from beyond
Earth in an impactor. the group concluded.
Other researchers aren’t sure where the
iridium came from. ifits there at all. As to the
ice core record, I was surprised to see such an
interpretation of our results in Nanwe,” says
Paolo Gabrielli, first author of the Narure
paper and now at Ohio State University in
Columbus. “My paper does not report any
large increase of iridium in the Younger Dryvas,

Wrong. This published NMR ~ SSB
peak is too wide and in the

wrong place to be diamond,

say researchers,

S0 it has nothing to do with an extraterrestrial
impact.” Firestone disagrees: “1 interpret his
results differently than he does.”

Impact specialist Philippe Claeys of the
Free University of Brussels in Belgium
can't find any indium at all in the four sedi-
ment samples of the Y D boundary West sent
him for analysis. The PNAS group eventu-
ally reported that two of the samples con-
tained elevated indium easily detectable by

Claeys’s method; the magnetic fraction of

the third sample had extreme iridium con-
centrations. But Claeys reported to West
that he could detect no iridium higher than
(.5 ppb in any of the samples. West blames
the “nugget effect,” in which a few micro-
scopie sediment particles highly enriched in
iridium account for most of the iridium in
an analyzed sample: samples that happen to
have few nuggets look barren. Claeys, how-
ever. savs he intentionally used large
enough samples o avoid the nugget effect.

Archaeologist Vance Haynes, professor
emeritus at the University of Arizona, Tucson,
1s finding likely looking magnetic spherules in
the darnedest places. He has spent 30 years
studying Clovis sites, many of which the
Firestone group sampled. As a check on his
own ongomng independent analysis of YD sam-
ples, he collected a moderm sample, “1 got 300
grams of dust off the roof [of’ my house], and
it’s full of magnetic microspherules.” he says.
Whether they are the melted, iridium-rich
micrometeorites that continually drift down

from the upper atmosphere or the product off

hizh-temperature industrial processes such as
coal burning, he doesn’t vet know. Either way,

they could be trouble. The cosmie dandruff of

microspherules could have salted sediments
forming 12,900 years ago with iridium, while
the humanmade vanety might have settled on
maodern outcrops before sampling.

Chemical analyses of the magnetic particles
do not point to mpact, Koeberl says. The ele-
mental analyses make litle geochemical sense,
he says. In particular. the magnetic particles are
far too rich in ttanium to be extraterrestrial. He
rejects the suggestion in the PNAS paper that
such odd geochemistry points to “a new and
unknown type of impactor,” Meteoriticist
Theodore Bunch of Northern Arizona Univer-
sity i FlagstafT, the fifth PNAS author, agrees
that the magnetic fraction has problems. What
its chemistry means, 1 don’t know.” he says,
speaking for himself. In any case. “it detracts
from the main thing.”

The main thing now is nanodiamonds,
according o Bunch and other PNAS authors,
The imual UCSB detection of nanodiamonds
came oo late for their paper, says Firestone,
Now West 1s using TEM and has found
three different types of nanodiamonds in the
YD layer but failed to find any above or
below it. “Some people just can’t stand the
idea of something falling out of the skyv.” he
says, but “they can’t explain all of these
[impact] markers. and diamond s the hard-
est o explain away.”

West and colleagues expect to publish on
nanodiamonds, but their critics are still waiting
to be impressed. Pinter and Scott Ishman, his
micropaleontologist colleague at SIU, wrote in
a detailed eritique in the January issue of G54
Toxdary that such “spectacular stories to explain
unspectacular evidence consume the finite
commodity of scientific credibility.” The
problem, Pinter says, is that “there’s a wide
fringe beyond the impact community™ where
the criteria for impact identification laid out in
the literature are not nigorously followed.
Whether another try at nanodiamonds will
meet the smndard is anybody's guess,

-RICHARD A. KERR
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PLANT SCIENCES

Corn Genomics Pops Wide Open

The sequencing of maize genomes and the development of new strains are enabling
faster exploitation of this key crop’s natural diversity

A decade ago, sequencing the maize genome
was just too daunting. With 2.5 billion DMNA
bases, it rvaled the human zenome in size and
contamed many repetitive regions that con-
founded the assembly of a final sequence. But
last week. not one but three comn genomes. in
various stages of completion, were introduced
to the maize genetics community. In addition,
researchers announced the availability of spe-
cially bred strains that will greatly speed
tracking down genes involved in traits such as
flowering time and disease resistance. These
resources are ushering in a new era in maize
genetics and should lead to wugher breeds,
better vields, and biofuel alternatives. *"We're
sitting on very exciting umes,” says Geoft
Graham, a plant breeder at Pioneer Hi-Bred
International Inc.

The world'’s biggest crop, maize (Zea mays)
comes in all shapes and sizes, Indeed, the
genomesof any two varieties can be as different
as chimp and human DNA. Cataloging, under-
standing, and harnessing this vanation to
improve crop vields have been longtime goals
for researchers.

Toward that end, in 2005, the ULS. National
Science Foundation (NSF) and the U.S, depart-
ments of Agriculture (USDA) and Energy
{DOE) provided $30 million to a consortium
headed by Richard Wilson at Washington Umni-
versity in St Louis, Missouri, to tackle the
genome of a well-studied maize strain called
B73. Rod Wing of the University of Arizona,
Tucson, provided 15.000 mapped segments of
the corn’s DNA for sequencing, and at a meeting”

* “The 50th Annual Maize Genetics Conference,”
27 February—2 March, Washington, D.C.

last week in Washingion, D.C., Wilson
described B73%s drafi genome. About 6500 of
the segments Wing provided are completely
finished and most of the rest are well under
way, Even at this stage, “we believe the quality
and coverage will enable new discoveries,”
says Wilson,

Maize researchers agree. B73's full
sequence “is going to underpin all the research
that we do inmaize genomics,” predicts Patrick
Schnable of lowa State University in Ames,

Take the quest to improve the potential of
corn and perennial grasses as biomass for bio-
fuels. A key goal 15 1o increase sugar content
and sugar’s availability for conversion to bio-
fuels. “We need to greatly increase mass per
acre.” says Nicholas Carpita, a plant cell biol-
ogist at Purdue University in West Lafayeue,
Indiana. He and his colleagues have compared
the rice and Arabidopsis genomes with the
B73 DNA already deposited in the public
database GenBank. They found more than
1400 corn genes involved in building plant
cell walls—the uliimate energy sources—and
are homing in on those that affect biomass
quantity and guality. “The maize genome
allowed us to get to [those ] genes.” he says,

And the B73 genome 1sn’t the only one in
the works, With 59,1 million from the Mexican
government, Jean-Philippe Vielle-Calzada of
the National Laboratory of Genomics for Bio-
diversity in Irapuato and his colleagues have
decoded a native “popeomn™ strain grown at ele-
vations above 2000 meters. Although stll in
more than 100,000 pieces, the sequence has
revealed many new genes, he reported. This
variety s genome “will be of remendous value

NEWSFOCUS

Field tech. Bar-coding tools speed maize genetics
research.

in terms of understanding the evolution of
[maize ] domestication.” he says.

In addiion, Daniel Rokhsar of DOE's Joint
Genome Institute in Walnut Creek, California,
and his colleagues have begun to decipher the
DNA of a well-studied maize strain called
Mo17. using new, cheaper sequencing tech-
nologies. 1 the effort proves cost-effective,
NSF and DOE may support the sequencing of
additional strans.

But genome sequences aren’t the only big
news for maize researchers, As part of the
Maize Diversity Project, USDA plant geneti-
cist Edward Buckler of Comell University and
his colleagues have bred almost 5000 lines of
maize, revealing the full range of the plant’s
diversity. These lines were derived from
crosses between B73 and 25 other inbred
maize lines from all over the world: each mar-
riaze has given rise to about 200 lines, For the
past 2 vears, teams have planted these lines in
11 fields across the United States and meas-
ured many different traits—height, cob size,
Newering time, and so on—Tor each line.

Using those hnes, Bucklers team has also
put together a detailed genetic map of the maize
genome, which 1s helping researchers home in
on target genes by means of an approach called
nested association mapping. “Its an incredible
resource ... on equal par to having the
sequence.” savs Comell’s Thomas Brumell.

Lsing the map, researchers can easily pin-
point the spots on the genome that underlie
variation in a particular trait, then use the
wenome sequence to fgure out which gene is
at that spot. “[t holds [great] power.” says Jay
Hollick ofthe University of California, Berke-
ley. *Virtually any trait can be measured.”

Already. Buckler reported, his team has
pinned down 30 genes that dictate flowering
time. Some lines flower as much as 45 days
apart. but no single gene region shified flower-
ing time by more than 3 days.

Another resource introduced at the meet-
ing will help Buckler and others sort out
how genes interact. The agribusiness giant
Syngenta announced it was making available
7500 lines of corn, each representing a
B73 genome with a single piece of DNA bred
into it from one of the 23 strains of the Maize
Diversity Project. Taken together, the lines
incorporate all the genetic diversity of those
strains but make it easier to understand the
activity of particular genes. The community
has long awaited these tools, says Brutnell:
“They are really going to revolutionize the
way we do genetics.”

—ELIZABETH PENNISI
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Editorial Expression of Concern

IN THE 1 JULY 2005 ISSUE, SCJENCE PUBLISHED THE REPORT "A MAGNETIC NANOPROBE TECH-
nology for detecting molecular interactions in live cells™ by J. Won ef al. (). Professor Gyun
Min Lee. Chair, The Internal Investigation Committee, Department of Biological Science.,
Korea Advanced Institute of Science and Technology (KAIST), notified Science on 28
February 2008 that this article, published by Professor Tae-Kook Kim and his co-workers. is
being investigated along with a paper published in Nattwe Chenical Biology (2). The corre-
spondence from Professor Lee states that, although the formal invesugation has not yvet been
completed. “our imitial investigative results are strong enough to convinee us that the two papers
do not contain any scientific truth.”

Science is publishing this Editorial Expression of Concern to alert our readers to the fact that
serious questions have been raised about the validity of the findings in the Won er al. paper. We

are working with the authors and KAIST to determine appropriate next steps.

References
1. ). Won et ai, Science 309, 121 (2005).
2. ). Won et al., Nat. Chem. Biol. 2, 369 (2006).

DONALD KENMEDY! AND BRUCE ALBERTS?
1Editor Emeritus; 2Editor-in-Chief

Rewarding Reviewers

DOUBTLESS, HORDES OF EDITORS NODDED
their heads incommuseration with W, F Perrin
Lenter, “In search of peer reviewers” (4 January,
p. 32}, weary of both difficulty in recruiting
competent peer reviewers and complaints from
the same reluctant professionals about the
inadequacy of their own manuscripts’
reviewers. In my expeniences editing a
book and managing numerous pro-
posal review panels for two govern-
ment agencies, Perrnin’s figure of **8 or

10 tres o find someone™ rings true,
But his admonishment of scientists who
are evasive o review yvet quick to complain
lacks a measure of introspection that could
drive real change.

In the crucible of academic advancement,
scientists have stageering demands on their
time. Perrin’s suggestion to include reviewing
in job descriptions and tenure evaluations
acknowledges that these pressures divert sci-
entists from volunteering reviews, However,
editonal practices generally lack the recogn-
tion needed 1w make serving as a reviewer a

www.sCiencemag.org

\ o 4

plausible metnc of performance, and provide
little positive feedback for the effort. In my
experience with Seience, submitting a thought-
fully crafted review elicited no acknowledg-
ment. Was the review receved! Were the com-
ments instructive? What was the fate of the
manuscript in question?
Editors will best succeed in get-
ting reviewers not by simply mak-
Ing reviewing a requirement, but
by doing their part to see that it is
rewarded. Even an acknowledg-
ment adding the reviewers name
and journal’s manuscript number
to a form letter would make the
activity “count.” A somewhat more
gracious reply would assuredly appeal to
the desire prevalent among scientists o serve
the community.

The editorial establishment could go
even further to encourage willing reviewers
at lintle added expense. They could leverage
a primary currency of academie science
prestige—and present an award to their best
reviewer(s) each vear. They could also
help make reviewing a component of

PERSPECTIVES

researchers’ competitiveness for funding by
encouraging funding agencies to include a
count of average manuscript reviews per
vear on applicant CVs,

MATTHEW A. METZ

CUBRC Center for International Science and Technology
Advancement, Washinglon, DC 20036, USA.

Rating Reviewers

AS THE EDITOR-IN-CHIEF OF ACM TRANS-
actions on nformation Svstems and a member
of a dozen editorial boards over the years, |
resonate with the Letters by W, F, Perrin and
R. 5. Zucker (4 January, p. 32). and | encourage
CVEn More VIigorous I.,‘lﬂh'-hll_']'.'!l on nl‘ ['FL'L‘F
reviewer responsibilities and merits. Good
ﬂ,"‘q.'iL"'.l'S ATE 3 precious hlll!'l'lq'll'l FESOLree for ﬂll.:
advancement of science, and we are begimning

to see more accountability and consideration of

reviews on several fronts. Tradiional peer-
reviewed journals are increasingly adopting
I...'[I...'IJII'HIIIL‘ I'tlilrll.lhi.'ripl ]'I'I:II'.I.;'I;{.II'I'II.‘I'IE h}'.‘llt.'!'l'lh.
which provide databases of reviews that persist
bevond the tenures of individual editors. This
technology offers new challenges and opportu-
nities to assess the review process. Notonly can
reviews be stored. managed and possibly
ageregated, but many of the commercial and
professional journal systems allow editors to
rate the quality of reviews (although at present,
this typically consists of simple Likert-scaled
values for timeliness and depth ). These systems
will increasingly lead o tangible ways to at least
count reviewer participation and perhaps assess
the guality of reviewer participation in a scien-
tific community over time. Editors may be
asked 1o provide assessments of review gquality
for promotion and tenure committees or immi-
cration appeals. Such systems also have the
potential 1w make ephemeral blind reviews
more archival, thus providing a historical
record of the reviews themselves and a possible
corpus of data for future historians of science to
mine in order to understand how reviews fit into
the development of scientific breakthroughs
and human progress. Questions about review
ownership may also arise,

Reviewers should be encouraged to
actively participate in the scholarly discourse
of publication and be rewarded for this partic-
ipation. Young researchers must especially

SCIENCE VOL 319 7 MARCH 2008
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understand that their participation is not only
expected. but that the ability 1o assess this
participation will increase over ume.

GARY MARCHIONINI

School of Information and Library Sclence, University of
North Carolina, Chapel Hill, NC 27599, USA.

Preventing Inequity in
International Research

BEING ORIGINALLY FROM AN EASTERN
European country. 've noticed two possible
practices in establishing international re-
search collaboration between richer and
poorer countries, In the more desirable sce-
nario, investigators from wealthy countries
spend time living in poorer countries, where
they patiently gain trust of local people and
build capacity in local research infrastructure,
In the other scenario, investigators use local
researchers to perform the difficult, risky, and
demanding part of the work, afier which they
collect the raw data and begin to publish
papers. In my international health work in
Africa. 1 learned of the extremes of both
approaches. The latter breed of scientists was
micknamed the *“vampires” by the local com-
munity, as they were only seen when flying
in to collect blood samples. It was difficult
to avold associations to the “vampires” when
reading the Report “Cognitive recovery in
socially deprived young children: The Bucha-
rest Early Intervention Project.” by C. A. Nelson
Ul ered. (21 December 2007, p. 1937).

Reading this Report raised a number of

questions. How was it possible to publish
this study without any coauthors based at
Romanian institutions? 11 this study 1s not
cause for major ethical concerns, as a related
Policy Forum (/) sugeested. why was it not ini-
tially conducted in deprived areas of the west-
erncountry? Would Science publish exactly the
same paper on 187 Romanian children if all
six coauthors were Romanian scientists?

I am absolutely sure that the authors of the
study and the Seience editors could easily pro-
vide perfectly reasonable answers o all three
of my intuitive questions. However. | don’t

Letters to the Editor

TECHNICAL COMMENT ABSTRACTS

Comment on “Early Archaean Microorganisms Preferred Elemental Sulfur,

Not Sulfate”

Huiming Bao, Tao Sun, Issaku Kohl, Yongbo Peng

Philippot ef al. (Reports, 14 September 2007, p. 1534) interpreted multiple-sullur isotopic compositions of ~3,5-
billion-year-old marine sulfide deposits as evidence that early Archaean micreorganisms were not sulfate reducers
but instead metabolized elemental sulfur. However, their data can be better explained by a scenario invalving poor

mixing of photochemical and surface sulfide sources.

Full text at www.sciencemag.org/cgiicontent/full/31%/5868/1336b

Response to Comment on “Early Archaean Microorganisms Preferred

Elemental Sulfur, Not Sulfate”

Pascal Philippot, Mark Van Zuilen, Kevin Lepot, Christophe Thomazo, James Farquhar,

Martin ]. Van Kranendonk

Our knowledge of the sulfur cycle on early Earth is still in its infancy. NMevertheless, there exist enough geochemical
constraints from the rock record to show that the theoretical mixing models proposed by Bao ef al. are highly
unlikely to account for the range of 8%5 and A**S values recorded for the microscopic sulfides at the North Pole.
Full text at www.sciencemag.org/cgifcontentfull/31%5868/1336c

CORRECTIONS AND CLARIFICATIONS
News of the Week: “A plan to capture human diversity in 1000 genomes” by . Kaiser (25 January, p. 395). Wang Jun is

associate director of the Beljing Genomics Institute, Shenzhen.

Research Articles: “Correlation of the highest-energy cosmic rays with nearby extragaladtic objects” by The Pierre Auger
Collaboration (9 November 2007, p. 938). An author name was omitied from The Pierre Auger Collaberation: B. Kégl is at
the Laborataire de |'Accélérateur Lindaire, Université Paris-Sud, INZP3/CNRS, Orsay, France,

think that 1s really the point. The point 1s that
when international research collaborations
between the scientists from the wealthier and
the poorer countries are based on good princi-
ples of equity and mutual respect. questions
like these should never even come to mind.
IGOR RUDAN

Croatian Centre for Global Health, University of Split
Medical School, Split, Croatia.

Reference
L ]. Millum, E. |. Emanuvel, Soence 318, 1874 (2007).

Response

WE AGREE WHOLEHEARTEDLY WITH RUDAN
that ULS.-based investigators should invest
themselves in the local community. As noted
in the Supporting Online Material, we have
established an Insutute of Child Development
in Bucharesi. The Institute is designed 1o work
collaboratively with governmental and non-

governmental agencies o improve the lives of

Fomanian children and trun the next genera-
tion of Romanian psychological and biomed-
ical rescarchers. Similarly, the three main
investigators of this project (C.H.Z.. N.ALE,
and C.AN.) have appointments on the faculty
of the Department of Psychology at the
University of Bucharest, where they lecture
several imes a vear and supervise masters and
doctoral students. Additonally, we raised the
funds to support two large national confer-
ences, cach of which brought more than 300

professionals from all over Romamia together
to learn from international experts about child
development, neuroscience. and child protec-
tion, Finally, we hive invested in the continu-
ing education of our staff and colleagues in
Romania by financially supporting their travel
mside and outside of Romania to attend con-
ferences and workshops.

Rudan asks why this work was not done in
the United States or a similar “western”™ coun-
try. We address this in some detail in our
Supporting Online Material. Briefly. there are
viery few nonhandicapped institutionalized
children in such countries, whereas in Romania,
there were tens of thousands of children being
raised in mstitutions. In addinon, we con-
ducted the study in Romania because the
Secretary of State for Child Protection origi-
nally invited us to conduct the study.

Rudan asks why none of our Romanian col-
leagues were authors of this paper. As we note
in reference 32, we are indebted to many
individuals in Romania who facilitated our
rescarch, We began the study with collabora-
tors who were primanly involved in clald pro-
tection or clinical work—not child develop-
ment research. These colleagues did not make
the requisite substantial scholarly contributions
to this paper required by scientfic organiza-
tons (such as the American Psychological
Association) for authorship. That 1s. none con-
tributed to the expenmental design, statistical

7 MARCH 2008 WVOL 319 SCIENCE www.sciencemag.org




analysis, data interpretation, or manuscript
preparation that one typically associates with
Joumal authorship. This does not diminish their
contributions to the study in any way, and
indeed. three of our most important colleagues
are authors on another paper from the study (/).

Rudan advocates that the investigators
spend a substantial amount of time in poorer
countries before conducting research., He
contrasts this with exploitation of local
investigators by outsiders. We submit that
there may be other alternatives. As desirable
as Rudan’s first approach may be. our
resources did not permit us o adopt it.
Instead. we hired an all-Romanian staft,
invested in their training, and had a full-
time Romanian-American project manager
who lived in Bucharest for the project’s first
4 years. In the past 7 vears, we have contin-
ued o seek and nurture collaborations with
academics and child protection profession-
als, and we hope that those will continue o
arow over time. In addition to the Institute,
the legacy of BEIP includes creation of the
I:!!’i_'ﬂ!f-l tlli!!".'l.ll...'l" cire I'I'...‘[“'U]'k 1n Rl}l'ﬂ.'.ll'il:l at
the time, supported fully by project funds at
the outset, but later transferred to the gov-

ernment, These foster homes continue to
provide care to abandoned children.
Thankfully. they have now been joined by
hundreds of new foster homes throughout
Bucharest and bevond.
CHARLES A, NELSON 111,Y* CHARLES H. ZEANAH,2
NATHAN A. FOX,® PETER ). MARSHALL®
ANNAT. SMYKE,2 DONALD GUTHRIE®
'DMC Lab of Cognitive Neuroscence, Harvard Medical Schoal
and Children’s Hospital, Boston, MA 02215, USA. fMulane
University Health Sciences Center, New Orleans, LA 70112,
USA. *Department of Human Develapment, University of
Maryland, College Park, MD 20742, USA. “Department of
Psychology, Temple University, Philadelphia, PA 19122, USA
“University of California, Los Angeles, CA 90095, USA

*To whom correspondence should be addressed. E-mail:
charles.nelson@childrens harvard. edu

Reference
1. C H.Zeanah ef al, Infant Mentel Health |, 27, 559 (2006),

AIDS Vaccine Research:
Consider Co-Infections

IN THE NEWS OF THE WEEK STORY "TRIALS
of NIHs AIDS vaccine zer a vellow light™
(21 December 2007, p. 1852), J. Cohen
and B. Lester report on the NIH Vaceine

LET TERS

Research Center (VRC) AIDS vaccine trial
that was put on hold, and thev discuss
whether the initiative should be continued.
The VRC AIDS vaccine is based on an aden-
ovirus 5 (AdS) vector similar to the Merck
STEP vaccine for which the trial was halted
earlier this year (/). The authors cite the
arguments for and against continuing the
VRC trial in a smaller group of participants
that excludes people who have antibodies
against Ad3. The arguments include ethical
issues inherent in a vaccine with limited
applicability and the lack of proven efficacy
ofthe vaccine in preclinical research.

We suggest another factor to consider in
making this decision: The risk for the
AdS seronegative participants to become
infected with both HIV and Ad5 should be
taken mto account, especially in countries,
such as Swaziland, where both viruses are
highly endemic (seroprevalence 25% and
Q0% respectively ).

ROB GRUTERS AND AB OSTERHAUS

Depariment of Virology, Erasmus MC, s'Gravendijlowal 230,
Rotterdam, Netherlands.

Reference
1. ). Cohen, B. Lester, Scfence 318, 18572 (2007).

Constance Holden

2004 National Mental
Health Assaciation:
Media Award

What makes a first-class news story?

a

Richard Kerr Colin Norman
2006 Geological Society Mews Editor,

of America: Public Service Selence magazine
Award

A first-class editorial team. Award-winning journalists write for
Science—with 12 top awards in the last four years. That's why we have
the most compelling stories, and the biggest readership of any general
scientific publication. To see the complete list of awards go to:

sciencemag.org/newsawards

Jennifer Couzin

Articles selected for inclusion in The Best
American Science Writing 2007 and 2005

2003 Evert Clark/Seth Payne Award for
Young Science |ournalists

RAYAAAS

wWiwW.SClencemag.org
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COMPUTERS

News from Avatar Editors

Dan Hunter

[ the many ways to bifurcate the

human population, one is to consider

whether you will find the book Tie
Second Life Herald compelling or silly. A sim-
ple way to decide this for vourself is to con-
sider its opening paragraph;

It was a quiet night at the Alphaville
Herald, The newspaper had been put to
bed and a man known as Urizenus, its
publisher, was as usual the last one in
the office. He busied himself closing
up shop. tending to fireplaces and
cleaning up the messes that had accu-
mulated over the course of the day. It
took a few minutes to get Uri'’s cats,
Cheddar Cheese Cheetah and a tabby
named Black. back into their cages.
Then he turned out the lights, locked up
for the night. and headed home.

The events in that paragraph and much of

what follows in the boek took place in a virtual
world. As any number of breathless news sto-
ries have by now explained these worlds are
online spaces where users navigate around a

:SECYND LIFE HERALD

representation of a physical space using their
avatar or “toon.” In doing so. they potentially
interact with thousands or hundreds of thou-
sands of other users. Although these environ-
ments are remarkable technological achieve-
ments, for all their sophistication they sull
demand a huge imaginative leap. They ask the
and the authors of this book ask the
reader—to “be™ in the offices of this virtal
newspaper. They ask us to take seriously the
idea that those sets of seripted pixels that appear
on the screen as “cats” aren’t just entries in a
database, but really are Unzenus’s pets,

And s0 how vou feel about this book will,
in the end. come down o the metaphysical
question of whether vou think that the events
recounted in it actually “took place™ inside
some world—rather than within the febrile

LLE e

The reviewer is a1 the University of Melbourne Law Schoal,
Australia, and the Legal Studies and Business Ethics
Department, Wharton School, University of Pennsylvania,
3730 Walnut Street, Suite 600, Philadelphia, PA
19104-6340, USA. E-mail: hunterd @wharton.upenn. edu
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The Second Life Herald
The Virtual Tabloid That
;sed the Dawn of

the Metaverse

imaginations of the authors
and the other users of the
COMPLULET Sysiems that con-
stitute the two worlds at the
core of the book, The Sims
Online and Second Life.
Apart from studving
virtual worlds for a living,
1 am among the converted
on this guestion, and |

Witn

have no problem with the
idea that these events are meaningfully real.
Some genuinely important moments ol my

life have occurred within the boundaries of

various online worlds, For people like me,
who don’t find the opening paragraph
shightly ludicrous, the book 15 one of the best
accounts of why these worlds matter now

and will matwer even more in the future, as
they are put to all manner of uses: scientific
experiments, social interactions, work, prop-
erty iwvestment, sex. and so on, Peter Ludlow
(a professor of philosophy and linguis-
tics at the University of Toronto) and
Mark Wallace (a freelance journalist)

D

were the editors of the virtual newspa-
pers the Afpfavifle Herald (in The Sims
Online) and the Second Life Hevald (in
Second Life). and they take these worlds
very seriously. The stories that they have
collected from their eponymous news-
papers—stories of virtual prostitution,
asset trading. censorship, and the like

are amusing, olien racy, and engaging.
Their meditations on some of the interesting
questions that emerge from virtual worlds

on issues like what experiences are real, or

how we should structure the governance of

these worlds—are always thought ful and fre-
quently imsightful.

But for the many who don’t buy the impor-
tance of virtual worlds, this book may just be
the evidence they need to dismiss them alto-
gether. The book™s domuinant theme 1s a medi-
tation on the injustices that game developers
inflict upon users. At times, the narrative
comes across as an airless, guasi-Marxist dia-
tnibe. with big business (in the form of the
developers) crushing the proletariat (in the

by Peter Ludlow and
Mark Walface

MIT Press, Cambridge, MA,
2007. 311 pp. $29.95, £19.95.
ISBN 97E02621 22948,

form of'the Heralds” editors or some aggrieved
users whose cases they champion). And the
book is written somewhat in the styvle of the
Heralds, that 15, a mannered impersonation
of a hard-boiled detective/news-
paperman circa 1930, For those
familiar with Second Life. the
authors’ impersonation of 1. J,
Hunsecker (via Dashiell Hammert,
as imerpreted by Humphrey
Bogart, with a dash of Cary Grant,
ete,) will come as no surprise.
Second Life 1s mostly an elaborate
drag performance, and the acting
out of various elaborations of the
self—sexual, physical, emotional,
and so on—is about the only thing
going for the environment. People sure as hell

aren’t there because of the assthetic appeal of

the environment.

[This doesn’t quite explain why Second
Life became, brietly. such a hotspot for corpo-
rate public relations, Nevertheless, its evident
that there was more going on there than the
simple economics of hype and the fact that
Second Life was a relatively cheap way for
anxious marketers to head into online spaces
that they didn’t really understand. Second Life

Urizenus Sklar, founder and contributing editor.

15 all performative surface and doesn’t reflect
life in any serious sense (game worlds like
World of Warcraft or Everquest are pro-
foundly more mimetic ). The thinness of the
projections available in Second Life, and the
plastcity of the images, must have appealed to
public relations and marketing types. But that
is a story for another day. ]

In any event, readers unfamiliar with what
Ludlow and Wallace are doing may find some
tropes jarring. After a while, even I became
irmtated with the recounting of how Un
smoked a virtual stogzie while raising a virtual
glass of scotch to some competitor or how the
Herald was so cheaply “printed” (on the Web)
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that it left virtual ink stains on the hands of the
residents of The S1ims Online.

However, with luck and some imagination,
readers will be able to look past these stylistic
tics. They will find the book answers the ques-
tion of why they should care about virtual
worlds. There is life there, and it differs from
life in physical spaces, Ludlow and Wallace
offer what may be the best overview of the
lives that are lived online, There are any num-
ber of books explaining how to make money
in Second Life or how to “win™ in the various
game worlds, but until now there were only
three seminal works—Edward Castronova’s
Swnthetic Worlds (1) and Julian Dibbell’s My
Tiny Life (2) and Play Money (3)—that man-
aged to help the general reader understand
why these new worlds might matter. The
Second Life Herald 1s a worthy addition to this
small group and provides a useful, readable
guide to the recent past and potential future of
online worlds.

References

1. E. Castronova, Synlthetic Worlds The Business and
Cultere of Online Games (Univ. of Chicago Press,
Chicago, 2005).

2. |. Dibbell, My Tiny Life: Crime ond Passion in o Vintuwel
World (Holt, New York, 1998),

3. |. Dibbell, Play Money: Or, How | Quit My Day Job and
Made Millians Trading Virtual Loot (Basic Books, New
York, 2006).
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PUBLIC HEALTH

Complexities of a
Continent

Alash’le G. Abimiku

TVAAIDS, HHiness, and African Well-

Being links history. cultural ex-

change, economic exploitation, and
diseases across Adrica in a very interesting
and holistic manner that captivates the
reader. The chapters were originally pre-
sented at a 2005 conterence at the University
of Texas at Austin. where editors Tovin
Falola and Matthew Heaton are, respec-
tively, professor and graduate student in the
Department of History. The authors astutely
place the havoe caused by HIV in Africa
within the broader context of a continent
struggling with infectious diseases, high
rates of disability, and frequent conflicts

The reviewer & at the Institute of Human Virology,
University of Maryland, Division of Epidemiology and
Prevention, 725 West Lombard Street, Baltimore, MD
21201, USA. E-mail: aabimiku@ihv.umarnyland.edu

that substantially weaken
its ability to achieve eco-
nomic stability or respond
appropriately to the HIV
AIDS pandemic.

From the very beginming
of the book., one senses the
interplay between historic
events and dwindling public
health: the decades of use of
bactericidal “chewing sticks™;
a missed opportunity in
Ghana o educate the com-
munity on misconceptions
about epilepsy: the com-
promised health of South
African miners and the
accompanying poverty, bore-
dom, depression. aleoholism,
and prostitution (all ingredi-
ents that further fuel infectiousness and hope-
lessness across the contiment). A very fascinat-
ing link between social activities and health
was forged by the globalizanon of hajj.
Heaton's chapter onthe historical development
of the West African pilgnmage scheme
{(1919-1938) clearly demonstrates how the
global health system was com-
promised by a colonial regime
more interested in staying in
power than in protecting the
health and citizenship of its pil-
grims. However, colonization
had some positive impact on
Africans’ health (for example,
the reduction of nver blindness
and eradicatnon of smallpox ).

By presenting Africa’s
health 1ssues in the context of
its past socloeconomic prac-
tices, the book leads readers to envision bet-
ter health outcomes that could have been
based on the best of traditional and western-
ized Africa, One wonders, for example, how
effective the eradication of malaria might
have been ifindigenous knowledge had been
used along with Western medical discover-
ies. The overreliance on the latter led to
overuse and underdosing. respectively. of
DDT and chloroguine, which promoted
resistant strains. Iruka Okeke's especially
informative chapter on the trends and con-
tainment of antimicrobial resistance in
Africa offers potential solutions,

Quite appropriately, the editors devote sev-
eral chapters to the devastation caused by HIV,
These include quotes from key individuals
such as Kofi Annan, Paul Farmer, Stephen
Lewis, and Mobel laureate Joshua Lederberg,
who point out that despite multilateral imitia-
tives targeting the HIV pandemic in sub-

i -
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the Diaspora.

HIV/AIDS, lliness, and
African Well-Being

Toyin Falola and
Matthew M. Heaton, Eds.

ISBN 9781580462402
1[4}

African History and
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Collaborative effort. Johns Hopkins's Laura Guay (left) and Makerere
University's Philippa Musoke at their lab building in Kampala, Uganda,
the day that the country’s first shipment of nevirapine arrived,

Saharan Africa the global response has been
complacent. Yacouba Banhoro’s perspective on
trends in AIDS in Burkina Faso between 1983
and 2001 questions the efficacy with which
state policies and strategies w fight HIV/AIDS
have been implemented. Mandi Chikombero
reports focus-zroup discussions among Zim-
babweans that illustrate how a
culture that does not allow open
discussion of sex worsens the
fear, anger. confusion, and de-
nial expenenced by HIV-infected
persons. Such hopelessness could
explain the deliberate attempts
by infected persons to spread the
VIrus o unsuspectng victims,
Mevertheless, the successes en-
joved by Uganda and Senegal in
reversing upward trends of AIDS
clearly show that with a commit-
ted government at the helm other African coun-
tries could at least contain their epidemics.
HIVZIDS, Hiness, and African Well-
Being highlights the social, economic, and
epidemiological complexities that beset the
health of tens of millions of Africans. The
authors” accounts suggest that effective
responses o epidemics suchas HIV/AIDS in
Africa must combine efforts 1o block disease
transmission, improve public health, and
promote economic development into a more
holistic approach. Alliances between re-
searchers in the developed West and their
Adfrican colleagues to seek effective and last-
ing solutions to Africa’s diseases may offer
lessons on how the West can care for neg-
lected minority populations that share simi-
lar epidemics with Africa. Global efforts to
improve Africans” health must be bold, not
tentative, and draw on lessons from history,
10.112&/science. 1152217

www.sciencemag.org SCIENCE VOL 319 7 MARCH 2008

1339



1340

/|

MEDICINE

Moving Toward Transparency

of Clinical Trials
Deborah A. Zarin® and Tony Tse

n almost steady Tow of articles have
focused on the dangers or lack of effi-
sacy of widely used drugs. along with
allegations of hidden mformation. nisinter-
preted data, regulatory missteps, and corpo-
rate malfeasance. Many of these accounts
involve analyses of research on human volun-
teers that had never been publicly dissemi-
nated (/. 2). The uproar caused by an analysis
of previously unpublished studies of the dia-
betes drug, Avandia, indicating that it may be
harmful (3), 1s one recent example (4-¥%). Asa
result, many question whether sufficient

information about the safety and efficacy of

medical interventions 1s available to the pub-
lic (¥) and whether society 15 meetng its eth-

Summary
of protocol
details

Trial existence s o

CLINICAL TRIALS REGISTRY

ical responsibilities o human volumeers who
put themselves at nisk (/0. 7). Although
advances in all areas of science depend on
free exchange of data, clinical trials warrant

particular serutiny because of their use of

human volunteers and our dependence on
their results to inform medical decisions,

The persistent gap between the number of

mals conducted and the number for which
results are publicly available has been well-
documented (72, 13). Results may not be pub-
licly disseminated for many reasons, ranging
from lack of interest by authors or editors 1o
publish resulis that seem uninteresting o out-
right attempts to hide “inconvenient™ results

{14). A recent study suggesis that over 30% of

trials of 12 antidepressants submitted to the
Food and Drug Administration (FDA) for
review. primarily those with negative results,
have not been published (/). One effect of such
“positive publication bias” is a boost in the
apparent efficacy of these interventions, Trial

National Library of Medicine, National Institutes of
Health, U.5. Department of Health and Human Services,
Bethesda, MD 20894, USA.
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full protocol

recistration policies, which mandate the public
listing of basic trial information, and resulis
database policies, which mandate submission
and public posting of summary results within o
certain time frame ( /3), represent one type of
response. However, improving transparency 1s
only part of the solution 1o the broader set of
concerns about medical interventions,

Promoting Transparency

Transparency exists along a conmtinuum from
documentation that a tral exists to full disclo-
sure of the results data set at the end of the trial
(see Noure, below), “Tral registries” address
one end of the spectrum by making public a
summary of protocol details at trial initiation.

Access fo
full data set

publication

“Resulis databases™ provide public sum-
maries of results for key trial end points,
whether published or not. Some policies pro-
mote public access to data sets, such as the
Mational Institutes of Health (NIH) Data
Sharing Policy (/6) and the policy of the Amals
of fmteritel Medicine policy, which publishes
author statements of willingness to share study
protocols, statistical codes. and data sets (/7).

Mumerous clinical trial registries exist; the
NIH has maintained ClinicalTrals. gov, the
largest single registry of clinical trials, since
2000 (/8). Although the law that led to the
creation of ClinicalTrials.gov. the Food and
Drug Administration Modernization Act of
1997, called for the registration of some trials
of drug effectiveness for “serious or life-
threatening diseases and conditions™ (/¥),
other registration policies have encouraged
broader voluntary registration of tnial infor-
mation. A policy by the International Com-
mittee of Medical Journal Editors (1CMILE)
that requires prospective trial registration as a
precondition for publication. effective
September 2005 (200, led to a 73% increase in
trial registrations of all mtervention types
from around the world (2/). This mcreased

As new policies promote transparency of
clinical trials through registries and results
databases, further issues arise and require
examination,

rate of trial registration has stayed constant at
about 230 new tnals per week, resulting in
nearly 44,800 trials from 150 countries as of
September 2007,

Since 2003, the US. Congress has consid-
ered bills calling for clinical trial registration
and results reporting (22) and, on 27 Sept-
ember 2007, enacted the FDA Amendments
ActiFDAAA) (23). Section 801 of this law
(“FDAAA BO1™) expands the scope of required
registrations at ClinicalTrials.gov and pro-
vides for the first federally funded tnial results
database. It mandates registration of a set of
controlled clinical investigations, other than
phase I mals, of drugs. biologics. and devices
subject to regulation by the FDA. The law
applies to research for any condition regard-
less of sponsor tvpe (e.g.. industry, govern-
ment, or academic). These new statutory
requirements. although broader than previous
law, remain narrower than the transnational
policies of the ICMIE and the World Health
Organization (WHO), which call for the regis-
tration of all interventional studies in human
beings regardless of intervention type (/. 24).
FDAAA BO1 also increases the number of
mandatory data elements. corresponding to
the WHO and ICMIJE international standard,
and requires Clinical Trials.gov to link the reg-
istry to specified, existing results information
publicly available from the FDA Web site,
including summary safety and effectiveness
data, public health advisories, and action pack-
ages for drug approval,

FDAAA 801 also calls on the NIH to
augment ClinicalTrials.gov to include a
“basic results”™ database by September 2008,
Data elements specified in the law include
participant demographics and baseline char-
acteristics: primary and secondary out-
comes and statistical analyses; and disclo-
sure of agreements between sponsors and
nonemployees restricting researchers from
disseminating results at scientific forums.
Generally, these data will be available to the
public within 12 months of trial completion
or within 30 days of FDA approval (or clear-
ance for devices) of a new drug, biologic, or
device. The capacity to collect and display
serious and frequent adverse event data
observed during a mal 15 to be added to the
system within 2 years.
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Will FDAAA BO1 Solve Recent Problems?

The table {below) illustrates a typology of
public concemns about the system of evaluat-
ing drugs and devices. We have categorized
selected recenmt controversial issues by alleged
problem: design, conduet, or analysis of the
study; lack of public information about the
study existence or results; and regulatory
agency decision-making,

FDAAA B0l directly addresses issues
stemming from a lack of transparency in clin-
ical rials, represented by the examples in the
highlighted section of the table. For instance.
GlaxoSmithKline ( GSK )-sponsored trial data
for the heavily promoted antidepressant Paxil
showing efficacy and safety concerns in chil-
dren and adolescents were not available to the
public (25, 26). The resulting 2004 legal set-
tlement between GSK and the New York State
Anorney General’s office required GSK w
develop a publicly accessible, online results
database (27) for the timely, comprehensive
posting of trial results for company-marketed
drugs (248, 29). In the case of Vioxx, a
COX-2 nonsteroidal anti-inflammatory drug
(NSAID). “Several early. large clinical trials
... were not published in the academie litera-
ture for years after Merck made them avail-
able to the FDA, preventing independent
investigators from accurately determining its
cardiovascular risk. .." (p. 122)(30). With evi-
dence that Vioxx is associated with increased
cardiovascular risk from subsequent clinical
trials, the drug was voluntarily withdrawn
from the market in September 2004,

More recently. questions have focused on
the ENHANCE trnal. an industry-sponsored
study of Zetia, a marketed nonstatin choles-
terol-lowering drug that 1s also a component
of the cholesterol-lowering drug Vytorin,
Issues include delayed trial registration and
results reporting, as well as attempting to
modify prespecified primary outcome meas-
ure (37). Results, generally regarded as nega-
tive, were revealed in a company press release
{329 after intense media attention and a con-
gressional investigation (2).

Issues related to the design or conduct
of clinical tnals, including research ethics,
are not covered by FDAAA 801, For exam-
ple. allegations of human research protec-
tions violations in a 1996 Trovan {anti-
biotic) study on children in Zaire (33) and
data integrity questions about Ketek {anti-
biotic) study 3014, in which FDA inspec-
tors detected data fraud and other serious
vielations (34), would not be affected by
FDAAA 801. Further. Merck studies of
Arcoxia, a COX-2 NSAID, involving over
34,000 patients, were judged to be of lim-
ited scientific interest because of the use of

an “inappropriate” comparator with many
known side effects of its own (33). Never-
theless, it is possible that complete trial
registration and results reporting might
have helped institutional review boards
(IR Bs) assess the need for each additional
Arcoxia ral.

Although current policies have focused
on interventional studies, observational
studies play an increasingly critical role in
biomedical research, especially in the
assessment of safety after an intervention
comes into widespread use. Postmarket
observational studies provide data about
rare, unanticipated adverse effects from the
exposure of large numbers of heteroge-
neous individuals over periods of time
longer than typically studied in controlled
trials (36). Despite methodological himita-
tions, such as susceptibility 1o confounding
factors and other sources of bias. which
potentially lead to inconclusive or mislead-
ing results [e.g., data on risks of post-
menopausal hormone replacement therapy
from the Womens Health Initauve (371].
observational research. nevertheless. can
play a useful, complementary role to inter-
ventional studies (38). Yet observational
studies have received less attention in the
quest for transparency.

In the case of a cholesterol-lowering
drug (Baycol), a company-conducted obser-
vational study showed a higher relative rate
of muscle breakdown for Baycol compared
with another marketed statin. This finding
was never reported publicly, but became
available as a result of litigation (392). In
another case, results of a Bayer-commis-

CATEGORY OF PERCEIVED

PROBLEM

SAMPLE 155

POLICYFORUM

sioned postmarket observatonal study of

67,000 patents that raised concerns about
associations between Trasvlol, a clotting
drug. and cardiovascular or renal risk were
not released by the company until after an
FDA advisory committee meeting to evaluate
the safety of Trasylel (36, 4. In Nov-
ember 2007, Bayer announced the volun-
tary suspension of Trasylol sales world-
wide, pending further analysis of safety
data. Some cases reflect a deficiency in
monitoring serious adverse events once a
drug or device is marketed. In other cases.
such as Guidants Ventak Prizm 2 DR
implantable cardioverter-defibrillator, infor-
mation about a problematic adverse event
profile (i.e., device malfunctions) was not
publicly disseminated in a timely fashion (41).

Other concerns relate to thresholds for
determining what and how much dawa are
sufficient to prompt regulatory decisions
regarding the availability or labeling of a
medical product, For example, questions
have been raised about the timeliness and
adequacy of FDA% response to data on
Avandia (42). trials of Ketek ( 34), and on the
use of some antidepressants in children
(43, 44). Transparency policies alone do not
address these issues, although they could
help to empower members of the public who
believe that regulatory action 1s warranted.
For example. FDA mandated changes to the
Avandia label in Movember 2007 to reflect
the risk of myocardial infarction: this risk
was first publicized in a meta-analysis pub-
lished in June 2007 { 3) that used, in part, data
from the GSK database mandated by the
Paxil settlement,

RECENT

Design, conduct, or analysis » Appropriateness of comparator Arcoxia (35) No
= Lack of data integrityffraud Ketek (34)
* |nsufficient informed consent Trovan (33)

Lack of public information

Observational study * Suppression of study existence Baycol (39) No
and results withheld Trasylol (36)
Postmarket adverse event reports s Failure to disseminate data 1€D* (41) Pendingt

Regulatory agency decision-making * Delayed agency disclosure
* Delayed agency action

Ketek (34) No
Avandia (42)

*Wentak Prizm 2 DR implantable cardioverter-delibrillator. {For example, postmarket survelllance & addressed in FDAAA, & 905.

Sample medical product safety concerns by category of perceived problems.
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Future Challenges

FDAAA 801 15 intended 1o greatly expand the
level of transparency for climical trials. which
could have a transforming effect on our
system of evaluating drugs and devices.

However. FDAAA 201 sull leaves areas of

“opacity.” For example. although certain
medical device trials must be registered at
trial inception. this information is withheld
from the public until device approval or clear-
ance by FDA. The resulting “lockbox™ pre-
vents disclosure of trials of devices that are
never approved or cleared (e.g.. where safety
concerns arose or sponsors abandoned fur-
ther development). For instance, Boston
Scientific stopped development of an experi-
mental stent after clinical trials revealed fre-
quent fractures in the device (45). In addition
FDAAA B01 does not mandate public report-
ing for phase I drug trials and trials involving
investigational interventions not regulated by
the FDA. such as surgical procedures and
behavioral therapies. Thus, lessons from
phase 1 trials. such as the life-threatening
adverse events in healthy volunteers caused
by the superagonist. TGN1412, could go
unreported to the public and. potentially,
result in redundant studies by future unsus-
pecting researchers (46). Further, results
reporting 1s currently mandatory only for tri-
als of FDA-approved medical products,
allowing the results of unapproved products
to remain hidden from public view,
Intellectuval  propertv—related issues.
Current restrictions reflect a delicate bal-
ance between protection of commercial
interests and promotion of public health
(13). Pharmaceutical, biotech, and medical
device manufacturers are concerned that
disclosures may undermine competitive
advantage (47). However, there are impor-
tant ethical and scientific reasons for
broader disclosure: Trial participation by
humans is predicated on the concept that the
trial will add to “medical knowledge.” which
requires dissemination of the results. In
addition, it is not possible for a volunteer or

an IRB to assess the risks and benefits of

participation in a clinical trial if an unknown
proportion of data on the proposed interven-
tions is not publicly available (48). FDAAA
201 calls on the Secretary of Health and
Human Services to consider whether public
health interests would support expanding
the results requirements to include un-
approved drugs. biologics, and devices,
through a 3-year rule-making process.
Validation of information. Concerns
have been raised about verifying the com-
pleteness or accuracy of sponsor- and
researcher-submitted results data. The vol-

ume of completed wrals, the lack of access
to protocols and data sets, and the subjec-
tive nature of some judgments are barriers
to validation. The law reflects these con-
cerns and mandates the reporting of objec-
tive data in tables. The NIH and FDA are
directed by the law to conduct a pilot qual-
ity-contral project to determine the optimal
method of verification. In addition, narra-
tive summaries could be required in the
future, but only if “such types of summaries
can be included without being misleading
or promotional™ (23). Additional research
will be necessary to explore whether and
how this might be accomplished.
Tmrerprenation of information. The results
database will require an interface to assist
users in finding study results. One concern is
that members of the lay public and media
may be ill-prepared to interpret summary
results data (49). Currently. there are no stan-
dards or guidelines for providing and
explaining study results to trial participants
or to members of the public (50). FDAAA
201 calls for the development of informa-
tional materials for consumers in consulta-
tion with health and risk communication
experts. Furthermore, clinicians may be con-
cermed that the existence of a results database
will increase the patient expectations that chi-
nicians will be knowledgeable about all
results in the database. even those that were
never published or discussed in a journal. In
addition, although the results database will
facilitate the conduct of carefully performed
and comprehensive systiematic reviews,
some also worry that the public will have a
difficult time assessing the quality of the
multitude of analvses that may result (51).

Conclusion

FDAAA BOL should transtorm the degree of
public access to erineal climcal mal informa-
tion from publicly and privately funded clini-
cal research. 1. M. Drazen. Editor-in-Chief.
New England Jowrnal of Medicine, has noted
that currently, some patients are “left on the
cutting room floor to make a drug look betier
than it really is™ (32): FDAAA 801 should go
a long way in ensuring that all patients and all
data are publicly accounted for.
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GEQOLOGY

Canyon Cutting on a Grand

Time Scale

Tim Atkinson' and Mike Leeder®

hen Hutton first conceived the

immensity of geologic time. he

remarked that he could see in the
record of the rocks “no vestige of a beginning.
no prospect of an end™ to the upheaval and
wearing down of mountains (). Nineteenth-
century geologists elaborated the notion that
continuous erosion produced debnis carried
by rivers, glaciers. and wind to lowlands and
the sea, where sediments accumulated to
eventually form rock strata, Hutton's crucial
observation was that some of these strata were
tilted by upheavals of the crust, only to be
worn down again by erosion in renewed cyeles
of immense duration.

The question of just how immense tell w
20th-century scientists 1o answer. Through a
plethora ofechniques for measuring rock ages,
wee now understand Earth’s sedimentary history
in remarkable detail. Also understood, although
in much broader terms, are the episodes of
crustal uplift, which are caused by vertical
motions ancillary to the horizontal motions
of wctonic plates. But interpreting the ages
and histories of continental land surfaces has
lagged far behind. On page 1377 of this issue,
Polyak eral. (2) elucidate this side of the cycle.
They show that the Colorado River has taken
~ 20 million years to incise 1ts course downward
through the 1-mile depth of the Grand Canyon.
This time scale is not surprising—many geolo-
aists have long suspected it—but the study uses
an ingenious combination of methods to
demonstrate it firmly for the first ime.

Hutton and Lyell might have thought 20
million vears an immensely long time, but it is
very short relative to the 4300-million-year
age ot Earth, and short even compared with the
ages of the strata through which the Grand
Canyon has been cut. The new age for such a
major valley confirms that on geological time
scales, the relief of the continents is continu-
ally remade by the interplay of denudation and
tectonic forees,

The earliest estimates of the rate of denuda-
tion of the continents were made in the 19th
century on the basis of sparse data on water

'Department of Earth Sciences, Unfversity Colleae Lomdon,
London WC1E 6BT, UK. E-mail: Latkinson@uclac.uk
*oehool of Environmental Sciences, University of Easi
Anglia, Norwich NR4 7 T). UK E-mail: mleeder @uea.ac.uk

New data show how the Grand Canyon has
been formed over the course of the past 20
million years.

An artist’s depiction of the Grand Canyon. in 1879, the British geologist Archibald Geikie met ). W. Powell
and C. E. Dutton, pioneers of western U.5. geology, in Utah. He used the original black-and-white version
of this drawing by U.5. Geological Survey gealogist-artist W. H. Holmes as frontispiece for his influen-
tial Text-Book of Geology (3.

discharge and sediment concentrations in
major rivers, Attempts to estimate the rate of
incision of valleys go back at least to Archibald
Geikie (3). Hisvalue of | foot (31 cm) in 1200
vears is in the mid-range of the new data for the
Grand Canyon. but it was merely an educated
guess; Geikie realized that he lacked most of
the information essential forassessing the inci-
sion rate of any valley accurately. Because ero-
ston continually wears almost all topography
away, some fortuitously preserved benchmark
is needed that can indicate the level of the val-
ley floor at a certain time in the past, and there
must be a means of measuring the age of each
and every benchmark. Comparing the heights
and ages of the benchmarks with the present
topography then allows the rate of valley inci-
sion to be deduced.

This is the method followed by Polyak ef al..
who use cave deposits marking former posi-
tions of the water table in the Grand Canyon’s
witlls as benchmarks of ancient levels of the
river bed. Their age-dating method exploits the
radicactive decay of uranium via other ele-
ments to lead. In common with others (4., 3).
they have used recent advances in mass spec-
trometry to extend the yvounger limit of this
techmique o a few hundred thousand vears and

apply it to cave deposits. All previous uses of

cave deposits for landform-dating were ham-
pered by lack of a technique with an age limit
exceeding | 1o 3 million years (6-8). This hm-
ttation 15 removed by the new adapiation of the
uranium-lead (U-Pb) method. The study also
elucidates the role tectonics played in stimulat-
ing the incision of the great system of canyons.
Cutting a deep gorge through an elevated
plateau requires a through-flowing river and
progressive development ofa topographic step
o cause erosion to propagate upstream. Polyak
ef al. identity a spatial mugration of canvon for-
mation and a change in incision rate, with older,
slower down-cutting in the west and younger,
faster down-cutting in the east.

Previously, incision rates were extrapo-
lated from radiometric dating of voung lava
Hows preserved on low rock terraces
throughout the canyvon system (%), These
rates were deemed too small to have cut the
whole canyon i the ~6 million years
required by some indirect geological evi-
dence for the initiation of the through-tlow-
ing Colorado River: Either the rates were
higher further back in time, or some canyon
relief had been cut earlier. The new study
supporis the latter aliernative (/). The

www.sciencemag.org SCIENCE VOL319 7 MARCH 2008

1343



PERSPECTIVES

1344

necessary western topographic step must
have been put in place by tectonics about 20
million yvears ago. This arose by a combina-
tion of broad regional uplift due to upper
mantle processes (//) and initiation of the
Girand Wash Fault at the western edge of the
Colorado Plateau. The Colorado River of 20
million yvears ago poured over this growing
step on its way westward.

Each region of the continental crust is
uplifted episodically by tectonic forces, but it
also adjusts continuously to the unloading
caused by erosion itself. rising at arate slightly
less than that of regional denudation [the aver-
age rate at which rock 1s stripped from the

region as a whole ( 7)]. The current average
denudation rate for the drainage area above
Lake Mead i1s 145 to 160 m per million vears
{12, 13); on the Colorado Plateau itself, it has
been measured as 26 m per million years (/3).
The incision rate of 166 to 411 m per million
vears found by Polyak et el in the castern
Grand Canyon exceeds both these estimates.
This means that uplift there was oo fast to
have been driven by erosion alone. Tectonic
forces must have contributed in the past and
possibly continue to do so today.
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MOLECULAR BIOLOGY

A Tail Tale for U

Marvin Wickens and Jae Eun Kwak

othing we learn about the
ribonucleic acid (RNA)
world should surprise us
any more. RNAs that are destroved
just after synthesis, or salvaged

- Histone mRHﬁi E =

RNAs THAT ARE DESTROYED

Unmethylated microfNA

5 ¥ ¥ Uuuy

¥

from cellular scrap heaps, or that i
CAnp DA . RNA-micoRNA . .
regulate transerption—the process Aot 5 y U
: (_'. RMA fragment
by which RNAs themselves are [ 1

made—already are commonplace.
Yet surely a few things in this fluid
world are fixed. such as the siring of
adenosine bases [poly(A) tail] that
15 added to the end of eukarvotic
messenger RNAs (mRNAs), the
templates transcribed from DNA

that encode proteins, Now even this
terra firma is unstable. Recent
work identifies enzymes that syn-
thesize polyunidine [poly(U)]. and
shows that poly(U) tails not only
exist on certain mRNAs, but can
control mRNA decay.

Many RNAs receive extra nucleotides at
their 3" ends after transcription. These “tails™
are not copied from DNA, but are synthesized
de novo. Poly( A)is the best known, contribut-
ing to the stability and export of mRNAs and
their translation to proteins. However, U's are
added to the ends of guide RN As that function
in RNA editing (/) and to certain microRNAs
i 2y and small nuclear RNAS (3).

Several enzymes that catalyze “tailing”
belong to a superfamily of DNA poly-
merase [-like nucleotidyl transferases (4).

Department of Biochemistry, University of Wisconsin, Madison,
Wi 53706, USA. E-mail: wickens@biochem, wisc.edu

Dual-personality enzyme. Nucleotide polymerases can add a poly(U) tail
(PURTUTase activity) or poly(a} tail (Star-PAP activity) to specific RNAs to
control their degradation or stability.

This includes polyiA) polymerases (PAPs),
which add poly(A) to mRNAs. Recently. a new
family of enzymes that add poly(U) was identi-
fied (3). These poly(U) polymerases (PUPs)
are widespread. from veast to humans. Another
member of the same superfamily called termi-
nal uridylate transferase ( TUTase) adds shornt U
tails [oligol L1)] to a noncoding RNA, UG (1. 6).
Although PUPs and TUTases diverge substan-
tially in sequence. their functions may overlap.
A new PUP-related enzyme identified by
Mellman er al. (7) is particularly provocative
because it adds U to one type of ENA and A% o
others. Initially, it was shown that the mam-
malian emzyvme U6 TUTase adds one to three U's

S, [Ty

Enzymes add strings of uridine or adenosine to
cantrol RNA stability.

to the end of U6 RNA. a small RNA in-
volved in RNA splicing (6). Mellman et el
show that the same enzyme 15 a diver-
gent PAR dubbed Star-PAP Star-PADP 15
nuclear. and associates with proteins
that cleave the 3"end of precursor mRNAs,
implying an altemative mRNA process-
ing machine. Candidate mRNA targets
have been identfied and include many
involved in the oxidative stress response,

Star-PAP also binds to phosphati-
dyhinositol 4-phosphate 3-kinase oL an

U6 RNA ( 2 L enzvme that generates a specific phos-
phoinositide, phosphandylinositol 4,5-

4 Ly 1 i a . » ] ¥ ] a o ¥

Other RNA targets = s bisphosphate. Remarkably, the same

phosphoinositide stimulates Star-PAP
activity. Thus, perhaps in response to
stress, the kinase produces a small-
molecule signal (a phosphoinositide)
that specifics the maturation of targets
mBNAs, Another enzyme that targets
RMNA, ADAR2, is regulated by a differ-
ent phosphoinositide (§). Very likely, small
molecules regulate other enzymes that act on
RNA. but have escaped notice.

Like Star-PAP, other PUPs may be dual-
purpose. For example, in the yeast Schizo-
saccharonvees pombe, CID1 can add either
U's or A's to RNAs in vitro (5, 9). Although
CID! and other PUPs synthesize only
poly(U) in the cell (3), their nucleotide pref-
erence could be modulated by small mole-
cules or vary with the targeted RNA. With
Star-PAP, the phosphoinositide could trigger
such a swirch in activity. In vivo studies are
needed to test this notion decisively, though
detecting RNAs that have received poly(U)
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will be challenging if they are unstable,

New functions for poly( U} are emerging.
The il can be added to mRNAS to trigger their
decay. mRNAs that direct the synthesis of his-
tones—the major protein constituents of chro-
matin—during the cell division cyele are
rapidly degraded once DNA replication is
completed or blocked, Intermediate mRNAs in
this decay process often have poly(U) tails of 8
to 10 residues ( 70). Small interfering RNAs
directed against two candidate PUP enzymes
blocked this degradation, implying that poly(L)
addition is essential for their decay. Also, in
S, pomnbe, a PUP adds polyi L) o actin mRNA,
though its effect on wrnover 15 unknown (Y).

A polviU) tail may enhance degradation by
stimulating removal of the mRNAS 5' cap
structure, a key step in mRNA turnover.
Poly(U) tails enhance “decapping” in a cell-
free system (£ ). Likely, the tails bind the Lsm
protein complex, which associates with decap-

ping factors (/1. 12). Indeed. depletion of
Lsm| mhibits histone mEBNA tumover ( /().

Addition of uridines probably has diverse
consequences, including RNA stabilization
() vet this modification olten occurs on
an RNA% road to ruin (see the figure).
Aberrantly unmethylated microRNAs in the
plant Arabidopsis thaliana are modified with
olign{U) and destroyed (2). Fragmentation of
mRENA by microRNAs is accompanied by the
addition of oligo(U) to the pieces before they
disappear (/32 The most common mRNA
decay pathway involves association of the Lsm
complex to the mBENA afier polyi A removal.
Even this route may rely on evanescent. short
oligo( U) because the Lsm complex preferen-
tially binds 3 -terminal uridine tails,

The discovery of poly(U) tails on mRNAs
opens unexplored terntory m the RNA world,
Dual-personality enzymes could switch an
mRNA's fate from life to death simply by a

PERSPECTIVES

change in the nucleotide they accept. Others
may well waitin the wings, along with proteins
that target specific RNAs, or remove the tails.
Count on new roles for poly(U), an expanding
list of RNAs that receive it. and more startling
enzymes that putiton and take it ofT.
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BEHAVIOR

Punishment and Cooperation

Herbert Gintis

ven champions of modern society
agree that it involves a loss of commu-
nity (based on family and ethnic ties)
and an expansion of civil society, with empha-
sis on the more impersonal interactions
among individuals with minimal social tes.
For two centuries. this dichotomy has an-
chored our understanding of modern Western
society. applauded by its defenders as the
fount of freedom (1), vet wentified as the
source of inequality (2). the decline of com-
munity (3), the destruction of the environment
{4). and the impotence of grassroots political
action {5). On page 1362 of this issue,
Herrmann er af. (#) repont their discovery that
university students in democratic societies
with advanced market economies show differ-
ent social behavior from that exhibited by siu-
dents in more radinonal societies based on
authoritarian and parochial social institutions.
Their results suggest that the success of dem-
ocratic market societies may depend critically
on moral virtues as well as material interests,
s0 the depiction of civil society as the sphere
of “naked self-interest™ is radically incorrect.
The standard view holds that human nature
has a private side in which we interact morally
with a small circle of intimates and a public

Santa Fe Institute, Santa Fe, NM 87501, USA. E-mail:
hgintis@comeast.net

side in which we behave as selflish maximizers,
Herrmann er al. suggest that most individuals
have a deep reservoir of behaviors and mores
that can be exhibited in the most impersonal
interactions with unrelated others. This reser-
voir of moral predispositions 1s based on an
inate prosociality that i1s a product of our evo-
lution as a species, as well as the
untquely human capacity o internal-
1ze norms of social behavior, Both
forces predispose individuals to
behave morally even when this con-
flicts with their matenal interests.
These results are the latest to doc-
ument a principle of reciprocity
according to which people are more
willing to sacnfice private gain for
the public good as the cost of the sacrifice
decreases and as expectations of the extent that
others will sacrifice grows. Inaddition, individ-
waals embrace such character virtues as honesty,
trustworthiness, consideration, and loyalty (7).
OF course. these moral predispositions moder-
ate rather than eliminate considerations of self-
mterest and lovalties to kith and kin.
Suggestive evidence for the principle of
reciprocity comes from daily life. For instance,
political democracy has frequently been
attained through popular collective action,
YVoting in elections 15 widespread despite its
being personally time consuming. and the

Data from economic games show that

the effectiveness of punishment in fostering
cooperation varies greatly from society

to society,

benefits are purely public (a single vote can
change an electoral outcome only with infini-
tesimal probability). Moreover, citizens in
democratic societies often vote to give sub-

stantial sums to charity, and to approve of

poverty relief. although these measures
increase the tax burden for the average voter.

Experimental evidence for reciprocity
comes from behavioral game theory. which
uses economic games in which subjects make
choices under varied social conditions. For

instance, Herrmann et al. employ a public
goods game in which each of four anonymous
subjects is mitially given 20 tokens, and each is
told he can place any number of these tokens in
a public account. The tokens in the account are
multiplied by 1.6 and the result divided evenly
among the four. At the end of the experiment,
the wkens are exchanged for real money,

In this game, each individual helps the
group most by placing his 20 wkens in the
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public account, and it all do so, cach earns 32
tokens. However. if a single individual 1s self-
sl he will place nothing in the public account,
and his eamings will be 20 + 60 1.6)4 = 44
tokens. But, if all four are selfish, each earns
only 20 tokens. Because the four subjects are
strangers, the standard view of human nature
suggests that there will be zero contributions,
However. in the many times this game has been
playved in a variety of social settings, the older
view 15 virually never supported and the aver-
age contribution is about half the initial
endowment ().

The public game indicates that individuals
generally fall haltway between selfishness
{keep all 20 wokens) and public-spintedness
(place all 20 tokens in the public account).
However, mean contributions to the public
account generally fall over many trials, reach-
ing a very low level afier 10 repetitions. By
varving the rules of the game. researchers have
concluded that the principle of reciprocity 1s
responsible for the observed decay of coopera-
tion: Subjects who contributed more than aver-
age on one round contribute Jess on the follow-
ing round, showing their disapproval of the
unfairness of their fellow plavers. Indeed. a
single selfish mdividual in the group can lead
contributions to spiral down to almost zero.

An mmovation of Fehr and Giichter (¥),
used by Herrmann er al. as well, was w add
punishment after each round of play, Each
plaver A could specify that the plaver B asso-
clated with a particular contribution have
three tokens deducted from his payolt, for
each token deducted from A’ payoft. Under
these new conditions. the high contributors
punished the low contributors who, in suc-
ceeding rounds, increased their contributions,
s0 that in the 10th and final round, there was
almost 100% cooperation. The behavioral
propensity to cooperate with others at per-
sonal cost, and to pumsh non-cooperators
even when this is personally costly in the long
run, has been called strong reciprocity. The
punishment meted out is considered altruistic
because it increases the payott of group mem-
bers at a personal cost to the punisher.

The natral interpretation is that low con-
tributors are selfish tvpes who increase their
contribution after punishment in order to
avoid future punishment. However, many
low contributors respond almost as much to
symbolic as to monetary penalties, which
indicates that many punishees are not self-
interested but rather are motivated to
increase their offers because they feel guilty
for having violated a contribution norm
(1. However, some researchers found a
curious phenomenon. A tew subjects. when
punished, rather than contributing more,

suspected that it was the high contributors
who punished them, and responded with
antisocial punishment: They punished the
high contributors in future rounds, leading
the latter to reduce both their contribution
and altruistic punishment (/7).

Herrmann ¢f af. collected data in 15 coun-
tries with widely varying levels of economic
development. The subjects were university
students in all societies. The authors found
that antisocial punishment was rare in the
most democratic societies and very common
otherwise. Indexed to the World Democracy
Audit {WDA) evaluation of countries” per-
formance in political rights, civil liberties,
press freedom, and corruption, the wp six
performers among the countries studied were
also in the lowest seven for antisocial
punishment. These were the United States,
the United Kingdom, Germany, Denmark,
Australia, and Switzerland. The seventh coun-
iry in the low antisocial punishment group
was Ching, currently among the fastest-grow-
ing market economies in the world. The coun-
tries with a high level of antisocial punish-
ment and a low score on the WDA evaluation
included Oman, Saudi Arabia, Greece, Russia,
Turkey. and Belarus,

The most likely explanation is that in more
traditional societies, the experimental setup rep-
resents a clash of cultures, On the one hand, high
pavofls in the experiment require the modern

ethic of cooperation with unrelated strangers, so
subjects who are reprimanded for low contribu-
tion are likely to respond with feelings of guilt
and a resolve to be more cooperative in the
future. In a more raditional society. many play-
ers may hold to the ethic of altruism and sacn-
fice on behalFon one’s family and friends, with
indifference toward unrelated strangers, When
punished. such subjects are likely to respond
with anger rather than guilt. Punishing the high
contributors is thus a means of asserting one’s
personal values. which take precedence over
maximizing one’s pavolTin the game.
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OCEANS

On Phytoplankton Trends

Victor Smetacek' and James E. Cloern?

How are phytoplankton at coastal sites around the world responding to ongoing global change?

hytoplankton—unicellular algae in the

surlace layer of lakes and oceans—{uel

the lacustrine and marine food chains
and play a key role in regulating atmospheric
carbon dioxide concentrations. How will ris-
ing carbon dioxide concentrations in the air
and surface ocean in urm affect phytoplank-
ton? Answering this question is erucial for
projecting future climate change. However,
because phytoplankton species populations
appear and disappear within weeks. assessing
change requires high-resolution monitoring
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University of Bremen, FB 2, 28334 Bremen, Germany.
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of annual cveles over many vears, Such long-
term studies at coastal sites ranging from estu-
aries and harbors to open coastlines and
islands are vielding bewildering variability,
but also fundamental insights on the driving
forces that underlie phytoplankton cveles (/).

An example of regularity is provided by a
45-year data set from weekly phytoplankton
monitoring in Lake Windermere. England,
which shows that the diatom species Asterio-
nefla formosa dominates phytoplankion
biomass from autumn to spring but is virtually
absent during summer: this species drives
silicon ¢ycling in the lake (2). In contrast,
weekly data collected in Narragansett Bay in
Rhode lsland since 1959 reveal that the phyto-
plankton react with wide fluctuations in com-
position and timing of the annual biomass
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peak to driving forces ranging from large-
scale hydrography to the temperature depend-
ence of zooplankton growth { 3).

How does phytoplankton performance in
other regions fit along this spectrum from
monotonous regulanty to the verge of chaos
{41! And what will be, or is, the impact of cli-
mate change?

Early studies of annual cycles of phyto-
plankton (3-7) led to the idea that seasonal
changes in biomass and species could be
atrnibuted to shifts in nutrient and hght avail-
ability. with grazing pressure increasing in
importance in the aftermath of the spring
bloom. This annual evele and its
driving forces came 1o be accepted
as the rule by ecologists and
modelers. although deviations
were reported (8). However. this
view assumes that phytoplankton
can grow faster than their con-
sumers—zooplankton, pathogens

and dinoflagellate blooms in an era of reduced
nutrient inputs. These changes were caused by
a shift in the northeast Pacific Ocean from its
warm phase to its cold phase, which led to
massive immigrations of fatfish and crus-
taceans mto San Francisco Bay, where they
reduced clam abundance and weakened their
grazing control of phytoplankton growth (9),
Another interesting case 1s exhibited by
data collected off the island of Heligoland
in the North Sea since 1967. Here, a 1.5°C

rise in winter water temperatures over the
past decades resulted in a delay of the spring
bloom by some weeks. The shift is attrib-

0.01 0.10

1.00

10.00 100.00

Estuaries and oceans as coupled systems. Images taken with the MODIS satellite capture episodes of high
chlorophyll a concentration in the coastal Pacific Ocean (bottom). Marine plankton and fish are transported
into San Francisco Bay (top) through the Golden Gate. Climate-driven variability in the annual recruitment
and immigration of predators induces large variability in seasonal algal blooms in San Francisco Bay {9).
Similar shifts in seasonality, species, and phytoplanktlon biomass are comman in coastal waters, bul the forces

driving these shifts are not well understood.

{viruses), and parasites. This is not supported
by physiological considerations, Many uni-
cellular phytoplankion consumers divide
faster than their prev in the presence of an
adequate food supply. Clearly, the mecha-
nisms keeping consumers and pathogens at
bay also need 1o be considered.

The example of San Francisco Bay (see the
figure) illustrates how shifting grazing pres-
sure can radically change phytoplankton
annual cyeles, For two decades, a spring
diatom bloom was followed each vear by low
phyvtoplankton biomass in the presence of high
nutrient concentrations, a result of strong top-
down control by clams and other bottom-
dwelling suspension feeders during summer
and autumn. This annual cvele changed ab-
ruptly in 1999 with the appearance of an
autumn bloom. a new pattern that has persisted
and led w increases in phytoplankton biomass

uted to grazing pressure exerted by larger
winter and spring zooplankton populations,
partly due to an ¢arlier appearance of the
plankton-feeding larvae of benthic inverte-
brates (/). Similar shifts have been re-
ported from Marragansett Bay, These obser-
vations imply that temperature rather than
the food supply controls grazing pressure
in the spring.

[n some coastal ecosystems, nutrient
(nitrogen and’or phosphorus) concentrations
have declined substantially over the past one
or two decades, indicating clear responses to
i]l'lpl'ﬂ'ﬁ'l..‘l.l wastewiatler reatment 1'I.I1I..i pﬁlﬂllﬂh‘ﬁ
to reduce agricultural runoff. However, in
contrast to lakes and the Black Sea (//).
coherent phytoplankton responses were not
apparent, either as synchronous reductions in
bromass or shifts to communities charactens-
tic of low-nutrient habitats.

PERSPECTIVES

Thus, physicochemical environmental
factors (such as temperature, light, and nutri-
ents) set the upper limits o biomass build-up
but do not explain why different phytoplank-
ton groups and species replace each other or
why their annual maxima occur when and
where they do. The fact that most species pro-
liferate for only a few weeks during specific
periods suggests that the timing of their
appearance is regulated by internal as well as
external factors, implying that their life cycles
are selected at longer time scales.

Because most phytoplankton species are
difficult w identify routinely under a light
microscope, 1t has widely been
assumed that many species are
opportunistic and respond to
Favorable growth conditions at
any season. However, detailed
investigations of the “same™
species collected from different

.

Maples, ltaly, using molecular
tools and backed up by detailed
visual examination and mating
experiments indicate that these comprise dis-
tinet, but eryptic, species (/2. 13).

The results suggest that species-specific
life evele properties have evolved in individ-
ual phytoplankton species i a manner analo-
gous to that in land plants ( /4). However, it
is unclear how environmental fluctuations
select phytoplankton species by regulating
processes such as sexuality. formation and
germination of resting stages, aggrezation
and sinking, and deployment of defense
mechanisms that deter predators and com-
petitors and ward ofT infection.

The poleward retreat of phytoplankton
spectes with a minimum temperature require-
ment has been reported, as has the poleward
spread of warm-water species. However, most
species are temperature-tolerant, and whole-
sale poleward encroachment of entire coastal
ecosystems is unlikely. The response of phyto-
plankion to ongoing climate change also
depends on the geomorphology and hydrol-
ogy of the respectve site. Thus, seasonal shifis
in snow-melt and rainfall in the catchment
areas change patterns of river discharge,
which in turn affect flushing and nutrient
delivery rates (/3) but also disrupt life cycles
of dominant species
HNushing regime. Basin-scale oscillations in
the adjoining oceanic regime, modified by
global warming, can have similarly drastic
effects on coastal regions (Y).

geared to the former

In addition to these effects. the structure of

coastal food webs down to the level of primary

producers will have changed as a result of

severe depletion of commercial fish and
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shellfish stocks (/6). Drastic changes in com-
munity structure due o removal of top preda-
tors or herbivores have been shown inmany ter-
restrial, lake, and marine benthic ecosystems,
buit there are few examples from marine phyto-
plankton (/1. 17). Tt is unlikely that marine
pelagic ecosystems differ fundamentally from
all the others. Long-term monitoring strategies
will thus have to be broadened to encompass
the full range of abiotic and biotic factors that
shape the annual cveles of phytoplankion.
Detailed interdisciplinary studies of the

complex interactions characteristic of coastal
ecosystems need to be undertaken before global
changes obliterate the remnants of the baseline,
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SIGNALTRANSDUCTION

Sweet Conundrum

Morris J. Birnbaum

imple substrates such as glucose and
amino acids not only supply enerzy for
crowth and biological functions, they
also convey information, alerting the organism
to the nutritional state of the cellular environ-
ment. Thus, glucose notonly provides potential
energy for generating adenosine 5 -triphos-
phate in unicellular organisms, but also
mstructs them to repress the synthesis of
enzymes that metabolize alternative substrates,
In animals, when the concentration of glucose
in the blood rises. the pancreas secretes insulin,
the hormone that shuts down glucose produc-
tion in the liver and stimulates uptake and stor-
age of the sugar in the liver. adipose tissue. and
muscle. But when the pancreas can no longer
keep pace with increased demand for insulin,
hyperglyveemia results, a hallmark of diabetes
mellitus. The persistently elevated blood sugar
concentration eventually provokes the adverse
consequences associated with diabetes, through
mechanisms stll imperfectly understood. but
clearly involving an interplay of glucose acting
both as a substrate and signaling molecule in
cells, On page 1402 in this issue, Dentin et al,
(/) describe a previously unknown cell signal-
ing pathway by which increased concentration
of circulating glucose accelerates its own pro-
duction by the liver. This seemingly contrary
cellular response in the liver to circulating glu-
cose provides further evidence that we must
still tease out the complex details of this sugar’s
metabolism before we can understand how it
might be managed under disease conditions.
A cardinal feature of type 2 diabetes mel-
litws (formerly called adult-onset diabetes

Institute of Diabetes, Obesity and Metabolism, University
of Pennsylvania, Philadelphia, PA 19104, USA. E-mail:
bimbaum @mail. med.upenn.edu

mellitus) is its self~amplifying nature. As
increased blood glucose and lipid concentra-
tions worsen. they directly exacerbate the dis-
case. In clinical studies, aggressive insulin
treatment of diabetics reduced blood glucose
concentrations, interrupting the cumulative
causation and lessening the need for treat-
ment {2). Mice rendered diabetic through a
mutation that blocks glucose uptake by mus-
cle display a secondary defect—the inability

Mormal glucose concentration
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High blood glucese concentration causes a
transcription factor to be modified with a sugar
moiety, triggering the liver to produce yet
mare glucose,

of insulin to suppress glucose production n
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cose reabsorption process in the kidneys
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while leaving the underlving defect un-
changed and notably ameliorates liver insulin
resistance ( 3). These studies argue that hyper-
glyveemia itself brings about insulin resistance
in liver, one consequence of “glucose toxic-
ity.” Indeed. although the detrimental effects
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of glucose on insulin responsiveness in mus-
cle and on insulin secretion from pancreas are
well established, the study by Dentin ef al. is
one of the few to examine hyperglycemic
effects in liver. Monetheless, the existence of
glucose toxieity raises the intriguing question
of whether the cellular signaling pathways
responsible for the adverse effects of glucose
are the same as those involved in normal glu-
cose signaling.

As extracellular glucose concentration
varies, intracellular signaling pathways adjust
accordinglv. The glucose signaling pathway
studied by Dentin e al. was originally
described as the hexosamine biosynthetic
pathway in the liver. This pathway generates
uriding diphosphate (UDP)-N-acetylglu-
cosamine, a crucial intermediate in the syn-
thesis of the carbohydrate moiety of complex
glycoproteins (4). In 1991, Marshall and col-
leagues proposed that this same pathway
might respond to persistently elevated exira-
cellular glucose concentration by causing
insulin resistance in fat cells, though at that
time the mechanism was unknown (5). This
“hexosamine hypothesis™ for the generation
of insulin resistance has since been applied
to other organs as well as 1o dysfunctional
insulin secretion, and the current favored
mechanism s that UDP-N-acetylgluco-
samine drives the enzymatie, O-linked (modi-
fication of a hydroxyl group) glycosylation of
sering and threonine residues in intracellular
proteins (4, 3). This posttranslational modifi-
cation is widely distributed in normal cells,
particularly in proteins of the nuclear pore and
those associated with chromatin. Dentin e al.
add to the list of such modified proteins
the transcriptional regulatory protein called
transducer of regulated cAMP response ele-
ment-binding protein 2 {TORC2. also known
as CRTC2). O-linked glyeosylation of
CRTC2 acuvates glucose production in the
liver and is an example of how this modifica-
tion of proteins serves a clear signaling fune-
tion in controlling metabolism in the liver

In the nucleus, CRTC2 associates with
CREB (cvelic AMP response element-bind-
ing protein), a transcription factor that acti-
vates the expression of genes that control
glhveolysis and gluconeogenesis (6). CRTC2
enhances the transerption of genes encoding
proteins critical to gluconeogenesis, in par-
ticular the enzyme glucose-6-phosphatase.
This enzyme catalyzes the terminal step in
glucose production by the liver and is nor-
mally negatively regulated by insulin—when
insulin concentration is high, total phos-
phatase concentration is low (7). The cellular
energy sensor adenosine 5" -monophosphate
{ AMP)-acuvated protein kinase also reduces

the concentration of glucose-6-phosphatase,
but it phosphorylates CRTC2 on serine 171,
inducing its translocation to the cvtoplasm
where it can no longer affect transeription
(&), Because N-acetvlglucosamine attaches
itself to the same serine that is phosphory-
lated, glycosylation serves as a switch to pre-
vent the inhibition of CRTC2. The ultimate
result is that abnormally high blood sugar
concentration activates enzymes designed to
release more glucose ( 7) (see the figure),
So, is regulation of CRTC2 by O-linked
glveosvlation a normal process that be-
comes maladaptive during states of nutri-
tional excess, or is it wholly pathological,
where pure coincidence allows the hex-
osamine pathway to block phosphorylation?
Both alternatives seem unlikely. It is diffi-
cult to see why glucose would induce its own
synthesis, and it seems improbable that such
an elegant control mechanism would evolve
by chance without some selective pressure.
Perhaps the answer lies in the complexities
of liver metabolism. in which viewing glu-
cose consumption and production as two
opposing. linear pathways is too simplistic.
For example. glucose-6-phosphatase not
only serves in the net production of glucose,
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but also cawlyvzes the cycle that converts
glucose back 1o glucose-6-phosphate (and
back again). Indeed. under at least some
conditions, increases in extracellular glu-
cose concentration have been associated
with an increase in this eveling rather than a
change 1n net glucose-6-phosphatase ux
(¥). Thus, even important new insights such
as those provided by Dentin er al. will require
more study before we can understand how
they integrate into the complex metabolism
of an intact organism under normal and
pathological conditions,
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COMPUTER SCIENCE

Science 2.0

Ben Shneiderman

Traditional scientific methods need to be expanded to deal with complex issues that arise as social

systems meet technological innovation.

he growth of the World Wide Web and

the spread of cell phones and WiFi

continues to reorder whole disciplines
and industries. Entreprencurs, policy-makers,
and researchers have recognized that in-
creased collaboration through these socio-
technical systems offers compelling opportus-
nities for business, education. national secu-
rity, and bevond (/). Tt is time for researchers
in science to take network collaboration to the
next phase and reap the potential intellectual
and societal payofls (2-4).

Successful scientific collaboratories among
genomic researchers, engineering innova-
tions through open-source software, and
community-based participation in cultural
heritage projects are all early indicators of the
transformative nature of collaboration (3).

Department of Computer Science, University of Maryland,
College Park, MD 20742, USA. E-mail: beng@cs.umd. edu

eBay, Amazon, and Netflix have already
reshaped consumer markets, while political
participation and cinzen journalism are
beginning to change civil society. Patient-
centered medical informaton and secure
electronic health records are improving
health care while creating opportunities for
clinical research. MySpace and Facebook
encourage casual social networks, but they
may soon play more serious roles in facilita-
ing emergency/disaster response (6). Social
media platforms such as Wikipedia. flickr,
and YouTube are also stunning success stories
of Web-based contributions.

Understanding these collaboration-cen-
tered socio-technical systems could acceler-
ate their adoption and raise their benefits,
However. researchers will need to develop
new ways of studying these complex interac-
tions. Science 1.0 will continue to be impor-
tant, but new kinds of science, which | call
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Science 2.0, are needed w siudy
the integrated nterdisciplinary
problems at the heart of socio-
technical systems, Science 2.0
will be especially important to
meet the design challenges in
secure voting, global environmen-
tal protection, energy sustainabil-
ity, and imemational development
among many others.

The guiding sirategies of Science
1.0 are still needed for Science
2.0: hvpothesis testing. predictive
maodels, and the need for validity,
replicability, and generalizability.
However, the Science 2.0 chal-
lenges cannot be studied ade-
quately in laboratory conditions
because controlled experiments
do not capture the rich context of
Web 2.0 collaboration. where the interaction
among variables undermines the validity
of reductionist methods (7). Moreover, in
Science 2.0 the mix of people and technology
means that data must be collected in real
settings (see the figure). Amazon and Metflix
became commercial successes in part because
of their frequent evaluations of incremental
changes to their Web site design as they mon-
itored user activity and purchases.

Rescarchers who wish to foster online
health care information groups or citizen jour-
nalism. for example, need fresh research meth-
ods and theories (8. 9). Individual outcomes
are difTicult enough to study, but understand-
ing why the Google, YouTube. or Facebook
communities succeeded in the face of lively
competition is still more challenging. These
socio-technical svstems are best studied at
scale, in the real world, by nigorous observa-
tions (studving successes and failures). care-
fully chosen interventions (changing inter-
faces or privacy rules), and ambitious data col-
lection (analyzing all public user activity),
When adequately replicated. these quantitative
and qualitative empirical studies can lead o
predictive models and effective simulations
that guide future designers and researchers.

Science 1.0 heroes such as Galileo,
Mewton, and Einstein produced key equations
that deseribe the relationships among gravity,
electricity, magnetism, and light. By contrast,
Science 2.0 leaders are studying trust, empa-
thy. responsibility, and privacy. The great
adventure for the next 400 years will be to
define. measure, and predict the interaction
among these variables so as to accelerate sci-
entific discovery. engineening innovation, e-
commerce, and education (/). The fivelold
growth of research on privacy and trust is
apparent in the past 5 vears, whereas empathy

and responsibility are just beginning to cap-
ture attention ( { /).

Science 2.0 researchers are adopting
observational and case study methods as they
collect quantitative and qualitative data to gain
support for their hypotheses about whether
trust increases empathy and whether privacy
promotes responsibility (2, £3). Their work
methods are in harmony with research initia-
tives on Web science (/4). creativity support
tools, online education (/3), and socially net-
worked communities. among others.

Advancing Science 2.0 will require a shifi
in priorities to promote integrative thinking
that combines computer science know-how
with social science sensitivity. Science 2.0
researchers who develop innovative theories,
hypothesis testing based on case study
research methods, and new predictive models
are likely to lead the way. The quest for empir-
ical validity wall drive research beyond what
laboratory-based controlled studies can pro-
vide, while replicability and generalhizability
will be achieved with greater effort through
multiple case studies. Just as technology-
centered researchers measured progress in
petabytes of storage or petaflops of process-
ing power, collaboration-centered researchers

will measure the growth of peta-collabs of

cooperation and peta-contribs of assistance.
Science 1.0 remains vital, but this ambi-
tious vision of Science 2.0 will affectresearch
funding. educational practices, and evalua-
tion of research outcomes. Science funding
agencies will Face resistance as they promote
a transformation that seeks to make a safe
space for Science 2,0, Scientific journal edi-
torial boards and conference program com-
mittees are already shilting their attention to
new topics and opening their doors to new
scientific research methods. Pioneering edu-

Political networking. Collaboration between pairs of U.S. senators is shown by connecting links. The Democratic senators
{blue) are at the left and Republican senatars (red) at the right; Sanders and Lieberman {magenta) are independents,
Brownback and McCain were campaigning for the presidency and did not vote often enough to be linked. Science 2.0 must
develop tools like this to analyze human relationships and collaborations (16).

cators have begun changing their curricula.
focusing on collaboration strategies and
teaching new research methods, The innova-
tors are courageously taking on new chal-
lenges, but they should be ready for the resist-
ance to novel ideas that has always been part
of'science. In that way. Science 2.0 is part of a
great tradition,
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RETROSPECTIVE

Joshua Lederberg (1925-2008)

Stephen S. Morse

oshua Lederberg was one of the great sci-

entists of our age. With his death on 2

February, the world has lost one of its
toremost scientific intellects. as well as an
extraordinary humanitarian,

These qualities were apparent early in his
life. Descended from a long line of rabbis,
Josh was expected to continue the tradition.
But at age 10, when he decided 1o become a
scientist instead. his father reassured him that
“All those who seek the truth are doing God's
work.” And when two high-school classmates
died in World War 1L he vowed 1o make up for
their sacrifice by his own life and work (he
wits oo young to be in the war himself).

For the many people he helped over the
vears, Josh was the ultimate mentor. Twenty
vears azo at a Rockefeller University gather-
ing that I auended, his wife Marguerite
reminded him that he had some virology ques-
tions. So began a continuing conversation,
Following up. [ sent Josh a memo about
“emerging viruses,” and shortly afterwards
received a handwritten note declaring, “The
problem of emerging viruses is one that must
be addressed at the highest levels.” This led 1o
the “Conference on Emerging Viruses™ that
John LaMontagne and 1 orzanized at the
National Institutes of Health in 1989, in which
Josh actively participated. He organized and
chaired a landmark Insutute of Medicine
study on “Emerging Infections: Microbial
Threats to Health in the United States™ (pub-
lished in 1992), and the subsequent “Forum
on Emerging Infections” (now the “Forum on
Microbial Threats™), and mvited me to work
with him on these committees.

Born in Montclair, New Jersey, in 1925,
Josh grew up in New York City, After graduat-
ing from Columbia University in 1944, and 2
yvears in medical school, he decided on a
career in research. Transferring to graduate
school at Yale University, he studied with
Edward Tatum and received his Ph.D. in 1947,
His receipt of the Nobel Prize in 1958 was
based largely on his graduate research on the
organization of the genetic material in bacte-
ria and on genetic recombination. His work on
genetic transfer by conjugation opened the
door 1o molecular biology with bacteria. At
the University of Wisconsin, he and his grad-

Mailman School of Public Health, Columbia University,
MNew York, NY 10032, USA. E-mail: ssm20@ columbia.edu

uate  student Norton
Zinder discovered trans-
duction, a mechanism
of genetic exchange in
bacteria facilitated by
bactenophage, My bac-
terial virulence factors
are now known to be
acquired in this way. In
19349, Tosh moved west
to start the Department
of Geneties at Stanford
University, He retrned
o New York in 1978 as
the fifth president of
The Rockefeller Uni-
versity. When he offi-
cially retired as president in 1990, he reopened
his lab, and nurtured many creative voung sci-
entists. [t was not uncommon to spot him on
campus wearing a short-sleeved shirt and a
Rockefeller baseball cap.

His abiding biological interest was in the
sources of genetic variation and the effects of
natural selection. Fascinated by the complex
relationships between humans and microbes,
he remained concerned that future plagues
might devastate humankind.

Josh also had a gift for the apt metaphor.
He noted that “the historiography of epidemic
disease 1s one of the last refuges of the concept
of special creationism.” In recent years, he
adopted the metaphor of the food chain, com-
paning humans and microbes and questioning
which was really at the top of the chain. He
referred to a “World Wide Web of microbial
genomes,” prefiguring metagenomics, A fter
hearing him speak. the listener might be
struck later by profound observations that had
initially gone unnoticed.

A great visionary, Josh was endlessly curi-
ous and creative. His footprints can be found
in many fields. In addition to his wide imer-
ests in biology, he had long been interested in
the use of computers in science and was a
pioneer in the field of bioinformatics. At
Stanford. he collaborated on DENDRAL,
an early project in chemical-analysis expert
systems using computers. Later, he helped
develop the concept of the “collaboratory,”
a virtual collaboration across geographic
boundaries, The advent of the Internet is
now helping to bring that dream to fruition.
Appropriately, electronic copies of many of
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The interests of a visionary scientist ranged
from genetic details of the microbial world to
new frantiers in computer science and space
exploration,

his personal papers are avail-
able on the Web at the Natonal
Library of Medicine.

Perhaps less known 1s his
interest in exobiology (a term

the Sprrnik satellite in 1957,
Josh wanted to ensure that

space research programs. His
earliest scientific efforts with
the National Aeronautics and
Space Administration were
directed toward developing
approaches to 1dentity life on
other planets, Later, he advised
the agency on precautions for
decontaminanng returning spaceships,

Josh was a central Nigure in science policy.
and was generous with his time whenever the
government or colleagues needed his advice.
Before back pain and complications of ortho-
pedic surgery precluded travel, he would
regularly shuttle between New York and
Washington, DC, sometimes making several
round trips a week. At one meeting. he charac-
teristically joked. **We always meet in the most
expected places”

In the last few vears, despite often being
in pain, his eves lit up whenever the conver-
sation wrned o science. That Josh's contri-
butions to seience and science policy were
of the highest order is indicated by his many
awards and honors, In addition to the Nobel

Prize, these included the National Medal of

Science, election o the National Academy
of Sciences, charter membership of the
Institute of Medicine, and the Presidential
Medal of Freedom. But these only begin o
hint at lus broad interests and contributions,
He was a longtime board member of the
Council on Foreign Relations, held the
Order of Arts and Letters from France, and
was an avid reader, from scientific literature
to military history of World War Il and the
Times Litevary Supplement,

He leaves behind Marguerite, their two
children and grandchildren. and devoted
colleagues. But he also leaves generations
of scientists whom he encouraged and prod-
ded o new heights. With his brilliance and
zencrosity of spirit, he brought light every-
where he went,
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An Oncogene-Induced DNA Damage
Model for Cancer Development

Thanos D. Halazonetis,* Vassilis G. Gorgoulis,? Jiri Bartek?

Of all types of DNA damage, DNA double-strand breaks (DSBs) pose the greatest challenge to
cells. One might have, therefore, anticipated that a sizable number of DNA DSBs would be
incompatible with cell proliferation. Yet recent experimental findings suggest that, in both
precancerous lesions and cancers, activated oncogenes induce stalling and collapse of DNA
replication forks, which in turn leads to formation of DNA DSBs. This continuous formation of DNA
DSBs may contribute to the genomic instability that characterizes the vast majority of human
cancers. In addition, in precancerous lesions, these DNA DSBs activate p53, which, by inducing
apoptosis or senescence, raises a barrier to tumor progression. Breach of this barrier by various
mechanisms, most notably by p53 mutations, that impair the DNA damage response pathway
allows cancers to develop. Thus, oncogene-induced DNA damage may explain two key features
of cancer: genomic instability and the high frequency of p53 mutations.

ing “new growth”) refers 1o new tissue com-

posed of cells with the heritable capacity 1o
grow beyond their normal confines. Neoplasias
can be benign or malignant. The former remain
localized, whereas the latter, also referred to as
cancer, invade the host tssucs, Some benign
neoplasias are precancerous lesions and develop
over lime into ovent cancers. Imponant goals of
cancer rescarch in the molecular biology era have
been w understand the genctic basis ol cancer
and to explan s progressive nature. Here, we
review a model that may contnbute o bener un-
derstnding of wo features shared by most can-
cers: genomic instability and p33 mutations.

Il] medicine, neoplasia (a Greek word mean-

DNA DSBs in Cells Expressing

Activated Oncogenes and in Human
Precancerous Lesions and Cancers

Until recently, idemtifving DNA double-strnd
breaks (DSBs) with high sensitivity was not
trivial. However, the identification of proicins
that become recruited o large chromatin domains
flanking the DNA DBSs has made it possible to
visualize these breaks indirectly by immunollu-
omcscence () (Additional references are listed
in the Suppornting Online Matenal, grouped by
the section i this review o which they penain.)
The imracellular localizaton of one such pro-
tein, p33 binding protcin | (33BP1), was exam-
ined in cancer cell lines grown in tissue culure
and revealed 33BPI nuclear foci (about 10 o
20 per cell), whose presence is indicative of DNA
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DSBs. No such foci were present in proliferat-
ing nonmal cells. Because cancer cells are typ-
ically not defective in DNA DSB repair, these
resulls suggested a continuous cyele of DNA
DSB formation and repair (1, 23, Further, in the
panel of cancer cell lines examined, those cell
lincs with the highest number of S3BPL foei per
cell had p53 mutations, possibly reflecting a
selection for p33 inactivation, because pS3 in-
duces apoplosis OF SCRCSCCnce In response o
DNA DSBs (1, 2).

The analysis of cancer cells in tissue culture is
informative but may not accurately represent the
stane of cancer cells in human patients. Are DNA
DSBs continuously being generated in human
cancers? [ so, at what stages of cancer develop-
ment? And does DNA DSB formation precede

the loss of p33 function, as would be expected if

the DNA DSBs select for p33 inactivation? To
address these questions, several rescarch groups
analyzed precancerous and cancerous lesions from
human patients. In the precancerous lesions, be-
fore 5.3 mutations were acquired, 53BP1 localized
al foci and histone H2ZAX, ataxia telangicctasia
(ATM), Chk2, and p33 were phosphory lated, sug-
gesting the presence of DNA DSBs (3, 4). In
cancers, evidence for the presence of DNA DSBS,
such as phosphorylaed histone H2AX and 33BP1
foci, was again present, but the DNA damage
checkpoint pathway was compromised, most of-

ten by p33 mutations and less ofien by loss of

expression of various checkpoint prodeins, such
as ATM, 33BP1, Chk2, or p33 (2-4).

The presence of DNA damage was a feature
that could distinguish precancerous lesions and
cancers from nommal tissues, imespective of their
profifertion rate (2-4), What could be causing
the induction of DNA DSBs in the precancerous
lesions and cancers? Eroded telomeres or muta-
tions targeting genes required for genome in-
tegrity could be responsible, but neither of these
characterizes all precancerous lesions (5-8).

Instead, the presence of activated oncogenes dis-
tinguishes precancerous lesions from normal ts-
sucs, and in various model systems activated
oncogends are capable of inducing both DNA
D5Bs and a DNA damage response (DDR). For
example, activated ras induces DNA DSBs in
NIHAT3 fibroblasts within a single cell evele, and
other oncogenes, including mve, ovalin £, mios,
ole 254, and E2F1, have similar eflecis in various
cell types and in animal models (4, #-17). In a
human skin xenograll hyperplasia model, sus-
tained delivery of growth factors also led 10 in-
duction of DNA DSBs and a DDR, in the absence
of telomere crosion (3). In all these models, the
majority of cells overexpressing the oncogene
exhibited a DDR, sugeesting that a second sto-
chastic event was not required for induction of
DNA damage.

A Tumorigenesis Barrier in

Human Precancerous Lesions

In various cell and animal models, activation of
the DNA damage checkpoint induces pii-
dependent cell evele arest. apoplosis, or senes-
cence (12). The question then arises whether
apoptosis and senescence are present in human
precancerous lesions and, i so, whether they
subside during cancer progression, when defocts
in the p53 pathway are acquined. Indeed, the
precancerous lissues show evidence of apoplosis
or seneseence, and both of these are suppressed
during cancer progression (3, 4, 10, 11, 13),

This general pattem is obsaved in multiple
tumor types, but with interesting Gissue-specilic
differences (3, [0, 13). In the lung, the nomal
bronchial epithelium has a very low proliferation
index and negligible apoptosis; the precancerous
lesions exhibit high levels of apopiosis and a
high proliferation index; whereas lung carcino-
mas have a high prolifermtion index but low lev-
cls of apopiosis. In the skin, normal melanocyies
exhibit a low proliferation index and negligible
senescence:  dyvsplastic nevi, the precancenous
lesions, exhibit senescence and a low prolifera-
tion index (because senescent cells do not pro-
liferate); and in melanoma there is loss of the
senescent phenotype and a high prolifcration
index. In colon, the nomal tssue has a very
high proliferation index: progression o adeno-
ma, the precancerous lesion, leads o senescence
and a significant decrease in the proliferation
index; whercas funher progression 1o carcinoma
is associated with escape from senescence and a
high proliferation index similar 1o that of the
nomal tissue. Plotting the apoplosis or senes-
cence indices of these three tissues (3, /0, [3)
shows a sharp peak in precancerous lesions, rep-
resenting a bamier that is raised specifically in tha
stage of cancer development and which is erodad
upon further wmor progression (Fig, 1),

The concept of a wmorigenesis barrier act-
ing in precancerous lesions contrasts with carier
maoxdels, which considered that precancerous le-
sions were less aggressive than cancers simply
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because they had fower oncogenic mutations
{14}, Instead, the oncogene-induced DNA dam-
age miodel suggests that the less aggressive na-
ture of precancerous lesions is in part due to the
tumorigenesis bamer imposed by the DNA dam-
age checkpoim., This concept s best illustrated
by the example of colon adenomas, which have
a lower proliferation index than that of nomal
colon (Fig, 1),

The DNA Damage Checkpoint as an Important
Mediator of the Tumorigenesis Barrier

Much evidence points 1o p33 as a key protein
imposing the wmorigenesis barrier in pre-
cancerous lesions: Apoplosis and sencscence
are known p33-dependent responscs, cscape
from the wmorigenesis barrier correlates with
253 mutations in human cancers, and the tran-
sition from procancerous lesions 1o caneer is
accelerated in pi3-deficient mice (3, 4 12, 13}
In Get, m some pif-aull mouse models, wmor
development bypasses the sencseenee stage (13).
The guestion that remains o be answered is
whether, in precancerous lesions, pS3 is activated
by the DNA damage checkpoint pathway, as the
oncogene-induced DNA damage model predicts,
or by one of the other pathways that activate p33,
with the most serious contender being the path-
way that includes the altemative reading frame
(ARF) wimor suppressor protein { /5),

Perhaps the strongest evidence in favor of p33
being activated by the DNA damage checkpoint
pathway in human cancers comes from analysis
of clinical matenal. Analysis of colon and blad-
der precancerous Jesions by immunohistochem-
istry showed that the senescence markers coincide
with the DDR markers (7/0). The spectrum of
genelic mutations present in cancer patients also
suggests that p33 is pnncipally activaied by the
DNA damage checkpoint. Activation of p33 by
DNA DSBs is mediaied principally by the ki-
nases ATM and Chk2 (/2). In an analysis of 518
protein Kinase genes in 210 human cancers, the
amn gene ranked thind in terms of mutation fre-
quency (/6). Further, heterozygous cfik? genm-
line mutations predispose one to cancer and can
occasionally be associated with a Li-Fraumeni
syndrome that is indistinguishable from the one
caused by p33 gemmline mutations (7). Lastly,
expression of 33BP 1 and MDCI, two DDR pro-
tems that act upstream of Chk2 and p33, is sup-
pressed in subsets of melanomas, breast and lung
carcinomas (3. Mutations tarzeting arf arc also
frequent in human cancer, but they are typically
deletions also targeting the twmor suppressor
genes INKSa and INK#h (15). Point mutations
targeting arf” without alfecting INAYq are found
with about one-twentieth the frequency of point
mulations targeting exclusively INEa,

A role of the DINA damage checkpoint in me-
diating a wmorigenesis bamier 1s also supported
by analvsis of cultured primary cells overexpress-
ing oncogenes. Such cells exhibit apoplosis or
senescence or both, but these responses are sup-
pressed when ATM is inhabited (790, 1), In mouse
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tumor models, apoptosis induced by oncogenes,
such as snee, also depends on the DDR pathway,
and mhibiing DDR proteins, such as Chk2, ATM,
or Tiphll, facilitates wmor progression (M0, /1),
Tumors also develop in mice deficient for am or
cfik2 and in mice inwhich two residues in p33 that
are phosphorylated by ATM and Chk2 are sub-
stituied with alanines (/8),

Meverthekss, there are also observations that
seem o contradict the notion that the DNA dam-
age checkpoint is an important barier o wmor-
igenesis. Fird, why is p53 mutated much more
frequently in human cancer than any other DNA
damage checkpoint gene? One explination is that
single amino acid substitutions targeting the p33
DNA bindmg donein can casily imactivate the
protein (because of its very low melting temper-
ature) and @ the same time gencrate mutants with
dominant-negative  activity,  Funher, unlike -
activation of some upstream DDR proteins, such
as ATM, p33 mactvation does nol compromise
the G2/M-phase DNA damage checkpoint or
DNA DSB repair, upon which cancer cells are
likely 10 rely o optimize their survival (/2).

A second question is why knockout of the
atmi and p33 genes in mice leads to a shorter
latency in spontancous wumor formation (median

M r.

! DDR.I.

Lung

Melan.

Colon

Normal PreCA

Fig. 1. DNA damage-induced tumorigenesis barrier in
human precancerous lesions. The proliferation index (P. 1.,
green), the apoptosis or senescence index (AJS.L, purple),
and the DNA damage response index (DDR.I., orange) are
shown for normal tissues, precancerous lesions (PreCA),
and cancers. For lung tissue, the tumorigenesis barrier is
predominated by the apoptotic index; for melanocytes

{melan.) and colon, by the senescence index.
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survival age of about 35 days) than the indi-
vidual knockouts (medians of about 120 and
140 days tor the atm and 53 knockouts, nespoc-
tively) (/8). Further, why do wmors that develop
in atm-null, pii-hoeroeygote mice tend 1o lose
the remaining wild-type p33 allele? These obser-
vations appear to contradict the notion that p53
s activated by ATM in precancerous lesions,
However, analvsis of the median survival ages
of mice with all combinations of atm and p33
genotypes shows that the effect of knocking ot
one or both alleles of p53 is much smaller in an
atmi-null background than in heleroeygole or
wild-type amn backgrounds, which is consistent
with ATM activating the twumor suppressor unc-
tion of p33 (/4), The residual tumor suppressor
function of p33 m ame-null mice cn be ex-
plained in part by activation of p53 by ATR. an
ATM-related Kinase that, like ATM, also responds
to DNA damage (/2). Further, the residual umor
suppressor function of ATM in p53-null mice
can be explained by ATM having multiple sub-
strates in addition to p33, some of which, for
example, Nbsl and BRCAL, are also tumor sup-
pressors (12),

A third question relates 1o the role ol arfas
an aliernate pathway activating p33 in cancer.
Indeed, many studies examining the role
ol arfin cultured cells and mouse mod-
els suppor a role in oncogenc-induced
apoptosis and senescence (1.5), although
there are exceptions. Intercstingly, in the
same mouse model, a lvmphoma induced
by a move transgene, lvmphomagencsis
can be accelermed by knocking owut
cither arf or atm. This suggests that
both the DDR and the arf pathways
have tumor suppressor functions but
lcaves open the question whether the
tumor  suppressor funciion of arf is
pii-dependent. Swidies o answer this
question in mice have led to conflicting
conclusions (7 5).

Some observations suggest that part
ol the wmor suppressor effect of ard is
pii-independent. First, in mice, arf is a
much weaker tumor suppressor than
atm or p33: The median survival ages
of mice null for arf. eim, and p33 arc
about 350, 120, and 140 days, mespec-
tively (3, /&, 19). This is not consasient
with ey being the major activator of the
tumor suppressor function of pii. Sec-
ond, analysis of wmor fomation in mice
with vanous combinations of arf and
P33 penotypes suggests that arf and p3d
are acling additively and independemly
of cach other. Specifically, the tmor
suppressor function of pS3 s nol com-
promised in an a~null background (/9),
unlike what was observed in an amr-null
background (/&) Third, af may be ex-
erting its wmor suppressor function at
a different stage of cancer development
than does p33. In a chemical carcinogen-
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esis mouse skin cancer model, inactivation of arf
promotes fomation of large papillomas, whereas
mactivatien of p33 promotes  progression of
papllomeas o carcinonias (/35),

Contradicting the results presented above (19),
two recent sudies concluded that 33 did not
have a tumor suppressor function in arf-null mice
(260, In one study, the function of a tamoxifon-
regulatable p33 protein was wmed on or off,
and the incidence of mdiation-induced lympho-
ma was monitored. In the other study, 3-methyl-
cholanthrene-induced wmor formation was
monitored in mice with two or three wild-type
153 alleles. In both studies, @53 status aflected
tumer kinctics in a wild-tvpe arf” genetic back-
ground but not i an grf-null background. How-
ever, when tumor kinctics were considered
all genotypes, the results were consistent with
P53 and arf acting independently and addi-
tively of cach other. The status of 253 had no
effect in the arf-null background because n
these models the tumors develop fast in the
absence of arf, belore any effect of p33 can
become apparent. Interestingly, in the twmoxifen-
regulatable p33 model, administation of amox-
ilen for a short time window a few wedks after
imadiation, when precancerous cells are presum-
ably present, affords tumor protection. Because
the tamoxifen-regulaable p33 protein requines
both mmoxiten and a DNA damage signal 1w
induce apoplosis (20), this result is consistent
with the precancerous cells in these mice having
DNA DSBs,

DNA Replication Stress Activated
Underlies DNA DSB Formation  ONcogenes
and Genomic Instability in

Human Precancerous Lesions *

A key question that follows from

the results reviewed so far re- Aberrant

lates to the mechanism by which
activated oncogenes conlinumis-
Iy induce DNA DSBs in human
precancerous  lesions and  can-

proliferation

'

cers. Most oncogenes deregulate DNA
entry into the cell cvele and do 3=t
s0 by directly or indirectly en- replication
hancing the activities of the stress +
cyclin-dependent kimses (CDKs)  DNA DSBs

that function m the Gl and S
phases ol the cell eycle (7, 21).
In weast, deregulation of CDK
activity compromises DNA rep-
lication and leads to formation
of DNA DSBs and genomic in-
stability (22). By analogy, onco-
genes could induce a stawe of
DNA replication stress in human
precancerous lesions leading
to the formation of DNA DSBs
(3.4, 10, 1)

The tenm DNA replication
stress was ongnally used o de-
scribe the stae of DNA repli-
cation arrest that is induced by
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deoxynucleotide depletion and is chamcterized
by activation of the DNA replication checkpoint
pathway and mability to complete DNA repli-
cation in the absence of this checkpoint, Through
a betier understanding of the biology of DNA
replication forks, it s now possible o define
DNA replication stress as any systemic state in
the cell that leads o collapse of DNA replication
forks, that is, to dissociation of the replication
proteins from the DNAL DNA replication stress
can be induced by an increase in the number

of stalled DNA replication forks (some of

which will inevitably collapse) mediated by
agents that inhibint DNA replication or by a
decrease in the stability of stalled forks (be-
cause there is some fork swlling in normal S
phases) mediated by deregulation of DNA rep-
lication checkpoint proteins. Irespective of how
DNA replication stress is induced, the collapse
ol DA replication forks occurs preferentially at
specific chromosomal loct called common frag-
ile sites (23) These loci are prone to fomation
ol microdeletions and gross chromosomal rear-
rangements, because the pathways that are in-
duced to complete DNA replication after lork
collapse often involve recombinogenic processes
and formetion of DNA DSBs,

The presence of DNA replication stress in
human precancerous lesions can be monitored
by exploiting the fact that the ecombinogenic
processes that are activated afier fork collapse
have the potential w0 lead w loss of heterozy-

gosity (LOH). Indeed, in both human precan-
cerous lesions and in a human skin xenografi
hyperplasia model there 15 LOH that ocours
predominantly at the common fragile sites, in-
voking the presence of DNA replication stress
i3, 41 Expression of oncogencs i nontrans-
formed cells also leads to DNA replication stress,
Such cells have prematurely temminated DNA
replication forks, DNA DSBs that form specifi-
cilly in 8 phase, stretches of single-stranded DNA,
and LOL targeting preferentially the common
lragile sies (10, 1),

A key prediction of the oncogene-induced
DNA damage model is that genomic instability
in human precancerous lesions and in cancer is
induced by the oncogenes themselves and is a
feature of cancer from s carliest stages, How
does this prediction fit with our current under-
standing of the mechanisms leading 1o genomic
instability in human cancer”? In advanced can-
cers, multiple mechanmsms, meluding hypoxia,
inflammation, and cell-matrix detachment, may
contribute to genomic instability, but in pre-
cancerous lesions fewer mechanisms are likely
to be implicated.

One mechansm involves telomere erosion,
which can lead to trsient surges in genomic in-
stability, when telomeres become critically shon
but before wlomerse expression is induced ().
Telomere erosion almost cenainly contributes 1o
genomic nstability in human cancer, but whether
it contributes 1o genomic instability in human

Mormal

Precancerous

ATM Apoptosis iesion
L
ATR pfla_ Senescence _l
Genomic instability
(Fragile sites + CIN)
l Cancer
Additional genetic
ﬁ

mutations favoring
cancer development

Metastasis

Fig. 2. Oncogene-induced DNA damage model for cancer development and progression. Genomic instability and
tumor suppression are direct outcomes of oncogene-induced DNA replication stress and are both present from the
beginning of cancer development, before the transition from precancerous lesion to cancer.
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precancerous lesions is less clear. Telomere ero-
sion s common in human precancerous lesions
(), but human skin senografts already show
genomic instability at common fragile sites a
few weeks alter induction of hyperplasia, be-
fore any changes in elomere length become
cevident (7).

A sccond mechanism involves  permanent
increases in genomic instability induced by mu-
tations in genes whose [unction is o preserve
genomic integrity, These so-called  caretaker
genes include DNA repair and cell eyvele check-
point genes (7). Indeed, one form of genomic
instability, referred 1w as microsaelline mstability
(MINL 15 caused by mutations in DNA mis-
match repair genes (8). However, most human
cancers do not have MIN, but rather have chro-
mosomal instability (CIN), and the carctaker
genes, whose dercgulation is responsible for
CIN, have not been adentified (24). p33 was
considered minally a “guardian of the genome,”
but p3d-null mice do not have overt genomic
instability (25). In experimental models. candi-
date carctaker genes have been identified, but
none of them are frequently mutated in sporadic
human cancers (25). Further, large-scale se-
quencing analysis of all known coding regions
in breast and colorectal cancers has failed 1o
identify other genes that could account for CIN
in a large faction of human cncers (26). Be-
cause DNA DSBs can lead o CIN, it is possible
that oncogene-induced DNA damage, rmther than
imactivation of carclaker genes, may contribute
o CIN i human cancer, a hypothesis that could
also explain why, in cell fusion experiments,
CIN, unlike MIN, 15 a dominant trait (8).

Cienomic mstability is considered eritical for
cancer development becavse it would be difli-
cult otherwise for a normal cell 1o accumulate
all the mutations necessary 1o become a cancer
cell (273, It is still unclear whether genomic in-
stability induced by DNA replication stress. has
any role in cancer progression, but, in oral pre-
cancerous lesions, LOH at the common fragile
sile FRA3B predicted progression to cancer much
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better than any other marker, including p3.3 mu-
tations and LOH at the INKdaarf locus (28).

Unanswered Questions and

Future Prospects

An oncogenc-induced DNA damage model lor
cancer development and progression can help
explain many features of cancer, including its
tendency 1o progress, the presence of genomic
instability, and the wmor suppressor role of DNA
DSB checkpoint proteins such as pi3 (Fig. 2).
OF course, some aspects of the model need 10
be better defined. What is the mechanism by
which oncogenes induce DINA replication stress?
Under what conditions do oncogencs  induce
DNA replication stress, and s the strength of the
oncogenic signal a criical factor, as suggested
(299! What 15 the ok of ARF mn human cancer
development? What fraction of genomic instability
i due 1o DNA replication stress and what Fraction
o other actors, such as wlomere erosion? Docs
this model apply 10 most cancers, or are there w-
mor types, perhaps those chamctenzad by low
levels of genomic instability, in which this model
docs not apply”? Lasily, does this model suggest
new ways 1o diagnose and treal cancer”

With regard to the last question, one can en-
vision new diagnostic methods for precancerous
lesions. LOI at the common fmgile site FRAZB
shows promise in identifying  high-risk  pre-
cancerous lesions (28). It may also be possible
to establish immunohistochemistry  assays for
DNA damage responses in a clinical seiting on
the basis of the assays cumrently available for re-
scarch (3, 4, 13). An inlercsting possibility would
be 1o develop cancer therapics, capitalizing on the
prescnice of DNAC replication stress specifically in
cancer cells. DNAC replication needs 1o resume
afier replication fork collapse. 'We suspeat tha
cancer cells would not fare well il resumption of
DNA replication could be inhihited,
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Dimethylsulfoniopropionate as a
Foraging Cue for Reef Fishes

Jennifer L. DeBose,! Sean C. Lema,” Gabrielle A. Nevitt'*

oral recls resemble islands of productive

habitats where fishes aggregate, lorage,

and spawn, Although it has been sug-
gested that some reel fishes use biogenic com-
poumnds as agereganon cues, specific compounds
have not been idenufied. Dimethy lsulfonioprop-
onate (DMSP) & produced by plvtoplankion
and by benthic algac associated with coral reels
and is linked 1o occan productivity (/) DMSP
15 released dunng greang by zooplankion or
when herbivores are caten (2, 3). suggesting a
role as a foraging cue, DMSP has been studied
intersively for ils role in oceanic sulfur cveles
and global climate regulation, but its ccological
importanee 1o manne lishes is unknown, Hene,
we present evidence that plhinktivorous  reel
fishes will aggregate o controlled experimental
deployments of DMSP over coral reel habitats
in the wild.

Release experiments were conducted at four
sites on nnging reels along 62 km of coastline
oft Curagao, Netherlands Antilles. Siles wiere
separaiad by at keast 14 km. Our aim wis 10
prodduce a down-cument DMSP plume approx-
imating concentrations (1077 10 107 M) that
coral reefl fish are likely w encounter in nature
i, 3). Two pairs of high-density polvethylene
carboys (19 lilers) containing cither DMSP
(10”7 M) or control (distilled water) were de-
ploved 2 1w 3 m apart at cach reel site ().
Carboys were suspended midwater and an-
chored 1o the substrte. Carboys released DMSP
or control solutions (0.5 liter per min)along the
reeledue for 60 mm, drven by the buoyvant foree
of fresh water. We reasoned that. i’ fish used
DMSP asa foraging cue, then more fish would
be attrctad 10 DMSP than 1o control plumes,

Results indicate that DMSP s a potent
attractant 1o some planktivorous reel fish
specics, including brown chromis (Chrnis
multifincata, Fig. |A. Friedman's test 3, =
960, P = 0002, n = 8) Creole wrasse
(Clepticus parrae, Fig. 1B, 3¢ = 25.6, P -
(L0, = 8), and boga (nermia vittata, Fig.
1Ty (60 Fish also responded to DMSP fol-
lowing species-specific patierns. For example,
brown chromis tend to associate with the neef
crest bun aggresate in the water column o for-
age on zooplankton (7). Dunng DMSP re-
leases, their numbers in the water column
incrcased 1o nearly four times that of back-
ground levels, By contrast, Creole wrasse and
boga tend to occur in open water or on the reel’
edge. These species rearuited 1o the release

sites only in response o DMSP (Fig. 1, B and C),
Additional analysis confimmed that there was no
difference in background counts taken belore
release between release sites [analysis of vanance
(ANOVA), Clhromis Fag = 343, P = 0072, and
Clepticns Fzg = 309, P = 0L.089] or wemment

b -2
8 8 8 & B

Chromis muftitneata

g ¥ 8.

Cleplicus parrae
g B

Inermia vittata

&0
20
u. A
(1] 10 20 30 Ll =1} B0
Tirme (minules)

Fig. 1. Responses of coral reef fishes to DMSP and
control releases over 1 hour. (A} Chromis multilineata
(brown chromis), (B) Clepticus parrae (Creole wrasse), (C)
Inermia vittata (boga). Fish counts plotted on the y axes
are shown before release ("background” & to the left of
0 min) and at 10-min intervals during DMSP (black) and
control (gray) releases. Arrows at 0 and 20 min indicate
when the first and second sets of carboys were opened.
Current velocity did not differ between DMSP and control
releases {for DMSP, velocity = 155 = 28 aws; for control,
velocity = 213 + 66 ams; f test, f = 064, P = 0.55),
indicating that current velocity was not a strong determinant
for the number of fish attracted. Note that y axes are shown
at different scales, Data are expressed as mean £ SEM (n=
8). [Phatos in (A) and (C) courtesy of F. and ]. Burek]

groups (Chromis Frg = 0009, £ = 0925 and
Clepicts Frg = 0047, P = (LR33).

The resulls are consistent with the foraging
ceology of these species. Creole wisse form
midwater, off-reef fomging aggregations, wherss
boga are open-water fishes that feed on wo-
plankion and only occasionally forage over recls
(7). Other planktivores such as sargeant major
tAmedefduf” savatifis)y and vellowtail snapper
(s chrstens) did not respond 10 DMSP
(for Abudefiduf, x* = 0118, P= 0731, n = & for
Ocvirs, 1= = 0.223, P= 0637, n = 8): however,
they generally occurred in fewer numbers than the
other specics (average + SEM for Aol was
28 = 059 for Oeviens, 1O+ (L8 (6). These
results mmply that odors linked more closely
feeding activity than o the presence of prey alen
some planktivorous  fish species 1o potential
forazing opportumitics, These cues likely work in
comjunction with visual cucs provided by the
foraging behavior of other fishes.

Aldthough DMSP has been studied prinwrily in
the context of global climate regulation, our nsults
suggest that phnktivorous fshes can cavesdrop on
trophic interactions that leave residunl chemical
signatures and point o DMSP as a specilic, biogenic
compound that they can wse 10 exploit their prey.
Taken more boadly, this work strengthens the
hypothesis that, in addition o serving s a clinaie
regulator, DMSP is an imponant siegnal molkecule in
the muarine environment (), Recognizing this dual
role should allow us 1o better understand and peedict
the effects of climate change on trophic mter-
actions in the biological realm.
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Long-Term Sea-Level Fluctuations
Driven by Ocean Basin Dynamics

R. Dietmar Miiller,™ Maria Sdrolias,” Carmen Gaina,” Bernhard Steinberger,” Christian Heine't

Earth’s long-term sea-level history is characterized by widespread continental floeding in the
Cretaceous period (~145 to 65 million years ago), followed by gradual regression of inland seas.
However, published estimates of the Late Cretaceous sea-level high differ by half an order of
magnitude, from ~40 to ~250 meters above the present level. The low estimate is based on

the stratigraphy of the New Jersey margin. By assimilating marine geophysical data into
reconstructions of ancient ocean basins, we model a Late Cretaceous sea level that is 170 (85 to
270} meters higher than it is today. We use a mantle convection model to suggest that New Jersey
subsided by 105 to 180 meters in the past 70 million years because of North America’s westward
passage over the subducted Farallon plate. This mechanism reconciles New ]ersey margin—based
sea-level estimates with ocean basin reconstructions.

ong-term (107 1o 10 years) global (cu-

static) sea=level Muetuations have boen a

driving force of biogeography, climate
change, and organic evolution (/). vel they are
poorly understood compared with short- 1o
medium-term fluctuations (107 to 10° vears) ().
This is due to the diversity ol potential drving
lactors involved. including changes in mid-ocean
ridge length, spreading mtes, oceanic area,
sedimentation, mamle convection, superplumes,
large igneous provinee emplacement, and ice
vodume (2). It s well documented that many
continents, in particular North America, Europe,
and Adlrica, were inundated by shallow seas
peaking m the Late Cretaceous 80 million years
ago (Ma), ollowed by a gradual sea-level fall (3,
but the associated magnitude of global sca-level
change is very controversial,

Subsidence of the sea floor away from mid-
occan ridees s caused by the thickening and
cooling of a thermal boundary laver m Earth’s
surface (4 Most published investigations of
long-term sea-kevel change rely on the analysis of
the age-arca and associated depth-area dis-
tribution of presently preserved occan {loor 1o
denve an estimate of occan depth and volume
change through time, as pionecred by Pitman (3.
Rowley () reviewed such reconstructions and
concluded that substantial ocean basin volume
change and associated sea-level change have not
occurred since the breakup of Pangaea. In
contrast, Koming (7) partially reconstructed past
mid-occan ridges (isochrons) for the last 80
million vears and estimated the sea level 1o have
been 230 + 135/ 185 m at 80 Ma, and Xu er af,

1Earlhﬂm Group, School of Geosciences, Building H11,
The University of Sydney, Sydney, NSW 2006, Australia.
Center for Geodynamics, Geological Survey of Momway,
Lefv Eirikssons vei 39, N-7491 Trondheim, Norway.

*To whom correspondence showld be addressed. E-mail:
dietmar@ geosch, usyd.edu.au

tPresent address: StatoilHydro, Global Exploration Tech-
nalogy, Dammensveien 264, N-0240 Oslo, Norway.

(&), following a similar methodology, concluded
that crustal production rates have decreased by
20 1o 30% since 65 Ma, accompanicd by a
lowenng of sea level between 125 and 250 m.
Hag er al. (Y) estimated the magnitude ol long-
tenm sea-level change from the present clevation
of ancient marine deposits aller reconstructing
their subsidence history and adopting a sea-level
tiepoint of 242 m above the present level for 80
Ma from Harrison (/) prmarily on the basis of
Komines (7) mid-ocean ridge volume analysis.
In conmrast, long-term sea-level estimates from
stratigraphic sections of the New Jersey mangin
of North Amenica vield a substantially lower 40-
m sca=level high at 80 Ma (2), building on the
work of Watts and co-workers (/. 12), who
sugeesicd that global sea-level signals can be
isolated from the North American east coast
sedimentary record,

We presem a comprehensive reconstruction
of the global age-arca and depth-area distribution
of ocean floor, including remnants of subducied
crust, since the Earlv Cretaccous (140 Ma), 1o
compute the effects of changes in crusial
production, sediment thickness, and ocean-basin
depth and arca on sea<level fuctuations through
time. In addiion, we use a mantle convection
maodel to test Miller ¢f al’s (2) sca=level curve
and 1ts premise that the New Jemsey shelf has not
been aflected by tectonic processes other than
thenmal subsidence since the Cretaceous. This
assumption allowed Miller ef al. (2) w0 angue that
the regional sea-level curve from New Jersey
margin stratigraphy represents global (custatic)
sea-level varations,

Reconstructing vanished oceans, We estab-
lish the locations and geometry of mid-ocemn
ridges through ume on the basis of maring
magnetic anomaly identifications; geological m-
formation such as palcomagnetic daa from
temrames and microcontinents, especially in the
Tethys Occan ( 1.3): mid-oceanic rdge subduction
events; and the mules of plate teetonics (/14). On

the basis of a global set ofectonic plate rotations
(15, 1), we construct a set of relined sca-floor
isochrons (Fig. 1) following the interpolation
technique outlined by Miiller ef af, (13, 16) but
including a multude of additional data (sce
Supporting Online Maternal).

In areas where one lank of a mid-ocean ndge
system has been subducied, we assume spreading
symmetry 1o reconstruct the subducted flank. This
is @ reasonable assumption given that globally,
the maximum cumulative spreading asymimetry
has been found to be less than 10% (/7). The
now entirely subducted ocean loor north of
Adrica, India, and Ausiralia (the Meso-Tethys,
Fig. 1) was reconstructed with the model of
Heine e al. (18), Sea-floor isochrons for the

Proto-Canbbean were constructed on the basis
of the Early Cretaceous divergence history of
the Americas, lollowed by the castward
nsertion of the Farallon Plate into the Canb-
bean, leading o subduction of Proto-Canbbean
ocean crust in the Late Cretaceous (/9). Our
Cretaceous reconstruction of the Panthalassa
Ocean (Fig. 1) is based on the premise that the
Pacific Plate formed at 170 Ma in the Late
Jurassic as a triangle, originating lrom a trple
Junction between the Farallon, Phocenix, and
lzanagi plates (20, which are reconstructed on
the basis of preserved magnetie lineations and
fracture xones (24, 22) and the assumption of
spreading symmetry, with the exception of
arcas where ridge jumps are documented. We
reconstruct the now entirely subducted Lzanagi
Plate and its conjugate Pacilic Ocean Noor
(Fig. 1) following Whittaker e al. (23). Lo-
cations of plate boundaries within the Pacific

Panthalassa Ocean relative to surrounding con-
tincnis are reconstructed with a plate circuit
through Antarctica alier 83.5 Ma and with Pa-
cific and Afncan plate motion relative to hot-
spots independently determined for carlier times
(3, 1),

Plaie boundary reconstructions between the
Meso-Tethvs and Panthalassa oceans are hased
on modeled motion vectors between the lzanagi.
Phoenix., Australian, and Meso-Tethys plates, We
use the combined model of finie rolations, sca-
Nloor isochrons, mid-ocean ridge locations, and
outlines of boundancs between contimental and
occanic crust to construct a set of oceanic paleo-
aze grids from 140 Ma 1o the present (Fig. 1 and
fig. S1), with accompanying age uncerainty
erids (fig. 82). The mean emor of our modeled
age-prea distribution of wday’s ocean floor is
about 2.8 million years, We scale our error anal-
yais for ocean basin reconstructions such that the
mean reconstruction emor of now  subducted
ocean foor is about 10 million vears, namely, a
lourfold increase in the combined uncenaintics
reflecting crrors in mid-ocean ndge location and
geomelry.

Oceanic depth through time, An analysis of

crustal production through time in S-million-year
intervals (fig. 533 illustrates that the most severe
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Muctuations in spreading-ridge crustal production
arc recorded n the Pacilic Ocean. The langest
drop in global crustal production, of about 50%,,
15 recorded from 65 1o 60 Ma, comresponding to
the subduction of the Lanagi-Pacilic spreading
ridge (23) (Fig. | and fig. 51} This event, 1o
gether with subsequent ridge subduction epi-
sodes along the Americas (g, S1 leads w a
mean Pacific sea-floor age dilference of 33
million years (My) between 120 Ma and 1oday
{excluding back-arc basins), whereas all oceanic
crust outside the Pacilic Ocean taken together has
experienced a tolal mean age difference of about
10 My (Fig. 2A). This demonstrates that dramatic
changes in the age-area disinbution of ocean
Noor have been driven pnmanly by cyclic
changes in mid-ocean ndge creation, evolution,
and destruction in the Pacilic Ocean. It also
shows that the use of the present distribution of
the oecan-lloor ages to oblam paleo-age disinbu-
tions without reconstructing subducted sea floor
(6, 24, 25) is not valid,

The maximum global differenee in mean
occanic crustal age between 120 Ma and the
present is about 26 My, ranging from 384 + 4.1
My ot 120 Ma o 641 1.4 My at present (Fig.
2B). This is in contrast o the 6-My difference
predicted by Cogne er af. (25), who erroncously
assumed that the Pacilic age-area distribution has
remained constant since the breakup of Pangaca,
Using a published age-depth relation (GDH-1)
(26, we compute the depth-arca distnbution of
the ocean hasins (Fig. 2C). We choose GDH-
| forconverting age to depth because this relation
15 based on sediment-corrected depths without
excluding duia from hotspot swells and sca-
mounts. Therefore, GDH-1 provides a good aver-
age (1 o sediment-unloaded occanic basement

80 100

120

depths (260 and is prefemble for predicting the
average oceanic basement depth through time,
mcluding thamally rejuvenated  Iithosphere, as
compared o models [cg. (27, 28] that reflect
ocean-depth changes related to plate aging through
time only,

Three additional factors play an important
role in controlling global occan basin depth
through time, namely, the generation of oceanic
large igneous provinces (L1Ps), occanic sedimen-
tation (2), and changes in oceanic crustal arca,
We use Schubert and Sandwell’s (29) method 10
determine the avermge elevation of individual
major occanic plateaus (table S1) relative 1w the
surrounding sca oor, based on the difference
between the modal depths within two polygons,
one outlining the perimeter of a given platcau
from a LIP database (30) and another polvgon
including surounding occan loor. Plateaws are
added to our basement depth grids at their em-

placement tme based on a revised compilation of

cruption ages (3/7). We estimate the uncerainty in
LIPs-related mean occanic depth changes 1o be
on the order of up to £5 m. An additional cfleet
not considercd here is the potential uplift of the
sea lloor some time before LIP eruption when
the body of hot material (plume head) arives in
the upper mantle, followed by a collapse dur-
ing cruption. From estimates for the size (about
SO0 km in diameter) and density anomaly (about

%) of the plume head, we infer about a 2-m sea-
level rise belfore enuption of a LIP, with 5 m prob-
ably an upper limit (comesponding 1o =700 km
in diameter).

As the ocean oor ages, is sediment cover
thickens, but abyssal sediment thickness is also
latitude dependent, as illustrated in a polynomial
surface fit of global sediment thickness (32 as a

140 180

200

160 240 280

Age of Oceanic Lithosphere (My)

Fig. 1. Age-area distribution of the ocean floor at (A) 140 Ma, (B} 100 Ma, (C) 50 Ma, and (D) the
present day. See fig. 51 for paleo-age-area distribution in 10-My intervals. PAC, Pacific Plate; FAR,
Farallon Plate; PHX, Phoenix Plate; IZA, lzanagi Plate; KU, Kula Plate; AUS, Australian Plate; PC,
Proto-Caribbean; EB, Enderby Basin; AB, Amerasian Basin; C, Cocos Plate. Active mid-ocean ridges
are represented as white lines, and subduction locations as black lines and triangle symbols.
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function of occanic crustal age and latiude (fig.
543 We use this model to cstimate the dis-
tribution of total oceanic sediment thickness
and its isostatic compensation (33) through time,
associated with an estimated mean sediment
thickness uncertainty of about =15 m for the
Tertiary and +25 m for the Cretaccous; however,
this uncertainty is not well constrained, We cre-
ate a sct of paleo-bathymatry maps by adding
major occanic platcaus (table 51) and sediment
thickness 1o our reconstructed basement depth
maps (Fig. 3). These maps allow us 1o compute
oceanic crustal arca and mean depth through
time,

The emplacement of LIPs alone has resulied
i a total sea-level rise of nearly 1K m since 140
Ma, with major pulses at about 120, 110, 90, &0,
and 40 Ma (Fig. 4 and fig. S6). The sediment
thickness effect on sea level through time s
astimated to be an [8-m drop in sea level from
(4010 82 Ma, followed by a sea-level nsc ol 61 m
(fig. S6). Consequently, the modeled inercase in
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Fig. 2. (A} Mean oceanic crustal age of the
Pacific versus Indian, Atlantic, and Arctic ecean
basins including all back-arc basins. The Pacific
Ocean mean age increased from 30 to 65 My
between 120 Ma and the present, whereas the
mean age of all other ocean basins changed
relatively little in comparison (a2 maximum of
10 My), challenging the notion that the Pacific
Dcean mean age has remained constant through
time (25). (B) Mean oceanic crustal age in 1-My
intervals from 140 Ma to the present with error
envelope computed from the age error grids (see
fig. 52 for age error grids in 10-My intervals).
{C) Mean oceanic basement depth since 140 Ma
with uncertainties derived from age errors based
on the GHD-1 age-depth model (26).
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mean basement depth of 350 m from 120 Ma to
the present (Fig. 2C) 1s alleviated by oceanic
platcau emplacement and sediment thickness
Nuctuations o a net depth incrcase of about 260
(+100, -85) m since 118 Ma (fig. 56).
Long-term sea-level change. Global sca-
level change during the past 33 My was domi-
nated by large ice-sheet growth and decay
(glacio-custacy) (21 As our sca-level curve docs
not include the effects of glacial ice, we shill it by
the 54 m that would be added 10 sea level il all
present ice sheets melied (2)(Fig. 4), resulting in
a Cretaceous high of 304 m a 119 Ma. Changes
in sea-level Asf as they would appear to an
observer on land are relaed 1o changes in mean
ocean basement depth A via isostatic compen-
sation (34, 33 A = (pm — PwdPm = A ipm 1
mantle density, 3300 kg m " py is water
density ), vielding an apparent sea-level drop of
about 235 m since a maximum at 118 Ma (fig.
S6). However, this estimate, based purely on
mean oceanic depth change, docs not account for

changes in oceanic arca. Qur reconstructions
suggest that since 140 Ma, the global occanic
arca has decreasad by 3.3%, corresponding 1o a
loss of about | million km®. This is due to conti-
nental crustal stretching during rifting, preceding
continental breakup and ocean basin formation.
Assuming no change in global oceanie water
volume, the modeled decrease in occanic arca
through time partly counteracts the aging and
associated deepening of the global occans after
RO Ma and atenuates the modeled Late Creta-
ceous sea-level high to about 170 m (fig. S6).
Continental margin themal subsidence lollow-
ing continental stretching is compensated mostly
by sedimentation that keeps continental shelves
relatively close to sea level (36), resulting in
small changes in ocean basin depth from passive
margin aging, which is not considered here.

A sea-level curve (Fig. 4) that takes inlo
account both changes in depth and arca of the
global ocean basins reduces the modeled sea-
level high at 118 Ma to about 150 m (Fig. 4). We

RESEARCH ARTICLES

obtain a total sca-level nse of about 70 m
between 140 and 110 Ma; this is a better maich
with most Cretaccous continenal {looding esti-
mates [summariaed by (2)] than our altemative
sea-level curve not considering changes in
oceanic arca, which implics a sca-level rise of
less than 20 m for the same tme penod (lig. S6).
We model a long-term sea-level fall measuring
about 100 m from 80 to 30 Ma, drven by the
aging and decpening of the global occan Noor
during this time (Fig. 2 and fig. S6) Our Late
Cretaceous sea-level maximum of 170 m (90 w
265 mj occurs at 82 Ma, close 1o the benchmark
time of 80 Ma (2, 7), supporting estimates from
cominental imundation as summanzed by Miller
i 2} and close 1o Bond's (37) estimate of 200 m as
well as that by Watts and co-waorkers (74, 12), but
diftering considerably from Miller ot al."s (2) best
sea-level estimate of 40 m at 80 Ma (Fig. 4),
bascd on New Jersey margin stratigraphy, raising
the guestion of what causes this substantial
disagreement.

-5400 -5200 -5000 -4800 -4600 -4400 -4200 -4000 -3800 -3600 -3400 -3200 -3000 -2800 -2600 -2400

Bathymetry (m)

Fig. 3. Reconstructed bathymetry through time by combining basement depths derived from palec-age grids (Fig. 1 and fig. 51) and the GDH-1 age-
depth model (28) with estimates of sediment thickness through time (figs. 54 and 55) and inclusion of all major oceanic plateaus (table 51).
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New Jersey margin subsidence. We pio-
pose that the lange 130-m discrepancy at 80 Ma
between our sea-level curve and that from Miller
et al (2) (Frg. 4y reflects the progressive, mantle-
daven wetonic subsidence of the New Jersey
margin over the negatively buovamt Famllon

Fig. 4. (A} Predicted
relative sea-level change
(red) and error envelope
(reflecting basement
age-depth errors) (light
pink) since 140 Ma
based on changes in the
average depth and area
of the ocean basins using
the GDH-1 plate model
(26) age-depth conver-
sion (Database S1) com-
pared with the sea-level
curves by Kominz (7)
(magenta), Hag et al
(9) (dark blue), adjusted
to the Berggren ef al. time
scale (2), Hag and Al-
Qahtani (43) (dark green),
Miller et al (&) (black),
Watts and Steckler (11)
(pink), Watts and Thome
{12) (light green), Pitman
(5) (light blue), and the
two curves by Xu ef al.
(8) (ight and dark or-
ange). The Hag et al.
(9), Hag and Al-Qahtani
(43), and Miller et al.
(2) curves have been
smoothed by a 10-My
cosine-arch low-pass fil-
ter (in bold), represent-
ing long-term sea-level
change. The original
curves from Haq et al.
(9) and from Miller et al.
{2) are shown as thin
lines. (B) Sea-level effect
of large igneows prov-
inces (LIPs} {100 m cu-
mulatively). (C) Total
crustal production through
time since 140 Ma with
major tectonic events
highlighted in blue. (D)
Miller et al. (2) sea-level
curve, uncorrected (black)
and corrected for post—
70 Ma modeled tectonic
subsidence of the New
Jersey margin based on
the s20rts seismic tomog-
raphy model (39) for the
pure backward advec-
tion {p.b.a) {purple) and
modified backward ad-
vection (m.b.a) (light

Time (Ma)

10

100

10

120

130

140

slab imaged in the lower mantle (Fig. 5), while
global sea level was falling after the Late Cre-
taceous highstand., Our reconstructions of sub-
duction trench positions through time (Fig. 5A)
sugeest that the cast coast of North America
has moved over the Farallon slab (Fig, 3B)

during the past 60 My, We test this hyvpothesis
using regional results from a well-cstablished
global mantle convection modeling approach
{34) 1o compute time-dependent dynamic sur-
face topography by advecting present mantle
density anomalies, derived from scismic mantle

A C
Sea level (m) LIPs (m) Crustal production Sea level (m)
(km?)
-100 1] 100 200 300 0 50 100 ax10® ax10® se10’ 0 100 200 300 400
| ] ] | ] wlaaaal L4 | ! ] ] | . ]
.
. ,__ -
= i T
L ! s it
N —I L - = = =) =
P - sl ]
4 b ' f =
&
2 m
- ' - = L
= [:1]
2
3 AT (%]
: \ =
i \ (4]
- [ —| Frusteriiy = | @ |
= po
.l_n "4
1 & - g
| = |
] - . L = =
o
= - =
. ';..: E T . - e [1e]
5 T o 5
- g \ — - = =
: . =
{ 1 s -
= | Comt @ =
1 = ; —| wmsica = [~ pa_~ o
£ »
4 |I | Mtagoinan, ises - %
3 | ::'
] . .- \ o E [t _?_5 =
g t (| = EAnt 3 i
{ & [ ' s =1
- iy n
w J r.l'f 2 m ..:-:
-1 o ¥ = ] = B 3 B
s % /E’ z o
| @ = 1 5 2
: 3 == Maor et el | 2
N E, E"‘ 1  anization - '-E |
| oLl | i |
4 -}
3 B W
P Hikumng P
-] f_": - Jma E -
~ Subduction of ~
] Palec-Tethys
N 3 - = B
] @ @
= =
2 g
I I T wl I LI I L] L] I L] ¥ I T I T I T I

blue} compared with long-term sea-level variation from our computation of the volume of the ocean basins through time (red), as well as with the models

by Hag and co-workers (9, 43) and Watts and co-workers (11, 12).
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tomography, backward in the mantle low field,
which in tum is computed from mantle density
anomalies and given surface plate velocities.
We model the flow field of the mantle through
time using a spectral method based on sphencal
harmonic expansion of surface plate velocitics
and intermal density heterogencitics at cach depth
level (38). Dynamic wopography is computed
beneath air with a free upper boundary and
the same viscosity structure as in (38) with a
high-viscosity lithosphere (2.4 * 1072 Pass). We
compare regional time-dependent dynamic 10-
pography since 70 Ma for the New Jlersey
coast of North America on the basis of man-
tle density anomalies derived for the present
day from three commonly used scismic tomogra-
phy models, s200s, smean, and ngeand (39-41),
using a conversion factor of .25 from relative
scismic velocity to relative density variations
below 220 km and disregarding velocity vana-
tions above 220 km. In addition 1o the purce
backward advection previously used (38), we
also employ a modified procedure to recon-
struct past mantle density anomalies. It differs
in two ways: (i) Backward-advected upwellings
are always continued up to 220 km at each time
step, and thus the restoration ol past mantle
upwellings is improved: (i) backward-advected
downwellings are removed in the uppemost
2200 km, and thus the effect of reconstructed

Fig. 5. (A) Reconstructed sub-
duction zone locations in present-
day coordinates with coastlines in
black and present-day plate bound-
aries in gray with ages of trench
positions color coded. Legend num-
bers indicate reconstructed ages (in
million years} in an absolute mantle
reference frame (see text). Horizon-
tal bold blue line and gray circles
outline location of mantle seismic
tomography profile below. (B)
Woest-east mantle seismic tomogra-
phy cross-section (39} centered on
the New Jersey margin [see (A) for
profile location], imaging the sub-
ducted Farallon slab in the lower
mantle underneath the margin. Our
kinematic model predicts North
America’s east coast to be underlain
by subducted slabs about 80 to 140
million years old, coinciding with
the location of the imaged Farallon
slab 39—41). (C) Predicted dynamic ¢
topography of the New Jersey

margin from 70 Ma to the present

ngrand seismic tomography models
for the pure (p.b.a) and modified
(m.b.a) backward advection cases
(39-41) (table S2). (D) Modeled

ocean Moor, which is alrcady explicitly included,
is not counted twice,

All models result in New Jersey  tectonic
subsidence durning the past 70 million years, with
amplitudes of 105 to 180 m (s20r1). 330 10 360 m
(smean), and 255 1o 385 m (ngrand), illustrating
differences in the scismic tomography models and
resulting model uncertaintics (Fig, 5C) Mantle
flow models wnd o overpredict dynamic to-
pography compared 1o estimates based on ob-
served topography (42). However, all models
agree with the qualitative consideration ol the
New Jemsey margin overriding the Famllon slab,
with #20ts providing the most reasonable
estimates. Withowt wking dynamic wopography
into consideration, Miller ¢ al.’s (2) model leads
to an underestimate of the post- Late Cretaceous
global sca-level drop. Theretore, we add the
s te-based modeled New Jersey margin mantle-
driven subsidence 1o Miller ef al.’s (2) sea-level
curve (Fig. 4D) and assume that before 70 Ma,
prior 1o overriding the Farallon slab, the New
Jersey margin was nol affected by changes in
dynamic topography. Miller ¢f al"s (2) correcied
sca-level curves based on the s20hs scismic
tomography models are both larzely within the
error envelope of our Cretaceous sea-level curve
based on ocean basin volume analysis (Fig. 409,
implying a Late Cretaceous sca-level high
between 142 and 217 m (based on s200) a1 80
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Ma. In particular, the modified backward advec-
tion 52005 based tectonic subsidence comection
brings Miller ef al.’s (2) curve in good alignment
with the Cretaccous portion of our occan basin
volume-denved curve (Fig, 4D), whereas the
pure backward advection (3%) s20ets-hased
comected Miller ¢f of. (2) curve 15 similar in
amplitude 1o Hag or al"s curve (9, 47),

Our results suppon the idea that mantle
convection-driven dyvnamic topography  has
played an imponant role in the subsidence history
ofthe New Jersey margin, predicting a total post
70 Ma tectonic subsidence between 103 and 180
m at average rates of 1.3 10 2.5 m/My. For times
alter 110 Ma, our ocean basin volume-derived
sea-level curve yields lower estimates than those
by Hag and co-workers (¥, 43). The discrepan-
cies may reflect global effects of dynamic opog-
rmphy, not modeled here, because the mantle
backward advection that we vuse cannot realisti-
cally restore all global mantle density anomalies
in the past. However, a combination of a global
occan basin volume analysis with modern geo-
dynamic models provides a powerful tool for
discriminating custasy from regional, time-
dependent sea-level variations caused by mantle
convection. Our global sea-level curve calibm-
tion provides an improved Framework for se-
quence stratigmphy, resource explomtion, and
muodels for long-tenm elimate change,

100 200 300 400 500

(p.b.a) seismic tomography model, in the reference frame of the North American plate. The black dot outlines the location of the New Jersey margin,
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Antisocial Punishment

Across Societies

Benedikt Herrmann,® Christian Théni,? Simon Gichter*

We document the widespread existence of antisocial punishment, that is, the sanctioning of people
who behave prosocially. Qur evidence comes from public goods experiments that we conducted in 16
comparable participant pools around the world. However, there is a huge cross-societal variation,
Some participant pools punished the high contributors as much as they punished the low
contributors, whereas in others people only punished low contributors, In some participant pools,
antisocial punishment was strong enough to remove the cooperation-enhancing effect of
punishment. We also show that weak norms of civic cooperation and the weakness of the rule of law in
a country are significant predictors of antisocial punishment. Qur results show that punishment
opportunities are socially beneficial only if complemented by strong social norms of cooperation.

coent rescarch has shown that altruistic
R[run:i:-i]um"nL that is, 4 person s propensity

W incur a cost in order o punish fnee-
loaders who tail w pull their weight in cooperative
endeavors, can explain why genetically unrelated
individuals are ofien able o maintain high levels
of socially beneflicial cooperation (/<) This holds
even when direct and indirect reciprocity (3, &)
or laws and regulations provide no incentives o
behave copperatively (7).
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In this paper, we direet attention 1o a phe-
nomenon that [with a few exceptions (8- /)] has
been larzely neglected: People might punish not
only frecloaders, but cooperators o, For exame-
ple, participanis who had been punished in the
past for comnbuting too little might retahiate
against the cooperators because the cooperalors
are precisely those individuals maost likely to pun-
ish the free-riding low contabutors. Our experi-
mental evidence from 16 participant pools with
various culural and cconomic back grounds shows
that antisocial punishment of prosocial coopera-
tors s indeed widespread in many participant
pools; imercstingly, the participant pools in which
mos of the previous research on altistic pun-
ishment has been conducted form the main
exceplion.

Our observation of antisocial punishment grew
out of our research goal 10 understand whether
there are cross-socictal diflerences in people’s
punishmen and cooperation behavior, Previous
larpe-scale cross-cultural evidenee comes mainly
from one=shot bargaining games conducted in
smallscale socictics around the world (11, 12).
However, there is no sysiematic large-scale
evidence on cooperation games. We therelore
conducied cooperation experiments with and
without punishment opporunitics. Morcover,
W our experiments as repeated games 1o
see whether different cooperation levels emerge
and remain stable across groups. Such a possi-
hility is precluded in one-shot experiments.

Our research strategy was to conduct the ex-
penments with comparable social groups from
complex developed socicties with the widest
possible range of cultural and ceconomic back-
erounds (/3) 10 maximize chances of obscrving
cross=socictal differences in punishment and coop-
cration, The socictics represented in our partici-
pant pools diverze strongly according 1o several
widely used crieriadevelopad by social scientisis
in order to chamclerize socicties (f4-16). This
vanation, covering a large range of the worldwide
available values of the respective criteria, pro-
vides us with a novel st for secing whether so-
cictal differences between complex societies have
any impact on expenmentally observable dispar-
itics in cooperation and punishmem behavior,

Experiments, The workhorse for our cross-
socictal analysis 15 the public goods game with
and without punishment (7). The public goods
game 15 a stylized model of situations that require
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cooperation o achieve socially benelicial out-
comes in the presence of froe-rider incentives, Ex-
amples abound: warlare, cooperative  hunting,
voling, paying taxes, fghting comuption, contrib-
uting to public goods, wamwork, work morale,
neighborhoad watch, common pool resource man-
agement, recyeling, wekling climate change, and
s0 on, These are frequent situations with the com-
mon feature that coopenition leads to a group-
benelicial outcome bun is jeopardiecd by selfish
incentives o nde free on others” contributions.
To implement a cooperation game with and
without punishment opporunitics, we adapted a
design developed by (). In cach panicipant pool,
we conducted the exact same public goods cxper-
iment with real monctary stakes and two reat-
ment conditions: a no-punishment condion (the
N experiment ) and a punishment condition (the P
experiment). Groups of four manbers plaved the
following public goods game in both conditions:
Each member received an endowment of 20 10-
kens. Participants had 1w decide how many tokens
to keep for themselves and how many 1o comnbute
to a group project. Each of the four group mem-
bers camed 0.4 tokens for cach token invesiod in
the project, regardless of whether he or she con-
tributed any. Because the cost of contributing one
token in the project wis exactly one token whereas
the return on that token was only 04 tokens,
keoping all one’s own tokens was always in any
participant’s matenal sell-interest, imespective of
how much the other three group members con-
tributed, Yet, if cach group member retained all
of his or her wokens, there were no camings to be

shared: on the other hand. cach member would
carmn 0.4 = 80 = 32 1okens if cach of them invested
their entire 20-token endowment.

All the interactions in the experiment were
computer-mediated (/7) and took place anony-
mously, Participants were not infommed about the
identity of others in the group; they made their
contribution decisions simultancously, and, once
the decisions were made, they were informed
about the other group members' conributions,

The only and crucial difference between the P
expenment and the N experiment was that
participants in the P expenment could punish
each of the other group members afier they were
informed about the others™ invesimenis, whercas
the N experiment ended afier participants were
mformed about the other group members' con-
tnbutions. A punishment decision was imple-
mented by assigning the punished member
between zero and 10 deduction pomnts. Each
deduction poimnt assigned reduced the pumished
member’s carmings by three tokens and cost the
punishing member one token. All punishment
decisions were made simultancously. Participants
were not informed about who punished them.

One of the goals of our experiment was 10 see
whether and at what level punishment stabilized
coopermtion in the P experiment compared to the
N experiment. To allow for the emergence o dif-
lerent cooperation levels, we therelore repeated
the experiment 10 times under both conditions,
keeping the proup composition constant,

Becmise we were interested in whether peo-
ple behave differently under the exact same cir-

Fig. 1. Mean punish- Punishment of free riding  Anti-social punishment
ment expenditures for a (negative devialions) (non-negative deviations)
given deviation from the "

punisher’s contribution. Bogkun ' pmﬁn&ﬁmb.
The deviations of the Melboume | - -20,-11]
punished participant’s Nattingham . -10,-1]
contribution from the St Gallen 0]
punisher’s contribution Chengdu (1,10)

are grouped into five in- xh _—11,20]
tervals, where [-20, -11] o

indicates that the pun-

ished participant contrib- Copentagen

uted between 11 and 20  Dripropetrovs’k .

tokens less than the pun- Seoul .|

ishing participant, [-10, tstanbul = |

e 1 ii_lrl-liljicah!‘sLII'|a|t the Minsk 5 |

punished participant con-

tributed between 1 and 5:$: :

10 tokens less than the =

punishing participant, [0] S . ==
indicates that the pun- Muscat L -
ished participant con- - — - - - - — -
tributed exactly the same 5 4 3 2 1 0 1 2 3 4
amount as the punishing Mean punishment expenditures

participant, [1, 10] indi-

cates that the punished participant contributed between 1 and 10 tokens more than the punishing
participant, and [11, 20] indicates that the punished participant contributed between 11 and 20 tokens more
than the punishing participant. In Boston, for example, participants (including nonpunishers) expended 0.96
money units on average for all cases of negative deviations between [-10, —1] and 2.74 money units on
average in cases of deviations between [—20, —11]. Participant pools are sorted according to their mean
antisocial punishment. Fig. 52 and tables 53 and 54 provide complementary analyses.
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cumstances, some methodological challenges
arose. First, with regard to procedures, we fol-
lowed the rules established m expenmental eco-
nomies (131 A second challenge was naximizing
paicipant pool comparability o avord con-
founds of panicipant pool differences with var-
lations i sociodemographic composition, To
minimize sociodemographic vanability, we con-
ducted all experiments with university under-
graduates (n = 11200 who were similar in age,
shared an (upper) middle class background, and
usually did not know each other. We adminis-
tered a postexperimental questionnaire 1o be able
to control for further sociodemogriphic back-
ground characteristics (see table 52 for details),

Results. We first analvze people’s punish-
ment behavior across participant pools. Our
perspective is how an individual who has con-
inbuted a certain amount 1o the public good
punishes other group members who contnbuted
cither less, the same amount, or mone than them.
Figure | therefore displays punishment expendi-
tures as a function of how much the punished
individual's contribution deviated {rom the con-
trbution ol the punisher. We label the punish-
ment ol negative deviations punishment of free
riding because the punished group member rode
firoe on the punisher’s contibution. Put differently,
from the perspective of the punisher the tarzet
member belaved less prosocially than the pun-
isher In case the tarpet member contributed the
same amount or more, he or she behaved at least as
prosocially as the punisher. We therefore call the
punishment in hese cases anbisocial punishment.

Punishment behavior differed strongly across
participant pools (Fig. 1). This holds in particular
for antisocial punishment. A regression analysis
ol punishment behavior, which controls for the
deviation, period elfects, and sociodemographic
compaosition, shows that antisocial punishmem
differed I1igh|;a and significantly across partici-
pant pools [x7(14) = 64.9. P = 0.000; tables S3
and 54]. Although there was very linle antisocial
punishment in some participant pools, in others
people punished those who coninbuied the same
or mone than them as harshly as those who rode
free on them. By contmst, punishment of free
nding was only weakly significantly dilferent
aeross paricipant pools [x7(14) = 231, P =
0.0549; tables 53 and 54,

The punishment of free nding is hkely wig-
gerned by negative cmotions that anse from a vio-
lation of faimess norms and from feeling exploited
i/, 2, 14, But what explains antisocial punish-
ment? One plausible reason is that people might
nol accept punishment and therefone seek revenge
(8-, Revenge is a “human universal™ (/9) and
part of a culture of honor in many societies, Our
measure for vengelul punishment is the punish-
ment people mete out as a function of received
punishment in the previous period, Controlling
for comributions of the punisher and the punished
participant, we find a highly significant increase in
antisocial punishment across all paticipant pools
as a function of the amount of punishment reeeived
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in the previous period. Broken down by participant
pools, the effeet s highly significant (at P < 0.01)
in seven participant pools, weakly significantly
positive In two participant pools, insigni ficantly
positive in six participant pools, and insignifi-
cantly negative in one (tables 83 and 84,

The presence of a punishment opportunity
had dramatic consequences on the achicved co-
operation levels (Fig, 2), Contributions were high-
ly significantly dilferent across panticipant pools
[ Kruskal-Wallis west with group averages over all
10 periods as independent observations, ¥7(15)
31 P = 0.000]. Cooperation was stabilized in
all participant pools but at vastly different levels
(Fig. 2A) Cooperation in about hall’ of the par-
ticipant pools remained at the mitial level (period
1 of the P experiment), whereas contributions
increased over time m the others (table 85). The
mosl-cooperntive paricipant pool (in which
people contnbuted 90% of their endowment, on
average) contributed 3.1 umes as much as the
least-cooperative participant pool {with an aver-
age contribution of 29% of the endowment). The
differences in cooperation across participant pools
are signilicamly negatively related 1o antisocial
punishment: The higher antisocial punishment is
in a participant pool, the lower is the avermge co-
operation level in that participant pool (Fig, 2B),

As a conseguence of the different patterns of

punishment and coopertion, there were also sub-
stantial participant-pool differences in camings in
the P experiment. The average per-period cam-
ings differed by more than 250 percentage points
between the participant pool with the highest av-
erage camnings and that with the lowest average
camings {fig. 3 and whle S6).

An important reason for the large participant
pool differences in cooperation ries is the fact that
panicipant pools reacted very differemtly 1o pun-
ishment received. Regression analvses (lable 87)
show that, in all but one panicipant pool, people
who contributed bess than the group average in peni-
od r and who were subsequently punished increased
their contribution in period 1+ 1. The increase is
only signilicant iat P < 005) in 1] participant pools,
however, and the extent ol the mean estimated in-
crease per punishiment point received varies consid-
crably between paticipant pools. Thus, punishinent
did not have an equally strong disciplinary effoct

on free riders i all panicipant pools in the sense off

steenng low contmbutors toward higher contribu-
tions; insome participant pools, punistuncnt had no
cooperation-cnhancing cflect at all,

The disciplinary effectiveness of punishment
for below-avemge contnbutions is associated
with the extent of antisocial punishmem in a
participant pool. There is a strong negalive cor-
relation between the mean amisocial punishment
in a participant pool and the regression coelli-
cient that measures the mean INCrease per pun-
ishment point received for a below-average
contribution (Speanman’s p = (L87, P = 0,000,
i = 16). One explanation is that the prospect of
getting punished for at- or above-average con-
tributions in some participant pools limits the low

contributors’ incentives 1o increase their contri-
butions, Another explanation has w0 do with how
poople peracive the momal message behind punish-
ment because there s evidence that even nonmon-
ctary sanctions (which signal social disapproval)
can induce low contributors 1o increase their con-
tnbutions (20, Participant pools might have dil-
fered in the extent 1o which people feel ashamed
when being punished for low contrbutions,

A regression analysis (Table 1) summarizes
our findings on the impact of punishment on co-
operation. To also account for variations of pun-
ishment in different groups within panticipant
pools, we use the group average contributions as
independent observations.

The results show that groups that started at
high levels in period | of the P experiment also
had high group average contributions over the

remaining penods 2 o 10; groups that started m
low levels in penod | of the P experiment had
o group average contributions over the remain-
ing perods. Group average punishment of free
riding relative 1o the punishers” own contnbutions
is positively comelated with this group’s average
contribution, cetens panbus, The opposite con-
clusion holds for antisocial punishment,

We also found significant participant pool dif-
ferences in the N experiment, which serves s a
benchmark for the P experiment [Kruskal-Wallis
test with group averges over all 10 periods as in-
dependent observations, 1°(15) = 46.5, P= 0.000],
Mean contributions varied between 4.9 and 11.5
tokens of the least- and most-coopermative partici-
pant pool, respectively (Fig. 3). The span of 6.6
wkens between the least- and most-cooperative
participant pool wis thus substantially lower than the

Spearman rank order cor-
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span of 12,3 wokens in the P experiment (Fig. 2A).
Morcover, in conirast o the P expenment, where
contnbutions wene stabiliaed at vistly ditfferent levels,
contributions in the N experiment dwindled to low-
er levels almost everywhere (table S8 and fig. S4).

Compared with the N experiment, the pres-
ence of a punishiment option had @ least 2 weakly
significant cooperation-cnhancing cffect in 11

participant pools (Wilcoxon signed ranks test
with independent group average contnbution
rates across all penods as observations, lig. 54
and table 59); the change in coopertion between
the N and the P experiment was not significant
in the other five participant pools. Thus, the
cooperation-cnhancing effect of a punishment
opportunity cannot be taken for granted. This

Table 1. Punishment and cooperation levels. Ordinary least squares regressions with the group
average contributions of all groups, which show any variation in contributions as independent
observation (n = 273). The group average contributions over periods 2 to 10 are the dependent
variables. The independent variables are the group average contributions in peried 1, the group
averages of punishment points assigned to group members who contributed less than the punishing
participant {group average punishment of free riding) and to group members who are equally or more
cooperative than the punishing participant (group average antisocial punishment). Model 1 does not
control for the mean cooperation level in a participant pool, whereas model 2 controls for it by adding
participant pool dummies. The adjusted r? increases by only 7% and the results remain robust,
although the coefficient for antisocial punishment is reduced in size."P< 0.1, "P < 0.05, " 'P < 0.01.
Numbers in parentheses indicate robust standard errors.

Dependent variable: group average
contributions in period 2 to 10

1 2
Group average contributions in period 1 0779 0720
(0.052) (0.065)
Group average punishment of free riding 0.521" 0.480"
(0.201) (0.200)
Group average antisocial punishment —2.247™" -1256""
(0.350) (0.325)
Constant 5057 5.899""
{0.688) (1.221)
Participant pool dummies Na Yes
Adjusted 0.60 0.67
F test 136.9 313
P value 0.000 0.000
N 273 273
&
B Copenhagen (11.5)
= A Dniprop. (10.6)
© B Minsk (10.5)
E ¢ St Gallen (10.1)
o O Muscat (10)
& Samara (9.7)
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Sw @ Chengdu (8)
B Seoul (7.9)
w0 & Riyadh (7.6)
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o B Istanbul (5.4)
A& Melbourne (4.9)
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1 4 5 5] 7 9 10
Period

Fig. 3. Mean contributions to the public good over the 10 periods of the N experiment, Each line
corresponds to the average contribution of a particular participant pool. The numbers in
parentheses indicate the mean contribution (out of 20) in a particular participant pool.
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finding stands in contrast o previous results
from experiments conducted in the United States
and Western Europe, where punishment always
increascd cooperation in expenments with com-
parable Mixed-group designs and parameters
(&, 10, 20-22).

The reason lor this result 15 elaed w0 anti-
social punishment: the higher antisocial punish-
ment wis ina paticipant pool, the lower was the
rate of increase in cooperation in the P experi-
ment relative to the N experiment (Spearman’s
o 0.76, £ = 0001, 7 = 16). Furthenmore,
participant pools” average cooperation levels in
perod | of the P experiment (where panicipants
had not vet acquired any experience with punish-
ment) were significantly negatively  comelmed
with their subsequent mean expenditures on
antisocial punishment: The more a participant
pool expended on antisocial punishment in the
later stages of the experiment, the lower was its
imitial cooperation level (Speamman’s p = (L78,
£ =0000, n = 16)

What explains the large participant pool
differences in antisocial punishment and hence
cooperation levels? Punishiment may be related 1o
social nomms of cobperation. Social norms exist
at a macrosocial level and refer 1o widely shared
views about acceptable behaviors and the devia-
tions subject o possible punishment (23, 24,
Thus, i’ participant pools held different social
noms with regard 1o cooperation and free riding.
they actually might have punished differently. An
interesting set of relevant social norms are norms
ol civie cooperation (/4 as they are expressed in
people’s attitudes 10 1ax evasion, abuse of the
wiellare state, or dodging s on public trmnsport.
These are all siwations that can be modeled as

public goods problems. The stronger norms of

civic cooperation are in a socicty, the more free
riding might be viewed as unacceptable and the
more it might be punished in consequence. The
flip side of the argument is that cooperators, who
behave in the normatively desirable way, should
not get punished; strong nonms of civic cooperation
mightact & a constraint on antisocial punishment.

The strength of the rule of law in a society
might also have an impact on antisocial punish-
ment. IWthe mule of law is strong, people trust the
law enforcament institutions, which are perceivad
as being cffectve, fair impartial, and bound by
the law (25). Revenge is shunned. I the mule of

law is weak, the opposite holds. Thus, the le of

law reflects how nomms are commonly enforced
in a society.

We construct the varable nomms of civic co-
operation from data taken from the World Values
Survey (F3) (fig. S1A). The variable is derived
from answers of a large number of selected
representative residents of a country 1o questions
on how justified (on a 10-point scale: 1 is fully
Justified; 10 is never justified) people think tax
evasion, benelit fraud, or dodging fares on public
transpon are, The more reproachiul these behav-
iors arc in the eves of the average citizen, the
stromger are a socicty’s norms ol civie coopen-
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tion (/4. The country scores of our 16 participant
pools vary between 6.91 and 9.79 (the mean s
8.53) the available world sample rnge (n = 81
countries; mean = ¥.64) lies between 6.75 and
9,81, Thus, the socictics of our participant pools
cover almost the whole available worldwide mnge
of the distribution of norms of civic coopemtion,

The nule of law indicator (/3) (fig, S1B) is
based on a host of different vanables that mea-
sure “the extent to which agents have conlidence
in and abide by the mles of socicty, and in
particular the quality of commet enforcement, the
police, and the couns, as well as the likelihood of
crime and violence™ (251 The theoretical range is

2.5 (very weak rule of law) o 2.5 (very strong
rule of law). The empincally observed range of
the 211 countrics for which this indicator 1s
available 15 220 10 199, The mle of law
indicator varies between 123 and 1.96 in the
counirics of our participant pools,

Because both indicators reflect the views of
the average citizen in a given socicty, it is likely
that owr participants, through vanous forms of
cultural transmission (26), have been exposed o
the prevalent social nonms and have perceptions
of the quality of the rule of law in their respective
societies. Morcover., previous research, conducted
in small-scale socictics, suggests that expenimen-
tally observed behavior reflects sociocconomic
conditions and daily experiences (11). Thus, there
are good reasons to expect that the experimentally
observable punishment behavior might be cor-
related with our indicators,

We mvestigated the link between punishment
and the wo indicators cconometnically by mun-
ning regressions of punishment expenditurcs on
the variables norms of civie cooperation and rle
ol law. We distinguished between punishment of

free niding and antisocial punishment, and we
also controlled for the pumisher’s contribution,
the contmbution of the punished paticipant, the
contribution of other group members, period
elleets, and the individual sociocconomic charac-
tenstics (1o control for differences in participant-
pool composition). The ostimation method s
Tobhit (with mobust standard emors clustered on
the independent group),

The estimation results (Table 2) show that the
stronger noms of civie cooperation are in the
society, the harder people in the respective par-
ticipam pool punish those who contributed less
than them (# < 0,01). Rule of law has an insig-
nilicantly positive impact on the punishment of
free riding, With respect 1o antisocial punishment,
we found that both noms of civie coopemation and
rule of law are significantly negatively correlated
with punishment (at P < 0.05), In other words,
antisocial punishment is harsher in participant
pools from socicties with weak norms of e
cooperation and a weak rule of law. Additional
analyses (1able S10) show that antisocial punish-
ment also varies highly significanly with a vari-
ety of indicators developed by social scientists in
order o chameterize societies (table S1). Thus,
the extent of antisocial punishment is most likely
affected by the wider socictal background,

Discussion. Evidence from economics, so-
ciology, political science, and anthropology sug-
gests that human social groups differ strongly in
how successfully they solve cooperation prob-
lems (14, 27-29). In reality, many exogenous
lactons, institutional and environmental conditions
as well as population charactensties, can explain
varying degrees ol cooperative success. Our con-
tribution is w0 show experimentally that {antisocial )
punishment can lead 1o very strong dilferences

Table 2. Punishment, norms of civic cooperation, and the rule of law. The dependent variable is
assigned punishment points to participants who contributed less than the punishing participants
{models 1 to 3) or to participants who contributed the same or more than the punishing participant
{models 4 to &), The independent variables are the country scores of norms of civic cooperation and
rule of law. Controls include the participants’ own contribution, the punished participant's
contribution, the average contribution of the remaining two participants, the period, a dummy for
the final period, and individual socioeconomic characteristics. We show the coefficients of Tobit
estimates (43). Robust standard errors are calculated by using the group as the independent cluster,

Table 510 contains further analyses.

Punishment of free riding
(negative deviations)

Antisacial punishment
(nonnegative deviations)

1 2 3 4 5 3
Norms of divic 0.410™" 0.371" -1.093™ -0.740"
cooperation (0.154) {0.155) {0.326) (0.371)
Rule of law 0.164 0.067 -0.641"° -0.618"
(0.111) {0.110) (0.221) (0.254)

Constant -5.047"" -1.843"" -4.708™ 5622  -34797 2422
{1.400) {0.469) (1.398) (2.900) (0.719) (3.360)

Controls Yes Yes Yes Yes Yes Yes

o 3.323 3,457 3.322 5.583 5.665 5.566

P value 0.000 0.000 0.000 0.000 0.000 0.000

log pseudolikelihood =12203  -13299  -12202 -10574  -11989  -10539
N 8350 8950 8350 19850 20660 19850
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in cooperation kevels among comparable social
groups acting in identical environments.

Antizocial punishment of cooperators existed
in all our participant pools, but its imponance and
detrimental consequences varied strongly across
them. Revenge is a likely explanation for anti-
social punishment in most patticipant pools, but
other ( population-specilic) motives might be rel-
evant as well, Some antisocial pumshment may
be elficicncy-cnhancing in intent to induce the
punished individual 10 increase his or her con-
tributions. The fact that in most participant pools
antisocial punishment was lower the higher the
punished panticipant’s comribution was is con-
sistent with this explanation {1able STA). Because
punishment i our cxpenment wis cheaper lor
the punisher than for the punished participant,
people with a strong taste for dominance (30, a
competitive personality (374, or a desire 1o max-
imize relative payvolls (32) might not only punish
frecloaders but also cooperators, even includ-
ing those who contributed the same amount as
the punisher. Low contributors might also view
high conributors as do-gooders who have shown
them up. Punishment may therefore be an act of
“do-gooder derogmion™ (33). Similarly, as observed
in some bargaining experiments (2, 34, 35)in
which people reject hyperfair olfers, people for
vamous reasons might be suspicious of others
who appear 100 generous, Nomative conlomity,
a desire and expectation (o behave as all others
do, is part of human psychology (36) and may
lead 1o the punishment of all deviators, cooper-
ators, and free nders alike. Punishment may be
also related w0 in-group-out-group distinetions
(37) because people might wetaliate if punished
by an oul-group member (38). Societics also
difter in the extent to which their social structures
are governed by in-group-out-group distinciions.
For instance, according o some cross-culiural
psychologists (15, 39 in “collectivist™ societies
many interactions ane conlined 1o close-knit social
networks, whereas in “individualistic™ societics
interactions are more permeable across social
groups. Because in our experiment all partic-
ipanis were strangers o one another, people in
collectivist socictics might be more inclined
than people in individualistic socictics o per-
ceive other participants as out-group members.
Theretore, anusocial punishment might be
stronger in colleenvist than i individualistic
societics. Our evidence is consistent with this
possibility because in regressions similar 1o those
of Table 2 antisocial punishmen s highly sig-
nificantly comelated with a widely used socicial-
level measure of individualism-collectivism (/3)
(table S10).

Our finding that social nomms of cooperation
and punishment are linked is of relevance for
the debate about social capital (/4) and in
particular a lnerature that argues that mformal
sanctions often substitute for fomal enforce-
ment mechanisms il these are lacking or nm
working well (7, 27, 40-42), The fact that
antisocial punishment s negatively  comelated
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with the strength of the mule of law and also with
cooperation levels suggests that the quality of the
formal law enforcement institutions and informal
sanctions are complements (rather than subst-
tutes). Informal sanctions might be more effec-
tive in sustaining voluntary cooperation when the
Tormal law enforcement institutions operate more
cllectively because antisocial punishment s
lower in these societics. The detrimental elfects
ol antisocial punishment on cooperation (and
elficiency) also provide a further mtionale why
modem societies shun revenge and centralize
punishment in the hands of the state.,
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Fiber-Optical Analog of the

Event Horizon

Thomas G. Philbin,™* Chris Kuklewicz, Scott Robertson,” Stephen Hill,"

Friedrich Konig," UIf Leonhardt™

The physics at the event horizon resembles the behavior of waves in moving media. Horizons are
formed where the local speed of the medium exceeds the wave velocity. We used ultrashort pulses
in microstructured optical fibers to demonstrate the formation of an artificial event horizon in
optics. We observed a classical optical effect: the blue-shifting of light at a white-hole horizon. We
also showed by theoretical calculations that such a system is capable of probing the quantum
effects of horizons, in particular Hawking radiation.

aboratory analogs of black holes (/- 3)are
inspired by a simple and intuitive idea (4
The space-time geometry of a black hole

resembles a mver (3, 6)-—a moving medium Now-
ing toward a waterfall, the singulanty. Imagine
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that the river camries waves propagating against
the cument with speed ¢, The waves play the role
of light, where ¢ represents o, the speed of light
in vacuum. Suppose that the closer the river gets
1o the waterfall, the faster 1t Dows, and that a
some point the speed of the river exceeds o,
Clearly, bevond this point waves can no longer
propagate upstream, The poim of no retum
comesponds 1w the honzon of the black hole.
Imagine another situation: a fast river Nowing
out mto the sca, gening slower. Waves cannot
enter the Aver beyvond the point where the flow

specd exceeds the wave velocity; the river ne-
sembles an object that nothing can enter: a while
hole.

Nothing, not even light, can escape lrom a
gravitational black hole, Yetl according o quan-
tum physics, the black hole is not entirely black
but emits waves that are in themmal equilibrium

{ 7-9). The waves consist of correlated pairs of

quanta; one originates from inside and the other

from outside the horizon. Scen from one side of

the horzon, the gravitational black hole acts as a
thernal hlack-body mdiator sending out Hawking
radiation { 7-9). The cffoctve temperature depends
on the surface gravity ( 7-4), which, in the malog
model, comesponds 1o the flow=velocity gradiem
at the horeon (/-3),

The Hawking temperature of typical black
holes lies far below the temperature of the cosmic

microwave background, so an observation of

Hawking radiation in astrophysics seems unlikely.

However, laboratory demonstrmations ol analogs of
Hawking mdiation could be feasible. One type of

recent proposal {f0-12) suggests the use of ultm-
cold quantum gases such as alkali Bose-Enstein
condensates or ultmeold alkali fermions (/2).
When a condensate in a wave guide s pushed
over a potential barner, it may exceed the speed
of sound (typically a fow millimeters per second)
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and i1s calculated w generate a Hawking tem-
perature of about 10 nK (/7). *H offers a mul-
titude of analogs between quantum Huids and
the standard model, meludmng Emsteiman grav-
ity (2} For example, the analogy between grav-
ity and surface waves in fluids (/.3 ) has inspired
ideas for antificial event horizons at the interface
between two sliding superfluid phases (/4), but
s0 far, none of the quantum features ol honzons
has been measured in *H. Proposals for optical
black holes (15, 16) have relied on slowing

down light (/7) so that it matches the speed of

the medium (/5) or on bringing light 1o a com-
plete standsull ( £6), but in these cases absomption
may pose a severe problem near the horizon,
where the spectral tmnsparency window (f7)
vanishes,

On the other hand, s 1t necessary 1o physai-
cally move a medium 1o establish a horizon?
What really matiers are only the effective prop-
ertics of the medmm. I they change, for example
as a propagating front, but the medium isell re-
mains at rest, the siuation is essentially indis-
tinguishable from that in a moving medium.
Such ideas have been discussed for moving
solitons and domain walls (/%) in superfluid “H
{2y and more recently for microwave iransimis-
sion lines with variable capacity (/9). but they
have remained impractical so

Here we report the first experimental ob-
servation of the classical optical effects of hori-
zoms, the blue-shifting of light at a white-hole
horzon, and show theoretically that our scheme
combines several promising leatures for demon-
strating quantum Hawking mdiation in the op-
tical domain. Our idea, illustrated in Fig. 1, 1s
based on the nonlinear optics of ulirashon light
pulses in optical fibers (20), where we exploit the
remarkable conrol of nonlincarity, birelringence,
and dispersion that is possible in microstructured
fibers (21, 22).

Using a Ti:sapphire laser. we created 70-f5-
long nondispersive pulses (solitons) at a carrier
wavelengih of 803 nm and a repetition raie of 80
MUz inside 1.5 m ol microstructured fiber (NL-
PM-T30B from Crystal Fiber, Bitkerod, Den-
mark). Each pulse modifies the optical propertics
of the fiber because of the Kem effoct (20): The
cllfective refractive index of the fiber, ng, gains an
additional comtribution da that 15 propomional to
the nstanancous pulse ntensity J at position =
and time 7

it =it 4+ &,  Om e f(z. 1) (1)

This contribution to the relractive index n moves
with the pulse. The pulse thus establishes a
moving medium, although nothing material is
moving, This effective medium nawrmlly moves
at the speed of light in the fiber, bocause it is
made by light isell

We also launched a contimuous wave of

light, a probe, that follows the pulse with slightly
higher group velocity, attempling to overtake it
In order to distinguish the probe fron the pulse, it

7 MARCH 2008 VOL 319 SCIENCE

oscillates at a significantly different frequency o
Owr probe-light laser 15 wnable over wavelengths
2ncie rom 1460 to 1540 nm. While approach-
mg the pulse, the Kerr comnibution dn slows
down the probe until the probd's group velocity
reaches the speed ol the pulse. The tmiling end of
the pulse establishes a white-hole honzon, an
object that light cannot enter, unless it tunnels
through the pulse. Conversely, the from end
creates a black-hole horizon for probe light that is
slower than the pulse, Because i is small, the
initial group velocity of the probe should be
suliciently close 1o the speed of the pulse. In
microstructured fibers (22), the group-velocity
dispersion of Light 15 engineered by arrangements
of air holes (submicrometer-wide hollow ¢ylin-
ders along the fiber). We selected a fiber in which
the group veloeny of pulses near the 800-nm
carrier wavelength of mode-locked Tizsapphire
lasers matched the group velocitics of probes in
the infrared telecommunication band around
1500 nm: standard optical fibers (20) do not
have this property.

At the horizon of an astrophysical black hole,
light freezes, reaching wavelengths shorter than
the Planck scale, where the physics is unknown.
[The Planck length is given by ViAG /), where
(r is the eravitmional constant.] Some clusive
trans-Planckian mechanism must regulanize this
behavior (23, 240 In our case, the liber-optical
analog of trans-Planckian physics is known and
simple—it is contained in the requency depen-
dance of the refractive index », the dispersion of
the fiber. At the mrailing end ol the pulse, the in-
coming probe modes are compressed, oscillating
with mereasing frequency; they ane blue-shified.
In wim, the dispersion limits the (requency shifi-
ing by tuning the probe out of the honzon. In the
case of nomial group-velocity dispersion, the
blug-shified light falls behind. At the black-hole
honzon, the reverse occurs: A probe slower than
the pulse is red-shifted and then moves ahead of
the pulse.

Fig. 1. Fiber-optical ho-

Figure 2 shows the difference in the spectrum
of the probe light (incident with oy ) with and
without the pulses, cleady displaving a blue-
shifted peak at a2, To quantitatively describe this
effect, we consider the frequency o in a co-
moving frme that is connected 1o the labomtory
frame frequency o by the Doppler formula

) ik
o = (I —)m (2}
p

For a stable pulse, o' is a conserved quantity,
whereas o follows the contours of fixed o when
dn varies with the intensity profile of the pulse
iFig. 3). Forsufficiently large 8, the frequency o
completes an arch from the mital oy to the final
o it is blue-shifted by the white-hole horizon.
Al a black-hole honeon, the arch 15 traced the
other way round from ey 0wy, Forthe frequency
at the center of the arches, an infinitesimal 8u is
sulficicnt 1o cause a frequency shill; at this fre-
guency, the group velocity of the probe matches
the group veloeity of the pulse. Figure 2 shows
that both the blue-shilted and probe light are
spectrally broadened. These f(eatures are casily
explained: The horizon acts only during the time
while probe and pulse propagate in the liber.
where only a finite fraction of the probe is
frequency-shilied, forming a blue-shified pulse
and also a gap in the probe light, a negative pulse;
these pulses have a charetenstic spectrum with a
widith that is inversely proportional 10 the fiber
length, We compared the measured spectra with
the theory of light propagation in the presence ol
horizons and found very good agreement (25).

Imaging instead ol a single probe a set of probe
modes. The modes should be sutliciently weakly
excited that they do not interact with cach other via
the Kem effeet, but they experience the cross Kenr
effect of the pulse, the presence of the medium
{Eq. 1) moving with the velocity w. The modes
constitute a quanium feld of light in a moving
medium (25, 26). Classical light is a real electro-

rizons. (A} A light pulse \‘

in a fiber slows down in-

frared probe light, attempt- —
ing to overtake it The )

diagrams below are in the
co-moving frame of the
pulse. (B} Classical hori-
zons. The probe is slowed
down by the pulse until its B
group velocity matches
the pulse speed at the
points indicated by black
dots, establishing a white-
hole horizon at the back
and a black-hole horizon
at the front of the pulse.
The probe light is blue-

C
w<0
e

B e
=)

shifted at the white hole until the optical dispersion releases it from the horizon. (C) Quantum pairs. Even
if no prabe light is incident, the horizon emits photon pairs corresponding to waves of positive frequencies
from the outside of the horizon paired with waves at negative frequencies from beyond the horizon. An
optical shock has steepened the pulse edge, increasing the luminosity of the white hole.
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magnetic wave, So, according 1o Fourier analy-
sis, any amplitude oscillating as expl—iwt) at a
positive angular frequency @ must be accom-
panmed by the complex conjugate amphiude at

o, In quantum feld theory (8, 9, 25), the
positive-freguency modes comespond 1o the an-
nihilation operators and the negative-frequency
modes 1o the creation operators (26), Processes
that mix positive and negative frequencics in the
laboratory frame (in the glass of the fiber) thus
create observable light quanta,

In the near ulirmviolel around 300 nm. the
dispersion of microstruciured fibers (22) is dom-
imated by the bare dispersion of glass, where iy
rapidly grows with [requency (20) exceeding i,
For such ultraviolet modes, the medivm moves at
superuminal speed. We see from the Doppler
formula (Eq. 2) that these supeduminal modes
oscillate with negative frequencics o' in the co-
moving fmme for positive frequencies o in the
laboratory frame, and vice versa, Morcover, each
subluminal mode with positive o has a super-
luminal partner oscillating at the same co-moving
frequency o' but with negative laboramory fre-
quency. The pulse does not change e, but it may
partially convent sub- and superluminal panner

modes into each other, thus creating photons
(&, @) Even il all the modes are imitially in their
vacuun states, the honezon spontancously creates
photon pairs. This process represcnts the optical
analog of Hawking radiation (7), and it occurs at
baoth the black-hole and white-hole horizon (23,
Photons with positive ' correspond to the par-
ticles created at the outside of the Black hale (8, 9),
whereas the negative-frequency photons repre-
sent their pariners beyvond the horzon, In our
case, the photon pairs are distinguishable from
the intense pulse, because their polarization can
be orthogonal o the pulse and their frequencies
differ from the camier frequency by an octave,
Furthermore, one can discnminate the Hawking
ciicet from other nonlinear optical processes,
such as four-wave mixing, because 1t is not sub-
ject to their phasc-matching conditions (20).
Moreover, in addition 1o observing Hawking -

diation perse, one could detect the cormelations of

the Hawking pariners—a feat that s impossible
in astrophysics, because there the partner particles
are lost bevond the horzon of the black hole.

In order to give a quantitative argument for
the Hawking effect in optical fibers, we describe
the propagation distance = in tenms of the time C it

Fig. 2. Measurement of KT R

LN LB I N [ L BB S I B

blue-shifting at a white-
hole horizon. The black
curve shows the power
spectrum of probe light
that has not interacted

-20

i
on
=

— w/o pulse [dBm)]
with pulse [dBm]
~— difference [ppm]
theory fit

with the pulses, whereas
the green curve displays
the result of the interac-
tion; both curves are rep-
resented on a logarithmic
scale. The difference be-
tween the spectra on a
linear scale, shown in red,
exhibits a characteristic

LA L e

Power density [dBm]
&
=

[
—
—
=
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=140
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Normalized power density [ppm]
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peak around the blue- 1480
shifted wavelength (o)

and another peak around

1490

1500 1510
Wavelength [nm]

the spectral line of the probe laser (i, ) due to a gap in the probe light; both features indicate the presence of

a horizon. ppm, parts per million.

Fig. 3. Doppler contours.

The Doppler-shifted frequen- 1490

Wavelength [nm]

1500 1510

cy w of the probe is a con-
served quantity. The pulse
shifts the laboratory frequen-
cy  along the contour lines
of o' as a function of the in-
stantaneous &m; the same
applies to the wavelength . =
2ncfn. If the pulse is suffi-
ciently intense that 6n reaches
the top of a contour, the probe
light completes an arch on
the diagram while leaving
the pulse; it is red- or blue-

&n in multiples of 107

shifted, depending on its ini-
tial frequency.
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takes for the pulse o traverse i, £ = 2, and
ntroduce the retarded time © =4 — 2w, The phase
ip of cach mode evolves as

p= J[m:.ft Fw'dl) (3}

We assume that the mode conversion ocours in a
marrew interval of retarded tme © near a horteon
around =0, where we linearize &n in 1 such that

"
| - —=ua't
&

4]

We obtain from the phase integral (Eq. 3)and the
Daoppler formula (Eq. 2) the characteristic loga-
nthmic phase at a horeon (8, 9). We use the
standard result (8, 9 251 Hawking mdiation 1s
Planck-distributed with the temperatune

et
kgl = —i" (5)
14

where kg denotes Boltzmann's constant. For
evaluating o, we consider n at ©= 0, where
Mo TR A
—_—— =T —] (6]
catlp s A

P

o =

Note that 7" denotes the Hawking temperature in
the co-moving frame, defined with respect o the
Doppler-shified requencics o, a temperature that
is chamctenized by the Doppler-shified Hawking
frequency @' in regions away from the pulse. We
use the Doppler fommula (Eq. 2) with the refractive
index (Eq. 1) and the lineanzation (Eq. 4) taken a
=1, and obiain

; i
= (I .u“-)u =

.,
- 0N
P .

i L]

(7}

Consequently, the Hawking temperature 7 in the
laboratory frame is

kﬂT—E =

n’

| cén

i (8]
an ot lp

Because T does not depend on the magnitude of

din, even the typically very small refrctive index
variations of nonlinear fiber optics (20) may lead
to o substantial Hawking temperaure when o
varics on the scale of w optical wavelength, This
15 achievable with optical pulses of a few eyveles
(27, 28).

The Kerr nonlinearity (20 influences not
only the probe modes but the pulse as well (20).
This selt-Kerm effect shapes the pulse while it
propagates in the fber. Regions ol high intensity
lag behind, because for them the effective refmc-
tive index is increased. The black-hole horizon m
the front is stretched, bun the trailing edge be-
comes extremely steep, infinitely steep in theory
120y The pulse develops an optical shock (20),
The steep white-hole horzon will dominate the
Hawking cffeat of the pulse. In practice, disper-
sion combined with other nonlinear optical
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processes m the fiber, in paicular stimulated
Raman scatiering (20), limit the optical shock,
Assuming that the steepness at the shock front 15
comparable to twice the frequency of the pulse
carfier, § = 10" He, the Hawking temperature

(Fg. 8} reaches 107 K, which is many onders of

magnitude higher than that in condensed-matter
analogs of the event horzon (1012, 18),

Our scheme thus solves two problems at once
in a naturl way: how to et an ellective medium
move al superluminal speed, and how 1o genermte
a steep velocity profile at the horieon. Here the
varous aspects of the physics of artificial black
holes conspire together, in contrast o most other
proposals (14, [O-[6),
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Stimuli-Responsive Polymer
Nanocomposites Inspired by the
Sea Cucumber Dermis

Jeffrey R. Capadona,®?
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Sea cucumbers, like other echimoderms, have the ability to rapidly and reversibly alter the stiffness
of their inner dermis. It has been proposed that the modulus of this tissue is controlled by
regulating the interactions among collagen fibrils, which reinforce a low-modulus matrix. We
report on a family of polymer nanocomposites, which mimic this architecture and display similar
chemoresponsive mechanic adaptability. Materials based on a rubbery host polymer and rigid
cellulose nanofibers exhibit a reversible reduction by a factor of 40 of the tensile modulus, for
example, from 800 to 20 megapascals (MPa), upon exposure to a chemical regulator that mediates
nanofiber interactions. Using a host polymer with a thermal transition in the regime of interest, we
demonstrated even larger modulus changes (4200 to 1.6 MPa) upon exposure to emulated

physiological conditions.

any cchinoderms share the ability 1o
rapidly and reversibly alter the stifTness
of their connective tssue (1) In the

case of sca cucombers (Fig. 1. A and B), this
morphing occurs within seconds and creates con-

sidemble survival advantages (f, 7). A serics of

recent studices on the denmis of these invencbrmtes
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has provided evidence that this defense mecha-
nism s enabled by a nanocomposite structure in
which ngid, high-aspect mtio collagen fbrils
reinforee a viscoclstic mamx of fibnllin micro-
fibrils (2-4). The stiffness of the tissue is regu-
lated by controlling the stress ranster between
adjacent collagen fibrils through transicntly
established interactions (3. 6). These interactions
are modulated by soluble macromolecules that
are secreted locally by neurally controlled eflec-
tor cells. The dermis of the Cuctemaria ffondosea
and other sea cucumber specics represents 2
compelling model of a chemoresponsive material
in which a modulus contrast by a factor ol 10(~3
1o =30 MPa) is possible (7). Intrigued by this
capability and with the goal of creating new
dynamic materials for biomedical applications,
we sel out 1o investigate whether nanocomposites

can be created that exhibit similar architecture
and propertics. The control of nanofiber inter-
actions exploited here insolid polymer materials
is similar 1o that observed in aqueous dispersions
of poly (acrvlic acid-coated carbon nanotubes (8)
or cellulose nanofibers (9, which have been
shown w exhibit larpe viscosity changes upon
vanation of pll The matenals further comple-
ment other polymenie systems with momphing
mechanical behavior—for example, cross-linked
polvmers that change cross-link density upon a
change in pll or ionic concentration (10, 1),
The first series of nanocomposites studied is
based on a rubbery ethylenc oxide epichlorohvdrin
1:1 copolymer ( EO-EPI) (Fig. 1C) imo which a
rigid cellulose nanofiber network was incompo-
rated (Fig. 1. C and D). The EO-EP] matnx dis-
plays a low modulus and cn accommodate the
uptake of several chemical stimuli. Cellulose nano-
fibers, isolated for this siudy from the mantles of
sessile sea creatures known as tunicates (/2),
were used as the reinforcing component. These
“whiskers™ exhibit high stillness (tensile modu-
lus =143 GPa) ( /3) and dimensions at the nano-
meter scale (26 nm = 2.2 pm) (g, 51). Simalar
nanofibers can be obtained from a mange of ne-
newable biosources, mcluding wood and cotion.
Whiskers from tunicates were used here because
their aspect mtio is higher than that of cellulose
from other sources, which is advamageous torthe
formation of percolating architectures. Because
of the high density of strongly interacting surface
hvdroxyl groups, cellulose whiskers lave a strong
tendency for aggregation (¥, /4). The whisker-
whisker interactions can be moderated by the in-
toduction of sulfme surface groups (Fig, 1C),
which promote dispersibility in select hydrogen-
bond - forming solvents (14, 13). This balance of
attractive and repulsive interactions is the key for the
Fabrication of ccllulose-whisker nanocomposites,
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Good dispersion is achieved dunng processing
when whisker self=interactions are “switched off™
by compettive binding with a hydrogen-hond

fommg solvent (Fig. 1D} (74, (5) Upon evap-
oration of the solvent, the interactions among the

whiskers are “switched on,” and they mssemble
e a percolating network, This architecture and
strong interactions among the whiskers maximise
stress transter and therewith the overall modulus of
the nanocomposite (13, 13, 16). Similar to the sca

REPORTS

cucumber denmis, it should be possible to dy nam-
ically alter the moedulus of the nanocomposites
through the addition or removal of a chemical
regulator that, n this case, would aler the exiem
of hydrogen bonding of the whiskers.

A

{mM'“’aﬂ/\W(HM

Cellulose whisker EC-EPI
Fig. 1. Natural model and bioinspired design of
chemomechanical nanocomposites. Pictures of a
sea cucumber in relaxed (A) and stiffened (B) Interaction "on™

state demonstrating the firming of dermal tissue
in the vicinity of the contacted area. (C) Chemical
structure of cellulose whiskers isolated through
sulfuric acid hydrolysis of tunicate cellulose pulp
and the EO-EPI and PVAc matrix polymers used.
(D} Schematic representation of the architecture
and switching mechanism in the artificial nano-
composites with dynamic mechanical properties. In the “on” state, strong hydrogen bonds between rigid, percolating nanofibers maximize stress transfer and
therewith the overall modulus of the nanocompesite. The interactions are switched "off” by the introduction of a chemical regulator that allows for
competitive hydrogen bonding.
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Fig. 2. ED-EPUwhisker nanocomposites. (A) Tensile storage moduli E' of EO- C
EPVwhisker nanocomposites as a function of volume fraction of cellulose 10% & [PA swollacnanodmposios

== Percolation model

whiskers. The nanocomposites were conditioned by either drying in vacuum,
~——— Halpin-Kardos model

equilibrium swelling in deionized water, or swelling to saturation in de-
ionized water followed by redrying in vacuum. Lines represent values
predicted by the percolation and Halpin-Kardos model. The armow indicates
changes in modulus and volume fraction of whiskers resulting from aqueous
swelling of one selected sample (19% wv whiskers). (B) Solvent uptake as a
function of whisker volume fraction under ambient conditions, immersion in
dejonized water, or isopropanol at room temperature. (C} Tensile storage
moduli £ of IPA-swollen EQ-EPlwhisker nanocomposites as a function of
volume fraction of cellulose whiskers. Lines represent values predicted by the
percolation and Halpin-Kardos model. Data points represent averages (number
of individual measurements, N, = 3 to 6} = standard error measurements.
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EC-EPI'whisker nanocomposiles were pro-
duced by solution castng from dimethylform-
amide (DMF), as previously reported (/6), and
the whisker content was varied between O and

19% v/'v, The thermomechanical propertics of

these materials were established by dynamic
mechanical analyses (DMA) and ensile tests,
DMA temperature sweeps (figs. S2 and §3)
display a glass wansition temperature (7,)
around —37°C (maximum of loss tangent, tan
&), which is independent of the whisker content
and matches the 7, of the neat EO-EP1 matrix
(fig. S2). The intensity of 1an & decreases more
than proportionally with the whisker concentra-
tion (fig. 823, which s indicative of attractive
polyvmer-whisker intermctions, Figune 2A shows
the wnsile storage moduli (£') of dry EO-EPL
whisker nanocomposites extmeted from the
DMA tmaces for a temperature of 25°C, that is,
i the ubbery regime far above Ty, £ increased
with the whisker content from <37 MPa (neat
polvmer) to ~800 MPa (19% v/v whiskers). The
observed reinforcement suggests the formation
of a percolating nanofiber network in which stress
transler is facilitated by hvdrogen-bonding be-
tween the whiskers. This hypothesis is supporned
by calculations oblained using a percolation model
(/6. Within the frmework of the model. the
tensile storage modulus of the nanocomposites
(£7) can be expressed as (17, 15)

' (1 =X)EY + (X — w)ES
il
with
.-!I. ,\‘ ih4
_X ¥) o
v ( =

where £ and £ are the experimentally deter-
mincd tensile storage moduli of the neat EO-
EPI (3.7 MPa) and a neat tunicate whisker film
(4.0 GPa). respectively: v is the volume fraction
of whiskers ithat participate in the load imnsfer;
X, is the volume fraction of whiskers: and A7 is
the critical whisker percolation volume faction
calculated by 0774, A s the aspect ratio of the
whiskers and has a value ol 84 as determined by
analysis of tmnsmission clectron microscopy
{TEM) images (fig. S1). Figure 2A shows that
the experimentally determined £ values of dry
EO-EPUwhisker nanocomposites agree with
values obiained from Eq. 1. By contrast, the data
deviate strongly from the Halpin-Kardos model
(fig. S4). This behavior s indicative for the
formation of a percolating network of strongly
interacting cellulose whiskers within the EO-EPI
matrix ( /5, /6). This architecure is confinmed by
atomic force microscopy (AFM) (Fig, 3A) and
scanning electron microscopy (SEM) (Fig, 3B)
images, which both show that the cellulose
whiskers form a percolating network within the
EQ-EPI matrix. Swress stmin curves (fig. 55)
reveal that the formation ofa percolating network

7 MARCH 2008 VOL 319 SCIENCE

ol cellulose whiskers within the EO-EPT matrix
not only affects £ but also has a considerable
imfluence on the maxmmum tensike strength (o),
which increased from 0,27 + 0.04 (neat EO-EPI,
stress al break) 1o 171 + 0.23 MPa (14.3% vy
whiskers, stress at vield), whereas the elongation
at break was reduced from 360 £ 20 w0 6.7 +
0.8% (able S1 )

In view of the outstanding dispersibility of

sulfme-modilied cellulose whiskers i water( £3),
we elected to explore whether water could act as
a chemical regulator for the whisker-whisker
imeractions in the EO-EPVwhisker nanocompos-
ies, The atmospheric water uptake of the ma-
tenals is negligible under ambient conditions,
that is, if not placed m an agqueous medium (Fig.
2B). Dry EO-EPUwhisker nanocomposies were
mmersed in deionieed water for 48 hours 10
achieve equilibrivm swelling (Fig. 2B). Under
these conditions, all compositions imvestigated
exhibit modest aqueous swelling (~30% viv)y, m-
dicating that in the case of these compositions the
waler uptake is mainly govemed by the matrix
polymer with only minor vanations due to whisk-
er content. The wensile storage moduli for water-
swollen EO-EPlwhisker nanocomposites were
measured by DMA an 25°C in de-ionized water,
A pronounced reduction of £ compared with the
dry panocomposites can be observed (Fig. 2A).
The greatest mechanical contrast is scen in the
case of the nanocomposite with the highest whisker
comtent (nominally 19% v/iv) (J9), where £ owas
reduced from =800 1w 20 MPa upon equilibrium
swelling. At the same time, swelling with water
leads 1w a significant decrease ol the tensile
strength (171 £ 023 10 0.37 £ 0.11 MPa for a
14.3% v/v whisker nanocomposite) ( fig. 85 and
table 513 and an increase of the clongation at
break (6.7 = 0.8 w0 17.8 = 0.39%). Control ex-
periments with the neat EQVEPT (fig. 55 and iable
S1) show minimal changes in tensile strength
upon deionized water swelling,

One argument that could be made against the
interpretation that the observed changes in

A

modulus, elongation at break, and tensile strength
are the result of switching off the nanofiber-
nanoliber interactions 15 that simple swelling of
the matnx alone could lead 10 a plasticizing ¢f-
feen; however, carclul analysis of our data shows
that this is not the case, DMA tmaces (hig, 52)
indicate that the EQ-EPlwhisker nanocompos-
ites do not underzo any phase transition that
would lead w a drop in modulus, such as cross-
linked polymer hydrogels and hy groscopic poly-
mers, which can display a decrease of the glass
transition empemture upon water uptake (20),
Although £ of the neat EO-EPI is reduced from
3.7 1w 0.8 MPa upon equilibnium swelling with
water (Fig, 2A), analysis in the context of the
percolation model (Egs. | and 2 and fig. 87)
shows that a reduction of £ alone cannot ac-
count for a significant reduction of £, Figure 2A
also reveals that even afier correcting X for water
uptake, the percolation moedel no longer ade-
quately desenbes £ ol the waterswollen nano-
composites. By contrast, the moduli now are n
much closer agreement with the Halpin-Kandos
model (24), which has successlully been used to
deseribe the modulus of nanocomposites in
which the filler is homogencously dispersed in
a polymer matrix and does not display pro-
nounced filler-filler intermctions (22). The model
assumds that the materials are equivalent 1 many
lavers of unidirectional plies oriented in alier-
nating directions (-45°, 0°, 45°, and 907), and the
propertics of the unidirectional reference ply are
predicted by the Halpin-Tsai equations where the
ensile sormge modulus in the longitudinal (£7)

and rmnsverse (£5 ) directions are given by (22, 23)
£ = E 4 2Amed (] — nedy) (3
and E'v= E'J1 + 2ma )il — mpd) (Y

Thus, all data indicaie that the stiffness
reduction achieved in the EO-EPLwhisker nano-
composites is related 1w the decoupling of the
stress-transferring rigid nanofiber network upon

Fig. 3. Morphology of EO-EPVwhisker nanocomposites. (A} Representative AFM phase image of an
ultramicrotomed nanocomposite containing 9.5% wv whiskers in EQ-EPL. The inset shows an AFM
phase image of a neat EQ-EPI reference thorizontal scale bar = 500 nm, vertical scale bar = phase
shift 120 to 0°). The samples were briefly (10 s) immersed in tetrahydrofuran and rinsed with IPA
to partially dissolve the polymer at the surface of the sample and to expose the inner structure of
the films. (B) Representative SEM image of an untreated nanocomposite containing 9.5% wiv

whiskers in EQ-EPI.
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introduction of water as a competitive hydmogen-
bonding agent. Consistent with the  proposed
mechanism, the switching is fully reversible: The
materials adapted their original stiffacss upon
drying (Fig. 2A).

To investigate the specilicity of the switching
mechanism, we investigated the cffect of isopro-
pancl (IPA) as the swelling agent. IPA was
selected because it swells neat EO-EPL w a
similar degree as water (Fig, 2B) but is incapable
ol dispersing cellulose whiskers (/6). The nano-
composites swelled upon immersion in IPA (Fig,
2B) 1o a level similar o that of the composites in
water; however £ barely changed in comparison
to the dry state (Fig. 2C), and the data it the
percolation model. This result conlinns that the
chemomechanical response s largely a result of
disruption of the whisker-whisker interactions
and not just plasticization of the material. By
contrast, EO-EPL is plasticized considerably upon
IPA swelling (£ drops from 3.6 10 0L93 MPa).
This contrast highlights the most important
advantage of the nanocomposite approach over
simple plasticization of a neat polymer. Although
plasticization through solvenm uptake, which is
inherent 1o the latter, is a nonspecific process. the
responsive naocomposites can be designed 1o
display a response that is specilic 1o the nature of
the stimulus. In addition, the nanocomposite ap-
proach provides the ability o incrcase the initial
stillness and strength of the material and allows
for e use of host polvmers that bave no thermal
transition in the temperature regime of inlerest,
such as the EO-EPD mairix used here.

We are interested in exploiting dynamic
mechanical materials in biomedical applications,
spectlically as adaptive substres lor intracortical
microclectrodes. These implanis have the ability
to record brain unit activity (24). Brain-machine
imterfces that rely on these clecirodes provide

solutions o medical conditions such as Parkin-
son's discase. stroke. and spinal chord injurics
(25). One problem with cument microclectrodes
i that the signal quality usually degrades within a
few months, making chronic applications chal-
lenging (26), One hypothesis for the cause of
possible failure, especially in recording applica-
tions, is that the micromotion of Agid electrodes
within the soft contical tissue chronically intlicts
trauma on the sumounding neurons (27). We
hypothesize that a mechanically adaptive clee-
trodde could alleviate this problem, and we are
thus interested in designing  devices that are
initially rigid 1o allow for pepetration of the pia
mater during implantation (2%) but that solien
slowly and without excessive expansion upon
implantation i response w the chemical envi-
ronment within the braim (for an cmulation, see
Movie S1). For this application, an initial £ of =4
GiPa is desimble 1o allow for the inserion of an
electrode with typical dimensions nto the corex
(29, Because EO-EPVwhisker nanocomposites
display a substantially lower E', we sought 10
combine the switching mechanism with a chem-
ically influenced thermal transition. We discov-
ered that nanocomposites based on polyivinyl
acetate) (PVAc) (Fig. 1C) and cellulose whiskers
display such a “dual” responsive behavior. Our
data show that, upon exposure 1o phyvsiological
conditions, the materials undergo a phase trn-
sition: in addition, the reinforcing whisker net-
work is disassembled. DMA experiments (Fig.
4A and fig. S8) reveal than the neat PVAe dis-
plays a T, around 42°C, that, just above phys-
ilogical temperature. £, of the neat polymer is
considerably reduced upon heating from room
temperature (1.8 GPa at 23°C) w0 above Ty
(0.39 MPa at 56°C) (this corresponds to T, +
16°C and marks the wemperature o which £7 is
stanting o level off). As evidenced by DMA data,

Temperature ramp
5000 7 rom 23 °C 1o 37 °C

REPORTS

the mtroduction of cellulose whiskers into PVAC
has only a minimal influence on Ty in the dry
state (Fig. 4A and fig. 58). The themmal transition
15 shampened, and the temperture ot which £
begins to drop is incrcased from =25 to =40°C.
For certain biomedical applications, this effeat is
very desimble, because it prevents the thermally
inducad softening of the matenal just upon ex-

posure o body temperiture, As a consequence of

the alrcady mther high stiffness of the glassy
PVAC matrix, only a modest reinforcement is
observed for the nanocomposites below Ty (£

5.1 GPa with 16,5% viv whiskers) (fig. S8).
However, a dramatic effect is observed above T,
where £ is increased from 1.0 MPa for the neat
polymer matrix up to 314 MPa with 16.5% v
whiskers (at 36°C). The expenmental data above
Ty match well with the percolation model (fig.
S8}, which indicates that also in this series a
pereolating network of strongly inleracting
whiskers 15 formed (75, 6, I8 The nanocom-
posites demonstrate significant swelling in both
deionized water and antificial cercbrospinal Muid
(ACSF) The solvent uplake increases with in-
creasing whisker content and temperature (lig.
S9), lowers the T 10 below physiological tem-
perature (19 to 23°C) (fig. S10), and reduces £
dramatically. For example, the £ of a 16.5% viv
whisker nanocomposite above Ty is reduced from
814 MPa (dry o 1008 MPa (water swollen; data
are for 56 and 37°C, respectively, that is, 16°C

above the respective 1), As for the water-swollen

EO-EPUwhisker nanocomposites, the moduli of

the ACSF swollen PVAc/whisker nanocompos-
ites are better deseribed by the Halpin-Kandos
than the percolation model (fig. SK), again in-
dicative of decoupling of the siress-transferring
nanoliber network upon introduction of water,
Exposure to brain tissue, simulated here by
inmersing the samples imo ACSF and heating 1o

Isotharmal temperature at 37 °C

’

aooo] ®

W 12.2 % viv whiskers
QO 0.0% wiv whiskers

5 | |
0{ °ocoocBbDocococOCcOoODDDEN

10 L L L] L L L 1 L L] L L Li Li Li L]
25 30 a5 40 45 50 55 0 5 10 15 20 25 30 35 40
Temperature (*C) Time({min)

Fig. 4. PVAcwhisker nanocomposites. (A) Tensile storage moduli £ of
dry films of PV¥Ac/whisker nanocomposites as a function of temperature,
The manocompaosites contain between 0 and 16.5% wiv whiskers. (B)
Time-dependent modulus decrease of neat PVAc and a 12.2% wiv PVAC/
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37°C.

whisker nanocomposite upon immersion into ACSF and increasing the
temperature from 23°C to 37°C. Lines represent time required for
temperature to increase from 23°C to 37°C and isothermal control at
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a physiological temperature of 37°C at ~2°C/min
(30 Movie 51, leads to a pronounced reduction
of E'. Whereas the neat PVAC (dry £ = 1.8 GPa
at 25°C) instantly soltens under these conditions
(Fig, 4B), the £ of the whisker-reinforced nano-
composites (sce Fig. 48 for a 12.2% v/v nano-
composite) is reduced slowly over a penod of 13
min. The whisker-reinforced nanocomposite dis-
plays a much higher dry £' (4.2 GPa at 25°C)
than the neat PVAc, but both matenals reach
nearly identical moduli upon immersion in ACSF
at 37°C (1.6 MPa).

Our data suppon a simple and versatile strat-
gy for the creation of polvmer nanocomposites,
whaose architecture and mechanical adaptability
closely mimic the proposed archiecture and ob-
served response of the sea cucumber dermis. The
mechanical properties of these chemoresponsive
materials can selectively and reversibly be con-
trolled through the formation and decoupling ol a
three-dimensional network of well-individualizod
nanofibers in response to specitic chemical trig-
gers, [t will be interesting o explore whether the
framework can be adapted to nonchemical trig-
gers, lor example, optical or electrical stimuli,
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Heterogeneous Nucleation Experiments
Bridging the Scale from Molecular lon
Clusters to Nanoparticles
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Generation, investigation, and manipulation of nanostructured materials are of fundamental and
practical importance for several disciplines, including materials science and medicine. Recently,
atmospheric new particle formation in the nanometer-size range has been found to be a global
phenomenon. Still, its detailed mechanisms are mostly unknown, largely depending on the
incapability to generate and measure nanoparticles in a controlled way. In our experiments, an
organic vapor (n-propanol) condenses on molecular ions, as well as on charged and uncharged
inorganic nanoparticles, via initial activation by heterogeneous nucleation. We found a smooth
transition in activation behavior as a function of size and activation to occur well before the onset
of homogeneous nucleation. Furthermore, nucleation enhancement for charged particles and a
substantial negative sign preference were quantitatively detected.

ondensational growth, evaporation, and
heterogencous chemistry are important
phenomena in materials science, uid
dynamics, acroso] physics and technology, and
ammosphene chemistry, including eloud micro-
physics and cloud chemistry. A prerequisite for
the start of condensation is homogencous nu-
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clemion of new particles or the activation of

preexisting panticles by heterogeneous nuclea-
tion, The latter can occur either on jons, soluble
particles, or insoluble particles, and is energet-
ically casier than homogencous nucleation (/).
Both particle formation processes are of fun-
damental as well as practical importance and
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have been the subject of investigations for more
than a cenury (2). Imporant examples repre-
senting the different processes are given by the
use of the Wilson cloud chamber (3) in high-
energy physics for the case of ions, the for-
mation of cloud droplets in the troposphere for
the case of soluble particles, and the occurrence
ol ice nucleation for the case of insoluble seed
particles (4). Atmosphenc observations suggeest
that the initial formation and growih are two
uncoupled processes (5-7), and therefore the
activation mechanism of small clusters is of
vital importance, Understanding the formation
and mitial growth processes in detail 15 also
cructal to control the production of nanomate-
rials (&),

In this paper, we present experimental resulis
for the activation of molecular cluster ions, charged
and neutral clusters, and nanometer-size particles
having almost monodisperse size distributions,
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with mean diameters ranging from | to 24 nm
and geometric SDs between 1,021 and 1058, Par-
ticle number concentrations were between 20040
and 10,000 em ™. We used insoluble inorganic
seed acrosol (WO, and condensable organic
vapor (n-propanol} 1o determine the dependence
of activation diameter on charging state and va-
por saturation mtio, For companson, other insol-
uble inorganic seed acrosols | Ag and (NHykS0y)
were also used (¥). The mnge of panticle sizes
studied—together with the et that the particles
are, in practice, monodispersed—is the main
novelly of our work: To our knowledge, this is
the first time that activation of neutral particles
has been studied for panicles smaller than 3 nm
in diameter,

The experimental system (%) ncludes a source
ol monodispersed particles and a vapor genera-
tion unmit. Vapor supersaturation is achieved by
adiabatic expansion in a computer-controlled ther-
mostated expansion chamber [the seee-analyzing
nuclei counter (SANC)|. Droplet growth is ob-
served by means of the constant-angle Mie scat-
tering (CAMS) detection method (1), Details
ol the experimental system are presented else-
where (/).

We generated well-delined nearly monodis-
persed nanoparticles using dilferent types of par-
ticle genermors in combination with an electrostiatic
classification system capable of selecting pani-
cles with specified charging state and mobility
diameters down o and even below | nm. lons
were obtained from a mdiosctive source in a
I Am charger. Charged particles leaving the
classifier were either passed through a **'Am
neutralizer W obtain nevtral particles or passed by
the neutralizer 1o preserve charging propertics. In
order o remove ions, which were produced in the
neutralizer, from the acrosol Qow, we applicd an
ion trap. i-Propanol vapor was added 1o the sys-
tem by controlled injection of a liguid beam and
subsequent quantitative evapormation in a heated
unil. Those particles inducing heterogeneous nu-

1.2 —

cleation in the SANC expansion chamber at the
vapor supersaturations considered lead 1o the for-
mation and growth of higuid droplets, which were
optically detected,

We measured heterogencous nucleation (ac-
tivation) probabilitics using the above described
SANC-CAMS method. For all experiments re-
ported in this paper, the nucleation temperature
was kept constant at about 275 K. For cach n-

propancl vapor saturation ratio, the fraction of

activated panticles relative to total particle num-
ber concentration was determined, resulling in a
nuckation-activation probability curve. Experi-
mental nucleation probabilitics, determined for
molecular 1ons and nanometer-size particles, are
shown in Fig. 1. The diameters of the seed ob-
Jects mange from 4 nm down o 0.9 nm. The
smaller the size, the higher the saturation ratio
that is needed for activation, reflecting the well-
known curvature effect finst observed by Thom-
som (£2). As can be seen, at 4 nm, the nucleation
probability curves are mainly overlapping,
whercas with decreasing particle size, the curves
split up, indicating that charge effects increasing-
Iy promote the nucleation process. Negatively
charged panicles are lound 1o require smaller
saturation ratios 10 activate Tor nucleation than
positively charged particles and neutral ones.
Each probability curve can be represented by
the corresponding onsel suration mtio (Le., the
saturation rtio where 507 of the particles of a
certain size are activated). Experimental onset
saturation mtios as functions of mohility diame-
ter, towcther with the Kelvin dizmeter and the
homogeneous nucleation limit, are shown in Fig.
2. The Kelvin diameter comesponds 1o the size at
which the vapor and acrosol panticles, whose sur-
laces are coated with s-propanol, are in equilib-
rium (%), In principle, il the particle siezc is larger
than the Kelvin diameter, the aerosol particles
will grow: il the particle siee is smaller. they will
evaporate, However, in our experiments, all par-
ticles considered are activated and stant o grow at

Fig. 1. Heterogeneous nucleation
probabilities versus vapor saturation
ratio for nucleation of n-propancl on
ions as well as charged and un-
charged WO, clusters of different
diameters: WO,, 4 nm (stars); WO,,
2.4 nm (triangles); WO,, 1.7 nm
{squares); positive jons, 1.1 nm (red
circles), and negative ions, 0.93 nm
{blue circles). Colors refer to differ-
ent charging states: blue (negatively
charged), red {positively charged),
and black (neutral). Solid lines are
shown to guide the eye.
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sizes clearly smaller than those indicated by the
Kelvin equation and at saturation ratios well be-
low the onsct of homogencous nucleation.

For particles with diameters around 4 nm and
above, nucleation behavior was found 1o be in-
dependent of charging stae, However, as seen
already in Fig, |, charge cffects become increas-
ingly important with decreasing particle size, Dil-
ferences between heterogencous nucleation on
charged and neutral particles were experimental-
ly observed, stanting at diameters below 3 nm.
Clearly, a “sign effect” can be seen, meaning tha
negatively charged panicles appear 1o be more
casily activated lor growth than positively charged
particles. Smaller satwration ratios are generally
required 1o activate charged panticles for nuclea-
tion. For example, at a saturation ratio of 2.75,
the activation size is L4 nm lfor negative clusters
and 18 mn for neutral ones. A smooth transition
from molecular ions to particles is observed,
thereby bridging the seale from molecular 1on
clusters 1o nanoparticles. Consistently, for ions, a
similar sign effect has been found as for charged
particles. Recently, Nadykto ef al. (13) have pro-
posed that the sign can be reproduced by quan-
tum chemical methods and may be positive or
negative, depending on the nature ol the ions
considered.

In Fig. 2, we also compare our experimental
lindings with an onset activation curve predicted
by heterogeneous nucleation theory (9. 14). In
heterogencous nucleation, the critical cluster is

Fformed on a preexisting surface, and only part of

the vapor-liquid surface neads 10 be built from
seralch, because pant of it can be bormwed rom
the preexisting imerace; this fact decreases the
encrgy barrer of clusier formation as compared
with homogeneous nucleation (/. 71). The angle
between the preexisting surface and the surface
of the nucleating cluster is called the coniact
angle 0. The value that we used for the contact
angle was 0°, comesponding 1o the recent ob-
servations for p-propanol droplets nucleating on
an Ag surface (/). Substantially larper contact
angles would lead 1o a predicied activation diam-
¢ter being larger than the Kelvin diameter (F).
which is in contrast 1o our experimental findings;
thus, we conclude that the particles are, In prac-
tice, witally wettable w the n=propanol vapor. In
atmospheric and materials scienee, helecrogencous
nucleation s typically ignored, This s mainly
because no proper experimental data have so far
existed a1 panticle sizes small enough w0 be rel-
evant to formation and initial growth. Cur resulis,
however, show that the theory developed by
Fletcher 50 yeairs ago predicts the observed onset
activations for neatral particles and clusters
exceadingly well, even at the size range of small
molecular clusters,

The effect of charge on the onset activation
curves can be estimated by on-induced nuclea-
tion theory—with Gibbs free energics caloulaed
based on the Thomson theory (1.5 together with
the Fletcher theory ( 9), hercafter referned to as the
“combined™ theory, The onsel activation satur-
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tion ratio as a function of diameter, estimated by
the combined theory, is also supenmposed in Fig. 2,
showing an even lower supersaturation required
for activation, The combinad theory provides no
explanation why negative particles activate be-
fore positive ones of the same size. However, the
ditference between the Flewcher theory (hetero-
geneous nucleation) and the combined theory
(heterogencous and ion-induced nuckemion) scems
to provide a uselul estimate for the dilference in
onsel activation supersaturations between charged
and neutral particles.

The wse of the recently developed heteroge-
neous nucleation theorem (/) will provide an
estimation of the number of molecules n the
nucleating cluster. In the expeniments presented
here, the number 15 around 20 10 25 molecules,
The ratio of the experimental activation diameter
to the Kelvin dimmeter is almost size-independent
and is around 0.65. Our expenmental technigque
can thus be used to produce particles, with a well-
defined surface layver consisting of a small num-
ber of molecules, for future techmcal and industnal
purposcs.,

So far, it has been generally aceepted (4. 17)
that activation of (neutral) particles is predicted
by the Kelvin equation. The fact that particles
are activated at much smaller sizes than in-
dicated by the Kelvin cquation is thus un-
expected: apparently, heterogencous nucleation
has been typically Torgotten or at least ignored,
and the Fletcher theory has not been applied o
small clusters or nanoparticles. The latest find-
mgs will give insight 1o some sspects of mate-
rials science, astmospheric particle formation, and
especially o measurement technigques of small
acrosol panicles. Based on laboratory experi-
ments, atmospheric observations, and modeling
(4820, it 15 often predicied that homogeneous
nucleation will produce particles with diameters
around 1 to 2 nm. Indeed, Strev of al. (21) have
shown that, for the case ol homogeneous nu-
cleation (i.c., in the absence of seed particles),

4.0

the cntical cluster size agrees well with the
Kelvin equation; this indicates that the Kelvin
cquation remains generally vahd for cntical clus-
ters down to the siee mnge of 1w 2 nm. Our
results show that, for example, if the Kelvin
diameter is 2 nm, then the activation diameter is
around 1.2 nm; this finding indicates that all
sced particles with diameters larger than 1.2 nm
are capable of acting as nuclei for condensation,
which is also consistent with the recent obser-
vation of size-dependent aerosol growth (6).
As described by the Fleicher theory (9, [4),
small embryvos have a thermodynamic barrier
to cross, but ertical size clusters are nevertheless
formed on seed panticles a5 a result of statistical
NMuctuations, They reach the ertical size and be-
come stable for growth when their rads co-
incides with the Kelvin curvature, The work of
formation of an embrvo on a seed paricle is
always smaller than the work of formation of a
Kelvin-size embryvo in homogencous nucleation,
even il the seed particle diameter is below the
Kelvin size. This is manifested by our finding
that organic vapor will condense much casier on
even the smallest preexisting seed particles than
form new particles.

In nanomaterial production, there are several
examples of experiments where the detailed par-
ticle formation, activation, and/or initial growth
mechanizms are unknown, and modeling attempis
have been unsuceesstul (22, 23). These modeling
efforts are typically based on the application of
classical homogencous nucleation theory with
some adjustable Gietor, wgether with coagulation
and condensation models for the growth. The
heterogencous nueleation-activation stage is Lyp-
ically neglected, and condensation is mssumed 1o
start an the Kelvin limit. The present study pro-
poses one severe deficiency in these approaches,
because we clearly observe that activation and
condensational growth can start at sizes signili-
cantly smaller than previously expected from the
Kelvin equation.

Fig. 2. Experimental onset satura-
tion ratio as a function of seed par-
ticle mobility diameter for ions as
well as for charged and uncharged
WO, particles. The Kelvin diameter
(solid black line) and the homoge-
neous nucleation onset [cross-hatched
shaded area (29)] are shown for com-
parison, We also show the predictions
by the Fletcher theory for hetero-
geneous nucleation on uncharged
particles (dashed black line} and the
combined theory accounting for the
charge of the seed particles (dashed
cyan line) (9). Error bars indicate
the measurement uncertainty when
measuring saturation ratio and par-
ticle diameter.

n-Propanol onset saturation ratio

1.5

posilive ions
WO, negative
WO, positive
WO, neutral

1

—— Kelvin equation
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One of the main implications of this study is
that the detection limit of condensation particle
counters (CPCs) can be extended to considerably
smaller sizes (24, 25). The operating prineiple of
these devices is based on activation of particles in
supersaturated vapors and consequen growth to
sizes detectable by optical methods. A major con-
cern has been possible homogencous nucleation
of new panticles when the application of high su-
pemsaturations is required to activate nanopari-
cles, However, this study shows that, miher than
nucleating homogeneously 1 form new panticles,
the vapors tend 1o nucleate heterogeneously and
further condense onto the preexisting particles
at sizes much smaller than believed in the past.
This fact has alrcady been used in atmospheric
stucies ( f).

In the literature, there are some Jabomtory
studies conceming the effect of ions on the nu-
cleation rate. However, they are not typically ne-
lated 1o activation of existing particles or clusters.
For example, Kim ¢f al. (26) investigated homo-
gencous and ion-induced nocleation in the ter-
nary NHy/SO./H;O/kir mixture. As a result of
their study, they proposed that the main particle
production mechanism is homogeneous nuclea-
tion of (NHykRS0y molecules produced by the
Ha504-NHy reaction. Several years ago, Gamero-
Castaiio and de la Mora (/7)) proposed clusiers as
“impuritics in the gas phase™ wsing their CPC.
Their study focused on the activation ol ions and
charped nanoclusters with the use of a CPC, b
did not include any companson between charged
and neutral particles.

The presence of 1ons, and electrie charge on
particles, will enhance not only the activation
probabilitics but also the growth rates of very
small {nanometer-sige) acrosol particles and air
ions (27, 28). The condensing vapors may exhibit
dipole nature and can thus be elecurostatical ly
attracted o charged particles. This eflect decrepses
rapidly with increasing panticle size, which means
that if this mechanism dominates the growth of
freshly nucleated panicles, the particle growih
ric should decrease as a function of the particle
size. However, no sign of such a growth depen-
dence has been reported. Although the conden-
safion enhancement factor caused by the presence
of clectric charges varies between the differem
theories, all of the theories predict a farly similar
size dependence for this effeet (6), However, ac-
cording o our present study, the possible dif-
ference in growth has a much smaller effieet on
atmospheric acrosol formation than the acti-
vation probability. Therefore, we can conclude
that the key process in atmospheric investi-
gations is the activation of preexisting clusters
and nanoparicles.

From the point of view of aimospheric acro-
sols and their climate interaction, our observation
allows a more accurate description of cluster ac-
tivation leading o acrosol formation, In atmospher-
ic processes, seveml different organic compounds
are undoubtedly participating in the activation
process.
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Age and Evolution of the Grand
Canyon Revealed by U-Pb Dating of
Water Table-Type Speleothems

Victor Polyak,* Carol Hill, Yemane Asmerom

The age and evolution of the Grand Canyon have been subjects of great interest and debate
since its discovery. We found that cave mammillaries (water table indicator spelecthems)

from nine sites in the Grand Canyon showed uranium-lead dating evidence for an old western
Grand Canyon on the assumption that groundwater table decline rates are equivalent to incision
rates. Samples in the western Grand Canyon yielded apparent water table decline rates of

55 to 123 meters per million years over the past 17 million years, in contrast to eastern

Grand Canyon samples that yielded much faster rates (166 to 411 meters per million years).
Chronology and inferred incision data indicate that the Grand Canyon evolved via headward
erosion from west to east, together with late-stage (~3.7 million years ago) accelerated incision

in the eastern block,

ver since the first geologist known 1o sel
Euyﬁ on the Grand Canyon, John Strong

Newberry in 1858, and the famous John
Wesley Powell expedition of 1869 ([), the age
and origin of the Grand Canvon have remained a
subject of great scientific and popular nterest,
Accurate mersion rate data have, until now, come
from dating basalt flows and traventine deposits,
but these resulis have not been able to record both
the downward and headward incision of the
Grand Canyon over its entire history  beyond
1 million years ago (Ma) and higher than 100 m
above the rver (2) More than 30 vears ago,
Arthur Lange, a speleclogist, proposed that the
study of cave sediments and speleothems (cave
Tormitions ) could produce an accurate minimum
age for the Grand Canvon (3). U-series dating of
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speleothems, and consequently landscape evolu-
tion detenmnations using caves, began in the
19705 by alpha spectrometry (4) and were greatly

improved by the application ol mass specirom-
ety in the mid-1980s (3).

The realization that certain speleothems such
as mammillary coatings (Fig. |} form near ground-
water tables [herein referred 10 as water ables
(6], and the fact that many Grand Canyon caves
contain mammil lary speleothems (7), has allowed
us 1o take advanage of advances in U-Pb and L-
series analytical technigues in an eflort o make
the long-sougin chronology possible. For the Grand
Canyon arca (Fig. 2). there is no better niche than
caves 1o find both clastic and chiemical sediments
that were deposited before, during, and after the
incision of the canyon. Equally imponant, these
cave deposits are located throughowt the canyon.
Caves are not only well suited 1o contain these
deposits, they also provide an ideal environmemn
that preserves and proiects them from weath-
ering. These mammillary coatings in the Grand
Canvon caves contain suflicient uranium-lead
ratios and vield U-Pb dates thm place the water
table within the canvon at a particular place and
at an absolute time. This allows for the incision
history of the Grand Canyon o be reconstructed

Fig. 1. Cave mammillaries
coat cave walls below but
near the water table. A cross
section of broken mammil-
laries (m} and exposure of
underlying bedrock (b) from
site & (Tsean Bida) are shown.
The unbroken form of this
speleothem type (white ar-
rows) indicates a subaqueous
arigin.
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Fig. 2. Map showing locations and U-Pb ages of cave mammillary samples and  regions representing higher elevations, Gray area is the canyon corridor, Two cross
their apparent incision rates. Site numbers (in circles) are those referred to in Table  sections, A-B and C-D (fig. 53}, show generlized pertinent stratigraphy. RM denctes
1 and the text; those in brown circles represent surface-exposed mammillary caldte.  the river-mile location. Incision rate errors assume 67 Uiy values = 3100%. for
Washout satellite image was taken from the NASA World Wind Web site, with darker  sites 1, 2, 4, 6, and 9; see Fig. 3C for expanded uncertainties for these sites,

Table 1. U-Pb ages and incision rates from cave mammillaries. RM, river mile; IR, incision rate. Mother Cave mammillary age is estimated from 57U nesswed 0f

17 + 3%o with 6 Ui of 3000 = 2500%.. For sites with 52 Upnegaed = 0%0, & is assumed to be 3100%.. Extended 2o absolute errors on the indsion
rates assume a large uncertainty of the §** Uy, = 3100 + 2500%..
Concordia- Dist. Dist. Extended
238 235 a7  —
Ur%ph ur%ph constrained  above  from IR 20 Abs.
e Renn age (Ma) age (Ma) linear 3D age  river  river ™ (mMy)  error  eror 2% Abs,
I‘.HB} 1I'I‘I.'I' {EI'I"I} error error
1 Grand 753 £ 0.42 7114 7.55 = 0.34 930 38.6 277 123 +h =5 +24 =18
Wash
Cliffs
2 Cave B 3.8+032 4305 3.87 = 0.10 290 0.5 266 75 +2 -2 +35 =15
3 Dry 2.17 = 0.42 81=+99 217 = 0.34 120 1.6 265 55 +10 -7
Canyon
4 Grand 17.3 = 1.60 29.0 = 14.0 16.96 = 0.83 1160 289 190 68 #d -3 +i -3
Canyan
Caverns
5 Gavain 2.39 = 0.77 6.2 =59 219 = 047 900 5.5 93 411 +112 =73
Abyss
& Tsean 3.37 £ 0.50 1.0 = 16.0 343 043 726 4.6 80 212 +30 =24 +134 =59
Bida
7 Butte 2.73 £ 0.63 37179 2.68 £ 049 445 2.6 57 166 +37 =26
Fault
Cave
8 Bedrock 0.8 £ 0.12 0.7+03 0.83 £ 0.05 310 2.1 32 3IM +22 =20
Canyon
9 Shinuma Creek 35+£130 -10=%5.2 3.72 = 0.80 920 6.6 94 247 +68 —44 +208 78
Cave
10 Mother PYyage=16+05 605 2.2 90 =300
Cave
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on the basis of the premise than the timing of this
water table descent is coeval with meision of the
Colomdo Platcau by the Colorado River svstem.,
There are three main reasons for placing the
deposition of mammillary coatings at or near the
water table, First, the fine-grained, (ibrous nature
of these speleothems attests 1o the rapid degass-
ing of COy and precipitation of calcite near the
water table surface. Second, the Grand Canyon
mammillaries are ofien associated with folia and
cave rafis, two speleothem types known 1o form
directly an the water table (). Thind, mammillarics
can be seen forming near the water table today in
caves such as Devils Hole, Nevada (380 km west-
northwest of our study area), where they occur
along the top few tens of meters of the water table
(&, 9). The presence of gypsum nnds in Grand
Canyon caves— interpreted to be speleogenctic-
tvpe crusts fommed by oxidation of H,S dilffusing
upward into the caves as the water table drops
through the caves (fig. S1)—also supports mam-
millary association with the water table. These
gypsum rinds, which direetly overlic mammillary
coatings, form just above the water table and
display characteristic sulfur isotope (63'S) values
depending on the source of the HzS (/0).
Mammillary samples were dated by the U-Pb
method (/7). U-Pb analyses ol relatively young
carbonate speleothems have recently been shown

western Grand Canyon

0.78
. A Age = 3069 2 0.099 Ma )
OTdE+ - MEWD =79 probabilty =0 000
Mo (Coeremon-Ph pare sheroepts al
ore + b e Pe = 20,543 £ 0.088
-] ", ™PePL = 15770 £ 0.087
i 0.68 oy
& 062+ A
g L "Wy
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290 m above river e
n‘w i 4 s II. b i e i i i i
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-

Incision rate (m/My)

g

o

] 200 400

to be feasible under cerain circumstances (f2),
g;ld concems with -::ﬁ_-:gsﬁ_m'l‘h from initial **U-
. isotopie disequilibrium can be resolved by
combining U-Pb data with B2 chronom-
cter data (12, 13 2Pb data are comected for
B9 excess and 2°Th deficiency, and 7 Pb data
are comected for 2'Pa deficiency (9) (fig. S2).
Where U-Pb and U chronologies overap, the
two systems give consistent chronology,

Our core data (57 analyses) come from nine
mammillary coatings throughout the canyon, re-
ferred w as siles 1 10 9 (Fig. 2). Four of these
coatings (sites | 1o 4) for the westem Grand
Canyon, all within 1200 venical meters above
the Colormdo River, vield ages of 17,0, 7.6, 3.9,
and 2.2 Ma. Five other contings (sites 5 10 9) are
located n the castem Grand Canyvon, all within
930 vertical meters above the nver, and have ages
ol 3.7, 34, 2.7, 2.2, and 0.8 Ma. For simplicity
and consistency, all apparent water tahle descemt
rates are based on a relatively flat water table over
time. Owr U-Ph ages (Table 1 and table S1) show
water table descent rtes of 55 1o 123 m per mil-
lion vears ( My ) in the westem Grand Canyon and
166 10 411 mMy in the eastem Grand Canyon.

Sample sites 1 and 4 are situated 42 and 26 km
north and south, respectively, of the Colorado
River (Fig. 2) and show water table descent rates
that have spatial extent just bevond the canyon

eastern Grand Canyon

B Age =143 £ 0.43 Ma
MSWD = 23, probabiity 0001
Common-Ph plane miscepts of
S pu Py = 19678 2 0028
*pn Py « 16778 £ 0023 P

~tHe L. 4

--u-.."-l
o
-y

80O
Vertical distance above river (m)

Fig. 3. (A and B} U-Pb Concordia-constrained linear three-dimensional isochron ages for samples in the
western Grand Canyon (A} and the eastern Grand Canyon (B). Note the difference in elevations of these two
samples of similar age. These data support a headward erosion scenario for the Grand Canyon. (C) Graph
illustrating the distinct differences in incision rates in the western versus eastern Grand Canyon. Extended
error bars assume a large uncertainty of the 523U ma values = 3100 = 2500%. for sites 1, 2, 4, 6, and 9.
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isell. Our four westem data points suppornt a
relatively stable slow drop in the water table in
the westem Grand Canyon over the past 17 My,
In contrast, results from the ecastem Grand
Canyon show distinetly faster water table descent
rates, all having U-Pb ages less than 4 Ma (Fig. 3).
In addition, one other site in the castem Grand
Canyon could not be dated by U-Pb (excess com-
mon Pb) but has a positive 871 value, This sam-
ple from Mother Cave near Grnd Canvon Village
(site 10; Fig. 2 and Table 1) has a *U-™U age
[based on a & initial value of 3000 + 2500
per mil (%a)] of 1.6 < ~0L.3, vielding an apparent
water table descent rate of =300 mMy; these data
provide further evidence of faster castem Grand
Canyon water table descent mtes.

Westem Grand Canyon incision rates are well
constrained at 50 to0 75 m/My for the last 0.73 My
from basalts located within 60 vertical meters
above the river (23 Our incision rmtes represent-
g 100 1w 1200 m of mcision (55 1 75 mMy,
excepting site 1) compare well with those deter-
mined from the near-nver basalt flows and fill an

incision rate history gap representing millions of

years, Canyon incision by a smaller river system
is the most likely interpretation for the relatively
stable long-lasting rate of apparent waler table
descent (35 to 123 m/My) for the westem Girnd
Canyon. This suggests that the western Grand
Canyon has been forming for the past 17 My and
has probably progressed slowly headward 1o the
east over that entire period. An older westem
Grand Canvon fits nicely with Miocene exien-
sion and tming of Grand Wash faol actvity that
miy represent uplift of the westem edge of the
Colorado Plateau just prior w 200 Ma (/4) and
filling of the Grand Wash trough with sedimem
coming from the Virgin Mountains o the north
and higher topography just to the cast (/5). A
water table descent to the elevation of site
1 {(~1200 m above sea level) indicates that ero-
sion of rough sediments was taking place as
carly as 7.6 Ma. Our incision rate data would
imply that Grand Canyon incision into the Grand
Wash fault cliffs incised imto the twop of the
Redwall-Muav aquifer of the Colorado Plateau

some time between 16 and 9 Ma, Imitiation of

deposition of the Miocenc-aged, lacustrine,
Hualapai limestone |11 o 6 Ma (76, 7)) may
have been coeval with, and the result of, the
release of carbonate-rich water from the newly
truncated Redwall Limestone ( f4, 18).

The castern third of the Grand Canyon ap-
pears to have undergone fast incision (=166 m/My)
and mpid headward erosion starting betore 3.7 Ma
and likely at 5 10 6 Ma when the Colorado
River became fully integrated and through-
Mowing (I 7). A previously reportad faster incision
rate in the eastern Grand Canyon [ 130 10 230
m/My for the past 0.5 My; river mile 60 { /9] 15
consistent with our results in that arca (140 10
203 m/My ) and was compared and atributed 1o
the Hurncane Fault displacemem (2). However,
our data suggest accelerated headwand crosion in
the castern Grand Canyon—whether from simple
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knick-point propagation, lake overflow (210), or
karst capiure ( /8). Marble Canyon mammillancs
also indicate fast incision rtes. At river miles 57
{site Thand 32 (site 8), meision mles are 166 and
374 mMy, respectively, and at nver mule 35, a
speleogenctic gypsum crust viclded a U-series
age of 0,15 Ma at 50 m above the river and an
incision rate of <330 m/My,

Even though our intepretation assumes no
structural or hydrologic complexitics, those com-
plexitics could help w explain any apparent in-
consistencies as daia accumulate. However, it is
likely that the structure and hydology will not
change the overall imerpretation that the weslem
Grand Canyon s older than the castern Grand
Canyon. For instance, an explanation for the
higher incision rate at sie 1 (Bobeat Cave, Grand
Wash Clilts ) could be the presence of an elevated
waler table north of the western Grand Canyon at
7.6 Ma Even without this mterpretation, the
highest western Grand Canvon meision rate [rom
the Grand Wash Chills mammillary of 123 mMy
isite 1) 15 sull less than the slowest incision e
for the castem Grand Canyvon (166 m/My, site 7;
Fig. 3 and fig. S3C). The fast incision rate al

Bedrock Canyon isite 8) indicates that 300 m of

incision occurred in Marble Canyon over the
past 1 My. However, at river miles 57 (site 7)
and 60 (J9), incision rates are slower (- 140 1o
230 mMy). Structure, hvdrology, or headward
erasion history (i.e.. knick-point propagation
from site 7 1o site 8) might resolve these differ-
ences when addiional data are available.
Overall, our data argue Tor an older Grand
Canyon that was moditied in the late Miocene by

a fully integrated Colormdo River that accelerted
the headward erosion of the eastem Grand Canyvon,
We found that mammillary calcite s not restncted
1o large caves i the Redwall and Muoav lime-
stones, but also occurs in small fissure-controlled
caves In other units such as the overdying Supai
Formetion, Hundreds of these deposits probably
exist throughout the canyon, oflenng the poten-
tial for a reconstruction of the canyon's history,
with a resolution perhaps high enough 1o explain
complexities of the canyvon'’s history related 10
fauls, folds, and volcanic and tectonic activity.
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The Dust Halo of Saturn’s Largest

Icy Moon, Rhea

G. H. Jones,*** E. Roussos,’ N. H'.n.lr.u.'n,.1 U. Beckmann,® A. ). Coates,>* F. \‘:mr]pr,5

I. Dandouras,® V. Dikarev,™*" M. K. Dougherty,® P. Garnier,*® C. ]. Hansen, A. R. Hendrix,*®
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Saturm’s moon Rhea had been considered massive enough to retain a thin, externally generated
atmosphere capable of locally affecting Saturn’s magnetosphere, The Cassini spacecraft’s in situ
observations reveal that energetic electrons are depleted in the moon’s vicinity. The absence of a
substantial exosphere implies that Rhea's magnetospheric interaction region, rather than being
exclusively induced by sputtered gas and its products, likely contains solid material that can absorb
magnetospheric particles. Combined observations from several instruments suggest that this
material is in the form of grains and boulders up to several decimetres in size and orbils Rhea as an
equatorial debris disk. Within this disk may reside denser, discrete rings or arcs of material.

n 26 November 203, Cassini encoun-
tered Rhea, the second langest of Satm’s
moons, at 300 km alude, detecting in
situ the anticipated (/, 2), approximately spheri-
cal distnbution of grains lofied from its surface

7 MARCH 2008 VOL 319 SCIENCE

by mtemplanctary dust impacts, Cassini passed
downstream of Rhea with respect w0 the local
magnctospheric Dow (Fig. 1) and obscrved the
anticipated wake caused by plasma striking the

moon, together with an unpredicted depletion of

energetic elecirons exiending 1o ~8 Rhea radii
(Rp) (Fig. 2). The scale of the depletion indicates
that some material is absorbing electrons within
the volume dominated by Rhea'’s pravittional
field: its Hill sphere, of radius 7.7 Ry, Vovager
| measurements in 1980 previously indicated a
broadencd depletion™s presence fanther down-
stream (F). A more distamt Cassini Tvby in Au-
gust 2007 also showed evidence of a broad
clectron depletion (4. No such features have yel
been observed at Dione and Tethys, but energetic
dectrons are absorbed by grains gjected from
Enceladus’s somh pole (). The signature’s pro-
file indicates that the clectron-absorbing ma-
terial has a near-symmetrical distribution abowut
Rhea. No evidence was found by Cassini’s in-
strumenis for the presence of large amounis of
freshly ionized gas, which could theoretically
scatter electrons, Neutral gas and dust popula-
tions are therefore the primary absorbing-medium
candidates.

As Cassini passcd Rhea, its cosmic dust
analyzer (CDA) (6) registered an increase in
the impact rate of =1 pm panicles (Fig. 3).
signaling the predicied envelopment of the moon
(1, 2 by dust gjected by micrometeomids im-
pacts. An impact-clecta model (1) indicates a
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preliminary interplanctary projectile flux of 5 =

' kg m 257 (40, liberating ~230 kg s 'of

dust, comesponding o 7.2 = 1" particles s '
larger than 1 pm. CDA and mdio and plasma
wave science instrument (RPWS) detected a dust
distribution shamply peaked near closest ap-
proach. The magnewosphene imaging instrument
(MIMIY 100 and neutral camera ( INCA) reconded
a Datter distribution extending bevond the Hill
sphene, suggesting that it is most sensitive 1o
small grains, and consequently that smaller Rhea
impact ejecta have higher velocities, Unlike the
electron signatures, thene is no clear dust signal
coincident with the Hill sphere boundary: The

electron Muxes reflect the inegrated effects of

clectrons” traverses of an absorbing medium be-
fore reachmg Cassint's energetic electron detectors;
most absorbing matenial is infered to reside north
of Cassing’s path (). Fluxes woere slightly enhanced
outbound in RPWS and MIMI-INCA data, when
Cassimi was nearest Rhea’s equatonal plane.

Neutral gas surmrounding Rhea 1s liberated
from the moon and its dust halo through dust
impacts and magnetospheric particle sputtering
(7). Upper limits in column density deduced
using the uliraviolet imaging spectrograph
(UVIS) (&) are 1.5 % 10" cm ® for O and 1.6
10™ em® for O, Independently derived MIMI-
INCA upper limits (g, S1) are sensitive 1o the
assumed backeround jon Nux: the upper limits
for the same species are in the range ol 10" 1o
10 em ™ (see SOM text).

The quanity of clectron-absorbing material
can be estimated by gauging clectron path
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lengths within the Hill sphere. Most <7060 ke
clectrons observed by MIMI and the Cassini
plasma spectrometer (CAPS) traverse the Hill
sphere several tmes north-south belore detec-
ton, bouncing along Saturn’s convecung mag-
netic field lines (), The reduced uxes reflect the

integrated ceffects of gas and dust upstrcam of

Cassini'’s location -200 km south of Rhea's
cquatorial plane, We modeled the elfeet of an
clectron-absorbing, spherically symmetric gas
cloud required 10 produce the broad clectron
depletion. Tmplied neutral gas column densitics
of ~10"™ em ? near Rhea's surface easily ex-
ceeded the column density upper limits, We nexi
modeled a sphenically symmetric dust halo, the
densest possible based on CDA data, with
number density falling ofl as an mverse power
law with mdial distanee of - 2.5 and a gram sz
of <10 pm. Electron number densitics wene
assumed 1o decrease by a factor of ¢ when the
column mass encountered equaled the electrons’
range in water (£0, {1} Coulomb collisions were
excluded. There was no unique solution, but

surface densities required were =2 orders of

magnitude higher than implied by CDA data.
The 2.5 density falloflis too steep 1o explain the
detectable depletion at the Hill sphere’s edge.

To explain the observations, the presence of

an additional eleciron-absorbing obstacle s
implied. Anamalysis of the electron data indicates
that this obstacle is most likely in the form ol a
low optical depth disk of material near Rhea's
cquatorial plane and that the disk contains solid
bodies up o ~1 m in size (). Dynamical studies
show that such bodics could orbit persistently
near the equatonal plane. The disk explains the
electron signature and 18 consistent with in siw
data south of the equatorial plane, because Cas-
sini did not traverse the plane itsell There have
been no repons of remote observations of such a
disk, but it would not be easy to detect (). A

Fig. 1. Geometry of the
2005 flyby. Rhea i con-
tinuously overtaken at
~58 km 5~ by cold Sa-
turnian magnetospheric
plasma (7) flowing in the
direction of the moon's
orbital motion. Cassini's
path through Rhea's Hill
sphere was downstream
of the moon with respect
to this flow, entering at
22:24:39 when 290 km
south of the equatori-
al plane and leaving at
22:50:42 UT when 160 km
south. Spacecraft orien-
tation was fied through-

weakly perceptible population of neutral gas and
related products could also be present. Newtral
gas 15 primarily lost through ontzation and sub-
sequent ransport by the magnetospherie plasma.
Several plasma measurements imply that there
is a detectable, although not fully understond,
interaction between Satum’s magnetosphere and
freshly ionized matenal around Rhea, at the
scales of the moon’s Hill sphere (Fig. 23 As
Cassini traversed the Hill sphere, electron num-
ber densities increased slightly at -22:25 UT,
near the inbound boundary, but a similar owt-
bound feature is difficult 1o identify. Bulk ve-
locities derived from the thermal plasma ion data
shown in Fig, 2E were below corotation within
the Hill sphere and displayed a <107 anu-
Satwrnward fow deviatuon mbound.

Several shon-duration dips m MIMI Jow-
energy  magnetospheric measurement  system
(LEMMS) electron Mux are also evident, lasting
a few scconds cach, or tens of km along the
spacecrall ek, and are neary symmetnical about
Rhea (Fig. 4). No plasma-related cause for these
namow clectron dips has been identified. They are
ol believed to be clectron phase-space holes,
which usually result from a two-stream instability,
as may occur in the wakes ol absorbing bodics
(12}, Such structures are typically tmversed in
tens of milliscconds as opposed o several sec-
onds. The dips are, however, consistent with ad-
ditiomal obstacles residing upstream or directly
north of Cassini, in Rhea’s equatorial plane, tha
cause the occultation of electrons belore detec-
tion at Cassini. The broadening of the dips with
increasing electron energy (g, S8) is a5 expected
for an obstacle w electrons; the widening reflects
clectrons” larger gyroradin and slower convection
through the Hill sphere at higher energies, and
henee more prolonged absorption. The simplest
explanation of these near-symmetrical features is
that extended arcs or rings of material orbit Rhea

out. Closest approach to the 1529-km-diameter moon's leading hemisphere occurred 228 km south of the
equatorial plane, when Cassini was 1244 km downstream of Rhea’s center. Points along the trajectory are
separated by 5 min. The Cartesian coordinate system shown, displaced here and in other figures for clarity
from its origin at Rhea's center, has components along Rhea's orbital motion vector (X}, Saturnward (Y),

and perpendicular to Rhea's orbital plane (Z).
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in its equatorial plane, with orbital radii of - 1610,
~ | BOH), and ~2020 km. The slight asymmetry in
dip positions may be caused by a modest ult o
the kecal magnetie Dield.

The dips may nstead represent the cumu-
lative effect of material upstream of Cissini:
Sawm’s corotational plasma Tows across the
rings, rather than parallel 10 them as ocours
at Satum iselll The dips may thercfore occur

Fig. 2. Data returned during the flyby. (A) Rhea
and its Hill sphere to the same scale as the other
panels, The general directions of the local magnetic
[B] and corotational electric [E] fields are shown,
together with the initial gyromotion of a freshly
created pickup jon, i*. Prominent in almost all data
sets is Rhea's infilling wake (22:35:30 to 22:39:40
UT). (B} MIMI (19) LEMMS 20 to 32 keV and 187 to
330 keV. keV electron fluxes at pitch angles ~10°.
{C) CAPS (20), electran spectrometer (ELS) 26 keV
electron fluxes at pitch angles of ~90°, (D) CAPS-
ELS electron fluxes. (E} CAPS ion mass spectrometer
{IMS} ion spectrogram (all anodes), showing gyro-
radius effects in Rhea's wake. (F) Total electron
number density from RPWS (21) upper hybrid
frequency values, (G} Components and (H) mag-
netic field magnitude from Cassini's magnetometer
(22, 23). Magnetic field variations appear consist-
ent with Rhea being plasma-absorbing: The evac-
uated wake's field strength is enhanced to maintain
constant total particle plus magnetic pressure. The
magnetic field wave power decreases somewhat
within the Hill sphere, probably due to charged
particle loss causing decreased plasma [; otherwise,
no direct magnetic field perturbations are conving-
ingly evident on the Hill sphere’s scale. Cassini's
flyby trajectory, almost confined to the interaction
region's equatorial symmetry plane, where field
rotations are minimized, and almost transverse to
the north-south symmetry plane, makes a decisive
interpretation of the magnetic signature difficult.
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downstream of Jocal maxima in ring column
density presented to the corotating plasma, that
15, the ansae, where namow nngs™ angents di-
rectly upstream of Cassind are parallel 1o the Oow,
For this scenario, assuming perfectly crcular ings,
comamon plasma Now deviations 15) could explain
the shight asymmetry in the dips’ locations, A
further complication of both nng interpretations

is the observed clecirons” multiple traverses of

A
E
B ]

the Hill sphere before detection. IF an integer
number of electron half bounce-lengths separates
Cassini from a single nng, muluple “ghost™ dips
may form through occasional constructive inter-
ference of weaker depletions, Dust lofted by
plasma-induced charging of Rhea’s regolith (/3)
would have been a candidate nonring obstacle,
especially as near-zero gmin potentials at Rhea
{4y may make its surface panticulardy sensitive o
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Fig. 3. In situ dust observations.
(A) Comparison of recalibrated
and dead timecorrected =>lum
CDA data to a modeled wsotropic
impactor-ejecta number density
(2). Two other instruments pro-
vide in situ dust data: RPWS (21)
detects expanding plasma clouds
resulting from high-velocity dust
impacts onto Cassini (24), while
MIMIFINCA (19) records dust-
induced discharges between its col-
limating plates. (B) The RPWS
dust flux, estimated to respond
to particles =-3 pm. (C) MIMI
INCA high-voltage current. Al-
though ultraviolet light may cause
spurious signals in the INCA data
set, dust impacts are believed to
dominate.

Fig. 4. Interpretation of electron
flux dropouts as evidence of a ring
systemn. (A) 28 to 49 kel electron
fluxes at Tethys, demonstrating
that moon's sharp, isolated absorp-
tion signature, in contrast to
equivalent data from Rhea (B).
The panels are scaled such that the
relative size of the satellites’
diameters & equal Rhea's wake
infills more rapidly because of the
higher local plasma temperature.
(C) Locations of some short-lived
electron flux dropouts visible in
the MIMI-LEMMS electron flux
shown in (B). Their distances from
Rhea's rotational axis are shown.
Such absorptions, reminiscent of
other planetary ring signatures
(25), could be explained by the
occultation of southward-traveling
electrons before detection by Cas-
sini. The signatures’ spatial near-
symmetry may signal the presence of
three near-circular rings or arcs of
materal ~230 km north, in Rhea's
equatorial plane. (D) An alternative
dropout formation scenario.
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such processes. However, several discrete sheds
of grains as implied by multiple dips cannot be
castly explamed.

Numerical simulations imply that bodies that
are subject only to minor penurbations by non-
gravitational forces could orbit Rhea stably for
lomg penods (43). Impacts on Rhea large enough
to result in the orbit of cjecta matenal may have
occurred as recently as 70 million years ago (16).
Disruptive capture of a minor body is also pos-
sible. In these cases, some debris could have
remained in orbits that Manened and circular-
ized over time. Clumps of Rhea-orbiting ma-
terial could maintain this disk, and bombardment
by E-ring debris and extm-Saturnian grains
would also release ejecta into near-circular or-
bits.  Isolated clumps or moonlets could also
explain the material’s gravitational containment
in discrete rings or arcs, Given their orbital sta-
hality, rings may even have survived since Rhea's
formation,
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TOPLESS Mediates Auxin-Dependent

Transcriptional Repression During
Arabidopsis Embryogenesis

Heidi Szemenyei,™* Mike Hannon,™ Jeff A. Long™*

The transcriptional response to auxin is critical for root and vascular development during
Arabidopsis embryogenesis. Auxin induces the degradation of AUXIN/INDOLE-3-ACETIC ACID
(AUXNAA) transcriptional repressors, freeing their binding partners, the AUXIN RESPONSE FACTOR
(ARF) proteins, which can activate transcription of auxin response genes. We show that TOPLESS
(TPL} can physically interact with IAA12/BODENLOS (IAA12/BDL) through an ETHYLENE RESPONSE
FACTOR (ERF)-associated amphiphilic repression (EAR) motif. TPL can repress transcription in vivo
and is required for IAA12/BDL repressive activity. In addition, pl-1 can suppress the patterning
defects of the bdl-1 mutant. Direct interaction between TPL and ARFS/MONOPTEROS, which is
regulated by IAAL2/BDL, results in a loss-of-function arf5/mp phenotype. These observations show
that TPL is a transcriptional co-repressor and further our understanding of how auxin regulates

transcription during plant development.

he phyvtohormone auxin has been impli-
I cated in many aspects of plant biology,
including pattern formation during ¢m-
bryogenesis, lateral organ development, and cell
expansion (). Auxin mediates these activities
through a signaling cascade involving AUXIN
RESPONSE FACTORS (ARFs), which consti-
tute a family of ranscription factors that activate
Or repress expression of aux in response genes (2,
and the AUXIAA family of transcriptional ne-
pressons (3. AUNTAAS negatively reguloie auxin-
mediated transcription by binding ARFs through
conservied domains [ and IV found in both tvpes
of proteins (4, 5).

Domain 11 of AUN/TAAs interacts with
the auxin receptor TRANSPORT INHIBITOR
RESISTANT (TIR), part of a Skpl/cullin/F-box
protein (SCF) complex (6-8). Auxin stabilizes
this micraction, leading w the degradaton of
ALXTAAs and allowing ARFs o activate tran-
scription. Mutattons e AUNTAAs that disrupt
the interaction with the TIRI protein family
abolish their auxin-induced degradation (8), For
example, hoderfos-1 (bdl-1) contains a stabilizing
mutation (P745, substiwtion of proline 74 with
serine) in L4AL2 (9) TAALZBDL physically in-
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teracts with AUXIN RESPONSE FACTORS/
MONOPTEROS (ARFSMP) and represses s
activity (9). Consistent with this, both Sdi-1 mu-
tants and loss-of-function ARFIMP allcles dis-
play roduced vasculature and form a “basal peg™
instead of a ot and hypocoiyl (the seedling
stem) (fO-F 20

Adthough no prior connection has been made
1o auxin signaling, the most severe fopless=F (gd )
phenotype, a homeotic ransformation of” the
apical pole (the shoot) imo a sccond basal pole
ithe moot), suggests that it plays a role in this
pathweay (/3). gpd-1 is temperature sensitive and
displavs a range of phenotypes. all disrupting the
patterming of the apical half of the embryo. The
=4 mutation is a histdine substitution at aspar-
aginge 176 (N1T6H), and this allele acts as a domi-
mant negative for the TOPLESS RELATED (TPR)
family (/). On the basis of its domain structure
and genetic interactions with a histone deacetylase
and a histone acatyl tanslerase, TPL has been
proposad o be a tmnsenptional co-repressor (14)

Transeriptional co-repressors do not bind
DNA directly, but are recruited to DNA through
interactions with DNA-hinding transcription fac-
tors (/15), Determining a co-repressor’s binding
parners can provide insight imo its biological
relevance, Therelore, we performed yeast two-
hvbrid screens 1o find protein imeractors using
full-length TPL or the N teminus of TPL (Fig.
1AL Muliiple AUXIAAs, including TAAL2/
BDL, were among the positive clones in both
screens (table 52}, IAAI2/BDL contains the four

conserved domains found in most AUN/TAAs
(domains 1o IV) (Fig. 1A) Through trunca-
tion analyses, we determined that domain [ of
IAAI2ZBDL is necessary and sufficient o inter-
act with the C-terminal to lissencephaly homolo-
v (CTLH) domain of TPL (/6) (Fig. 1, B and C).

Domain [ of the AUNX/TAAs contains an ERF-
associated amphiphilic repression (EAR) motil’
(47, which is known to be involved in trn-
seriptional repression (/8). To determine i this
molif is essential for the merction with TPL, we
tested an IAAT2ZBDL construct in which three
leucings at the core of the EAR domain were
changed to alanines (IAA1ZBDL mEAR) (Fig.
LA} These changes to the EAR domain severe-
ly weakened the imemetion between TPL and
LAAT2Z/BDL both in veast two-hybnid assays (Fig
1C yand assays in which glutathione S-translerse
(GSThtageed in vitro- wanslated products were
used (Fig. 1D},

We also tested the interaction between
IAAIZBDL and TPL using plamt lvsates. We
found that column-bound GST-IAA 1 2BDL and
GST-N-TPL could affinity purify TPL fused 1o a
6 hemagelutinin tag (TPL-HA) from plam
cxtracts (Fig. 1E), whereas punified GST orbeads
glone could not, further indicating that TPL
interacts with IAAI2ZBDL. These results also
demonstrate that TPL can homodimerize, a
characteristic shared with other wanscriptional co-
repressors (f9), GST-N-TPL N176H could also
pull down BDL P745-green (luorescem proicin
(GFP) from plant lysaes (Fig. 1F). Mutations in
the EAR. domain of GST-IAAI2/BDL disrupied
the interaction with TPL (Fig. |E). These inier-
actions were also observed in a wbacco transient
expression sysiem (20) by means of bimolecu-
lar Muorescence complementation (BiFC) (27)
(fig, 52,

To investigate the biological significance of
these phyvsical interactions, we analyzcd gaf-fhdl-1
double mutants. fdl-! secdlings form a basal
peg (Fig. 200, lacking hypoecotyl and root struc-
tures of wild-type scedlings (Fig. 2A), whereas
=1 oots appear normal (Fig, 2B). gpl=Vhedi-f
seedlings formed hypocotyls and roots (Fig, 2D
and wble 53), indicating that -7 can suppress
the basal patterning defects seen in bl-1. bdl-1
mutants also display a reduction in cotyledon
{seed leal) vasculatwre development (Fig, 2G).
Wild-type and ipl-! cotvledons develop a pri-
mary midvein with loops of lateral veins along
the margins (Fig. 2, E and FL In bdf-J, these
veins are either absent or severely reduced (e
70y (Fig. 2G) (/). Vasculature formation was
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restored in the cotvledons of - fbadi-f seedlings,
although lateral veins often did not form loops
(i = 500 {Fig. 2H} Therclore, fpf-1 can suppress

defects in both the apical and basal halves of

frfl-1 scedlings,

Fig. 1. Interactions be- A

tween TPLand AAIZBDL, —commoRDtS
(A) Diagrams of TPL and

IAAL12/BDL constructs for  LAAT2/BOL

interaction studies. Core
residues of the EAR do-
main of IAAL2/BDL are

N N B s el EREUREY
TPL

IAATZBOLAILNLIV I PLACTLH o8

We then examined these genetic interactions
duning embryogenesis. In wild-type embivos, the
hypophysis (the uppermost cell of the extr-
cmbryonic suspensor) divides  asymmetrically,
resulting in a lens-shaped cell (Fig, 21 that
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teract with TPL without the CTLH domain, AD, activation domain; DB, DNA binding domain. (D) The G5T-
N-TPL fusion protein can interact with in vitro—translated I1AAL12-HA, but does not interact strongly with
IAA12/BDL mEAR. (E) Interaction results of extracts from nontransgenic or transgenic plants expressing
TPL-HA with either beads alone or bound GST fusion proteins. LER indicates wild-type Landsherg erecta
extracts. (F} GST-N-TPL N176H pulldewn assay from nontransgenic or transgenic plants expressing BDL
P745-GFP. (See supplementary fig. 1, A and B, for loading confrols.)

Fig. 2. tpl-1 suppresses
bei-1. (A to D) Seed-
lings, 4 days postgermi-
nation (dpg). Wild type
(A), tpl-1 (B), bdl-1 1C),
and bal-1tpl-1 (D). (E to
H) Cleared cotyledons
(4 dpg). Wild type (B),
tpl-1 (F), bl-1 (G), and
bati-1tpl-1 (H). (I to L)
Transition-stage embryos.
Wild type (), tpl-1 (),
befi-1 (K), and bai-1tpl-1
{M). Lens-shaped cell and
derivatives are outlined.
(M to P} DRS,:GFP-
expressing embryos. Wild
type (M), tpl-1 (N}, bdi-1
(0), and bal-1tpl-1 (P).
Scale bars: (A to D) 0.5

mm; (E to HF 1 mm. P
x
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will form the quicscent center of the oot meri-
stem. These cells express the synthetic auxin
response reponter DR GFP (Fig. 2M (4, 22),

which 15 correlated with the accumulation of

high auxin concentrations and is dependent on
MP activity (22, 231 ipid-1 embryos (Fig. 21} also
generte a lens-shaped cell and display a wild-
type DRI, GFP expression pattemn (Fig. 2N).
Full-1 embryos, in which the hypophysis divides
abnommally, lack the lens-shaped cell (Fig. 2K),
and DRS,. . GFP expression is not detectable in
hypophyseal cell derivatives (s = 30} (Fig. 20)
(1, 230 In apd-1bdl-] embryos, the lens-shaped
cell is restored (Fig. 2L). and DRS:GFP
expression s again detected in the developing
embryonic root (i = 55) (Fig. 2P). This rescue,
combined with the mteracuon of TPL and the
EAR domam of TAAI2ZBDL, suggests that TPL
5 involved in IAA12/BDL-mediated trnscrip-
tonal repression. Therefore, we hypothesized
that in the ipl-f background, IAA12/BDL cannot
fully repress transcription of s target gencs.

To test this hypothesis, we used a UAS/
GALd-based transeriptional repression assay in
planta (Fig. 3A) (24). Plants expressing TPL-
GALY and IAAIZBDL P7T45-GALY fusions
displayed a decrease in f-glucoronidase (GLUS)
activity in a wild-tvpe background compared o
the control line (Fig. 3B1(74.6+ 1.2% and 76,7 =
6.9% of the control, respectively). Their repre-
sentative staining pattems are shown i Fig. 3, C
to F. The ability of IAAIZ’BDL PT45-GAL4 10
repress tmnscription was diminished in the pl-f
background (Fig. 3, B and E). These data show
that TPL can repress ranseription and suggest the
role of TPL as a transcnptonal co-repressor in
AUX A A=regulated transcriptional repression.

Single and muliiple loss-of-function aeiaa
mutanis are reported o have subtle or no
discemible phenotypes (25). However, we hy-
pothesized that Turther loss of AUNTAA function
might enhance the jpl-f phenotype, Therelore,
we examined the effect of a wansferred DNA

(T-DNA) insertion allele (Salk 1386840 (26) of

FAAT2ZBODL on gpd-1. This allele of f4:4 127804
has no obvious phenotyvpe, whereas ipl-/ exhibits
a range of phenoty pes when grown at 21°C (13).
A higher frequency of severe scadling phenotypes
wiis soen inthe double-mutant background versus
il alone when grown at 21°C (ble S1).
suggesting that deercased AUX/TAA function
contributes to the gpf-f phenotype.

ALXAAAs are proposed 1o bind ARFs and
inhibit transcaption of ARF target genes, Bocause
IAAIZBDL binds ARFS/MP and also interacts
with TPL, we reasoned that these three proteins
act in a complex. We examined this possibility
using BiFC (24 )in a tobacco transient expression
system (20, Although we observed no direct
interaction between either TPL or TPL N176H
and ARFAMP (Fig, 4A and fig. S21), imteraction
was observed upon coexpression of stabilized
IAAIZBDL (Fig. 4, B and C). This suggests that
these proteins can exist in a complex and that
IAAI2Z/BDL represses ARFSMP by recruiting
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TPL. It also shows that TPL N176H does not
dismupt this complex.

To determine if the EAR domam of IAAILZ
BDL allows IAAI2/BDL w bridge TPL and
ARFSMP, we generated a chimere protein
containing domains 111 and IV of ITAAL2ZBDL
fused to the C terminus of TPL, This fusion
protein should enable TPL 1w dircctly intermct
with ARFS/MP without requiring the EAR motil
and should be unaffected by auxin duc 1o the
absence of domain 1L First, we conlinned this
interaction in a yeast two-hybrid assay (g, 83),
and then expressed this construct in plants under
the conrol of the IAAI2ZBDL promoter, In 13

A Reporter

: PRGN
2xUASICUP :GUS

Repressor

i d
-L Vo (i 1V
{CUP:IAA1Z P74S-GAL4DB
m »
[
S R
TPLp:: TPL-GAL4DB

independent transgenic lines, we observed phe-
notypes similar 1o those of &S and anSmp
loss-ol=function mutants (Fig. 4, D 1o F)

In Iight of these results, we propose a model
in which TPL is a transcriptional co-repressor
ivolved in the repression ol auxin response
genes through its physical interaction with the
EAR domain of IAAL2ZBDL (Fig. 4G), and that
this process is defective in gf-f, resulting in the
derepression of auxin response genes (Fig. 4H).
Our results are also consistent with a report that
application ol a histone deacetylase inhibitor can
suppress the lateral root defects seen in the
stabilized foad Ssalivar=roar nuam (27),

o [ ] I ] ] ]
n 1] ]

repressor - -
genotype: Ler ipl1 Ler k1 Ler Lev

Fig. 3. TPL can repress transcription and affects the ability of IAA12/BDL to repress. (A} Diagram of
constructs analyzed in repressor assay. (B) [-Glucuronidase (GUS) activity measured by MUG assay
(4-methylumbilleferyl glucuronide breakdown into 4-methylumbilliferone) of two independent transgenic
repressor lines (dark blue/light blue). Experiment was done in duplicate. Repressor activity is relative to
MUG activity of the reporter in wild-type Ler, where error bars show standard error of the mean. (Cto F)
GUS staining patterns in plants expressing reporter only (C), tCUPp::BDL P745-GALADE and reporter in a
wild-type background (D), tCUPp::BOL P745-GAL4DE and reporter in the tpl-1 background (E), and TPLp:TPL:
GALADE and reparter in a wild-type Ler background (F).

Fig. 4. TPL functions to repress auxin
response through its physical interaction
with 1AA12/BOL. (A to €} Bimolecular flu-
orescence complementation studies in to-
bacco. Tobacco transformed with TPL-SPYCE
and ARFS/MP-SPYNE (A); BDL P745S, TPL-
SPYCE, and ARF5/MP-SPYNE (B); or BDL
P745, TPL N176H-SPYCE, and ARFS/MP-
SPYNE (C). (D to F} Phenotypes of trans-
genic plants expressing the TPL-IAAL2/BDL
HIAY fusion construct. Seedling lacking
root (D); seedling lacking root and hypo-
cotyl (E); seedling consisting of single
cotyledon with no hypocotyl or root (F).
(G} Model of TPL-mediated transcriptional
repression of auxin response genes. (H)
Schematic of derepression of auxin re-
sponse genes in the tpl-1 context.

G

7 MARCH 2008 VOL 319 SCIENCE

The coupling of TPL 10 ARFs through AUX
IAAs provides the plant an elegant mechanism to
control ARF ranscriptional activity in an auxin-
dependent manner. [t wall be key o determine
if all AUXJIAA proteins use TPL in this manner.
It will also be of inerest o determine il other
EAR domain- containing transcription  factors
use TPL o facilitate their trmseriptional repres-
ston activity in drabidopsis as well as in other
plant species,
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De Novo Computational Design of
Retro-Aldol Enzymes

Lin Jiang,™** Eric A. Althoff,’* Fernando R. Clemente,* Lindsey Doyle,® Daniela Réthlisberger,”
Alexandre Za nghellini,"z Jasmine L Gallaher,! Jamie L. Betker, Fujie Tanaka,® Carlos F. Barbas II1,®
Donald Hilvert,” Kendall N. Houk,® Barry L. Stoddard,” David Baker™%+

The creation of enzymes capable of catalyzing any desired chemical reaction is a grand challenge
for computational protein design. Using new algorithms that rely on hashing technigques to construct
active sites for multistep reactions, we designed retro-aldolases that use four different catalytic
motifs to catalyze the breaking of a carbon-carbon bond in a nonnatural substrate. Of the 72 designs
that were experimentally characterized, 32, spanning a range of protein folds, had detectable retro-
aldolase activity. Designs that used an explicit water molecule to mediate proton shuffling were
significantly more successful, with rate accelerations of up to four orders of magnitude and multiple
turnovers, than those involving charged side-chain networks. The atomic accuracy of the design
process was confirmed by the x-ray crystal structure of active designs embedded in two protein
scaffolds, both of which were nearly superimposable on the design model,

neymes are excellent catalysts, and the
E:lhi!jl}- o design new aclive cnezymes
could have applications i drug produc-
tion (1), green chemistry (2, and bioremediation
ol xenobiotic pollutants (3). To date, most en-
gyme design efforts have used selection method-
ologics to retrieve very rare active catalysts from
large librarics of candidate protein variants (4-7),
Recem advances in compatational protein de-
sign have made it possible 1o design new pro-
tein folds (&) and binding interactions (¥) and
have opened the door o the possibility of com-
putationally designing enzymatic catalysts for
any chemical reaction. Despile recent progress
(10, 1), creating enzymes for chemical trans-
formations not efliciently catalyzed by naturally
OCCUITIng cnzymes remains 4 major challenge.
Here, we desenbe (i) general computational
methods for constructing active sites for muli-
step reactions consisting of superimposed reac-
tion intermediates and transition ses (T5)
surrounded by protein functional groups in ori-
entations optimal for catalvsis (Fig. 1) and (i)
the use of this methodology 1o design novel
catalysts for a retro<aldol reaction in which a
carbon=carbon bond 15 broken in a nonnatural
{i.c.. not found in biological systems) substrate:
4-hydroxy <4-(6-methoxy-2-naphthy )2 -buanonc
(Fig. 2A) (42}
The lirst step in the computational design off
an eneyme is 1o define one or more potential
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Design Program, University of Washington, Seattle, WA
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Hochschule (ETH) Zirich, 8093 Zirich, Switzerand.

*These authors contributed equally to this work.
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dabaker@ u.washington.edu

catalytic mechanisms for the desired reaction.
For the retro-aldolase reaction, we locused on
mechamsms involving enamine catalysis by
lysine via a Schill base or imine intermediate
(13, 14} As shown in simplified form in Fig. 2B,
the reaction proceeds in several distinet steps,
involving acid-base catalysis by either amino
acid side chains or water molecules, First, mucleo-
philic atack of lvsine on the ketone of the sub-

REPORTS

strate forms a carbinolamine intermediate, which
climinates a water molecule to lomm the imine

i species. Next, carbon-carbon bond
cleavage 15 inggered by the deprotonation of the
B-alcohol, with the iminium acting as an clectron
sink. Finally, the cnamine taumomerizcs 1o an mine
that 15 then hydrolyzed w0 release the covalently
bound product and free the creeyme for another
round of catalysis.

The second step of the design process is the
identification of protein scaffolds that can ac-
commodate the designed TS ensemble described
above, To accoum for the multistep reaction path-
wiy, we extended our enzvme design meth-
odology (15) to allow the design of composite
TS sites that are simultneously compatible
with multiple TS and rcaction mtermediates
(/6). Using this method, we generated design
models using the four catalvtic motils shown
schematically in Fig. 2C, which apply different
constellations of catalytie residues o facilitate
carbimolamine formation and water elimmation,

carbon-carbon bond cleavage, and release of

bound product.

Because the probability of accurately recon-
structing a given three-dimensional (3D) active
site inan input protein scallold is extremely small,
it is essential o consider a very large set ofactive-

Fig. 1. Computational enzyme de- - i

sign protocol for a multistep reac- .

tion. The first step is to generate ('mmfm Select Nbrary of
ensembles of models of each of the peetiln fimciiosal groupit wculfold proseias
key intermediates and transition | -
states in the reaction pathway in Comblon 10 ganerats

the context of a specific catalytic | compeonite sctive site SSwINY peshw
maotif composed of protein func- | ]
tional groups. These models are ]

then superimposed, based on the

protein functional group positions, otaiersubcc v oncorshsoudniia e caleischudsilbdasg

|

to create an initial composite active-
site description. Large ensembles of

Optimize composite TS and catalytic side-chain conformations ]

distinct 3D realization of these com-

l

posite active sites are then gen-

Design neighboring positions for high affinity TS bindiag ]

erated by simultaneously varying the |

degrees of freedom of the composite Opiimize entire active sie ]
15, the orientation of the catalytic I

side chains relative to the composite

15, and the internal conformation of VRN AP O IO SRSEEY WG TR SISOy |
the catalytic side chains. For each L

composite active-site description, Experimentally charncterise lop ramking designs ‘

candidate catalytic sites are gen-

erated in an input scaffold set by RosettaMatch (15). Briefly, each rotamer of each catalytic side chain is
placed at each position in each scaffold, and the ensuing position of the composite TS is recorded in the
hash. After the filling out of the hash table, which is linear in the numbers of scaffold positions and
catalytic rotamers, the hash is searched for TS positions that are compatible with all catalytic constraints;
such positions are termed “matches.” For each match, the rigid body orientation of the composite TS and
the internal coordinates of the catalytic side chains are optimized to reduce steric clashes while
maintaining the catalytic geometry within specified tolerances. The remaining positions (not included in
the minimal catalytic site description) surrounding the docked composite TS model are redesigned to
optimize TS binding affinity by means of the standard Rosetta design methodology (20, 21). The rigid
body orientation of the composite TS, the side-chain torsion angles, and (in some cases) the backbone
torsion angles in the active site are refined via quasi-Newton optimization (22). The resulting designs are
ranked based on the total binding energy to the compaosite TS and the satisfaction of the specified catalytic
geometry, and then the top-ranked designs are experimentally characterized. The SOM contains detailed
descriptions of each step in the protocol.
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site possibilitics,. We genemted such a set by
simultancously varying (i) the internal degrees
of freedom of the composite TS (hg. SIB) (1)
the orientation of the catalytic side chains with
respect to the composite TS (fig. S3), within
ranges that are consistent with catalysis, and

(i1} the conlommations of the catalytic side chains
(fig. 53). For cxample, in a representative cal-
culation for motil 11, we searched for placements

of atotal 1.4 = 10" possible 3D active sites (ble

§3) at all taples or quadruples of backbone po-
sitions sumounding binding pockets in 71 differem

A O OH
Enzyme J\
—
ﬂf 0/
-t LR
B O E'I:\ o NS, o
0, " (
K Ao
- ./
= |I.'r|- Df P
’H"#—' B ||r‘
s—tayy ,k w— \cf\ —— )__ .-4 L '\m
L'I'i
C  mourt Matif 111 !
St o e s

H
HH

Fig. 2. Retro-aldol reaction and active-site motifs. (A} The retro-aldol reaction. (B) General description of
the aldol reaction pathway with a nucleophilic lysine and general acid-base chemistry. Several of the
proton transfer steps are left out for brevity, (C) Active-site motifs with quantum mechanically optimized
structures (23). (Top left) Motif |. Two lysines are positioned nearby one another to lower the pK; of the
nucleophilic lysine, and a Lys-Asp dyad acts as the base to deprotonate the hydroxyl group. (Bottom left)
Motif 1. The catalytic lysine is buried in a hydrophobic environment to lower its pK, to make it a more
potent nucleophile, and a tyrosine functions as a general acid or base. HB, hydrogen-bond. (Top right)
Maotif 111, The catalytic lysine, analogous to motif I, is placed in a hydrophobic pocket to alter its pK,, and a
His-Asp dyad serves as a general base similar to the catalytic unit commonly observed in the serine
proteases (24). (Bottom right) Motif IV. The catalytic lysine is again positioned in a hydrophobic envi-
ronment. Additionally, an explicitly modeled bound water molecule is placed such that it forms a hydregen
bond with the carbinolamine hydroxyl during its formation, aids in the water elimination step, and
deprotonates the [i-alcohol at the carbon-carbon bond-breaking step. A hydrogen-bond donorfacceptor,
such as Ser, Thr, or Tyr, is placed to position the water molecule in a tetrahedral geometry with the
p-alcohol and the carbinolamine hydroxyl The proton-abstracting ability of the water molecule i
enhanced by a second hydrogen bond with a base residue. We incorporated, where possible, additional
hydregen-bonding interactions to stabilize the carbinolamine hydroxyl group and an aromatic side chain
to optimally pack along the planar aromatic moiety of the substrate.
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protein scaltolds (table S4). This combinatorial
matching resulted in a wial of 181,555 distinct
solutions for the placement of the composite TS
and the surrounding catalytic residucs, Through
extensive pruning at multiple levels, and by
breaking the combinatoric explosion via hash-
ing, the RosetaMatch algorithm (1.5) 1s able o
mpidly eliminate most active-site possibilitics
in a given scaffold that are unfavomble as a
result of poor catalytic geometry or signilicant
steric clashes with very little computational
cost, Afler optimization ol the composite TS
Agid body oriemation and the identities and
conformations of the surrounding residucs, a
total of 72 designs with 8 to 20 amine acid
identity changes in 10 different scaltolds were
selected for experimental characterization
based on the predicted TS binding energy. the
extent of satisfaction of the catalytic geometry,
the packing around the active lysine, and the
consistency ol side-chain conformation alter
side-chain repacking in the presence and ab-
senee of the TS model (716). Genes encoding the
designs were synthesized and the proteins were
expressed and purified from Escherichia coli;
soluble purilied protein was obtained for 70 of
the 72 expressed designs.

Retro-aldolse activity was monitored via a
fluorescence-basad  assay of product  formuation
{12y Tor cach of the designs, and the results are
summanzed in Table 1. Ourinitial 12 designs wsed
the fisst active site shown in Fig. 2C, which
involves a charged sidechain (Lys-Asp-Lys)
medined proton transfer scheme resembling
that in p-2-deoxyribose-3-phosphate aldolase
(13). Of these designs, two showed slow enami-
none formation with 2, 4-pentandione { 7 7), which
is indicative of a nucleophilic lvsine, but none
displaved retro-aldolase activity (£6). Ten de-
signs were made for the second, much simpler
active site shown in Fig. 2C, which involves a
single imine-forming lysine in a hydrophobic
pocket similar to aldolase catalvtic antibodies: of
these designs, one formed the enaminone, but
none were catalytically active. The thind active
site incorporates a His-Asp dvad a5 a general
base 1o abstract a proton from the falcohol; of
thee 14 designs tested, 10 exhibited stable enaminone
formation, and 8 had detectable retro-aldolase
activity. In the final active site, we experimented
with the explict modeling of a water molecule,
positioned via side-chain hydrogen-bonding
groups, which shutiles between stabilizing the
carbinolamine and abstracting the proion from
the hydroxyl. OF the 36 designs tested. 20 formed
the enaminone and 23 (with 11 distinet positions
for the catalytic lysine) had significant retro-
aldolase activity, with rate enhancements up 1o
four orders of magnitude over the uncatalyzed
reaction (/8).

The active designs occur on five differem
prodein scaffolds belonging to the wiose phos-
phate isomerse (TIM -bamel and jelly-roll folds,
The most active designs exhibited multiple wim-
over kinctics; the lincar progress curves for de-
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signs RAGD and RAGL, for example, contimie
unchanged for more than 20 tumovers. Progress
curves |Fig. 3A and supporting online material
{SOM)| show a range of kinetic behaviors: In
some cases (RA45), there is a pronounced lag
phasc, likely associated with slow imine forma-
tion, whereas in others (RAGLD), there s hitle or
no lag, and for a third set, there is an initial burst
followed by a slower steady-state rmte (RA22),
Motably, simple lincar kinetics are observed for
the designs in the relatively open jelly-roll scal-
fold, whereas more complex Kinetics are ob-
served for the TIM-barrel designs, which have
more enclosed active-site pockets that may re-
strict subsirate access and product release. To
obiain k.y and Ky estimates for several of the
best eneyimes (Fige 3B), we extracted reaction
velocitics Irom the steady-state portions ol the

progress curves and assumed simple Michaelis-
Menten kinetics. Given the simplifications, these
values are best viewed as phenomenological;
future characterization will be required 1o de-
line rate constants in a particular kinetic model,
The apparent A, and Ky values are given in
Table 2; kypen was determined from measure-
ments of the reaction progression in the abscnce
ol cnieyme and is close o previously determined
values (18). kay/kynea for the most active designs
is 2 = 10%, The catalytic proficiency of the de-
signs is far from that of natally occuring en-
zymes, which have a fgw/'An of about | M s
(Table 2); the very low kg value is probably as-
sociated with low reactivity of the imine-forming
lysine, Rates for all active designs with 270 pM
substrate are reported n able S1. For cach of
the 11 catalytic lysine positions, a “knockout”™ mu-

Table 1. Enaminone formation and enzyme activity for different active-site motifs. NC, not

REPORTS

tation o methionine dramatically decreased the
activity or, more commonly, abolished catalysis
completely, venlving that the observed activity
wias due 1o the designad active sie.

Design models for several of the most ac-
tive designs with catalytic motil’ 1V are shown in
Fig. 4. A 1o C. Design RAGD (Fig, 4A) 15 on a
jelly-roll scaffold, and RA4S (Fig, 4C) and RA46
i Fig. 48) arc on a TIM-bamrel scalfold. The imine-
forming lysine, the hvdrogen-bonding residucs
coordinating the bridging water molecules, and
the designed hydrophobic pocket (which binds
the aromatic portion of the substrate) are clearly
evident in all three designs,

To evaluate the accuracy of the design models,
wie solved the structures of two of the designs by
x-ray crystallography (Fig. 4, Dand E). The 2.2 A
resolution structure of the Ser "— Ala*' (S210A)
varant of RA22 (Fig, 4D (J¥) shows that the
designed catalytic residues Lys'™, His™, and
Asp™® superimpose well on the original design
model, and the remainder of the active site s
nearly identical to the design. The 1LY A reso-
lution structure of the MASK vanant ol RAG]

likewise reveals an active site very close to that off

the design model, with only His™ and Trp'™ in
alternative rotamer conformations, perhaps re-
sulting from the absence of substrate in the crys-
tal stucture (Fig, 4E). Both crystal structures
differ most significantly from the designs in the
loops surounding the active site; explicitly incor-
porating backbone Nexibility in these regions

considered.
Motif Catalytic lysine Carbinolamine  Proton  Number :Ium!:er I':urn[:e: Rate
O environment  stabilization abstraction tested omfmg & a' Y€ enhancement
enaminone designs
I Polar NC Lys-Asp dyad 12 2 0 <4
I Hydrophabic NC Tyr 9 1 0 =4
m Hydrophabic H-bond His-Asp dyad 13 10 10 102-10%
acceptor/donor
v Hydrophobic ~ Water, H-bond ~ Water 38 20 22 103-10*
acceptor
A B 14 10°5 ]
12108
- 10105
o
)
E B 109
| W 6108
g S
4105
2105
o
0 0.0001

Fig. 3. Experimental characterization of active enzyme designs. (A) Progress
curves for RA61, RAG1 K176M, RAZ2, RAZ2 52104, RAZZ K159M, RA45, RA4S
E233T, and RA45 K180M. The enzymes were tested with 540 uM of the
racemic substrate; the reaction was followed by measuring the appearance of
the fluorescent product (excitation wavelength, 330 nm; emission wavelength,
452 nm). The y axis is the concentration of product (determined from the
fluorescence signal by a standard curve prepared with pure product solutions)
divided by the enzyme concentration. In the design models, the serine-to-

www.sciencemag.org  SCIENCE
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00002 00003 00004 0.0005 0.0006
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alanine mutation in RA22 and the glutamate-to-threonine mutation in RA45
eliminate interactions that stabilize the carbanolamine intermediate and
position the bound water molecule; both mutations reduce the reaction rate
considerably. Mutation of the catalytic lysine residues to methione completely
eliminates enzyme activity. (B) Dependence of reaction velocity (1) on
substrate concentration. The rates are reported in Table 2. Reaction conditions
for all experiments were 25 mM Hepes, 2.7% CH3CN, 100 mM NaCl (pH 7.5),
and substrate at the indicated concentration.

VOL 319 7 MARCH 2008

1389



I REPORTS

1390

during the design process could yield improved
enzymes in the future,

Each proposad catalytic mechanism can be
treated as an expenmentally wstable hypothesis

to be testad by multiple independent design ex-
penments. Our lack of success with the first ac-
tive sites that were tested contrasts markadly with
our relatively high suceess e with the active

Table 2. Kinetic parameters of selected designs. b, burst phase; s, steady state,

. Keat Kn kear/Koa .
Design (x 107 min™Y) () W s Keatlkuncar
RAZ22 3.1+ 03 (b 480 + 130 (b) 0.11 + 0.03 (b) 8.1 x 10° (b)

0.5 = 0.1 (s} 450 + 210 (s) 0.018 = 0.006 (s 1.2 x 10% (5)
RA34 4.2 + 1.1 (b) 620 + 180 (b 0.11 = 0.01 (b) 1.1 = 10* (b}

0.6 + 0.1 (s) 600 + 140 (s) 0.016 = 0.004 (s) 1.5 % 10* (5}
RAAS 2.3+ 0.2 430 = 48 0.091 = 0.004 6.0 % 10°
RALE 0.62 = 0.5 290 = 60 0.037 = 0.006 1.6 % 10°
RAGD 2309 S10 = 33 0.30 = 0.06 2.4 % 10"
RA&1 20+ 1.0 210 = 50 0.74 = 0.11 2.3 x 10"

site in which proton shullTling s camied out by a
bound water molecule rather than by amino
acid side chains acting as acid-base catalysts.
The charged polar networks in highly optimized
naturally occuming enevmes requine exquisite
comrol over functional group positioning and
profonation states, as well as the satisfaction of
the hydmogen-bonding potential of the buried
polar residues, which leads o still more ex-
tended hydrogen-bond networks. Computa-
tional design of such extended polar networks
5 exceptionally challenging because of the dilli-
culty of accuraiely compting the free energies of
buried polar interactions, paticularly the influence
of polanzability on electrostatic froe energies and
the deheate balimee between the cost of desolvation
and the gain in fivormble intraprotein dlectrostatic
and hydrogen-bonding interactions. The sampling

*Koncar = 3.9 % 1077 min? (25),

Fig. 4. Structures of designed enzymes. (A to €) Examples of design models
for active designs highlighting groups important for catalysis. The nucleophilic
imine-forming lysine is in orange, the TS model is in yellow, the hydrogen-
bonding groups are in light green, and the catalytic water is shown explicitly.
The designed hydrophobic binding site for the aromatic portion of the TS
model is indicated by the gray mesh. (A} RASD (catalytic motif IV, jelly-roll
scaffold). A designed hydrophobic pocket encloses the aromatic portion of the
substrate and packs the aliphatic portion of the imine-forming Lys*®. A
designed hydrogen-bonding network positions the bridging water molecule
and the composite TS. (B) RA46 (catalytic motif IV, TIM-barrel scaffold). Tyr*?
and Ser®™® position the bridging water molecule, which facilitates the proton
shuffling required in active site IV, (C} RA4S (catalytic motif IV, TIM-barrel
scaffold). The bridging water is hydrogen-bonded by Ser’ and Glu®*%;
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problem also becomes increasingly fomidable

replacing the Glu**® with Thr decreases catalytic activity threefold (Fig. 3A). (D
and E)} Overlay of design model (purple} on x-ray crystal structure (green).
Designed amino acid side chains are shown in stick representation, and the TS
maodel in the design i shown in gray. (D) The 2.2 A crystal structure of the
S210A variant of RA22 (catalytic motif 11l, TIM-barrel scaffold). The Cu root
mean square deviation (RMSD) between the design model and crystal
structure is 0.62 A, and the heavy-atom RMSD in the active site is 1.10 A. (E)
1.8 A crystal structure of M48K variant of RA61 (catalytic motif IV, jelly-roll
scaffold). Design-crystal structure Co RMSD is 0.46 A, and heavy-atom RMSD
is 0.8 A. The small differences in the high-resolution details of packing around
the active site are due to slight movements in some of the loops above the
binding pocket and two rotamer changes in RAG1 that may reflect the absence
of a T5 analog in the crystal structure,
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tor more complex sites: The side-chain dentity
and conformation combinatorics dealt with by
hashing in RoscttaMatch become mtractable for
sites comsisting of five or more long polar side
chains, which for accurste representation may re-
quire as many as 1000 mtamer confomutions cach,
At the other extreme, bound water mobkecules offer
consideable versatility, because they can readily
reorient to switch between acting as hydrogen-
bond acceprors and donors and invelve neither
delicate frec-energy tradeolls nor inticate inter-
action networks,

It is tempting 1o speculate that our computa-
tionally designed enzymes resemble pimordial
enzymes more than they resemble highly refined
modem-day enzymes. The ability o design
simultaneously only three w four catalytic nes-
idues parallels the mlimtesimal probability that,
carly in evolution, more than three 1o four nes-
idues would have happened 1o be positioned
appropaately for catalysis: some of the functions
plaved by exquisitely positioned side chains in
miodem eneyimes may have been played by water
molecules cardier in evolutionary history.

Although our resulis demonstrate that novel
enzyme aclivitics can be designed from seratch
and indicate the catalytic strategies that are most
accessible 1o nascent eneyines, there s still a
significant gap between the activities of our de-
signed catalvsts and those of natumlly ocewming
enzymes. Narowing this gap presents an exciling
prospect for future work: What additional features
have to be incompormted into the design process o
achieve catalviic activitics approaching those of
naturally ocouming ereymes? The close agreancnt
between the two erystal structures and the design
models gives credence 1o our strategy ol testing

hwpotheses about catalytic mechanisms by generat-
mg and testing the comesponding designs; indeed,
almost any wdea about catalysis can be readily tested
by incorportion mto the computational design pro-
cedure, Detenmining what s missing from the
curment generation of designs and how 1t can be
incomporated into a next gencration of more active
designed catalysts will be an exciting challenge that
should unite the ficlds of auymology and com-
putational protein design in the years o come,

20

2L
22,

23.

24,

25.

REPORTS

G. Dantas, 8. Kuhlman, D, Callender, M. Wong, D, Baker,
I Mol Biol. 332, 449 (2003).

] Meiler, D. Baker, Proteias 65, 538 (2006},

W. H. Press, 5. A Teukolsky, W. T. Vetteding, B. P. Fannery,
Numerical Recipes in FORTRAN: The Ant of Scientific
Camputing (Cambadge Univ. Press, Cambridge, ed. 2,
1992).

F. K. Clemente, K. N. Houk, | Am, Chem. Soc. 127,
11294 {2005).

C.T. Forter, G. ). Barttenn, . M. Thornton, Nucleic Adds
Res. 32, D129 (2004).

G. Ihong & al, Angew. Chem, Int Ed, Engl, 37, 2481
(1598).

P

'-u.l?ll.ﬂh (1)

=

10

1L

References and Notes
D. K. Ro et al., Nature 440, 940 (2006).

. 0. Kirk, T. V. Borchert, €. C. Fuglsang, Curr. Ogin.

Biotechnol. 13, 345 (2002).

. D. B. Janssen, I. ]. Dinkla, G. | Poelarends, P. Terpstra,

Environ. Microbrol, 7, 1868 (2005),

. D Hilvert, Annu. Rev. Biochem. &9, 751 (2000).
. B. Seelig, |. W. Spostak, Norure 448, 828 (2007).

F. M. Arnold, A. A Valkow, Curr. Opin Chem. Siol 3, 54 (19990,

. 0. Khersonsky, C. Roodveldt, D. 5 Tawfik, Curr. Opin

Chem, Biol. 10, 493 (2004).

B. Kuhlman of of., Science 302, 1364 (2003).

L L Llooger, M. A, Dwyer, ], | Smith, H. W. Hellinga,
Notwre 423, 185 (2003).

0. N. Bolon, 5. L Mayo, Proc. Natl, Acod. So. ULSA 98,
14274 (2001).

|- Kaplan, W. F. DeGrado, Proc. Notl Acod. 5a. U.SA
101, 11566 {2004).

12. F. Tanaka, B Fuller, H. Shim, R A Lemer, C. F. Barbas I,

J Mol Bioi. 335, 1007 (2004

13. A Heine ef al., Scence 294, 369 (2001}

& &

17.

18.

. 5. W. Fullerion ef of,, Bioorg, Med, Chem. 14, 3002 (2006).

A, Zanghellini ef al,, Protein 5ci. 15, 2785 (2006).
Materials and methods are awailable a5 supporting
material on Science Online.

| Wagner, B. A Lemner, C. F. Barbas Ill, Scfence 270,
1797 (1995).

F. Tanaka, C. F, Barbas L . Am. Chem. Soc. 124, 3510 (2002,

. Single-letter abbreviations for the amino acid residues

are as follows: A, Ala; €, Cys; D, Asp: E, Glu; F, Phe;
G, Gly; H, His; I, Ile; K, Lys; L Leu; M, Met; N, Asn; P, Pro;
0, Gln; B, Arg: S, Ser; T, Thr W, Val; W, Trp; and ¥, Tyr.

26. Kinetic parameters of the designs reported here were
determined at the University of Washinglon, For
selected designs, the kinetic parameters were confirmed
by independent experiments pedormed al the Senpps
Research Institute, We thank R. Fuller for technical
assistance, Thorough testing of the four catalytic motifs
was made possible through gene synthesis by Codon
Devices. We thank Rosttagd Home participants for their
valuable contributions of computer time. EAA is
funded by a Ruth L Kirschstein National Research
Service Award, This work was supporied by the Defense
Adwanced Research Projects Agency and HHMI.
Coordinates and structure factors for the crystal
gructures of RA22 varant S210A and RASL variant
MABK were deposited with the Research Collaboratory
for Siruciural Biginformatics Protein Data Bank (PDB)
under the accession numbers 385V and 3B5L,
respectively, The xpe coordinates of the designs RA22,
RA34, RA4S, RAGS, RAED, and RASYL are included with
the SOM a5 a ripped archive,

Supperting Online Material

www sciencemag, arglegifcontentfull 3195 BER/138T/DCL
Materials and Methods

S0M Text

Figs. 51 to 58

Tables 51 1o 58

Relerences

Design Model Coordinates in PDB Formal

T November 2007; accepted 5 Febwuary 2008
10.1126/science. 1152652

A Cholesterol Biosynthesis
Inhibitor Blocks Staphylococcus

aureus Virulence

Chia-l Liu,>** George Y. Liu,** Yongcheng Song,** Fenglin Yin,® Mary E. Hensler,”
Wen-Yih Jeng,’? Victor Nizet,”-*+ Andrew H.-). Wang,?*t Eric Oldfield>®+

Staphylococcus oureus produces hospital- and community-acquired infections, with
methicillin-resistant 5. aureus posing a serious public health threat. The golden carotenoid
pigment of 5. aureus, staphyloxanthin, promotes resistance to reactive oxygen species and host
neutrophil-based killing, and early enzymatic steps in staphyloxanthin production resemble those
for cholesterol biosynthesis. We determined the crystal structures of 5. aureus dehydrosqualene
synthase (CrtM) at 1.58 angstrom resolution, finding structural similarity to human squalene
synthase (505}, We screened nine 5Q5 inhibitors and determined the structures of three, bound to
CrtM. One, previously tested for cholesterol-lowering activity in humans, blocked staphyloxanthin
biosynthesis in vitro {median inhibitory concentration 100 nM), resulting in colorless bacteria
with increased susceptibility to killing by human blood and to innate immune clearance in a mouse
infection model. This finding represents proof of principle for a virulence factor—based therapy

against 5. aureus.

ver the past 20 years, there has been an
explosion in the prevalence of antibiotic-

resistant bacterial infections, both in the

hospital and i the general community; in the
United States, more deaths are now attnbutable
to methicillin-resistant Stapdnlococcns  atieis

(MRSA) infections than to HIV/AIDS (f, 2).
Unfrunately, over the same time, there has
been a decrease in the rate of discovery ol new
antibiotics, creating a pressing need lor the de-
velopment of novel infectious discase therapics.
One approach, discussed at a recent National
Rescarch Council workshop (3), involves the
specilic neutralization of bactenal virulence fae-
tors o render pathogenic bacteria susceptible
o innate immune system cleamnee. However,
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Fig. 1. Biosynthetic pathways. (A} Staphyloxanthin biosynthesis (in 5. aureus). (B) Cholesterol (in humans)
and ergosterol (in, e.q., yeasts and some parasitic protozoa) biosynthesis, Each biosynthetic pathway
involves initial formation of presqualene diphosphate, catalyzed by CrtM (5. aurews) or by squalene
synthase (SQS). In 5. aureus, the NADPH reduction step is absent, resulting in production of

dehydrosqualene, not squalene.

Fig. 2. X-ray crystallographic struc-
tures. (A) X-ray structure of 5. aureus
CrtM. (B) Superposition of CrtM and
human squalene synthase structures.
There is a 5.5 A C, RMS deviation
between the two structures, (C) Close-
up view of FsPP bound to CrtM. (D)
Close-up view of 5. oureus CrtM with
bound BPH-652. (E) 5. aureus CrtM
with bound BPH-698. (F) 5. aureus
CrtM with bound BPH-700. In (O to
(F), the FsPP ligands are in green or
yellow; BPH-652, BPH-698, and BPH-
700 (and associated Mg?*) are in blue,
cyan, and magenta, respectively. Key
contacts with Asp (D) and Asn (N)
residues are indicated.

Cholasterol

Ergosterol
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conventional screening campaigns are not well
suited for selecting such inhibitors, because vir-
ulence factors typically do not aflect bacterial
cell growth but rather exen thar activity
vivo, In 8 arrens, an important virulence factor
is the carotenoid pigment staphyloxanthin, This
pigment acts as an antioxidant, with its nu-
merows conjugated double bonds enabling the
detoxification of host immune system-gencerated
reactive oxygen species (ROS) such as O,
11505, and HOCI (4, 5). Bacteria that lack the
carotenoid pigment grow normally, but they
are rapidly Killed by ROS from host neutro-
phils and are deficient in skin abscess fonmation
). Blocking staphvloxanthin biosynthesis 1s
therefore a potentially attractive therapeutic
target (3, 4), and the bright golden colora-
ton of the virulence factor facilitmes inhibi-
10T sCrecning.

The first committed step i staphyloxanthin
biosynthesis, catalyzed by the 8 aureny dehydro-
squalene synthase (CrM) enevme, involves
the 1.1° or head-to-head condensation of two
molecules of famesyl diphosphate to produce
the Cyy species, presqualene diphosphate (3).
which then undergoes skeletal rearrangement
and further loss of diphosphate to produce de-
hydrosqualene (Fig. 1AL Successive dehydro-
genations vield 4.4 -diaponcurosporene, which
15 then lurther oxidized, glycosylated, and cs-
terilied 1o give the carotenoid, staphyloxanthin
{Fig. 1A). The structure of dehydrosqualene is
very similar to that of the squalene used in
cholesterol biosynthesis in humans, and both
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dehwdrosqualene and squalene biosyntheses pro-
ceed through presqualene diphosphate. The path-
ways diverge at this intermediate, with a reduced
nicotinamide ademine dinucleotide phosphate
(NADPH)-catalyeed reductive step present in
squalene synhesis but not in dehydrosqualene
synthesis (Fig, 1B) Thus, 8. awrens OnM oand
human squalene synthase (SOQS) might posscss
structural similantics, although only modest se-
quence homology (30% idemity, 36% similanty)
is found by Clustal {(6) amino acid alignment
(g 51 However, human SOS is known 1o have
considerable structural similarity o other prenyl
synthase engymes, including famesyl diphos-
phate synthase, pentalencene synthase, and S-epi-
aristolochene svnthase, despite the lack of se-
quence homaology (7).

To probe this structural question, we cloned,
expressed, purilicd, and ervstallized the CnM
protem from 8 aurenes and solved its structure by
x-ray crystallography o 1.58 AL Data collection
and refinement statistics for the selenomethionine-

substituted and wildtvpe proteins are pre-
sented in tables 51 and 52, CnM crystallizes
m the 3221 space group and there 15 one
molecule per asymmetric unit. The overall fold
{Fig. 2A) shows clear similarity to that scen
in human SOQS (PDB accession number 1EZF),
as can be scen in the superposition (Fig, 2B),
with a 5.5 A root-mean-square (RMS) devia-
tion between the Cy atoms in the two strue-
tures, CnM is all helical and has a large central
cavity (also seen in other isoprenoid synthases)
capable of accommodating the Cyp product,
dehvdrosqualene,

To see how inhibitors might bind o CniM,
we first eryvstallized the protein with farnesyl
thiodiphosphate (FsPP, Fig. 3). a nomreactive
analog of farmesyl diphosphate, the substrate for
CridM. FsPP has previously been found o be a
substrate-analog inhibitor of other prenyl trns-
ferases, ncluding geranylgerany] diphosphate
synthase and undecapreny] diphosphate svn-
thase (4). However, in cach ol those struc-

FsPP BPH-B852 BPH-£98
POJOK]
BPH-T00 W BPH-651 BPH-661
o] OPh
o ~_H v HOOG -H..,ﬂuS POIOK);
) Bu PO{Ok ),
HOOC " o UO/\Q
BPH-673 e

Fig. 3. Chemical structures of farnesyl thiodiphosphate (FsPP) and eight squalene synthase in-
hibitars. There are many different types of 5Q5 inhibitor, but only the phosphonosulfonates (and
related bisphosphonates) inhibit CrtM. To date, only the phosphonosulfonates have been found to

have activity in 5. aureus.

“U‘*@N\r
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A B =-| s-ljl“-.‘

Fig. 4. In vitro, in vivo, and CrtM inhibition
results. (A} Inhibition of wild-type (WT) 5. aureus
pigmentation using 0 to 1000 uM BPH-652,
with ACrtM control at left. The ICsp for pigment
formation is ~110 nM. (B} Pigment inhibition by

phosphonosulfonates and BPH-674 (no inhibition observed). Note that good CrtM inhibition
does not guarantee activity in 5. oureus. (C) Effect of BPH-652 on 5. oureus susceptibility to
Hz0; (1.5%, 1 hour). (D) Effect of BPH-652 on 5. aureus susceptibility to killing in human whole
blood. (E} CFU isclated from kidneys 3 days after intraperitoneal inoculation of mice with either
WT or ACrtM 5. aureus. (F) CFU isolated from noses 5 days after intranasal inoculation of mice
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turcs, only one FsPP binds per protein. In
CrM, however, two FPP molecules must come
together to fomm dehydrosqualene, and indeed.
two FsPP molecules were found in the large
central cavity (Fig, 2C). Their diphosphate head
groups interact with three Mgz* ions, which in
turn interact with Asp residues in the two con-
served Asp-X-X-X-Asp repeats (lig. S1) seen
in many prenyl synthases, The space group of
FsPP-CnaM is P3,21, and there are two mole-
cules per asymmetric unit, Electron densities
lor the two ligands and key protein-ligand in-
teractions are shown in figs. 52 and 53, This
ligand binding pattern is likely w0 define the
location of the presqualene diphosphate inter-
mediate binding site,

Structural simulanty raised the possibility tha
human SOQS mhibitors developed as potential
cholesterol-lowering drugs (9-/2) might also
be active against CriM. We symthesized cight
such compounds (Fig. 3) and tested them for
activity in CaM inhibition (/3). There is con-
siderable structural diversity among these com-
pounds: Some mimic the FPP substrate (e.g..
the phosphonosulfonates BPH-652, BPH-6GYS,
and BPH-T00): others presumably act as ana-
logs ol carbocations or transition states (e.g..
the amines, BPH-651, BPH-661, and BPH-
673 ) and others, such as the dicarboxylic acid
BPH-660, have a less certuin mechanism of
action.

Of the eight compounds tested, only the
three phosphonosulfonates were found to be
CnM o imhibitors (BPH-632, inhibitor constamt
K= 1.5 nM: BPH-698, K; = 135 nM: BPH-T00,
K = 6 nM: hg. 54). Each phosphonosullonate
also had potent activity against 8. gwrens pig-
ment formation in vitroe, as shown for BPH-652
in Fig. 4A, with median inhibitory concentra-
tion (1Csg) values in the range 100 1w 300 nM
iFig. 4B8). The bisphosphonae BPH-6T4 (Fig. 3)
was a more potent CaM inhibitor (A5 = 0.2 nM;
fig. 54) than any ol the phosphonosulfonaies

1P irfection
Peom

il 4
20 1
04
20

log {n:mmnuﬂm]

with 1:1 mixture of WT and ACrtM 5. aureus. (G) Effect of BPH-652 on 5. aureus survival in the
kidney after intraperitoneal infection. In vitro data shown are representative of at least three identical experiments. In vivo data in (G) are compiled from two sets
of experiments, using different numbers of mice, performed under the same conditions (13).
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bt had no activity at all in pigment inhibition
i vitro, due perhaps to poor bacterial cell up-
take or increased elfflux. None of the lour amine’
carboxylate human SQS inhibitors had any ac-
tivity in inhibiting CnM or pigment fonmation,
although all are known 1o be potent human
SOS inhibitors, Taken together, these results
pointed to phosphonosulfonates as being the
most promising class of CrM inhibitors for
funher investigation, beginning with structure
determination.

All three phosphonosul [onates, BPH-652,
BPH-69%, and BPH-TOW, vielded well-resolved
2P Faue densities (hig. S3) the refined
structures obtained are shown in Fig. 2, Dwo F,
supenmposed on the FsPP stucture, Full orys-
tallographic detils are given m table 52, and
ligand nteraction results ane shown in figs, S6 10
SH. Interestingly, in all three structures, we found
evidence for only one phosphonosulfonate bound
per Crid, not the two ligands that might have
been anticipated from the FsPP structure. More-
over, all three inhibitors have different binding
modes. BPH-652 (Fig. 2D) binds into the FsPP-
I site with two Mg®", BPH-698 binds into the
FsPP-2 site (Fig. 2E) with only one Mg™", and
BPH-T00 binds imo the FsPP-2 site with no
Mg*" (Fig., 2F). The phosphonosulfonate side
chains do, however, closely track the locations
of the two FsPP nhibitor side chains, FsPP-1 15
highly bent {green structure in Fig. 2C), and
BPH-652 is able to track this bent geometry (Fig.
2D, due at least in part to the presence of its
central ether O atom. On the other hand, the
{lincar) biphenyl side chains in the BPH-698 and
BPH-T00 structures ¢an be closely supenimposed
on the fully extended famesyl side chain in the
FsPP-2 site (vellow in Fig. 2, C, E, and F).
Additional views ol all supenmposed ligands are
shown in fig. 59,

Although the arvl side chains in the two
bipheny] phosphonosulfonates are closely aligned
(Fig. 2. E and F). the head groups bind very dif-
feremily. With BPH-09%, ihe phosphonosulionate
head group is involved in electrosiatic inteme-
tions with one h‘Igz‘. but in BPH-T00 (which
lacks the 4'<baty] side chain), no Mgz' is found
in the structure; instead, the phosphonosulfonate
15 involved i clectrostatic or hydrogen bond
interactions with His'™ and Tyr'". With all three
phosphonosulfonate inhibitors, clecrosiatic in-
teractions between ligand and protein are im-
portant, with cight or nine highly hydrophobic
amino acid side chains contacting the inhibitor
side chains.

To probe the possible use of a phosphonosul-
fonate CriM inhibitor as an antimicrobial, we
performed a series of experiments o determine
whether such a compound was (i) nontoxic 1o
mammalian cells, (i1} able 10 restore 8. aurens
killing by oxidants and phagocytes, and (i) able
to limit 8 aurens discase progression in vivo,
BPH-632 was sclected for these experiments
because it has a good 1Csg in pigment inhibi-
tion (110 nM; Fig. 4B) and because S-BPH-652

7 MARCH 2008 VOL 319 SCIENCE

(and its analogs) have been advanced through
preclinical testing in orals and in two human
clincal wnals (/4. 13) as cholesterol-lowenng
agents.

As expected, BPH-632 had no effect on
the growth of three human cell lines (MCF-7,
NCI-H460, and SF-268), because only cho-
lesterol biosynthesis is targeted and choles-
terol 15 generally abundant in serum (or dict),
This indicates low toxicity, consistent with the
results of the clinical trials (on S5-BPH-652).
Also, incubation with up to 2 mM BPH-652
affected neither 8. anreis growth character-
istics nor survival through 48 hours in cul-
ture, However, after incubation with 100 yM
BPH-652, the resulting nonpigmented (white)
5. anrens were mone susceptible to killing by
1.5% hydrogen peroxide by a lactor of -15,
and, relative to normally pigmented 8. anrens
treated with phosphate-bultered saline (PBS)
control, were less able 1o survive in [reshly
isolated human whole blood by a factor of ~4
(Fig. 4. C and D), as expected because they
contained no carotenoid pigment 1o act as an
amtioxidant.

Finallv, we sought wo establish whether in-
hibition of staphvloxanthin biosynihesis by
BPH-632 could represent a purely virulence
factor-based therapy against S, auwrens infee-
tion, We first extended our previous observa-
tions on the contribution ol staphy loxanthin 10
abscess formation (4) 10 a systemic S anreis
infection model. Staphyloxanthin was found
o promote imvasive discase potential, because
mice inoculated with 10% colony-Torming units
(CFU) of wild-ype 5 aurenis (by imraperitoneal
injection ) developed a sustained infection, with
bacteria recovered trom the Kidneys 72 hours
later; an isogenic 5. arrens mutant lacking the
CnM enzyme was cleared by the host afier
similar challenge (Fig. 4E). Conversely, the con-
tribution of 5. aurens pigmentation © muco-
sal colonization after intranasal inoculation was
negligible (Fig. 4F). These data are consist-
ent with a primary function of staphyloxanthin
in resisting the host oxidant-based phagocytic
defenses that are present in discase contexts
but arc absent on mucosal surfaces without
inflammation.

Under the same intraperitoneal challenge

used in Fig, 4E, we then treated one group of

mice (= 14) with 0.3 mg of BPH-632 1wice
per day (days —1, 0, 1, and 2), and a second
group (n = 13} with equivalent volume injec-
tions of PBS control. Upon Killing at 72 hours,

S, awrens bacterial counts in the Kidneys of

the mice treated with BPH-632 were signili-
cantly lower than those of the control group
(P < 0.001), with 8 ol 13 below the detection
threshold, versus only 2 ol 14 in the control
group (Fig. 4G): on average, this result cor-
responds to a 98% decrease in surviving bac-
tena in the treatment group,

Thus, the CriM (dehydrosqualene synthase)
engyme from 8 awrens 15 a target for anti-

infective therapy based on virulence factor neu-
tralization, and a drug candidate already tested in
humans m the context of cholesterol-lowering
thermpy provides a good lead. These results there-
fore provide a basis for rational drug design
against this major human pathogen, and provide
proolof principle of the utility of an anti-mfective
drug without direct bactericidal propertics tha
instead renders the pathogen susceptible 1o
nomnal host innate inmune cleamnce. Our ap-
proach, and other virulence factor-based concepts
(46, 17}y for highly specific antistaphylococcal
thempy, also offer theoretical advantages for
reducing selection pressure toward the emergence
of resistance, both i the pathogen and in our
nomnal commensal microflora (3, J8).
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High-Resolution Mapping of Crossovers
Reveals Extensive Variation in Fine-Scale
Recombination Patterns Among Humans

Graham Coop,'* Xiaoguan Wen,* Carole Ober,™? Jonathan K. Pritchard,’* Molly Przeworski'*

Recombination plays a crucial role in meiosis, ensuring the proper segregation of chromosomes,
Recent linkage disequilibrium (LD} and sperm-typing studies suggest that recombination rates vary

tremendously across the human genome, with most events accurring in narrow "hotspots.” To
examine variation in fine-scale recombination patterns among individuals, we used dense,
genome-wide single-nucleotide polymorphism data collected in nuclear families to localize
crossovers with high spatial resolution. This analysis revealed that overall recombination hotspot
usage is similar in males and females, with individual hotspots often active in both sexes. Across
the genome, roughly 60% of crossovers occurred in hotspots inferred from LD studies. Notably,
however, we found extensive and heritable variation among both males and females in the
proportion of crossovers occurring in these hotspots.

rrors n the recombination process during
E]m‘itr_\'i.h underlic a vanety of chromosomal

abnomalitics and greatly increase the risk
ol nondisjunction (/-3) Nonctheless, the total
number of recombination events varies signifi-
cantly among individuals (/). and rates of genctic
exchange over fine scales are known o difTer
in males (5-8). These observations hint at ex-
tlensive variation in many aspects of the recom-
bination process (9). the nawre and extent of
which have yet w0 be systematically charac-
terized. In particular, because observations of

recombination between closely inked markers
come from sperm typing, we still know linle
about line-scale patterns of recombination in
females.

With the recent advent ol high-density geno-
typing platforms, it is now feasible 1o study line-
scale pattems ol recombination with pedigree
data. To test this approach, we analyezed genome-
wide single-nucleotide polvmorphism data from
the Affymetrix GeneChip Mapping 300K Arrmy
Set (Allymetrix, Santa Clara, CA) in 725 related
Hutterites, a population of European descent

REPORTS

/i1, The 725 individuals form part of a known,
[650-person, 13-generation pedigree, which we
broke down o a set of 82 overlappimg nuclear
familics for purposes of analysis. OF the 82
famuilics, 50 have between tour and en geno-
typed children, 18 have three, and 14 have two,
allowing us w0 mfer recombination events in a
izl of 364 male and 364 female gametes. Al-
though the number of meioses is smaller than that
of Kong ef al (/1) (728 versus 1257 meioses),
our marker density is nearly 100-fold higher,
allowing us o define crossover locations with
high spatial resolution,

To infer recombination events from geno-
type data in nuclear fanulies with two or more
children, we devised an algorthm that effec-
tvely phases the parental chromosomes and
wentifies positions where a child’s chromosome
switches from copying one parental haplotype
1o the other [Fig. 1A and supporting online ma-
terial (SOM) text]. This approach idenufied

24095 aumosomal crossovers i 7

which 12278 were localized to an interval of

less than 100 kb and 4,354 to within 30 kb (Fig.
IB). We inferred a mean of 39.6 recombination
events per gamete [95% conlidence interval (C1y:
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38.5 to HL6] in females and a mean of 26.2 re-
combination events per gamete (95% CL: 25.6
to 26.7) i males. Both these estimates, as well
as our recombination rate estimates at the mega-
base scale, agree cosely with those of previous
studies (11 (SOM test). This agreement implics
that our algorithm calls recombination ¢vents
reliably and that, at least at thas scale of com-
parison, the Hutlerite and ledandic populations
have similar overall recombination rates,

We then examined recombination among in-
dividuals, confinming the existence ol significant
varation (SD = 4.71, P = 0.0007) in the mean
number of recombination events among females
(14, 12). A previous report (/3) had suggested
that mothers with higher recombination mtes
have slightly more offspring and that viable off-
spring of older mothers tend 1o have higher re-
combination mtes (/3). We saw a similar elleet in
the Hutterites: We astimated that cluldren born 1o
mothers aged 335 viears or older have, on average,
an extra 3.1 matemal recombination events as
compared with those bom 1o mothers below the
age of 35 (one-sided P = (LO28, from a stringent
within-family permmutation test). This matemal
age elfect may reflect selection against oocyies
that have insufficient numbers of recombination
events 1o overcome insulls o the meiolic svslem
accumulated over time (13, 14),

Among males, we also found signifieant vari-
ation in the total number of recombination events
(8D = 2,59, = 00001}, as reported for cvlo-
genctic studies (/.5) but, until recently (16), not
seen in pedigree studies. Morcover, in males, we
detected sigmificant vanation in the number of
crossovers on individual chromosomes  {espe-
cially chromosome 19), even afier correcting for
genome-wide recombination (SOM wext). Noia-
bly, the chromosomes with significant variation
in males show no such evidence in females,
suggesting that there may be sex-specilic modi-
fiers of recombination rate at this scale (%, /7).
Unlike in females, we did not deteet an effect of
paiemal age on recombination.

On a broad scale, recombination rates are
known to increase with gene density (/7). which
s consistent with a link between trmnscription
and recombination, as found in veast (/8L At a
finer scale, however, pattems of LD sugecst that
recombination rmtes we actually reduced near
wenes and highest at a shon distance from the
start positions of genes (19). Becawse LD pat-
terns are shaped not only by recombination but
also by natural selection, the interpretation of
this finding is not clear-cut; indeed, the obser-
vation of increased LD within genes has been
interpreted both as a signal of naturl selection
in genes (20) and as evidence lor reduced recom-
bination (/9).

To resolve this issue using directly observed
recombination cvents, we estimated the avemge
recombination mtes as a function of distance
from the nearest ranscniption stan site (TSS)
(Fig. 2 and SOM texth, OF the 45854 recombina-
tion events that were refined to within 30 kb, we

7 MARCH 2008 VOL 319 SCIENCE

found that recombination ries are typically low
near the TSS (both upstream and downstream)

and are highest i regions tens or hundreds of

kilobases trom the nearest TSS, These resulls in-
dicate that recombination tends o occur in moene-

distant intergenic sites that may be less likely o
be associated with promoter function, implying
that the primary cause of increased LD near the
TSS 5 decreased recombination rather than
selection,

=k
=
i

i
Lph)
L

_.
o
i

o
o
i

=
M
L

Average recombination rate (cMMb)
=]

S

il

0.2 4

-1000 =750 =500 =250

0 250 500 750 1000

5 Distance from TSS (kb) ¥

Fig. 2. Distribution of recombination relative to genes. The red line plots the estimated, average
recombination rate as a function of distance from the nearest T55, calculated with recombination
events refined to within 30 kb. The physical length of each bin is indicated by the length of the
horizontal line. The 20 gray lines show averages calculated from bootstrap resampling of
recombination events, as a measure of the uncertainty in our estimates. ¢M, centimorgan.
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Fig. 3. Overlap of recombination events with four specific hotspots inferred from LD analyses. These
regions were chosen because they contain some of the most active hotspots seen over all chromosomes
(SOM text). Each panel displays results for one region, with the physical position (in kilobases) denoted
on the x axis. Only recombination events localized to within 100 kb are shown, with intervals containing
male and female crossovers indicated in green and blue, respectively. The locations of the hotspots
estimated from LD data are shown along the bottom of each panel as black lines, and vertical light gray
lines indicate their boundaries. (A} Region located at 69.5 kb on chromosome 17. (B) Region located at
58.7 kb on chromesome 19. (C) Region located at 119.5 kb on chromosome 10. (D) Region located at

132.5 kb on chromosome 11.
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Sperm-typing and LD analyses suggest that
most {6 to T4 crossover events ocour in about
10% of the genome (/9), a heterogeneity largely
due 1o 1- 1o 2-kb hotspot regions that expericnce
sharply elevated recombination relative to that of
the background (&, ¥, f9, 27231 Although such
studies have vastly improved our knowledge of
line-scale mtes, sperm-typing studics are labor-
intensive and only informative about male rates,
In turn, LD-based estimates rely on a simple
population genctic model and are both sex-
averaged (over both male and female ancesiors
of the sample) and time-averaged (over many
ancestrml generations), consequently, such esti-
mates cannot be used 1o Jeam about variation in
rates among individuals, In contrast, our high-
resolution pedigrnee data allow us 1w directly
observe crossover events In ransmissions from
both males and females and to examine inter-
individual vanation,

To learn more about the nature of holspots,
we considered all recombination events m our
data whose location could be mfemred 1o within
30 Kb (2910 female and 1944 male cvents; sce
SOM for results with other cutofls). To assess the
congruence between LD- and pedigree-based es-
timates of recombination, we examined how
olten these wellresolved recombination events
overdapped with 32,996 putative hotspots esti-
miated from LD pattems in the Phase [ HapMap
data (24) (SOM text). We found that 72% of
crossovers overlap o hotspot, when just 32%
would be expected W do so by chance. Wi then
uscd a likelibood method 1w estimate the e
propotion of recombination events that takes
place in howspots, accounting for the possibility
that an event overlaps simply by chance (SOM
text). We tound that 60% (95% CI: 58 10 61%a) of
recombination events occurred in hotspots, which

closely agrees with analyses of LD data (/9). A
number of the LD howspots that were overlapped
by our mferred recombination events appear o
be extremely active: For example, three of the
hotspots shown in Fig. 3 are potentially active in
as many as 1% of meioses (see SOM text).

Overall, our results support the picture of
recombination rate heterogeneity as suggested by
LD analyses, notably in terms of the (raction of
crossovers occurting in hotspots. This concor-
dance implics that hospots detected in extant
populations have persisted for at kast the time
scale detectable in LD (ic., thousands of gener-
ations), Our findings do not mean that every
inference of a hotspot froom LD data is true; our
well-resolved recombination events only overlap
a tofa] of 3200 howspots, leaving many predicted
hotspots 10 be confimed.

At broad scales, females and males are known
to differ dramatically in their recombanation rates
(£, 12, whereas, at finer scales, very little s
known about differences between sexes, One
hint that recombination rate heterogencity may
be similar between the two sexes is that LD data
from the X chromosome—which (ouside of the
pseudoautosomal regions) recombines only in
females—show pattems of hotspots that are
roughly similar to those on autosomes (9, Our
data show that indeed overall hotspot use is quite
similar in the two sexes. Across the genome, the
fraction of crossovers that occur in recombination
hotspots inferred from LD differs only slightly
hetween males (62%: 95% Cl: 539 w0 649%) and
females (57%; 95% CI: 55 10 59%). Moncover,
inspection of specific hotspots revealod that they
are ofien active in both males and females, as
they coineide with well-resolved recombination
events in both sexes (Fig. 3, A and B). A subset
of hotspots, however, seems 1o be used mainly by
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Percentage of recombination events that occurred in LD-based hotspots

Fig. 4. The percentage of crossovers inferred to have occurred in LD-based hotspots in each
individual. The maximum likelihood estimate (MLE) for each individual [females in (A) and males in
{B)] is shown as a circle, and the 95% Cls are indicated by the length of the horizontal lines.
Individuals are ordered by their MLE. The black vertical line in each panel shows the overall MLE.
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ong sex or the other. For example, the hotspot in
Fig. 3C 15 potentially active only in females,
whereas the hotspot in Fig. 3D appears to be
active mostly in males (SOM text), Our analyses
indicated that the sex-specific use of ndividual
hotspots is explained in part by differences in
broad (mcgabase)-scale mies but that there is
also considerable variation betwean sexes below
the megabase scale. We also examined the over-
lap between recombination events within and be-
tween sexes, controlling for the broader-scale rte
ifor dewails, see the SOM). Together, these
analyses suggest that males may use a smaller
subset of hotspols than females,

Although we found no marked difference in
the averaze hotspot use between sexes, we noted
extensive vanation among both males and
females in the fraction of crossovers that occur
in hotspots. For cach parent, averaging across all
their offspring, we estimated the genome-wide
proportion of events that occur in LD-based hot-
spots {cr) (Fig. 4). The variation in o among
individuals is highly significant by a likelihood
ritio test (P value from permutation test: P <
0.002, for both sexes). Moreover, the namow-
sense hertability of the fraction of crossovers in
LD-based hotspots is estimated to be 0.22, which
is significantly larger than O (P = 0010, with a 1est
that accounts for reltedness across the entire
Hutterite pedigree) (2.5). Thus, genome-wide use
of LD-based hotspots is significantly variable
among individuals (imales and females), and this
varation is heritable.

One intempretation of this Ninding is that some
individuals use recombination hotspots less fne-
quently than others. However, because hoispots
detected in LD data are likely 1o have been active
for thousands of years, it may be that all indi-
viduals use hotspois equally, but some tend W use
newer orweaker hotspots that are less likely o be
found in analyses of LI, Regardless of the inter-
pretation, the finding of henable vanation in LD-
based hotspot use points o heritable differences
among individuals in some aspect of the ne-
combination machinery.

This result is panticularly interesting in light
ol recent reports suggesting that hotspot locations
have evolved rapidly since the split between hu-
mans and chimpanzees (26-29), because differ-
cences 0 tmns=acting factors i humans and
chimpanzecs could account for the marked difler-
ence in hotspot locations between the two spe-
cics. Moreover, our finding offers a possible
solution to the hotspot paradox (1Le., the existence
of hotspots despite blased gene conversion
against alleles that promote them) (6, 7, 30% A
single change in the recombination machinery
could create many new hotspols in the genome,
counteracting the removal of individual hotspots
from the population by biased gene conversion
(% 30

These analyses uncovered tremendous varia-
tion in recombination rates over all genomic
scales considered and, in panicular, heritable
varation in holspot use. It should now be possi-
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ble to map the genetic basis for variation in
different aspects of the recombination process,
with high-density genotyping data. Identifyving
the loer that contrbute to s varation will ofler

unparalicled insights into the genetic basis of

recombination mte variation and the sclective
forees goveming the evolution of recombination
rates (Y,
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Sequence Variants in the RNF212 Gene
Associate with Genome-Wide
Recombination Rate

Augustine Kong,* Gudmar Thorleifsson, Hreinn Stefansson, Gisli Masson, Agnar Helgason,
Daniel F. Gudbjartsson, Gudrun M. Jonsdottir, Sigurjon A. Gudjonsson, Sverrir Sverrisson,
Theodora Thorlacius, Aslaug Jonasdottir, Gudmundur A. Hardarson, Stefan T. Palsson,
Michael L. Frigge, Jeffrey R. Gulcher, Unnur Thorsteinsdottir, Kari Stefansson®

The genome-wide recombination rate varies between individuals, but the mechanism controlling
this variation in humans has remained elusive. A genome-wide search identified sequence variants
in the 4pl6.3 region correlated with recombination rate in both males and females. These variants
are located in the RNF212 gene, a putative ortholog of the ZHP-3 gene that is essential for
recombinations and chiasma formation in Caenorhabditis elegans. It is noteworthy that the
haplotype formed by two single-nucleotide polymorphisms (SNPs) associated with the highest
recombination rate in males is associated with a low recombination rate in females. Consequently,
if the frequency of the haplotype changes, the average recombination rate will increase for one sex
and decrease for the other, but the sex-averaged recombination rate of the population can stay

relatively constant.

ceombmation generates part of the diver-
Rnil}' that fuels evolution, In humans, it has

been suggesied that recombination mie
must be highly regulated (1), as wo lile re-
combination can lead to inaccurate disjunction
and ancuploidy (2, 3), whereas ectopic exchange
can lead w0 chromosomal reamangements (4,
Some regions in the genome, known as hotspots,
have much higher recombination mme per phys-
ical distance unit than the genome as a whole, By
using high-density  single-nucleotide  polymor-
phism (SNP) data, from which historical recom-

deCODE Genetics Inc, 101 Reykjavik, lceland.
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bmnation events can be infermed, and sperm data,
substamial advances have been made in the un-
derstanding of Jocal recombination mte (3-11).
Furthermore, male and female recombination pat-
tems are different in both genome-wide and re-
eional recombination mtes (£2, £ [t is also linmly
established that genome-wide recombination rate
varies substantially among women (f2, 1.3), and
there have been hints that this also is rue in men
(14-16).

Previously, we genotyped a large number of
familics with a genome-wide microsatelline set of

= 1O markers. This work allowed us to cstimate
the recombination rate for thousands of men and
women and demonstrted that maternal necomba-
nation rate increases with the age of the mother

and that there is a positive comrelation belween
the number of children and the recombination
rate of a woman (/7). A common inversion on
chromosome 1792131 was also identified tha
associates with recombination rate and fertility of
women {/8), Here, we performed a genome-wide
scan for vanants associated with recombination
rate by genotyping with the Mumina Hap300
chip 1387 males and 1702 females with recoms-
bination rmate estimates [see (J9) for a deseniption
ol study proups|. After quality filering, 309,241
SNPs were tested for association with recombi-
nation frequencics. Male and female recombina-
tion rates were siudicd separately with weighied
regression where the weight of a person was
proporional to the number of children used 1o
estimate recombination rate. We litted an additive
model with the estimated recombination mite
regressed on the number of an allele (0, 1, or 2) a
person camicd, The results were then adjusted for
relmedness between individuals and potential
population stratification with the method of ge-
nomic control (209, Specifically, standard crmors
ol the effeet estimates resulting from the regnes-
sions were multiplied by a factor of 1,041 for
males and 1067 for females corresponding 1o
dividing the chi-square 1esi hl[llih!ii.‘.‘i by an ad-
jusiment factor of 1LOR4 = 10417 and 1138 -
1067 [sce (49) for quality control and statistical
analysis|.

For the recombination mte of males. three
SNPs achieved genome-wide significance (P -
1.6 = 107, fig. S1). They were 3796619 (P
LA = 107", 151670533 (P = 18 < 107"), and
152043063 (P = 1.6 = 107", which were all lo-
cated within a small region in strong linkage dis-
cquilibrium (LD on chromosome 4pl 6.3 (Fig. 1),
The same three SNPs were also associated with
the female recombination rate (Table 1), The last
two SNPs achicved genome-wide signilicance: no
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other SNP did. However, when we companed
males with females, the three SNPs each showed
opposite cllects, Forexample, allele T ol 3 796619
was associated with low recombimation rate m
miales, but high recombination rate in females,
These three SNPs were genotyped i a repli-
cation sample of 1248 males and 1663 females
for whom recombination rte estimates were also
available, Overall, 3135 males and 3365 fanales

were genotyped for the three SNPs. A total of

4388 nuclear families and 19578 individuals
genotyped with genome-wide microsatellite

markers (/%) contributed to the hinal recombina-
tion mate estimates confirming the original asso-
clations. With the samples combined, s3796619
showed the strongest association with male
recombination mte (P = 3.2 = 107%*), and cach
copy of allele T (comparad with Ch wis estimated
o decrease mcombination rate by 70.7 cenu-
morgans (cM) (Table 1), For emale recombina-
tion mte, the SNP 1670533 showed the
strongest association (P = 1.9 = 107"), and,
relative 1o the TT homogygote, cach copy of
allele € was estimated 1o increase necombination
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0
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o g -
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Fig. 1. (A) The pairwise correlation structure in a 300-kb interval (0.9 to 1.2 Mb, National Center for
Biotechnology Information Build 34) on chromosome 4. The upper plot includes pairwise O for 230
common SNPs [with MAF (minor allele frequency) > 5%] from the HapMap release 22 for the CEU
population (24); the lower plot indludes pairwise r* values for the same set of SNPs. (B) Sex-averaged
recombination rate (saRR) estimates (in centimorgans per megabase) in the same interval, on the basis of
the HapMap dataset (25). (C} Location of nine known genes in this region. (D) Schematic view of the
correlation between recombination rates and genotypes for SNPs in the interval from the genome-wide
association study of 1887 males (blues dots) and 1702 females (red dots). Plotted is —log g P, where P &5
the adjusted P value, against the chromosomal location of the markers. All four panels use the same
horizontal megabase scale indicated at the bottom of panel (D).
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rate by 88,2 cM. The third SNP, rs2045065. was
highly comelated with rs1670533 (% = 0.99), and
their effects could not be distinguished from cach
other, Hencelorth, for simplicity, we focused on
the joint clfects of 3796619 and 1670533,
Although 3796619 and 1670533 are not
sumogates of cach other, nonctheless, they are in
stromg LD (LY =
the four possible haplotypes were observed in our

sample. Pairwise comparisons of the cffects of

these three haplotypes on recombination rate were
miade; an additive model was assumed (Fig. 2, A
and B). For males, haplotype [C.T] wis asso-
ciated with significantly higher recombination
rate than both [T, T] and [T,C](P=3.2 = 10" and
7.0 = 107, respectively). Haplotype [T.T] was
associated with a slightly higher recombination
e than haplotype [T.C), but the difference did
not reach significance (P = 00061). Hence, mos,
il not all, of'the difference in male recombination
rle between the three haplotypes could be ex-
plained by SNP 379619, For females, haplo-
type [ T.C] was associated with significantly higher
recombination rate than both haplowype [T T (=
6.6 % 1077y and haplotype [C.T] (P= 54 = 107",
although there was not a signilicant dilference
between the latter two haplotypes (P = 0.47).
Henee, the SNP 1670333 alone may account
For all the differences in female recombination
rate between these haploty pes,

For the association of s3796619 with male
recombination mie and the association of s16TO533
with emale recombination rate, testing the ad-
ditive model against the full mode] amd reating
the genotype as a categoneal vanable showed
that, in both cases, these resulls were not sig-
nificamly differemt from that expected under the
additive model (£ =10.77 and (.68, respectively).
It is noteworthy that haplotype [C.T] was asso-
ciated with high male recombination raie and low
female recombination and that the exact opposite
was true for haplotype [ T.C). To ensure that these
obscrvations were not an anifact of cstimating
recombination rates through family linkage data,
however unlikely, we analyzed the data of 2152
couples, a subset of the 3135 males and 3365
females studicd. When the genotvpes of the
spouses werne included in the regression, they
were not statstcally siznificant and did not affea
the association between the genotypes of the in-
dividuals and their estimated recombination mies.

Association resulis for mdividual chromo-
somes, with the estimated eflfect presenied as a
percentage of the average recombination mie of a
chromosome, are displayed in Fig. 3 (see fig. 52

for effects in centimorgans), For males, allele Tol

3796619 was estimated 1o have a negative ef-
fect on recombination rmite for 21 of the 22 auto-
somes, and this eflect was significant (P < 0,05)
for 13 chromosomes, Although this supports the
hypothesis that the effect of the vanant is indeed
genome-wide, a test of heterogeneity indicated
that the pereentage change is not the same for all
chromosomes (P = 0001 ). For females, allde C
of 1670533 was estimated 10 have a positive
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Table 1. Association of sequence wvarants with male and female re-
combination rate. The two alleles of each SNP, 53796619, rs1670533, and
rs2045065, are shown. The frequency of the first allele (e.g, allele T of

the secand allele.

Male recombination rate

rs3796619) in the sample & given. Effect is estimated on the basis of an
additive model. Displayed is the estimated effect of the first allele relative to

Female recombination rate

Sample SNP (alleles) (%)
Effect (cM) [95% CI] P Effect (cM) [95% ClI] P
Genome-wide
1887MW1T02F rs3796619 (T/C) (32.9) —67.9 11x 107" 67.6 7.9 x 107¢
151670533 (OM) (22.5) —66.1 1.8 5 1074 92.8 41x%10®
152045065 (G/A) (22.5) —66.2 1.6 x 1071 92.2 6.0 x 107°
Replication
1248M/1663F 53796619 (T/C) (32.8) -75.2 35x 107 37.4 0.025
rs1670533 (OT) (23.0) —74.5 21 %1077 82.9 5.4 % 10°°
152045065 (G/A) (22.9) -74.1 2.8 x 107 79.0 1.6 % 107°
Combined
3135M/3365F 3796619 (T/C) (32.9) -70.7 [-84.3, -57.1] 3.2 x 107 54.3 [32.1, 74.5] 1.6 x 107"
51670533 (CM (22.7) —69.4 [-84.6, —54.2] 28 x 107" 88.2 [63.7, 112.7] 19 <107
152045065 (G/A) (22.6) —69.3 [-84.5, —54.1] 3.3 % 1071? 86.1 [61.4, 110.8] 8.6 x 10712
A Males High B Females Liow within this LD block (Fig. 1), The SPON2 gene
; N may acl as an opsonin and patlem-recognition
GB T molecule for a range of pathogens through
/) detection of carbohydrte structures and activa-
“x - tion of macrophages. The ANF212 gene has not
oY = 554 A &= 778 M = 127 oM T = -84 3 been characterized. but homology scarches in-
P32 P=70s10% P=047 P=Sdai0™ dicate that the gene encodes a RING finger pro-
tein that may be a ubiquitin ligase. Gene ontholog
predictions suggest homology between the mame-
o oy . ‘g malian RNF2[2 gene and the ZHP-3 gene (a
1'[7 ey TC T e \TC homolog of the ZIP3 gene in yeast), which is
Low P 0,081 ‘I.W Low PsgBs10’ Hln‘ﬂ'h involved in meiotic recombination (27) (Nig. S3).

Fig. 2. (A and B) Difference in recombination rate between the three haplotypes of rs3796619 and
rs1670533. Size of the circle is proportional to the frequency of the haplotype in the population
(67.1% [C,7], 22.7% [1,C], 10.2% [T,T]). Each arrow indicates the comparison of two haplotypes
and the difference of the haplotype the arrow is pointing to relative to the second haplotype.

effect on recombination rmte for 22 of the 23
chromosomes, 13 of them significantly so. Unlike
males, for females, a test of heterogeneity was not
significam (> 0L03), but chromosome 21 stwood
oul as one that gives an estimated effect in the
opposile direction.

Relative o the population average, cach copy
of 3TH6619 T was estimated to decrease male
genome-wide recombination rate by 2.62%. For
rs1670333 C and female genome-wide recombi-
nation re, the estimated effect was an increasc
of 1.87%. From the regression results, 37966149
T explained 3.5% of the vanation in male
recombination raie and 16705333 C explained
1.7% of the variation in female recombination
rate, These numbers, however, substantially under-
estimate the total parcmal effect explained by
these variants, This is because, on the basis of the
recombination counts of a few children only, the
inherent recombination rate of an individual,
which mathematically can be viewed as the
average recombination counts in the children (if
the person were 1o have an infinite number of
children), was measurcd with substantial cmor,
The latter has 1o be estimated and deducted from
the total vanation in the regression analyses in

7 MARCH 2008 VOL 319 SCIENCE

order 1o properly evaluaie the contribution of the
identified variants. With a method than utilizes the
different chromosomes as pseudo-replicates, we
estimated that about 6.6% of the 1otal variation in
the paternal recombination count of a child could
be aitribuied 1© a sysicmatic effoct associnied
with the father |see (/9 for a description of the
method and the decomposition of the total
varation into various components|. A systematic
matemal cffect was estimated o accoum  for
about 11% of the varation n the maternal re-
combmation count of a child. For the fathers and
mothers in this study, who have, on avemge,
about 2.75 genotyvped children, the patemal effoet
accounted for ~16% of the varation in the cs-
timated recombination rates of the Fathers, and
the matemal effeet accounted for ~26% of the

varation in the estimated recombination rates of

the mothers. Hence, 3796619 explains about
2% (3.5/16) of the patemal effect, and s 1670533
explains about 6.5% (1.7°26) of the matemal
eliect.

The three SNPs with the strongest association
with recombination rate in males and females
were located in an LD block spanning 200 kb,
Two genes, SPON2 and RNF212, are located

Moeiotic recombination is likely w0 depend, in
large part, on recombinmonal repair ol pro-
erumimed meiotic double-strand breaks (22). The
synaptonemal complex (8C), a stucture fomed
by close association of axes of homologous sister
chromatid pairs, is essential for crossover fonma-
tion and completion of meiosis (23). Three pro-
teins involved in this complex, Zip2. Zip3, and
Zip4 (from the veast Zip genes), mediate protein-
protein interactions (23). On the basis of gene
knockout experiments, the ZfP3 homolog in
Cuenorfabdiis elegans, ZHP-32 (KOZB12.8) is
essential for reciprocal recombination between
homologous chromosomes and, thus, for chias-
ma formation ( 27). Similaritics between distantly
related ompanisms, such as Saccharmmmees ceravisioe
and . elegans, suggest that the structure and
function of the SC s conserved among distantly
related specics. This suggests that the RNF2(2
gene may play a crucial role in recombination
and assembly of the SC (21) in mammals, as
do their putative orthologs in O elegany and
S cerevisiae. Although the conservation between
ANF212 in humans and ZHP-3 in C. elepans is
limited (36 out of 118 aminoe acids in the RING
finger domain) (27, our findings support the idea
that the RNF212 protein may be involved in
recombination,

In the LD block containing RNF212, on the
basis of the HapMap group composed of
Eurvpean Amencans (CEU), data release 22 (24),
there are a large number of SNPs highly corne-

WWW.SCIencemag.org




Al-
= | Males
{5
.
k]
L -qmmnn-
i_ 1
£y
i + [ L [
T
5
5‘?
ﬁ? T T T T T ) T T . T T T T T
Al 1 2 3 4 5 8 7 B 9 101112131415 1617 1819 2021 22
Chromosome
B

Females

{1

e

4

2

il

=2

=i

Parcent change in recombination rate per copy of m18T0533 C
0

i

- -

Al 1

2 34 5 6 7 8 9101112131415 1617 18 19 20 21 22 X

Chromosome
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Estimate and 95% confidence interval are displayed for percentage change. (A) Effect of allele T of

53796619 in males, (B) Effect of allele C of rs1670533 in females,

lated with either rs3796619 or rs1670533 or with
haplotvpes formed by alleles of the two SNPs,
Nine SNPs tag r37966 19 and 43 SNPs g
rs 1670533 with a pairwise correlation cocflicient
> 0.9, One of the SNPs strongly comelated
with 3790619 15 rsd 045451 {a‘: = (1.96), a silent
{synonyvmous) SNP i the thind exon of RNF212
mRNA (BCO30356). A deletion, rs33993490, in
the coding region of the fourth exon of anoiher
RNF212 mENA (BCO36250) is strongly corre-
lated with allele C of 11670533 (< = 1.0) (figs.
54 and 55). Thus, these variants may affect re-
combination rate, but functional work is required
to prove causality. We sequenced the exons of the
RNF212 gene and did not find any other com-
mon coding variants in the RefSeq Gene variamt
(NM194439.1) that could account for the ob-
served association with recombination rate (sec
table 52 for details).

A phylogenctic analvsis of a 35-kb region
containing rs3796619 and rs 1670533 in the

www.sciencemag.org SCIENCE

HapMap data ( 24) revealed three well-differentiated
clusters of haplotvpes showing notable differ-
ences in frequency between the Yomban Nigeri-
ans (YR and CEL and East Asians (CHB and
JPTY (fig. S6). The |C.T] and [T.C] haplotypes
that associate most strongly with recombination
rate have a combined frequency of only 17% in
the YRI sample, but reach a frequency of 91%
and 98% in the CEU and East Asian samples,
respectively, Several SNPs in this region show an
unusual degree of divergence among the HapMap
groups, on the basis of the rnk percentile of their
Fyr values (Wright's coellicient. a measure of var-
iance in allele frequencies among populations)
among all autosomal SNPs with the same over-
all frequency in the HapMap. Specilically, we
identified cight SNPs whose Fep values are in
the top 0.3% Tor dilferences between the YRI
and East Asian HapMap samples and also in
the top 3% of differences between the YRI and
CEU samples. Each ol these SNPs differentiated a

REPORTS

subset of |[T.T] haplotypes from the rest, perhaps
indicating an episode of positive selection (or a
severe founder effect) that mereased the frequen-
oy of [C.T] and [ T.C] haplotypes in the ancestors
of European and East Asian populations,

Although an inversion on 17g21.31 has pre-

viously been associated with recombination rmte
in women, the vanants described here are shown
to associate with both male and emale recombi-
nation rate. Notably, they are associated with op-
posite elfects in the two sexes, U is possible that
vardants with such propertics are unique 10 re-
combination rtes, Biologically, the processes of
male and female recombination are different (25),
which may allow such vanants 10 exist, These
vanants could serve a key function from an evo-
lutiomary perspective, as they allow the wansfer
of the recombination contrbution from one sex
to the other with minimal impact on the average
recombination rate for the population as a whole.
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Hepatic Glucose Sensing via the
CREB Coactivator CRTC2

Renaud Dentin, Susan Hedrick,* Jianxin Xie,® John Yates Ill,> Marc Muntminy"

Chronic hyperglycemia contributes to the development of diabetes-associated complications.
Increases in the concentration of circulating glucose activate the hexosamine biosynthetic
pathway (HBP} and promote the O-glycosylation of proteins by O-glycosyl transferase (OGT).

We show that OGT triggered hepatic gluconeogenesis through the O-glycosylation of the transducer
of regulated cyclic adenosine monophosphate response element—binding protein (CREE)

2 (TORC2 or CRTC2). CRTC2 was O-glycosylated at sites that normally sequester CRTCZ in

the cytoplasm through a phosphorylation-dependent mechanism. Decreasing amounts of
0-glycosylated CRTC2 by expression of the deglycosylating enzyme O-GlcNAcase blocked effects
of glucose on gluconeogenesis, demonstrating the importance of the HBP in the development

of glucose intolerance,

tration ol circulating pancreatic glucagon trig-

ger the gluconcogamie program i part by
stimulating the dephosphorylation of CRTC2
at Ser 171 (1, 2). CRTC2 is sequestened in the
eytoplasm through an association with 14-3-3
proteins in animals fed ad libitum but trans-
locates 1o the nucleus alier its dephosphorylation,
where it mediates tmnseriptional activation by
hinding 10 CREB.

In response o refeeding, increases in circulat-
ing concentrations of pancreatic insulin inhibit
hepatic glucose production in part through the
ubiquitin-dependent degradation of CRTC2 (3).
The gluconcogenic program is constitutively in-
duced in diabetes because of msulin resistance
and chronic increases in eirculating concentra-
tions ol glueose, which appear o increase gluco-
neogenic gene expression independently (4-6).
Because a conserved cyelic adenosine 3'-3" mo-
nophosphate (¢AMP) response clement (CRE)
on the glucose-6-phosphatase (GoPase) promoter
is required for the transcription of that gene in

In fasted animals, increases in the concen-

response o glucose (7). we exploned the mole of

CRTC2 in this process.,

Exposure of primary mouse hepatocyies 1o
varous concenrations of glucose (Glu) or glu-
cosamine (GleN), an intermediate in the HBP,
stimulated gluconcogenic gene expression (GoPase
andd PEPCK) and increased glucose output from
prinzry mowse hepatocyies; these ellects wene aug-
mented by the adenyl evelase activator [orskolin
(FSK) (Fiz 1, A and B, and fig. S1), CRTC2 ap-
pearcd critical is this regand becawse Glu and GleN
did pot promoice the accumulation of GoPase or
PEPCE mRNAs in cells expressing CRTC2 RNA
interference (RNALL Exposure o Glu or GleN
also increased wild-type G6Pase promoter ac-
tivity cooperatively with FSK in hepatocyies bui
had no effect on a CRE-mutant GoPase reporter
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{Fig. 1B). Further demonstrating the ability of the
CREB:{URTC2 pathway o mediate  glucose-
responsive transenption, treatment of cells wath
Glu or GleN mereased the actvity of a CRE-
lucilerase (CRE-luc) reporter comtaining only
CREB binding sites in control cells but not in
CRTC2-deficient cells (Fig. 1C). In line with
these changes, exposure of cells 10 Glu or GleN
also promoted the dephosphorylation and nu-

clear accumulation of CRTC2, as detected by im-
munchloting and immunofluorescence analvses
(Fig. I, Cand D, and fig. S1).

Increases in the concentration of extracellular
glucose modulate gene expression in part by trig-
genng the O-glycosylation of certain tmnscrip-
tional activators (8, ¥), Thus, we investigated
whether CRTC2 15 O-glveosylated i hepato-
eytes, Amounts of O-glveosylated CRTC2 (OG-
CRTC2) increased after treatment with Glu or
related analogs (mannose, fructose, or galactose).
as detected by Western blotting of CRTC2 im-
munoprecipitated with antiserum  that recog-
nizes O-glveosviated proteins (M) (Fig, 2A and
fg. 82). Glucose analogs and GleN also stimu-
lated CRE-luc acuvity i primary hepatocy tes,
but nonmetabolizable sugars (2-deoxyglucose
and L-glucose) and glycolytic intermediaes down-
stream of the HBP did not.

To determune whether the HBP is required for
glucose-stimulated activation of CRTC2, we used
inhibitors of L-glutamine fructose-6-phosphate
amido transferase (GFAT), the rate-limiting en-
eyvme in this pathway (/). Compared with he-
patocytes exposed to high glucose alone, cells
incubated with the GFAT inhibitors 6-dineo-5-
oxo-L-nordeucine (DON) or aeaserine (AZA) had
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ﬂ 80 CREl ot P50
5 50
E 40
a 3
& 20

10

o
GI5 GleN
CRTC3

OO Of G098 Chch G0 08 O CloM

Fig. 1. Activation of CRTC2 A 281 ¢

in cells exposed to high con- 2| M cRTca
centrations of glucose. (A} g

(Top) Effect of glucose (0,5, & 1.8

25 mM: GO, G5, G25) and ﬁ .

glucosamine (10mM GlcNjex-  §

posure (& hours) on amounts 0.5

of G6Pase mRNA in primary ol

mouse hepatocytes infected GO G5
with adenovirally encoded un- USi
specific (USi) or adenavirally

encoded CRTC2 RNAi (CRTC2i),

(Bottom) Western blot show-
ing effect of CRTC2 knock-
down on amounts of CRTC2

HEPOO -Il‘ﬂ—-"-—

protein relative to control
cells. (For this and subsequent
figures, the P value was de-
termined using a two-tailed
unpaired Student's ¢ test. P <
0.05 for USi compared with
CRTC2i cells; n = 3). (B) Ef-
fect of Glu and GleN with or
without FSK (10 uM, & hours)
on wild-type and CRE-mutant
GoPase-luciferase reporters

(top) and on glucose output P-CRTCZ —]
{bottom) from primary mouse CRTC2 =
hepatocytes. Cells were pre- P-LRTCE ==

incubated in glucose for &
hours, washed, and then as-
sayed for glucose release into
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glucose-free medium over a 1-hour period. (C) (Top) Effect of Glu and GlcN on CRE-luciferase reporter
activity in Usi- and CRTCZi-expressing mouse hepatocytes, as in (A). (7 < 0.05 relative to control cells; n = 3).
(Bottom) Western blot of phospho (Ser*”?) and total CRTCZ in hepatocytes exposed to Glu or GleN. (D)
Immunofluorescence analysis of CRTCZ localization in hepatocytes exposed to Glu, GlcN, or F5K for 6
hours and stained for endogenous CRTCZ. DAPI staining shown to visualize nuclei, White arrows point to

representative cells with nuclear CRTC2 staining.
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lowwer amounts of QG-CRTC2 (Fig 2B and fig. S3).
DON and AZA also inhibited CRTC2 nuclear
translocation and CRE-luc activation by glucose,
supporting the idea that the HBP mediates eflects
of glucose on CRTC2 activation i hepatocytes.

O-glyecosylation and phosphorylation ofien
excnt reciprocal eflects on protein activity (/2]
Indeed, phosphorylated CRTC2 (P-CRTC2), de-
tected by immunoblotting, was confined to the
evtoplasm, whereas OG-CRTC2 was detected pri-
marily in nuclear fmctions of glucose-stimulated
hepatocytes ( Fig. 2C). In chromatin immunopre-
cipitation (ChIP) assavs, amounts of OG-CRTC2
associted with the GoPase promoter increased

alter exposure of cells o high concentrations of

glucose (25 mM) (Fig. 2D and fig. S4). Blocking
CRTC2 O-glyveosylation with DON disrupted the
clleets of glucose on CRTC2 recrumiment: and
co-ncubation of DON-treated cells with GleN
rescued both CRTCZ O-glycosy laton and occu-
pancy of the GOPase promoter.

In mass spectrometry studies 1o characienize
O-glyeosylation sites in CRTC2, we wenulied
six residues, two of which (Ser™ and Ser'™)
showed greater amounts of O-glycosylation by
mutational analysis (Fig. 3A and fig. $5). A mu-
tan CRTC2 protein containing Ala substitutions
at both Ser’” and Ser'” was not detectably O-
glyeosylaed after exposure of hepatocyies o high
glucose concentrmtions. In resting cells, CRTC2 is

REPORTS

sequestered in the eytoplasm by [4-3-3 proteins
through phosphorylation at Ser'® and Ser'™! by
members of the AMP-activated protein Kinase
(AMPE) tamily of Ser-Thr kmases (13, 2). Con-
sistent with the proposed role of O-glycosylation
m blocking protein phosphorylaton, alanine muta-
tionsat Ser™® and Ser'” dismupted the CRTC2:14-3-3
interaction and promoted localization of these
mutant CRTC2 proteins o the nucleus (Fig. 3, B
and C, and fig. 56} Phosphorylation-defective
SerAla and Ser''Ala mutanm CRTC2 proteins
were also more active than wild-type CRTC2 in
stimulating CRE-luc activity under basal condi-
tions (fig. S5). Conversely, substitution of Ser’™™
and Ser' "' with aspartate, 1o mimic constitutive
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Fig. 2. Glucose stimulated O-glycosylation, nudlear translocation, and recruit-
ment of CRTC2 to gluconeogenic genes. (A) Effect of Glu (25 mM) and related
analogs {(mannose, fructose, or galactose) or the nonmetabelizable analog
2-Deoxyglucose (DOG), the HBP intermediate GlcN, or the downstream glycolytic
intermediate dihydroxyacetone phosphate (DHA} on amounts of O-glycosylated
CRTC2 (0G-CRTC2) (top) and on CRE-luc activity (bottom) in primary mouse
hepatocytes. (*, P < 0.05 compared to control; n = 3). (B) Effect of GFAT
inhibitor DON on amounts of 0G-CRTCZ (top) and on CRE-luc activity (bottom)
in hepatocytes exposed to 5 mM glucose (G5), 25 mM glucose (G25), or GlcN
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showing subcellular localization of wild-type and Ser "Ala or Ser
FSK-treated HepG2 cells. DAPI staining shown to visualize nuclei (n = 3). (D) Effect of Glu and FSK

exposure on GéPase luc reporter activity in HepG2 hepatocytes expressing wild-type CRTC2 (WT) and O-
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for 6 hours. Amounts of phospho (Ser*”®) CRTC2 (P-CRTC2) and total
CRTC2 are shown. (*, P < 0.05 compared with control; n = 3). (C) Western
blot showing amounts of OG-CRTC2 and P-CRTC2 in nuclear and cyto-
plasmic fractions of primary hepatocytes exposed to G25, G25 and DON
(DON), or G5 (C). Control nuclear (CREB) and cytoplasmic (ACC) proteins
shown. (D) ChIP assay showing effect of low (5 mM) or high (25 mM)
concentrations of glucose on recruitment of CRTC2 to the G6Pase promoter in
hepatocytes. Effects of GFAT inhibitor (DON) and glucosamine (GlcN) are
indicated (n = 2).

S1TA

Fig. 3. O-glycosylation at Ser’® and Ser'’? increases CRTC2 activity by disrupting 14-3-3 binding. (A)
Immunoblot showing relative O-glycosylation of wild-type and mutant CRTC2 proteins containing two Ala
substitutions at major O-glycosylation sites (570,171A). HepG2 hepatocytes were exposed to low (S mM) or high
(25 mM; G25) concentrations of glucose. (B) Relative binding of wild-type and Ser'™Ala mutant CRTC2 to 14-3-3

proteins in primary hepatocytes exposed to G25 or G25+DON (Don). 14-3-3 protein was recovered from
immunoprecipitates of wild-type CRTC2 and Ser' Ala CRTC2 proteins. (€) Immunocytochemical analysis

"1 la mutant CRTC2 proteins in control or

glycosylation defective (S70A, S171A; S70,1710) CRTC2 constructs, or empty vector control (CON).
Comparable expression of wild-type and mutant CRTC2 proteins was verified by Western blot. {*, P < 0.05 compared with 5 mM glucose; n = 3).
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Fig. 4. Modulation of O-glycosylation and transcriptional activity of CRTC2 by
OGT and GCA. (A) (Top} Coimmunoprecipitation assay of HEK293T cells using
epitope-tagged CRTCZ and OGT proteins. Amounts of CRTC2 recovered from
IPs of OGT shown. O-glycosylation of CRTCZ (OG-CRTCZ2) by OGT was detected
by immunablotting. (Bottom) Effect of Ad-OGT or control Ad-GFP on amounts
of G&6Pase mRNA in primary hepatocytes exposed to various concentrations (0,
5, or 25 mM} of glucose (Glu) or glucosamine (GleN) (10 mM) for & hours. (P <
0.05 for OGT compared with GFP-expressing cells; n = 3). (B) Effect of OGT
small interfering RNA or unspecific control (USi) on amounts of OGT or
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Wedge shape indicates increasing amounts of Ad-GCA. (%, P < 0.05 relative to
control; n = 3). (D) Effect of GCA inhibitor PUGNAC on amounts of OG-CRTC2
(top) and CRE-luc activity (bottom) in cells exposed to 5 mM or 25 mM Glu (*, P <
0.05 relative to control; n = 3).
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Fig. 5. Induction of gluconeogenesis by OG-CRTC2 in response to hyperglycemia. Each panel shows in
vivo gluconeogenic profiles, which include hepatic CRE-luc activity (top left), blood glucose
concentrations (top right), immunoblot of hepatic OG-CRTC2, P-CRTC2, total CRTC2, P-AKT, AKT, and
DGT prateins (bottom left), and mRNA amounts for PEPCK and G&Pase (bottom right). (A) Gluconeogenic
profiles of wild-type and dbvdb mice. (*, P < 0.05 relative to control; n = 4 mice per group for all panels).
(B} Effect of Ad-GCA or control Ad-GFP on gluconeogenic profiles of wild-type and dbib mice. (C)
Gluconeogenic profiles of Ad-GFP and Ad-OGT expressing mice fed ad libitum. (D) Effect of Ad-CRTC2
RNAi or unspecific RNAi (U5} on gluconeogenic profiles in Ad-GFP and Ad-OGT mice,
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phosphorylation at these sites, disrupted effects
of glucose on CRTC2 activity in hepatocyles, con-
fimming the mportance of these sites lor trnscnp-
tional regulation in resporse o glecose (Fig. 300,

O-glycosy] transferase (OGT) catalyecs the
O-glveosylation of cellular proteins in response
toactvation of the HBP (#), In proteomic studics 1o
identify CRTC2-msociated proteins, we recovend
OGT from IPs of CRTC2 (Ag. 571 We confinmed
the CRTC2:0GT ineraction in [P studies using
epitope-tagged OGT and CRTC2 constucts (Fig,

440 Overexpression of OGT increased amounts of

OG-CRTC2 and stimulated CRE-luc activity along
with gluconcogenic gene exprossion (GoPawse) in
hepatoeyvies (Fiz. 4A and fig. S8). Conversely,
RN Armediated knockdown of OGT blocked the
eftects of Glu or GleN on CRTC2 glveosylation
and on gluconcogenic gene expression (Fig. 4B).

Protein O-glvcosylation by OGT is mpidly
reversible in vivo through opposing effects of'the
deglveosylating eneyme O-GleMNAcase (GCA)
(£2). Expression of adenovirally encoded GCA

(Ad-GCA) in hepatocyies reduced amounts of

OG-CRTC2 and disrupted CRE-lue activity in
response o GleN and to Ad-OGT (Fig. 40).
Conversely, treating cells with GCA inhibitors O-
(2-acctamido-2-deoxy-D-glucopyranosylidene)
amino N-pheny! carbamate (PUGNAC) or strep-
tozotocin (STZ) (14) increased amounts of OG-
CRTC2 and stimulated CRE-lue activity (Fig. 4D
and fig. 59). These resulis suppon the notion that
OGT and GCA exert counter-regulatory effects
on CRTC2 O-glyeosylation and activation in
hepatocytes,

We evaluated whether chronic ineneases in
circulating glucose concentrations are sullici-

ent to wigger CRTC2 O-glveosvlation and gluco-
NEOZCNIC 2Cne CXpression m vive using imsulin
resistant dfvidh diabetic mice and mice fed a
lagh-ta diet (HFD). DAl and HFD mace had
higher gluconcogenic profiles, which include
hepatic CRE-luc activity, gluconcogenic gene
expression, circulating glucose concentrations,
and amounts of hepatic OG-TORC2, than did
control animals (Fig. 3A and figs. S10 and S11).
Dismupting CRTC2 O-glyeosylation in HFD and
dfvidh animals through expression of hepatic
Ad-GOA lowered the gluconcogenic profile ( Fig.
5B and fig. S12). As a result, HFD and offvidh
mice expressing Ad-GOA showed increased glu-
cose tolerance and insulin sensitivity, Although
GOA could improve glucose homeostasis by de-
glyeosylating components of the insulin signaling
pathway, Ad-GCA expression in liver down-
regulated the gluconcogenic profile compara-
bly o0 A-CRTC2i in streptoeotocin-diabetic
mice, i which hepatic insulin signaling is absent
as a result of the destruction of insulin-producing
pancreatic beta cells (fig. S13). Conversely, in-
creasing OG-CRTC2 amounts through expres-
sion ol Ad-OGT in liver enhanced gluconeogenic
profiles in wild-type mice (Fig. 3C and fig. S14).
We tested whether CRTC2 was required lor Ad-
OGT-medinted induction of the gluconcogenic
program in RNAI knockdown studies, Relative 1o
control Ad-OGT animals expressing  unspecific
RNAL (Ad-USIL AA-OGT mice coinjected with
Ad-CRTC2 had lower gluconcogenic profiles
(Fig. 3D and fig. S14).

Chronic hyperglyeemia is thought 1o contrib-
ute 1o the development of diabates-associated
complications in part by actvating the HBP and

REPORTS

increasing protein O-glyeosylation at regulato-
rv phosphorylation sites (12, /5). Reducing the
O-glyvecosylation of CRTC2 and other metabolic
regulators may improve glucose homeostasis and
reduce long-tenn complications associated with
this discasc,
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Coiled-Coil Irregularities and
Instabilities in Group A Streptococcus
M1 Are Required for Virulence

Case McNamara,™ Annelies S. Zinkernagel,? Pauline Macheboeuf,®
Madeleine W. Cunningham,? Victor Nizet,™* Partho Ghosh™*t

Antigenically variable M proteins are major virulence factors and immunogens of the human
pathogen group A Streptococcus (GAS). Here, we report the ~3 angstrom resolution structure of a
GAS M1 fragment containing the regions responsible for eliciting type-specific, protective
immunity and for binding fibrinogen, which promotes M1 proinflammatory and antiphagocytic
functions. The structure revealed substantial irregularities and instabilities throughout the coiled
coil of the M1 fragment. Similar structural irregularities occur in myosin and tropomyosin,
explaining the patterns of cross-reactivity seen in autoimmune sequelae of GAS infection. Sequence
idealization of a large segment of the M1 coiled coil enhanced stability but diminished fibrinogen
binding, proinflammatory effects, and antibody cross-reactivity, whereas it left protective
immunogenicity undiminished. |dealized M proteins appear to have promise as vaccine

immunogens.

proteins are major vinlence fctors of
group A Strepocecens (GAS), a bacte-

rial pathogen responsible for mild-10
life-threatening discases against which no vac-

cines currently exist (/) Fibrils of =500 A-long
M protein form a dense, covalently attached
coal on the streptococcal surdace (2, ) Host
proteins, such as fibrinogen (4), bind specifically

to M proteins and block deposition of opsonic
antibodies and complement. preveniing phago-
cylic elimination of GAS by neutrophils (f, 5).
A clone expressing the M1 antigenic variam
of M protein emerged nearly three decades ago
and has persisted as the leading cause of severe
invasive GAS infection (6), Intact M1 and MI
fagmenis released by neutrophil proteases are
sufficient to ¢voke pulmonary hemonhage, in-
Nammation, and tissue destruction that is char-
actenstic of severe nfection (7). These effects
depend on M1 binding to fibnnogen, which trig-
gers melease of heparin binding protein (HBP),
a mediator of vascular leakage, from neutro-
phils (7).

M proteins are also prominently associated
with autoimmune sequelac of GAS infection.
such as rheumatic fever, which is problematic
for vaccine development (8) and remains a
serious threat in the developing world, In rheu-
matic fever patients, potently immunogenic M
prodcins clicit cross-reactive antibodics and T
cell receptors directed  against host a-helical
coiled-coil proteins, such as myosin and wopo-
myosin (). Cross-reactivity is probably attnbut-
able o molecular mimicry, as M protweins appear
1o form coiled coils as well (2, 3, @, 10), As with
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Fig. 1. (A) Mature M1 results from
cleavage (arrowheads) of the N-
terminal signal sequence and the
C-terminal Leu-Pro-X-Thr-Gly maotif

Fig. 2. (A) Structure of
M1*® (blue, A region;
green, B repeats) with
boxed regions and label-

of M1*® residues 70 to
97 lorange} with the
ideal coiled coil of GCNG
(purple). (C) Conforma-
tion of individual helices
from the two M1™® dimers
in the asymmetric unit,
superimposed on  main-
chain atoms of residues
60 ta 77. The position of
the Ala stagger is indi-
cated by the arrowhead.
(D) Conformation of Lys™
and Arg™ in the two M1"
dimers in the asymmetric
unit, with heptad pesitions
of residues indicated in
parentheses and polar
contacts in red dashed lines
fwith distances shown). (E)
(Top) Schematic of a-d'
and d-o' packing in an-
tiparallel dimeric coiled

myosin and tropomyoesin, M proteins contain
coiled-coil destabilizing soquences (- 13— that
15, insertions within heplads and charged residues
and Ala residues al @ and o heptad posiions

{where X is any amino acid) and  (Fig. 1).

. covalent attachment of the C termi- To understand the effects of such unusual se-
e ; nus to the cell wall. Boundaries of  guence features in M proteins, we enystallized a
_ ) the A region, B repeats, 5 "EE_liﬂ"f- fragment of M1 (called M1, residucs 42 1o 194)
o 8 C repeats, and D region are "f'd" (14). The MI™® fragment contains the A region,
A b e del g cated. (B) (Top) a'ﬂ’_a"d d- (prime  \ hose first S0 residucs, known as the hypervar-
s3/njt RIL|R H E refers to the oo i helix) pack- 5 ppe region (HVR), elicit type-specilic, protective
TO|N|K D|L|K AR ;'gué: parallel 'dwchﬁéz -:qil& amtibodies () and are pan of a promising mul-
L !E N ]'@j ME V ing the m e !Eintn tl'neI;;: tivalent \-ar._.‘cins: in clinical rials t_!.ﬁ'l. 'Ih; Ii‘.q,_*.mcnl
M4R)G R @ F KR (Bottom) Heptad register indicated EI|:\'1'I'1.‘I..lﬂ'll‘.'.1IIP.'\ th:: I*_l repeats, which ane m,t_ln:;ttm;l
MniRIE E|L|E x A above and below the sequence (a tlh_ﬂmg:n bmf.lln,g () and were 51.!1]1#:'1!."1“ Iy
%o AlL|E D a and d position residues boxed) of hmiéﬂ?rmfvgn_:n fragment D (FgD) (16} (fig. SI).
0 (I:QIH slile v i the M1 A region (blue) and B re- MI™ is siular 1o a [!1'11]I'l|]u.|!!'ll1][tt|.1!"5-' fragment
sl lx wlela a o peats (green). The circled residues generated by |1!:|.Llru|1]1||_|1mh:n.'im. (7 P

m|v[o L@k e s are destabilizing to coiled coils, with The 304 A resolution structure ol M]_
| relative instabilities AAG,(Ma) < 0 revealed that, whercas most o the A region
el Bl L w@i:} " {11). Italicized residues form an-  formed a dimene. parallel coled conl, the B
MILIBSElL &8 tiparallel coiled coils in the crys-  repeats had splayed apant and intertwined with
Lol @ ] L ol tal. Residues highlighted in yellow  the B repeats of adjacent M1™® molecules via
s |J|Da @5 R and orange were substituted with  antiparallel coiled coils (Fig. 1C, fig. 82, and
1 |Y|HR @jf AL Val and Leu, respectively, to create  qable S1). The antiparallel association was prob-
102 [E)xE|L|e E K M1* and M1*%. {G“‘!ai-m-tail pack-  ably an artifact of crystallization but is sugges-

10 [IkalL|er a ing of the two ML™ dimers in the  tive of instabilities in the B repeats.

m |1 |oe ls N asymmetric unit of the aystal (blue, Except for two shon stretches of ideal parallel
w |y NrR@N v L A regions; green, B repeats). coiled coil (residucs 63 10 79 and 106 10 119), the
1 (E)keE structure of M1 was irregular throughout its
gl =200 A length (Fig. 2A). The first of four major

iregulanties was an Ala stagger in the HVR.
Poor packing ol three Alda residucs clustered at o
and d positions led o local detormuties: that is, a
tightening of the coiled-coll madius from 5.0 1o
425 AL a =23 A asymmetnc staggenng of oppos-
ing helices, and a flexible hinge (Fig. 2, B and C,

ing indicating irreqularities. and fig. 83). Similar siaggers and bends ocour in
(B) Ala stagger shown by  tropomyosin (/7. /8) and cardiac myosin (/%) and
superposition of Co traces  are suggestad to provide flexibility for function.

The second fomm of m‘uguLn ity was u.gu—
helical wnwinding due to L-w. and Arg ot
SUCCCSSIVE @ posilions, These residucs faced
away from the coiled-coil core and contacied
solvent-exposcd residues (Fig, 2D), resulting in
a loosening of the coiled-coil pitch from 150 A 1o
=200 10 225 A and an expansion of the coiled-
coil mdius to 5.4 A (fig, 53). Unwinding result-
ing from Lys and Arg residues at a positions has
been implicated in myosin function (/9, 20) and
also ocours i ropomyosin (/7).

"Department of Chemistry and Biochemistry, University of
California, San Diego, La Jolla, CA 92093, USA. *Depart-
ment of Pediatrics, University of California, 5an Diego, La
Jolla, CA 92093, USA. "University of Oklahoma Health
Sciences Center, Biomedical Research Center, 975 North
East 10th Street, Oklahoma City, OK 73104, USA fschool of
Pharmacy and Pharmaceutical Sciences, University of Califor-
nia, San Diego, La Jolla, CA 92093, USA. *Section of Molecular
Biology, University of Califermia, San Diego, La Jolla, €A
92093, USA

*Present address: Genomics Institute of the Novartis
Research Foundation, 10675 John Jay Hopking Drive, San

coils. The broken wedge indicates the helix pointing the N to C termini into the page, and the solid Diego, CA 92121, USA.
wedge denotes out of the page. (Bottom) Antiparallel coiled coil of B repeats, with side chains of @ and 415 whom comespondence should be addressed. E-mail:
d position residues depicted and labeled. pahos h@ucsd. edu
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The thind imegularity was attributable to an
extm residue inthe first heptad of the B repeats
(Fig. 1B). The destabilizing effieet of eight nes-
idues in a heptad (/13) was accommodated by a
#1 fameshift in the heplad register, precluding
coninuation of the paalle] coiled coil. The founh

irmcgulanty followed with the splaying apan of

the B repeats and the formation of antparallel
colled coils, The antiparallel odentation, with its
a-d" (prime relers 1o the opposing helix) core
packing (Fig. 2E), was probably preferable 1o the
parallel orentation with ils o= charge-charge
clashes and d-d" Ala-Ala packing, Splaving at the
ends of myosin (/9) and wopomyosin (24, 22
cotled coils also occurs and s implicated in
function.

Consistent with the prevalence of structural
imegularitics in M1 the circular dichroism
{C D) spectrum ofthis fragment at 37°C showed a
miarked boss in c-helical content and a 222:208 nim
rtio < | (Fig. 3A) Because this mtio is = | for
coiled coils and < 086 for isolated helices (23),
these data suggested that M1
monomer and dimer states. This conclusion was
supported by static light-scatiering measurements,

exchanges between

which provided evidence for the coexistence of

M1 monomers and dimers (fig. $4).

Intact M1 (residucs 42 10 453) showad a
comparable loss of e-helical content at 37°C
(Fig, 3B) (/0). To determine whether monomer/
dimer exchange also occurred in intact M1, we
incubated Hisg-tageed M1 dimers (M I-HNMI-H)
with untagged MI dimers (MIMI). Dissocia-
tionn and exchange producing MI-HM 1 hetero-
dimers was evident at 37°C but not m lower

temperatures (Fig, 3C). Similarly, dissociation of

M1-HMI heterodimers occumed at 37°C bun not
at lower temperatures (Fig. 3C). These results indi-
cated than structural instabilities in M1, although
dampened at low temperiures, are prominent ai
physiological temperature,

To investigate the role of structural in-
stability in M1, we focused on the B repeats,
owing 1o their sufficiency for librinogen bind-
ing. Thirteen substitutions were introduced 1o
set o and o positions in the B repeats o Val and
Leu, respectively, vielding MI1* (residues 42 to
453) and MIA®* (residues 42 to 194) (Fig. 1B
and fig. S5A). These substitutions made the core
residucs optimal for the formation of dimenc
parallel coiled coils (12, 24). In addition, we
deleted Lea'™ from M1* and M12®* [viclding
MI#BL3 g MIABSBLIED poectively] to
remove the frmmeshifl in the B repeats (fig. S5B).

All mutant proteins contained greater o-
helical content s compared with wild-type (WT)
proteins at 37°C (Fig. 3). Although enhanced in
stability, both M1* and M1*AE33 boyng
significantly less FeD than did WT M1 m 37°C
(Fig, 4, A and B). Binding 10 buman immune-
globulin Gs, an mtemction dependent on M|
regions outside the B repeats, was unaffected
(fig. S6), Consistent with these results, human
neutrophils stimulated with M1*283 pleased
substantially less HBP as compared with M1

www.sciencemag.org SCIENCE

(Fig. 4C), Furthermore, when M1 was injected
imtravenously o mice, intra-alveolar edema
was evident by 30 min in lung histopathologies of
4 out of 4 animals (Fig, 4D), but vascular leakage
was absent in all mice injected with M +AL1E
M 1*AL59 g rerin some proinflammatory activ-
ity, a5 vascular congestion wis comparable for M1
and M +aLE),

We next examined the cross-reactivity of
idealized M1 using an extensively charactenized

REPORTS

group of cross-reactive monoclonal antibodics
{mAbs) (23}, In this group, mAb 36.2.2, which
recognizes myosin and tropomyosin and s also
highly evtotoxic against heart cells (263, bound
MI most strongly but was 8 10 16 times less
reactive against M1* and M1#40533 (Fa 54,
g, 57, and table 823, Thus, sequence idealiza-
tion of M could reduce cross-reactivity.

Mice were then immunized with M1 or

MIHAEE G0 challenged with a WT strain of

A = C
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- Y oo u B u [-] 1]
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*1 a4 o mmag I S - -{
" : s lm4n1 101 1
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s B4 =, S s
g > e MM R T oz _we ™
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il H O T IH O B A i
Wivnlength i) — — — B’
B 1
" L]
s s 'ﬂ-i Fig. 3. CD spectra at 4 (triangles), 20
X o o — (squares), and 37°C (circles) of (A} M1*®
g i 4 wegosnn  (green), M1+ (black), and M1AB+{AL133}
- . |'§ MidT 113 (red) and (B) M1 {glEEﬂ] M1 {hlﬂ{k]
E " ., f Bmm o and M1 (red). Mean residue
a '; e T .Il Awiac 1m0 222:208 ellipticity (MRE) ratios are
En - . f  ew v e shown. (C) (Top) Hise-tagged M1 (M1-H)
*g » .""";i‘;' e 1% and untagged M1 (M1) were coincubated
bl . sw'meare 1m gt the indicated temperatures and copre-
e cipitated at 4°C with Ni**— nitrilotriacetic

Wavelength (nm)

acid (NTA) agarose beads, (Middle) M1-H/
M1 heterodimers were isolated, incubated,

and coprecipitated at the indicated temperatures with Ni®*-NTA agarose beads. (Bottom) Only untagged
M1 was incubated with beads. (A to C) Unbound protein (U) and protein bound to the beads (B) were
visualized by Coomassie-stained, reducing SDS—polyacrylamide gel electrophoresis (PAGE).
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Fig. 4. (A) FgD incubated alone
or with Hisg-tagged constructs of
M1, M1%, or M1*413% 3¢ 37°C
and coprecipitated with Ni®*-NTA
agarose beads. U and B proteins
were visualized by Coomassie-
stained, nonreducing SDS-PAGE.
(B) Quantification of FgD binding
in (A). Error bars indicate mean =
5D. (C) Western blot of HBP in
supernatants from human neu-
) tmph:ls stlmulated with M1 or
T . ThHBP, recombinant

human HBP (D) I.ung h:stupathnlugr of Balbfr: mice 30 min after intravenous injection of M1 or

1) R

Hepresentatwe histopathology (hematoxylin and eosin stain) with intra-alveolar edema

(thick blue arrows) and macrovascular (asterisks) and microvascular (thin arrows) congestion is

indicated. Magnification, =100,
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Fig. 5. (A Titer of mAb 36.2.2 versus M1, M1*, and M1***3* by enzyme-linked immunosorbent assay.
Error bars indicate mean + SD. (B) Skin lesion size of mice immunized with M1 or M1*33% after
subcutaneous challenge with WT M1 GAS. Error bars indicate mean + SEM (W = 10 mice per group).
Analysis of variance (ANOVA) was significant (P < 0.002) on days 2 to &; posthoc group -:ung:arisuns
(Tukey-Kramer multiple-comparison test) revealed significant protection of M1 or M1*A33 vares
phosphate-buffered saline (PBS) on days 2 to 6 (asterisks denote P < 0.05). (C) Bacteremia of mice
immunized with M1 or M1*“*3¥ 4 hours after intraperitoneal challenge with WT M1 GAS. Mean
(horizontal bars) and distribution are shown (W = 10 per group). ANOVA was significant at P = 0.02;
posthoc group comparisons revealed significant protection of M1 or M1*** yersus PBS control
(asterisks denate P < 0.05). (D) Kaplan-Meyer survival curve of immunized mice from (C).
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M1 GAS. M1 and MI*AE digiied similar titers
of Ml-rcactive antibodics (g, S8), and cach al-
torded simikir levels of protection against e de-
velopment of skin lestons afier subcutancous GAS
challenge (Fig. 5B). Similarly, M1 and M]+@H)
provided compamble levels of protection against
acute hacteremia and monality afier intrperitoneal
GAS challenge (Fig. 5. C and D)

Our resulis show that the specific stuciure
of M1 causes proinflammatory inicractions with
librinogen. A comparmble set of structural features
occurs in myosin and  tropomyosin (1 7-22),
indicating a deep level of molecular similarity
between M1 and these host proteins and explain-
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ing the patlerns of cross-reactivity seen in rheu-
matic fever. Mutation to stabilize the structure of
the M1 coiled coil reduced fibrinogen binding,
proinflammatory effects, and recognition by a
cross-reactive and cytotoxic antibody, whereas it
lefi the immunogenic and protective propertics
of M1 undiminished.
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Proteomics AAAS [ Science Business Office Feature

PROTEIN BIOMARKERS
SEEK VALIDATION

As proteomics researchers uncover potential disease markers by the hundreds,
basic scientists and equipment manufacturers are slill struggling with the
problem of testing and validating this new trove of results. By Alan Dove

n 1896, administrators at Johns Hopkins Hospital in Baltimore approved an

extravagance: they bought a suite of specialized equipment for culturing

microorganisms, examining tissues, and analyzing body fluids. Stuffing

this gear into a 12-foot-square room, the hospital created the world's first
dedicated clinical laboratory. The total bill was $50.

Fed by a rush of new discoveries in microbiology and pathology, clinical
laboratories and their specialized tests soon became ubigquitous. Though
the field required increasing quantities of expensive equipment and trained
technicians, the enormous clinical benefits more than offset the mushrooming
costs. Knowing exaclly what was wrong with a patient —and knowing it as early
as possible —became the benchmark of good medical care.

Like most revolutions, clinical testing soon reached a plateau. Even today,
many deadly diseases remain extremely hard to diagnose. Il you have strep
throat or a thyroid condition, your doctor will know it very quickly, but cancer or
Alzheimer's disease might not be apparent until the disease is quite advanced.

Armed with new molecular tools, developed as the field of proteomics has
grown, some researchers are now trying to tackle these tough cases with panels
of protein biomarkers. Even in the early stages of a disease, the theory goes, cells > .-,

in the body often change the expression levels of numerous proteins, Detecting
those changes would allow clinicians to identify the disease quickly and more
definitively. Reducing that theory to practice hasn't been easy, but recent work

suggests thatitis at least possible.

Less Is More 66 nstead of looking at

The new strategy differs markedly from the old way of developing clinical

S : one thing at a time, we look
tests. “The historical trend was you were more focused on a mechanism, and

you developed tests for that,” says Martin Latterich, associate professor of at complex samples and
pharmacy at the University of Montreal in Montreal, Quebec. With the advent - ;
of high throughput technologies, some researchers started comparing whole don’t necessarily worry

proteomes instead, looking at all of the proteins expressed in a sample from
a sick patient, and comparing that panel to the proteome of a healthy control.
“Instead of locking at one thing at a time, we look at complex samples and don't mechanistically involved. 7
necessarily worry about if the protein itself is mechanistically involved,” says

Latterich. r’_

about if the protein itselfis

=

:

&

= 3 . A i

g Casting such a broad net, the scientists inevitably find changes that are ook for these Upcoming Articles

& directly related to the disease mechanism, but they also find many surrogate Biomarker Discovery — March 28

g biomarkers, which change in response to downstream events as the disease Genomics 1 — April 4

= progresses. Critics of high throughput biomarker screening argue that this RNAi — June 6

% shotgun approach lacks the intellectual rigor of traditional mechanistic studies.

& Latterich, who responded to that complaint in a 2005 editorial in Proteome

& Science (Proteome Sci. 3:8, October 28, 2005), prefers to see mechanistic and Inclusion of companies in this article does not indicate
= high th h di I ith diff biologi h . endorsement by either AAAS or Science, noris it meant to
5 igh throughput studies as complementary, with different biologists choosing to imply that their products or services are superior to those of
& learn "less aboul mare, or more about less.” continued other companies.
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“Validation really requires a
joint effort between one lab
that would be devoted to
discovery and then another
lab that has expertise in

antibodies or ELISA."

A more practical problem with modern biomarker screens is
that they also uncover numerous false leads. “We're really going
into a lot of these studies blind; we don't know exactly what the
biomarker's going to be. It's not a case where we can look at all
the differences and say ‘Aha, that's the biomarker,” says Timothy
Veenstra, director of the laboratory of proteomics and analytical
technologies, SAIC-Frederick at the National Cancer Institute (NCI)
at Frederick, Maryland.

Indeed, many biomarker researchers cite validation—the process
of winnowing a huge panel of potential biomarkers down to a much
smaller set of usable ones—as the field's biggest challenge. For
Veenstra, whose lab focuses on biomarkers for prostate, breast, and
ovarian cancer, the first problem is deciding which of the hundreds
of protein expression changes in an initial screen are even worth
pursuing. “Some you can throw out, maybe because they're related
to inflammation or acute phase response proteins that aren't going
to have any specificity for a particular cancer,” says Veenstra.

Even alter throwing oul obvious red herrings, researchers must
still develop robust, reproducible tests for them. “Validation really
requires a joint effort between one lab that would be devoted to
discovery and then another lab that has expertise in antibodies or
ELISA," says Veenstra. ELISAs, or enzyme-linked immunosorbent
assays, are the standard protein-screening tool in clinical labs, but
developing a new ELISA test can take months. The more candidate
biomarkers a team wants to take into validation, the more tests they
need to develop.

To help address this bottleneck, manufacturers are starting
to streamline the decades-old ELISA technique. One promising
development is Perkin Elmer's AlphallSA system. Based on
a proprietary antibody-binding bead system, the AlphalISA
eliminates the finicky washing steps of the standard ELISA
procedure, and also makes the assay much easier to automate. The
latter feature could be a particularly strong selling point as tests
based on multiple biomarkers start to filter into already-overtaxed
clinical laboratories.

Indeed, the frst proteomics-based clinical assays may be just
around the corner. Pharmaceutical and clinical testing companies
have already shown they are willing to invest in the new generation
of biomarkers, eventhough validation and testing can be costly. After
NCI researchers discovered protein expression patterns that appear
to correlate with ovarian cancer prognosis, the clinical laboratory firm
Correlogic Systems of Rockville, Maryland, was quick to pick up the
project. The resulting test, known as OvaCheck, remains in regulatory
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limbo, but experts seem confident that tests like it will soon reach
the market. Meanwhile, the US Food and Drug Administration has
started soliciting proteomic data from companies, in order to keep
its staff up to speed on the technology as the new proteomics-based
tests continue to move into the regulatory process.

Chip, Column, or Gel?

With numerous pharmaceutical and diagnostic companies working
to validate biomarkers with traditional techniques such as ELISA, at
least one company thinks it has found a better solution. At Protagen,
in Dortmund, Germany, researchers are using protein chips to screen
for autoantibody-based biomarkers. In a lypical experiment, the
scientists apply serum from a patient to a chip with a huge panel of
recombinant human proteins, representing the proteome of the fetal
brain. “We are comprehensively screening patient sera against this
collection of 10,000 proteins, [and] are finding unique autoantibody
recognition patterns that can be used as diagnostics,” says Christoph
Huels, the company’s CEOD,

One example of success using the protein biochip is the ability
“to diagnose multiple sclerosis (M5) with more than 80 percent
sensitivity and specificity,” according to Huels.

Using a chip-based system for both the discovery and validation
phases could help get tests into the clinic faster, but the strategy has
limitations. For example, it will reveal only biomarkers that involve
autoantibody responses, and only when they targel antigens that
appear in the company's panel of recombinant proteins.

Monetheless, Huels argues that the approach may be mare broadly
useful than expected. "In the beginning we said it might be only
applicable to autoimmune disease, [but] so far in each disease we
have looked at it’s working,” he says. Besides MS, the company has
found distinctive autoantibody patterns in Alzheimer's disease and
prostate cancer, and academic researchers have proven the principle
in alopecia and dilated cardiomyopathy as well,

Though Protagen currently focuses on its own drug development
programs, it is not the only one working with autoantibody-based
screening chips. Scientists who want to buy the technology off
the shelf can simply call Invitrogen, which offers several types of
antibody discovery chips in its ProtoArray line. The chips can profile
as many as 8,000 proteins in a single run, using as little as 1pL of
serum or plasma as a starting sample.

For many gear makers and basic researchers, though, biomarker
discovery focuses on more traditional technologies, especially liquid
chromatography and mass spectrometry. Fortunately, these lools
have been evolving rapidly in recent years (see “Mass Spectrometry
for the Masses,” Science 319:1115, 2008), and companies have
also introduced new equipment designed specifically for biomarker
discovery.

One of the first problems biomarker screeners encounter is the
chore of depleting the most common proteins from serum or other
bialogical fluids, to allow them to detect the much scarcer but more
informative protein signals that might make good biomarkers.
While many groups turn to immunodepletion columns for this,
Bio-Rad in Hercules, California, recently introduced an alternative,
called ProteoMiner.

www.sciencemag.org/products
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Instead of antibodies on the column, Bio-Rad uses “a hexapeplide
library with diversity, so it's a combinatorial chemistry-synthesized
library," says Aran Paulus, the company's research and development
manager for proteomics. Most serum proteins will bind Lo at least one
hexapeptide in the column, but once that hexapeptide is saturated,
the surplus protein washes through. After washing the column,
the researcher can elute the bound proteins, which come out in a
much smaller range of concentrations. According to the company,
common proteins are depleted across the board, while rare proteins
are retained without bias,

Whatever strategy a researcher uses forinitial sample preparation,
it often requires some additional cleanup before entering the mass
spectrometer. For many modern biomarker screeners, that means a
nanoscale high performance liquid chromatography system, which
is often connected directly to the mass spectrometer. Unsurprisingly,
equipment manufacturers are also trying to squeeze more
performance out of this phase of the process.

One new strategy is to switch from the usual nanoscale system,
which splits the fluid flow in order to achieve the correct low rate,
to a microfluidic pump that regulates its flow rate by feedback. “Qur
technology allows you to generate these flow rates in the ranges of
50-300 nanoliters per minute without low splitting, and it provides
good reproducibility,” says Remco van Soest, product manager for
Eksigent Technologies in Dublin, California, which makes a feedback-
regulated pump.

The mass spectrometer is the common endpoint for proteomic
experiments, but some biomarker studies still perform their initial
separations with a much older technique: 2-dimensional gel
electrophoresis. Indeed, for many biochemists, 2-D gel technology is
akin to the fictitious rock band Spinal Tap —though neither a critics’
nor a public favorite, it continues to fill a much-needed void.

“A lot of people find [the 2-D gel technique] very cumbersome to
woark with, because it's long, it's labor intensive, and it's believed
to be not very reproducible,” says Bio-Rad's Paulus. “However, in
our experience if you have the appropriate training and use the
methods that are available, and use them religiously, you gel very
reproducible results,” he adds.

- p
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For those willing to invest the effort, 2-D gels offer distinct
advantages over other chromatography techniques in proteomics,
The gels preserve posttranslational modifications, which can be
especially important in biomarker studies, as many diseases can
perturb glycosylation or other modifications. Plus 2-D gels offer
tremendous resolving power compared to conventional liquid
chromatography, with a single gel run capable of separating
thousands of proteins into distinct spots. “No other chromatography
technology is coming even close. The resolution of 2-D gels is still
unparalleled,” says Paulus.

The technique is also getting at least a little bit easier, thanks
to equipment manufacturers who have continued to tweak it.
Bio-Rad, for example, offers an extensive line of kits, reagents, and
equipment to streamline every step of the 2-D gel process, from
sample preparation to gel imaging and protein digestion. Once
the proteins are removed from the gel and digested into peptides,
biomarker researchers can feed them into a mass spectrometer just
like any other sample.

Hired Help

Considering the complexity of biomarker studies, it's no surprise
that many pharmaceutical companies—and even a few basic
researchers —hire someone else to do at least some of the work.
Indeed, as the field of biomarker discovery becomes mare popular,
more companies seem o be wading into the contract business,
offering everything from occasional assistance with 2-D gels to
complete biomarker discovery and validation services.

“We can carry studies all the way through from start to finish,”
says Mike Pisano, CED of NextGen Sciences of Cambridgeshire, UK.
Like a handful of other firms, the company has been drawn into the
biomarker business partly by the shifting needs ofits pharmaceutical
company clients.

MextGen started out in laboratory automation, but the rise of
biomarker screening led it to acquire Pisano's original company,
Proteomic Research Services of Ann Arbor, Michigan, which
specialized in protein purification. Now biomarker work has become
a maijor part of the group's business. “We developed assays for
monitoring proteins quantitatively in clinical samples, [and] what
we've found is that the pharmaceutical companies are very interested
in looking at a sel of proteins in clinical trials, in preclinical animal
models, or in paraffin-embedded tissues,” says Pisano.

The products that emerge from these experiments may bear
little resemblance to traditional clinical tests. Because they will
rely on panels of proteins rather than simple assays, for example,
interpretation could be more complicated. “From panels, in order to
come to some meaningful conclusion, you have to classify the type
of patient groups that have a certain type of pattern, and to link that
to disease outcome or treatment option,” says Montreal’s Latterich.
Equipping the next generation of clinical labs to do those types of
analyses, of course, will probably cost more than $50.

Alan Dove is a science writer and editor based in Massachuselts.
DOl 10.11 26/science.opms p0800023
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Biophotometer

Building on the strengths of the UV/Vis BioPhotometer, the BioPhotometer Plus features three foree
additional wavelengths, a new keypad design, and the ability to use microliter cells as well
as cuvettes. This compact photometer is easy to operate and produces reliable, reproducible
results quickly. The three new wavelengths increase the number of routine methods available
to 32, compared with 12 for the earlier BioPhotometer; nine of the methods are freely
programmable, including measurement of DNA, RNA, and protein concentration; enzyme
assays; and the incorporation rate of fluorescent dyes. Additional methods available include
the incorporation rate and concentration of fluorescent dyes in nucleic acids or proteins,
measurement of enzymatic activities, cell biological assays, and direct measurement atsingle  “_
wavelengths. Both measurement and results calculations, including factoring in dilutions, are
performed at the push of a button. Related methods are grouped for easy selection on the
redesigned keypad, and differently colored function keys reduce operator errors.

Rapid Conjugation Kits

The Lynx Rapid Conjugation Kits need just 30 seconds handling time
forlabeling primary antibodies with awide range of fluorochromes and
enzymes. The one-step labeling technology offers high conjugation
efficiency with 100 percent antibody recovery. The kits are suitable
for both large and small quantities of antibodies. The Lynx labels
are covalently and directionally conjugated to the user’s antibody
in a controlled process at near-neutral pH, requiring no subsequent
desalting steps. This offers significant advantages over traditional
labeling methods that need subsequent sample concentration
and dialysis, in which antibody loss is a risk and batch-to-batch
consistency for experiments cannot be guaranteed. The hands-on
time remains 30 seconds whether the user is conjugating microgram
or milligram quantities of antibody, so a researcher can do trial runs
on conjugated antibodies to optimize the application protocols on a
small scale before easily scaling up.

Abb "_'-
For information +44 1865 852 700
www.ab-direct.com

Broles

Complex Peptide Separations

The ManolC-Ultra, a new proteomics system thal delivers gradient
precision at high pressures of up to 10,000 psi, is suitable for the
chromatographic separation of complex peptide mixtures. It can
be used with longer columns than previous systems and also
accommaodates columns packed with smaller particles. The NanolLC-
Ultra features self-priming and self-purging pumps for easy solvent
changes as well as a temperature-controlled column compartment
that maintains retention time reproducibility. It can operatein a“peak
parking" mode with the flow rate temporarily decreased, to facilitate
longer mass spectrometry interrogation of the analyte. By eliminating
flow splitting, the proprietary microfluidic flow control technology
generates accurate and reproducible flow rates with a resolution of
maore than 1 nl per minute. The control software includes integration
drivers far the most widely used mass spectrometry programs.
Eksigent

For information 925-560-2637

www.eksigent.com

Protein Separation Unit

The MF10 Protein Separation Unit simultaneously separates proteins
based on size and charge. The technique makes use of a combination
of polyacrylamide membranes with a gradation of pore sizes and
electrophoretic charges through the buffer. Researchers can choose
from a selection of color-coded molecular weight cut-off membranes
spanning the range of proteins under investigation. By controlling
membranes, buffer pH, and voltage, the MF10 can create up to eight
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Eppendorf
For information +49 &40 53801 0
www.eppendorf.com

fractions simultaneously on samples as small as 200 microliters, The
two-dimensional polyacrylamide membrane separation technology
allows fraction preparation, desalting, and depletion of abundant
proteins, upstream of two-dimensional gels or mass spectrometry.
The method is nondestructive, so proteins retain their biological
activity. The small, affordable system is designed to fill a gap in the
proteomics tool arsenal by allowing individual researchers to do a
variely of small-scale protein preparations.

NuSe|
For information 908-575-1378
WWwW.nusep.com

Mass Spectrometer

The LTQ Orbitraps are hybrid linear ion trap mass spectrometers. The
LTQ Orbitrap Discovery is a cost-effective system suited for general
proteomics and metabolism applications, offering an alternative to
time-of-flight systems. Featuring high resolution and accurate mass
capabilities, this hybrid liquid chromatography/mass spectrometry
system achieves high-throughput, label-free profiling for differential
expression while the mass spectrometry capability makes it suitable
for small molecule characterization and structural elucidation. The
Discovery offers up to 30K resolution power and an exceptional
scan rate, enabling the separation of trace-level, isobaric analytes.
The LTQ Orbitrap XL is a protein identification and biomarker
discovery platform that features sensitivity, rapid scan rate, high
mass accuracy, and up to 100K resolution power. The Orbitrap XL
features a new collision cell for increased fexibility in fragmentation
applications including peplide quantitation, de novo sequencing,
and metabolomics research. Itis also upgradeable to use the electron
transfer dissociation option for controlled dissociation of peptides
and proteins.

/ entin

For information 800-532-4752

www.thermo.com/ms
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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 gowv-
ernmental organizations are featured in this space. Emphasis is given to
purpose, chief characteristics, and availabilty of products and materi-
als. Endorsement by Science or AAAS of any products or materials men-
tioned is not implied. Additional information may be obtained from the
manufacturer ar supplier,
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