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The Deep Ocean During the Last Interglacial Period g9
J. €. Duplessy, D. M. Roche, M. Kageyama

North Atlantic Deep Water was warmer during the last interglacial
than it 15 today and probably warmed Antarctic waters, accelerating
ice loss and ransing sea levels,
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Subsurface Radar Sounding of the South Polar 92
Layered Deposits of Mars

1. 1. Plaut et al.

Radar mapping of layered deposits at Mars” south pole shows that
they are pure water ice, sitting on cratered terrain, with a volume
equivalent to a global water layer 11 meters thick,
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Manomechanical Oscillators

5.-B. Shim, M. Imboden, B. Mohanty
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Through their vanable bending, which separates charge, a series of
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current to power nanoscale devices.
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5 Mulugu et al,

Ayeast enzyme is regulated by pH and can both synthesize and
metabolize the inositol pyrophosphate [Py,
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Regulation of a Cyclin-CDK-CDK Inhibitor Complex 109
by Inositol Pyrophosphates

¥.-5 Lee 5. Mulugu, ], D. York, E. K. @'Shea

When yeast are starved for the nutrient phosphate, the inositol
pyrophosphate IP; activates gene expression and a metabolic
network for nutrient homeostasis.

== Science Express Report by ¥, H, Huang et al
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by acting as a molecular ruler.
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An ATP Gate Controls Tubulin Binding by the 120
Tethered Head of Kinesin-1

M. C. Alonso et al.
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of kinesin motion.

»> Perspeciive p. 58

CREDIT M. C WAHLMAX PLANCE INSTITUTE FOR BEOPHYSICAL CHEMISTRY. GOTTINGEN, GERMANY

SCIENCE (155K 0034-BOTS! i+ publithed weelly on Fridey, eacept e Lavl wesk in Devembar, by the American Avociation

T the Advancement of Schence, 1200 New York Avenve, NW, Winhington, DC TH00%. Periodicsl Ml poitage ipublication o

AR4LL00 paid 38 Wakingion, DC. and additional maili ng e®ices. Copyrighd © 2007 by the Ame rican Assccation lor the Advancement

od Scherace. The Hile SO NCE B reghiered trademark of the S8, Domiestic individual membsershig and subncripBon (51 el 5142

{574 alacabed 10 bk rbpbion), Domesia nsdi | subseripon (51 asued: $710; Faresgn potage ey Mexin, Caribbe.an Ouriace

ADVAMCING SCIENCE, SERVIMNG SOCIETY  maill 55; other countries Cair 2451 delivery) 585 First dlass, sierail, shodent, and emevius rabes on reguest. Canadian rabe with GST
available wpon reguest G5T 81254 88122 Publicatiens Mall Agreement Number 1085624, Prinied in the US.A

Charge of sdd rerm Allow & wrei, goving old el rew e evir i B it actount roni. Postmaster: oo chinge of mdmid 1o ARRS, .00 Ban P TE Waeking lon, DC 20090-41 78, Single-copyiales:
516,00 currend Eiwe, 315,00 back e prepad ndledes wrfaoe poilage: bl i s on mqueil. At hordiation to photocegy maleral for Wernal o porscasl we under ctumitinoe nel Llling within the
Lair use provions of Ehe Copyright Act it granted by ARAS 1o thearies and other wiers registened with the Copyright Clearance Center 8000 TranuscBional Beporfing Sersor. provided that 51800 per artide i
b directily Io COC 227 Resewsad Ovive, Dmnwery, MA 01923, The ide ntification code {ar Science i 0034-80T 5 Soence s indened in the Reoder’s Guide 20 Prriodol Literafure and inweveral specialioed indens.

CONTENTS continued »>

www.sciencemag.org SCIENCE VOL 314 6 APRIL 2007 9



RMAI Solutions

Jdesign>delivery>purifi

New
siLentMer
siRNA!
Check out our
naw validated and
predesigned 27-mer
siANA duplexes

Bio-Rad and RNAL Come have a Iook.

From design to detection, Bio-Rad supports your RNAI research.

With a broad range of proven delivery technologies, award-winning
detection systems, and a suite of high-quality support products,
it's clear that Bio-Rad has a vision for RMA.

= High-performing potent siRNA for =85% knockdown
with as low as 5 nM siRNA

= Greatest choice of delivery technologies

= RNA and protein purification products

= Automated microfluidic RNA analysis

= Sensitive, optimized cDMNA synthesis kits

= Systems for protein and mRNA detection

MCF-7 cefis transfected using siLentRect™
reagenl RNA purified and analyzed using
the Aurum™ tolal BMA, kit and Experion™
system. ReaHime PCR detection performed
on the Web at www.bio-rad.com/rnai/ usng iSeript™ cOMA synlhess ki

For a close look at Bio-Bad's tools for BNAI, visit us

Pracics of e pobmmems char feacion POR] muy guns & loeme,

Visit us on the Web at discover.bio-rad.com
Call toll free at 1-800-4BIORAD (1-800-424-6723); B‘o .RAD

outside the US, contact your local sales office.




CREDITS(TOR TO BOTTOM: CREATIVE COMMONSATTRIBUTION, IMAGE ADAFTED FROM TERESE WINSLOW, MATIOMAL CANCER INSTITUTE

N LN

www.sciencemag.org

SCIENCENOW

www.sciencenow.org DAILY NEWS COVERAGE

Interspecies Tryst While Qut of Africa?
Other researchers question interpretation of oldest
human skeleton found in China.

Not Your Type? Don't Sweat It
Enzymes comvert type A and type B blood to type Q.

Tatooine's Twin Suns Not So Farfetched
Planets may abound around double star systems,

Cancer progression.

SCIENCE'SSTKE

www.stke.org SIGNAL TRANSDUCTION KNOWLEDGE ENVIRONMENT

W

EDITORIAL GUIDE: Focus Issue—Exploring New Avenues for
Cancer Treatment

E. M. Adler and N. R. Gough

Recent research on cancer cell pathophysiology provides reasons to
be hopeful about development of novel therapies.

MEETING REPORT: Tumor Biology—How Signaling Processes
Translate to Therapy

K. Friedrich, O. Janssen, R. Hass

The most recent meeting of the Signal Transduction Society
highlighted the translation of signaling research into advances

in the cancer clinic (in Perspectives).

PERSPECTIVE: Metabolic Targeting as an Anticancer
Strategy—Dawn of a New Era?

}. G. Pan and T. W. Mok

Could targeted therapies directed against aerobic metabolism
represent a viable approach to treating canger?

REVIEW: Sequestration and Segregation of Receptor Kinases
in Epithelial Cells—Implications for ErbB2 Oncogenesis

C A. C. Carraway and K. L. Carraway

Can oncogenesis occur by co-opting normal physiological responses
1o epithelial damage?

Scientific writing
and publishing.

SCIENCE CAREERS

W'r'n'lu'i.bll.it'r'li.t"(.&ft‘lflb.ﬂrﬁ AREER RESOURCES FOR SCIENTISTS

GLOBAL: Special Feature—Getting Published in
Scientific Journals

E. Pain

Publications can make or break your career, bul how can you
improve your chance of success?

US: Tips for Publishing in Scientific Journals

K. Kelner

Science Deputy Editor Katrina Kelner offers advice on how to get
your research published.

US: The Story's the Thing
R. Ness
One key to scientific writing is spinning a good {nonfiction) yam,

EUROPE: Publishing for Non-Native Writers

E. Pain

When writing up their research for Western journals, non-native
English speakers face extra challenges.

US: From the Archives—How to Write a Winning Resume
F Fiske

If your résumé isn’t well honed, you may lose out to an inferior—
but more polished—candidate.

GRANTSNET: April 2007 Funding News

GrantsNet Staff

Learn about the latest in research funding, scholarships, fellowships,
and internships.

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

www.sciencemag.org SCIENCE VOL 314 6 APRIL 2007

11



ENGLAND
BIOLABS

in a word, trust.

T4 DNA Ligase from New England Biolabs

WHEN YOU NEED LIGASE, TURN TO THE INDUSTRY STANDARD

Mew England Biclabs is dedicated to providing our customers with guaranteed enzyme performance.
Our recombinant T4 DNA Ligase is the most extensively used ligase for cloning experiments. It is
available at exceptional value, and an even greater value when purchased in large quantities for high
throughput technologies. For cohesive, blunt, simple or complex reactions, make T4 DNA Ligase from
NEB your first choice.

= T4 DNA Ligase® £ Advantages:
Regular Concentration MO2025/L n Quality — Highly pure enzyma with no lot-to-lot variation
For standard cloning reactions = Convenience - Choose original T4 DNA Ligase or the

High Concentration MO202T/M
For large ar difficult constructs

® Quick Ligation™ Kit* [H M22005/L
For ligation of coheswe or Blunt-end DNA
fragments in 5 minutes at room temperature
See our website for more details

Quick Ligation Kit to meet the demands of a variety of

reaction conditions

s Flexibility = Active at room lemperature or 16°C; reaction
times run from 5 minutes to overnight

s Aobustness — Actve in a vanety of reaction buffers

o a1 a4z o
T4 DMA Ligase iyl

Ligatsan of blunt-ended
Haolll fragmems of Lambda
DMA using wvanaus amounts
al T4 DMNA Ligase (400,000
cahesig end s milin

a M Y eeation wohire,
Reactions were incubated

B W 2D D @
Tore: [menf

Ligation of Hircil fragments
(4-base overbang) of Lambeda
DA wming 1 cohesive end
uewt | Vgil o 0400 dilutan) of
T4 DNA Ligase. Reactons
were ncubaied at 25°C

@ = Recombinant : s
f min| 16°C.
*MEB ligase products are BEA-Tree A o R T

For more information and our intemational distribution network, please visit WAWW.NED.COM
Mew England Biolabs, Inc. 15 an 150 9001 certified company

NEW ENGLAND
L]

New England Biclabs Ing. 240 County Road, Ipswich, MAD1938 USA 1-800-NEB-LABS Ted (978 9275054 Fax (978 921-1350 info@ineb.com Sﬂ
Canada Tel. (800) 387-1095 mio@canebcom « China Tel 010-BZ378266 besjing@nebchingcom « Germany Tel 0B00/246 5227 infolde neb com Inc
Japan Tel. +81 [0)3 5669 6191 info@neb-japancom « UK Tel (0800} 318486 info@uk neb.com

the leader in enzyme technology




CREDITS (TOP TO BOTTOME MASASPLASI/UNNERSTY OF ROME: FLUTH ET AL

Ocean Conditions
Past and Present

The formation of cold, dense water in the North
Atlantic Ocean today helps drive meridional
overturning circulation, in which warm water
flows north over cold water flowing south, but
conditions may have differed during the Lasl
Glacial Maximum (LGM) 21,000 years ago.
Lynch-Stieglitz et al. (p. 66) review our under
standing of this problem. The pace of deep
Atlantic circulation during the LGM was nearly as
vigorous as it is now, but patterns of sea surface
temperatures and the distribution of water
masses were different, indicating that different
mechanisms drove circulation then. Further
more, during the last interglacial, around
125,000 years ago, land and sea surface tem-
peratures al high latitudes were higher than they
are today, and sea level was 4 to & melers
higher. Did deep ocean conditions contribute to
melting of the Greenland and Antarctic ice
sheets? Duplessy et al. (p. 89) analyzed cores
from the Atlantic and Southern oceans and show
that North Atlantic Deep Water was warmer dur
ing the last interglacial than it is today. Using
two models, they infer that extra heat would
have been transferred to Circumpolar Deep
Water in the Southern Hemisphere, which would
have melted more of the Antarclic lce Sheet,

Dissecting Oxide
Dislocations

Imbalances in steichiometry in layered oxides,
such as at grain boundaries, can affect their
electrical and mechanical properties. Less is

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

Glaciers on Mars

Most of the water ice on the surface of Mars is locked up in
the polar caps. The Mars Express orbiter has used its radar
to penetrate to the base of the layered deposits on the
north pole. Now Plaut et al. (p. 92, published online 15
March) have mapped the south polar-layered deposits.
The radar penetrates 3.7 kilometers with little attenua-
tion, which suggests that these deposits are almost pure
water ice, The base of the deposits shows a set of buried
depressions that may be past impact craters, The deposits
themselves total 1.6 = 108 cubic kilometers, equivalent to
a global water layer approximately 11 meters thick.

known about the structure of dislocations, which
are defects in the crystalline ordering, and the
role they may play. Shibata et al. (p. 82) use
high-resolution electron microscopy to study dis-
locations in aluminum oxide. Two nonstoichio-
melric partial defects form close lo each other,
and at high temperatures, the motion of the par-
tial defects occurs with those on adjacent planes.

Acid Buried in Base

Chemists often tailor reaction conditions
by manipulating the temperature or
acidity of the medium. In contrast,
enzymes cannot grossly alter
their surroundings, and rely
instead on internal cav
ties that tune the molec
ular environment of an
individual docked substrate.
Pluth et al. (p. 85} mimic
this strategy using a synthetic
cage-like cluster that self-assembles
from ligands and metal ions in solution.
The electrostatic environment inside the cluster
stabilizes cations, and so favors protonation of
guest molecules. The cage can function as an
acidic enclave in a basic solution and be used lo
perform acid-catalyzed orthoformate hydrolysis
in a surrounding basic medium.

In Sync Several Times

An organism or cell can synchronize its oscilla-
tory behavior with that of its neighbors, as in the
blinking of fireflies or the beating of cardiac
cells. Shim et al. (p. 95) studied the behavior of
two coupled nanomechanical beams, a concep

tually simple system that nonetheless shows rich
dynamic behavior. The beams are driven at a
wide range of frequencies. Frequency-locking or
entrainment occurred in a number of regions in
which the two beams synchronize to a single res-
onance. These resonators may be of use in signal
processing and communication,

Electrons Feel the Drag

When current flows in one layer of a bilayer sys-
tem, electron-electron interactions can drag cur-
rent in the other layer. Measurements of this
Coulomb drag effect are important for under
standing coupled electronic and correlated
electron systems. Price et al. (p. 99; see
the Perspective by Lerner) report on the
observalion of giant fluctuations, four

orders of magnitude greater than
that expected, of the Coulomb drag
resistance, which resull in an alternating pos
itive and negative frictional force on electrons,
The authors propose a model in which electrons in
the two layers interact in the ballistic regime,
characterized by large momentum transfers,
where the local electron properties become
important.

Engineering Isoprenoid
Builders

Isoprenocids, a diverse family of natural products,
are built from five-carbon building blocks using
four coupling reactions. Enzymes that catalyze
chain elongation and cyclopropanation have
been identified, however, enzymes that catalyze
Continued on page 15
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CREDIT ALONSO ET AL

This Week in Science

Continued from page 13

branching and cyclobutanation have not. Thulasiram et al. (p. 73; see the Perspective by Christian-
son) show that all four reactions can be catalyzed by engineered enzymes that are chimeras of a chain
elongation enzyme and a cyclopropanation enzyme, The products have the same stereochemistry as
the natural products, suggesting that enzymes catalyzing the four reactions evolved from a common
anceslor.

The More You Know, the More You Learn

The ability to remember complex new infarmation often depends on prior knowledge of the topc.
This is because we have already formed a relevant mental schema as a framework. Tse et al. (p. 76;
see the Perspective by Squire) used rats to study the effects of prior learning of schemas on the abil
ity to acquire new episodic associations. These associations were acquired faster when the animals
were first trained on a consistent set of associations than when they occurred in the context of a novel
set of associations. The acquisition of novel associations was dependent on the hippocampus. How
ever, within 48 hours the associations were independent of the hippocampus, which is substantially
faster than typical memory consolidation. Thus, animals
schemas Lo bear during learning.

like people—can bring activated mental

Motor Mechanics

Kinesin-1is a two-headed molecular motor that takes 8-nm
steps along microtubules. AL each step, one maolecule ol
adenosine triphosphate (ATP} is hydrolyzed and between
steps kinesin pauses until another molecule of ATP binds.
Now Alonso et al. (p. 120; see the Perspective by
Hackney) show that kinesin-1 interacts with free tubulin
heterodimers in solution and that this system too is gated
by ATP. The observed behavior would not be predicted by
current models for the motor mechanism that include a
role for the microtubule lattice in the gating mechanism.

Understanding Inositol Pyrophosphates

Inositol pyrophosphates are relatively poorly understood, highly phosphorylated members of the
inositol polyphosphate family. Two studies describe related advances in signaling invelving inositol
pyraphosphates. Mulugu et al. (p. 106) purified an inositol pyrophosphate synthase from yeast that
has two calalytic domains. The enzyme, called Vipl, appears to act as a switch, with its catalytic activ
ity determined by the local pH. Lee et al. (p. 109) purified a molecule that regulates the yeast
PhoB0-Pho85-Pho81 complex, a protein complex containing a cyclin, a cyclin-dependent kinase
(CDK), and a CDK inhibitor. The active molecule turned out to be myo-D-inositol heptakisphosphate
(IP7), which is synthesized through the kinase activity of Vip1.

Sizing Up Man's Best Friend

In contrast to most mammalian species, Canis familiaris (the domestic dog) shows extreme diver
sity in body size. Sutter et al. (p. 112, cover) show that a single allele of the gene encoding
insulin-like growth factor=1 (IGF-1) is shared by all small dog breeds but is nearly absent from
giant dog breeds, implying that sequence variation in the JGF-1 gene plays a causal role in dog
size. Discovery of the /IGF-1 gene was facilitated by its localization within a genomic signature, or
haplotype block, that probably arose as a result of centuries of dog breeding by humans.

Spliceosome Assembly

Human Prp31 is a protein in the spliceosome that is essential for pre-mRNA splicing. It 15 assembled
onio the spliceosome after 15.5K protein binds to an RNA component, U4 small nuclear (sn)RNA.
Liu et al (p. 115} present structural and biochemical data of hPrp31-15.5K-U4 snRNA complexes
that give insight into this hierarchical assembly. hPrp31 presents both RNA and protein binding
surfaces, making it a true ribnucleoprotein (RNF) binding protein. Binding occurs through the
nucleclar protein {Nop) domain, which may act as a molecular ruler that measures the length of an
RMA stem to achieve RNP binding specificity.

www.sciencemag.org  SCIENCE
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A Two-Pronged Climate Strategy

A SENSIBLE STRATEGY TO MINIMIZE THE DAMAGES FROM ANTHROPOGENIC CLIMATE
change has two objectives: mitigate the pace and ultimate magnitude of the changes that oceur and
adapt o the changes that cannot be avoided. To underline this two-pronged approach, the recent
report Confronting Climare Change, prepared for the United Nations (UN) by an international

panel we co-chared, was subtitled Avoiding the Unmianageable and Managing the Unavaidable

{(www.unfoundation,org/'SEGS). On 27 February 2007, we presented UN Secretary-General
Ban Ki-moon with this urgent call for new levels of commitment and coordination by the UN and
its member states to avold the worst climate-change dangers while there is still time.

The Scientific Expert Group ( SEG) on Climate Change and Sustainable Development was

organized by the scientific research society Sigma Xi and the UN Foundation at the request of

the UN Department on Economic and Social AfTairs. Our |8 expert
members come from 11 countries and a wide range of disciplines and
institutions, Unlike the Intergovernmental Panel on Climate Change
(IPCC). which may not make recommendations for action, the SEG was
invited to tell the UN what it should do 1o address the climate-change
challenge, and after over 2 years of work, 1t did.

The group’s unanimous recommendations focus equally on mitigation
and adaptanon, The SEG concludes that unmanageable changes in the
future are avordable only if the world community acts now. Global carbon
dioxade emussions must level oft by 2015 or 2020 af little more than their
current level and then decline to no more than a third of that level by 2100,
Emissions of methane and black soot must also be controlled. This can be
done with a mix of existing and new technologies, with many subsidiary
benefits. We recommend several urgent goals: improved efficiency in the
transportation sector and in the energy efficiency of buildings; expanded
use of biofuels; and, very important, the design and deployment of coal-fired power plants
capable of environmentally sound retrofits for carbon capture,

Equally important is our capacity o adapt to unavoidable change by improving preparedness

and response strategies to meet the needs of the world's poor, who will bear the heaviest burden of

chimate change. The summary of the new [PCC report on fmpacts, Adapration and Vidnerabiliry
expected this week, makes it clear that the future will be very different from the past and that
changes under way challenge our land management regimes and our ability to maintain ecosystem
services. Climate-resilient energy-etficient cities must become the norm, and institutions must be
strengthened to cope with weather-related disasters and climate-change refugees, whose numbers
may reach tens of millions in the future. Building on land less than 3 feet above sea level is certamly
not sustainable. Preserving a major proportion of the poorly known biological diversity of the
world requires curbing the rates of climate change but also needs enhanced and innovative efforts
L0 SavVe SUrvIvIng species,

Global climate has already changed noticeably, with more than half of the increase in
temperature since preindustrial times occurning since 1970, Heat waves; ice melt: shifting
ranges of plants and animals; sea-level nse; and droughts, floods, and wildfires are increasing,
as expected. Evenifemissions were completely halted roday. the total temperature increase from
egreenhouse gases already in the atmosphere would be approximately 1.5°C globally. Unless we
can keep global average temperature from exceeding 2° to 2.5°C above preindustrial levels, we
may reach tipping points that could produce intolerable human impacts. Business as usual could
have us 37 to 5°C above preindustrial temperatures by 2 100-—a temperature jump equaling that
from the height ofthe last ice age to the present wamm period. Unless the world acts now, we will
fail miserably to meet the UN Millennium Development Goals, Fal to improve the fate of the
poor, and Fail to achieve global sustainability. The human race, now numbering 6.5 billion
people. has never faced a greater challenge, and there is no time for further delay.

— Rosina M. Bierbaum and Peter H. Raven

10,112 &65cience. 1143220
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Central*California
grasslands.

PHYSICS

Probing Quantum Memories

Can't quite place a name to the face, or associate
a singer with a song? You know, or at least hope,
that the information lies intact somewhere in your
head, needing only the correct memory trick or
stimulus to retrieve it, For quantum communica-
tions, where information is transmitted along
quantum channels and stored in guantum memo-
ries, it is necessary that the stored information be
robust and retrievable. However, qguantum memo-
ries are known to decay because of decoherence,
and physicists therefore have lo develop their own
sel of tricks to probe and measure how reliable
these memories are, Staudt el al look at quantum
information stored in an optical memory, where
the information is encoded in the coherent trans-
fer of the phase and amplitudes of light pulses
onlo a suitable solid-state medium. They use a
photan-echo technigque whereby a sequence of
pulses initializes the memary cell, encodes the
data onto it, and uses a read pulse to generate a
stimulated echo pulse which replicates the stored
information. The advantage of this scheme is that,
though memories may be lost, if they are recalled
they remain undistorted. — IS0

Phys. Rev. Left. 98, 113601 (2007).

BIODCHEMISTRY
Step by Step

Recent exponential growth in databases as a
consequence of big-science projects such as
genome sequencing and structural genomics

www.sciencemag.org SCIENCE VOL 316 6 APRIL 2007

DITOR

EDITED BY GILBERT CHIN AND JAKE YESTON

Ed OGY/EVOLUTION

Perennial Infection

Although grazing and fire have been proposed as explanations for the
remarkable success of exotic annual grasses in California, where they
have established themselves among the native perennials over wide
swathes of the landscape despite being inferior competitors for
resources, active management based on these factors has failed to stem
the invasions. It is known that disease can alter the competitive balance
between species in ecological communities, and Borer et al. have devel-
oped a model showing quantitatively how invasion has been mediated
by viral disease (barley and cereal yellow dwarf viruses, which are a
major pathogen in crops, including wheat, barley, and oats). They find
that the key to the success of the annual grasses is that virus is horizon-
tally transmitted by aphids, rather than vertically via seeds; hence, seed
survival is unaffected, and each generation suffers infection anew.
In contrast, perennial grasses serve as long-term reservoirs for the virus
and experience deleterious effects on survival and on lifetime seed pro-
duction, thus facilitating the invasion by annuals. — AMS

Proc. Notl. Acod. Sci. U.S.A. 104, 5473 (2007).

has, in some environments, credentialed bioin
formatic analysts and relegated experimental
work to the back-benchers. Nevertheless, the
significance of mutations can be hard
to predict without actually mak-

ing the proteins and assessing

their behaviar.

Kona ef al. have taken this
approach in trying to understand
the role of a Cd®*-binding cys-
teine in the Escherichio coli
enzyme KDOBP synthase in compar-
ison o an asparagine in the Aguifex
geolicus version of the same enzyme.
The reaction they catalyze is an aldol
condensation of phospho-
enolpyruvate and arabinose 5-
phosphate. This enzymatic
slep 15 a crtical one in the
bacterial biosynthetic pathway
leading to lipopolysaccha-
rides and hence is a poten-
tial drug targel. & compari
son of the structures
enabled them Lo make a series of mutations
bridging the metallo- and nonmetallo-KDOBP
synthases; follow-up kinetic and structural
analyses yielded several insights. The cysteine-
coordinated metal fulfills the same function as
the asparagine carboxamide in binding and ori-
enting a water molecule for attack on the si side
at C2. Even though the metallo- and non-
metallo-KDO8P synthases produce the same
chemical intermediate, probably via the same
reaction pathway, the binding constants of the

KDOBP synthase
intermediate,

substrates and products differ, which may
reflect an evolutionary adaplation to changes in
metabolite concentrations. — G]C

Brochemistry 46, 10.102 Vis024879 (2007).

CHEMISTRY

A Less Radical Pathway

Enediyne molecules, in which two doubly
bonded carbons tether two sets of triply
bonded carbons, have been known for over
30 years to cyclize to the intriguing para-
benzyne biradical. This species has been
observed in many cases lo behave as a
benzene ring with two diametrically
opposed trivalent carbons, which each
react rapidly with hydrogen or halogen
atom sources.

Perrin et @l. have observed a sur-
prisingly different mode of reactiv-
ity, which is more consistent with nucle-

ophilic attack at one of the unsaturated
carbons than with radical atom abstraction.
Their studies show that slight heating of an
enediyne in Lhe presence of lithium halide salls
and acid results in a halide and proton adding
to opposite ends of the resultant benzene ring.
Isotopic labeling reveals that even as weak an
acid as dimethylsulfoxide can serve as the pro-
ten donor, implicating a highly basic phenyl
anion intermediate formed after halide attack.
The reaction is high-yielding for chloride, bro-
mide, and iodide salts, and shows kinetics con
sistent with p-benzyne formation as the rate-
Continued on page 21
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Cantinued from page 19

limiting step. These findings offer a compelling
rationale for the puzzling isolation from marine
sources of monochlorinated cyanospaoraside iso-
mers whose structures were inconsistent with
eslablished radical or electrophilic chlorination
pathways. — JSY
1.Am, Chem. Soc. 129, 10,102 14a070023¢
(2007).

CHEMISTRY
SERS from Sharp Silver

Surface-enhanced Raman scattering (SERS) is
observed on a variety of silver and gold surfaces
where nanoscale roughness creates high local
fields, and giant enhancements have been
observed in “hol spots” created between two
nanoparticles. However, even single nanoparti
cles can create fields large enough to enable
single-molecule detection.

To better understand the origin of this effect,
MclLellan ef al. have deposited silver nanoparti
cles of various shapes on silicon substrates that
have registration marks. Scanning electron
microscopy was used to determine the orienta-

Field amplitudes around a silver cube.

tion of the particles so that the effect of laser
polarization on SERS spectra could be studied.

For nanocubes, the SERS intensity of adsorbed
1,4-benzenedithiol varied greatly with the direc
tion of polarization, and the spectra were more |

AYAAAS

www.stke.org

EDITORS' CHOICE

intense when the lield cut across the cube’s cor-
ners; more rounded truncated cubes showed lit-
tle variation with polarization direction. Similar
effects were seen in simulations of the local
fields for these particles. — PDS

Nane Lett. 7, 10.1021nl070157 g (2007).

MOLECULAR BIOLOGY
The Evolution of Origins

Prokaryole genomes are generally organized as
a single circular chromosome with a single oni
gin of DNA replication; most eukaryotes, on the
other hand, have multiple chromosomes, each
with multiple replication origins. This latter fea
ture has recently been found in a number of
archaea, including Sulfolobus species, which
have several origins on a single chromosome.
Might these have arisen simply by duplication?
Robinson and Bell show that ongins that are
conserved across Sulfolobus species share the
gene copG, encoding a plasmid copy-number
control protein, as well as a number of stress
response genes. Furthermore, one of the two
arigins in Lthe archaeal Aeropyrum pernix bears
a striking resemblance to two origins
found in a distantly related Sul
folebus species; several genes and
evidence of a putative prokaryotic
viral integration site are conserved.
Among the genes is a protein that is
similar to RepA, a bacterial plasmid
initiator protein, as well as the yeast
replication initiation protein Cdt1.
Altogether, this evidence points to a
captured extrachromosomal element, possibly a
virus/plasmid hybrid, as the source of the
supernumerary origins. A hybrid phage/eukary-
otic replication initiation site on the yeast 2p
plasmid hints at a similar genesis for the multi-
ple origins on eukaryolic chromosomes. — GR
Proc. Natl. Acad. Sc. U.5.A 104, 5806 (2007).

<< Better Bones Without Bax

At about age 50, the depletion of ovarian follicles through apoptosis
leads to the loss of cyclic ovarian function in women. Although aging
female mice do not undergo menopause, they do suffer a depletion of
ovarian follicles and health complications similar to those of post-

menopausal women. After their earlier finding that cocyte loss was mit

igated in mice lacking the proapoptotic protein Bax, Perez et al. investigated aging Bax-deficient
female mice and found them to be leaner and more active than their wild-type counterparts. They
retained more of their hair, developed fewer cataracts, experienced less wrinkling of the skin, and
had stronger bones. Although older Bax knockout mice failed to become pregnant, they did ovu-
late in response to gonadotropin, and when their ovarian tissue was grafled into young wild-type
females, the oocytes produced viable pups. Finally, behavioral analyses indicated that the knock-
outs were less anxious and more attentive than wild-type mice. — EMA

Proc, Nail. Acad. 5ci. U.S.A 104, 5229 (2007).
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New! BigDye®
XTerminator™ Kit.
Game over blobs.

Find out more @
appliedbiosystems com/
gameoverblobs

25 years of delivering next-generation systems

Accelerate your time to publish

Human disease researchers bridge diverse research areas to advance the medical field, moving forward in small
but steady strides. Your road requires perseverance and demands commitment. Over the past 25 years, Applied
Biosystems has helped to pave the way with cutting-edge technology for genetic analysis. AB offers reagents,

instruments, and software for applications including DMNA sequencing, fragment analysis, and genotyping—
accelerating scientific research,
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”More Flexible LCM

Molecular Devices introduces Arcturus®T”, the only open, modular microdissection instrument to
combine Laser Capture Microdissection [LCM) with UV laser cutting, Arcturus®T is the ideal solution
for researchers who require more flexibility and system ease of use.

¥ Unigue IR-enabled LCM—navar lose contact with the samplal

# Nikon® TE2000U base—research-grade microscope with high-guality optics
+ Fully upgradable and extendable platform

¥ Dptional UV Laser Cutting and Epi-Fluorescence
(%) Phase contrast and DIC options—ideal for live-cell applications

%) Ergonomic touch-screen monitor and trackball-controlled stage

% Full range of objective offerings—2x to 100x

* Compatible with glass or membrane slides

By combining gentle LOM and rapid UV laser cutting, you have more choices in the isolation of pure
cell populations to fit any research application. The new Arcturus®T system, along with our Arcturus®
microgenomics reagents and GenePix" microarray scanners and software, provide a more complete
solution for microarray research. Visit www.moleculardevices.com/LCM for more information,

Expect more. We'll do our very best to exceed your expectations.

See us im Montréal at the Society for Biomolecular Sciences 13th Annual Conference & Exhibition,

. MOIEGUIE r Devices April 15-18, Booth #401 and in Les Angeles at the American Assoclation for Cancer Research Annual

Meeting, April 14-18, Booth #1856,
vel. -+ 1-B00-E35- 5517 weiey ralec ulardedices cam

CELL SIGNALING

IN THIS ISSUE:

hosphorylation reactions catalyzed
by cellular kinases are ubiquitous in

signaling cascades, making them important
players in cell function and dysfunction. Read about
new technologies for detecting, characterizing, and
quantitating kinase activity in the Cell Signaling
feature on page 125 of this issue.

UPCOMING FEATURES:
April 20— Stem Cells
June 1— RNAI

June 22— Cell Signaling 2

Also available at www.sciencemag.org/products/articles.dtl RYAAAS
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Going Under

Two-thirds of all cities with populations exceeding 5 million are “especially vulnera-
ble to risks resulting from climate change,” according to a study from Columbia
University and the International Institute for Environment and Development in
London. A team of geographers defined danger zones as areas within 10 meters
above sea level, the places most vulnerable to weather oscillations combined with
the 25- to 60-cm sea-level rise forecast by 2100. China (see map) is in the lead, with
144 million people, or 11% of its population, at or below the 10-meter level. The
world's poor are the most imperiled, with some 247 million at risk in least developed
nations. Numbers will climb with continued urbanization, note the authors, who say
nations should develop policies to encourage inland growth.

CREDITS(TOR TO BOTTOME CENTER FOR INFORMATION EARTH SYSTEMS NETWORK: T. BROMAGE: DENNIS KUMKEL/ISUALS UNLIMITED

Ins and Outs of Carbon

Some parts of the world pump
maore carbon dioxide into the
atmosphere than they remove,
whereas other regions are nel
absorbers. A new site for chart-
ing the ups and downs of the
greenhouse gas is CarbonTracker from the
U.S5. Mational Oceanic and Atmospheric Admin-
istration in Boulder, Colorado.

CarbonTracker incorporates CO, measure-
ments from some 60 locations around the
world to provide a broad picture of carbon
uptake and release for North America, the
globe, and the oceans between 2000 and
2005, Visitors can also check out the “carbon
weather” to see how storms alter levels of the
gas. The researchers hope other labs will con-
tribute data that could help make CarbonTracker
an objective tool for gauging whether carbon
emission targels are being met, ==
www.esrl.noaa.govfigmd/ccgg/carbontracker

New Face for Kenya
Hominid?

Homo rudolfensis, a 1.9-million-year-old skull
from Kenya, may not be a Homo alter all, says a
scientist who has done a compuler reconstruc-
tion of the skull,

The skull fragments—found in 1972 near
Lake Turkana and put together by Richard
Leakey—have sparked much debate, because
their owner seemed Lo have had a much larger
brain than other hominids of similar age.

Mow Timothy Bromage, a paleoanthropolo-
gist and expert on facial bone development at
New York University, claims to have sorted out

the puzzle. In a virtual reconstruction, he fol
lowed a rule that he says applies to all pri-
mates: The angle created by drawing a line

from the eye socket to the ear and then to the

top back molar is
always 45°. Shifting
the skull bones to
conform to the rule
pushes oul the lower
face and leads to a much
smaller brain; about 575 cubic
centimeters instead of the 752 found
by Columbia University anthropologist
Ralph Holloway. That downsizing along

with the newly prognathous profile just about
edge the skull out of the Homo ballpark,

Before and after.

Bromage told a meeting of the International
Association for Dental Research last week in
New Orleans, Louisiana.

Holloway says he's sticking to his own estj-
mate. “I sincerely doubt that

these fragments can

— be so radically recon-
structed,” he says.
"Maybe with a com-
puter, but not by a
trained anatomist's
hand." But paleo-
neurclogist Dean Falk of Florida State University
in Tallahassee says she thinks Bromage ‘s method
for hafting faces onto crania is “really exciting. ...
We're exploring applying it ourselves.”

A Discriminating Parasite >>

Toxoplasma gondii is a parasite that requires two hosts. It's born in a cat's intestines, devel-
ops in another animal—such as a rat—and must return to a cat to reproduce. To boost its
chances of making that return trip, researchers at Oxford University have shown, Texoplasma
makes rodents less afraid of cats. Now a Stanford University team led by
Ajai Vyas has found that rats carrying the parasite don’t mellow out
across the board; they just lose their fear of the smell of cats,

In the lab, infected rats showed much less aversion than normal ones
to bobcat urine. But they reacted normally when the researchers probed
other types of fear responses. That means Toxoplasma has a “remarkably
specific” behavioral effect, says co-author Robert Sapolsky. He says most
parasites control behavior in much cruder ways—for example, by
destroying muscle metabolism 5o an organism can't evade a predator. In
the 2 April online Proceedings of the National Academy of Sciences, the
scientists report that Toxoplasma cysts form preferentially on the rat
amygdala, which Sapolsky calls “ground zero” for fear in the brain.

“I always found it incredible that the parasite would be able to alter a response, cat aver-
sion, that is so ingrained in the rat’s psyche,” says Oxford veterinary scientist Manuel Berdoy,
an author of the earlier work, He says the new research shows that the parasite may have the
"astonishing” ability to zero in on the neural pathways for processing cat odors.
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Preclinical Research Resources

Biological and Reference Reagents
available from the National Cancer Institute

IMMUNODEFICIENT MODELS

AND XENOGRAFT STUDIES

Nude Mice New Reagents Available
Rabhbit Antisera to NFxB Signaling Proteins (
N R Recombinant Human IL-G
ude Rats Immunocytokine Hu 14.18-1L2

SCID Mice Bulk Cytokines Available: Murine — Fe-endostating Human - 1Ll a,
IL-2, FGF (basic), and VEGF are available free to investigators with peer-
reviewed financial support at not-for-profit institutions,

NOD SCID Monoclonal Antibodies Available: HeFi-1 (anti-human CD30), B72.3

Mice (anti-human TAC-72), R24 [anti-GD3|, 32D [anti-human [L-1B), and
11B.11 (ant-mouse IL-4) are available to investigators with peer-reviewed
financial support at institutions or commercial establishments.

Custom Other Reagents: Hynic-rh-Annexin V.

Xenograft

Studies Reference Reagents for Murine and Human Cytokines
The Biological Resources Branch (NCI), the Division of Microbiology and

Infectious Diseases [NIAID), and the National Institute for Biological
Standards and Control (UK) have made available reference reagents for use
in the calibration of i vitro bioassays and in-house standards. They are not
to be used for experimental purposes. Distribution is limited to the USA,
To obtain Reference Reagents outside the USA, contact NIBSC at
wanw.nibsc_ac.uk.

Flease visit our Web site for a complete list of our murine and human

We offer excellent availability of nine immuno-
deficient rodent models. Our Preclinical
Services group also provides xenograft and
other oncology-based services.

cytokines,
e For questions contact: Dr. Rosemarie Aurigemma
— = ) MNCI-Frederick
(@ i VINE  Fax: 301-846.5429
US: 1.877.CRIVER.1 CHARI{E%&!.E&& \ﬁ il ﬁ""‘" e-mail: raurigemma@nciferf.gov

Europe: info@eu.crl.com

WWW.CRIVER.COM Research Models and Services

Investigators wishing to obtain any of these materials should visit the BRE
Repository Web site at web.ncifcrf.gov/research/brb/site/ preclinRepo.asp

Complimentary Pre-Conference Workshop on: WilBio's Featuring Presentations from:
RS M Conferences are Alois Jungbauer, Ph.ID. -
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trom Evergreen Capital, LLC Cost Dorothee Ambrosius -
Sunday, r"'Lprll 22 from 4:00-6:30 PM Food Bochringes-Ingelhcim Pharma GmbH & Co.

) Entertainment Jeanne Novak, Ph.ID. - CBR Intemational Cﬂrp.
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Stephen Nommicols, Ph.D. - Biogen Idec MA, Inc.
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The 12th Annual

Waterside Conference
Smfa'-Up and Production 0 f
Recombinant and Meonoclonal Antibodies

April 23-25, * San Juan, Puerto Rico Source of BioProcessing
April 23-25,2007 * San Juan, Puerto Ric Technology NingNing Ma, Ph.D. - Pfizes; Inc.
?EJP.E(.‘F Include: P.O. Box 1229 Shue-Yuan Wang - Abbott Laboratories
Virginia Beach, VA 23451 USA :
* Purification * Cell Culture Scale-Up 7574238823 Peter Gagnon - Validared Biosystems, Inc,
* Assay Development * Product -Single Characterization iﬂﬂﬁm Xing Wang, Ph.DD. - Phizer, Inc.
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Richard Root, M. Sc. - Roche Diagnostics Corp.
Tongrong Wang, Ph.ID. - Eli Lilly & Company
Shujun Sun - Wyeth Biotech

Missag Parseghian, Ph.ID. - Peregrine Pharmaceuticals

Cori Gorman, Ph.DD. - Selexis USA




CREDITS (TOR TO BOTTOME USC: CLAIRE FRASER-LIGGETT: MUTSUMI STOME

MOVERS

PARTING WAYS. Claire Fraser-Liggett is leav-
ing the DNA research institute founded by her
former husband, ). Craig Venter, after running
it for nearly a decade.

Fraser-Liggett's decision to step down as
president of The Institute for Genomic
Research (TIGR) in
Raockville, Maryland,
comes 5 months after
a board chaired by
Venter stripped TIGR
of its independent
status and made it a
division of the ). Craig
Venter Institute (JCVI,
also located in
Rockville. A JCVI
spokesperson says,
"We will be making
some announcements in the very near future
about additional changes.”

Fraser-Liggett has led a team of pioneer-
ing microbial DNA scientists at TIGR since
Venter launched it in 1992 with proceeds
fram a DNA-sequencing deal (Science,

They Said It

“None of us is running for
president, so | think we can get
away with plagiarism.
—HRepresentative Vernon Ehlers (R-M1), at a
28 March meeting of the House Science and
Technology Committee, after committee chair
Bart Gordon (D=TN) confessed to “plagiariz-
ing” the recommendations of a 2005 National
Academies report in a bill to improve math
and science education (H.R. 362) that the
L committee then passed unanimausly.

e

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

www.sciencemag.org SCIENCE VOL 316 6 APRIL 2007

[\

EDITED BY YUDHIJIT BHATTACHAR]EE

IT'S NOT GARBAGE. Removing waste from waste-
AWA R D S water s great: milking it for energy 1s even better.

This month, the University of Southern California
awarded its Tyler Prize to Gatze Lettinga, a professor emeritus
of environmental technology at Wageningen University in the
Metherlands, for combining those two goad ideas into a technology
called the upflow anacrobic sludge blanket.

The process uses microbes to digest pollutants in domestic
sewage and industirial effluents and turn them into fuel. With help
trom the Dutch government, Lettinga built reactors in Colombia,
India, Brazil, and other countries. By waiving any patent rights, he
paved the way for refinements such as an expanded granular
sludge bed. The award comes with a 5200000 prize.

14 June 2002, p. 1957). Fraser-Liggett is
now weighing an appointment at a major

them with the wherewithal to really build
something here,”

academic medical center that will link her lab
research more directly to clinical work, and
the speculation is that she and several TIGR
staffers are being recruited by the University
of Maryland.

MONEY MATTERS

HELP WANTED. The province of Alberta,
Canada, is offering 517 million packages for
a few rising stars in biomedical research who
like the idea of making their name on the
Canadian plains. "We're looking to attract
people who could be really big players 5 to
10 years down the road,” says Kevin Keough,
president of the Alberta Heritage Foundation
for Medical Research. “The idea is to provide

The new, 10-year Polaris Investigator Awards
are for a total of three facully spots at the uni-
versities of Alberta, Calgary, and Lethbridge,
which are sharing the cost of the awards in a
quest to make a bigger mark on the biomedical
research frontier, The recipient “creates critical
mass,” says University of Alberta President
Indira Samarasekera, “and becomes a global
magnet for talent in that particular field.”

The awards are an offshoot of an economic
boom in the province fueled by spiraling oil
prices. And the foundation has sweetened the
deal by excusing the winners from any admin-
istrative duties for the first 5 years of their
contracts. Applicants should contact ane of
the universities. The West is calling.

x\\

Thailand’s new science minister, Yongyuth Yuthavong, brings a deep
understanding of science to a post traditional ly headed by bureaucrats.
A biochemist who along with colleagues deciphered the structure of a
key enzyme of the malaria parasite, Yongyuth, 62, is lobbying the
National Assembly to approve a several-fold increase in R&D spend-
ing over the next 3 years. Science caught up with him recently.

Q: What is the motivation for your draft science law?

We want a system for science policy development, with the sci-
ence minister as the chief scientific adviser to the government.
The science ministry has always been a “grade C” ministry. [ want
it to be “grade A"

Q: How will the legislation help rank-and-file scientists?
The law designates a level of support for R&D—not less than 3% of the budget. Even if
| get 2%. it will be three or four times the present level. [But] we’ll have to lobby.

Q: What are your chances of success?
My first name means “keep on fighting.” and my surname means “fighting family.” And
[he laughs] | have friends on the assembly’s science and technology committee,

29
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MUSEUM MANAGEMENT

Ultrafast getaway
captured

Turnover at the Top, but Problems
Persist at the Smithsonian

When Lawrence Small abruptly
resigned as secretary of the
Smithsonian Institution last
week. you could almost hear the
stafl's collective sigh of relief.
Although Small shored up the

Smithsonian’s sagging Mnances
during his 7T-year term, his depar-
ture signaled an end 1o the inter-
nal audits, the harsh press cover-
age, and congressional outrage
over high executive salares and
exorbitant personal expenses
such as first-class nckets for a
Hawanan vacation,

The turnover also hinted at
better times for the Smithson-
tan’s 300 researchers in locations
from Panama to Massachusetis.
Many think science didn’™t fully
benetit trom Small’s fundrans-
ing. which focused on “bricks
and mortar” improvements. They
are encou I';I_L’I.."L| that scientists
have been made interim leaders.

The Board of Regents, which
oversees the Smithsonian's activi-
Lies, F'ﬂ\.‘lxl..'d the 4 L-}'l..'i!l'-l1]l.| direc-
tor of the Smithsonian National
Museum of Natural History, biol-
ogist Christidn Samper, as acting secretary.
This move is fueling hopes that Samper, or
h a research background, might

someone wit
take charge long term. In another big change,
David Evans, who oversaw Smithsonian sci-
ence tor 4 years under Small. also resigned
last week. [ra Rubinoft. director of the Smith-
sontan Tropical Research Institute in
Panama, has stepped in as his temporary
replacement. Paul Risser. a botanist and chair
of the University of Oklahoma Research
Cabinet. will be the new acting director of the
natural history museum.
Although it's too soon to tell what this will
mean for the institution’s programs. the new
leaders are speaking in a way that’s bound to
please scientists. In the past, “the whole 1ssue
of infrastructure and facilities has received a
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HO'S IN WHO'S OUT

SMITHSONIAN SECRETARY

UNDERSECRETARY

Yellow ties take charge. Al the Smithsonian, Christian
Samper (top, left) has replaced Secretary Lawrence Small
(top, right); Ira Rubinoft (lower, left) has stepped in for
David Evans as undersecretary for science.

lot of attention,” Samyper said in an imerview.
“I want to strengthen the programmatic
side
says his goal 15 to get “more balance™ among
the institution’s priorities, suggesting a closer
look at research objectives and not a single-
minded emphasis on refurbishing museums.
Among the staff, “there were a lot of smiling
Faces this week.” says William Fitzhugh, a
Smithsonian archacobiologist.

Unfinished business

Although the new leaders may be more in
tune with research. it will be difficult for
them-—or anyone—to launch programs while
maintaining the Smithsonian’s sprawling con-
glomeration of 19 museums and gallenes. the
National Zoo, and nine research facilities.

the scholarship and science.” Rubinoff

Hobhbit's
archaic wrist

The U.S. Congress toots about 70% of the
Smithsonian’s bills, but increases in this
federal allocation have not kept up with costs,
i particular the demand for fimishing new
museums and repairing old ones. Small
helped bring i a lot of private money—about
51 bilhon during his term—for this quasi-
federal institution. But most of it was not for
selence. Scientists have looked elsewhere for
research support, with mixed success,

The harsh reality is that money is still
tight, and the Smithsonian is groaning under
the weight of its obligations. *Our biggest
need is still Facilities,” savs Roger Sant,
chair of the board of the Summit Foundation
in Washington, D.C.. and a member of the
Smithsonian’s Board of Regents. “When
your backlog [of obligations] 15 $2.3 billion,
it’s hard o say anvthing 1s going to get a
greater amount of attention.™

The bricks-and-mortar problem dates
back to the 19505 when then-Smithsonian
Secretary Sidney Dillon Ripley built eight
museums and set up seven new research pro-
grams, few of which were fully funded by
Congress. When Small came on board, the
Smithsonian’s finances were in a shambles,
and construction projects were underfunded.
“The place really did need fixing,” says Sant,
In addition to rmising money. Small. a well-
connected banker, got the National Museum

of the American Indian and a new branch of

the Nauonal Air and Space Museum up and
running: he also began repairing bad heating
systems and solving other infrastructure
problems. But “he seemed to lose sight of the
impaortant resgarch role of the mstitution,”
says Peter Raven, head of the Missouri
Botanical Garden in St. Louwis.
Belt-tightening measures did away with an
mternal grants program and research fellow-
ships. An ever-larger percentage of congres-
stonal fundimg-—which remamed flat—had 1o
cover mandatory expenses, such as salaries
and shortfalls in the imfrastructure budgzet. At
the Smuthsoman Astrophysical Observatory
(SAD). based in Cambridge, Massachusetts,
2-vear delays affected both a new spectro-
graph and a new infrared camera for the
Multiple Mirror Telescope—both deemed key
improvements by the scientific community,
Early in his tenure. Small angered sci-
entists when he called for a reorganization
that would have separated the exhibits
trom the research programs and closed a »
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conservation research center in Front
Roval, Virginia, and a materia
lab in Suitland. Maryland (Science, 13 July
2001, p. 194). The fuss prompted the
Board of Regents to appoint an | 8-member
commission that in 2003 presented Small
and Evans with almost 100 recommenda-
tions for changes. Since then, “the Smith-

s research

sonian has made a huge amount of

progress,” says Jeremy Sabloff, the Uni-
versity of Pennsylvania anthropologist
who chaired that commission.

The threatened research centers survived
and appear to be on firm ground. There is
now money for fellowships and new bload
in charge at the zoo, the natural history
museum, the Smithsonian Environmental
Research Center (SERC) in Edgewater,
Maryland, and the SAO,

Samper has turned the natural history
museum around since he took over in 2003,
hiring young curators to replace about a
dozen retirement-age staff members who had
stayed in place to help out their departments.
Botany, for example, brought in new people
for the First time since the early 19905,

The natural history museum has received
some 570 nulhion inoutside tunds i the past
4 vears, most for exhibits but some for
research. There are now two endowed chairs,
one in ocean sciences and one in human on-
wins, Furthermore, “we've had a great infu-
sion of attention to the mechanics of doing
aood seience here now.” says Fitzhugh,

Monetheless, problems persist. *“A lot of

the scientists, like mysell, think we have a
long way to go,” says Warren Wagner, a
botanist at the natural history museum, Small
did not push for a major research imuative
during his tenure; it’s been more than a decade
since the Smithsonian budget included one,
SAQ, for example, is looking for 360 million
as its contribution 1o the Giant Magellan Tele-
scope but has vet to even get the request on the
funding wish list the Smithsonian sends to the
White House. The one science imitiative in
many vears to become part of the institution’s
budget proposal—for a global environmental

observatory focused on forests in 2008—was

nixed last year by the White House Office of

Management and Budget,

SERC has made up for a decling in direct
support from the Smithsonian’s federal budget
over the past 10 vears by seeking grants from
the National Oceanic and Atmospheric

Www.sClencemad.org

Singapore’s
id rise

Administration and other agencies. But these
sources could dry up, It's becoming increas-
ingly difficult to maintain the long-term stud-
ies so crucial to distinguishing climate change
from normal variation in the environment,
notes SERC Director Anson Hines,
Researchers say what the Smithsonian
really needs is a spokesperson who will lobby
Congress and the White House more strongly.
“We must articulate very well why our science
15 important.” says Samper. [Us not enough to
win backing for individual projects: the
research enterpnse needs a champon, says

HIGH-ENERGY PHYSICS

Tracking cocaine
through cash

Smithsonian paleontologist Douglas Erwin:
“There are some things you can [casily] raise
maoney for ... exhibits and Nashy research, but
not for the preservative injars of fish.” He and

others think a scientist. or at least a scholar of

some sort, needs to be n charge.

But Board of Regents members are wary.
“In the best of all worlds, you want a great
scholar,” says philanthropist El Broad. *But
vou want someone also [who] can rally the
troops and can get the resources over and
above what the government provides. It's a

tough job,” -ELIZABETH PENNISI

Design Flaw Could Delay Collider

A magnet for the Large Hadron Collider
(LHC) tanled during a key test at the Euro-
pean particle physics laboratory CERN last
week. Physicists and engineers will have to
repair the damaged magnet and retrofit
others to correct the underlying design flaw,
which could delay the start-up of the mam-
moth subterranean machine near Geneva,
Switzerland, from November until the spring
of 2008. That would eliminate a |-month

“engimeenng run” with which physicists had
hoped o shake the bugs out of the machine
before shutting down for the winter, when
power becomes prohibitively expensive.
Laboratory officials aren’t giving up hope
just yvet. however. “We are pretty well along
on finding a fix that can be implemented in

the unnel without having 1o bring [the mag-
nets | up to the surface,” sayvs CERN's Lvndon
Evans, who leads the construction of the
accelerator. Only the damaged magnet will
have to come out of the tunnel, he says.

The faulty magnets are designed to
focus the LHC s beams of protons just
before they collide. The beams will run
through three such quadrupoles on either
side of each of four collision points
spaced around the 27-Kldometer ring. The
LHCs four massive particle detectors will
sit at the collision points.

Designed and built at Fermi National
Accelerator Laboratory ( Fermilab) in
Batavia, lllinois, the magnet failed when

Continwed on page 34 »
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Attosecond Laser Pulses llluminate
Fleeting Dance of Electrons

Like a prisoner trapped behind the wall of a
fortress, an electron faces a huge barrier in
escaping the confines of an atom. Yet when

hit by a burst of intense light., it can set itself

free in just a few hundred
attoseconds (107 5), thanks
to a quantum-mechanical
phenomenon known as tun-
neling. In essence. It seeps
through the barrier—the
binding enerey that normally
holds it in place. Now, for the
first ime. scientists have seen
this blindingly fast escape act
happen in real time.

This week in Natwe, Ferenc
Krausz of the Max Planck
Instituie of Guanium Optics
in Garching, Germany, along
with researchers in Austria
and the Metherlands, reports
witching electrons in neon
atoms burrowing their way 1o
freedom. The team says the
findings—made possible by
the use of 250-attosecond pulses of ulira-
violet (UV) radiation—confirm theoretical
predictions about the unneling process,

The researchers also report using tunnel-
g itself toimage the acrobatics of electrons
Jumping from one orbital to another in neon
and xenon atoms that have been excited by
light. The work shows how “the powerful
tools of attosecond science” can be used w
understand atomic-level phenomena, says
Paul Corkum, a physicist at the Steacie Insti-
tute for Molecular Sciences in Ottawa,
Canada. who did not take part in the work.

To produce attosecond UV pulses,
researchers bombard a cloud of neon atoms
with a short burst of laser Light that
wrenches an electron out from deep inside
the atom and smashes it back toward
the atomic core. The most energetic pho-
tons emitted in this process are filtered
out to yield a UV burst lasting a few
hundred attoseconds.

In their experiment, Krausz and his col-
leagues trained an attosecond pulse as well
as the laser wave used to generate it toward
a second chamber of neon atoms. First, the
attosecond pulse vanked electrons out
from the atoms” inner shells wo their outer
edges. preparing the atoms for onization
and the electrons for escape. The laser

www.sciencemag.org SCIENCE

wave then took them the rest of the way.
When the laser’s oscillating electric field

reached its peak, it suppressed the atom’s

binding potential—in effect, thinning the

Looking in. In the Garching experiments, atoms in the cylindrical
chamber were blasted with attosecond pulses and laser waves.

wall holding the electron in. At precisely
those points in the laser’s oscillation cyele,
which lasted several hundred attoseconds.
the researchers saw a marked increase in the
number of iomized atoms i the chamber as
the outer electrons tunneled their way
through the lowered binding potential.,

In other experiments. the researchers
lIHL‘i.I [1.II'I.l'.Il..‘|II'I}._' 8] prliilhl._' the mtra=-atomic
dynamics ol neon and xenon atoms. In the
xenon study, they blasted atoms with an
attosecond pulse powertul enough to knock
an electron out of the ¢lements innermaost
shell. causing electrons in the outer shells to
rearrange themselves in an adjustment
known as Auger decay. By targeting the
atoms with the laser wave and noting how
the number of ions created by tunneling
changed over time, the team was able to
trace the details of the Auger decay.

Researchers say the ability to control
atomic-scale motion of electrons would have
numerous applications. “Even simple-seeming
processcs .‘iLIL'I'I H IEI.\-L']' sUTECTY hll'\.'l.,.‘ atlo=-
second phenomena at their core that have
never been resolved.” says Corkum. In the
longer term, krausz says, such work could
lead to better compact x-ray light sources for
biological imaging and radiation therapies.

=YUDHIJIT BHATTACHAR]EE
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Going Against the Flow

Notwithstanding the laws of gravity, construc-
tion money this year at the National Science
Foundation (NSF) is flowing from the boltom
of the ocean to the top of a 5-km mountain.,
NSF has shifted 515 million from the budgels
of its fledgling oceans and ecological observa
tories networks to the Atacama Large Milli
meter Array in the Chilean Andes, in tune with
ALMA's rising costs and the agency’s contin
ved tinkering with the two networks.

The changes have touched a nerve in
NSF's oversight body, the National Science
Board. Speaking up at Last week's board
meeting, several members said that the long
time between approval and the start of a proj
ect has left them feeling out of the loop.
“We're just asking NSF to explain how things
have changed and whether the science still
justifies that level of support,” says Mark
Abbott of Oregon State University in Corvallis,
noting that NSF now plans to spend %20 mil-
lion less during the first 2 years of the ocean
observatories initiative than when the board
gave it the green light in 2002, for example,
whereas ALMA is costing $125 million more
than eriginally planned. The board has asked
MSF Director Arden Bement for more frequent
updates on the 5240-million-a-year account
and better estimates of the lifetime costs of
operating each facility.  <)JEFFREY MERVIS

Pathology Institute Gets Lifeline

Congressional supporters of the U.S. Armed
Forces Institute of Pathology (AFIP), which the
Defense Department is planning to “de-
establish,” are making a last-ditch attempt to
salvage its functions. Last week, the Senate
voted to delay the move until after the depart
ment has responded to a pending report on the
impact of AFIPs closing. Last month, the House
voted to prevent the use of federal funds for
the planned closing of Walter Reed Army Med-
ical Center, where AFIP resides, in its version of
the bill, which funds military operations in lrag
and Afghanistan.

"This gives AFIP some breathing room,”
says a Senate staffer about legislation that
President George W, Bush has promised to veto
because of the inclusion of nonmilitary items.
Pathology groups oppose the dispersal of
AFIF's functions, particularly the possible
mothballing of its renowned tissue repository
(5cience, 20 May 2005, p. 1101), and Senator
Edward Kennedy (D-MA) is also hoping to slow
the current outflow of talent. Advocates want Lo
move the repository to the Uniformed Services
University of the Health Sciences in nearby
Bethesda, Maryland. —CONSTANCE HOLDEN
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Continued from poge 31
researchers tried to pressunze its cvlindrical
casing to 25 umes atmospheric pressure.
The test was supposed to simulate the
buildup of helium gas during a “quench,”
an event in which the superconducting
wire in the magnet temporarily loses its
superconducting properties and starts act-
ing like a giant heating coil, boiling the liquid
helium coolant that Fills the volume between
magnet and casing. The pressure pushed the
innards of the magnet through the cvlindrical
container like a piston as a key support
broke. The support was not designed 1o take
a lengthwise push, savs Stephen Holmes, an
accelerator physicist at Fermilab,

“It’s better to catch it now than a year

PALECANTHROPOLOGY

Cryostat vacuum vessel
Quadrupole cold mass

from now when the LHC has 1ts first
gquench,” Holmes savs. But, he adds, “we
should have caught this betore we got this
far”” Researchers at Fermilab and CERN
already have ideas for modifying the mag-

Overlooked. Faully sup- nets and will meet at

port was nat designed
to resist a force pushing
the magnet’s innards
through its casing.

the month to final-
1ze the plan and start
the lix.

The schedule for
starting the LHC in November was already
extremely tight, Workers have lowered all
but a handful of the LHC's 1624 main mag-
nets into the wnnel and are busy connecting
the equipment. Even so, they are currently
about 5 weeks behind schedule and pushing
to catch up, Evans sayvs, “IF it goes into
2008, then there is no guestion of having an
engineering run and 3-month shutdown.”
Evans savs, “We’ll have o do without it.”
=ADRIAN CHO

Hobbit's Status as a New Species Gets a Hand Up

PHILADELPHIA, PENNSYLVANIA—T he diminu-
tive human who lived on the Indonesian
island of Flores 18.000 years ago has been
called many things: a pyemy, a diseased
flomao sapiens, a hobbit, Now, n a report
that was the talk of the Palecanthropology
Society’s annual meeting here last week. a
postdoctoral researcher claimed that the
shapes of the fossil’s wrist bones are s0
primitive that it cannot be . sapiens. *It is
definitely not a modern human, It's not even
close,” palecanthropologist Matthew
Tochen of the Smithsonian Institution 1n
Washington, D.C., said in his talk. Although

Get a grip.

A study of
hand bones
suggests that
the hobbit was
a primitive
species.

% %
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some critics still think the bones could be
those of a diseased M. sapiens, others who
heard Tocheri’s report were persuaded. “It's
the most convincing evidence so far that nt
really 1s something different.” says paleo-
anthropologist Carol Ward of the University
of Missouri, Columbia,

The roughly l-meter-tall skeleton has
sparked heated debate. Its discoverers
claim it as a new species of human called
H. floresiensis. whereas critics argue that
the tiny skull belonged to a modern human
suffering from a disease such as micro-
encephaly, which leads to a small head.

When Tocher first saw casts of the hand
bones at a lecture last fall. he was struck
immediately by their primitive shape. In his
Ph.D. dissertation from Arizona State Univer-
sity in Tempe—which he is defending this
week—he used three-dimensional imaging 1o
analyze an innovation in the modern human
hand. Living people and our most recent
ancestors possess a complex of five bones
that mesh together to ease stress on the wrist
when the hand is used forcefully, for example
in pounding large waols or in precision work.
Neandertals had this derived shock-absorber
complex. too: 1t 15 first seen in the hand of
an 800,000-year-old human ancestor,
H. antecessor, from Atapuerca, Spain.

But the bony complex is not found in
apes or earlier human ancestors, including
H. habilis, which lived 1.75 million years
ago in Africa, That species did use wols,
but the shape of its hand bones does not dis-
tribute force away from the base of the
thumb and across the wrist as efficiently as
in modern humans,

Tocheri got permission to study high-
quality casts of the Flores bones, which
were made for Stony Brook University
biological anthropologist William Jungers,
What Tochen saw confirmed his impression
that three bones in the wrist closely resem-
bled those of an ancient hominid, not
modern humans,

Tocher ruled out that the primitive hand
bones were altered by disease because their
distinctive shape develops in the first
trimester, long betore deformation from
most diseases begins later in pregnancy or
after birth. He also says known diseases do
not reproduce the primitive bone shapes.
“This is not pathological.,” Tocher: said.
That fits with emerzing evidence from the
long limb bones, which show no pathology
cither, savs Jungers (Science. 19 May 2006,
p. 983). “The sick-hobbit scenario 15
wrong,” he siys.

But until the hobbit bones can be com-
pared with a wrist of a microencephalic
human, some remain unconvinced. “The
wrist bones don’t look like those of'a normal
modern human, but how can we rule out that
it’s a pathological modern human until we
get comparative evidence?” asks paleo-
anthropologist Robert Martin of the Field
Museum in Chicago, llinois.

Although much work has focused on
the fossil’s chimp-sized skull (Science.
2 February, p. 583), the new skeletal data
are proving convincing to many, Says
lower-limb expert Henry McHenry of
the University of California, Davis: “It
clinches it for me that [the Flores fossil]
was not modern,” -ANN GIBBONS
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U.s. COMPETITIVENESS

Chemistry Reports Warn of Eroding
American Research Lead

CHICAGO, ILLINOIS—The outlook for
United States scientific leadership
remains cloudy with a chance of showers.
That’s the gist of two new reports” the
MNational Research Council released last
week on the future of U.S. research in
chemistry and chemical engineering, both
of which were detailed here for the first
time at the semiannual meeting of the
American Chemical Society.

The first report warned that American
preeminence in chemistry research is slip-
ping away as the country grapples with
declining numbers of homegrown doctoral
degrees in chemistry and the nise
of competition from Western Declini
Europe and Asia. The second
predicted sunnier skies for
LLS. leadership in broad areas of 10
chemical engineering research,
although it warned that the E
heavy emphasis on biology, E
nanotechnology, and other hot &
fields in research spending =2
threatens to undermine less-
sexy areas of the discipline.

The new reports are the latest
in a series of disturbing fore-
casts for US. scientific leader-

In education, the clouds appear even
darker. According to panel member Sylvia
Ceyer. a chemist at the Massachusetts Insti-
tute of Technology in Cambridge, the num-
ber of chemistry Ph.D.s awarded to native-
born students has sunk roughly 25% since
1970, Universities have made up the differ-
ence with foreign students, who now carn
nearly halt of all chemistry Ph.D.s awarded
by LLS, universities, But Ceyver warned that
as industry jobs continue to move overseas
and visas remain tight in the wake of the
11 September 2001 attacks. the percentage
of foreign-born Ph.D. chemists who have

ng Chemistry Ph.D.s at U.5. Umversities

BHUS. Men US. Women | Non-U.5.
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ship. The strongest warning  Brain drain. Falling numbers of homegrown Ph.D.s are one of sev-
came from a 2003 report from  eral signs that U.5. preeminence in chemistry research is threatened.

the National Academies tha

claimed the United States faced a “gather-
ing storm” of dwindling educational per-
formance and lackluster federal commit-
ment to basic research, particularly in the
physical sciences (Science, 21 October
2005, p. 423).

Although the United States remains the
single strongest country in a variety of
measures of chemistry research. the trends
are largely pointing in the wrong direction,
says Charles Casey. a chemist at the Uni-
versity of Wisconsin, Madison, who
chaired the chemstry report. Today, for
example. LLS. researchers publish only
18% of the papers in the field, down from
23% a decade ago. Over that same period,
the output from Asian countries other than
Japan tripled and 15 now on par with the
U.S. output,

" Benchmarking the Research Competitiveness of the
United States in Chemistry; Benchmarking the
Research Competitiveness of the United 5tates in
Chemical Engineering.

chosen to stay in the United States has
declined slowly but steadily over the past
5 vears. The upshot: *“The U.S. will remain
a leader in chemistry for the next 5 vears.”
Ceyer says, “But the ULS, lead will continue
to shrink as the chemistry world becomes
flatter and more competitive.”

Mark Wrighton, chancellor of Wash-
ington University in St. Louis, Missour,
says that although such trends are cause
for concern, the situation isn’t yet dire. ~[
think it would be a mistake to read oo
much into these trends.” Wrighton says.
“We need to keep in mind that the United
States is still the world leader.” Although
the new reports didn’t offer solutions,
Casey savs the Bush Administration’s
competitiveness initiative, which aims to
double U.5. physical sciences research
over 10 years, 15 a step in the nght direc-
tion. “From the chemistry perspective, it
will help tremendously.” Casey says.

-ROBERT F. SERVICE

Russian Academy Fights Plan

MOSCOW—The Russian government appears
to be backing away from its bid to strip the
autonomy of the Russian Academy of Sciences
(RAS) after members of the centuries-old
institution rejected plans last week to change
how its money is spent and properties are
used. The Ministry of Education and Science
suggested last month that RAS alter its charter
lo create a supervisory council that would
have the final word in managing the acad-
emy's 450 research institutes. Composed of
three academicians, three government offi-
tials, two legislators, and a Kremlin represen
lative, such a coundil would relegate scientists
largely lo research.

But in a rare act of defiance, RAS's gen-
eral assembly voted almost unanimously to
reject the council proposal. The plan “goes
against the spirit of science and the traditions
of science,” says Yuri Osipov, academy presi-
dent. The ministry appears willing to drop the
idea if further negotiations yield a version of
the charter acceptable to the cabinet, which
must approve the document. “1 do not
believe that we must strongly insist upon [the
council],” said Andrei Fursenko, education
and science minister,

—BRYON MACWILLIAMS

India Court Halts Quota Rise

NEW DELHI—The Indian Supreme Courl has
blocked a plan to more than double the num-
ber of university slots reserved for disadvan-
taged students, saying that the government is
relying on outdated statistics. The plan,
adopted by Parliament, triggered protests last
year by students from privileged castes, who
worried that it would hinder their entry into
some of the country’s most elite institutions.
To overcome the evils of the caste system,
which relegates several groups to menial jobs
and subjects them to overt discrimination,
India has long had an affirmative action plan
that guarantees those groups 22.5% of public-
sector jobs and slots at many universities. The
new law would boost that figure to 49.5%.
But last week, the court said the government
was basing its argument on data collected as
far back as 1931 and demanded fresher facts.
Pavagada Venkata Indiresan, former direc-
tor of the Indian Institute of Technology in
Chennai, called the ruling “a defeat for cyni-
cal politicians who tried to replace an essen-
tial service by unwarranted draconian regula-
tion.” The government is weighing its options
before a final verdict is issued in August.
=PALLAVA BAGLA
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AVIAN INFLUENZA

NEWS OF THE WEEK

Indonesia to Share Flu Samples Under New Terms

Indonesia has agreed to resume
sharing samples of the H3NI
avian influenza virus with the
World Health Organization in
return for a promised rewrite of
WHOS rules governing the use
of donated viral samples. The
new “Terms of Reference™ for
handling viral samples, which
will be hammered out over
the next several months, may
include a clause giving coun-
tries that provide Nu samples
more control over how and
whether WHO can pass the
virus on to third parties, such as
companies making vaccines. Indonesia
had halted sharing its samples over
concerns that it would not have access to
any H3N 1 vaccine ultimately produced
(Science, 23 February. p. 1063).

Although health officials and scientisis
are happy that Indonesia will once again
provide flu samples, some worry about a
possible new precedent. “My concern is that
if this rule [takes effect]. some country may
in the future refuse o share the viruses or
vacene seed virus stram outside™ the WHO
network. jeopardizing vaccine production,
says Masato Tashiro, director of the WHO
Collaborative Center for Influenza Surveil-
lance and Research in Tokyo.

For more than 30 yvears. the WHO Global
Influenza Surveillance Network has col-
lected seasonal flu viruses and provided
vaceine seed viruses to drug companies,
Virtually all the vaccines produced have
been used in advanced countries in temper-
ate zones to fight seasonal flu.

WHO took the same approach in dealing
with H3NI1. which so far has primarily
affected developing countries in tropical
and subtropical Asia. Indonesia, which has
the highest number of human H3N1 fatali-
ties—at least 63 so far—ceased sharing its
samples of the virus with WHO in January.
Indonesian officials said they feared the
country would not be able to afford a vac-
cine or get a share of limited supplies in the
event of a pandemic. Ata meeting in Jakarta
organized by WHO to resolve the impasse
on 26 and 27 March, Siti Fadilah Supari,
Indonesia’s minister of health, called the
current scheme “more dangerous than the
threat of an H3N 1 pandemic itself”

Under an interim agreement, Indonesia
will again provide samples, which WHO's

reference labs watch for mutations that
might suggest the virus is mutating into a
form more casily transmitted among
humans. In return, WHO will request

ENDANGERED SPECIES ACT

Indonesias authorization before
sharing any samples bevond
its labs, according to David
Hevmann, head of WHOS pan-
demic influenza efforts. Tashiro.
a participant in the Jakarta meet-
ing. says a similar provision may
be written into the new terms of
reference for all countries that
provide virus o WHO,
Hevmann says WHO already
has an injtative that would ensure
developing countries a share of a
pandemic vaccine when it is pro-
duced, by providing them either
stockpiles of vaccines or an
advance purchase agreement. The initiative,
he hopes, will “provide the reassurance
developing countries need to continue
sharing viruses.” =DENNIS NORMILE

Appointee ‘Reshaped’ Science, Says Report

Environmental groups have long vilified
Julie MacDonald, the Bush Administration’s
point person at the Interior Department on
endangered species. Last week, their com-
plaints got some support from the agency'’s
in-house watchdog, who has concluded that
the political appointee plaved fast and loose
with research.

A report by the inspector general 5 (1G7)
office found that MacDonald not only has
been “heavily involved™ in editing scien-
tific documents by the U.S. Fish and
Wildlife Service (FWS) but also leaked
some of that contidential material o indus-
try groups. Next month, Congress will hold
hearings on her actions.

MacDonald is a civil engineer who previ-
ously worked on endangered species issues
for the California state government. Since
2004, she has been deputy assistant secretary
for fish and wildlife and parks. The [G's
report was sent last week to Representative
Mick Rahall (D-WV), now chair of the House
Natural Resources Committee, who had
received an anonymous tip that MacDonald
had “bullied, insulted, and harassed™ FWS
scientists to alter biological reports about
endangered species. The findings, which
haven't been publicly released. were first
reported by the New York Times.

The report documents. for example. how
MacDonald told agency scienusts to lower the

status of tiger salamanders in California
from endangered to threatened (Science,
10 September 2004, p. 1554)—a decision
that was later tossed out by the courts. It
also quotes the former director of the FWS
Endangered Species Program saying that
“MacDonald regularly bypassed managers
to speak directly with field staft, ofien intim-
idating and bullying them into producing
documents that had the desired effect”

Although the 1G found nothing illegal
in MacDonald’s actions, the report says she
violated the federal code in two ways. She
leaked mternal agency documents to lobby-
ists for the California Farm Bureau Federa-
tion and other groups. And she appeared to
give those lobbyists preferential treatment
a charge that MacDonald denied to the
investigators. { The Interior Department
declined to comment on the report. calling it
a personnel matter, and MacDonald has not
made any public statements, )

Rahall says that next month’s hearing will
be “a sweeping review on whether politics is
infiltrating decisions™ about endangered
species. The issue may also come up during
the Senate conlirmation hearing of Lyle
Laverty, director of Colorado’s Division of
Parks and Outdoor Recreation, whom the
White House on 23 March proposed to be
MacDonald’s boss. The job has been vacant
since Movember 2003, —ERIK STOKSTAD
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An Asian Tiger's
Bold Experiment

As Singapore embarks on a billion-dollar second phase of its
makeover as a research hub, critics wonder whether the island
nation is really getting its money's worth

SINGAPORE—From the crest of a low hill ina
southern corner ol this island state, Philip Yeo
makes a sweeping gesture toward a scientitfic
Emerald City: nine gleaming new research
buildings teeming with more than 1000 bio-
medical scientists. “We've gone from nothing
to this in 3 years,” says Yeo, chair ol Singa-
pore’s Ageney for Science, Technology, and
Research (A*STAR), a government agency
that runs Biopolis, as the campus 15 known,

Thanks in no small measure o Yeo's wiz-
ardry at winning government support and
wooing overseas talent, Biopolis has put this
tiny Southeast Asian nation on the biomedical
research map. As one indicator of success, the
number of papers produced at the flagship
Institute of Molecular and Cell Biology
(IMCB) zoomed from 82 in 2000 to 165 in
20046, according to Thomson Scientific, Cita-
tion rates rival those of institutions with
longer listories. Other Biopohs centers are
still coming up to speed. But in building up a
research capacity trom scratch., boasts Yeo,
“no other country has
ever moved so fast.”

That claim has a
number of prominent
backers. What's hap-
pened in Singapore in
Just 3 or b years “Is
prety darn remark-
able,” says Edward
Holmes, formerly
dean of the School of
Medicine at the Uni-
versity of California,
San Diego (UCSD).
By comparison, says
Holmes. deputy chair
of Singapore's Bio-
medical Research
Council, it took San
Diego 4 vears to become a biomedical hub.
The research enterprise has progressed
“bevond my wildest expectations.” adds
muolecular oncologist Edison Liu, director of
the Genome Institute of Singapore.

But some now guestion whether A*STAR
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Getting things done. Biopolis visionary Philip Yeo
says he is too busy to listen to critics of Singapore’s
biomedical strategy.

is heading in the right direction, Late last vear,
in an opinton piece in the influential Straits
Times newspaper, Lee Wei Ling, head of Sip-
gapore’s National Neuroscience Institute,
wrote that “ifthe present approach is followed

without modification, a coherent body of

research and success in a series of relawed
fields 1s unlikely to develop.” Among other
things, Lee is skeptical of the reliance on
imported scientific talent and believes the
overall effort lacks a coherent focus. Her arti-
cle tngeered a rare spectacle in this prim city-
state: a public debate over research and devel-
opment (R&D) policy waged in dueling edi-
torials and opinion pleces,

Yeo brushes offthe criticism, *'m not very
good at histeming,” he admits. “My forte 15 get-
ting things done.” But the debate has raised
questions about when Singapore can expect o
receive an economic payolt from the 2 billion
Singapore dollars(51.3 lilhon) spent so far on
building and staffing Yeo's field of dreams.
And A*STAR can expect closer scrutiny as
it embarks on the
$1.3 billion second
phase of its blomed-
weal imtetive: another
batch ol institutes
with links to hospitals
to extend the research
0 paticnis.

Whale hunting

In June 2000, Sin-
gapore unveiled a
National Biomedical
Sclence Strategy 1o
make this research

a knowledge-driven
economy (Science,
30 August 2002,
p. 1470). The first phase called for creating
a public research infrastructure that would
generate discoveries. tramn personnel ftor
bigz pharma R&D, spin off start-up firms,
and generally build up local expertise in
biomedical sciences.

area a central pillar of

reans ang asking

Sustainable? Some Singap
how a massive investment in biomedical talent
and facilities will play out,

Tapped to implement the strategy was
Yeo, an engineer with a Harvard University
MBA who was named chair of the National
Science and Technology Board, which
became A*STAR. A career civil servani,
Yeo 1s credited with having led Smgapore’s
drive into semiconductors and specialty
chemicals while chair of the Economic
Development Board. A colleague describes
Yeo's lifestyle as “ascetic” and giving new
meaning to the word “workaholie.” He 15
relentlessly cheerful, peppering facts and
numbers with wisecracks.

When the biomedical strategy was
launched, Smgapore had a single hife sciences
institute, IMCB, affiliated at the time with the
National University of Singapore. plus a cen-
ter on pharmaceutical technologies under the
Economic Development Board, A*STAR
ook charge of both and created three more
mnsututes, building Biopolis o house them. To
stal the labs, Yeo started luring scienufic stars
from abroad. in some cases spending years to
fill a strategic post.

A big cateh early on was Liu, imported in
2001 from the U.S. National Cancer Institute
in Bethesda, Marvland, to head Singapore’s
newly minted Genome Institute. Researchers
there quickly made their mark, becoming the
tirst in the world to sequence the SARS virus
at the height of that crisis in 2003,

Since then, Liwhas been joined by an array
of world-class scientists. For example, David

wWhww.sciencemad.org

CREDIT A*STAR



e i g

CREDIT: LLAS ENRIQLUE ASCUVREUTE REALAMDOY

e
Lane. renowned for his work on the p33 tumor
suppressor gene. 15 on a sabbatical from the
University of Dundee, UK., to head IMCB. In
addition to an mternational standing, Lane
brought to the job wide-ranging contacts and
industrial acumen—in 1996, he founded
Cyclacel Pharmaceuticals, which is develop-
ing novel cancer drugs. Lane says the contacts
are important for an imstitute so distant from
established research centers of the United
States and Europe. And his Cyelacel expen-
ence helps when explonng interactions with
pharma executives.

Yeo lured others to Singapore by dangling
irresistible research opportunities, Nancy
Jenkins and Neal Copeland, a wife-husband
team of mouse geneticists, say they opted for
Singapore to escape tightening budgets and

restrictions on consulting work at the ULS.
National Institutes of Health. In the United

States, sayvs Copeland. “there wasn't a lot of

new money 0 do new things.” At IMCB, he
savs, they are assured of generous funding for
their work developing mouse models for
human cancers. and they're encouraged to
interact with companies.

Yeo has also imported heavyweight
administrators to run institutes and develop
policy. The roster includes the husband-wife
team of UCSD's Holmes and Judith Swain,
who was the university’s dean of translational
medicine: Philippe Kourilsky, former presi-
dent of the Pasteur Institute in Paris: and
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George Radda, former chief of the ULK.s
Medical Research Counail,

Yeo calls these senior lgures “whales™
who have schools of ambitious young
*puppies”—Itrailing in their
wakes. 50 far, roughly 73% of the 500 or so

researchers

Ph.D:-level Biopolis researchers are foreign-
ers. Aiming for a 50-530 balance among
A*STARs institutes, Singapore plans to
send abroad and fund some 1000 students o
earn undergraduate
to Ph.D. degrees m
top foreign universi-
ties by 2015, The full
ride costs more than
QO 00 Hi_:]_!_';[['lﬂ[l..'
dollars (5590,000)
his “million-dollar
kKids.” Yeo says. The
presence of senior
sclentists in Singapore, Lane adds, ensures
that scholarship students “will continue o
have outstanding mentoring when they come
back here.”

Building a research effort from scratch has
made it easy to create institutions with com-
plementary aims. says Lane. “In most coun-
tries. the rivalries between institutions can
hold them back from working together in a
successtul way,” he says. Another Singa-
porcan strength is a small, pragmatic govem-
ment to oversee the inittative. argues Yeo, who
professes disdain for bigger and messier dem-
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“If the present approach is
followed, ... a coherent body
of research and success in
a series of related fields is
unlikely to develop.”

Lea Wei Ling, Hiopols critic

NEWSFOCUS

ocratic svstems. "Look at how the guys in Cal-
ifornia are fighting [over plans for] stem
cells) Yeo sayvs, “Nothing is moving!™

A®STAR claims to be nearing its economic
goals of generating 23 billion Singapore dollars
(5164 lhon) i hromedical manufacturnng
and 13,000 jobs in the sector by 20135, Last
vear, manufacturing output hit 5523 llion,
having almost quadrupled in the past & years.
Biomedical emplovment grew 3.9% to reach
10,571. The agency
figures that invest-
ment commitments
in 2006 will add
| 8O0 jobs when facil-
ities come online. And
private spending on
biomedical R&D in
the nation’s total
R&:D spending. up from 28.5% in 2001,

A voice in the wilderness

Mot evervone buys that rosy picture. Lee’s
broadside in The Straits Times last November
questioned the strategy of hiring “foreign
stars and then letting them decide for them-

selves what areas of research to engage.” She
criticized the initative as lacking coordina-
tion and called for a lead agency to take con-
trol and identify niches in which Singapore
could excel. Examples she gave included
hepatitis B, liver and stomach cancer,
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autoimmune diseases, and head injury.
*Smaller countries with limited resources
have to be more focused on how those
resources are used.” Lee wrote,

The critique carried particular weight in
Singapore, given Lee’s membership in what
one researcher refers to as Singapore s “ruling
familyv.” She's the daughter of Lee Kuan Yew,
Singapore’s revered first prime minister.

Lee’s piece “created a stir in the entire
A¥STAR community,” sayvs IMCBs Copeland.
But neither A*STAR nor Yeo made a formal
response. So a week before A*STAR held its
annual press briefing on the biomedical initia-
tive on 6 February. Lee repeated her claims in
an mterview with Reuters, Not surprisingly,
questions about Lee’s comments dominated
the briefing. At the time, Yeo said that he
ntended to “just ignore™ enticism from “one
voice in the wilderness” And he mocked
Lee’s recommendations, Childhood vacei-
nations have vanquished hep-
atitis B among Singaporeans,
Yeo says. And rather than
spend money on head-injury
research. he told Science. “it
would be cheaper to give every
child a crash helmet.”

Lee declined to comment
further, wnting m an e-mail to
Science, “The points have
been put across to the small
number of individuals I was
targeting.” Her views have got-
ten oblique support from Ting Choon Meng, a
physician and founder of medical device
maker HealthSTATS. In a January Straits
Times article, Ting argued that Singapore s

_

researchers are “putting the cart before the

horse™ by overlooking the practical payofts of

research. “As a nation and as individuals, we
have begun to showcase our innovations, But
we may still end up not fully reaping the
rewards of our IP ideas” he wrote.

Yeo may have Little ume for enitics. Buthis
star scientists, perhaps more used o defend-
ing science policies, are keen to make the case
that research in Singapore can be both glob-
ally significam and locally relevant. “Every-
body agrees, it'sa small place and yvou need
focus.” says Copeland. But “people are focus-
ing.” he says. Cancer is one target. and a
majority of Yeo's recruits work on themes
related to cancer, Swain adds that as transla-
tional medicine extends to work with patients,
it is imperative to align with local needs. One
example is gastric cancer, which for genetic
and dietary reasons is prevalent in Asia.

Whether the initiative is giving the econ-
omy the desired kick 1s tnckier to assess. Sin-
oapore had big pharma investment before the

Foreign, senior scientists
ensure that Singaporeans
returning from training
abroad “will continue to
have outstanding mentoring
when they come back here.”

iminative: Production at drug company plants
reached 556.4 billion in 2000, And most
observers agree that pharma investment
would have continued to grow even in the
absence of the biomedical strategy. A*STAR
officials counter that their bootstrapping
efforts have boosted the value of the manufac-
turing, moving from simple molecules to bio-
logics: drugs cultured from living cells. And
they maintain that the growing pool of trained
researchers is attracting addinonal interest
from big pharma. Within the last few weeks,
GlaxoSmithKhne opened a 513 million
medicinal chemistry outfit at Biopolis that
will double the firm’s research corps in Singa-
pore o 60; and El Lilly announced a S-year,
$150 million plan to boost its drug-discovery
efforts in Singapore in part by tripling its
R&D staffto 150,

Last November, the World Bank published
a report examining how six Asian cities

—Dlavid Lane, Institute of
Malecular and Cell Biology

Bangkok, Beijing, Seoul, Shanghai, Singa-
pore. and Tokyo—are seeking new strategies
tor economic growth. World Bank economist
Shahid Yusuf says that he and co-author
Kaoru Nabeshima are impressed at how
quickly Singapore has put together an infra-
structure resembling that of San Diego and
other hot spots. But he notes that research
budgets are nsing across Asia, and other rivals
have biotech strategies. “When all of them get
into this business, how will that affect the oth-
ers” prospects?” he asks. As for Singapore,
which has invested more heavily than others in
biotech, Yusuf says, the questions are: “How
much longer do they need to wait, and will
[the returns] be large enough to provide a
magjor engine of growth for Singapore?”

Yeo dismisses the report. ¥l don’t believe
World Bank people are competent to make
recommendations to Singapore,.” he savs.

Safe for now

In the wake of the debate touched off by Lee’s
article. Singapore’s leaders have signaled their
confidence in the National Biomedical Science
Strategy. Most recenthy, ina 14 February speech
unveiling the fiscal 2007 budget, Second
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Finance Minister Tharman Shanmugaratinam
said, It is too early to evaluate the results of our
R&D inttiatives. But from [the Ministry of
Finance’s| perspective, [ am satisfied that this is
a good use of public funds”

That's A*STAR s reading as well. It’s forg-
ing ahead full-speed with phase two, A pair of
new centers. the Institute for Clinical Sciences
and the Singapore Immunology Network, will
link bench researchers and staff at local hospi-
tals to pursue clinical studies. The Minmistry of
Health is developing programs to enable clini-
clans to devote part of their time to research.
And it plans a new medical school in coopera-
tion with Duke University.

Swain, head of the Institute for Clinical
Sciences, believes Singapore’s unigue mix of
Indians, Malays, and Chinese “could be a
competitive advantage™ for studies of how
different ethnicities respond 1o drugs, One
disadvantage. however. is a small population
size, Alan Colman, CEO of ES
Cell International, says his
firm is likely to go to the
United States or Europe with
their cardio stem cell therapy
when it is ready for trials.

Whether Singapore can
sustain its rapid development
in biomedical science i1s
another open question. Much
may depend on the success of
Biopolis managers in keeping
senior scientists rooted to the
1sland. Lane says he will move back to
Dundee at the end of 2007, although he plans
to spend “considerable time™ in Singapore for
rescarch and to advise A*STAR.

One looming uncertainty is whether
Biopolis can continue on its present trajectory
without the energy of Yeo, who stepped down
as A"STAR chairon | April. Yeo is not going
far, however. He will chair an arm of the Min-
istry of Trade and Industry that promotes small
and medium-sized businesses. He will also
serve as a policy adviser to the prime minister.

Striding across the hill near Biopolis, Yeo
doesn’t sound as though his interest in bio-
medicine is waning. He points to two just-
completed Biopolis buildings now being -
ted out for new labs. Nearby. several low-rise
buildings will soon be demolished to make
way for a Biopolis dayveare center. A bit far-
ther, cranes are topping out the two towers of
Fusionopaolis, a S8550 million Biopolis clone
in which A*STAR s gathering six institutes
that work on information and communica-
tions technologies. Yeo can’t contain his
enthusiasm. “Come back inanother few years
and see what's here.” he says,

-DENNIS NORMILE
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Hard Data on Hard Drugs,
Grabbed From the Environment

Fieldwork in new and fast-growing areas of epidemiology requires wads of cash and

a familiarity with sewer lines

BARCELONA—It"s almost midnight when
Fritz Sorgel and Verena Jakob walk into a
chic cocktail bar. Sull on the early side. the
place is barely beginning to fill with the typ-
ical clientele of young, hip Spaniards.
Installing themselves on low couches, the
pair scan the drinks menu. “What I really
want is a pifa colada,” says Sorgel with feel-
ing. Returning from the bar. he looks
defeated. “Only daiquins.”

You probably wouldn’t guess that Sorgel
and Jakob, environmental chemists who
have been workimg since dawn, are stull on

the job, Indeed, despite the ragic absence of

pifia coladas, Sorgel gets what he’s really
after: Spanish bills in exchange for a crisp
German €100 pote. Jakob carefully squir-
rels away the change in a plastic tube. With
the final sampling of the day done. they
breathe a sigh of relief.

“It’s so stressful always having to worry
about the money,” says Sorgel, director ofthe
Institute for Biomedical and Pharmaceutical
Research in Nuremberg, Germany. He’s
referring to the brick of new German bills
worth € 30,000 {540,000} that Jakob, his
Ph.D, student, has been carrying in a secret
pocket under her shirt since they arrived in
Spain a few days ago, (IF it goes missing, the
institute 1s out of luck. says Sorgel. ) In a few
days, they will have exchanged all of the
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German euros For Spanish ones. Back at the
lab in Germany, they'll extract the chemical
residues that have adsorbed o each bill—a
process that destroys the money. but more

on that later. Among the thousands of

compounds that can be detected. Sorgel is
looking for one: methylbenzovlecgonine.,
better known as cocaine.

It's been known since the nud- 19805 that
L't'li..";!il'll_‘ I'l.!!iiILlLlL' contaminates Fllrfll..'[ curren-
cies. but Sérgel and others are taking advan-
tage of a natural experiment that began in

2000 with the simultaneous introduction of

the euro currency across Europe. Each coun-
try’s circulating stock of bills 1s becoming
contaminated with cocaine at a different rate.

Measuring cocaine on the money is part of

anew effort to study the phenomenon of illicit
drug use by turning to the environment.
Epidemiologisis have struggled to get a quan-
titative view of drug use for decades. But the
traditional data—tons of drugs seized. the
number of people seeking treatment for addic-
tion, drug-related mortality, and responses to
drug-use questionnaires—are biased and
patchy. says Roberto Fanelli. a toxicologist at
the Mario Negr Institute for Pharmacological
Research in Milan, Italy. By interrogating the
environment rather than the people, he says,
*wou can obtain data m real time™ that are not
only objective but also “rather affordable”

Hot money. Researchers are gathering currency
across Europe and testing its cocaine content.

Follow the money

Money has a peculiar life of its own. When
not folded into a wallet or ecrumpled ina
pocket, the typical €20 bill can pass between
hundreds of hands for about a vear before
getting recycled at a bank. In this time. it
moves through every part of society, from the
wealthy to the unemployed. But where most
scientists see a symbolic unit driving social
phenomena. Sorgel sees a cotton-paper filter
ideal for sponging up chemicals. And
because of the way that electrons are strung
on cocaine’s carbon frame, he says, it “binds
perfectly to the fibers.”

One explanation for the widespread con-
tamination of paper currency is that cocaine
15 often snorted up the nose through rolled-
up bills. and that sorting machines in banks
cause cross-contamination. “We really don™t
know for sure vet,” says Sorgel, but the evi-
dence so far supports this story. In a tvpical
sample of bills from European banks these
days, he finds that the majonity ofeuros carry
detectable amounts of cocaine, Among the
contaminated bills, about | in 20 1s typically

loaded with around 10 micrograms of

cocaine, while the rest usually have a hun-
dredth of that. { These amounts are minuscule
compared with the typical 100-milligram
line that goes up a nose.)

For 7 years. Sirgel has been playing the

part of the annoying tourist, buying bottles of

water with € 100 bills in every European

country, building a continent-wide map of

cocaime use. There have been some close
shaves on this trip. such as when Jakob was
suspected of shoplifting because of a suspi-
cious lump under her shirt—which was the
money. (Sorgel managed to talk his way out
of'that one.)

Banks have at times been suspicious when
Sorgel asks to exchange wads of bills for his
“study of cocaine,” but they also have been
extremely helpful, The entire project would
have been a nonstarter if a German bank had
not agreed wo redeem the entire €30,000 after
laboratory testing. The cocaine is detected
using a device called a mass spectrometer, but
the first step 1s a methanol bath to extract the
chemical residues. That makes the bills look
crisp and clean at the end, but it also loosens
the metallic foil used to check against coun-
terfeit money. Sorgel exchanges the bills for
crisp new money, and the bank recycles the
treated bills.

Although Sarzel’s study of money is the
biggest and longest-runming, it 1s not the only
one. Parallel projects are under way elsewhere
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in Europe, and the collective data are adding
up to a worrying picture. In Ireland, for
example. “people have been in demal that
there'’s a cocane problem.” says Jonathan
Bones. an environmental chemist at Dublin
City University (DCU ). But he and Fellow
DCU chemist Brett Paull have been finding
some of the highest levels of cocaine con-
tamination on euros from Dublin banks. In
one case, 100% of a sample of 45 bills was
coated in cocaine. They have recently ana-
lyzed a sample of 75 bills and again found
them all to be contaminated.

The main advantage of using money is
that it's quick and dirty: Instead of
rLll]l'.IiI'i:.{ ;1r|.m|1|.t «dn UI!1i[L.' uuunlr}' (4] l_!L'[
data. “the money does it for us.” says
Sorgel. Paull is confident that his
data are at least a “warning light™ that
Ireland has a serious drug problem, but
he says that many unknowns make 1
difficult to tanslate the data into quan-
titative statements about drug use, He
and Bones are tryving to nail some of
them down. For example, to put a rate
on the natural degradation of cocaine
on money, Paull and Bones are spiking
euro bills with varying amounts of pure
cocaine and incubating them under
controlled conditions.

One encouraging fact is that the
rank of average amounts of cocaine
found on euros from different countries
roughly matches the ranking of national
drug problems by the E.LU's traditional
survey-based statistics. Spain 1s in the
lead, followed closely by Ttaly, with
Ireland now catching up.

But tracking contaminated money
15 only one part of the epidemiology
story. Alter cocaine enters the nostril of
a drug user and messes with the brain’s
chemistry for about an hour, it 15 modi-
Fied by enezyvmes in the liver and washed out
of the blood by the kidneys. You can guess
where it ends up next,

The sewers don't lie

One morning last month, Sorgel and Jakob
went high up on a narrow, winding road in
the Sierra Nevada mountains, dodging vil-
lagers and wood-hauling donkeys to reach
the pristine. presumably cocaine-free
snowmelt streams that feed the Spanish city
Giranada to the south. At a small bridge over
a glassy brook, they dangled a plastic-lined
net into the water, bringing up two samples
that Jakob sealed in bottles and labeled.
From there they sampled their way back
down to Granada, following the Genil River
as it wends through suburban sprawl, arcs

through the city center, and there meets the
two municipal wastewater treatment planis.
For their final samples, Sorgel dipped right
into the output of one of these plants, a trickle
in a scummy gulley.

Sorgel aims to administer a drug test to

the entire city. The metabolie byproduct of

cocaine, benzovlecgonine, is chemically
unique in the environment and breaks down
slowly. Using the mountain stream water as

his baseline. he can estimate the amount of

cocaine that passes through the entire popu-
lation. Repeating the procedure at intervals
should reveal drug consumption in a Fixed

Check the source. Researchers in
Spain aim to drug-test an entire city.

geographic area in full detail, from seasonal
dips to weekend spikes.

Fanelli pioneered this technique in a 2003
study of water from the Po River near Milan,

His group was studving the persistence of

legal pharmaceuticals in the aguatic environ-
ment, he says, “but then we realized that we
could detect other drugs as well.™ It 15 “com-
pletely proven™ that cocaine can be detected
in the environment, he savs. and now the
more difficult task is “how to use these data
tor drug epidemiology.” Translating a minute
and fluctuating signal in the environment to
its ultimate source requires many assump-
tions, he says, “such as the percentage of'the
cocaine that is metabolized in the body and
the amount that 15 degraded betore it reaches
the sampling site.”
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European researchers say they are putting
the technique on firm experimental ground.
Sirgel notes that about a ton ol cocaine is
seized annually in Germany, a country
thought to have a “moderate” drug problem
compared to others in Europe. Based on his
sampling from rivers and wastewater at
29 locations across Germany, he estimates

that Germans now consume on the order of

20 tons of cocaine per vear, Sorgel’s data
suggest an upward trend, and indeed, the
country’s traditional indicators of drug abuse
have all increased in recent years. “The
methods are working,” he says.

Fanelli has now hunted for cocaine
residues in the wastewaters of London
and of Lugano., Switzerland. a popular
party destination for ltalian tourists.
He estimates that London’s daily
cocaine consumption is on the order
of | kilogram for every | million peo-
ple. He says this “reasonably trans-

Londoners 15 to 30 years old. Official
estimates put that figure at 2%, “So
we know we're close 1o the real fg-
ure,” he says. Fanelli’s team found
similar per capita cocaine loads in
Lugano's wastewater, but there they
also extended the sampling over sev-
eral months, revealing the variation
by day of the week. Monday was
consistently the low point of cocaine
consumption, says Fanelli, whereas
weekends were typically 30% to
40% higher than the weekday aver-
age, and sometimes double that.
U.S.-based researchers are hot on
the trail as well. but some are running
into barrniers, Jorg Rieckermann, an
environmental chemist at San Diego
State University in California, has won
a research grant from the Swiss
MNational Science Foundation to survey
cocaine contamination in wastewater. He
selected San Diego for his analysis, but the
city has forbidden him from taking samples,
Controversy has been brewing since
September 2006, when city politicians
learned that a representative of the White
House’s Office of National Drug Control
Policy (ONDCP) wanted samples of San
Diego’s wastewater. ONDCP press secretary
Jennifer de Vallance said that the study started
about a vear ago and is costing the office
about $20.004. Samples have been collected
from about 100 participating wastewater
tacilities across the United States. she says,
venerating about 300 samples, which are
being analyzed at the Office of the Armed
Forces Medical Examiner in Rockville,

www.sciencemag.org SCIENCE VOL 316 6 APRIL 2007

lates™ to cocaine use among 4% of

43




NEWSFOCUS

44

Maryland. Others have heard about ONDCPs
project. “People from the White House con-
tacted me soon after my 20035 study of the Po
Raver,” says Fanelli. “They plan to sample
wastewater from 100 sites and publish a report.”

If public concerns can be overcome and
these methods can be scaled up to monitor
“several thousand™ wastewater treatment
plants across a country, says Fanelli, “sewer
epidemiology”™ will become a field in its own
right. But several technical hurdles must first
be cleared. For one. researchers use slightly
different methods. Whereas Sorgel uses
upstream river water for control samples,
Fanelli uses stenle, deionized water. “Those
differences can have significant effects on
the results.” says Sorgel. so “standardizing
the methods is critical.”

ANIMAL BEHAVIOR

Bevond the lab, sewer epidemiologists
will need the help of social scientists to draw
meaningful conclusions from their data.
Computer models already track shifts in
crime patterns, income. and pollution in
large urban centers—as well as the daily flow
of water through pipes and sewers. Plugging
in environmental drug data could allow

researchers o “score” communities interms of

“drug-abuse levels,” says Barbara Tempalski, a
social geographer at the Center for Drug Use
and HIV Research in New York City. And
hunting for correlations between drug load
and other social, public health, and economic
factors may reveal useful nsk predictors that
s0 far have been obscured by the noise in the
available data, “Finding the hot spots of drug
consumption can let us focus resources in

The World Through a Chimp’s Eyes

A novel meeting assembled the world’s leading thinkers about chimp culture, tools,
cooperation, reasoning, and other heady topics

CHICAGO, ILLINOIS—I1's not every day that a

scientific meeting opens with a roomful of

eminent researchers pant-hooting like
chimpanzees, but then “The Mind of the
Chimpanzee” conference held here at the
Lincoln Park Zoo last week marked a rare
occasion in itself. For only the third time in
200 vears, the zoo hosted a meeting that
brought together researchers who study
chimpanzees in the wild and in the labora-
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tory. And surprisingly. it was the first one to
tocus solely on the cognitive abilities of our
nearest animal relatives, “It’s amazing,”
sald pioneering field researcher Jane
Goaodall. one of approximately 300 partici-
pants at the meeting, “We're talking about
things now that | couldn’t talk abourt in the
605, We couldn’t even talk about the

chimpanzee mind because chimpanzees
didn’t have one.”

numbe

the right places,” says Fanelli,

“I have no doubt that these data are mean-
ingful.” says Morbert Frost, chief drug epi-
demiologist at the European Monitoring Cen-
tre for Drugs and Drug Addiction in Lisbon,
Portugal. “*but we must bring this to the next
level, where the techniques are standardized
and producing peer-reviewed reports.”

The rirst formal opportunity to compare
notes will come later this month, Frost is gath-
ering a small group of internanonal drug-abuse
researchers from varous fields in Lisbon on
16 Apnl o discuss environmental drug moni-
toring, the first meeting of its Kind. It will be
“an open discussion,” says Frost. covering
everything from analytical technigues o inte-
gration with the social sciences.

=JOHN BOHANNON

The meeting. held from 23 to 25 March.
covered a broad range of topics from coop-
eration and communication to ol use and
culture. experimental design, and conserva-
tion of this endangered species. “It’s a whole
different quality of science from the exciting
cowboy era of maybe 2 decades ago,” said
Richard Wrangham, an anthropologist a
Harvard University who for 20 vears has
studied wild chimps in Uganda’s Kibale
Forest. “It’s a sign of a maturing field. You
have technical brilliance and tremendous
innovation in a wide range of areas.”

The cumulative effect of the talks—many
of which included videos that few people had
seen—powerfully demonstrated that new
insights are continuing to redraw the dividing
line between “us™ and “them.” And one clear
theme emerged from the blending of labora-
tory and field studies: More effort than ever is
being made to perceive the world the way that
chimpanzees do, as opposed to simply asking
how ¢losely their behavior mirrors our own,

Beyond compare

After the zoo’s Elizabeth Lonsdorf, a confer-
ence co-organizer, kicked oft the meeting by
having the participants give each other a
“proper chimp greeting,” she inroduced Kyoto
University’s Tetsuro Matsuzawa, one of the few
resgarchers who studies both wild and captive
chimpanzees. Matsuzawa’s talk kept the audi-
ence participation level high, eliciting loud
"oohs,” "ahhs,” and guffaws. Matsuzawa
described the numerical skills of a chimpanzee
named Al and her son Ayumu, who live at the
university's Primate Research Institute in
kyoto. Buillding on work he first reported in
Narture 7 years ago, he showed videos of
Ayumu using a touch-screen monitor to select
the randomly displayved numbers 0 through 9,
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in ascending order. He then repeatedly per-
formed a more difficult variation on this task, in
which the numbers were masked with white
blocks shortly after they were flashed on the
screen. “MNo one can do this!” he said proving
the point with a hilarious clip of s graduate
students failing the exercise with only four
In:!}ilil..' LI I'l'lII‘.I'IhL‘T.‘\'. “Cur commaon ancestors
might have had immediate memory, but in the
course of evolution, they lost this and acquired
languagelike skills.” posited Matsuzawa.

As difTicult as 1t s to assess a chimpanzee’s
memory, researchers similarly have a shaky
handle on how they communicate with each

other. “There could be awhole "nother level of

chimp communication that we don't have the
capability of understanding.” said psycholo-
gist Lisa Parr, who studies chimpanzee facial
expressions at Yerkes National Primate
Research Center at Emory University in
Atlanta, Georgia.

Parr described an objective metric she has
helped develop called the Chimp Facial
Action Coding System to understand better
what they are saving 1o each other with their
expressions. “People have only looked at
peak-intensity expressions,” says Parr, such as
the bared teeth that have been compared to the
human smile. “Expressions are graded in
intensity and force. No one has looked at
whether those have meaning.”

In a similar vein, Kate Slocombe of the
University of St. Andrews in Fife, UK., has
begun parsing chimpanzee vocahzations to
see whether they have meanings that we have

vet to recognize, “Its a very neglected area of

chimpanzee cognition.” said Slocombe. “Up
until now, evervone s been so dismissive. They
say, ‘It's stimulus-response; it's hardwired: it's
bormng.’ | don't think that’s the case”

As Slocombe and Klaus Zuberbiihler
reported in the February 20035 Journal of
Comparative Psychaology, they analyzed
vocalizations she recorded during aggressive
interactions between 14 chimpanzees at the
Budongo Forest Reserve in Uganda. They
found that aggressors and victims gave dis-
tinct sereams. Slocombe is now planning 1o do
what she said will be the first ever “plavback”
experiments in the wild of recorded screams.
Similar studies in monkeyvs have revealed that
they use calls to wdentify specific predators.
“Vocalizations can tell us a lot more than we
currently think.” saud Slocombe,

Cultural sensitivities

In chimpanzee research circles, incendiary
debates revolve around the degree to which
the animals cooperate, reason, teach, imitate,
and have culture. The debates burn on
because there are no firm answers, but pre-

senters at the meetng offered intriguing
clues to some of these nddles—and urged
their colleagues to keep a chimp-centric view
when designing experiments,

Kyoto University's Satoshi Hirata showed
videos of a cooperation test he designed with
captive chimps. He placed fruit in a hole in the
ground, and then covered it with lirge stones,
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developed field sites that are sure to trigger yet
more investigations into cultural versus eco-
logically determined behaviors.

Crickette Sanz of the Max Planck Institute
for Evolutionary Anthropology in Leipzig.
Germany. descnbed three different large com-
munities of chimpanzees she has extensively
studied with her husband, David Morgan, inthe

- -

Do as | do. Two chimps in Bossou, Guinea, watch an elder crack nuts, a skill that appears to pass from
generation Lo generation by observation rather than teaching—and is considered part of their “culture.”

Chimps failed to work together to move the
stones, but when he placed himsell in the
experiment. a chimp solicited lus help—possi-
bly because it knew he would not compete for
the food. In a different test that required two
chimps to pull ropes cooperatively and move a
plank holding food close enough for them to
reach, they would cooperate but never solicit
help. When he stood in the room. one of the
chimps came and took his hand. again solicit-
ing his help. “Experimental arrangements
should be considered very carefully.” he said.
Many researchers have long assumed that
chimpanzees in the wild cooperate when they
hunt for red colobus monkeys. one of their
favorite meats. Harvard University s lan Gilby
said think again—and see it through chimp
eyes, Ina study he conducted at Kibale Forest,
he found that “impact™ males that were good
hunters attracted other males, “1s it collabora-
tion or byproduct mutualism taking advantage
of key hunters?T” asked Gilby. “Impact males
may act as a catalvst for hunting.”
Researchers face equally vexing conun-
drums when they try to tease out cultural { thats
what others in the community do) versus eco-
logical (that’s what the environment dictates)
determunants of tool use. Matsuzawa and
Tatanya Humle famously reported in 2002 that
chimps in Bossou, Guinea, used sticks of dif=
terent lengths to dip tor ants based on the nsk
of being bitten—suggesting ecological rather

than cultural roots. Now there’s a deluge of

new observations of unigue ool use at recently

Goualougo Triangle in the Republic of Congo.
Alided by 18 remote video cameras, Sanz and
Morgan have documented 22 different tool

uses since 1999, including various types of

honey gathering. termute fishing, and leaf-
sponging for water. “Cricketie has done a mar-
velous job of looking at tool use ina systematic
way,” said Jill Pruetz, an anthropologist at the
University of lowa, Ames, who recently
received much attention for describing chim-
panzees” use of spears o trap bush babies at a
site she has developed in Fongoli, Senegal
{ Science, 23 February, p. 1063).

Goualougo and Fongoli are two recently
developed field sites that Andrew Whiten, an

evolutionary psychologist at the Umiversity of

St Andrews, included in an update of what's
known as the Collaborative Chimpanzee
Cultures Project, In 1999, Whiten, Goodall,
Wrangham, and colleagues published a
landmark paper in Nanere, “Culture in
Chimpanzees.” that focused on six field sites.
documenting 3% different behaviors (most of
which were tool use) not due to ecological
torces. Since then, said Whiten, the number of
sites has doubled, and researchers have docu-
mented 571 potentially unique behaviors.
“Fifty vears ago. we knew nothing about wild
chimpanzees,” said Whiten, praising the
“richness and complexity™ of the daa at the
meeting. “Look at us now.” No one vocahzed
in response, but the human facial actions
smiles and nods—spoke volumes.

=]JON COHEN
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Experimenters Agree: You Can
Cross Off Flowing Crystals

It was exciting while it lasted, but the claim
that crystalline solid helium can flow like the
thinnest liquid has seeped away, Such bizarre
“supersolidity”™ would have been perhaps the
strangest manifestaton of quantum mechan-
1cs among things bigger than atoms and mol-
ecules, Alas, experimenters now ggree that
crystalline helium itself does not budge.
Instead, the resistance-free “superfluid™ flow
emerges as helum atoms wend along fauls
and defects in the crystal,

Frozen. Eliminate defects such as the grain boundaries visible in
this photo, and solid helium won't flow.

“The hypothesis that fits all the experi-
ments is that the crystal does not support
superfTuidity and that any experiment that
shows flow can be explained by remnant dis-
order™ in the crystal, savs John Reppy, a
physicist at Cornell University,

Flowing helium crystals have been on

shaky ground for a while. The first signs of

the element’s supersolidity emerged in
2004 when Moses Chan of Pennsylvania State
University in State College and Eunseong

Kam, now at the Korea Advanced Institute of

Science and Technology in Dagjeon. set a
small can of solid helium twisting back
and forth on the end ot a thin shaft (Science,
1 July 2003, p. 38). Below a certain tempera-
ture—a tew ten-thousandths of a degree
above absolute zero—the frequency of twist-
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ing suddenly increased. indicating that some
helium atoms had let go of their brethren and
were standing stock=stll. That could happen
only 1f they slipped through the crystal with-
out any resistance.

Some theonsts quickly argued that such
Mow was simply impossible in an orderly
crystal. Instead, they said, it likely arose from
more-conventional superfluid liquid helium
percolating through defects in the crystal,
That interpretation was bolstered last year
when Reppy and Cornell™s Ann
Sophie Rittner reproduced the
effect but found that it went away
if they gently heated the crysial to
eliminate defects, a process called
annealing { Science, 24 March
2006, p. 1693). However, Chan
and colleagues countered that
they saw no evidence that anneal-
ing stanched the Row.

Mow, Chan and colleague
Anthony Clark, Reppy and Ritiner,
and Keiva Shirahama and col-
leagues at Keio University in
Yokohama, Japan, all have man-
aged to shnnk the apparent flow
by annealing ther crystals. What's
maore, all reported that they can
increase the signal by freezing
helium quickly to make defect-
laden eryvstals consisting of many
tiny grains. In Fact, Reppy and
Rattner tound that upto 200 of the
atoms can flow in such a helium snowball.

The concordance of results shows that
defects are the key ingredient. It will pro-
bably change the direction of research.” Chan

savs. Morbert Mulders of the University of

Delaware in Newark sayvs expenimenters can
expect a little gloating from their theorist
colleagues. “They will absolutely love it.”
Mulders says. “They can run around for a
couple of vears sayving *We told you so!™™
Precisely how the disordered solid flows
remains unclear. Theorists Lode Pollet and
Matthias Troyver of the Swiss Federal Institute
of Technology in Zurich presented simula-
trons contirming that atoms can ghde along
the boundaries between grains without resisi-
ance. But some experimenters argue that
flow along grain boundaries cannot account

for the streaming of 20" of the atoms,

The bigger question may be, will
researchers continue to pursue the phenome-
non? “Clearly, this is a real effect.” says
Sébastien Balibar, an experimenter at the
Ecole Normale Supérieure in Paris. “This is
really very new physics, even if it isn’t the
spectacular idea originally proposed.” Bui
the messy details of defects may not gener-
ate as much excitement as the prospect of an
oh-s0-cool Mowing crystal.

Ultrashort Laser Pulses
See Inside the Body

Energetic x-rays zip through flesh and set the
standard for quickly seeing inside the body,
but flashes of gentler visible and near-
infrared light can also reveal what hes under
the skin. Using laser pulses a few millionths
of a nanosecond long, Warren Warren, a
chemiast at Duke University in Durham,
North Carolina, and colleagues can trace
biomolecules such as melanin within tissue
to make a three-dimensional image of their
microscopic distribution. The new technigue
might be used to detect without biopsy a
type of skin cancer called melanoma.

“This is absolutely first-rate work.” savs

David Jonas, a chemist at the University of
Colorado. Boulder. *The very small level of

signal they can detect is very impressive,
and that seems to be the key to making this
useful for medical applications.”

Red and near-infrared light can pass
through flesh, which is why your fingers
glow luridly when you hold them over a
flashhight, You cannot make out the insides
of your fingers, however, because the light
scatters off inhomogeneities in flesh,
obscuring the details. To get around that
problem. Warren and his team used light
pulses a few femioseconds long and
exploited subtle interactions between the
light and material that vary in a nonlinear
way with the intensity of the light.

Researchers can trace a fluorescent sub-
stance by scanning a sample with tightly
tocused femtosecond pulses whose wave-
lengths are two times too long to trigger the
Nuorescence. Because of the mismatch, a tar-
get molecule uoresces only when it is tickled
simultaneously by two photons, which will
happen only where the light is most intense,
By monitoring the fluorescence while mov-
ing the laser focal spot through the sample,
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Pulling Strings to Untangle Catastrophe

About the simplest experiment imaginable
may yield insights into calamitous events such
as the sudden failure of cables on a suspension
bridge. Taking a break from work on liquid
cryslals, physicist Peter Palffy-Muhoray and
graduate student Jake Fontana of Kent Slate
University in Ohio spent a few months tugging
on string to see how the force required to
break it varied with its length. Their prelimi-
nary results fit a model based on a gambling
puzzle that stumped Daniel Bernoulli
and other mathematicians in the early
18th century.

"Rare events are by their very nature
hard to find but also extremely impor-
tant because they can lead to catastro-
phe,” says Mark Warner, a theorist at the
University of Cambridge in the U.K.
“You have to find a system in which you
can explore a large range of [length]
scales, and a long string seems to be just
the thing.” Size plays a key role in fail-
ure: A big rock is typically weaker than a
small one because it has longer cracks.

The string experiment embodies the
tricky mathematics of the Petersburg
paradox, a game in which a gambler’s
winnings inevitably fall far short of his reason-
able expectations. After paying an entry fee,
the player flips a coin until it comes up heads.
If he tosses tails once before that happens, he
gets 52. If he tosses Lails twice, he gets 54, With
every additional tails, the payout doubles. In
principle the average winnings are infinite, so
a gambler ought to pay any amount to play. In
reality, however, the game never pays oul more
than a few dollars.

researchers can map the target substance, A
commercial system already images skin using
such two-photo fluorescence.

But the Mluorescence technique has draw-
backs, Warren says. Many biomolecules, such
as melanin, fluoresce only weakly, and light
from the fluorescence itself scatters within the
Hesh. So Warren and his team instead measure
the amount of light absorbed by specific sub-
stances. For example.
they apply pulses of
two different colors
chosen so that when a
melanin molecule
absorbs o photon of
the tirst color. 1t will
more readily absorb a
photon of the second
coloras well,

Flashy. A new laser technigue (leff) reveals details of
melanoma ordinarily seen with biopsy.

That's because the average is inflated by
extremely rare events. For example, although
the chances of flipping 25 tails in a row are
just 1in 33,554,432, the payout for such a run
is also a whopping 533,554,432, which still
drives the average winnings up. The paradox
can be avoided by recognizing that, in any
finite number of tosses, such runs are so
improbable they should be ignored. If the
game is repeated until the coin has been

Snap judgment. ]ake Fontana took his string-pulling rig outdoors
to gain insight into catastrophic failure,

tossed 100 times, there probably won't be a
run of more than six tails, and even that would
pay out only $64.

To apply this scheme of ignoring exceed-
ingly improbable events to string, Palffy-
Muhoray and Fontana assumed that the string
would break wherever unspecified defects
accumulated. These accumulations corre-
sponded Lo runs of tails in the coin tossing,
and on average, they should make any long

The amount of absorption 1s stll tny, how-
ever, and o see it, the rescarchers employ
another trick. They make the intensity of the
first color’s pulses oscillate up and down and
check whether this causes the absorption
trom the second beam to vary in a similar way.
That technique enables them to convert a tiny
intensity variation into a much clearer fre-
quency signal. To make the conversion, they
track the pulses of the
second color as they
are reflected from the
sample. They break
the entire train of
pulses into 1ts com-
ponent frequencies.
The tiny oscillation
then shows up as an
additional frequency,

& - '
o
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stretch of string infinitely weak. Discounting
the improbable accumulations, however,
shows that a finite string has a strength that
decreases in a particular way as its length
increases—namely, with the logarithm of
the length.

To test this model, the researchers pulled
on strands of thread and fishing line ranging
from a millimeter to a kilometer long—
stretching the longer lengths along a bike
path. Their logarithmic prediction fit the data
better than two other well-studied models: one
that treats the string as a chain and
assumes an exponentially decreasing
distribution for the weakness of the
links, and another that focuses on
how stress is shared by fibers in a
multifiber line.

Others have probed how strength
varies with length For the short fibers
used in composite material, but few
have examined extremely long ones,
says William Curtin, who studies theo-
retical mechanics at Brown Universily.
“It’s a nice data set,” he says. Curtin
cautions that the relation should
depend on the specific microscopic
structure of the line. “There’s not a
universal form” for the length-
strength relation, he says.

Fontana says he enjoyed the chance to
work outdoors, but the experiment still had its
trials. “The most stressful part was trying to
keep people on the path from hitting the
string, trying to be as polite as possible,” he
says. The researchers hope to pull even longer
strings, perhaps using pulleys to wrap them
back on themselves.

-A.C.

The technique lets researchers detect
absorption of as little as one 10-millionth
of the original pulses. “We're trying to
look at processes where there’s just
barely enough signal so that you can
access them using less average power
than a laser pointer.” Warren sayvs, Jonas
says that “by being able to detect such
small effects. vou're able to get the power
down enough that vou'd feel safe having
this done to you.”

Warren presented an image ofa melanoma
removed from human skin that showed the
telltale streaks and clumps of accumulating
melanin. As a step toward clinical applica-
tions, he and s colleagues have proposed a
trial in which they will analyze irregular moles
in patients that doctors intend to remove
shonly anyway. =ADRIAN CHO
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Making Articles Available
for Flu Planning

RECENT DISCUSSION ABOUT THE SHARING OF H5N1 SAMPLES BY THE
Indonesian government with the World Health Organization highhights
the importance of intellectual property issues in vaccine development
[“Indonesia, WHO patch up,” M. Enserink, ScienceScope, 23 Feb,,
p. 1065; (f)]. It 1s also worth noting the barners to collaboration and
informaton sharing represented by another form of imtellectual prop-
erty: copyvrighted anticles about avian flu and pandemic Nu prepared-
ness contamed within medical and scienutic publications,

It is disappointing that, at a time when many political and govern-
mental officials are emphasizing the importance of collaboration,
information sharmg, and community involvement m pandemic fu
planning and preparedness, interested professionals and members of
the public are compelled t pay high fees or wait for weeks for an iter-
library loan request 1o be filled when articles from medical and scien-
tific journals are readily available online and could be easily shared
with a broad audience.

Articles from magor scientific publications are avanlable. but
many cases, there is a cost. For istance, to read an teresting article
about the wtility of blood transfusions from the Jowrnal of the Amervican
Wedical Association costs 315 (2). It costs $10 to access relevant arti-
cles in Sefence online (3), while Nawuwre charges 530 (4). A recent dis-
cussion of the 1918 influenza pandemic co-authored by a high-ranking
LS. government oflicial costs $135 for 24-hour access (5). To their
cradit, some Journals do occasionally make relevant articles available
for free upon initial publication or at other times, Others can be found
on various blogs and Web sites (e.g.. Flu Wiki), However. this informa-
tion is often difficult o access for those not affiliated with the large
academic institutions, corporations, or governmental entities that can

POLICY FORUM

ling bonding
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afford to subseribe to certain scien-
tific journals and databases.

The more we can do to reduce arti-
ficial and unnecessary barriers to info-
rmation sharing and collaboration
the better ofl all of us will be in the long term as we

at every level
collectively prepare for a worldwide flu epidemic, and other potential
public health emenzencies. Enhanced access to scientitic journals will
help better ensure that community planning and preparedness efforts
reflect the latest and most authoniative and substantive scientific
knowledge and insights. It also will help broaden involvement in dis-
cussions about eritical and often unresolved selentific, medical, regu-

latory. and ethical questions.

Researchers and publishers should do their part to help make sure
that important information about this public health threat reaches pro-
fessionals and members of the public in a timely manner ( 6). Allowing
unrestricted access o relevant articles, letters, and correspondence
about avian influenza and pandemic flu preparedness would be an
excellent start.

MITCHELL BERGER®

Fublic Health Planner, Difiers Center, Camden County Department of Health and Human
Services, 512 Lakeland Road, 2nd floor, Blackwood, N] 08012, USA,

*The opinions expressed in this article are solely those of the author and should not be
imputed to any public or private entity.
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toms {(8). Blood culture and time of death

Pneumococcal Vaccines
and Flu Preparedness

INFLUENZA-ASSOCIATED MORTALITY IN THE
next five decades is likely to exceed that of
any other global catastrophe (/. 2). The role
of secondary bacterial infections and the
need for bacterial vaccines are not men-
tioned in the ULS. Department of Health and
Human Services Pandemic Influenza Plan
{2). The evidence that pneumococcal mfec-

www.sclencemag.org

tion played a major role in the 1918 in-
Huenza pandemie 15 substantial, but seems
to have been forgotten (3). In two studies,
culturable pneumococei could be found in
the peripheral blood of 50 of 105 hving sol-
diers with influenza, during the pandemic in
the United States and the UK (4, 5), and
from 335 of 89 heart blood cultures taken
from LLS. soldier influenza victims immedh-
ately afier death (6,
deaths duning the 1918 pandemic occurred
more than 2 weeks atier the onset of symp-

SCIENCE VOL316

7). Roughly 1/3 of

both suggest a role for the preumococeus 1n
a substantial fraction of the deaths of these
voung soldiers.

The role of conjugate pneumococeal vae-
cine in reducing influenza-associated mor-
bidity has recently been demonstrated (¥).
Children who received the vaccine and then
developed laboratorv-confirmed influenza
were at 43% less risk of hospitalization due
to the influenza-associated pneumonia than
were children who had not received the
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vaccing in a prospective double-blind ran-
domized trial (¥). These data suggest that
conjugate vaccine given to infants may
greatly reduce influenza-associated morbid-
ity. but also, coupled with data on herd im-
munmity of conjugate pneumococeal vaceine
in the United States (1)), suggest that im-
munization of children may protect adults
as well,

The reasons for increased pneumococcal
morbidity and mortality after influenza have
been reviewed recently (/). Practical meas-
ures to be taken to prevent and treat second-
arv bacterial infections include antibiotic
stockpiling: the enhancement of conjugate
pneumococcal vaccine coverage of children
to ensure optimal protection for them and
high levels of herd immunity among adults;
and provision to adults of 23 valent pneu-
mococcal vaceine to prevent pneumococcal
bacteremias. Research studies evaluating
the impact of conjugate pneumococcal vac-
cine intreduction on influenza-associated
morbidity in adults and children in the
United States and other countries contem-
plating the introduction of these vaccines
are needed as well,

KEITH P. KLUGMAN® AND SHABIR A. MADHI?
William H. Foege Professor of Global Health, Rollins School
of Public Health and Professor of Infectious Diseases,
School of Medicine, Emory University, Atlanta, GA 30322,
USA. E-mail: keith.klugman@emory.edu. *Associate Pro-
fessor, Respiratory and Meningeal Pathogens Research

Unit, Medical Research Council and University of the
Witwatersrand, Johannesburg 2000, South Africa.
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Timing of a Back-
Migration into Africa
INDIGENOUS NORTH AFRICANS ARE GENETI-

cally quite distinet from sub-Saharan Afri-
cans { /), and this difference 15 reflected in
their lighter skin and European/Middle
Eastern physical features. We have previ-
ously suggested, on the basis of the distri-
bution of miDNA type M1, that Morth
Africans are largely descended from a back-



migration o Africa within the last 2000 w
I 5,000 vears, resettling the temporarily lush
Sahara and spreading the Afro-Asiatic
language family (2). In their Report “The
miDNA legacy ol the Levantine early Upper
Palaeolithic in Africa™ (15 Dee. 2006,
p. 1767). A. Olivieri and colleagues used
high-resolution miDMNA data to propose that
the migration from Asia back to North Africa
happened much earlier, and they link the set-
tlement of Morth Africa with the settlement
of Europe 40,000 to 45,000 years ago.

Three points lead us to believe that our
yvounger chronology for the back-migration
into northern Afnica sull ments consideration,
First, the miDNA trees reconstructed by
Olivieri and colleagues are less than conclu-
sive because they consist of phyvlogeographi-
cally mixed branches. which cause uncer-
tainty in identifying the relevant founder

Mealithic cave art from the central Sahara Desert.
This example is from the Sefar site in Algeria.
[Image after (3]

nodes for genetic dating. Second, in our view
the fact that the North African mtDNA marker
types still correspond so closely with the Afro-
Asiatic language zone argues against the exis-
tence of that correlation for tens of thousands
of vears. Third, cave art in the Sahara shows
that in Neolithic times (around 5000 B.C.).

the population of the Sahara was still of

sub-Saharan African ancesiry (see Tigure),
whereas “Europoid™ figures documenting the
arrival of west Eurasians appear later in the
cave art record (3,

Within the framework of our younger
chronology, the occurrence of low fre-
quencies of MI types in the European
Mediterranean can be explained by diffu-
ston from the Middle East and North Afnca
during and since the Neolithic, The Sar-
dinian M1 mtDNA founder date of 7700 =
3100 years vears calculated by Olivieri and

LETTERS

colleagues would conveniently fit with the
arrival of farming in the European Med-
iermnean.

In conclusion, we suggest that more
recent influx from Asia, possibly since the
Last Glacial Maximum 20,000 years
ago, may better explain some of the major
genetic and lingwistic patterns in North
Adfrica and adjacent areas [cf. (4. 5)]. We
nevertheless believe that future archaco-
renetic research on lee Age Afrnica and sub-
sequent periods will benefit greatly from the
complete miDNA sequencing approach
taken by Olivient and colleagues.

PETER FORSTER' AND VALENTINO ROMANO?®
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Ruskin University, Cambridge CB1 1PT, UK, and Mew Hall,
University of Cambridge, Cambridge CB3 ODF, UK
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Response
THE PRINCIPAL PROBLEM WITH GREAT SYN-
theses of languages, genes, and figurines
{or pots) is that they lump wogether differem
migrational and cultural processes and
especially overstretch recent events of the
Holocene, thereby downplayving or swamp-
ing the genetic signals that point to much
earlier events of the Pleistocene (/. 2).
Forster and Romano propose a recent
arrival—within the last 2000 to 15,000
vears—of haplogroup M1 in North Africa

from western Asia, linked to the spread of

Afro-Asiatic languages. This would entail a
Mear Eastern origin of the Afro-Asiatic lan-
vuage family and thus would be in agree-
ment with Bellwood (3). provided that one
subscribes to such a tight link between genes
and languages. Afro-Asiatic scholarship (4).
as well as the coalescence times ofboth Mla
and M 1b and the diverse basal distribution
of Mla lineages especially in East Africa,
however, militate against this interpretation,

As we proposed in our Report, the arrival of

MI in Africa is most likely contemporary
with that of U6, but if one alternatively
lvpothesized that only Mla originally went
into the Northeast African Mediterranean
coast. then 25000 w 30.000 years ago
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would be the realistic time frame.

The latter hypothesis 15 valid when one
assumes the less parsimonious scenario that
only haplogroup U6 was involved 40,000
to 45,000 yvears ago in the early Upper
Palacolithic diffusion of Levantine popula-
tions into North Afnca and that a diffusion
of Mla lineages marked a new phase in
the Nile Valley Complex, 25.000 1o 30.000
vears ago (5). It is then also more plausible

to see the development and emergence of

protwo-Afro-Asiatic languages there, in the
Mile Valley (6. 7). Later migrations and gene
flow, which undoubtedly wok place, have
certainly complicated phylogeographic
patterns. For instance. one may also envi-
sion some mutual contacts between the
Levantine Natufian culture and contem-
porary autochthonous cultures of the Lower
Nile Valley (~15.000 years ago). Later
Neolithic influence then brought a whole
package of Near Eastern miDNA lineages
into all of Morth Africa, as atwested, for

instance. by the relatively high frequency of

miDNA haplogroups H, J, and T in modern
Morth African populations (8, 9).
The cave art arpument adduced by Forster

and Romano has no impact on the issue of
the late Near Eastern influx because hap-
logroup U6 very clearly testifies to an early
presence in North Africa of Near Eastern hin-
eages, which must have proceeded to as far
as Northwest Africa with the ancestors of
the Iberomaurusians before the Late Glacial
Maximum (&), The anthropological evidence
from North Africa. pointing to the auto-
chthonous Mechta-Afalou physical type,
with continuity well into the Capsian of the
mid-Holocene, gives clear support o the
ancient presence of Upper Palaeolithic peo-
ple in North Africa i 5). Moreover, the pres-
ence of figunnes of sub-Saharan tvpe in the
cave art of the Sahara may simply be indica-
tive of resettlement of the region by groups
from the south. already adapted to savannah
ecology. after the early Holocene arnval of
monsoon rains changed the Sahara into a
habitable region (f), Thus, the argument is
not informative on the antiquity of a “Euro-
poid” settlement in Morth Africa,
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Speeding Up the EPA
Review Process
AS ERIK STOKSTAD'S ARTICLE "EPA DRAWS

fire over air-review revisions” (Mews of
the Week, 15 Dec. 2006, p. 1672) notes,
everyone agrees that the U5, Environmental
Protection Agency s (EPA) process fordeve-
loping ambient air quality standards is slow
and cumbersome, Steve Johnson, the First
career scientist ever 1o head the EPA, has
also found that this process doesn’t deliver
up-to-date science and could be more trans-
parent to the public, The revisions to this
process will result in more timely and trans-
parent reviews that do deliver up-io-
date research.

The article states that these improve-

ments will apply immediately to the review
of the ozone standard. This is not the case.
The ozone review is pretty far down the
pipeline, and the EPA concluded some tme
ago that any significant changes to this
review would hkely delay getting this stan-
dard completed.

MARCUS PEACOCK

Deputy Administrater, U.5. Environmental Protection Agency,
Washington, DC 20460, USA.

TECHNICAL COMMENT ABSTRACTS

CommenT on “Divergent Induced
Responses to an Invasive Predator
in Marine Mussel Populations™

Paul D. Rawson, Phillip 0. Yund,
Sara M. Lindsay

Freeman and Byers (Reports, 11 August 2006, p. 831)
presented evidence for the rapid evolution of antipredator
defenses in the mussel Mytilus edulis. However, their
analysis 15 confounded by three issues. Samples from
some sites are likely to have included a second species,
M. trossudus; their manipulation of chemical cwes does not
preclude other interpretations; and they failed to establish
an adaptive significance to shell thickening.

Full text at www.sciencemag.ongiogifcontentfull/316/
5821/53b

LETTERS I

Response To COMMENT ON
“Divergent Induced Responses to
an Invasive Predator in Marine
Mussel Populations”

Aaren 5. Freeman and James E. Byers

Preliminary DNA analysis indicates that anly a few Myfilus
trossuius mussels were present in our study of M. edulis,
Excluding these M. frossulus did not influence the
outcome of our analyses. Qur study provides essential
evidence that populations of M. edwlis respond differently
to the twa crab predators, and the adaptive significance of
shell thickening in mollusks is well established.

Full text at www.sCiencemag.org/cgifcontentfull/316/
582153
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Seeing Is Believing?
Harriet Ritvo

5 Jonathan Smith notes at the begin-

ning of Charles Darwin and Victor-

fan Viswal Cufne, Darwin's most
tamous book is almost completely devoid of
illustration. There is only one illustration in On
the Ovizin of Species, a powerfully absiract
diagram of branching evolutionary descent. In
this, as in much else, the Origin was unusual,
Hlustration was a highly valued feature of
19th-century work in zoology, botany, and
geolory, whether it was intended for special-
ists or for a broader public. Most naturalists
{although not Darwin) were adept draftsmen,
and there was a ready market even for expen-
sive volumes with lavishly produced plates,
Like most of lis contemporanes, Darwin
understood that images could function as areu-
ment as well as description. 1t 15 well known
that he considered the Orizin to be a mere
abstract of the much longer and more fully
sttbstantiated treatise that he would have writ-
ten If he had not feared bemng scooped by
Alfred Russel Wallace. In his more leisurely
and tvpical works, Darwin made frequent and
subtle use of visual images.

Smith (a professor of English at the
University of Michigan, Dearborn) examines
many of these illustrations in detail. discussing
them both in relation to the written texts they
accompanied and in relaton o the larger sci-
entific and popular visual cultures from which
they were drawn. He arzues persuasively that
Darwin’s images should not be considered
merely as adornment. or even as illustration in
the rhetorical sense. but as a thoroughly inte-
grated component of the work in which they
appear. He thus refers to Darwin’s works as
“imagetexts” (he did not coin this rather pon-
derous neologismy),

Perhaps as a way of emphasizing the per-
sistence of Darwin’s concern with the visual
dimension of his books. Smith devotes most of
his attention to the beginning and the end of
Darwin’s career. Of the senes of works in
which Darwin elaborated the schematic arpu-
ments of the Ovigin, only two receive much
attention: The Expression of the Emotions in
Man and Animals, which is extensively dis-
cussed in the two chapters on faces, and The
Descent af Man, which figures in recurrent
considerations of the aesthetic implications of

The reviewer is at the Department of History, Massachusetts
Institute of Technology, Cambridge, MA 02139, USA.
E-mail: ritvo@mitedu
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sexual selection, Otherwise, Smith focuses on
Darwin's early monograph on barnacles. his
late experimental works on plants, and his
final volume on worms.

The chapter ttles (all of the same form:
“Darwin’s Barnacles,” "Darwin’s Birds.”
etc.) belie the complexity and
richness of Smith's interpre-
tation. Smith anchors each
chapter in the explication of
specific images. He does a
very good job of explaining
their significance, strongly
supported by the generous
design of the book: not only
are there plenty of 1llusira- i i
tions. but most of them are ) th
large enough for their details
to be discernable. Smith’s
explanations require him to
integrate many separate threads ol scholar-
ship. including the history of the book., art
history, and the history of science, as well as
Victorian literary and cultural studies. For
example. the chapter on barnacles begins by
comparing the illustrations in Darwin's

"Grotesque realism.” Darwin used three engrav-
ings from photographs to support his argument that
warms pass large quantities of castings.

Charles Darwin and
Victorian Visual Culture

by Jonathan Smith

Literature and Culture,

monograph to other contemporary scientific
work on the Cirripedia and concludes by
comparing them to the illustrations in books
that inspired and sustained the mid-Victorian
craze for aquaria and tide pool naturahizing.

Perhaps the most interesting chapter is the
final one, which analyzes the images in The
Formation of Veeetalble Mouwld Through the
Action of Warms, published the year before
Darwin’s death. In it, Darwin returned 1o his
early fascmation with geology, combining
the epochal and the domestic scales as
he described the role of earth-
worms in producing soil
and burving the evidences of
human eivilization, The book
I.,.'Ui“:ljl'li..'l;l ny 1..“.IF|.]'I‘|.';'I'IFI'I'I -
traut and only one diagram of
the annelid digestive system.
According o Smith, this omis-
sion highlights the functional
or utihtanan emphasis of
ury Darwin’s argument: what is
IH[UI'L.'HEI'I'I]__' :I]'H.'Il.]l ll'l.l..' WOrms 1s
that by passing earth through
their digesuve system they
transform the landscape—both by turning it
over and by enriching it with their castings
{excrement). Several of the illustrations are
mlhur ['I'IIiJI'IlII'I'IL‘I'I:I.'!I Tt..'l'flrl._'H\,'I!'I[-"lIIUI'I:\' ﬂjl wWarm
castings, which itsell gave otfense 1o those
committed to a more rarefied ideal of the art
of natural lustory. The rest are of objects
whether monuments like Stonchenge or more
maodest efforts like Roman villas or random
stones in cultivated felds—gradually being
submerged under the slowly accumulated by-
products of earthworm metabolism.

Carefully considered, none of these images
would have given much comfort to the cultiral
critics (of whom John Ruskin was the most
prominent) who had long complamed about
what they considered the degrading influence
ol the matenalist aestheue implicit in Darwin’s
work. In particular, his arguments about sexual
selection suggested that the human sense of
beauty was shared by animals { or at least that it
was very similar to a faculty that ammals
also possessed) and that it had developed in
response to the exigencies of reproductive
competition rather than as a reflection of some

higher mode of perception. Perhaps still more
disturbing to Victorian convention, Darwin
suggested that in many cases the definitive
gesthetic judgment of strutting males was exer-
cised by females (although he endorsed other
conventional ideas about human gender).

One of the many strengths of the book 1s
that, in addition to placing Darwin’s use of
magery in several contemporary contexts,
Smith traces Darwin’s impact on the popular

WAL sCIenNCcem ag Relis
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visual culture of his time. Of course this
impact increased dramatically atter 1859, lis
maost conspicuons products were not the
heartfelt laments of the artistic elite, but sev-
eral still-familiar stock carncatures or car-
toons such as the ape or monkey with a
human face (in the early days the face often
bore Darwin’s own easily recognizable fea-
tures) and the staggered evolutionary trans-
formation from a monkey (or, sometimes,
from a fish or lizard) to an ape o a caveman
to a modern human. The fact that these
images continue to provoke a range of reac-
tions very similar to those they rused a cen-
tury and a half ago illustrates the importance
of studies like Smith’s, which can help us to
understand our own time as well as Darwin's,

10.1124/science 1141442

MEDICINE

Placebo or Protector?

Rachel A. Ankeny

he raditional Jewish myth of the golem

centers on a human-like creature cre-

ated by humans out of clay and water. It
will follow orders and is very powerful yet
also s a bat stupid and clumsy and hence dan-
gerous, The golem has become a familiar
trope in popular culture, making appearances
in literary novels such as Umberto Eco’
Fowcanlt s Pendulum (1) and even in the
Pokémon games. [t serves as an especially
appropriate framing metaphor
for the series of books focused
on science and technology by
the sociologists and science
studies scholars Harry Collins
( Cardift University) and Trevor

Dr. Golem

Pinch (Cornell University) Trevor Pinch
2. 30 Inthis latest installment, u
Dr: Golemt, we are taken on a re

tour of the “"messiness™ that
characterizes medicine in order
to reflect on the complexiies
inherent in medical science and practice and
on how we should make medical choices
oiven these uncertaintics.

Toillustrate medicine’s recognized fallibil-
ity. the authors present a series of case studies
that popularize existing scholarly accounts.
These range from familiar debates over the
defnition of death and contested disease cate-
gories such as chronic fatigue and fibromyal-
gia to more mundane interactions with the

The reviewer is at the School of History and Politics,
University of Adelaide, Adelaide, 5A 5005, Australia.
E-mail: rachel. ankeny@adelaide.edu.au

Think Ab

by Harry Collins and

medical establishment such as
uncertainties over the diagnosis
of tonsillitis. It 15 hkely that
our perceptions of medicine,
unlike most other branches
of science and technology.
already include some knowl-
edge of its successes and
failures and of the gaps
in itsexistng theories. Mone-
theless, documenting ex-
amples of these failures and
gaps is a useful exercise,
in part as an antidote to
increasing  public confi-
dence that cures and an-
swers are just around the
corner, This has been evi-
dent in much of the hype
surrounding genetic, stem
cell, and cancer research.
The book explores eight topics,
beginning with the placebo effect. Collins and
Pinch describe it as “the hole in the heart of
medicine™ as it encapsulates the problematic
nature of nonscientific aspects of medicine
and their impact on any attempts to scientize
medicine. A provocative chapter covers the
dubious acceptance of cardiopulmonary resus-
citation (CPR). They note that critics have
argued that CPR at best is nothing more than a
“passing ritual” (whose primary use is w allow
families more time with a dying loved one) and
at worst 1s dangerous and a substantial waste of
resources in terms of maming and equipment.
A less successful chapter on
“altermanive medicine™ focuses
on the early-1970s controversy
that surrounded Linus Paul-
ings championing of large
doses of vitamin C as a cure for
cancer. This case study Euls 1o
do justice to the original schol-
arly research on which it 1s
based. Nor does it provide an
adequate examination of the
complex issues associated with
todays complementary and alternative med-
ical theories and practices (which are only
briefly wuched within the placebo chapter).
Collins and Pinch also integrate some of
their own experiences with medicine into their
narrative. Although these personal threads
may sometimes annoy a more scholarly-
minded reader. they do help illustrate dis-
agreements between the authors (for instance,
about measles, mumps. and rubella vaccina-
tion), The authors emphasize that this book
torced them to consider not only what to think
but also what 1o do—what choices o make
when faced with difficult medical decisions,

BOOKSETAL

The claim that medicine is golem-like
is far from novel, and as the authors
put it *The really hard question that
remains is, *Knowing medicine
s fallible, what should we do?™
Although Di: Golew indeed
may lead readers to reflect on
their experiences with medicine
and its limitations (particularly
with regard to prognosis and
therapy ), it unfortunately fails
to provide much guidance about
what in fact patients should do
in light of this knowledge. For
example—perhaps because the
book arose implicitly in parallel
to considerations of science
and technology—there 1s hule
engagement with issues of per-
sonal values and ethics in rela-
tion to medical decision-making
or with the polincal, social, and eco-
nomic contexis within which medicine { par-
ticularly in underdeveloped countries) is prac-
ticed. Nor do the authors examine the art or
craft of medicine in any detail. Hence they
ignore long-standing debates in the philoso-
phy of medicine over the other skills (such as
communication and diagnostic talent) that are
clearly central to good medical practice. In
fact, they set up an odd dichotomy between
medicine as science and medicine as “succor,”
which implicitly denies that nonscientific
forms of knowledge might play important
roles bevond providing comfort when science
cannot cure—a striking omission for scholars
guick torecoenize altermative forms ol expert-
1se in other settings, They leave underexplored
the hybrid nature of medicine as a pragmatic,
scientific, artistic, and social undertaking.

In a sense. Collins and Pinch appear to have
used D Gaolem w confront their own personal
demons: faced with the need to make personal,
life-and-death decisions, they seem o want to
hold medicine to higher standards than we
might hold other forms of science. The prob-
lem is that when viewed in this limited and ide-
alized way. medicine falls so far short that it is
unclear how we should understand the impli-
sations of these case studies for any medical
choices with which we might be faced.
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Framing Science

Matthew C. Nisbet'“and Chris Mooney?

ssues at the intersection of science and pol-

itics., such as climate change, evolution, and

embryvonic stem cell research, receive con-
siderable public attention. which is likely to
grow, especially in the United States as the
2008 presidential election heats up. Without
misrepresenting  scientific  information on
highly contested 1ssues, scientists must learn to
actively “frame” information to make it rele-
vant to different audiences. Some in the scien-
tific community have been receptive to this
message (/). However. many scientists retain
the well-inentioned belief that, if laypeople
bewer understood technical complexities from
news coverage, therr viewpoinis would be more
like scientists’, and controversy would subside,

In reality, citizens do not use the news
media as scientists assume, Research shows
that people are rarely well enough informed or
motivated to weigh competing ideas and argu-
ments, Faced with a daly torrent of news, cit-
izens use their value predispositions (such as
political or religious beliets) as perceptual
screens, selecting news outlets and Web sites
whose outlooks match their own (2). Such
screening reduces the choices of what 1o pay
attention to and accept as valid (3).

Frames organize central ideas, defining
a controversy o resonate with core values and
assumptions. Frames pare down complex
issues by giving some aspects greater empha-
sis. They allow citizens wo rapidly identify why
an issue matters, who might be responsible,
and what should be done (4, 3).

Consider global climate change. With its
SUCCESSIVE ASSESSMent reports summarizing
the scientific literatre, the United Nations’
Intergovernmental Panel on Climate Change
has steadily increased its confidence that
human-induced greenhouse gas emissions are
causing global warming. So if science alone
drove public responses. we would expect in-

creasing public confidence in the validity of

the science, and decreasing political gridlock.

Despite recent media attention, however,
many surveys show major partisan ditfer-
ences on the 1ssue. A Pew survey conducted
in January found that 23% of college-
educated Republicans think global warming

Ychool of Communication, American University, Wash-
ington, DC 20016, USA. *Washington correspondent, Seed
magazine (seedmagazine.com).

*Author for correspondence. E-mail: nisbet@americanedu

6 APRIL 2007 VOL 316 SCIENCE

is attributable to human activity, compared
with 75% of Democrats (). Regardless
of party affiliation, most Americans rank
global warming as less important than over
a dozen other issues (6). Much of this
reflects the efforts of political operatives
and some Republican
leaders who have em-
phasized the frames of
either “scientific un-
certainty™ or “unfair
economic burden™ (7).
In a counter-strategy,

- ol F'..
e ————

-

environmentalists
and some Democranc
leaders have (ramed
global warming as
a “Pandora’s box™ of
catastrophe; this and
news images ol polar
bears on shrinking ice floes and hurricane
devastation have evoked charges of “alarm-
ism” and turther battles,

Recently, a coalition of Evangelical lead-
ers have adopted a different strategy, framing

the problem of ¢limate change as a maiter of

religious morality. The business pages tout
the economic opportunities from developing
innovative technologies for climate change,
Complants about the Bush Admimistration’s
interference with communication of climate
science have led to a “public accountability™
frame that has helped move the issue away
from uncertainty to political wrongdoing,

As another example, the scientific theory
of evolution has been accepted within the
rescarch community for decades. Yet as a
debate over “imelligent design™ was launched,
antievolutionists promoted “scientific uncer-
tainty” and “teach-the-controversy™ frames,
which scientists countered with science-inten-
sive responses. However. much of the public
likely tunes out these techmcal messages.
Instead frames of “public accountability™ that
focus on the misuse of tax dollars, “economic
development™ that highlight the negative
repercussions for communities embroiled in
evolution battles, and “social progress”
that define evolution as a building block for
medical advances, are likely 1o engage
broader support.

The evolution issue also highlizghts another
point: Messages must be positive and respect
diversity. As the film Flock of Dodas painfully

‘... citizens do
not use the
news media as

scientists
assume.”

To engage diverse publics, scientists must
focus on ways to make complex topics
personally relevant.

demonstrates, many scientists not only fail o
think strategically about how to communicate
on evolution. but belittle and insult others’
religious beliefs (8).

On the embryonic stem cell issue, by com-
parison, patient advocates have delivered a
focused message to
the public, using *'soc-
1l progress™ and “eco-
nomic  competitive-
ness” frames o argue
that the research offers
hope for millions of
Americans, These mes-
sages have helped 1o
drive up public support
for funding between
20010 and 2005 (¥, 1.
However, opponents of
increased povernment
funding continue to frame the debate around the
moral implications of research, arguing that
scientists are “playing God™ and destroying
human lLife. Ideology and religion can screen
out even dominant positive narratives about
science. and reaching some segments of the
public will remain a challenge (//).

Some readers may consider our proposals
oo Orwellian, preferring to safely stick 1o the
facts. Yet scientists must realize that facts will be
repeatedly misapplied and vwisted in direct pro-
portion to their relevance to the political debate
and decision-making. In short, as unnatural as it
might feel, in many cases, scientists should
strategically avoid emphasizing the technical
details of seience when ryving to defend it
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NEUROSCIENCE

Rapid Consolidation

Larry R. Squire

e leamn and remember better when

new material can be related to what

we already know. Professional ath-
letes can remember details of particular plays
that occurred in a long match. Experienced
poker plavers can reconstruct the card distn-
bution and betting sequence that occurred in
previous hands. This 15 possible because these
individuals have arich background of relevant
experience and therefore can organize new
material into meaningful and orderly patterns.
On page 76 of this issue, Tse er al. (/) make
use of these ideas to explain their new find-
ings in rats.

In his classic 1932 monograph on remem-
bering (2}, Briush psychologist Frederic Bartleu
developed the concept of “schemas™ w refer to
preexisting knowledge structures into which
newly acquired information can be incorpo-
rated. Although the schema coneept is funda-
mental to the psvehological science of human
memory, it has been difficult to bring the con-
cept to biology and especially to studies with
experimental animals. Tse er af. show in rats
how the schema concept is relevant w the phe-
nomenon of memory consolidation. Memory
consolidation refers to the gradual process
of reorganization by which new memories
become remote memories (3, 4). Initially, the
learning of facts and events (declarative mem-
ory ) depends on the hippocampus, a structure
deep in the temporal lobe of the mammalian
brain. As time passes after leaming. the impor-
tance of the hippocampus gradually diminishes
and a more permanent memory is established
i distributed regions of the neocortex, This
process typically takes a few years in humans
and at least a month in rodents. According to
one influential model (5), the process is slow
because if changes were made rapidly. they
would interfere with the preexisting framework
of structured knowledge that has been built up
from other experniences.

In the Tse et al. study, rats learned to asso-
ciate six flavors with six places in a tamiliar
testing arena. A rat was first cued with a par-
ticular flavor (a 0.5-g morsel of flavored tood)
in one of four start boxes and then could
receive more of the same food by going to the

The author is at the VA Medical Center, San Diego, CA
92161, USA, and the Departments of Psychiatry, Neurg-
sciences, and Psychology, University of California, San
Diego, CA 92093, USA. E-mail: lsquire @ucsd. edu

Meocortex

HAT BRAIN

We may be able to learn new things very
quickly, and incorporate them into memaries,
if representations of related information have
already been stabilized in the brain.

Hippocampus

Banana flavor

GRADUAL LEARNING

Pear flavor Melon flavor

i"_ Nl T o
New flavors
ONE-TRIAL LEARNING

Good schemas wanted. When a rat leamns associations between flavors and spatial locations, as studied by
Tse et al. (1), the associations are initially learned as individual facts (Left). With extended training, the
animal develops an organized structure or schema for flavors and places (middle). This erganized knowledge
structure (hold lines) can then support rapid learning of new associations in a single trial and the rapid
consolidation of information into the neocortex (right).

correct locaton in the arena. Amimals learned
the six Mavor-place associations gradually
across 6 weeks of training: each flavor-place
pair was presented once per session for
tramning and three sessions were scheduled
cach week, Not surprisingly, animals with
hippocampal lesions failed to learn the
associations.

Evidence that flavor-place training af-
forded the development of a schema came
from finding that animals were subsequently
able to learn new flavor-place associations in a
single trial and could remember the new asso-
ciations for at least 2 weeks (see the figure).
The extended training had helped because ina
similar task in which rats were trained on a
new favor-place association each day (),
memory was only weakly established and per-
sisted for less than a day. Tse er al. also tested
other rats that learned six flavor-place associ-
ations i one arena (the consistent arena) and
concurrently learned six different lavor-place
associations in another arena but with the fla-

vor-place combinations rearranged every two
sesstons (the inconsistent arena). In the con-
sistent arena, animals could then learn new
flavor-place associations in a single trial, as
betore. By contrast, in the inconsistent arena,
animals failed at one-trial learning, presum-
ably because they had not established a stable
schema that could guide rapid leaming.

The most surprising finding by Tse ¢ al.
and what connected the schema concept o

memory consolidation, was that removal of

the entire hippocampus as early as 48 hours
after the rapid learning of two new flavor-
place associations fully spared memory of the
associations (these animals had first been
given extensive traming on six other flavor-
place associations, thus establishing a schema).
It was not the case that memory of the new
associations was never dependent on the hip-
pocampus. nor that memory was somehow
formed directly in the neocortex, because hip-
pocampal lesions made 3 hours afier leaming
abolished memory of the new associations. In
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short, the neocortex was able to incorporate
new mformation rapidly. This 1s unexpectedly
rapid for a process that, on the basis ol as
many as 20 studies in experimental animals,
ordinarily takes at least a month (7).

It is tempting to suppose that memory con-
solidation proceeded rapidly because new
information was fully compatible with what
had already been learned—in other words, a
good schema was available. If so, questions
maturally arise about the minimum require-
ments for an effective schema. Perhaps con-
tinued training with two new flavor-place
pairs every day would be sufficient (not just
extended training with the same setof pairs, as
was done by Tse er af ). Although new associ-
ations tramed in this way ordinanly persist for
less than a day (6), with extended experience
they might persist much longer and also
become rapidly independent of the hippocam-
pus. And what might happen ifanimals simply
explored the same arena day atier day? Would
merely having strong famibiarity with a con-
sistent environment support the rapid learning

and rapid consolidaton of new associations”
Answers to these questions would help
sharpen the notion of schema and clarify the
conditions under which rapid memory consol-
idation oceurs.

The study also casts fresh light on an issue
of long-standing interest. As the authors point
out, the fact that storage and recall of spatial
memory can oceur independently of the hip-
pocampus runs counter to the proposal that the
hippocampus forms and stores cognitive maps
(%), Thus, the new findings, as well as other
work (9), give no special emphasis to spatial
counition and suggeest instead that the hip-
pocampus is a general-purpose learner of new
facts and events, both spatial and nonspatial,

The larger question concerns the nature of
memory consolidation itself. Recent studies of
brain metabolism and activity-related genes in
mice describe the decreasing importance of
the hippocampus as time passes after learning
and the increasing importance of several corti-
cal regions, including the prefrontal, emporal,
and anterior cingulate cortex (4). The 1dea 1s

not that memaory 15 literally transferred from
hippocampus 0 neocortex. but rather that the
hippocampus guides gradual changes in the
neocortex that increase the complexity. distri-
bution, and interconnectivity of memory stor-
age sites. This new study is the first to show
that this process can oceur rapidly,
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BIOCHEMISTRY

Processive Motor Movement

David D. Hackney

ermeating throughout a eukaryotic cell

is a lattice of filamentous tracks called

microtubules. upon which molecular
motors travel, moving cargo about. In
this transport system, the molecular
motor kinesin-1 carries relatively large loads
{molecular complexes. membranous vesicles,
and organelles), its motion powered by the
energy liberated from hydrolyzing adenosine
triphosphate (ATP) (/). In fact. kinesin-1 can
move processively for long distances (over
a micrometer) along a microtubule without
falling off. This feat requires coordinating the
two motor domains (“heads™) of kinesin so
that one head is always attached to the micro-
tubule while the other is detached and moving
further along the track, in the direction of
movement. The proposed molecular mecha-
nism underlying this processive motion has
been highly debated. One controversial point
has been how an operation called “gating™
proceeds. that is, how the ATPase cycle of a
kinesin head is stalled until a specific bind-
ing or conformational change needed for

The author is in the Department of Biological Science,
Carnegie Mellon University, Pittsburgh, PA 15213, USA,
E-mail: ddh@andrew.cmuwedu

motility occurs. On page 120 of this issue,
Alonso ef al. (2) show that a microtubule
track 15 not necessary for such gating to
occur, This throws a surprising wrench into
existing models of Kinesin movement and
suggests that the track 1s not required to pro-

A mechanism that controls the stepwise
movement of a molecular motor along a
filamentous microtubule track in the cell does
not seem to require the track itself.

duce the nonequivalence of the heads that is
needed for processive movement,

The first indication of a gate with either
a monomer or dimer of Kinesin (one or two
heads, respectively ) was that steady-state ATP
hydrolysis rates are low unless microtubules

SOLUBLE TUBULIN GATES

KINESIN DIMER
SO
{ ,} '
f_‘}D This gate is closed and {}D

TUBULIN ADP cannot be released,

BB
)
HOOC

MICROTUBULE

(+)

YO

OOO00C0O

TETHERED

]

ATP binding to the .“ P
nuclectide-free @
head opens the “\Q..-H
gate and allows =
ADP release from
the other head. . 9

OO0O00

MICROTUBULE GATES

Kinesin's gates. Kinesin has two motor domains (heads; red and yellow) joined by a coiled coil. A tethered inter-
mediate of kinesin (shown in one possible conformation) is gated if release of ADP from one head is blocked. ATP
can bind and trigger interchange of heads that bind to a microtubule track, This is coupled to release of ADP,
hydrolysis of ATR, and release of phosphate (Fi). Alonso et al. find that soluble tubulin also has a gate that blocks
binding of another tubulin molecule and release of the second ADP. This gate can also be opened by ATF.
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are present (3). This gate, much like a check-
point, oceurs because adenosine diphosphate
{ ADP) release from kinesin is very slow (gate
closed) until binding of a microtubule to the
kinesin-ADP complex opens the gate (4).
Alonso ef al. show that this gate can also be
opened by soluble tubulin heterodimers. the
protein constituent of microtubules,

Another gate coordinates the actions of
both heads. When kinesin, with ADP bound o
each head, associates with a microtubule, only
half the ADP is released (5) and a “tethered
intermediate” forms. with one head attached
tightly to the microwbule in the nucleotide-
free form and the other head retaining
its bound ADP This gate prevents further
progress until ATP binds to the nucleotide-
free head and allows ADP release
from the tethered head to occur—a so-
called “ATP waiting state™ (see the
first figure). ATP hydrolysis returns
the dimer to the same ATP waiting
state, but with the roles of the heads
reversed and with net movement of
one binding site in the direction of
movement {toward the plus end of the
polarized microtubule track).

A reasonable explanation for the
failure of the wethered imermediate to
release the second ADP 1s that constraints of
kinesin’s dimer interface prevent the tethered
head from also interacting productively with
the microtubule to induce rapid ADP release.
But Alonso er al. show that even soluble tubu-
lin heterodimers that are freely available for
binding (not restricted within a track struc-
ture ) cannot open this gate. However, the gate
can still be opened by the addition of ATP or a
nonhydrolyzable ATP analog.

These new results bear on unresolved
1ssues about the conformation of the tethered
intermediate and the mechanism that controls
the gate. Four possible conformations for the
tethered imermediate can be considered (sec
the second figure). All have one nucleotide-
free head tighily associated with the micro-
tubule but differ in the position of the tethered
head, which contains ADP and is free
or weakly bound to the microtubule. In two
cases, the tethered head with ADP is held off
the surface of the microtubule, with either
considerable diffusional freedom (state I1) or
docked against the other head that is attached
to the track (state I11). In both cases. the micro-
tubule should not stimulate release of ADP
from the tethered head because there is no
contact between them,

Reasons tor proposing why the two other
possible conformations cannot release ADP
must be more subtle because the tethered head
15 actually in contact with the microtubule,

albeit weakly and reversibly, permitting rapid
dissociation if not tethered to the microtubule
by the strongly attached head. Rice er al. (6)
reported that the position of the neck linker
region that joins the head to the coiled coil
dimenzation region of Kinesin is coupled to
nucleotide binding. In that analysis, the lead
head (¢losest o the plus end of the micro-
tubule) can release ADP because its neck
linker is directed backward. The trailing head
cannot release ADP because its neck linker
is directed forward ( state 1), A less likely con-
formation (state 1V) orients the neck linkers
in opposite direction. Gating occurs in this
maodel because the head in the trailing position
is forced to have its neck linker directed
toward the plus end of the track, and this ori-

| 1" 1] v

MACROTUBLULE

POSSIBELE CONFORMATIONS OF TETHERED INTERMEDIATE

In waiting. Shown are four possible conformations for the tethered inter-
mediate of kinesin. Each stale awaits binding to ATP.

entation 15 unfavorable for ADP release.
Alonso ef al suggest this cannot be the mech-
anism because the gate is still present with sol-
uble tbulin, which could bind o both heads
without forcing the neck linker of either one
into a conformation that is unfavorable for
ADP release. Rather, the authors favor the
conformation i which the tethered head.
bound to ADP, does not contact the micro-
tubule but 15 docked against the other head
(state 111). In this conformation, they ascribe
the fmlure of kinesin to bind two soluble tubu-
lin molecules 1o either a conformational
change i the tethered head or to a stenic con-
flict that prevents binding two tubuling in the
absence of nucleotide on both heads.

The analysis of Alonso er @f. is heavily
influenced by electron microscopy of
kKinesin bound to microtubules in which
density observed ofT the microtubule sur-
face is attributed 1o the tethered head (state
I} { 7. &). Others, however, report that both
heads bind o a microtubule (states | or [V)
and that any extra density off the micro-
tubule surface 15 due to binding of a second
laver of kinesin (Y, f1). Evidence specifi-
cally for state [ or IV also comes from
the observed alternation of 16- and (0-nm
“steps” that a head makes along a micro-
tubule (/ £). This is consistent with state | or
IV but not with state 111, which would have
more steps of similar length.

PERSPECTIVES

Additionally, gate-limiting ADP release
does not apply to ATP synthesis. The tethered
intermediate synthesizes ATP from ADP and
inorganic phosphate at a rate that is 20 times
as [ast as that of a monomer ({2). ATP svn-
thesis requires microtubule contact, and
the more rapid synthesis by dimers argues
against an intermediate state in which a teth-
ered head with ADP is not in contact with a
microtubule for at least part of the time in the
presence of phosphate. This favors state |,
because the Rice eral. (6) model is consistent
with more facile ATP synthesis when the
neck linker is directed forward.

The experiments underlying these con-
flicting conclusions regarding the confor-
mation of the tethered dimer each have their
limitations. Fluorescence polariza-
tion experiments ( /.3) favor state 1.
or IV during processive movement
at saturating ATP concentrations,
but the conformation of the
ATP waiting state may be different.
Measurements by fluorescence
resonance energy transfer are con-
sistent with state 1(/4). but do not
exclude states 11 or 11, Structural
studies by electron microscopy
require that the microtubule lattice
be fully saturated with kinesin heads.
However, heads often bind cooperatively (9,
13). Thus, the conformation of an isolated
dimer on a bare tubulin lattice may be differ-
ent from that in a localized region of inter-
acting dimers packed together on the lattice.
Clearly. kinesin has more stories to tell. and
further work will be required to fully distin-
ouish between the different possible inter-
mediary states.

+}
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CHEMISTRY

Roots of Biosynthetic Diversity

David W. Christianson

ith more than 50,000 compounds

serving myriad functions in all forms

of life. the terpenoids or isoprenoids
are the most structurally and stereochemically
diverse family of nawral producis found on
Earth (/). Despite the complexity and magni-
wide of this chemical library—referred 1o as the
terpenome-—all terpenoid compounds ult-
mately derive from one or both of two simple
precursors: isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate { DMAPP) (see the
first figure) (2). These molecules can be linked
together in head-w-tail fashion by eneymes that
catalyze chain-elongation reactions, or in a
more irregular tashion by enzymes that catalyze
cvclopropanation, branching, or cyclobuta-
nmation reactions. On page 73 of this issue,
Thulasiram and co=workers provide compelling
evidence that the metal-dependent synihases
that caalyze these fundamental coupling reac-
tions diverged from a common ancestor early in
the evolution of terpenoid biosynthesis (3).

The authors created a senes of “chimernc™
proteins—artificial enzymes constructed by
replacing segments of a synthase involved in
chain elongation with corresponding seg-
ments from another synthase involved in
cvclopropanation, The synthases in question
are farnesyl diphosphate synthase (FPPase),
which catalvzes the chain-elongation reaction
with IPP and DMAPPE and chrysanthemy]
diphosphate synthase (CPPase). which cat-
alyzes the eyelopropanation reaction between
two DMAPP molecules (see the first figure).

The structures of FPPases shed light on
how terpenoid synthases are able to generate
and manipulate highly reactive carbocation
imermediates in catalysis, The first structure,
of avian FPPase, showed that this distinctive
chemistry is facilitated in a hydrophobic
active-site clefi nested within an a-helical fold

(4). Further insight into the mechanism of

chain elongation has been gained from the
structure of Excherichia coli FPPase com-
plexed with IPP and an unreactive DMAPP
analog, showing that the active-site contour is
a template that binds the Nexible isoprenoid
reactants with the proper onentation and con-
formation for catalysis ( ). The e-helical fold
ol CPPase from snowfield sagebrush shows

The author is in the Roy and Diana Vagelos Laboratories,
Depariment of Chemistry, University of Pennsylvania,
Philadelphia, PA 19104, USA. E-mail: chris@sas.upennedu

75% sequence identity to that of FPPase from
the same species. yet catalyzes a different
chemical reaction.

The CPPase-FPPase chimeras exhibit re-
markable trends in biosynthetic versatility. For
example. as the chimeras become increasingly
CPPase-like and are incubated with PP and
DMAPFE chain-elongation activity shifts from

Terpenoid synthases generate an extraordinarily
diverse set of natural products. Evolution of these
enzymes from a commeon «-helical ancestor has
resulted in profound changes in activity.

the generation of | S-carbon to 10-carbon prod-
ucts, and chimeras that are predominantly
CPPase-like generte 10-carbon evelopropana-
tion and branching products. When incubated
solely with DMAPP. cvelobutanation products
are generated by chimeras that are predom-
nantly FPPase-like, a evelopropanation prod-
uct 1s generated by climeras that are predomi-

MULTISTEP CYCLIZATION CASCADES
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Complexity from simple roots. Family tree of terpenomic diversity (2), showing examples of 10-, 15-, 20-,
and 30-carbon nalural products generated by terpenoid synthases that share the FPPase fold. Isoprene groups
are colored to trace their biosynthetic fates; newly lormed carbon-carbon bonds are in green. Thulasiram and
co-workers show that the o-helical FPPase fold can be mutated in CPPase-FPPase chimeras to catalyze all four
coupling reactions at the base of the tree. BPPase, bornyl diphosphate synthase; PPO, diphosphate; SQ5%ase,

squalene synthase; and TSase, trichodiene synthase.
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A shared fold. FPPase from E, cali (5) is colored violet-red, representing the successively larger domains of
CPPase substituted for FPPase in the sagebrush CPPase-FPPase chimeras reported by Thulasiram el al. For
example, the c691 chimera contains the violet domain of CPPase and the blue-red domains of FPPase, and so
on, The ce-helical fold of FPPase is also shared by terpenoid synthases that generate larger and more complex
products (5=9). The chemistry (3} and structural biology (6=9) of these synthases suggest divergence from a
common i-helical ancestor in the evolution of terpencid biosynthesis.

nantly CPPase-like, and a branching product is
generated by all CPPase-FPPase chimeras,
The CPPase-FPPase chimeras are biosyn-
thetically more promiscuous than either native
CPPase or FPPase as a result ofa reshaped tem-
plate for substrate binding, which permits alter-
native trajectones for intermolecular carbon-
carbon bond formation, Such promiscuity por-
tends evolution: Given that the FPPase fold is
readily evolvable o catalvze all four of the fun-
damental isoprenoid coupling reactions, native
synthases catalyvzing these reactions such as
squalene synthase (S0QSase, see the figures) (6)
likely diverged from an FPPase-like ancestor.
A family of terpenoid eyelases that gener-
ate cyelic and polyeyelic compounds also
shares the FPPase fold (see the second figure)
{ 7-9). These enzymes hind a flexible iso-
prenoid diphosphate substrate with the proper
conformation for an intramolecular cyveliza-

tion cascade that typically proceeds through
multiple carbocation intermediates, Some ter-
penoid cyvelases are high-fidelity templates
that chaperone reactive substrate and interme-
diate conformations to generate a single prod-

uet, but others tolerate a surprising degree of

brosynthetic promiscuity and thereby reflect
significant evolutionary potential, For exams-
ple. y-humulene synthase generates 532 differ-
ent products from substrate farnesy] diphos-
phate (/). However, mutation of different
groups of three to five active-site residues
reshapes the template, thereby decreasing the
overall number of products and altering the

main product formed (/7). The products of

other sesquiterpene cyclases can also be
changed through active-site mutations (/2).
Thus. a recurring theme among the greater
family of terpenoid synthases is that only a
tew amino acid substitutions are sufficient to

PERSPECTIVES

reshape the active-site template and change
the resulting reaction product or products.
Moreover, the promiscuous activities of ter-
penoid synthases introduced by nature ( /) or
by design (3, 1/, 12) should enable further
evolution—baoth in the test wbe and in
nature—of an ever-expanding array of natural
products, with virtually limitless potential in
chemistry, biology, and medicine.
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CHEMISTRY

High Bond Orders in Metal-Metal

Bonding

Frank Weinhold and Clark R. Landis

hat is a chemical bond, and how

many bonds can be made between

any two atoms? Each generation of
chemists readdresses and refines such ques-
tions in the framework of its best current
experimental and theoretical methods. Recent
synthetic and computational advances in
metal-metal bonding seem to extend the con-
cept of bond order to surprising new levels.
Such expansion of chemical valency is fueling
a reconsideration of fundamental bonding

The authors are in the Department of Chemistry, University
of Wisconsin, Madison, Wi 53708, USA, E-mail: weinhold @
chemuwisc.edu, landis@chem.wisc.edu

principles articulated by (. N. Lewis more
than 94 years ago.

The advances in question are the quintuple
bond of a recently synthesized dichromium
species (1) and the hextuple bond proposed for
W, (2). As was the case following Cotton's
report in 1973 of the first metal-metal quadru-
ple bond and West’s synthesis in 1981 of the
first Si-51 double bond, these species challenge
anew our understanding of the meaning and
limits of chemical valency and bond order. To
chemists this 15 no minor matter. In Shaik’s
words, the chemical bond is a fundamenial ter-
ritory of chemistry, “the element from whichan
entire chemical universe is constructed™ (3).

The recent discovery of high-order bonds
between metal atoms raises fundamental
questions about the nature of chemical bonding.

At a superficial level. bonding might
describe anything that holds atoms together.
However, chemists generally reject this term
tor weak or nonspecific atom-atom attractions
(such as those resulting from gravitational or
dispersion forces) that cannot withstand the
jostlings of ambient thermal collisions or that
do not exhibit the regularity of atomic valency
patterns of the periodic table, “Putting grams
i a bottle™ is no longer a must for a chemi-
cally bonded species. but chemists generally
demand sutficient robustness to pemmit char-
acterization of its chemical and electronic
structure, In Cotton'’s words, bond order 1s
“how many electron pairs . . . play a signifi-

www.sciencemag.org SCIENCE VOL 316 6 APRIL 2007

61




PERSPECTIVES

62

cant role in holding the atoms wgether™ (4),
The notions of chemical valency and struc-
tural bonding were first developed by Kekulé
and others in the 19th century. In 1916, these
developments culminated in Lewis's formula-
tion of his remarkable “shared electron pair”
concept (5. Empirical data at the time indi-
cated that two atoms may share up to six
electrons to form single. double, or triple
bonds. This concept was further enriched by
Robinson, Ingold, and others with the intro-
duction of two or more Lewis structures
that “resonate” to describe a single molecular
structure. A famous example is
the dual-Kekule representation
of benzene as two resonating
“cyclohexatriene™ bond patterns
with net 1.5 carbon-carbon
bond order.

In the 19205, Schridinger’s
discovery of the wave equation
and 1ts application by Hentler
and London to the H, molecule
laid the basis for a rational the-
ory of chemical bonding and
associated phenomena. Yet de-
spite these theoretical triumphs,
the connection between guan-
wim wave functions and the “pair-
ing” and “sharing™ of electrons
that underlie Lewis-like chemi-
cal bonding were not immed-
intely resolved.

Pauling initially combined the
rather inaccurate Heitler-London
ansatz with Lewis structure diagrams to create
the valence bond (VB) method. In VB theory.,
two atoms share electron pairs in localized
wave functions that are constructed from
atomic valence orbitals, or combinations (“hy-
brids™) of atomic orbitals. Thus. a connection
between the Lewis and quantum viewpoints

was forged. The directional features of
orbitals limit the maximum number of

bonds: although the carbon atom has four
valence electrons and four valence orbitals,
the directional qualities of the orbitals
that lead to the strongesi electron pair
bond prevent a quadruple bond in dicarbon.
As numerical accuracy improved in the
1970s, the VB wave functions were found ( )
to be inferior {except for H,) to delocalized
molecular orbital wave functions that appear
to abandon the localized chemical bonding
concept. As two leading pracutioners ex-
pressed it, “The more accurate the calcula-
tions become, the more the concepis tend 1o
vanish into thin air” (7). and “the supercom-
puter has dissolved the chemical bond™ (&),
Early bond-order metrics were devised to
extract chemical meaning from computations,

but they were often plagued with nonorthogzo-
nality artifacts and unphysical limiting behav-
tor. In some cases, bond order was simply a
surrogate for bond length—an assumption
based on a presumed mathematical relation
between bond order and bond length denved
from a few molecules (such as ethane, ethene,
or ethyne). In this extreme, the bond-order
concept ceases to have independent meaning,
limits. or intellectual content.

More general and powerful tools of analy-
sis were required to successfully recover
chemical bonding and bond-order concepts

from modern delocalized ab

iniio wave functions. The
density matrix techniques
proneered by Lowdin (9)
provided a rigorous basis

sugeests @ linear geometry, unusually strong
XH bonds. and high reactivity of the “unsatu-
rated” triple bond. Mo wonder the consterna-
tion when the first stable Si=5i species was
reported to adopt a planar. but nonlinear,
trans-bent geometry (/3)! Is this a true triple
bond? Theoretical swdies (/4) support the
notion that three pairs of electrons contribute
significantly to holding the atoms together.
Rather than form one o bond and two equiva-
lent i bonds as in carbon-carbon triple bonds,
the high preference for p-atomic orbital
character in the Si-51 @ bond leads o one
normal  bond one “slipped™ m bond. and a
trans-bent geometry (see the figure, top panel).
Transition metals, which have six valence
atomic orbitals (one s and five d), offer greater
opportunities for electron pair sharing.
The HMMH bimetallic

hydrides (where M = Cr,

HSimSiH

High-order bonding. Bonding orbital surfaces for the
unusual “slipped” = bond of trans-bent HSi=SiH (top)
and the side-on & bond of trans-bent, quintuply
bonded HWWH (bottom). These bonds exemplify
unconventional orbital shapes that result from compe-
tition between forming the strongest o bonds and
retaining optimal orbital directionality for the higher-

Mo, or W) were theoreti-
cally predicted (/5) 1o
exhibit quintuple bond-
ing and sirong trans-bent
geometry, as was later
found in the synthesized

HWWH

order bond compaonents.

for expressing any wave
function (including, in
principle, exact solutions
of Schrodinger’s equa-
tion) in terms of intrinsic
“natural” orbitals. (Natural
orbitals are optimized combi-
nations of basis set functions that provide
maximum parsimony and minimal depend-
ence on the details of numencal basis set
selection 1n constructing molecular wave
functions.) In addition, Pople and Lennard-
Jones ( 1)) demonstrated how one could rigor-
ously transform the confusing delocalized
molecular orbitals into equivalent localized
molecular orbitals that recover the expected
Lewis bond pattern.

In the 19805, the more general natural
bond orbital (NBO) (/1) and natural reso-
nance theory (NRT) ( /2) methods were devel-
oped for extracting the optimal Lewis struc-
ture(s) and quantifying the density error in this
{or any chosen alternative) bonding pattern.
For a wide range of organic and inorganic
species, NRT bond orders are found to be
in excellent agreement with expected empiri-
cal values. including the near-integer total
valency values associated with periodic table
assignments,

Assigned bond orders conjure up powerful
imagery in the minds of chemists. For exam-
ple. the formula HX=XH (where X is a group
14 element such as carbon or silicon) strongly

chromium derivative ().

From the 14 wtal valence
electrons of HMMH, five shared electron pairs
hold the two metals together and the remaining
two pairs make the M-H bond. The quintuple
bond comprises familiar o, 2x. and & bond
orbitals. The final bond is constructed from a
side-on bonded pair of sd-hyvbridized orbitals
{see the figure, bottom panel). Again, the o-
skeletal requirements enforce the trans-bent
geometry and significant barrers to ngid rota-
tion about the M-M bond,

Is there a limit to how many electron
pairs may hold two atoms together? For the
transition metals, the limit seems to be six as
a result of the dominance of the s and d
atomic orbitals in bonding interactions. In
principle, actinide elements might use a
larger set of s. d. and [ valence atomic
orbitals, suggesting as many as 13 possible
bonds. However. Roos ef al. (2) find that
weak bonding interactions and promotion
effects limit the effective bond orders
{which maximize at diatomic Pa,) to five or
less. Poor matches in the radial extents of the
5, d. and { orbitals make use of all actinide
valence orbitals in the formation of bonds
unfavorable. It seems safe to say, at least
until new experiments or improved calcula-
tions prove otherwise, that six is the maxi-
mum number of electron pairs that hold twao
atoms together.

The discovery of new high-order metal-
metal bond motifs signals a landmark in
synthetic methodology and a renaissance of
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Lewis-like structural concepis in inorganic
chemistry, Future synthetic and computa-
tional explorations should be guided by closer
attention to the maximally matched donor-
acceptor interactions that lead to favorable
Lewis-like bonding patterns.

References

1. T. Mguyen et al., Science 310, 844 (2005).

2. B. 0. Roos, A. C. Borin, L. Gagliardi, Angew. Chem. int.
Ed. 46, 1469 (2007}

3. 5. Shaik, | Comput Chem. 28, 51 (2007).

4. F A Cotton, in Multiple Bands Beiween Metal Atoms, F A
Cotton, C. A. Munttillo, R. A. Walton, Eds. (Springer, New
York, 2005), pp. 707-795.

5. G. N. Lewis, |. Am. Chem, Soc. 38, 762 (1916).

€, .M. Norbeck, G. A Gallup, /. Am. Chem, Soc. 96, 3386

{1974},

. .5 Mulliken, | Cherm. Phys. 43, 52 (1965).

. B, Sutcliffe, Int. | Quantum Chem. 58, 645 (19%98).

. PO, Lowdin, Phys, Rev, 97, 1474 (1955),

. 1. & Pople, | Lennard-Janes, Proc. R Soc. London Ser. A

202, 166 (19500,
11. A, E Reed, L. A, Curtiss, F. Weinhold, Chem. Rev, B8, 899

B e om e

PERSPECTIVES

(1988}

12. E.D. Glendening, ]. K. Badenhoap, F. Weinhald, J.
Comput. Chem, 19, 628 (1998).

13. A. Sekiguchi, R. Kinjo, M. Ichinohe, Science 305, 1755
(2004},

14, C. R, Landis, F. Weinhold, |, Am, Chem, Soc. 128, 7335
{2006).

15. F. Weinhold, C. R. Landis, Valency and Bonding
(Cambridge Univ. Press, Cambridge, 20050, pp.
§55-559.

10.11 26/ science. 1140756

PHYSICS

So Small Yet Still

lgor V. Lerner

lthough electronic devices keep shrink-

ing toward the nanometer scale of

atoms, physicists stll deal with
many-particle systems in which tracing the
paths of individual particles is beyond the

cach of theory and experiment. Because of

this. we have to rely on a statistical approach,
Conventional wisdom, inherited from 19th-
century statistical physics, says that physical
measurements on a given sample are well

described by averaging over an ensemble of

wlentical samples.,

This notion became obsolete more than
two decades ago, however, with the prediction
of reproducible conductance fluctuations (i.e.,
variations from sample to sample) in “meso-
scopic” structures with dimensions intermedi-
ate between atoms and bulk matter (/. 7).
These Nuctuations do not decrease with sam-
ple size (as they should in classical physics)
but still remain much smaller than the average
conductance. On page 99 of this issue, Price ef
al.  3) report the observation of the Coulomb
drag (4) in a bilayer system at very low tem-
peratures where the reproducible fluctuations
of the drag turn out to be much larger than its
average value. Thus, the authors have discov-
ered mesoscopic fluctuatons that, in contrast
to the conductance fluctuations, fully govern
the effect rather than give corrections to it—a
very unusual situation in statistical physics. In
carrying out this work, they have developed a
new tool for studying the wave-like behavior
of electrons in solids,

Mesoscopic {luctuations exist because
quantum mechanics reigns not only at micro-
scopie scales. as had always been expected.
but at the much larger mesoscopic scale, de-
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Giant

fined as the scale over which the phase coher-
ence of electron quantum waves is main-
tained. This scale mcreases as the temperature
Tdecreases, reaching hundreds of nanometers
at T~ 1 K. For these temperatures, the wave
nature of electrons reveals itself in the inter-
ference between waves going along differemt
paths as a result of scatter-
ing from impurities. This
leads to an irregularly oscil-
lating but reproducible de-
pendence of the sample
conductance on magnetic
field or electron concen-
tration.

In metallic materials,
these conductance fluctua-
tions are always very small.
Price er af. have made
an experimental break-

An analysis of currents confined to layers in
a semiconductor structure reveals information
abaout electron-electron interactions.

in the active layer scatter from electrons in the
passive layer, transterring momentum to them
and thus dragging them in the same direction
until the resulting intralayer electrostatic force
equals the dragging force. Much experimental
effort has been spent to study it under different
conditions, although up to now these studies

RN N

—_—

through by measuring the
Coulomb drag at a temper-
ature 50 low that this effect
15 suppressed on average
and is governed by the
fluctuations. The dominant
role of the fluctuations in
the Coulomb drag at very
low temperatures was re-
cently predicted theoreti-
cally (3): however, the observed effect turns
out o be four orders of magnitude higher than
the prediction. Thus, these fluctuations can
truly be called giant, although they are still an
order of magnitude smaller than the intralayer
conductance fluctuations.

The Coulomb drag effect studied by Price
et al. occurs between two close but spatially
separated layers of electrons, when an electri-
cal current Howing through the “active™ laver
induces a voliage in the second “passive”
layer. leworks via Coulomb friction: Electrons

-
9=
- +

Coulomb drag and its fluctuations. An electric current in the upper layer
drags electrons and holes in the bottom layer, resulting in the electron and
hole currents in opposite directions. The net flow, which is due to the elec-
tron-hole asymmetry, is detected by a voltmeter V. At low temperatures, the
main reason for the asymmelry is the wave nature of electrons revealed in
random interference patterns in the local densities of states due to scatter-
ing in both layers. This makes the direction of the drag force unprediclable,
leading toits random but reproducible fluctuations in am external magmetic
field B that changes the electron interference pattern in both layers.

were largely limited to the drag effect at rela-
tively high T where its Muetuations were
unobservable.

The first experimental observations of
Coulomb drag (6-&) took place more than 10
vears after it had been theoretically predicted
three decades ago (¥). One of the reasons for
such a long delay is that the drag effect is
very small. Partly, this is due to a very
weak Coulomb coupling between the layers:
Momentum transfer between the lavers is very
inefticient. But quantum mechanics is the
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miain culprit and takes the blame for the sup-
pression of the effect.

The reason is that electrons are fermions,
and the Pauli exclusion principle at the heart
of quantum mechanics tells us that two identi-
cal fermions cannot coexist. At zero tempera-
ture, therefore, each state can either hold one
electron or remain empty: because lower-
energy states are filled up First, all the states
are occupied up to a certain level, the Fermi
energy €., while the states above this level
remain empty. Thus, the drag effect is possible
only at a finite temperature T, when in both
layers the states around £ become only par-
tially occupied (that 1s, electrons are kicked
out by thermal energy and can be seattered
among the states). Furthermore, charge cami-
ers in the active laver from both positively
charged holes below £, and negatively charged
electrons above € in the passive layer,
dragging both in the same direction. Had the
electron and hole states been totally svm-
metric, positive and nezative {lows would
exactly cancel each other, resuliing in no drag
effect whatsoever.

Thus, the drag effect exists only as a result
ol the electron-hole asvmmetry. On average,
the asymmetry is due to a slightly different
energy distance of the electron and hole states
from the bottom of the Fermi sea. Thus. the
asymmetry is small and so is the Coulomb
drag. The sign of the effect is positive with the
net flow of charge carriers in the passive layer

being in the same direction as the current in
the active layer.

However, the density of states (the num-
ber of energy levels per unit of energy) also
Auctuates in the mesoscopic regime ({17).
This led to the suggestion (3) that at low
enough temperatures the Coulomb drag
force could become random, governed by the
electron-hole asymmetry due to the Muctua-
tions. The net sign of the effect then becomes
random (see the figure). This was expected
to be observable only for quite small samples
with considerable disorder. where the magni-
tude of the Muctuations in conductance and
density of states within one laver approaches
the average.,

Price et al. courageously ventured to mea-
sure the effect in a relatively large and relatively
clean sample where the intralaver fluctuations
are tiny. The mndom drag resistance measured
by Price eral. is small, but itis sull four orders
of magnitude higher than predicted. The
authors have proposed a plavsible qualitative
explanation for such a dramatic enhancement.
In their samples, the electron mean free path
for impurity scattering in each laver is much
larger than the separation between the layers,
50 that only large momentum transter from the
active to the passive layer is effective for the
drag. As a result. the electron-hole asymmetry
is contributed only by fluctuations in the local
density of states known to he much bigger
(/1) than those in the density of states of aver-

aged over the entire sample. The drag wemper-
ature dependence is very specific for such a
mechanism, and the authors show that it isina
good agreement with the measurements,

The fluctuational Coulomb drag effect
results from the interplay of the interlayer
clectron-electron interactions and the inter-
layer quantum coherence effects. This phe-
nomenon is a sensitive tool to help us learn
maore about the electron-electron interactions
in different materials and structures. Without
doubt, the first observation of this effect by
Price er af. opens a new direction in studyving
the fundamental properties of electrons in
solids at very low emperatures.
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APPLIED PHYSICS

Searching for a Solid-State
Terahertz Technology

Mark Lee and Michael C. Wanke

he range of frequencies around | tera-

hertz (THz = 10'? ¢ycles per second)

is like the neglected middle child
in the electromagnetic spectrum. Both
microwaves (<0.1 THz) and infrared radia-
tion (=20 THz) are used widely, thanks to the
combination of high technical performance
and mass-produced solid-state microelec-
tronics. Caught in between, the THz spec-
trum has yet to be used in a mature solid-state
device. The pace of recent advances gives
hope. however, for a viable THz technology
that would permit such applications as sen-

The authors are at Sandia National Laboratories,
Albuguerque, NM 87185-1082. E-mail: mowanke@
sandia.gov

sors for fast, high-specificity chemical de-
tection and new modes of biological and
medical imaging,

Microwave electronics ultimately fail at
higher frequencies because of fundamental
electron velocity limits, causing transistor
performance to degrade rapidly above
~0.1 THz. At the other end of the spectrum,
infrared photonics cannot be extended down
to frequencies less than about 20 THe.
Perversely, atmospheric attenuation of THz
radiation is also much stronger than for
microwave or infrared, leading 1o far more
stringent requirements on signal-to-noise
performance in this THz technology gap.

Mevertheless, the impetus o develop a
technically practical and economically feasi-

Advances in device fabrication are facilitating
production and detection of electromagnetic
radiation at terahertz frequencies.

ble THz technology infrastructure has
arguably never been stronger than it 1s now.
As reviewed by Borak (/). the characteristic
interactions of THz radiation with vanous
forms of matter can lead to new applications.
Laboratories worldwide have carried out
proof-of-principle demonstrations to show
how THz can be used in rapid-but-precise
hazardous chemical sensing. concealed
weapon detection, noninvasive medical
and biological diagnostics, and high-speed
telecommunications, To get such THz appli-
cations out of the laboratory and into com-
mon use will require elevating the THz
microelectronic technology base 1o be on
a par with microwave electronics and in-
frared photonics.

6 APRIL 2007 WOL316 SCIENCE www.sciencemag.org



CREDIT: | BREMERSAN DA MATIOMAL LABORATORY

A peneric THz application requires two
main components: a coherent THz source
and a THz detector. This THz source/detector
combination must provide sufficient signal-
to-noise and speed performance to detect,
usually at “real-ime” rates (100 Hz to |
kHz). a signal that has propagated through
the atmosphere, As a result, the primary
zoals of solid-state THz source and detector
device research are increasing average
source power and decreasing detector noise.

Solid-state THz detector devices have
proven to be quite capable i many regards. It
one is willing to operate at temperatures near
liquid helium (~4 K).
several types of super-
conductor and semicon-
ductor detectors  have
been developed for re-
search situations. How-
ever, the need for such
cooling 1s generally seen
as an insurmountable ob-
stacle to broad accepi-
ance outside the research
lab. For this reason. re-
searchers are keen to
develop THz detectors
that operate at or closer to
room temperature,

For example, current
work in high electron
maobility transistors has
sought o circumvent elec-
tron speed limits by using
collective charge-density
oscillations, known as plasmons, instead of
individual electrons as the charge carriers.
Plasmon wave velocities in a semiconductor
channel can be 10 times as high as electron
vielocities, similar to how water waves travel
much faster than the water molecules in the
wave, THz response has recently been
observed in various forms of plasmonic tran-
sIstors up o room temperature in submi-
crometer channel length devices and near
liguid nitrogen temperature (77 K) in mil-
limeter-length devices (2, 3).

In another example, NASAY Jet Pro-
pulsion Laboratory applied modern nano-
lithooraphy methods to a classic microwave
device. the metal-semiconductor Schottky
diode, 1o fabricate mixers (which can be
used to measure power spectra around a rel-
erence frequency) that operate to at least
3 THz (). These receivers operate at ambi-
ent temperature, have low enough noise
for most conceivable applications, and
have proven robust enough to travel onboard
NASA's Earth-observing Aura satellite.
The chiefl drawback 15 that these devices

foam

Front of thick packing

require 3 o 10 mW from a THz source to
function optimally.

This milliwatt power requirement lies at the
heart of the THz solid-state technology prob-
lem. Realistic estimates of the THz source
power needed to deliver acceptable signal-to-
noise ratios outside a conrolled research envi-
ronment usually lead to the conclusion that tens
of milliwats are desired. Until 2002, the only
coherent THz oscillators capable of average
power much greater than 1 mW were vacuum
tube-based or accelerator sources. such as
molecular gas lasers and backward-wave oscil-
lators that are larze, finicky, and expensive.

"See-through” image as
seen using a 2.9-THz QCL

of the packing foam

Cutting-edge imaging. Terahertz imaging could be used for detecting concealed
weapons, among other applications. (Left) Front of packing foam. (Middle) Image of
hidden razor blade taken with 2.7-THz quantum cascade laser operating at a few milli-
watts. (Right) Back of foam with concealed object.

A revolutionary advance in THz solid-
state source technology came in 2002 when

Kohler ef af. reported successful operation of

a quantum cascade laser (QCL) mt THz fre-
quencies (5). The QCL evades semiconduc-
tor band-gap limitations on photonic devices
by using sophisticated semiconductor het-
erostructure engineering and fabrication
methods to create synthetic electron energy
zaps at frequencies much smaller than those
that nature provides. Since 2002, THz QCLs
have progressed rapidly in frequency cover-
age. increased power output, and increased
operating temperature. Currently, they are
the only solid-state source capable of gener-
ating =10 mW of coherent average power
above | THz, with record continuous wave
power of 138 mW near 4.4 THz and an oper-
ation temperature of 10 K (6, 7). The output
power of QULs drops as the temperature
increases, but milliwats can still be obtained
at hgud mitrogen temperature, and submilli-
waltt laser operation has been achieved up to
164 K. To date. THz QCLs have spanned the
frequency range between 1.5 and 4.5 TH=.

The real image in the back

PERSPECTIVES

Competing all-solid-state THz sources
cannot currently meet the several milliwan
average power threshold but may exhibit
other useful features, Frequency multipliers
for use with high-power microwave sources
are a mature and compact technology that
operates at room temperature and can be eas-
ily tuned over wide frequency ranges from
roughly 0.1 to | THz. However. intrinsic con-
version losses for large frequency multipli-
cation factors and difficulties in handling
large input powers cause a multiplier’s power
output to drop rapidly with increasing output
frequencies, so that only about 10 pW
are available near 1 THz (8).
Similarly, obtaining lower fre-
quencies by mixing two solid-
state near-infrared lasers on a
photoconductive semiconductor
switch at room temperature pro-
duces very broadly wnable power
up to a few THz but currently
exhibits only microwatts or less
of average power above | THz
(9). Recently, a record peak pulse
power of 100 W was demon-
strated in a p-doped germanium
(p-Gie) laser near 2.7 THz. Un-
tortunately, current p-Ge lasers
typically require large magnetic
fields, temperatures below 15 K,
and a very low duty eyele to
operate (/).

Current research in solid-state
THz technology emphasizes indi-
vidual component development.
The present focus is on improving detector
sensitivity, source power, and operating tems-
perature with microelectronic materials and
micthods that are ultimately amenable to larpe-
scale production. Should this work progress
at its current pace. this part of the spectrum
will become as useful as the microwave and
infrared frequency bands are today,

10 mm
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Atlantic Meridional Overturning
Circulation During the Last

Glacial Maximum

Jean Lynch-Stieglitz,* Jess F. Adkins,® William B. Curry,” Trond Dokken,® lan R. Hall,’
Juan Carlos Hergueraf‘ Joél ).-M. Hirschi,” Elena V. Ivanova,® Catherine Kissel,”

Olivier Marchal,

Thomas M. Marchitto,® I. Nicholas McCave,** Jerry F. McManus,?

Stefan Mulitza,*® Ulysses Ninnemann,™ Frank Peeters,™ Ein-Fen Yu,'* Rainer Zahn'®

The circulation of the deep Atlantic Ocean during the height of the last ice age appears to have
been quite different from today. We review observations implying that Atlantic meridional
overtumning circulation during the Last Glacial Maximum was neither extremely sluggish nor an
enhanced version of present-day circulation. The distribution of the decay products of uranium in
sediments is consistent with a residence time for deep waters in the Atlantic only slightly greater
than today. However, evidence from multiple water-mass tracers supports a different distribution
of deep-water properties, including density, which is dynamically linked to circulation.

than about 1 km flows nonthward while

deeper water Nows south, forming what is
called a meridional overurning circulation
(MOCY (Fig, 1A). The nonhward-flowing sur-
face and intermediate waters Jose buovancy in
the North Adlantie, where they ane tmnsformed
mto the southward-lowing Nonh Atlanne Deep
Water (NADW ) This meridional circulation is
considered an important element of the climate
because of its attendant mendional hem Nux; the
northward-Mlowing  surface waters are wanm,
whercas the southward-Mlowing decp waters are
cold, so the MOC is accompanied by a net
northward trmnsport of heat in the Adlantic. The
possibility that this overturning circulation could
change in the future motivates us 1o understand
how it may have differed in the past. The Last
Glagial Maximum (LGM), a time interval
centered at about 21,000 years ago and with a
duration of a few millenmia [e.g.. (7)), was a

In today’s Atlantic Ocean. water more shallow

Georgia Institute of Technology, Atlanta, GA 30332, USA
*California Institute of Technolegy, Pasadena, CA 91125,
USA. *Woods Hole Oceancgraphic Institution, Woods Hole,
MA 02543, USA, "Bierknes Centre for Climate Research,
5007 Bergen, Morway. “Cardiff University, Cardiff CF10 2YE,
UK. ®CICESE, Oceanclogia, 22850 Ensenada, Baja Califor-
nia, Mexico. "National Oceanography Centre, University of
Southampton, Southampton 5014 3ZH, UK Bchirshov
Institute of Qceanclogy, Russian Academy of Sciences,
Moscow 117997, Russia. *Laboratoire des Sciences du
Climat et de I'Environnement, CEA/CNRS/UVSQ, 91198 Gif-
sur-Yvette Cedex, France. *"University of Colorado, Boulder,
€O 80309, USA. "University of Cambridge, Cambridge
CB2 3EQ, UK. “Forschungszentrum Ozeanranden/MARUM,
Unfversitit Bremen, 28334 Bremen, Germany. “Bjerknes
Centre for Climate Research, University of Bergen, 5007
Bergen, Norway. "Vrije Universiteit, 1081HV Amsterdam,
Netherlands, »*National Taiwan Normal University, Taipei
116, Taiwan, Republic of China. Pinstitucid Catalana de
Recerca i Estudis Avangats, Universitat Autdnoma de
Barcelona, E-08193 Bellaterra (Cerdanyola), Spain,

*To whom correspondence should be addressed. E-mail:
jeang@eas.gatech.edu

perod durng which the factors controlling the
structure of the Atlantic MOC (e.g., freshwater
budgets and atmospheric circulation in the
nothem and southem high Intitndes) appear 1o
have differed from today.

In the 19805, a prominent community effon
in the emerging held ol paleoceanography
provided evidenee suggesting that this Atlantic
overtuming circulation may not have existed in
its current form dunng the LGM. The nutnent-
poor NADW seemed o have been replaced by
hgher-nutnent waters like those formed in the
Southem Ocean today (2-5). Both theorencal
studies (6) and ocean general circulation model
experiments (7) suggested that the MOC may
have muliple equilibra and that trnsitions be-
tween the equilibria may be tngeered by anom-
alies in the freshwater Muxes at the sea surface,

A new generation of coupled ocean-
atmosphere general circulation models has since
been developed. When forced with estimaned
LGM atmospheric COs concentration and con-
tinental ice sheets, these models produce widely
different Atlantic circulation scenarios. Some
show a stronger overiuming cell associated with
NADW formaton cither extending slightly
deeper (%) or unchanged in vertical extem (9);
others show a weaker and shallower ovenuming
cell associated with NADW production (40, £1).
Only when perurbed with enhanced freshwater
Muxes to the North Atlantic, as presumably oc-
curred in the past during bricl periods of ac-
celerated decay of the continental ice sheets, do

the coupled models produce a shutdown of

NADW (/2 13) The large freshwater fluxes
capable of shutting down the Atlantic MOC in
these models would not have been sustainable for
the entire LGM. It s of more than acadenmic
interest o determine which models (iFany ) show
the cormeet response 0 lee age conditions, as
these are the same models that are used o predict

future changes in the Atlantic MOC resulting
from imercasing levels of carbon dioxide in the
atmosphere. Here we review the cumently avail-
able palcocaanographie data lor the LGM and
find suppornt for an active circulation in the deep
Atlantic, but not for the strong, deep MOC in-
volving enhanced production of NADW in the
norhem North Atlantic.

Density Gradients in the Main
Thermocline and Below

The til of the surfaces of equal seawater density
between the western and castern sides of the
basin provides angible evidence for a menidional
overtuming in the Atamie Ocean today [eg.,
(/4] (Fiz. 2A). The very fact that these surfaces
are nol strictly horizontal suggests the existence
of a vertical shear in the average meridional low
in the basin: For a Muid on a rotating planet, a
2omal densaty contrast must be balanced by a
vertical shear in the meridional motion 1o lowest
order (the “thennal wind relationship™). The
shear rellects a northward flow near the surface
and southward flow below (i.c., a MOC) (13).

Scawater density depends on temperature,
salinity, and pressure. Density at a given depth on
cither side of the Atlantic Basin in the past can
be estinuted (rom the ratio of oxygen isolopes,
00, in the fossil carbonate tests of benthic
foraminifera, botiom-dwelling protists (/6). This
ratio reflects both the temperature and the "0/"0
ritio (which gencrally covarics with salimity in the
upper ocean) of the seawater in which the
forammilera caleity (76, [7).

The density contrast across the width ol the
entire ocean basin reflects the vertical shear in
the integrated meridional Mow across the basin
(8-20. In the South Adlantic at 3075, density is
higher along the easiern margin in the upper
2 km, reflecting the vertical shear in mass trans-
port associated with the MOC (Fig. 2A) The
benthic formaminifera from surface sediments ne-
flect this contrast, with higher "0/"*0 on the
higher-density eastem margin (Fig. 2B). During
the LGM, however, the cross-basin gradient in the
oxveen isotopes of the fomminifera wis reducad
and perhaps even reversed (27) (Fig. 2C). The
circulation that we scc woday (low 10 the north
above 1 kmand to the south below this depth), or
a sumilar overtuming circubation with a shallower
southward flow of NADW as in some of the
model simulations for the LGM (40, 11, would
require higher densities along the casiem margin
than along the westem margin in the upper 2 km
of the South Atlantic. If the LGM relationship
between the oxygen isotope ratio in the forami-
nifera and density was similar on both sides of
the South Atlantic Basin (as it is todav), these
seenarios would be incompatible with the oxvgen
isotope data. Water masses with very dilterent
temperiiures, salinitics, and oxygen isolope
mtios occupying the same density horzon on
cither side of the ocean basin could potentially
cause a change in the oxygen solope mtios
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across the South Atlantic without a change in
density contrast. These propertics necd w0 be
bretter constrained belore any circulation scenar-
105 can be ruled out on the basis of the oxveen

isotope data alone (24, 22),

Deep-Water Nutrient Properties
Surface waters sinking in the
Greenland, Tecland, Norwegian,
and Labrador seas collectively
form the NADW, which is readily
identifiable as a tongue of nutrient-
poor water extending o greal
depths in the Atlantic and even-
tually reaching the Southem
Ocean (Fig. 1A). Some high-
nuirient water from the Southem
Ocean (Antarctic Boltom Water,
AABW) can be seen penclrating
northward bencath the NADW,
The nutnient distnbutions  (or
tumes i the past are reconstructed
by measuring the carbon sotopic
composition (C/MC) of fossil
shells of benthic foraminifera
bured in the sediments. Primary
producers in the swface occan
take up both nutrients and carbon,
discriminating against the heavy
isotope of carbon as they do o,
leading to high "*C/™C ratios in
surface waters and low-nutrient
water masses (e.g., NADW).
Higher nutricnt concentrations
and lower "*C/MC in AABW
reflect the longer time these
waters have spent away from the
surface, collecting nutnents and
B¢.poor carbon from the decay
ol organic matier transporied o
depth in particulate and dissolved
forms, Past nutrient distributions
have also been reconstructed from
the ratio of cadmium 1o calcium
in iests of benthic foraminifera.
Like the major nutrients, Cd is
taken up by organisms at the sca
surface and released at depth as
the organic material 15 decom-
posed. Both of these outrient
proxies (C/"2C and Cd/Ca)
show that dunng the LGM there
was a low-nulrient waler mass
above a depih of about 2 km
{ofien referred 1o as Glacial Nonh
Atlantic Imtermediate Water,
GNAIW) and high-nutriem wa-
ters below 2 km (23-27) (Fig. 1. B
and C). There are multiple factors
{air-sea exchange of carbon, car-
honate saturation state, oxidation

of organic matler in sediments) controlling the
isotopie and chemical compositions of the
foraminifer tests that can potentially decouple
the nutrient proxics from nutrent distributions in

the open occan (28), Nonctheless, the agreement
between the reconstructions based on these two
water-mass tracers provides mercased conlidence
in the overall picture,

A 0O

2.5

Depth [m]
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Fig. 1. (A) The modern distribution of dissolved phosphate (umol liter )}—a
biological nutrient—in the western Atlantic (61). Also indicated is the southward
flow of North Atlantic Deep Water (NADW), which is compensated by the
northward flow of warmer waters above 1 km, and the Antarctic Bottom Water
(AABW) below. (B) The distribution of the carbon isotopic composition (**C*2C,
expressed as 61°C, Vienna Pee Dee belemnite standard) of the shells of benthic
foraminifera in the western and central Atlantic during the LGM (23, 24). Data
from different longitudes are collapsed in the same meridional plane. (C)
Estimates of the Cd {(nmol kg ™) concentration for LGM from the ratio of Cd/Ca in
the shells of benthic foraminifera from (25). Today, the isotopic composition of
dissolved inorganic carbon and the concentration of dissolved Cd in seawater
both show "nutrient"-type distributions similar to that of PO,.

The LGM configuration is often intempneted
as a shoaling of NADW and a nonhward
extension of AABW in the Atantic Ocean. The
high-nutrent water below 2 km also appearcd 10

www.sciencemag.org SCIENCE VOL 316 & APRIL 2007

REVIEW

be rich in zine, which supports the idea that
somme of this water mass comes from the South-
em Ocean (29). However, the deep (=2 km)
water mass does show higher

B3¢ and lower
Cd in the decp North Atlantic
than in the deep South Atlantic;
this inding suggests that waters
originating in the North Atlan-
tic also contributed to the deep
(=2 km) waler mass in the LGM
Adlantic. This contribution may
be simply the result of mixing
between GNAIW-—which may
form as far south as the Labrador
Sea or the subpolar open North
Atlantic—and the decper water
mass originating i the south, or

it may consist of the addition of

small amounts of a distinct,
denser water mass forming in the
far North Adlantic (30),

Although the nutrient tracers
provide a coherent picture of the
distribution of water masses, they
provide litle information about
the absolute rates of flow in the
deep ocean. A lundamental rea-

son is that the remincrmlization of

organic matter has a relatively
small effeet on the nutricnt con-
centration of deep waters in the
Atlantic (at least wday) and is
relatively poorly understoad.

Deep-Water Radiocarbon Activities

The rte of mdicactive docay of

He is well undemstood and, in
principle, could provide a mea-
sure of the mic of decp-water
renewal or ventilation. Two ap-
proaches have been developed 1o
corect pasl He ages from car-
bonaie thm grew in the deep
occan for the time since their
deposition.  Radiocarbon  mea-
surements on benthic  forami-
nifera can be corrected using ages
ol contemporancous  plankionic
(surface-dwelling) formminifera
(31-33), and radiocarbon mea-
sUrcmenis on dll..'ﬂ..'p-ﬁl..‘il L'Um.l:\'» Lin
be adjustied using independem
ages denved from wmanium and
thorum isotopes (34-36). Today,
the radiocarbon distribution in the
deep Adlantic mostly reflects the
relative contributions of water
from the north with high "¢
activity and water from the south
with low MC activity, with only a
small decrease in "C activity due

to 10 situ decay within the deep Nonh Adlantic.
Similar 10 its use in the modem ocean, past "*C
could be combined with other water-mass tracers
to account for this overprint of walter-mass
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mixing and thereby estimate the contribution due
to radiocarbon decay within the Adlantic (37). To
use mdiocarbon o dircctly constrain the LGM
circulation i the Atlantic would require a Jarge
number of precise measurcments (38, 39),

However, the existing measurements of "¢
activity m benthic fomminifera suggest a walter-
miass structure in the LGM Adlantic that is
consistent with the nutrient proxies, with (-
rich waters indicating recem exchange with the
atmosphere above 2 km depth and "Cpoor
waters below this depth (40). The interpretation
of the " is complicated by assumptions about
the surface-occan radiocarbon activity and the
mixing of shells of different ages by organisms
living within the sediments, so the agreement be-
tween the reconstructions based on ™C and the
nutrient tracers gives us further confidence in
the overall picture of the decp-water masses in
the LGM Atlantic,

Radioisotopes of Protactinium and Thorium

The contrasting chemical behavior of uranium
decay-senes nuclides provides a means for
assessing the rate of deep circulation. Uranium
is highly soluble in scawater and thus has a
residence lime of several hundred thousand vears
in the ocean. Because this is far longer than the
overall oceanic mixing tume (a millennium or
two), umnium is approximately evenly disirib-
uted throughout the ocean. This means that the
radioactive decay of U isotopes, and hence the
production of its daughter isotopes, 15 spatially
uniform 1o a good approximation. By contrast,
these radioactive-decay  products, thorium and
protactinium, are exiremely particle-reactive (41)
and are mapidly removed from scawater by
seltling particles and subsequently buried on the
sea [oor. The resulting oceanic residence times
are on the order of decades for **Th and

Oy [ll:p"m-"]

centuries for 7' Pa. Because the residence time
of deep waters in the Atlantic is also on the
order of centuries, most of the 2**Th produced
in the Adlantic is buried in Atlantic Ocean
sediments, whereas some of the ¥'Pa is ex-
ported 1o the Southem Occan. This leaves the
modern 2'Pa®Th mtio in Atantic sediments
below the ratio at which these isotopes arc
produced by the decay of U (42). A longer
residenee time of water in the Adlantic should
cause the 'Pa™Th rtio in the underlying
sediments 1o increase, but there was no signif-
icant difference in the mean ~'Pa™"Th of
Adlamtic sediments deposited during the LGM
relative to those laid down more recently (42,
These data could be consisient with a range of
past circulation states, from a slight increase in
the MOC 10 a decrease of up to 30% (43). More
recently, with detailed downcore records, slight-
Iy higher ratios were found for the LGM sed-
iments relative to the Holocene at a water depth
ol 4.5 km near Bermuda (44), consistent with an
overall small increase in the residence time of
overdying deep waters (GNAIW and AABW).
Lower ratios were found at 1.7 km depth in the
northern North Atlantic (45) and 3.4 ki depth
on the Iberian margin (46), allowing for the
possibility of vigorous renewal of GNAIW. Be-
cause variations in particle lux (47) and com-
?;:,qitit_;t:“‘hh‘ﬂ can also j|1llu|:r:u:».:_.~;l.,ujimcnla.|j.r

Pa~"Th, a better understanding ol these
factors will strengthen our ability to quantify
past occan circulation with the use ol these
nuclides.

Glacial Circulation of the Atlantic

Al this point, the most robust observations that
can help 1o constrain scenarios of past varability
in the Atlantic MOC are as follows: (i) There was
a water-mass divide in the LGM Atlantic, with a

180 [%. PDE]
30 1 2 3

#180 [%. PDB]
-1 0 1 2

nutrient-poor, radiocarbon-rich water mass
(GNAIW) dommmant above 2 km and more
nutrient-rich, radiecarbon-poor water below
2 km (perhaps a glacial analog of AABW). The
maintenance of these two distinel water masses in
the face of mixing processes similar to those in
the modern ocean that would tend o erase these
boundanes requires one or both water masses 1o
be renewed fairly mpidly (24). (i) 2'Pa™Th
rtios in deep-ocean sediments deposited during
the LGM are comparmble 1o those deposited
under modern conditions, This also argues
against a much slower circulation for both deep-
water masses in the Atlantic. (1ii) The cross-basin
conirast in oxygen sotopes in benthic foramini -
era in the South Atlantic collapsed during the
LOGM. This would argue agamst a strong MOC
that imports surface and intermediate walers 1o
the Atlantic compensated by the expon of deeper
waters, Hence, we have good cvidence for a
circulation of deep waters in the LGM Atlantic
that was not completely sluggsh. The data also
do not support a MOC with the same extent and
structune as today. Sea surface temperalure
reconstructions in the North Atlantic (49, 30)
also appear inconsistent with a stronger version
of today’s overturming cell characterized by
surface water inflow compensating decp-water
export frony the polar seas of the North Atlantic.
Those observations seem 1o rule out at least some
ol the more extreme circulation states produced
by elimate models for the LGM.

Outlook
What would be nequired o provide a neliable
observational estimate of the Adlantic MOC
during the LGM? Paleoceanographic methods
inherently are msociated with larger ermors and
have a sparser geographic coverage than modem
occanographic measuremenis, and using this
type of data o produce a conclu-
sive quantitative reconstruction of
0 past occan circulation is a chal-

el
—

C Glacial

ATy
=
-

lenge. It will almost certainly
require a combination of differcm
paleoceanographic proxics such
as those discussed here (38, 7).
Oecan margin densily reconstnuc-
tions and 'Pa®"Th measure-
ments may be particulardy uselul,
as they may integrate the effects
of circulation in the ocean interior
where paleoccanographic mea-
surcments are not possible; mea-
surements of "C may also be
uselul as a direct measure of
clapsed time. But work remains

Depth [m]
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Fig. 2. (A) Density (o) of seawater across the South Atlantic at 3075 (61). The waters are denser on the eastern
side of the basin, reflecting the presence of the meridional overturning circulation. (B) Oxygen isotopic
composition of the shells of benthic foraminifera (5'%0) in recent sediments on the eastern (red symbols) and
western (blue symbols) side of the basin, reflecting the density contrast across the basin today, with higher 5*%0
for the higher-density waters on the eastern side. The solid lines are the predicted &'0 values based on modern
hydrographic data (21). (C) Oxygen isotopic composition of the shells of benthic foraminifera for the LGM suggest

that the modern density contrast in the upper 2 km was absent or reversed (21).
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to be done in order to (i) better
understand the processes by
which Pa and Th are removed
from the water column; (ii) better
dsscas pasl occan lemperaturncs
and salinitics for paleodensity
reconstructions, possibly by
using the elemental chemistry off
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the shells (52) and paleosalinity estimates from
measurcments of chlende i pore waters (33)
and (n1) better constrain waler-mass propertics
for accurate use of the "™C clock. Other ap-
proaches that show promise are the quantitative
analysis of the grain size population in the
temigenous sedimem (ine frmction that provides
a proxy lor near-bottom flow specd, which has
the advamage of having a direet physical con-
nection to fow and an immediate response Lo any
changes in Mlow speed (54). New waler-mass
tracers that are independem of nutrient cveling,
such as the Nd isotopic composition of metallic
precipitates in deep-sea sediments, are also being
developed and successiully applied on a number
of ime scales [e.g., (35)]. and magnetic proper-
ties have been used to reconstruct the flow path
of bottom waters (36). Although challenges
remain before we amive al a well-consirained
quantitative estimate of the glacial circulation,
much will be gained in the coming years by the
combmed use of the wols currently at owr
disposal. It s worth recalling that the basic
structure of the modern Atlantic MOC was
largely described by the 19505 on the basis ol a
few measurements of waler-mass propertics and
the thermal wind relationship, whereas quantita-
tive estimates of the modern MOC based on
inverse methods have only been possible in the
past two decades or so (57)

Different circulation scenanios are consistent
with the currently available data for the LGM,
but cerain hypotheses regarding the glacial
circulation in the Atantic already are testable.
In particular, general circulation models provide
a sel ol circulation hypotheses that are physically
consistent (given the assumptions used in con-
structing the models) with the ice sheets and COs
concentration of the last ice age. We can already
say with some confidence thot the data can rule
oul smne of the more extreme scenarios produced
by the models. To compare the less exireme
model scenanios directly with the data, we need
to account for the muliiple physical, chemical,
and biological conirols on the paleoccanographic
observations, A betier representation i the mod-
cls of the full complexity of these processes that
lcad to the record left behind inthe sediments and
the explicit prediction of the values of the
palcoccanographic proxics will allow for a more
dircet comparison between model output and
data Je.g., (38, 39)).

Reconstructing ocean circulation during the
LGM is a critical first step, but there is already a
strong community focus on generating the time-
series data that will allow for the reconstruction
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of a detailed history of ocean circulation over the
abrupt climate changes that punctuated the cooler
climates of the past. Changes in the Atlantic
MOC play a cntical mole in many of the hy-
potheses put torth 1o explain these abrupt climate
trnsitions, and there is already compelling evi-
dence 1o support this link, at least for the most
recent of these abrupt climate change events
(44, 60y, The quantitative reconstruction of these
circulation changes remains a challenge that, if
tackled successiully, will funther our understand-
ing of the relationship between ocean circulation
and climate, enabling us to better constrain the
scenarios for the Riture,
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Rapid and Recent Changes in Fungal

Fruiting Patterns

A. C. Gange,’ E. G. Gange,® T. H. Sparks,? L. Boddy®

any studies have demonstred recent
phenological responses o climate
change, but these largely  involved

higher organisms, such as planis, insects, or
birds, and were restricted o events in spring (/).
Avtmnal events have received far less anten-
tiony, even though the end of the growing season
has scen significant delays (2), Fungi provide
vital ceosystem servies through decomposition,
nuirient cycling, and soil aggregation, vet they
are missmg from previous considerations ol ceo-
system responses o global change (3) In tis
study, we analyzed a data st consisting of over
52000 individual fungal fruiting records, from
nearly 1400 localities, collected in southem
England over the perod [950-2005, We ex-
tracted information on a totl of 315 wutumnal
fruiting species, cach of which had been recorded
in more than 20 vears (4).

The first fruiting date averaged across all spe-
cies has become signficantly carlier, whereas
average last fruiting date has become signili-
cantly later (Fig. 1A) The increase in the over-
all fruiting peried 15 dramate; in the 1950s,
the average (£5E) was 33.2 = 1.6 days, but
this has more than doubled w 74.8 + 7.6 days
in the current decade. For the species that
show significantly carier first fruiting daies
(n = 85), the average advancement is 8.6 ¢
0.6 days decade ', whereas for species show-
ing significantly later last fruiting dates (n
105), the delay is 7.5 = 0.5 days decade LA

both of which are greater than equivalem
spring data previously reporied for higher
organisms (),

The alieraton in fungal fruiting mimors changes
in Brtish temperures that have occurred since
1975 (6). To substanuate this, we examined re-
lations between fruiting dates of cach specics
and monthly records of local temperature and
rainfall (4}, Over the past 56 years, August
temperatures have mereased (F) o = 114, P =
0.01), as has October rainfall (F 5 = 5.8, P <
0.05). The increase in late summer temper-
atures and autwmnal rains has caused early
scason specics o lruit earlier and late season
species o continue fruiting later. Seventy-cight
(91%) ol the species showing an advanced
fruiting date have a significant relation between
fist fruiting datc and August temperature,
whereas 92 (88%) ol the species showing
later last dates could be explained by positive
relations between August temperature and Oe-
tober rainfall.

We noticed that 47 (39%) of the deciduous
myeorrhizal species showed a delay in last
fruiting date, whercas no coniferous mycor-
rthizal species were delayed. To examine this
lurther, we studied the 11 mycorrhizal species
that were recorded bencath both coniferous
and deciduous hosts. Average fruiting date in
cach vear was calculated and regressed against
time (56 yvears). Eight of the species showed a
significantly larger regression coeflicient when
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Fig. 1. (A) Average first fruiting date (lower line) and average last fruiting date (upper line) of 315
fungal species over 56 years. The underlying pattern is represented by lowess (locally weighted
scatter plot smoother) lines. (B) Regression coefficients for mean fruiting date versus years for 11
mycorrhizal fungal species when growing under coniferous or deciduous trees. A.x. represents
Amanita citring; A, A rubescens; Ct., Coanthereflus tubaeformis; H.c., Hebeloma crustuliniforme; La.,
Laccaria amethysting; L, L loccata; P, Poallus involutus; Ra., Russula atropurpures; Ro., R. ochroleuca;
Rux., R. xerampeling; and T.t, Tricholoma terreum. Asterisks above bars indicate a significant difference
in coefficients between the host types at P = 0.05.

growing beneath deciduous hosts (Fig, 18).
Therelore, the fruihing scason of these species
has changed in a habnat-dependent manner. [F
these responses were due o microclimatic
differences beneath deciduous and coniferous
trecs, then there would likely be similar
differences in fruiting pattems of nonmycor-
thizal [orest-Nloor fungi. To examine this pos-
sibility, we compared regression cocllicients
of seven nonmycorrhizal leal” liter-decay
species and a further seven wood-decay Tungi
that occurred in both forest types. In no case
did the regression coelliciemt difler (all P
0.03); thus, microchmatic effects can be dis-
counted. These data suggest thar changes n
the temporal allocation of nutrnients 0 roots
have occurred in deciduous forests but not i
conilferous woods, where there is no single
large loss of leal material, Nutrients are inter-
cepled by the mycorrhizal species and used
for fruit body production (7).

Furthenmore, climate warming secems to have
caused significant numbers of species 1o begin
fruiting in spring as well as autumn (g, S1).
Given that active mycelial growth is required
betore sporophone production, this is strong evi-
dence that the myveelium of certain specics must
be active in late winter and early spring as well
as late summer and autumn, suggesting in-
creases in decay rates in forests.
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Chimeras of Two Isoprenoid Synthases
Catalyze All Four Coupling Reactions
in Isoprenoid Biosynthesis

Hirekodathakallu V. Thulasiram,* Hans K. Erickson,t C. Dale Poultert

The carbon skeletons of over 55,000 naturally eccurring isoprenoid compounds are constructed
from four fundamental coupling reactions: chain elongation, cyclopropanation, branching, and
tyclobutanation. Enzymes that catalyze chain elongation and cyclopropanation are well studied,
whereas those that catalyze branching and cyclobutanation are unknown. We have catalyzed the
four reactions with chimeric proteins generated by replacing segments of a chain-elongation
enzyme with corresponding sequences from a cyclopropanation enzyme. Stereachemical and
mechanistic considerations suggest that the four coupling enzymes could have evolved from a
common ancestor through relatively small changes in the catalytic site.

soprenoid metabolism is the most chemical-

ly diverse of nature’s biosynthetic pathways,

Over 55000 narally occuring isoprenoid
molecules have been discovered, with a large
number of new structures reported each vear.,
lsoprenoid compounds play crucial metabolic
and structural roles in cells, and the pathway is
found i all forms of life. Among the betier-
known classes ol soprenoids are sterols (hor-
mones and membrane components), carotenoids
(visual plzments and photoprotective agents),
prenylated proteins (membrane structure and
cell signaling), dolichols (glveoprotein synthesis
and bacterial cell wall synthesis), monoterpenes
{insect sex pheromones and  fagrmances), and
sesquiterpenes (plamt defensive agents). The car-
bon skeletons of isoprenoid compounds are con-
structed from 3-methyl-1-butyl units, which are
joined in one of nine different pattems (Fig. 1)
(£-3). In four of these structures, C1" ol one unit
(red) is joined 1o a single carbon of the other
unit (black) (1°-1, 1"-2, 1"-3. and 1'-4). In one
case, C17 is insened between atoms in the other
unit (2-1-3), and in three cases, C1° is joined
to the other unit in a cvelic structure (¢l'-1-2,
cl'2-3, and ¢1'-2-3-2°). The cxample that docs
nod mvolve C17 s the 4°-4 pattem scen in meme-
branc lipids from Archaca (3).

Except for the 4'-4 atachment, the isoprc-
noid skeletons i Fig. 1 are fomed carly in the
isoprenoid pathway, before the modilication re-
actions that are required 1w synihesize specific
natural products. Four of the basic isoprenoid
structures (1%-2, 154, ¢1%-2-3, and ¢1-2-3-2') are
synthesized by joining simpler units, whercas
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the other four (1%-1, 1-3, 2-1%-3, and ¢l’-1-2) are
produced by rearmngement of 1'-2-3 structures
(4, 5). The basic building reaction in the path-
wiay is chain elongation, where the growing
isoprenoid chain of an isoprenoid allvlic diphos-
phate is added 1o the double bond in isopentenyl
diphosphate (IPP) (Fig. 2). This reaction occurs
in all organisms. The "4 linkage is by far the
mosl common that is seen in soprenoid com-
pounds, and compounds with this attachment
between soprene units are called head-to-ail or
regular terpenes. Other attachment pattems are
designated as non-head-to-tail or irregular. The
cyvelopropanation reaction s the first pathway-
specific siep in the biosynthesis of sierols (6)
and carotenoids (7) o give metabolites widely
disiributed in Eukarva, Archaca, and some
Bacteria. Branching is only found in a limited
number of plants (/, 8. The only documenied
compounds from cvclobutanation are mealvbug
mating pheromones (2, ).

The enzvmes that catalvee chain elongation
can be divided ino two convergently evolved

familics based on the siercochemistry, £or 2, of

the double bond in the newly added isoprene
unit (/i Members of the £ family typically
synthesize shoner-cham soprenoid diphosphates
found carly in the pathway, whereas those in the
Z lamily synthesiee longer-chain diphosphaies.
Famesyl diphosphate synthase (FPPasc) 15 the
prototypal representative of the £ family. FPPase
catalyzes two reactions: the sequential conden-
sation of dimethyvlallvl diphosphate (DMAPP,
Cg) and geranyl diphosphate (GPP, Cyy) with
IPP 10 give farnesyl diphosphate (FPP, Cys).
Structural studies and phylogenetic comparisons
indicate that the a-helical “isoprenoid fold” orig-
inally discovered in avian FPPase is found in all
of the E-family chain-clongation creevmes (1)
and in more distam relatives that caalvee the
evclopropamation reactions in sterol biosymhesis
(2 and terpenoid cyclization reactions (/7). An
ancestral FPPase or a closely related relative is a

likely candidate tor the protein from which these
other enzymes evolved.

We reoently solaed the genes tor chrysan-
thermy | diphosphate synthase (CPPase), an cneyme
with cyelopropanation activity, from Clevsan-
themum  cinervarfacfolium  (chrysanthemumy)
() and Artemisia tridentata ssp. spiciforms
{snowficld sagebrush) (£5). The encoded sage-
brush FPPase and CPPase proteins have simi-
lar sequences (75% identity and 96% similardty).
suggesting that they share a recent common
ancestor. Because FPPases are universally
distributed, whereas CPPases are conlined 1o
members of a closely related family of higher
plants, 1t 1s apparcnt that the eyvelopropanation
activity evolved from the chain-clongation ac-
ovity of a parental FPPase. In contrast, the
cvclopropanation enzyvmes squalene (/.3 and
phvioene (/6) synthase have no discernable
sequence similaniy with cham-clongation en-

symes, suggesting an ndependent divergence of

chain-clongation and cyelopropanation activitics
at a much ecarlier time, probably at the very
beginning of cellular life.

On closer examination, we discovered that
CPPase also synthesized lesser amounts of the
1-2 branched product lavandulyl diphosphate
(LPP) and the chain-clongation product GPP. In
preliminary experiments with a series ol chimer-
ic proteins constructed by replacing amino acids
ol sagebrush FPPase with corresponding sequen-
ces from sagebrush CPPase, we found a trnsition
in activities from chain cdlongation o branching
and finally w eyelopropanation (/7). Studies
with a full set of chimerie proteins demonstrate
that they catalyee all four of the fundamental
isoprenoid-coupling reactions and that the abso-
lute stereochemistries of the chiral products are
identical 1o their naturally evolved counterparts.

Synthesis and expression of chimeric
enzymes. By means of procedures repored
previously, a common set of specilic restriction

I S W
‘_.-J‘a-\___.f h._.f"

-1 1-2 13

e
\.-"L*« % H,,.-l'x
e
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c1-1-2 e1-23 c1-2-3-2
Fig. 1. Patterns found in nature for connecting
woprene units. Colors indicate isoprene units (red
and black) and bonds jeining the isoprene units

lgreen),
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sites at identical locations was introduced into
the open reading frames (ORFs) for FPPase and
CPPase (tig. S1) (/&) The Kinetic constants for
the modificd (M) prowins, FPPase-M and
CPPasc-M, were similar to those of the wild-
type (WT) enzymes (1able 513 Eleven chi-
meras were constructed from FPPase-M and
CPPase-M by fusing fragments of the two
proteins at the common restiction sites. In six
of the constructs, amino acids in FPPasc-M,
beginning at the N terminus, were replaced with
increasingly longer segments from CPPase-M,
A complementary set of six constructs was pre-
pared in a similar manner by replacing amino
acids in CPPase-M, again beginning at the N
terminus, with the corresponding  scgments
from FPPase-M., The chimeras were named
by designating the site of the junction and the
origin of the amino acids, cither FPPase-M or
CPPase-M, on cither side ol the junction. For
example, the “COYF” chimer (where C indicates
CPPase and F indicates FPPase) has a junction
site constructed at the common BseR [ resinction
sites in the ORFs for FPPase-M and CPPase-M
where the first 69 amino acids (FPPase-M
numbering) are from CPPase-M and the re-
maining amino acids are from FPPase-M. The
chimeric proteins were obtained for 11 ol the
12 constructs (only F243C failed w0 give pro-
tein) and were purified (>95%) by Ni* -aflinity
chromatography. Removing the Hisg tag in
FPPase-M and CPPase-M did not alter their
activity, and the histidine tags were not removed
from the parcntal eneyvmes or chimeric enzyimes
used in this study.

A screen for chain-elongation and “ir-
regular” products. FPPase-M, CPPase-M. and
11 chimeric proteins were screened for synihesis
ol chain-clongation and imegular products (Fig.
3). The screen for chain clongation involved
incubation of the proteins with |“(‘|H“"P and
cither DMAPP or GPP. Products and subsirates

ro~A
T-'F’DA\"/J\R

Chain

were separated by thin-layver chromatography
(TLC) and analyzed by phosphor auto-
radiography (fig. 52). The screen for imegular
monoterpene svnthesis  involved  incubation
with ["CIDMAPP. Incubation of FPPase-M with
[MCJIPP and DMAPP gave products that comi-
grated with Cyg (GPP) and C 5 (FPP) isoprenoid
diphosphates, No products were scen when the
enzyme was incubated with ["C|DMAPP. In-
cubation of CPPase-M with | “C]DMAPP gave
products that comigrated with chrysanthemyl
diphosphate (CPP). However, the eneyme also
gave products characleristic of a Cyg di-
phosphate when incubated with [MCIPP and
DMAPP in the chainclongation assay. TLC
traces for the senes of chimeras from CO9F 10
C243F reflect a gradual transition from the Cyg
and Cys chain-clongation products typically
synthesized by FPPase to the imegular products
synthesized by CPPase. Between C69F and
CI178F, cham-clongation activity gradually shified
from predominam synthesis of Cyjs FPP 10
exclusive synhesis of Cig GPP Activity in the
["CIDMAPP assay was readily detected for the
C219F chimera and became progressively greater
for C243F and CPPase. The F219C protein
was inactive in both assays. Activity for irreg-
ular products was low in all of the chimeras in
the F — C serics. Trace amounts of materials
were seen in all of the TLC waces, with the
FITRC chimera giving somewhat more Cyg
product than the others,

Product analysis. The TLC radioassay
did not resolve individual components within
cach group of Cg, T, and Cy5 diphosphates.
Cras chromatographic (GC) and GO mass spee-
trometric analysis of aleohols obained afier hy-
drolvsis of the diphosphates with  alkaline
phosphatase showed that Cyy and Cy¢ chain-
elongation alcohols were the exclusive products
from FPPase-M with selective, but not ex-
clusive, formation of the £ double-bond iso-

Elongation
- PPO
’mn

Fig. 2. Building reactions in the isoprencid biosynthetic pathway. PPO, diphosphate; R, CHa(CH>CH=

CICH3ICH ) H, where n = 0, 1, 2, 3, and so forth.
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mers when the eneyme was incubated with PP
and DMAPP (Fig. 4 and table S2) (/4. A sim-
tlar meubation with CPPase-M gave four Oy
products: chrysanthemol {COH) (15) from cyclo-
propanation, lavandulol (LOH) (/7) from branch-
ing, and gerniol and nerol (/9 from chan
clongation, In the series C69F — C243F, ireg-
wlar monotempenes were lirst detected as mi-
nor products with the C98F chimera, which
gave LOH and an unexpected isomer, maconclliol
(MO (20, from a eyvelobutanation reaction. Syn-
thesis of irregular monoterpenes became the
dominant reaction for the C243F chimer, where
LOH was favored over COH by a mtio of -3:1.
For CPPase-M, the major product was COH,
which was only favored over LOH by a ratio of
=2:L. In the F69C — FIT8C sencs, mregular
products (LOH and COH) were only deteetad
for the F6OC chimera (1able 82). The propor-
tion of chain-clongation products to irregular
prodducts mereased as the concentration of PP
inereasced relative to that of the allvlic substrate,
reflecting competition between the  isomeric
substrates for binding.

Except for CPPase-M and the C243F and
FOUC chimeras, reactions proceeded slowly
when DMAPP was the sole substrate, In ad-
dition to COH, LOH, and MO, small amounts
of planococcol (POH) (9), an isomer of MO,
were detected in extracts from incubations with
the CUSF and CI147F chimerss, indicating that
these two enzvmes also synthesized planococeyl
diphosphate (PPP) (Fig. 4 and whble S3) Thus,
miost of the proteins that we studied synthesized
iregular monoterpenes. The exceplions were
FPPasc-M and CI178F, which only catalyaed
chain elongation, and F219C, which was inactive
in all of the assavs. Several of the enevmes syn-
thestzed at least one compound generated by the
cyvclopropanation, branching, and cyclobutanation
reactions in addition o chain-clongation products.
The WT . iridensarer ssp. spiciformis CPPase was

Ireguiar
]
[ i 2
o
RLLPP [(TRIRLEPP
¥ g
PPO” "‘~—-—| | PRD)
I —L -
L]
[RPe (1RIALPP
Chusen Elongation

EE-FPP

I

J)\ﬁék

Fig. 3. Products from incubations with IPP and
DMAPP. NPP, neryl diphosphate.

rlMAﬁL,WL

LEFPP
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slightly more selective for CPP than CPPase-M.
The WT CPPasc from O cinerariaefoditm was
shghtly more selective for cyvclopropanation
relative w branching and cham clongaton than
the sagebrush enzymes,

Stereochemistry, The absolute stercochem-
istrics of the iregular products from the cn-
zyme catalyzed reactions were cstablished by
hydrolyzing the isoprenoid diphosphates to the
comesponding aleohols and comparing their GC
retention times by coinjection with authentic sam-
ples on a chiml column (figs. 53 and 54). In cach
case, a single enantiomer [(1R3RFCOH (/9),
(RFLOH (20, (R-MOBL 2y, and (1R3R-POH
(1] was found, The absolute stereochemisinics of
the aleohols isolated from our cnezyme-catalyveed

actions were dentical o those of the core-
sponding alcohols isolated from natural sources.

Overview. The isoprenoid pathway uses
only four dilferent coupling reactions o build
the carbon skeletons of s metabolites from the
fundamental five-carbon building blocks PP
and DMAPP. Metabolites built by chain elon-
gation and evelopropanation are broadly distrib-
uted in nature, and the eneymes that cataly ze the

£ 3

b

Relative Percentage

Mot active

CeoF
CoBeF
C14TF
C17BF

5

&I.I.
5 &
& &S

Fig. 4. Relative percentage of products from in-
cubations with FPPase-M, CPPase-M, and the C — F
series of chimeras. FPP, blue; GPP, gold; LPP,
green; CPP, red; MPP, pink; PPP, orange. Di-
phosphate products were hydrolyzed by treatment
with alkaline phosphatase, and the relative per-
centages of the corresponding alcohols were
determined by GC. (A} Incubation for 2 hours at
30°C with IPP {200 uM) and DMAPP (200 pM).
(B} Incubation for 12 hours at 30°C with DMAPP
(3 mM.

coupling reactions have been identitied and char-
actenzod. Metabolites from branching and cy-
clobutanation are nammowly disinbuted, and the
bwsynthetie engymes and the comesponding
genes have not been identified.

CPPase and the FPPase'CPPase chimeras
synthesize single enamtiomers of CPP, LPP,
maconclliyvl diphosphate (MPP), and PPP. The
absolute stereochemistrics of the eyclopropane
ting in CPP. the chiral center in LPP. and
evelobutane rngs in MPP and PPP require that
Cl of the dimethylallyl unit destined 10 alkylate
the C2-C3 double bond of the other dimethylallvl
unit is located on the Re face of the C2-C3

double bond. If one assumes that formation of

PPP proceeds through a “least motion™ reaction
coordinate, the absolute configuration of the C3
cyclobutane carbon dictates that the enzymes
bind the two molecules of DMAPP in an
“endo™ orientation (fig. 85).

Thus far, only a single sct of enantiomers
has been reported for the natwrally occurring ir-
regular isoprenoid compounds formed by branch-
ing. cvelopropanation, and evelobutanation
reactions. The absolute stereochemistrics of the
alcohols obtained by hvdrolysis of CPP, LPP,
MPP, and PPP in our studics are identical 1o
those of COH, MOH, and POH #solated from
natural sources. Likewise, the topologically re-
lated 1R2RIR enamiomers of proesqualenc di-
phosphate (27) and prephyvtoene diphosphate
(22 are the only known naturally  occuring

— B pPO

Cor A i

H — = .H
omapp [ 7 M ®.7
OPP
DMapp
H
PPO
H
PPO
(1R)}-MPP -
A®
H
PPO
H
{1R.ARHPPP
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stercoisomers of these two important metabo-
lites. Work with recombinant squalene synthase
indicates that the relative onientation of the two
molecules of FPP. which are condensed to fomm
presqualene  diphosphate, is identical 1o the
“endo™ onentation predicted for DMAPP (4),
The stereochemical similantics between the
compounds synthesized by the chimene proteins
and those synthesizad by their mespective WT
enzymes in nature are consistent with a scenario
in which the naturally occuming eneymes evolvad
lrom a common ancestor that provided the orig-
inal template Tor the oremation of the bound
substrates, Genes [or the cyclopropanation en-
symes evolved twice, presumably  from an
E-selective cham-clongation emplate: once at
the very beginning of cellular evolution for bio-
synthesis of squalene and phytoene, and subse-
quently much later for biosynthesis of CPP.
The rather conservative changes that we
macle in the catalvtie site suggest that the clon-
gation and ircgular isoprenoid products are
formed by a similar chemical mechanism with
branches leading to the individual products. A
comprehensive mechanism for the four cou-
pling steps durng biosynthesis ol irregular
isoprenoid compounds, based on what is known
about the stercochemistries of chain elongation,
cyclopropanation, branching, and cvclobutanation
and the mechanism ol chain-clongation reac-
tion, is shown in Fig. 5. The chain-clongation
reactions catalvzed by FPPase proceed by a

®
- p- R =
GPpP

ot ol
H™ -, "
HZ H Z

(1R.3R}-CPP

{1R}-LPP

Fig. 5. A dissociative electrophilic alkylation mechanism for chain elongation, cyclopropanation,

branching, and cyclobutanation.

www.sciencemag.org SCIENCE VOL 316 & APRIL 2007

75




RESEARCH ARTICLES

76

dissociative electrophilic alkylation of the dou-
ble bond in IPP by the allylic cations gencrated
from DMAPP or GPP (23). By analogy, for
biosynthesis of megular monolerpencs, we
sugeest that a related dissociative electrophilic
alkylation of the double bond m DMAPP by the
dimethylallyl cation wesults in a protonated
cyclopropane intermediate. This specics can be
deprotonated 10 give CPP or reamange to &
tertiary cation, which can in wm be deprotonated
to give LPP. Allematively, the tentiary cation can
evelize w0 give a cvclobutylearbinyl cation that
can then be deprowonated w give MPP or LPP,
Formation of any specilic product would be con-
trolled by the ability of the criayme o stabilize a
specific inlenmedite along the reaction coordi-
mate through dipolar and electrostatic imteractions
and to facihitate the selective removal of pro-
tons. The stercochemistrics ol the products
result from the conformations of the two bound
substrate molecules before the reaction, Only
minor changes n the relatve posiions ol the
substrates are required to accommodate the for-
mation of the different products.,

This scenano provides an attractive mecha-
nism for the evolution of the isoprenoid path-
way through gene duplication and random
mutagenesis of the duplicate genes 1o give new
proteins, one of which is constrained 1o retain
its original function, whereas the other is free to
acquire a new activity. The isoprenoid Told liest
seen in the E-selective chain-clongation en-

avme avian FPPase (/2) has also been found in
the cyvelopropanation enevme squalene synthase
(F3) (sterol biosynthesis) and several different
tempenond cyvelases (14) along with aspartate-nch
motifs involved i binding allvlic diphosphate
substrates, indicating that the enzymes evolved
from a common ancestor, Phylogenctic correla-
tions suggest that the cyclopropanation cieyme
phytoene synthase (carotenoid biosynthesis) also
has an isoprenoid fold, Our discovery that chi-
meric engymes ffom FPPase and CPPase cata-
Ivee branching and cyclobutanation reactions
suggests that WT enzymes with these activities
also share this common angestor,
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Schemas and Memory Consolidation

Darothy Tse,’* Rosamund F. Langston,™ Masaki Kakeyama,” Ingrid Bethus,?
Patrick A. Spooner,® Emma R. Wood,* Menno P, Witter,? Richard G. M. Morris*t

Memory enceding occurs rapidly, but the consolidation of memory in the neocortex has long
been held to be a more gradual process. We now report, however, that systems consolidation can
occur extremely quickly if an associative “schema” into which new information is incorporated
has previously been created. In experiments using a hippocampal-dependent paired-associate task
for rats, the memory of flavor-place associations became persistent over time as a putative
neocortical schema gradually developed, New traces, trained for only one trial, then became
assimilated and rapidly hippocampal-independent. Schemas also played a causal role in the
creation of lasting associative memory representations during one-trial learning. The concept

of neocortical schemas may unite psychological accounts of knowledge structures with
neurobiclogical theories of systems memory consolidation.

he concepis of “mental schema™ and
“mental models™ as frameworks of

knowledge are now well established (f, 2),
with implications for story recall, deductive
iference, and education (3. 4) For example,
the memory of grammatically comect but seman-
tically unusual prose passages is substantially
better when subjects have an activated and
relevant mental framework with which to under-
stand them (F). An evervday experience for
working scientists is remembering complex new
information in an academic seminar, Our ability
todo so depends as much on our possession ofan
appropriate mental schema as on the communi-
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cative skill of the speaker in logically conveying
his or her message. In the absence of such mental
frmmeworks, we are unable o follow scientific
inferences in a talk and have the phenomeno-
logical experience of being functionally amnesic
for its content a surprisingly short time later,
Curiously, this fundamental idea about mem-
ory has had linle impact in neuroscience, Selec-
tive activation of a specific region within the
posterior panctal conex occurs in human subjects
when, having been given relevant pictorial
information carlier, they correctly imerpret un-
usual textual information that would otherwise be
incomprehensible (6). Animal studics have rarcly

considered the issue of what the ammal nscll’
brings m the way of knowledge to a leaming
situation, with the exception of studics of spatial
and relational memory (7-9). This is panly
because most experiments are conducted  with
“experimentally naive”™ animals, and also be-
cause the creation of a mental schema is diflicult
o map precisely onlo concréle neuroscicnce
concepts such as anmomical connectivity or
synaptic plasticity, The present experiments 1ot
the idea thai the schema concept is direcily
relevant to the neural mechanisms of svstems
memory consolidation (/01 2),

Experiments on schema learning. \We trained
rits 10 leam several lavorplace mwsociations
concurrently, using different flavors ol food
(llavor cues) and sand wells (place cues) locaed
within a familiar testing environment called an
“event arena” (f3). The task was 1w leam which
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1 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan.
“Comtre for the Biology of Memory, Medical-Technical
Research Centre, NO-T489 Trondheim, Nomway.
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tTo whom comespondence should be addressed, E-mail:
r.g.m.momisged.acuk

WWWw.SCiencemag.org



Navor was in which location such that, when cued
with a specific lavor in start boxes at the side of
the arena, the anmmals would be rewanded for
goang 10 the correet location by receiving more of
that same food (Le., “cued recall™). They should
be able w recall that banana-Navored food is
one location, bacon-flavored food at another, and
so on (Fig. 1, A and B Such paired-associate
learning is likely o be mediated by the hippo-
campus initially (/4163 with long-term storage
of paired-associate memory traces eventually con-
solidated in the neocortex (/7. /%) This makes
this paradigm ideal for looking at the wmporal
dynamics ol systems memory consolidation
(10, 12, 19, 20), a process widely held 10 be
quite slow. Addinonally, the use of locanon as
one member of cach pared associate allowed
the animals to learn cach association as either an
isolated declarative “fact,” in which spatial
information s generally considered as no differ-
ent from other kinds of information (/, or as
some kind of mapping ol lavors o arena loca-
tions, resulting in the formation of a spatial or
relational framework (7, 27).

After habituation, the animals were started
from one start box of the arena (at north, south,
zast, or west) on all six wials of a session. A
different start box was used for cach session, A
trizal began when the rat was given a cue flavor in
the start box. Upon entering the arena, the animal
was confronted by six sand wells (Fig. |, A and
B of which only one comained Navorad food
the same favor given as a cue in the start box
{22}, The animals visitad and sometimes dug at
incoarect sand wells, which did not contaim food on
than particular wrial, until they found the comeat one,
On each tnal, the animals would retneve the first ol
three buned food pellets, retum o the stan box o
cat it and then run back o the comeat sand well
collect and transpon the second and third pelicts.
One hour lmer, the second Irial began with a
different cue flavor in the start box and a different
sand well baited. There were six irials per session,
with the next session un 48 hours later (23).

We began by examining the impact of neuro-
toxic hippocampal lesions made before training
{experiment 1) Adier 13 sessions, sham-lesioned
animals were digging less frequently at incorrect
sand wells before gomg o the correct one,
whercas the hippocampal-lesioned ammals did
not improve. A single nonewarded probe wial
was then scheduled, which staned with the
provision of a cue favor in the star box, The
sham-lesioned animals spent significantly more
time digging at the cued location than at the
other five incorrect sand wells, whereas the
hippocampal-lesioned animals were at chance
{Fig. 1C; sectables S1 and 52 and figs. 5110 53
for the lesions and full experimental design),
The lesions were extensive, leaving minimal
residual tissue throughout the longiudinal axis
ol the hippocampus (Fig, 1D},

To investigate the propentics of pained-assocate
lcarning and s consolidation in more detail
{experiment 2), we trmined nommal animals in a

similar way. Probe tests, other controls, and novel
context traiming were scheduled at various stages
betore and after making sham or hippocampal
lestons (fig, S4), Using the same paired-associate
layout as in expenment |, we examined acquisi-
tion of sand-well choice behavior during trmining,
A Uperformance index™ was calculated, and this
index improved monotonically across sessions
(Fig. 2A), In nonrewarded probe tials, preferen-
tial digging at the cormect location rmther than the
other five locations increased from chance kevels
at the outset of tmining o a highly significam
preference for the cued location (Fig. 2B). To
exclude the possibility that an olfactory cue in the
cormect sand well guided choice performance on

training days, we conducted a single session of

six talk i which the daily protocol was
unchanged, except that no cue lavors were
offered in the start box, Choice performance el
to chance (Fig. 2A, session 18), retuming 1o
above chance on the next normal session. The
possibility of eryptic olfactory guidance by cues
on the anena near the comeet sand well was also
ruled out in a later session by physically rotating
the arena through 90° after the third trial ol a
session and back 1o s normal orientation after
the third tral ol a second session on the next day.
The sand wells and intamaze cues were re-
located such that their places relative to the distal
room cues remainad the same. Arena rotation had
no effect (hg. S4, A3) With a different start box
used in cach session, it would appear that the
animals can visually perecive their own location
relative to the inrm- and extrmaze landmarks
and wse allocentric memory representations o
identify the comrect goal location among the six
available sand wells.

Fig. 1. Paradigm for A
hippocampal-dependent
paired-associate (PA) learn-
ing. (A) The large event
arena (16 m by L& m)
contains a 7 x 7 grid of
locations at which sand
wells can be made avail-
able and four surround-
ing start boxes. After
being given a cue flavor
in a start box, the animals
recall the spatial location
with which it is assoc-
ated, and run into the
arena to that location to
secure more of that flavor
of food. (B) The spatial
arrangement of the six
Phs and the “schema”
this constitutes {F, flavor;
L, location). (C) Preferen-
tial digging during a non-

rewarded probe test [probe trial 1 (PT1)] by sham-lesioned but not hippocampal (HPC)-lesioned animals
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If the animals develop a neocortical associative
schema for this tsk, and iFthis s activated when
the animals enter the apparatus, it mught aid the
encoding of new paired associates and their mpid
assimilation into the schema, A single training
session of six trials was given (Fig, 2A, session 21)
in which paired associates (PAs) 1 and 6 were ne-
placed by two new PAs, 7 and 8, hidden at two
nearby locations; PAs 2 to 5 were trained normally.
Note that PAs 7 and 8 received only one rewardad
trial each. The inset of Fig. 2C shows how the new
PAs were located near those of the now-closed
sand wells, A nonrewardad probe il wis given
24 hours later to test memory [or the new associ-
ates, Preferential digging was observed at the cor-
rect cued location in the arena relative 1o the new
noncued location (1., less digging at location 8 for
those aninals on a PAT mal, and vice versa) and 1o
any of the original locations (PAs 2 o 5: Fig. 2D).
The rapid acquisition of new PAs in a single tnal,
and their retention over 24 hours, are indications
that the prior leaming of an associative schema
may aid the encoding, storage, and'or consoli-
dation of new PAs. In contrast, animals tmined on a
simnilar one-tral task, but with novel PAs each day.
showed consistent forgetting over 90 min (15),

Time course of memory consolidation.
Hippocampal or sham lesions were then made
24 hours later—a much shoner time afier trining
of the new Mavors (48 hours) than is usually
thought necessary [or svstems consolidation to
be completed (24-27), and shorter than the
usual time scale of differential changes in the
patterns of glucose use or immoediate early gene
activation between hippocampus and neoconex
after leaming (19, 28). Adier recovery from sur-
pery, a series of nonrewarded probe 1esis (with

= [ ]

{ns = 6). Groups ¢ = 5.25, df = 10, P < 0.001; sham versus chance, f = 5.01, df = 5, P < 0.005; HPC
versus chance, not significant (n.s.). (D) A three-dimensional reconstruction of the volume of
hippocampus lesioned in a representative rat (red), together with typical overlying cortical damage
(yellow). The gray region represents the transparent volume of the rat brain.
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imterpolated training davs using the original
Tavor-place pairs) was given 1o cxamine memon
for the onginal schema and the two new PAs,
These consisted of separate tests of the onginal
PAs 2 10 5 and new PAs 7 and 8, cach repeated
onee across a series of four sessions o enable
both PAT and PAR to be tested in all animals, The
hippocampal-lesioned  group not only  could
successlully recall the onginal PAs learmed over
the previous month (Fig. 2D) but also, remark-
ably, could remember the newly acquired pairs
PAT and PAR. Because the lesions were near-
complete (~90%; see Fig, 1D and ig. S2B), these
two findings imply that (1) the memory traces for
these PAs must be siored outside the luppocam-
pus, probably in the neocortex; and (1) con-
solidation of new associates whose acquisition 1s
mediated by the luppocampus akes place within
48 hours.

To be more confident of these claims, it was
essential o establish that the leaming of further
new PAs still required the integrity of the hip-
pocampus in these same animals. Accordingly,
immediately afier this series of postoperative
probe tests, we conducted a single six-inal train-
ing session with PAs 2 10 5 of the original schema,
but with PAs 7 and 8 now replaced by sand wells
containing two new Mavors in neary locations in
the arena (PAs 9 and 10; Fig. 2E), The probe test
conducted 24 hours later showed that sham-
lesioned animals could readily leam and recall
these new pairs, whereas the hippocampal-
lesioned group could not. Thus, the onc-rial
acquisiion of new PAs in this paradigm in
experienced animals was sull blocked by hippo-
campal lesions. Hence, it s unlikely that any
relearning ok place afier the hippocampal
lesions during the earlier serics of four probe
tests that had examined remote memory (the
interpolated tmining was resincted 1o the well-
trained PAs 2 to 5). The effective cued recall of
the new PAs Tand 8 introduced before the lesion
must therefore reflect rapid, successiul sysiems
consolidation.

Adthough the animals appear 1o have acquired
an associative schema reflecting the mapping of
Mavors to places in the arena, an alternative might
be a response-based “winestay, lose-shili™ infer-
ence strategy in the manner of a leaming sct (29),
It 15 not entirely clear how such a procedural
strtegy could be applicd i this context, with six
choice locations and only one wial per day w
cach cucd location. However, as procedural strat-
cgies are generally contexi-independent, this
account would predict that the leaming of an
entirely new set of six PAs in a new context
would occur very quickly. In contrast, the schema
hypothesis requires that a new schema be
gradually learmed, The same animals of experi-
ment 2 were first imined on a new sel of PAs in
the sume event arena ( fig, 571 and then in a novel
event arena in a different room with new intra-
and cxtramaze landmarks, new flavors, and a
distinct spatial geometry 1o the new set of sand
wells (Fig. 3, A and B). Acquisition again took
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Fig. 2. Acquisition of an associative schema and its role in new leaming and consolidation. (A)
Acguisition of PAs. The animals (n = 18) made fewer choice errors over training (F = 18.24, df =
5.7/97.5, P =< 0.001; Greenhouse-Geisser correction, including degrees of freedom) such that the
performance index, computed as 100 — [100 = (errors/5)], was significantly above chance from
session 10 onward {fs = 5.08, df = 1717, Ps < 0.001). Removing cue flavors from the start box on
session 18 resulted in performance dropping to chance and then returning to 70% correct on a
succeeding normal session (session 19). (B) Cued-recall probe trials. Nonrewarded probe tests
revealed a graded learning of the original PAs (cued flavor = solid bars) across sessions 2, 9, and
16 (F = 16.24, df = 1.54/26.22, P < 0.001: above chance in PTs 2 and 3; t5 = 3.94 and 6.17, df =
17, P < 0.005 and P < 0.001, respectively). (C) Effective recall in PT4 of the location of the cued
new PA (solid bar), coupled with avoidance of the noncued new PA (gray bar) and the remaining
original associates (open bar) 24 hours after a single session of training with only one trial of each
new PA (repeated-measures F = 65.28, df = 1.7/29.1, P < 0.001; cued location above chance, f =
10.29, df = 17, P < 0.001; noncued versus original, n.s.). (D) Postoperative retention. Both sham-
lesioned (n = 8) and HPC-lesioned (n = 10) animals could effectively remember both original PAs
(PTs 5 and 7} and new PAs introduced for a single trial 2 days before surgery (PTs & and 8). Both
groups dug at the sand wells of the original associates (flavars 2 to 5) significantly more than
chance (HPC t =3.60, df = 9, P < 0.01; sham ¢ = 12.89, df = 7, P < 0.001; sham versus HPC group,
t = 2.86, df = 16, P = 0.05). Both groups also dug equally at the cued locations of the new
associates relative to the noncued locations (Group = Location F < 1, n.s.), and at these cued
locations better than chance {fs = 8.07, df = 9 and 7, P < 0.001). (E) Postoperative new training.
Hippocampal lesions prevented the learning of new PAs (PAs 9 and 10; Group x Location F =
60.23, df = 1.64/26.17, P < 0.001). Digging at the cued new location in PT9 was significantly
above chance only in the sham group (t = 17.07, df = 7, P < 0.001) and significantly lower in the
HPC group than in the sham group (f = 13.78, df = 16, P < 0.001).
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of the normal animals in the firstevent arena, The
hippocampal-lesioned animals did not leam the
new spatial schema despite repeated tnals. Probe

place gradually, such that the leaming curve of
the now experienced sham-lesioned animals
did not differ trom the onginal rate of learning
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Fig. 3. Gradual acquisition of new PAs in a new context by experienced animals. (A) Acquisition of PAs.
The now experienced sham group (n = 8) learned a new set of six PAs in the second event arena at a
comparable rate to that shown by normal animals in the first event arena (Group = Session F= 1.97, df =
6.9/116.9, 0.10 = P = 0.05, treating Group as a between-subjects factor). Relative to the sham-lesioned
group, the HPC-lesioned group {n = 10} failed to learn (Group F = 128.63, df = 1/15, P < 0.001; Group x
Session F = 7.42, df = 5.9/89.3, P < 0.001). (B} Spatial arrangement of the new PAs (PAs 11 to 16} in the
new event arena. (C) Cued-recall probe trial. Proportion of digging at the cued location relative to the
noncued locations by sham- and HPC-lesioned animals (PT15, session 7). The sham group was above
chance {t = 238, df = 7, P < 0.05); the HPC group was not (f < 1). However, the difference between
groups showed only a trend toward significance (t = 1.83, df = 15, 0.10 = P = 0.05). (D} Return to the
original event arena and flavors (flavors 1 to 6). Inset indicates transition to the original schema acquired
before surgery. The HPC group is above chance at the outset {t = 3.9, P < 0.005; session 68), but neither
Group nor Group x Session effects were significant for the performance index (Ps > 0.05). Alter six
sessions of retraining, the sham group caught up, and both groups were well above chance (s = 8.7 and
8.9, Ps < 0.001). (E) Performance in the probe test (PT16) indicated that both HPC and sham groups were
consistently above chance in preferentially digging at the cued location (t = 4,37, df = 8, P < 0.005; f =
3.19, df =7, P < 0.025, respectively) and did not differ from each other (t < 1, ns.).
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test performance carly in training followed the
same gradual pattern in the sham group, resulting
in effective probe test performance only by ses-
sion 67 (Fig, 3C). These lindings argue against a
response-based strategy, such as a leaming set,
because leaming was no faster in the new moom
with new flavor-place geometry.

Completion of training in the second room
offered the opportunity of returning the ani-
mals 1o the first arena o examine their now
remote memory of the original set of PAs lirst
leamed 4 o 5 months carlier. Remarkably, the
hippocampal-lesioned animals were above
chance in cued spatial recall (session 68, Fig,
D) and even showed a nonsignificant trend
toward beter performance than did sham-
lesioned comrols m o probe test as carly as
session 2, The sham-lesioned anmals may have
sustained some associative interference arising
from their successiul traming on other sand-well
armangements in this and the other contexts, but
aller @ few as sx sesions of retmiming, both
groups showed effective cued recall of the
original PAs (Fig. 3E) Thus, the failure to leam
new PAs in o new context after a hippocampal
lesion did not aflect the ability to remember, alter
several months, information acquined before the
lesion—a pattem exactly like that shown by
paticnt EP. in his knowledge of current and past
hometown topography (310,
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Fig. 4. Identifying the interval between training
and hippocampal lesions for consolidation. A
striking temporal gradient of retrograde amnesia
is observed in this paradigm. HPC lesions made 3
hours after training (7 = 7) on the novel flaver
tested 14 days later prevented consolidation,
whereas consolidation was complete when HPC
lesions (n = 6) were made after 48 hours (Group x
Delay F = 15.77, df = 1/13, P < 0.005). The HPC
and control 48-hour groups did not differ (t < 1).
The performance of the HPC 48-hour group was
significantly higher than that of the HPC 3-hour
group (t = 4.82, di = 11, P < 0.001), but the
corresponding two control groups (ns = 9) did not
differ (t < 1). The control groups were above chance
at both training-lesion intervals (ts > 5.1, df = 8,
P < 0.001); the HPC 3-hour group did not differ
from chance (t = 1), whereas the HPC 48-hour
group was above chance (f = 490, df = 5, P <
0.005). Separate analyses of the postsurgery mem-
ory for the original PAs learned over 14 sessions
showed above-chance performance for both the
HPC and sham groups (HPCf=5.80, df =12, P<
0.001; sham ¢ = 9.85, df = 17, P < 0.001).
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I systems conselidation within the neocorntex
can take place in as linle as 4% hours, 1t becomes
of interest o find out the mimimal time required
for 1t to oceur. Some theoretical models suppose
that a memory trace stored in the hippocampus,
serving as an “index” or “pointer” 1o cortically
encoded information, must last sulliciently long
to guide the slower systems-level consolidation
process that is thought 1o take place in sleep,
requires sharp-wave activity, and has previously
been shown o involve hippocampal-neocortical
interactions over time (3/-35). The prediction is
that hippocampal lesions made 3 hours aller
training to animals that do not sleep during this
shont training-surgery  interval should  prevent
neocortical consolidation. In experniment 3 {using
a new set of 18 rats that acquired the basic
schema of PAs | o 6 over 14 sessions as belore),
we comparcd the impact of hippocampal lesions
given 3 or 48 hours alier the training of two new
PAs in smgle trials (PAs 7 and 8 This ex-
periment used a “reverse’” day-night eyele (with
all testing during the animal’s night) to minimize,
in the case of the 3-hour interval, the likelihood of
sleep episodes between the end of training and
the time of the lesion. A partial within-subjects
design was also used (fig. S8), with some animals
having hippocampal lesions at appropriate time
points soon alter novel PAs 7 and 8, and others
that were only ancsthetieed in this first phase
given hippocampal or sham lesions alter the later

Fig. 5. A consistent activated
schema promotes effective memory.
(A} Differential acquisition of con-
sistent and inconsistent schemata.
Effective acquisition by normal rats
{n = 9) occurred when mapping of
flavors to places remained con-
sistent, with six, four, two, and then
single sessions (sessions 1 to 40;
white background). Above-chance
performance was consistent from
session 15 onward (P < 0.025 for
each comparison with chance). The
same animals failed to learn a series
of inconsistent schemas in the
second event arena (selected days
are above chance, e.g., session 27,
but performance never rose above
60% correct; gray background). (B)

With the consistent schema, the
mapping of flavors to places is con-
sistent across sessions; inconsistent
schema used a common set of six
flavors and locations that were
associated for two sessions but then
changed every third session (see
N + 2, shaded gray). (C) Preferential
digging in the probe trials at the
cued locations for the consistent

schema (PTL: ¢ = 10.9, df = 8, P < 0.001) but not for the inconsistent schema
(PT2: t < 1). (D) New PA probes. Performance 24 hours after exposure to the two
new cue flavors and their locations when the animals would be encoding
information using a consistent activated schema (PTs 3 and 5) was consistently
qgood to the cued new location, whereas performance after use of an inconsistent
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introduction of PAs 9 and 10, Cucd recall was
examined for the new associates shortly before
surgery and was found to be elfective for all
animals. After surgery, cued recall for the new
onc-iral PAs was at chance for those animals
subject to hippocampal lesions 3 hours after
acquisition, but—replicating the results of cxper-
iment 2—it was effecuve when lesions were
made 48 hours after waining (Fig. 4). This is a
strikingly steep upward twmporal gradiem of
FEMOE MEmory.

Causal role for schemas in learning. The
final issue to consider is whether an activated
schema is causally necessary Tor mpid memory
consalidation (5). An altemative account of these
experiments could be that the animals find i
increasingly casier over the course of training 1o
encode, store, and/or consohdate individual PAs
as a resull of mereasing Bamilianty with the con-
text of Teaming, with the “schema’™ concept being
superfluous. To contrast these allematives, we
tramned nomal ammals m two event arenas con-
currently (expenment 4). In one room, they were
trained on a “consistent” schema in which avors
| to 6 were always placed consistently at loca-
tions | to 6, respectively (schema | = PAs 1 1o 6
Fig. 3B). In the other room, the animals were
trained on “inconsistent” schema in which a
single set of six Jocations (locations 11 o 16) and
a set of six Mavors (Navors 11 o 16) were used,
but the mapping of Mavors o locations was

changed every two sessions (Fig. 3B). The sched-
uled inconsistency was therefore in the relational
painng of the tems mather than the dentity of the
Navors or the locations of the sand wells, More-
over, a change only every two sessions did not
preclude the animals anempting 1o leam these PAs
across sessions, but would have precluded the
creation of a context-specilic schema, Choice per-
formance gradually improved in the consistent
schema mom but not in the inconsistent room
(Fig. 53A) nonrewarded probe tests also os-
tablished that the animals dug preferentially in
the cued location in the arena ol a stan-box, flavor
in the consistent but not the inconsistent context
(Fig. 5C). This difference between the two con-
texts 15 not i isell surpnsing and would ocour
even il the animals were still trving 1o learn in-
dividual PAs i the meonsistent mom. However,
this differential rate of leaming sets the stage for a
last and crucial test of the schema concept.

This test imvolved the lcaming of new PAs. If
aninmals leam PAs as isolated “facts.” and if they
do so ever more quickly because of context fu-
miliarty as training in this protocel proceeds, the
rate of leaming in the two contexts should be the
same. However, if the animals bring something
like “activated schema™ w bear on the process of
learing. a difference between the two contexts
might be obscrved, The “consistent schema™
would only be activated in its appropriate con-
text. Procedurally, the comparison in the rate of
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schema was not (PTs 4 and &; Group = Location F = 13.92, df = 1.64/26.30, P <
0.001). Approach latencies from the start box to the correct sand well during
these probe trials were equivalent in the consistent (20.9 + 1.9 s) and
inconsistent (200 + 2.5 s) contexts, indicating comparable motivation to
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leaming new information had to be done in a
manner that ensured an identical behavioral
protocol in the consistent and inconsistent rooms,
In this phasc, beginning at session 29, the ani-
mials were therefore trained on four successive
sequences of three training sessions beginning as
follows; session 29, further consistent-context
trining of Havors | to 6; session 30, two new
PAs trained in a session consisting of only two
trals (PAs 7 and 8) session 31, a nonrewarded
probe test for these novel associates, This three-
session sequence was then repeated in the incon-
sistent context (sessions 32 0 34) wsing Mavors
L1 1o 16, then PAs 17 and 18 followed by a non-
rewarded probe test; and again i the consistent
and then the meonsistent context with PAs 9 and
10 and PAs 19 and 20, respectively. The sequence
ended with PT6 on session 40 (Fig. 5). The use of
only two rewarded rials instead of the usual six
trials per day on session 2 of this three-session
sequence ensurad that both the behavioral pro-
cedure and the memorny-encoding demands on the
ammals were identical in the two tmining contexis
on session 2. Figure 5D shows suceesslul acqui-
sition and 24-hour retention of these new PAs only
when encoding occurred in the consistent-schema
context. The apparent motivation of the animals 1o
perform these two leaming tasks wis equivalent,
as indexed by equivalent approach ktencics to the
target sand well in both the consistent and incon-
sistent contexts (Fig. D),

These Mndings indicate that animals—no less
than people—can bring activaled mental schemas
to bear in a PA leaming tsk and thereby encode,
assimilate, and rapidly consolidate relevant new
information after a single wrial. The capacity of
animals 1o make deductive inferences on the basis
of their “mental models™ of the world is, of
course, fir more limited than that of humans (),
but the principle that associstive schemas can be
uselul in memory is not unigue to humans,

In experiment 1. animals used hippocampal-
dependent leaming o acquire several PAs con-
currently, of which one member of cach pair was
a spatial location in a familiar environment. This
cnabled the animals to treat these several as-
sociates as a connected spatial set, miher than as
imdividual “facts.” and so build up a framework
im which similar new information could be
stored, The construction of this “schema™ ok
about a month-—approximately the same period
that several studics of retrogrde amnesia have
suggesied is always required alier leaming for
effective systems consolidation 0 occur. We
observed, however, that if the several weeks of
schema building was completed before new leam-
ing, the assimilation and consolidation of novel
information within these neocontical schemata
could be very rapid (experiments 2 and 3). We
also established that the possession of an activated
schema s causally important in the acquisition of
new information (experiment 4, The use of ng-
oous control protocols (c.g., the noncued memory
test, arcna rotation) established that performance is
mediated by PA memory rmther than by crvplic

uncontrolled olfactory cucs, Similarly, the use of
two new PAs exploring associative assimilation
e a schema, mther than a single PA, ensurad that
the effective recall in probe tals was not an
artifact of stimulus novelty,

Discussion. These lindings have implications
for a number of key issucs in the neurobiology of
leaming and memory. First, they indicate that
the mte at which systems consolidation oceurs
in the neocortex can be influenced by what is
already known, In contrast, in the complementary
leaming systems approach (36, 37), the hippo-
campus s said w0 be “specialived Tor mpidly
memonizng specific events™ (37) and the neo-
cortex for “slowly leaming the stmistical regu-
lamtics ol the environment.” Consolidation of
memory traces in the neocortex is held 10 be a
largely time-dependent process determined by
the specilic patterns of information representa-
tion. anatonical connectivity, and synaptic plas-
Licily expression rules that it can support. Broadly
speaking. this is a [air charactenization ol a large
body of data (27}, but it does not quite caplure the
potential that the neocortex has for rapid
comsolidation when newly acquired information
is compatible with previously acquired knowl-
edge. Given our obscrvation that the neoconex
can sometimes consolidate very rapidly, it ol
lows that it must also be able o encode asso-
ciative memory traces very  rapidly—perhaps
even “on-line” within sensory-percepiual svs-
tens. The widely held supposition that the neo-
cortex 15 a slow leamer therefore needs 1o be
reappruised. The distingt temporal dynamics of
these memory processes nuy contribute 1o the
usual Ninding that the cortex does leam more
slowly than subcontical struciures—a gencrality
that extends 1o conditional-associative  motor
learming ( 34— but that this may not alway s occur.

A second finding is that the storage and recall
of allocentric spatial memory can occur oulside
the hippocampus in the rat. even for information
that has been acquired in a single wial as a
consequence of hippocampal-dependent process-
ing. This conflicts with both the cognitive-map
theory and the multiple-trace theory of memory
consolidation (7, 3%, 4. Spatial memory has
been shown previously in rats with hippocampal
lestons, but the information was cither acquired
postoperatively and inflexibly over very extended
tramning (41, 42) or “semanticized™ over many
months before the lesion (43), The long=souglht
upward gradient of remote spatial memory in rats
when varving intervals of time are systematically
scheduled before making hippocampal lesions
(4447} is now delinitively shown using a cued-
recall protocol for information acquired in one
tral. The wmporal gradient is much steeper than
might have been expected on the basis of prior
work using a within-subjects design for con-
textual fear conditioning (26}, Morcover, the
cifective remote spatial memory in hippocampal-
lesioned animals upon their relum o the fist
event arcna, leamed as young animals, is strik-
ingly similar to that displayed by patient E.P.
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30, It s unclear why effective ranmote spatial
memory is found here but not n the water maze
{48). One possibility is that the water maze is
more “recall-like™ i charmacter (710), requiring an
animal to generate its own reminder cucs, The PA
pardigm used here could allow apparent cud
recall to be mediated in part by cucd recognition
bascd on proximal intramiec cucs.

Third, the failure of animals with near-
complete hippocampal lesions 1o acquire PAs
over many trals of training (experiments 1 and 2)
calls into question the capacity for effective
“semantic-like™ learning in the absence of lunc-
tional hippocampal tissue. This idea emerged
particularly in studies of developmental amnesia
(49), but it has proved difficult 1w distinguish
whether the intnguing dissociations between
impaired episodic and intact semantic memory
in such patients are duc 1o intact neocortical
leaming of semantic information (50), to func-
tonal reorganization in the developing bram, or
to islands of residual hippocampal function in
these ammesic patients. When the medial tempo-
ral lesions are large, as in patient E.P., essentially
no declamtive fact leaming ocours (57). Our
lindings suggest that, in animals in which it is
possible 10 make selective 0% lesions of the
hippocampus as adults, the acquisition of new
Navaor-place PAs is also consistently blocked and
not rescued by multiple tmining trials. The
generality of this observation bevond the spatial
domain should be followed up in voung animals,
including prmates, in order to model the situa-
tion in developmental amnesia more closcely.

That the acquisition o' a schema ook about &
month points 1o the possibility of it involving
some kind of neuroanatomical growth process in
the neocortex that creaies an associative “space”™
in which new PAs can be rapidly stored without
interlerence —analogous 0 “phase sequences”
(32). Intercontical synaptic connections may be
created or unmasked within a functional network
that has only silent or baseline synaptic strengths.
These could then be mpidly potentiated by
relevant information when the network is in an
“active” state (an activated schema). The initial
growth process would necessanly take a period
of days or weeks—the very time period that has
hitherto been thought 1o mediate systems con-
solidation and 1o occur only after leaming (2.
Thus, an mriguing speculation to emerge from
the present data, with conceptual similantics o
the principles of synaplic tageing and caplure
{53, 54}, is that an associative space into which
new information can be assimilated can be con-
structed belore the exposune to that information.
However, this construction of associative inter-
connections can be noncommitial or “expericnoe-
expectant” in character (55),

The findings bring o neuroscience a s¢t of
ideas hitherto largely discussed in the context of

psychological swidies of human memory, The
concept of “activated schemas™ has been dis-
cussed only in relation o humans (3), as it im-
plics a conscious awareness that rats ane unlikely
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to possess. However, even il they are implicit,
schemas are an cconomical way to characterize
the gradual acquisiion of an organized frme-
work of associative “semantic-like” mformation
from “cpisodic-like™ events that, once acquined,
allows relevant new information 10 be assimilated
and stored rapidly. Given that animals have daily
activitics such as finding food and water, it is

imiportant for them o retain an onganized body of

knowledge about where these may be found and
to be able w update such a framework rapidly,

within one trial. This inferential Nexibility of

roddent cognition is now established in several
domains (),
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Nonstoichiometric Dislocation

Cores in a-Alumina

N. Shibata,** M. F. Chisholm,? A. Nakamura,? 5. ). Pennycook,? T. Yamamoto,® ¥. Ikuhara®

Little is known about dislocation core structures in oxides, despite their central importance in
controlling electrical, optical, and mechanical properties. It has often been assumed, on the
basis of charge considerations, that a nonstoichiometric core structure could not exist. We report
atomic-resolution images that directly resolve the cation and anion sublattices in alumina
(t-Alz03). A dissociated basal edge dislocation is seen to consist of two cores; an aluminum column
terminates one partial, and an oxygen column terminates the second partial. Each partial core

is locally nonstoichiometric due to the excess of aluminum or oxygen at the core. The implication
for mechanical properties is that the mobile high-temperature dislocation core structure consists
of two closely spaced partial dislocations. For basal slip to occur, synchronized motion of the

partials on adjacent planes is required.

he core structures of dislocations arc
critical to the clectonic, optical, and me-

chanical propertics of a wide mnge of

matcrials, For most simple monometallic crys-

tals, dislocation core termination can be deter-
mincd; however, in complex crvstals such as
oxides, cither cation or anion columns {(or both)
can be the terminating atomic columns cven

with the same dislocation chamcter (i.c, char-
actenistic displacement vectors called Burpers
vectors, b). The possibility of nonstoichiometric
cores also anses but has usually been rejected
because 1t suggests the possibility of charged
dislocations (/, 2) and the presence ol long-
rnge Coulomb ficlds with a high associned
clectrostatic energy. This has been suggested o
be the reason why the close-packed (1117 crys.
tal plane in alkali halides cannot be an casy slip
svstem (2, ), Datailed knowledge of dislocation
core structunes and compositions is crtical to
understand dislocations in jonic crysials,
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The inherent structural complication of alpha
alumina (a-AbLOy) and, indeed, other complex
compounds has led to conlhcting models for
dislocation ghde (4-6) Alumma s widely used
m many ndustrial arcas because ol s su-
perior mechanical, thermal, and chemical sta-
bility at high temperatres, Slip on the (0001 |
basal plane 15 reported 1w be the dominant
deformation system at elevated temperatures
(7}, and thus important for understanding the
high-temperature mechanical behavior, Kronberg
i) first proposed a basal dislocation slip mod-
¢l based on structurally related hexagonal
metals, Slip was assumed 10 occur between Al
and O3 basal-plane layvers. To maintain the nor-

@0 oAl

(oz1h)

Fig. 1. Crystal structure and simultaneous
atomic-resolution high-angle annular dark-field
(HAADF) and bright-field (BF) STEM images of
i-Alz05. (A} Unit structure of «-Al;05 viewed from
the (1100 direction. The structure of «-Al;0;
consists of alternating Al and O planes along the
(0001) direction, whose stacking sequence is
+ »taAPaBetaCef Atz BefiaCet1a® - From the (1100
projection, we can distinguish individual Al
and O columns. (B and €) Simultaneous HAADF
(B) and bright-field (C} STEM images of
u-Al;05 viewed from the (1100) direction. Com-
parison of the images shows that the bright spots
in the bright-field image directly correspond to
the positions of atomic columns under the
conditions used to obtain the images (11). As
seen in the images, bright-field STEM can
distinguish Al and O atomic columns in this
projection,

mal octahedml coordination of the oxvgen 1o
aluminum sites, Kronberg proposed the syn-
chroshear mechamism, whereby two shears op-
erate n dillerent dircctions on adpcent atomic
planes. This mechanism has been shown 1o
operate in the Laves phase compound HICr,
(&), Later, Bilde-Sorensen of al. (5) argued that
the slip between Al and O planes would require
charge transport. Alternatively, they proposcd
that dislocation slip would occur along the
midplane on the puckered Al (cation) layver.
They argued that this choice of the slip plane
allows the moving dislocations to carry no net

charge,

Figure 1A shows a ball-and-stick model of

a-ALO; i the (1 TO0Y projection. From this
viewing direction, Al- and O-atom sites are ar-
ranged as distinel columns, The stacking se-
quence of a-ALOy along the (0001} dircction

N W
LN

faaggaa
-

L W
(N LS

Fig. 2. Atomic-resolution bright-field STEM
image of a basal edge dislocation core in
w-Al;05. (A) Typical core structure of a basal
dislocation observed from the (1100) direction.
The dislocation core is dissociated with two
partials (5(1010) and ¥4(0110)) connected by a
{1120} stacking fault. (B and €) Bright-field STEM
images of the upper and lower partial dislocation
cores, respectively. The upper partial core is
terminated by an Al column, whereas the lower
partial core is terminated by an O column. Both
core terminations lie in between the Al and O
atomic planes. Each partial core is non-
stoichiometric due to the excess of Al or O, but
the total basal dislocation chemically preserves
Al;03 stoichiometry.

REPORTS

consists of 12 allemating cation and anion basal
lavers. The cation layers are shightly puckered
along the (01 ) direction. Bilde-Sorensen of al.
proposed that basal shp occurs between these
shified Al sites (3)

The core structure of a basal cdge dis-
location i e-Aly05 i1s observed by scanning
transmission  clectron microscopy (STEM).
Now, sub-angstrom resolution can be achieved
with this technique (). Figure 1, B and C,
show simultancous high-angle annular dark-
ficld (HAADF) and brighi-ficld STEM im-
ages of a-AlLO; viewed along the (1TO0)

A B

Y

beb, +b,

Fig. 3. Schematics of basal edge dislocation
core structures observed at low temperatures
and the mobile core at high temperatures. (A}
Schematic illustration of basal edge dislocation
core structure observed in this study. The per-
fect basal edge dislocation dissociates into two
partial dislocations perpendicular to the slip
plane with the formation of a {1120} stacking
fault in between. (B) Schematic illustration of
mobile basal edge dislocation core model at
high temperatures. Two partials move very close
together without forming a {1120} stacking
fault in between. (C) Proposed atomic structure
model ({1100 projection) of mobile perfect
basal edge dislocation at high temperatures,
based on the present low-temperature obser-
vations. Blue and red segments in the figure
correspond to the O and Al atomic columns,
respectively. In this model, the two dissociated
partials observed at low temperature are lo-
cated on adjacent basal planes in the mobile
high-temperature dislocation.
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direction. The Z-contrast image obtained
with the HAADF detector is an incoherent
mage (A0 s essentially a map of the scat-
tering power of the specimen. There 1s a direct
correspondence between the features in the
specimen and their image. In contrast, the
phase-contrast image obtained with a small
bright-licld detector has coherent image char-
acteristics, which is comparable to the paral-
lel beam high-resolution TEM. The contrast
is influenced by the focus of the objective
lens and specimen thickness, orientation, and
scattering power, This makes phase-contrast
images of unknown structures difficult o di-
rectly imerpret. However, this sensitivity can
be exploited o provide much greater con-
trast vanations than can be obtained from
the Z-contrast images of low-atomie number
clements (such as Al and O). The simulia-
neously recorded Z- and phase-contrast images

(Fig. 1, B and C') ol the E1TO0) projection of

a-Aly05 reveal parallel kinked lines of spots
that reflect the arrangement of alternating O
and Al columns along the (D001} direction.
Under the conditions used 1o obtain these two
images, the bright featres of the Z-contrast
image are seen to correspond to the bright
features in the bright-field image. These bright
features idemify the positions of the two O
columns and the puckered Al column in each
segment of the kinked lines seen in this pro-
jection (/1)

Figure 2A shows a typical bright-field
STEM image ol a basal dislocation core in
-Ala0y. The line dircction of the dislocation
15 parallel 1o the observing direction, so that
the core structure is set at an “cdge-on™ condi-
tion. In this condition, bright spots in the
image correspond (o the positions of aomic
columns as determined from the simultaneous

Z-contrast image. 1t is apparent that at room
temperature, this dislocation is not a single
perfect dislocation (b = '-.fI]EH} ), but has an
extended structure with partials (b = Y% 10T0)
and b = '-'.{lIITlJ}I connected by a :Il:’:[}:
stacking fault, consistent with the previous
reports of dislocation observations after basal slip
deformation (/2-14). The dissociation is con-
sidered 1o be driven by the reduction of strain
energy and suppressed by increasing stacking-
fault energy. Dissociation occurs on the {1120}
plane by seli=climb (/4). No evidence Tor dis-
sociation on the (0001} basal plane is ob-
served. Our low-temperature observations show
that the cores are scparated in the (1120}
dircction by only 0.24 nm. This observation is
consistent with stacking-fault energy calcula-
tions that show that the {0001} fault has higher
energy than the {1120} fault at low temper-
atures (/1 5).

The bright-ficld STEM images of cach
dissociated partial core are shown in Fig. 2, B
and C. The amows in the images indicate the
respective position of an extra half-plane ter-
mination of the two partials. The images re-
veal that the upper core is terminated between
vertices of the Kinked line of atoms at an Al-
column position, whereas the lower core is

terminated at a vertex ol the kinked line of

atoms at an O-column position. These obser-
vations clearly show both dislocation core ter-
minations and, thus, indicate that the slip
planes of the dislocations are located between
the Al and O atomic planes. Morcover, the
partials temunated by Al or O column in-
dicate that the partial cores are locally not
stoichiometrie. Contrary 10 the common as-
sumption, nonstoichiometric core structures
actually exist in an ionic crysial. Although
cach partial dislocation core is nonstoichio-

Fig. 4. Schematics of the mobile high-temperature basal edge dislocation core structure in cross
section ((1100) projection). Blue and red segments in the figure correspond to the O and Al
atomic columns, respectively, (A) The dislocation, consisting of adjacent partial dislocations with
O and Al termination. The slip planes of the two partials are on adjacent atomic planes (slip

#5"

planes 1 and 2).

indicates the initial position of the dislocation. In these schematics, only the

vector compenents perpendicular to the viewing direction are shown, but the two partials actually
have equal and opposite vector components perpendicular to the schematic. (B) The first partial
{(O-terminated) slipping on a fixed Al plane. (C) The passage of the second partial (Al-terminated)
slipping on an O plane, It is expected that (B) and (C) occur simultaneously, and during the
process, slight relaxation in the O plane in between the slip planes 1 and 2 is required to preserve
the perfect stacking sequence in O layers. The plain-view schematics of the present basal
dislocation motion show that the proposed dislocation motion preserves a perfect stacking

sequence in Al layers (11).

& APRIL 2007 WVOL 316 SCIENCE

metric, the total dislocation preserves AlaQOy
stoichiometry.

Becawse the dissociation occurs i the di-
rection normal to the J0001} slip plane, as in
Fig, 3A, glide of the dissociated dislocations
on the (0001} planes would require contin-
uous structural rearmngements as the stack-
ing fault between the partials is moved. In
this case, dislocation motion would requine
atomic diffusion and would be very sluggish
at low temperatures. It s thus expected tha
the dislocations that are mobile at high em-
peratures are not dissociated with a 1120}
stacking fault (13, 14), as schematically shown
in Fig. 3B, That is. the mobile dislocation core
at lugh temperature should consist of two close-
Iy spaced panial dislocations. At the most basic
level, dislocation glide oceurs by the sucees-
sive slip ol terminating atomic columns on the
stationary atomic plancs. In a-Al,04, the rel-
ative motions of J0001} O layers and the

sandwiched Al laver are considered 1o be
involved in the basal dislocation glide. The
difference in core termination resulis in two
slightly different slip processes. I the dislo-
cation is O werminated, the moving O plane
slips over an Al plane. I, instead, the dis-
location is Al terminated, the moving Al plane
slips over an O plane. On the basis of our Jow-
temperature observations, we propose that the
slip plancs of moving partials are located no
on the same atomic plane, but on adjacent Al
and O (0001} planes. Figure 3C shows the
possible perfeet basal edge dislocation core
structure mobile at high tempemtures, We as-
sume that the wo dissociated partials observed
at low twemperature are located on adjacent
basal planes in the mobile high-temperature
dislocation. Although other reconsiructions
are possible. our obscrvations show that these
Al-and O-terminated partials exist. and when
the dislocation glide stops, this model can
dissociaie by climb 1w form partial dislocation
core structures consistent with our experi-
menial observation. Thus, we propose that
the atomic-scale basal slip processes are hased
on the simple core model shown in Fig. 3C.
Because the schematic is viewed in a (1700}
projection, the vector component normal o
the schematic is not shown, However, 1t should
be stated that the two partials have oqual and
oppositec vector components normal to the
schermatic,

Figure 4. A 1o O, shows the slip sequence
of the core model shown in Fig. 3C. The par-
tial dislocations (b = "A(10T0) and b = 'A01T0)
combine o produce a unit dislocation (b =
W 1130)). Again, only the slip components per-
pendicular 1o the (1700} projection are shown
in this schematic, The successive slip of the
two partials on adjacent planes (slip planes
1 and 23 recovers the perfect stacking sequence
on the Al sublattice (/7). However, in sapphire,
there is a slight deviation from the perfeat
close-packed structure scen in the oxvgen

WWWw.SCiencemag.org



sublattice that is correlated with the stacking of

adjacent Al layers (/6). This slight deviation in
oxyzen positions can be schematically scen i

the projected structure model of Fig. 1A I
these deviations were a spatially fixed part of

the structure, the motion of a single partial
would result in a stacking fault in the oxygen
sublattice. In the present slip model, the O
plane in between slip planes | and 2 s sheared
by only one partial, and thus a stacking Fault
on the O sublattice would be produced if we
assume rigid O lavers, However, the devia-
tions are related 1o the positions of the Al
atoms, neighboring O, atoms and vacant sites
sandwiched between the O lavers. Because
the perfect Al stacking is preserved afier the
dislocation motion, the O sublattice can also
preserve a perfect stacking sequence by an
appropriate small modilication in the O atom
positions. [ s important to note that these two
partial motions are notl independent i our
proposed model. Both partials move simulta-
neously on adjacent J0001} basal planes 1o
complete the perfeet dislocation slip. A total
basal dislocation is thus considered 1o possess
two atomic slip planes. This core structure is
expected 1o dissociate afier the dislocation
stops moving and form two panials, con-
sistent with our observations in Fig. 2,

We propose that basal slip in a-AlO; 15
controlled by the parial dislocations that
dissociate from the perfect (11200 dis-

location. The structure of these partials s
based on our low-temperature observations,
i which each partial core 15 terminated by Al
and O columns, respectively, but the total
dislocation preserves AlaD3 stoichiometry,
Bilde-Sorensen er al. (5) also proposed a stol-
chiometric core model, but the slip plane
(located a1 the midplance on the puckered Al
layer) is not consistent with our images, Our

images clearly show that the termination of

both partials is located in between the Al and
O lavers at low temperature, Our results rep-
resent a delinitive starting point for realistic
atomic-level modeling of slip processes, dis-
location gencration, and their effects on the
mechanical propertics of e-AlOs. Also, the
present results will provide a erucial check for
future theoretical caleulations of dislocations
in complex oxides,

We have provided experimental evidence
that locally nonstoichiometrie structures are
allowed in crystals with strong jonic char-
acter. Simullancous HAADF and bright-ficld
STEM imaging with aberration correction is a
powerful ool for observing such localized
defect structures, even in very complex crys-
tals. The possibility for atomic-scale charac-
terization of dislocation core structures will
assist our understanding of dislocation activ-
ity and its effects on the electrical, optical,
and mechanical properties of complex, mul-
ticomponent materials,

REPORTS
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Acid Catalysis in Basic Solution:
A Supramolecular Host Promotes
Orthoformate Hydrolysis

Michael D. Pluth, Robert G. Bergman,* Kenneth N. Raymond*

Although many enzymes can promote chemical reactions by tuning substrate properties purely
through the electrostatic environment of a docking cavity, this strategy has proven challenging to
mimic in synthetic host-guest systems. Here, we report a highly charged, water-soluble, metal-
ligand assembly with a hydrophobic interior cavity that thermodynamically stabilizes protonated
substrates and consequently catalyzes the normally acidic hydrolysis of orthoformates in basic
solution, with rate accelerations of up to 890-fold. The catalysis reaction obeys Michaelis-Menten
kinetics and exhibits competitive inhibition, and the substrate scope displays size selectivity,
consistent with the constrained binding environment of the molecular host.

ynthetic chemists have long endeavored
o design host molecules capable of se-
lectively binding slow-reacting substrates
and catalyzing their chemical reactions. Where-
as symhetic catalysts are often site-specilic
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ley, Berkeley, CA 94720, USA,
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and require certain properties of the substrate
1o insure catalysis, enzymes are ofien able 1o
modily basic properties of the bound sub-
strate such as pAy (where Ky is the acid disso-
ciation constant} in order 10 enhance reactivity,
Two common motils used by nature o ac-
tivate otherwise unreactive compounds are
the precise ammangement of hydrogen-bonding
networks and  clectrostatic interactions  be-

tween the substrate and adjacent residues of

the protein (/). Precise armangement of hydro-

gen bonding networks near the active sites of

proteins can lead o well-tuned pk, matching
2y and can result in pk, shifis of up 10 eight
units, as shown in bacteriorhodopsin (3). Sim-
ilarly. purely electrostatic interactions can
greatly favor charged siates and have been re-
sponsible for p&, shifts of up w0 five units
for acetoacetate decarboxvlase (). Atlempts
have been made to isolate the contributions
ol electrostatic versus covalent interactions o
such pK, shifts; however, this remains a
difficult challenge experimentally. This chal-
lenge emphasizes the imporance of synthesiz-
ing host molecules that, like cneyme cavities,
can enhance binding of small molecular gucas
and, in a few cases, catalyze chemical reactions
(390

Supramolecular assemblies with available
functional groups have been used 1o generale
solution-state phy shifts of up 1o two ph, units
(f0-13y and 1o catalvze chemical reactions
(M4, £5). Symthetic hosts often rely on hydrogen
bonding or ion-dipole interactions Tor guest
inclusion, and numerous sudies have inves-
tigated the effeas of charge on guest binding
aflinities in supramolecular  host-guest sys-
temis (6, F7) We report here a synthetic supra-
molccular host assembly that relics exclusively
on clectrostatic and hydrophobic interactions
lor thermodynamic stabilization of protonated
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substrates. As nature has exploited pky shifts
to activate otherwise unrcactive substrates
toward catalysis. this stabilization s exploited
to promote acid-catalyzed hvdrolyses in strongly
basic solution,

During the past decade, the Raymond group
has reported the formmation and gucst-hosting prop-
ertics of supramolecular asscmblics of the stoi-
chiometry MyLg [M is Ga™ (1), AI™, 10", Fe™,
Ti™, ar Ge'™: L is N N5his( 2 3-dihydroxybenzoy|)-
1 S-diaminonaphthalene| (14, 19, These compo-
nents seli-assemble in solution 1o form tarahedral
clusters with chiral metal ions at the vertices and
bridging ligands spanning cach edge (Fig. 1)
The strong mechanical coupling of the ligands
transfers chirality from one metal verex to the
others, thereby leading exclusively to AAMAA or
AAAA conligurations with respect to the vertices.
These enantiomers are stable, noninterconvert-
ing, and resolvable (20). The metal-ligand as-
sembly 1 s able o encapsulate a wide vanety of
small monocationic guests in a 300 to 500 A°
cavity protected from the bulk solution. The
naphthalene walls render the imerior hydro-
phobic, whercas the tetra-anionic ligands in
combination with the trivalent metal centers
conter a 127 overall charge o the assembly, As
a host, 1 stoichiometrically mediates (21, 22)
as well as catalyees (5, 23) several important
organic and organometallic reactions. In addi-
tion, it stabilizes reactive guests, such as the
tropylium cation (24), phosphine-acetone ad-
ducts (25), and iminium cations (26), all of
which mpidly decompase in water and are only
stable under anhwdrous or extremely acidie
conditions.

The binding strength of monocationic gucsis
prompted our investigation into the ability of 1 w
thenmodynamically drive the monoprotonation
of guest molecules within the cavity. Newtral
guests could then be either stoichiometrically or
transiently  protonated o promole acid-catalyeeod
reaction on encapsulation. To test our hypothesis,
we added a varety of amines and phosphines o
solutions of 1 in D50 Upon addition of ¥ ANV
tetramethyl-1 4-diaminobutane (2) or NN NN
tetracthyl-1, 2-diaminocthane (3), uplicld nuclear
magnetic resonance (NMR) resonances  clun-
acteristic of encapsulation were observed, cor-
responding toa ;1 host-guest complex. Similarly,
two-dimensional "H nuclear overhauser effect
spectroscopy (NOESY) (fig. S1) shows strong
through-space correlation between the naphiha-
lene protons of the ascmbly and the encap-
sulated guest (27).

In onder to confirm that these weakly basic
compounds were being encapsulated in their
conjugate acid forms, we added an isostructural
phosphine, 1.2-his{ dimethylphosphino)methane
(43 10 1 and probed by using Mp NMR spec-
troscopy. As with both amines, new uplicld res-
onances comesponding 1o [4Hc 1" (© denotes
encapsulation) were observed in both the 'H
NMR and the *'P NMR spectm. In DO, the
proton-decoupled  phosphorus ¢'Py'HY ) NMR
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spectrum showed a 1211 triplet with spin-
spin H-P coupling constant ( Jpp) = 75 Hz In
H-0), the undecoupled Yp NMR spctrum
showed a douhlet l'.!;.p = 4 Hz) comespond-
ing to a one-bond P-H coupling that definitively
establishes binding ol a proton to phosphorus,
Because similarly substituted amines and phos-
phines exhibit analogous base strengths, by

inference the encapsulated amines must be
protonated as well, even at high pll.

For the amines cncapsulated m 1, the
magnitude of the effective shill in basicity was
investigated by monitoring 1:1 host guest com-
plexes as a function of ptl. In order to conlirm
that the encapsulated amines were exchanging
with the amines in fiee solution and that 1 was

Fig. 1. (Left) A sche
matic representation of
the host Msls assembly.
Only one ligand is shown
for clarity. (Right) A mod-
el of [2H" < 1" hy-
drogen atoms on the
host assembly are omit-

ted for clarity.
A
1 mol % 1 o D":Hr o
HC(OR)y + —_— + R
(OR)y + HO oH=11 Hkm 2 ROH HAO.*WDH
Quaniitative. No Reaction:
R = Ma, Et, Pr, i-Pr, n-Bu, -Bu R = n-pantyl
B
R O EE
P T - T l
"8 7 & 3 4 3 2 1 0 -1 pm
Cc
"-l - .w
| ik
e B m g
D ¥ v -
- . - mm - -4
L 11 ® 3
' s 71 & 5 4 3 2 i 6 -1 g

Fig. 2. (A) Reaction and substrate scope for orthoformate hydrolysis in the presence of catalytic
1. Bu, butyl; Me, methyl; Pr, propyl. (B to D) All spectra taken with 50 equivalents (equiv.) of
triethyl orthoformate with respect to 1 at pD = 11.0, 100 mM KzCOs, 22°C, in D;0. (B} Initial
spectrum. (C) Spectrum after 60 min. (D) Spectrum of 1 with 2 equiv. NEty* after 60 min.
Molecule 1 represented by m; HC(OEt);, ¥; NEt,*, @ for exterior and O for interior, and

product HCOzH, A.

wWww.sCiencemag.org



nod acling as a kinetic trap, we measured the
guest sell=exchange mtes of the encapsulated
amimes (28) by using the sclective mversion re-
covery (SIR) method ( 29) and found the amines
to be exchanging on the NMR time scale [for 2,
kyaok = 0.24(3) 57" for 3, kaaox = 0.13(2) 57"
(31, We camied out the SIR experiments at five
different temperatures from 300 K w 340 K 10
extrmet the activation parameters (fig, $3) The
activition parameters for gucst exchange for 2
were At agg (standard Gibbs energy of activa-
tion) = 192) keal mol™", AH* (standard enthalpy
of activation) = 10.8(9) keal mol™', and AS*
(standard entropv of activation) = -28(4)
entropy units (o) .:md‘ for 3 were AG g =
]‘J.‘Hﬂl*kcal mol™, AHY = 16.7(6) keal mol ™,
and AN = -109(6) c.u, These values are con-
sistent with those for the self-exchange activa-
tion paramclers of tetraalky lammonium  cations
encapsulated in 1, suggesting that the same ex-
change mechanmism is present (37). Upon moni-
toring 1:1 host-guest solutions of [2-H" < 1)"

and |[3-H" < 1) at different pHs, the free en-
crgies of binding (-AGT) for the amines were

found to be 5.2(5) keal mol™" and 4.8(4) keal
mol ™, respectively. Heating the host-guest com-
plexes o 75°C for 24 hours and retuming the
sample to oom temperature did not change the
ratio of encapsulated w0 free guest, confirming
that the themmodynamic equilibrium had been
reached, Although the pK, of 3-H" s 108 in
free solution, stabilization of the protonated form
by 1, which can be cleulated as the product of
the pA, and the binding constant of the pro-
tonated amine, shilts the effective basicity o 143
(32}, This dramatic shift highlights the subsiantial
stabilization of the protonated species over the
neutral species upon encapsulation in the highly
charged cavity (33),

We next sought to apply this host-induced
shift in effective basicity 10 promote reaction
chemistry. We locused on the hvdrolvsis of or-
thotormates, HC{OR ) (where R is an alkyl or
aryl group), a class of molecules responsible for
much of the formulation of the Bronsted theory
ol acids almost a century ago (34). Although
orthoformates are readily hydolveed i acidic
solution, they are exceedingly stable in newtral

Fig. 3. Mechanism for catalytic orthoformate hydrolysis in the presence of catalytic 1.

Fig. 4. Eadie-Hofstee plot showing
competitive inhibition of the hydrolysis
of HC(OEt; by NPry* in H,0, pH = 11.0,
50°C, and 4.0 mM 1.
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or basic solution (35). However, we found that
in the presence of a catalytic amount of 1 in
basic solution, tricthy] orthelommate 15 quickly
hydrolvaeed (112 ~ 12 mun, pH = 110, 22°C) o
the cormesponding formate ester, HCOWOR),
and finally to formate, HCO, (346). We moni-
tred the reaction by "H NMR spectroscopy and
observed that the resonances of host 1 shified
upon substrate addition, suggesting that 1 is in-
timately involved in the reaction. The substrmte
C-H resonance broadens 10 vya = 14.3 He com-
pared with the nonencapsulated vy = 3.2 He,
which is suggestive of [ast guest exchange.
Increasing the concentration of 1 1w 80 mM
makes the encapsulmed subsirate  observable
(fig. 53). With a hmited volume m the cavity
of 1, substantial size sclectivity was observed
in the orthoformate hydrolvsis, with ortho-
formates smaller than tripentyl  orthoformate
being readily hvdrolveed with | mole  percem
of 1 (Fig. 2}.

To further cstablish that the interior cavity of

1 was catalyeing the hydrolysis, we explored the
propensity of a strongly binding gucst, NEL'
(where Etis ethyl) |- AG® = 6.20(8) keal mol '],
to inhibil substrate binding. As expected. addi-
tion of NEy 1o the solution completely in-
hibited the hydrolysis of onholbmates. In the
presence of NEY', the onhofonmate methine
resonances sharpened 0 vyp = 3.4 He, conlinm-
ing lack of encapsulation.

We probed the reaction mechanism by
using tricthyl orthofomate as the substrate at
pH = 11.0 and 50°C. First-order substrte
consumption was observed under stoichiomet-
ne conditions (g, 54). Working under satu-
rtion conditions (see below), kinetic sdies
revealed that the reaction is also Girst-order in
proton concentration and first-order in the
conceniration of 1 while being Oth-order in
substrate (Mg, S4). When combined. these
mechanistic studies establish that the rate law
for this catalytic hydrolysis of orthoformaies
bwv host 1 obeys the overall termolecular rate
law: rare = E[H7][Substrate]| 1] but under sat-
uration conditions reduces to rate = E'[HT[[1].

We conclude that the neutral substrate
enters 1o form a host-guest complex, leading
to the observed substrate saturation, We con-
sidered the possibility that saturation 15 duc o

complete protonation of substrate outside of

the assembly; however, it would not be pos-
sible 1o auain sawration at pl = 11, because
protonated orthoformaies have estimaied phk;
values of about ~5 (30). Similarly, we con-
sidered that protonation of the interior of the
assembly was the frst step in the mechanisim;
however, this mechanism would require a
binding constant of H" in the assembly 1o be
greater than 10", which is not atminable, In
the next step of the cvele, the encapsulated
substrate is protonated, presumably by depro-
tonation of water, and undergocs two succes-
sive hydrolvsis steps in the cavity, liberating
two equivalents of the corresponding alcohol.
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Lastly, the protonated formate ester is cjected
from 1 and further hydrolyzed by basc in so-
lution (Fig. 3) (37).

The reaction mechanism in Fig, 3 shows
direet parallels to enzymatic pathways that
obey Michaelis-Menten kinctics because of an
initial pre-cquilibrium followed by a fist-order
rate-limiting step. Linewcaver-Burk analysis
(fig, 55) using the substrate satration curves
affords the corresponding Michaelis-Menten
Kinetic paameters of the reaction. Represen-
tative Michaelis-Menten  parameters for ri-
ethyl orthoformate (Vg = 1.79 = 1077 Ms ™,
Ky = 21.5 mM, and ke = 8.06 = 107 57",
where P 15 the maximum velocity of the
reaction, Ky 15 the Michaclis constant, and
Kege 15 the turmnover rate of the bound substrate)
and triisopropyl orthoformate (Vg = 9.22 =
10O M s, Ky = 7.69 mM, and kg, = 3.86 =
107% 571 show substantial rate acceleration
over the background reaction. When compared
to the background hydrolysis reactions under
the same reaction conditions (triethy] ortho-
formate kypeg = 1.44 = 107° 57! and triiso-
propyl orthoformate ke = 4.34 = 107%57"),
the rate accelertions (e Fmen) for tricthyl or-
thoformale and triisopropy | onthoformate are 560
and 890, respectively. Further analysis ol the
Michaclis-Menten kinetic parameters vielded
addinonal information about the caalvtic reac-
tion. Assuming a fast preequilibrium with re-
specl 10 Ay Ry is essentially the dissociation
constant of the encapsulated neutral substrate, In
onder 1o compare how efficiently 1 catalyzes the
hydrolysis of different substrates, the speeificity
tactor (ke Kyqd can be examined. This parameter
corresponds 10 the second-order proportional-
ity constant for the rate ol conversion of pre-
formed enzyme-subsirate complex, in this case
[erthofomale © [|lz . 1o product, thus provid-
ing a measure of the effectiveness with which
two substmies can compete for the same site,
Tricthy] orthoformate and tnisopropy] onthofor-
mate have specificity constants of 0.37 M~ 57!
and 050 M7 s, respectively, showing tha
trisopropyl orhoformate is more efficiently hy-
drolyaed by 1.

Also characteristic of enzymes that obey
Michaclis-Menten Kinetics is that suitable m-
hibitors can compete with the substrate for the
cnzyme active site, thus leading o inhibition,
The binding of an inhibitor w0 the enzyme
active site prevents the subsirate from entering
and impedes the reaction. [ the inhibitor binds
reversibly to the enzvme active site, then the
substrate can compete for the substrate and at
suitably high concemmtions will completely
displace the inhibitor, leading 10 competitive
inhibition, In order o 1est for competitive in-
hibition for the hvdrolysis of onholormates
with 1, we measured the rates of hvdrolysis of
tricthyl orthotformate in the presence of a
varying amount of the strongly binding in-
hibitor NPry" [-AG® = 2.7(2) keal mol™). The
lower binding constant of NPry™ with respect

& APRIL 2007 VOL 316 SCIENCE

to NE~ facilitates the competitive binding
experiments by allowing for the weakly bind-
mg substrate, HO(OEL)3, o0 more readily com-
pete for the binding cavity of 1. By varying
the concentration of substrate for cach amount
of inhibitor, we compared the saturation curves
with use of an Eadie-Hoflstee plot (Fig. 4)
(38, 39). The saturation curves intersccl on
the v axis, signifying that at infinite substrate
concenration the maximum reaction velocity
is independent of the amount of inhibitor,
conlirming competitive inhibition. 11 NPry”
were competing for a dilfTeremt site than the
active site of 1 responsible for the catalyuc
hvdrolysis, such as an exterior on-painng
sile, then the saturation curves in the Eadie-
Hofstee plot would be parallel. Back calcula-
tion of the binding constant of the NPry’
inhibitor affords ~AG® = 2.8(1) keal mol™,
which is consistent with the known aflinity of
this guesL

Using synthetic hosts o modify the chem-
ical properties of encapsulated substrates was
used to greatly enhance the reactivity of ortho-
formates and promote the acid catalvzed hy-
drolysis in basic solution. Similar strategics
could be used 10 hydrolyze other acid-sensitive
modecules in which the charged ransition state
ol the reaction can be stabilized by a molecular
host. The size selectivity in synthetic molecular
hosts is a property often used by nature but
rarely incorporated into standard homogencous
or heterogencous catalysis. This tvpe of selee-
tivity could be used 1w differentiate reactive sites
of a substrate which would otherwise exhibit
cquivalent reactivity toward  standand  organic,
organometallic, or inorganic  catalysts. Such
strategics would be svnthetically useful fr com-
mon onganic protecting groups such as acetals or
ketals and could also be applied 1w more bi-
ologically relevant subsirates such as amides or
phosphaie esters, furthening the analogy © en-
#ymalic sysicms.
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The Deep Ocean During the
Last Interglacial Period

). C. Duplessy,™* D. M. Roche,® M. Kageyama®

Oxygen isotope analysis of benthic foraminifera in deep sea cores from the Atlantic and Southemn
Oceans shows that during the last interglacial period, North Atlantic Deep Water (NADW) was

0.4 £ 0.2°C warmer than today, whereas Antarctic Bottom Water temperatures were unchanged.
Model simulations show that this distribution of deep water temperatures can be explained as a
response of the ocean to forcing by high-latitude insolation. The warming of NADW was transferred to
the Gircumpolar Deep Water, providing additional heat around Antarctica, which may have been
responsible for partial melting of the West Antarctic Ice Sheet.

he climate of the last merglacial (LIG)
peniod, from 129000 1o 118000 vears

ago (J, 2y, was slightly wammer than

today’s and s often viewed as an analog of

the chimate expected during the next few cen-
turies, Recent assessments of the LIG climate
have provided strong evidence that sea level
was 4 10 6 m above the present level, due 1o
partial meling of both Greenland and the
West Anlarctic lee Sheet (WAIS) (3, 4). At peak
interglacial conditions, summer lemperatures
were 29 1o 5°C warmer than today in the North
Atlantic (5) over Greenland (6) and the Arctic
(7). The Norwegian-Greenland Sea experi-
enced large variability, but during the warmest
period, the Arctic oceanic front was located
west of s present location (K). Consequently,
the Arctic elimate was warm enough 1o explain
the shrinking of the Greenland lee Sheet during
the LIG (9).

In the Southern Hemusphere, an ~2°C warm-
ing occurred over the Antarctic Plaicau during
the LIG (10, but it could not bave resulted in any
meling because local air iemperaiure was still
extremely cold (—30°C). In the Southem Ocean,
summer sea surface temperatures were about 29C
higher than during the Holocene (£, 120, Over
New Aealand and Tasmania the LIG warming
was between 0F and 2°C (13, 74). Such increases
in surfice water or air temperature seem oo small
to have resulted in substantial meling of the
WAIS (/5).

However, the WALS 1s sensitive to decp occan
temperatures (46), Indeed, the volume of this 1cc
sheet is related o the elficieney of ice shelves in
blocking the ice flow from the central pant of the
ice sheet outward, and ice shelves are themselves
sensilive 10 deep ocean temperatures,  Under
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modern conditions, the mendional overturn-
ing circulation carrics warm surface waters
northward in the Atlantic, replacing the export
of the relatively cold Nonh Atlantic Deep
Water (NADW). However, NADW 15 warmer
than the cold bottom water formed around Ant-
arctica. NADW therelore carries heat 10 the
Southern Ocean, It mixes with recirculated
deep water from the Indian and Pacific Oceans,
forming a relatively warm deep water mass,
the Circumpolar Deep Water (CDW ). charac-
terized by a temperature maximum of —+2°C
around 600 m depth and overlving the cold
Antarctic Bottom Water, CDW loods the Noor
of the Amundsen and Bellinghausen Sea con-

tinental shelves and reaches the undersides ol

ice shelves Nowing from the WAIS. This heat

Fig. 1. Comparison of
three 5*°0 benthic fora- 0
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flow, which onginates from the Northem Hemi-
sphere, results in iee-shell” bottom melting near
grounding lines (/7). This melting process sub-
stantially contnbutes to decreasing the stability of
the ice shelves that drain the grounded pant of the
WAIS (18).

To investigate whether the LIG occan could
have helped 1o destabilize the West Antarctic ice
shelves and ice sheet, we examined the oxygen
isotopic composition (8'*0) of benthic forami-
nifera. This quantity is a function of both em-
perture and seawater "0, On the one hand, the
isotopic composition directly reflects isolopic
vanmations in the ambient water (fw). On the
other, the fractionaion between the carbonate
shell and the water mereases by about D.25 per
mil (%o} for cach degree that the water s cooled.
Because the global ocean circulation dunng the
LIG period was very similar 10 the present cir-
culation (/9), §'0 differences between benthic
foraminifera from the LIG period and from the
Holocene i a core rellect both the temperature
and 3"™0 differences experienced by the same
deep water mass as the one that is present today at
the core location,

The LIG 80 records are characterized by
quasi-constant values forming a platcau, in agree-
ment with coral reef data showing that the LIG
high--sca-level period lasied at least TOO0 years
(1, 2. 200, In all cores, the LIG plateaun exhibits
8% values that are signilicantly lighter than
those of the Holocene (Fig. 1), To accurmely
determine the 8'*0 difference between these two
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mterglacial periods, we comparcd the records
of benthic foraminifera from the same species
in 42 cores (table S1). The mean 80 value of
LIG benthic foramimifen in these cores is 011 =
0.01%0 lighter than during the Holocene, but
with significam regional variations; The 8'%0
ditTerence between the LIG peniod and the Hol-
ocene vanes from 0,15 + 0,02%. in the Norwe-
gian Seca to 011 + 0.01%e in the Allantic Occan
and o only 0.04 + 0.03%. in the Southem Occan
{table S2).

Light 8"0 values of LIG benthic foramini-
feraare parily explaimed by partial melting of both
Greenland and the WAILS, which njected is0-
topically light meltwater into the ocean. To esti-
mate the scawater 8O varation associated with
LIG sca level, which was 4 10 6 m above the
presemt level, we note that between the last gla-
cial maximum and today, the sea level rose by
130+ 10 m (2/) and seawater 80 decreased by
105 £ 0.20%0 (22, 23). This implies that scawater
5"%0 decreases by 0,008 + 0.002%a per meter of

Fig. 2. Caldte ™0
anomaly (LIG — mod-
ern} simulated by
CLIMBER-2 (in per
mil) in the Atlantic
Ocean (computed be-
tween the averages
over the last 100
years of the simula-
tions). Calcite 520 i
computed as ﬁ“ﬂ; =
219027 + 80y~
v310.61 + 10T
where T is the oceanic
temperature (37). The
global 6"°0 change
in seawater composi-
tion of —0.045%. due

to sea-level change at
the LIG is taken into
account.

60S

-0.55 0.5 0.45 -0.4 -0.35 -0.3 -0.25 0.2 -0.15 0.1 D05 O

305 EQ 30N 60N

global sea-level nise. This mie is likely to be an
upper estimate for interglacial conditions, be-
cause ce melung at the end of the glaciation
onginated from snow deposited at low temper-
ature and highly depleted in %0, In contrast, ice
mcling during an interglacial climae would
originate from snow deposited at temperatures
higher than those of glacial climate and less de-
pleted in ™0, We conclude that the 4- 1o 6-m LIG
sea-level rise would have resulted in a scawater
%0 decrease of 0,03 w 0.06%. This change
was uniform in all waer masses, because the
wrnover of the ocean (about 1300 years) is much
shorter than the LIG dumation, Therelore it should
be recorded in all benthic foraminiferal §'°0
values. We then computed a local "0 anomaly
as the difference between the measured forami-
niferal 80 value and that owing to the input of
meltwater. This local ™0 anomaly is only due
to changes in deep water 8'%0 and temperature.
For the deep Southem Ocean ( 1900 1 3500 m),
the anomaly s not statistically different from
zero. This result implics that during the LIG,
bottom waler formed on the Antarctic continental
shellat the freering point, as it does today. In the
Norwegian Sea and the Atlantic Ocean, the anom-
aly is significantly different from zero at the
la level (-0.15 and —0.11%, respectively).
However, it is small and can be considened o
be a minor depanure from modem conditions.
Such small changes in the physical propertics of
water masses tend 1o develop at almost constant
density, as observed in hydrographic data

-

EQ

2

Fig. 3. Annual mean temperature anomalies {LIG — modern} simulated by LOVECLIM {in °C) along the western boundary of the Atlantic Ocean. The
field is averaged over the last 100 years of the simulation. The inset map shows the path chosen for the section.
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collected during the past 30 yvears (24, 251 Al
present. the temperature and salinity of NADW
are close o 3°C and 34.96 practical salinity
units (psu). To maintain a constant density, sa-
linity must increase by 0,12 psu for cach degree
that the water is wammed. Thus, we can com-
pute that the 8"0 anomalics measured in LIG
benthic formminifer result from a 0.37° + 0.20°0
warming of NADW, compensated for by a 0,04
increase in salinity, Similarly, a 0.57% + 0.2°C
warming compensated for by a salinity in-
crease of 0.07 psu occurred in the Norwegian
Sea (table S2).

Among the factors responsible for a LIG
warmer than today, insolation changes are the
best candidates, Indeed, Earth’s orbital parmme-
ters dunng the LIG favored wanm Northem
Hemisphere summers as comparcd to the present.
LIG atmospheric greenhouse gas concentrations
were not significantly different from preindustrial
values, To simulate the LIG atmosphere/ocean
state, we therefore forced our climate models
with the insolation values for 126,000 years be-
fore the present (supporting online text). We used
two Earth System models of intermediate com-
plexity: CLIMBER-2 (26) and LOVECLIM
{27, In CLIMBER-2, the occan is reprosented
by three latitude/depth basins, and the computed
calcite ™0 can be directly compared with mea-
surements. LOVECLIM includes a full-occan
general circulation model but no oceanic oxygen
isotope caleulation.

The CLIMBER-2 maodel simulates negative
caleite 80 momalies (L1G - control) in all ocean
basins (Fig. 2). The magnitude of these anomalics
decreases from the Nordic Seas (-0.16%a),
through the Adlantic {0.12%s), into the Southem
Ocean (-0.06%,). There is zood agreement with
data (table 52). in panicular for the Atlantic
Ocean. where the reconstructions are the most
robust, Furthermore, both models simulate sea
surface temperature changes consistent with re-
constructions and numerical studies for the LIG
(9. 24-30) (supporting online text). Sea surface
temperatures increase at nearly all latiwdes, with a
maximum mcrease at high northem latitudes and
a secondary maximum in the Southem Occan,
Maxima occur at high latitudes because of ne-
ducad sca-ice cover. The increased summwer bo-
real msolaton 15 responsible for a significant
melting of the northem sea ice, which ranslates
into a year=round warming of the oocan due 1o is
large thermal inenia. As a consequence of these
higher sca surface lemperiures, oocan cvapora-
tion increases. This increase is not compensated
for by an increase in precipilation. Consequently,
salinity increases, which agrees with the paleocemno-
graphic reconstructions (5 ). Henee, the model re-
sults are in broad agreement with the surface
hydrogrmphical reconstructions and the benthic
380 data, the latter being simply inerpreted as
the response of the occan 1o the LIG insolation
vitlues.

Simulated density is quasi-constant because
the impacts of the temperture and salinity

www.sciencemag.org SCIENCE VOL 316 & APRIL 2007

changes compensate for cach other (1able S2).
Both models therefore confirm the hypothesis
at the basis of our interpretation of the benthic
8" 0 data. Furthermore, a nearly constant den-
sity eaplains why the decp oceanic circulation
is linde atfected by the msolation changes at
126,000 vears before the present. Nordic Sea
surface waters, fied by warmer and saltier North
Atlamic surface waters, form a deep water
mass, also slightly warmer and saltier than today
|change intemperature (AT) = 0.6°C and change
in salinity (A5} = 0.04 psu for the CLIMBER-2
model; AT = 0.3°C and AS = (L06 psu for the
LOVECLIM model, see table 521, This water
invades the North Atlantic as a large NADW
mass (Fig. 3), which then flows to the Southen
Ocean.

As aresult, the Antarctic Crcumpolar Waters
are shightly warmer than today. Our LIG simu-
lations show a ~0.1% 1w 0L5°C warming in the
upper 300 m of the Southern Ocean close 1o the
Antarctic coast (Fig. 3 and fig. 52). This value is
similar to the 0.5°C wanming simulated by the
National Center lor Atmospheric Rescarch mod-
el for the upper 200 m of the Southern Ocean
(3). Although apparently modest, this warming
should not be underestimated. Recent results ob-
tained with satellite radar interferometry reveal
that bottom melting near an ice-shell grounding
line is strongly influenced by the temperature of
the surounding seawater, and that the melting
rate at the base olice shelves increases by | m per
year for each 0.1°C rise in ocean temperature
(F6). Thus, in addiion to the higher sea level re-
sulting from the pamial meling of the Greenland
ice sheet, the 0,17 10 005°C warming that we have
estimaied for LIG NADW and CDW may have
allected vulnerable WAIS grounding lines and
further weakened the ice shelves by causing
thinning from below,

Our data show that changes in climate in the
high-latitude North Atlantic could have triggencd
some ice sheet melting in Amarctica, but they
prowide no information on the speed at which the
WAIS shrank during the LIG. Although it is not
our goal o predict the future of the WAIS, we
note that recent ocean temperatures directly
scaward of Antarctica’s continental shell” have
alrcady increased by ~0.2°C (3/), a wanmming
comparable to that of the LIG period. Conse-
quently, the future evolution of the WAIS miglht
be a key component of sea-level change resuli-
ing from anthropogenic warming, as Mercer
wamed more than 23 years ago (32).
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Subsurface Radar Sounding of the
South Polar Layered Deposits of Mars
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The ice-rich south polar layered deposits of Mars were probed with the Mars Advanced Radar for
Subsurface and lonospheric Sounding on the Mars Express orbiter. The radar signals penetrate deep
into the deposits (more than 3.7 kilometers). For most of the area, a reflection is detected at a time
delay that is consistent with an interface between the deposits and the substrate. The reflected power
from this interface indicates minimal attenuation of the signal, suggesting a composition of nearly pure
water ice. Maps were generated of the topography of the basal interface and the thickness of the
layered deposits. A set of buried depressions is seen within 300 kilometers of the pole. The thickness
map shows an asymmetric distribution of the depaosits and regions of anomalous thickness. The total
volume is estimated to be 1.6 x 10® cubic kilometers, which is equivalent to a global water layer

approximately 11 meters thick.

he polar regions of Mars are covered

I with extensive finely layered deposits thal
contain a record of climate variations ol an
unknown tme span (f). Although the precise
composition of the deposits is unknown, it is be-
licved that they are predominantly water ice and
that they represent the largest Known reservoir of
Ha0 on the planet (2). We applied  a technique
commonly used to study the imerior of ice sheets
and glaciers on Eanh—rmadar echo sounding—to
study the south polar lwvered deposits (SPLD)Y of
Mars. We repont here on observations of the
SPLDs by the Mars Advanced Radar for Sub-
surface and lonospherie Sounding (MARSIS)
instrument on the Mars Express orbiter. The data
were used 1o characterize the electrical propenics
of the deposits in order to understand their come-
position, map the wpogzraphy of the bed of the
deposits, and measure the wial volume of the

SPLD.
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Martian PLD were first identified in orbital
images obtained by the Manner and Viking

spacecrall (3-6) They were noted o consist of

dorens of layers of contrmsting albedo, with
thicknesses down o the resolution of the avail-
able images (about 10 m). Higher-resolution im-
ages acquired by the Mars Orbital Camern on
Mars Global Survevor (MGS) indicated that the
scale of lavering extends down 1o the resolution
of that camera; that is, a few meters (7). Topo-
araphic data obtained by the Mars Orhiter Laser
Alumeter (MOLA) on MGS showed that the
north PLD (NPLD) and the SPLD are similar in
pross morphology and thickness (7). Both the
NPLD and SPLD units are roughly domical in
shape and about 1000 km across, with maximum
rehiet relative 1o the surrounding wrmin of abow
3.5 km, MOLA daa were wsed w estimate the
volume of the PLD, which is equivalem 1o a
global laver 16 to 22 m thick (2). Although the
relationship of the layvering 1o climate variations
is not well understood, it s believed that the
rhythmic nature of the deposits is related 1o oscil-
lations in Mars”™ orbital parumeters (8). The al-
bedo vamations among lavers are thought o be
caused by varying mixtures of ke and dust. The
muxing o of e and dust cannot be preciscly
measured from optical data, but it has been
shown that only a small fraction (= 10%) of dust
15 neaded to lower the albedo of pure e o the
observed levels (Y).

MARSIS is a multifrequency  synthetic-
apenure orbital sounding rdar (70). In its sub-
surface modes, MARSIS operates in frequency
bands between 1.3 and 3.5 M, with a 1-MIz
instantaneous bandwidih that provides free-space
range resolution of approximately 130 m, Lateral
spatial resolution is 10w 30 kmin the cross-trck
dircction; and the along-track ootprint, narmowed
by onboard synthelic-apenure processing, is 5 10
10 km, Processing includes a comection for phase
distortion and delay in the onosphere (/7). We

report here on data collected during the south-
om hemisphere nightside campaign of Mars Ex-
press between November 2005 and April 2006,
Data were collected during more than 300 orbits,
with MARSIS primanly operating in a two-
frequency mode using bands centered on 3.0, 4.0,
or 5.0 MHz

The NPLD were observed previously by
MARSIS during two orbits in June 2005 (/).
The MARSIS signals appeared to penetrate to the
base of the deposit, which was estimated 10 be
1.8 km deep in the thickest arca observed, near
the periphery of the deposits. The very low atten-
wition of the MARSIS signals in the NPLD
matenials sugzests that they contain only a fow
percent dust mixed with pure waner ice, The basal
imterface was seen o remain essentially horzon-
tal beneath the NPLD, showmg that flexural
downwarping due 1o the load does not exceed the
estimated detection limit of severa] hundred me-
ters and mmplying a thick lihosphere i that re-
gion of the planct (7).

In a typical MARSIS observation over the
SPLD (Fig. 14 the echo from the surface splits
into two continuous taces as the spacecrall passes
over the margin of the deposits. The surface race
follows a profile expectad from MOLA wopog-
rphy. The bright lower trce occurs at a time
delay consistent with a continuation of the sue-
rounding surface wpozmphy beneath the SPLD,
assuming a nominal value of the refractive index
ol water ice. The lower interface is interpreted as
the boundary between the base of the ice-rich
SPLD matenals and the predominantly lithic
substrate. The mterface s detected beneath most
ol the SPLD, although i places 1 becomes
discontinuous, indistinet, or absent. [Uis gencrally
lower in backscatier intensity than the surface
above it, but in places it appears equivalent o or
brighicr than the surface echo. Propagation ol the
signal in the SPLD medium can be described
with a simple two-laver homogencous model,
using reflection and absorption cocfliciems that
are appropraie for matenals expected on Mars.
As in the case of the NPLD (), the strong retum
from the basal interface indicates very low
attenuation values within the SPLD. I the
neterial 15 assumoed to be “diny™ water ioe over-
Iving a basaltic substrate, effective loss tangent
values between 0.001 and 0,005 are oblained for
the SPLD material (2), This cormesponds o
water ice with a dust contamination of O to 1084
(/3). The general behavior of the surface and
subsurface echoes over most of the SPLD is
consistent with a composition of water ice that is
relatively free of impurities, overlying a typical
Mantian regolith and crust.

An extended arca of unexpectedly bright
basal reflections occurs in an arca between the
thickest pant of the SPLD (-3.7 km) and the
nearby SPLD margin, from 3107 10 0° cast
longitude (Fig. 1), The retums are ofien brighter
than the surface return, which is not expected for
propagation through a lossy medium, Although a
stromg contrast in diclectric constant at the base
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may b responsible, we deem it highly unlike-
Iy that liguid water [from basal melting (/4]
causes the bright return, because 1t occurs
brelow thin (as well as thick) sectuons of the
SPLD that are among the coldest places on the
surface of Mars. The low attecnuation is con-
sistent with very low temperatures throughout

the ice, further arguing against basal melting,
Nevertheless, we cannod completely male out un-
usual geothermal conditons or an exolic com-
position of the substmte n these anomalously
bright arcas.

A pattem of banding commonly occurs be-
tween the surlace and basal mterface rmees n

REPORTS

MARSIS radargrams of the SPLD (Fig. 1). The
banding consists of bright continuous reflectors,
sometimes hundrads of Kilometers long, alter-
natng with lower-backscater bands. The band-
ing is certainly related to the layered structure of
the SPLD, possibly duc to contmsts i dust con-
tent or density, but the precise mechanism tha

Fig. 1. (A) MARSIS data from orbit 2753,
showing typical features of the SPLD. (B) MOLA
topography along the ground track. The lower
echo trace (arrows) is interpreted as the SPLD
basal interface with the substrate. The basal
reflector becomes indistinct at the right of center.
The central area shows multiple continuous
bands internal to the SPLD, where the estimated
SPLD thickness is 1.6 km. {C) MARSIS data from
orbit 2682, showing a bright basal reflector
(arrow). (D} MOLA topography along the ground
track. The reflector extends from the margin of
the SPLD (left of center) to below a 3.5-km-thick
section of the SPLD. The basal reflector abruptly
disappears for unknown reasons. (E) MOLA
surface elevations (black line) and MARSIS E
measured basal elevations (blue symbols),
assuming a refractive index of ice. The basal

reflector is at a fairly constant elevation between

1000 and 1500 m. The apparent curvature of the o
reflector in (C) is an artifact of the time rep-

resentation of the data, The vertical dimension in

88888

200 400 600
Distance, km

(A) and (C) is round-trip travel time. See Fig. 2 for the location of ground tracks and the MOLA elevation scale.

Fig. 2. (left). Topography of the south polar region of Mars from MGS
MOLA data, with locations of MARSIS measurements of the SPLD thickness
shown as open circles. The SPLD unit as mapped by (15) is outlined in
black. Red lines indicate ground tracks of the orbits in Fig. 1. Apparent
gaps in coverage are due to the lack of a discernible basal interface, and
not to gaps in observations. No MARSIS data are available poleward of
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8775 (dark circle in upper center).
topography at the SPLD basal interface shown, based on MARSIS
measurements of SPLD thickness. A indicates a depression below a distal
SPLD lobe. B indicates relative highs within the remnant Prometheus basin
(the basin rim is indicated with arrows). C indicates depressions in the
near-polar region.

Fig. 3 (right). Same as Fig. 2, with
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creates the bands is unknown. The position and
brightness of the bands sometimes vary with
the requency of the MARSIS observation, sug-
gesting that the bands may be due to mterter-
ence ellects that depend on the relative scales
of the radar wavelength and the intemal layer-
ing of the SPLD.

Dictection of the basal mterface below most of

the SPLD allows us o generate a map of the
topography of this inerface and 1o provide new
cstimates of the thickness and volume of the
SPLD. The methodology used is as follows: The

time delay was measured between the peak of

l|:||.' SLUr Ifi,h,'q.' |'\'t'||.1,'1i11|1 .'||t|.| I'|l|.' |h.';,t[~., 11|' 1|L¢ !;,I.wl,
l‘lt‘i_l_'_hl L'l1r'|1j:I'ILIll'I,In ]'L'!]\,.'L,'[l i, which i.a ;,l:\"-ulil'lh,.‘d 1
b the basal imtertace. Over 180 points (rom 640
high-gquality MARSIS orbits were used. The
orbits wene chosen 0 provide coverage that was
sulliciemly dense o generate medium-resolution
maps of basal topography and SPLD thickness.
Data from two Irequencics were evaluated for
most pomnts. All pomnts were venlied 1o be actual
subsurface reflectors and not surface “clutter,”
using simulations of surface cchoes based on
MOLA wopography (/1) The vertical resolution
of the data used was about 100 m in ice, with an
estimated uncertainty on a Ziven measurcment
less than 200 m. To conven time delay to deph,
we used the refractive index of pure ice with a
real dicleetnie constant of 3. We could reasonably
expect this estimate o be off by (0.5,
translates imo an additional crror in our depth
catimate of somewhat less than 10%. Figure 2

which

shows a map of the locations of the measured
pHnts,

To obtam a map of the basal interface, the
MARSIS measured clevations ol the imerface

Fig. 4. Map of the SPLD
thickness, based on MARSIS
measurements and MOLA
surface topography. An
anomalous thick section
appears at lower right
isee A in Fig. 3). The
thickest areas occur be-
neath the highest eleva-
tions of the SPLD (red
areas near the top) and in
association with the near-
polar depressions (see C
in Fig. 3).

6 APRIL 2007

were combined with MOLA elevations along
the margin of the SPLD unit as mapped by
(/5), where the thickness of the unit 15 con-
sidered o be zero. The results of a “natural-
neighbor”™ mterpolavon (£6, 17) of these data
are shown in Fig. 3. The map of the sub-SPLD
topography 15 generally consistent with that
expected from simple interpolation of MOLA
data lrom the margins of the umit (/8). The sur-
face is tpically low in reliel, with broad areas
ol higher and lower topography. A pronounced
low area is seen near the SPLD margin around
729 to T4°S, 130° to 145°E, and elevaled re-
_'_L-l\l]L:\ '.'l.ilhin I1l1.' remnant I=I'1I1t1|.?l|!5,']lr1 th]p,n.'I
basin are scen o continue below the SPLD at
T8 to 82°S, 1007 o 130°E, and from 707 w0
G0°E poleward of about 83°5. An unexpected
leature of the basal wpography is a senies ol de-
pressions at the highest latiudes (84° 1w 87°5),
These occur discontinuously from longitudes
957 1o 205°E. The depressions range in width
from 50 10 200 km and reach a depth as much
as | km below the surrounding sub-SPLD to-
pography. The basal reflection within the de-
pressions s wypically dimmer than under the
rest of the SPLD. This fact and the position of
the depressions in the near-polar arcas sugees!
that there ey be PrOCesses L|:'|i4.]|.|u to this sub-
SPLD arca, The depressions may be the result
of differemtial compaction of megarcgolith in
response o the SPLD load, Alemnatively, they
may be a group of buried impact craters or other
preexisting topography such as the ~ [-km-deep
pits (Cavi™) in the nearby plains. On a regional
scale, the basal imerface is relatively Nat. The
lack of evidence of regional downwarping in
response (o the SPLD load suggests that the

200 km
T
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clastic lithosphere in the south polar region is
very thick (=150 km), as was imferred for the
north polar region (/)

A thickness map of the SPLD was generated
by subtrmenng the elevations ol the interpolated
basal topography rom the high-resolution
MOLA surface wopography (Fig. 4). The distri-
bution of SPLD thickness reflects the asymmetry
of the south polar geology, with the thickes
portions oflset from the pole near 0°E longitude
and the much more arcally extensive but thinner

portion centered near [R0PE, The newly dis-

coverad near-polar depressions show clearly as
;I['|ll]|:|.;llv:'il,l:\|} thick arcas, as do several of the
distal lobes, The maximum measured thickness is
1.7 + 0.4 km, under the highest elevations of the
SPLD near (FE. Our estimate of the mtegrmed
volume of the entire SPLD s 1.6+ 0.2 < 10° km®
(19}, This translates 1o an equivalent global water
laver thickness ol 11 £ L4 m (assuming an SPLD
composition of nearly pure 1ce) and 15 within
the rmange estimated by previous workers using
MOLA data alone (2. 18, 20). Knowledge of
the basal topography now allows us to csti-
mate the volume with a much smaller range of
uncertainty.

MARSIS data do not allow us 1o distin-
!_.:lli.\.ll i component of COs ice in the SPLD
material, but there is no corrobormtive evidence
for such a component. Spectral and albedo ob-
servations of the surlace of the SPLD indicate
an oplically thick lag of dust or rocky material,
but this laver is “optically”™ thin at MARSIS
wavelengths, Similarly, MARSIS deteats no dil-
ference in surface or subsurace cchoes from
areas covered by the residual (“perennial™) CO,-
nch ice unit, which 1s consistent with nrecent
analyses indicating that it 15 a deposit no more
than a few tens of meters thick (24, 22).
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Synchronized Oscillation in Coupled
Nanomechanical Oscillators

Seung-Bo Shim,* Matthias Imboden, Pritiraj Mohantyt

We report measurements of synchronization in two nanomechanical beam oscillators coupled by a
mechanical element. We charted multiple regions of frequency entrainment or synchronization by
their corresponding Arnold’s tongue diagrams as the oscillator was driven at subharmonic and
rational commensurate frequencies. Demonstration of multiple synchronized regions could be
fundamentally important to neurocomputing with mechanical oscillator networks and
nanomechanical signal processing for microwave communication,

he concept of synchronized oscillation in

I coupled systems is pervasive in both na-
e () and human physiology (2). Ex-
amples of syvnchronization include rhythmic
Blinking of firellies (3), the activity of pacemaker
cells in the sinoatrial node of a buman heart (4),
and the spin-orbit resonance of the planet Mer-
cury (5). In physical systems, synchronization
has been studied for over three centurics, staning

with Huygens' discovery of the phenomenon in
two coupled pendulum clocks (6) and leading 10
modem-day experiments on coherent radiation in
couplad spin-torque nano-oscillators (7, &) and
parametric resonance i mechanical oscillators
(9,10,

Frequency entrainment, a class of synchroni-
zation, ol coupled micro- and nanomechanical
oscillators 15 ol Tundamental and technical

interest. A two-oscillator system demonstrates
inherently rich lincar and nonlinear dynamics,
which contrast with its deceptive simplicity ([, [1).
Adier the historical observation of synchroniza-
tion of two pendulum clocks by Huygens,
Appleton (/2) and van der Pol (£3) showed that
the frequency of a mode generator can be
entramed, or synchronezed, 0 an external drive;
their work was motivated by the potential ap-
plication in radio communication. The lirst sys-
tematic studies of synchronczation in biologecal
svstems (and, m particular, human physiology)
started with Peskin's attempt to model self-
synchrontzation of cardiac pacemaker cells to
understand the generation of a heartbeat (/). In
biological neurocomputing, neural networks
show thythmic behavior, exemplified in many

Department of Physics, Boston Umversity, 590 Common-
wealth Avenue, Boston, MA 02215, USA.

*Present address: Center for Strongly Correlated Materials
Research and School of Physics and Astronomy, Seoul
National University, Seoul, South Korea.

1To whom comespondence should be addressed. E-mail:
mohianty@physies. bu.edu

Fig. 1. Device micrograph, magnetomotive characterization, and mode
shape. (A} Scanning electron micrograph of the coupled nanomechanical
oscillator. Two main beams, each 10 um in length, are doubly clamped to
contact pads a and b and to ¢ and d, respectively. The main beams are
mechanically coupled near the center by a 5-um-long beam, The beams are
500 nm wide and thick. The electrical leads (colored yellow) are selectively
deposited such that contacts a and b are electrically isolated from contacts ¢
and d. We observe two separate modes in the coupled nanomechanical
resonator, labeled below as mode 1 and mode 2 with resonance frequencies
0f15.241 and 16.071 MHz, respectively. (B) Linear and nonlinear response
of the device structure in mode 1. The response has Lorentzian shape in the
linear regime. Asymmetric responses and hysteresis occur when Pyeye 15
greater than =60 dBm (trace D). The inset shows the mode shape from
finite element simulation. Ve 15 the voltage measured by the network
analyzer. (C) Linear and nonlinear response of the device structure in mode
2. Nonlinearity commences at similar powers as in the mode 1. (D and E)

Mode 1 Mode 2
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Plots of induced power (Pigucea) 35 @ response of Py at 5 T. Pipguced 15 3
measure of the resonant displacement, and Pygye corresponds to the driving
force. From the log-log plot of driving force versus displacement, we
calculate the effective linear-response spring constants ke = 712 and 797
N/m for modes 1 and 2, respectively. Ax, the central displacement of the
beam. See SOM for technical details.
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brain subsysiems, in which the pattern recog-
nition propertics are similar 1o those of oscilla-
tor networks. Therelore, with the use of networks
of manomechamical oscillators, 0 maght be pos-
sible 1o build a neurocomputer with associative
memory in which the network can store and
retricve complex oscillatory  pattems as syn-
chroneed states (14

Synchronized states are ofien represented by
Armold’s tongues, which are regions of frequency
locking in the parameter space. In mathematical
models, these regions appear (f/, [5) whenever
the drive frequency fg is a mtional fraction of the
resonance frequency fo. such that g = (mili)f,
where s and 1 are respective integer winding
numbers of two oscillators, As the coupling in-
creases, the frequency-locking regimes widen,
which give the appearance ol a tongue shape. In
another graphical representation, the Devil’s
starcase depicts the winding number of the
synchronieed megions as a function of fg This
monotonic increase contains platcaus where the
response frequency is locked to a given winding
number. In general, the simplest fmetions have
the largest frequency-locked synchronized
regions (/6).
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Ancther representation of synchronization is
frequency entrainment, where two or many
difterent frequencics of the oscillators, upon
couphng, entrm or lock 10 a sigle Frequency,
determined by either the dynamics of the
oscillator network or an external dave. In our
experiment, we study entminment of a given
oscillator mode £ by observing its response as
another part of the structure is driven o a
fractional frequency, fg = (i) fy.

Our coupled oscillaor consists of two elec-
trically independent doubly clamped beams
(10 pm long by SO0 nm wide by 500 nm thick),

which are coupled by a S-pm-long beam of

the same width and thickness that is attached
o the centers of the mamn beams (Fig. 1A) Se-
lecuvely evaporated gold electrodes on cach
beam serve as electnical connections for mea-
surements. Because the beams are electrically
isolated, the coupling between the beams s
purcly mechanical. The device s labricated from
single-crystal silicon by electron-beam lithog-
raphy and a combination of dry and wet etch
processes. For all experimental data, the sample
is cooked 10 280 mK with a *He cryostat and
placed at the center of' a 5 T in-plane magnetic
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ficld. The structure is driven magnetomotively
{/7) with altemating current along the beam
length and pempendicular 0 magneuc field 5.
Usimg a network analyaer, we dentily two nes-
onances at 15241 MHez (mode 1) and 16,071
Mz (mode 23, Comesponding mode shapes arce
analyzed by means of linite clemem simulation.
Each mode has a well-defined lincar and non-
lincar response (Fig. 1, B and C), as well as
the expected B dependence (/8). Low driving
power Pygye measurements in the lincar regime
result in effective spring constants kgpp ol 712
and 797 N/m for modes | and 2, respectively.
From a simple point particle and spring-coupled
oscillator model, the &g value of the coupling
beam 1s estimated w0 be 39 Nim [see the sup-
porting online material (SOM ) for morne technical
detls).

To observe the frequency entrminment, we
drove one of the beams with a frequency gen-
crator, and the response of the sccond beam was
mcasured with a spectrum analyeer at the first
resonant mode |charctenzed by the resonant
frequency of 15.241 Mz and full widih at half
maximum (FWHM) of 1.5 kHz). Figure 2 shows
the response at fy when driving the beam at sub-

Fig. 2. Synchronization at subharmonic driving.
Frequency-power sweep with subharmonic f, { fo/n,
n=1,2,...7). Asignal generator drives one beam,
and the response of the second beam is measured
with a spectrum analyzer. The contours represent
the response in dBm. The synchronized regions
become visible in the conmtour plots when the
response exceeds the noise level of =136 dBm. We
drive one of the beams at a frequency fyfn and
record the response of the second beam at the
fundamental frequency fo. The coupling is purely
mechanical as a result of the center beam (Fig. 1A).
(A) Frequency-power sweep at resonant frequency
nim = 1. Pyy, power output. (B} Synchronization
with fg = fof2. (€} Frequency-power sweep for
subharmonic excitations (fo/n, n = 3, 4, 5, 6, 7).
For these measurements, a minimum of 200-dB
isolation is ensured so that the higher harmonic
outputs from the RF source no longer contribute. (D)
Response extracted from contour plot for fy = fM.
Each plot has Lorentzian shape and shows a linear
increase with Py (E) Devil's staircase plot depicting
the width of the Lorentzian of each synchronized
region. For clarity, the plateaus are greatly magnified.
We measure FWHM (&/) of the Lorentzian peaks at
Paive =—12 dBm [dashed line in (O], The y axis (nim)
represents the winding number between driving
frequency and fundamental frequency.
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hammonic frequencies. The observed  Armold’s
tongues appear at all subbanmonic drive fre-
quencies fg = (Unle with n ranging Irom
I {resonance) o 7, which means that, when the

actuation fequency is an integer fraction of fy of

the first mode, this mode of the structure starts
to oscillate,

Figure 2A shows the Amold’s tongue min =
1/1 for which f3 swoeps over fy. This is essentially
the same plot as the lincar pan of Fig. 1B. In a
typical measurement, the drive-frequency reso-
lution is 40 He, and P is increased in 2-dBm
steps, which provides 10,521 averaged measure-
ments taken over 12 hours, For the remaining
Arnold’s tongues (Fig. 2, B and C), low-pass
[ilers with high isolation are used o ensure that
there s no higher barmonie ouwpu from the
frequency genermtor, because 1t would diove the
structure on resonance, Because we do not
mcasure the phase of the response, synchroniea-
tion is detected purely through frequency

locking. The term “frequency locking™ is used

here rather loosely, as a synonym for resonant
actuation, in which the response 15 measured at

mode | and not at a single frequency: the use of

the term “locked™ 15 Justilied because the
response frequency is comelated 1o a respective
fg Resonant actuation is not observed when the
drive frequency is not in the proximity o ;= fy'n
or other well-defined dnve frequencies as is seen
below, The Amold's tongues only appear with
high Pygve where the structure is known to have
nonlincar response when driven at the resonant
frequency (Fig. 1)

Figure 2E displays the Devil's staircase plot,
which maps the widths of the Amold’s wngues,
defined as the FWHM for a given Pyhve
Essenuially, this is a shice for a given power level
out of the Amold’s tongue comtour plots. The
actual widih of frequency lockng 15 much greater
than the FWHM of the fundamental resonant
mode: however, the electronic noise MNoor
prevents detection far from the center of the
Lorentzian. The x axis indicates fy, and the v axis

REPORTS

represents the approximaie winding number. The
plateaus, representing the region of syvnchroniza-
tion, vary in stee. They tend to be larger lor dnve
frequencics closer o . However, Tor fy = r., L the
synchronized regime is Jarger than the regime for
fa = Jo'6. This is not unexpected because, in a
Devil’s staircase, the platcau sizes do not grow
monotonously,

The maximum responses in Amold's tongues
shif to lower dive frequencies for higher driving
powers. Within a frequency-lockead regime, the
locked Trequency, observed close 1o resonance,
shifis upward with increasing fg over a 10- 1o
20-kHz range. In idealized systems, Arnold’s
tongues are expected for every rational number
min, where small s and » values are preferred.
For this structure, drive frequencies such as f =
/Mo, fados 2 e, and similar fractions could
not be detected within the experimental limita-
tons, [t is possible that the missing Amaold’s
tongues are present but are cither oo weak in

amplitude {below the noise loor of — 136 dBm)
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and (L) are staircase plots indicating the widths of 16 synchronization
regions. As in Fig. 2E, the plateaus have been magnified for clarity. There
are two classes of synchronization regions that are characterized by their
behavior when sweeping Fus. In some cases, the synchronization regions
appear at lower frequencies as Py increases {[(A) and (B)], (E), (G), (1), and
{K}} fi.e., the tongues bend to the leftl. However, there is also a substantial
number of regions with the opposite behavior: the fy at which frequency
locking occurs increases with increasing Puge {[(B} and (C)], (F), and (])} (i.e,
the tongues bend to the right).

Fig. 3. Synchronization at mon-subharmonic driving frequency. Synchro-
nization regions other than fy/n were discovered for a large range of
frequencies by means of the same experimental procedure as in Fig. 2. In
most cases [(A to C), (E) and (F), and (1) and (]}], these regions are narmow
with a small response. However, two synchronization regions [(G) and (K)]
were discovered to have a very prominent response, which is comparable to
the f/3 result. (G) shows subharmonic synchronization at fy = 8.155 MHz,
and (K} indicates superharmonic synchronization at fy = 18.360 MHz. No
obwious integer fractions can be assodiated with these frequencies. (D), (H),
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or oo narmow in frequency span o be detected
with our setup. Allematively, they simply may
nod exist i this non-idealized setup,

In addition 1o the Amold’s ongues shown in
Fig. 2, synchronized regions are also found at
frequencics with no obvious commensurate
relation 1o fp. These are depicted in Fig, 3. A
drve-frequency range of 270 KHe starting at 8,01
MHz, well above the {3 = fy/2 requency, reveals
34 Amold's ongues, with the possibility of more,
where the limitations are given by the frequency
resolution and preamplilier noise. A smaller
drive span of [80 ke swaning a1 1824 Mz
{well above fo) reveals a similar Amold's tongue
count ol 24. Not only is resopant aciuation
observed, but some of these Irequency-locking
regimes { Fig. 3, G and K) are also larger than the
synchroneeed regimes illusirated m Fig. 2. For
both sub- and supedarmonic drive frequencics,
some Amold’s tongues bend down (maximum
response s observed ot decreasing f5) (Fig. 3, A,
E, G, L and Kj and some Amold’s tongues bend
up (maximum response is observed at increasing
S (Fig. 3, C, F and J) for growing Pygye. 11 is not
clear whether there is a pattern that can be
established in the data. The response frequency
{i.c.. the frequency at which mode | is observed)
actually decreases as fy increases for the Amold’s
tongues that bend up. This effeet is the opposite
of that for the Amaold™s tongues that bend down
as Py increases. It s noteworthy that the
bending of Amold's tongues is also observed in
mathematical simulations of phase-locked oscil-

lators as discussed m the SOM. The Devil's
staircase is also plotted for these off-harmonic
Amolds wongues. The sizes of the Trequency-
lecked regnmes appear o Huctuate mindomly, and
no pattern could be established. A large number
of frequency-locked regimes would be essential
to the realization of neural computers based on
oscillator networks,

Another notable aspect of nonresonant exci-
tation is parmetric amplification, which cnables
the enhancement of small signals in individual
oscillator modes in a network. In our siructure,
on-chip amplification of small mechanical
signals can be performed by pammetric down-
comversion in which the small signal gencerated in
one beam can be amplified by coupling it 1o a
second beam that provides the necessary pump-
ing lor signal amplilication. In mechanical
structures, parametric down-conversion or am-
philication has been studied in optical setups with
cantilever (J9), torssonal ( 20, and disk resonators

(21, Here, we report parametric amplification of

mechanical signals in a nanometer-scale me-
chanical resonator with a distindt two-oscillaor
or two-beam structure. Parametric amplification
is defined by a gain in the mechanical response
on resonance (frequency fo) when modulating a
parameter of the oscillator such as the spring
constant, lor instance, by adding parameinc
modulation (pumping) at twice the resonance
frequency (pump frequency 2f,). Because the
two beams on cach side of the structure are
clectrically isolated, we can drive the structure
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Fig. 4. Parametric amplification. (A} Response of the device structure with (top) and without (bottom)
pumping. Ppump. pumping power. (B) Dependence of gain for varying Ppymp. At a relative phase of 0°
between driving and pumping signals, we measure parametric amplification, and, at a relative phase of
90°, we observe parametric attenuation. The maximum gain observed is 3.3 with possible indication of
oscillation death. ¢, — @2, is the phase difference between the pump and drive signals. (C) Response as
relative phase varies between the drive and the pump signal (monitored with an RF oscilloscope) for
three different pumping powers. We observe a notable change in response as the two signals sweep

from in phase to out of phase. a.u., arbitrary units,
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through one beam and pump on the other beam.
This enables us 1o explore purcly mechanical
amplification ellects. In our experiment, we miod-
wlate the spring constant of the structure by ap-
plving a high-amplitude pump signal at twice the
resonance frequency, We apply a pump signal
{ fpump = 2o} on one beam (¢ 1o d, Fig. 1A) while
driving at fp through the other beam (a to b,
Fig. 1A) Two referenced signal gencrators arc
used for the drive and pump signals. The pre-
amplified induced voltage is detected with an RF
lock-in amplifier. A Lorentzian fit to the data is
used w extract fy and the amplitude A,

We observe that fp shifts down by 1.7 kHe
with an —8-dBm pump signal (Fig. 4A), possibly
as a result of the applied st from the pump.
This corresponds 1o a 0.4% change in kg Here,
the gain is defined as the ratio of the response
with and without pumping: ¢ = j—ﬁl"_—"; Figure
4A illustrmtes an example of two  Lorentzian
responses with the pump on and ul]'l.-.lrw“m =
95,6 nV and Apmponr= 33.1 nV), yielding a gain
of 2.9, In this coupled oseillator structure, the
maximum phase-sensitive gain (J9, 22) is found
to be 3.3 at a relative phase of 0% Al a relative
phase of 90°, pammetric atlenuation is observed
as expected (Fig, 4B). In the experimental setup,
the phase betwoen the drive and pump signals
can be locked because they represent fand its
hamonic 27 The phase locking between the two
signals is monitored with the use of an oscillo-
scope. Figure 4C shows the measured phase and
amplitude relationship between the two signals,

The mechanically coupled two-oscillator
structure demonstrates a larpe number ol fre-
quency synchronation regions, as illustrated by
Amold’s tongues. Furthemmore, we demonstrate
phase-sensitive mechanical paametric amplili-
cation of small signals. Future work would
involve an array of mechanically coupled nano-
mechanical oscillsors with the ability 10 self-
oscillate. Even though svnchronization resulting
from reactive coupling and nonlinear frequency
pulling has been studied in a model of a large
array (23, a comprehensive study of two coupled
nanomechanical oscillators will elucidate further
aspects of the data in our experiments,

Demonstration of a lage number of synchro-
nization regions provides exciting opportunitics
for practical realization of pattern recognition
with the use of oscillator networks. Storage and
retrieval of complex patiems through the cor-
responding synchronized states will enable the
feasibility of constructing nanomechanical new-
mocomputers. Small size, high speed, and low
power consumplion in these structures further
add to the fundamental benefit of an on-chip
nanomechanical oscillator network with disirib-
uted on-chip signal processing al microwave
requencies (24), The advantage of such a device
would be its scalable architecture, based on
standard lithography and semiconductor process-
ing technigues. Beyond neural network models,
nanomechanical oscillator networks capable of
individual-oscillator addressing and global cou-
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pling could provide paradigms by enabling ex-
perimental realization of physical models that
show phase transition, glassy states, and other
collective behavior I two coupled oscillators
demonstrate such rich collectuve behaviors, a
network of nanomechanical oscillators could
possibly realize the complexity and imelhi-
genee, i not of the human brain subsystems,
then at least those of pacemaker cells of a hu-
man heart or the rhythmic blinking of a con-
gregation of firellics,
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Giant Fluctuations of Coulomb
Drag in a Bilayer System

A, S. Price,” A. K. Savchenke,' B. N. Narozhny,” G. Allisan, D. A. Ritchie®

The Coulomb drag in a system of two parallel layers is the result of electron-electron interaction
between the layers. We have observed reproducible fluctuations of the drag, both as a function
of magnetic field and electron concentration, which are a manifestation of quantum interference of
electrons in the layers. At low temperatures the fluctuations exceed the average drag, giving rise
to random changes of the sign of the drag. The fluctuations are found to be much larger than
previously expected, and we propose a model that explains their enhancement by considering

fluctuations of local electron properties.

sistance of a two-dimensional (2D layer,

an electrical current is driven through the
laver and the voliage drop along the laver is
measured. In conwrast, Coulomb drag studies
are performed on two closely spaced bui
clectrically isolated layers, where a current f,
is driven through one of the layvers (active
lavery and the voliage drop Vs s measured
along the other (passive) layer (Fig. 1) The
origin of this voltage is electron-clectron (e-¢)
mteraction between the layers, which creates
a “frictional™ force that drags electrons in the
sccond layver. The ratio of this voltage o the
driving current Rp = —Fa'fy (the drag resist-
ance) is a measure of e-¢ interaction between
the layers, The measurement of Coulomb drag
in systems of parallel layers was first pro-
posed in ([, 2) and later realized in a number
of experiments (3-7) [for a review, see (8]

In conventional measurements of the re-
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Because Coulomb drag originates from e-¢
ineractions, it has become a sensitive wol for
their study in many problems of contempo-
rary condensed-matter physics. For example,
Coulomb drag has been used in the scarch for
Bose-condensation of interlayer excitons (¥),
the metal-insulator transition in 2D lavers
(A, and Wigner crvstal formation in quan-
tum wires (/).

Fig. 1. Schematic showing
the arigin of the drag signal
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Electron-¢lectron seatiering, and the result-
ing momentum transfer between the layers,
usually creates a so-called positive Coulomb
drag, where the cument in the active layer
produces a charge flow in the passive layver in
the same direction. There are also some cases
where unusual, “negative” Coulomb drag is
observed: e.g.. between 2D layers in the pres-
ence of a strong, quantizing magnetic feld
i6); and between two dilute, 1D wires where
clectrons are arranged into a Wigner crysial
(11 Al previous studies of the Coulomb
drag, however, refer to the macroscopic (aver-
age) drag resistance. Recently there have been
theoretical predictions of the possibility 1o
observe random Muctuations of the Coulomb
drag (12, 13). where the sign of the frictional
force will change randomly from positive 1o
negative when cither the carrier concentra-
tion, n, or applied (very small) magnetic ficld,
8. are varied.

Drag Muctvations originate from the wave
nature of electrons and the presence of dis-
order (impunties) in the lavers, Electrons travel
around each laver and interfere with cach other.

= ,+
L,

V; induced by the current
/1. The fluctuations of the
drag arise from the inter-

1 —>

ference of electron wavesin
each layer, before the two
electrans take part in the
interlayer interaction.

b
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alter collisions with impurities, over the char-
acteristic arca - -’,q,z. where Ly 1s the coher-
ence length (Fig. 1), This interference is very
important for the conductive properties of
electron waves. For example, the interference
pattern is changed when the phase of electron
waves Is varied by a small magnetic ficld,
producing universal conductance Muctuations
(UCF) seen in small samples with size L ~ L,
There is, however, an important dillerence
between UCF and the fluctuations of the drag
resistance. The former are only a small cor-
rection 1o the average value of the conductance:
In our experiment, the single-layer resistance
Nuctuates by <200 milliohm around an average
resistance of ~500 ohm. In conirast, the drag
Nuetmations, although small m absolue mag-
nitude (~20 millichm), are able o change ran-
domly but reproducibly the sign of the Coulomb
drag between positive and negative. Surprisingly,
we have lound that these Nuctuations of the
Coulomb drag, observed at wemperatures below
1 K, are four orders of magnitude larger than
predicted in (12).

Our explanation of the giant drag Muctuations
takes into account that, unlike the UCF, the drag
Nuectuations are not only an inlerference effect
but also lundamentally an interaction effect. In
conventional drag structurcs, the electron mean
free path / s much larger than the separation o
between the layers, and therefore large momen-
tum transfers g between electrons in the layers
become essential. According o the quantum
moechanical uncertainty panciple, A= Ag = 1,
clectrons interact over small distances Ay =< [
when exchanging large values of momenium
(Fig. 1) As a result the local propenies of the
layers, such as the local density of electron states
(LDOS), become important in the interlayer e-¢
interaction. These local properies at the scale
Ar =< | exhibit strong Mluctuations (/4 that di-
rectly manifest themselves in the Muctuations of
the Coulomb drag.

The samples used in this work are AlGaAs-
GaAs double-layer structures, in which the
carrier concentration of cach laver can be
independently controlled by gate voltage. The
two Gads quantum wells of the structure, 200 A
i thickness, are separated by an Alp 33 Gag g2 As
laver of thickness 300 A. Each layver has a Hall-
bar geometry, 60 wm inwidith and with a distance
between the voltage probes of 60 pm ( 13),

Figure 2 shows the appearance of the fluc-
tuations in the drag resistivity, pp, at low temper-
aturgs. At higher temperatures, the drag resistance
changes monotonically with both Fand wm; the
insets o Fig. 2 show that pp increases with
increasing temperature as 77 and decreases with
increasing passive-layer carrier concentration as
4", where b= 1.5, These resulis are consistent
with existing experimental work on the average
Coulomb dmg (4, /0),

Figure 3A shows a magnilicd view ol the
reproducible Tuctuations as a function of 2,
These Muctuations result in an allemating sign of
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the drag, which is demonstrated in the inset 1o
Fig. 3 where the temperature dependence of the
drag is shown at two dilterent values of nz. The
drag 1s scen first W decrease as the temperature
is deercased, but then become either increasing-
Iv positive or increasingly negative, dependent
upon 113, The reproducible Nuctuations of the
drag mesistivity have also been observed as a
function of magnetic field (Fig. 3B). For a lixed
temperature, the magnitude of the drag luctua-
tions as a function of r is roughly the same as
that as a function ol £,

The theory of (12} calculates the variance of

drag Nuctuations in the so-called diffusive
regime, { = o, In this case the drag is determined
by global properties of the layers, averaged
OVer a region Ar ==

{. The expected vartanee of

drag fluctuations (a0 low 7, when the lue-
tuations exceed the avermge) in the diffusive
cgime is

A Er( L)ty Inkd

€ EriLl)tg Inxe

{4 1} T A m— (1}
b ah(xd )y

where op = Pn"'f"'hl. and P and py are the

active- and passive-layer resistivitics, respective-

- v » u 2
lv; EqiL) is the Thouless energy, Epil) = Ay,
where D is the diffusion coefficient; 1, is the
decoherence time: x is the inverse screcning

3 2z +

length; 4 = 4.9 = 107 and g = &ie™p) is the
dimensionless conductivity of the layers, When
the pammeters of our svstem are used, this

Fig. 2. Drag resistivity as a
function of passive-layer carrier
concentration for different tem-
peratures: T =5, 4,3, 2, 1,04,
and 0.24 K, from top to bottom.

Inset (A): pp as a function of T2, 2004
Inset (B): pp as a function of n _3.. — \
with n; = 1.1 x 10 ¢m E \
dashed line is a n, ™ fit. o \
E
&

40 1 4

THKY) n, (10" em’®

n, (m“cm )

B (mT)

Fig. 3. (A) Drag resistance measured at low temperatures as a function of passive-layer concentration;
T=1, 0.4, and0.24 K, from top to bottom. (Inset) pg as a function of T for two values of n; denoted by
the dotted lines in Fig. 3A; solid line is the expected I* dependence of the average drag. (B) pp as a
function of B; T= 0.4, 0.35, and 0.24 K, from top to bottom. {Graphs for higher T are vertically offset
for clarity.) Single-layer concentration for each layer is 5.8 x 10® cm™2. (Inset) The UCF of the single
layer, with an average background resistance of 500 ohm subtracted.

wWww.sCiencemag.org



expression gives a variance of ~6 = 107" ps*,
which 15 approximately cight orders of magni-
tude smaller than the vanance of the obsenved
drag fluctuations, The Muctuations in pp have
been measured intwo ditlerent samples, and their
varance is seen 1o be similar in magnide and T
dependence, confirming the discrepancy with the
theorctical prediction (12).

The expected fluctuations of the drag con-
ductivity share the same origin as the UCF in
the conventional conductivity: coherent elec-
tron transport over Ly, in the lavers before e-¢
interaction between the lavers (Fig. 1) There-
fore, we have compared the drag Nuctuations
with the fluctuations seen in the single-laver
resistivity of the same structure (Fig. 3B,
mset), which have shown the usual behavior
(£ 7). We estimate the expected vanance of the
single-laver conductance fluctuations using
the relation (Ae.2) = (hAI/LP. where
Ir = YL}J_AH? 15 the thermal length (7).
This expression produces a value of 0.8 pS2,
which is in good agreement with the measured
value of 0.6 pS?. The typical “period” of the
drag Nuctuations (the correlation lield, A8, is
similar w that of the UCF {/3), indicating that
both depend upon the same L, and have the
same quantum origin,

To address the question of the discrepancy
between the magnitude of drag Muctuations in
theory (/2) and our observations, we stress that
the theoretical prediction lor the vanance, Eq. 1,
was obtained under the assumption of diffusive
motion of interacting clectrons, with small
imterlayer momentum trans{ers, g << 17, Because
the layers are separated by a distnce o, the e-¢
ineractions are screencd at distances A > o,
Therefore, in all regimes the maximum momen-
tum transfers ane limited by ¢ < il In the
diffusive regime, [ < d, this relation also means
that ¢ = 14, that is, inierlaver ¢-¢ interactions
occur al distances Ar = fand involve scattering
by many impuritics in the individual layers,
In the opposite situation, [ >> 4, the trans-
ferred momenta will include both small and large

Fig. 4. The variance of the drag con-

g-values: g < 1 and 14 < g = 1/d. We have seen
that small ¢ values cannot explain the large
Nuctuations of the drag (/2) and so argue that
it is large momentum transfers with g = 1/ that
give risc 10 the observed effect In this case the
two clectrons interact at a distance Ar that is
smaller than the average impurity separation
and, therefore, it is the local clectron propertics
ol the lavers that determine e-¢ interaction. In
(14, it is shown that the fucuations of the
local properties are larger compared 10 those of
the global properies that are responsible for the
drag in the diffusive case,

A theoretical expression for the drag conduc-
tivity is obtained by means of a Kubo formula
analysis (/8-21) (see detaled description i the
supporting text), For a qualtative estimate, three
lactors have 1o be taken into account: (1) the
interlayer matrix elements of the Coulomb
interaction Dy (i) the phase space (the number
ol clectron states available for scattenng); and
(1i1) the dectron-hole {e-h) asymmetry in both
layers. Point (i) takes into account that in a
quantum system, the current is carried by both
electron-like (above the Fenmi surface) and hole-
like (below the Fermi surface) excitations. [T they
were completely symmetric with respect to cach
other, then the current-carryving state of the active
laver would have #ero tolal momentum, and thus
no dmg cffect would be possible. The physical
quantity that measures the degree of o-h
asymmetry is the nonlinear susceptibility I of
the 2D laver. Theoretically, the drag conductivity
is represented in terms of the nonlinear suscep-
tibilities of each layer and dynamically sercencd
interlayer Coulomb interaction D) as op =
lefeny () sl @)Dy () () (indices 1 and 2
correspond to the two lavers) (18, 12). The e-h
asvmmetry appears in 7 as a derivative of the
density of states v and the diffusion coetlicient £
" = Sled2dp, and it is this quantity that allows
drag Muctuations o exceed the average, Because
D ~ g and the typical energy of electrons is the
Fermi energy. £y we have c(vDyop ~ g'Ep for
the average drag. The wpical energy scale for the

ductivity fluctuations (squares) plotted
against temperature. The solid and
dashed lines are calculated from Eq. 2
with the diffusive and ballistic asymp-
totes of 1, respectively. (Inset) 1, ex-
tracted from the correlation magnetic
field of the single-layer fluctuations,
plotted against temperature,
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interfering clectrons, however, is Eqxilg) (/7).
which is much smaller than Ep, and therelore in
4 MEsOscopic system o< asymmetry produces a
larger ellect.

Under the condition of large momentum
transfer between the layers, Nuewations in T are
enhanced by a factor of g compared with (/2),
similarly 1 the Quctuations of the LDOS, which
can be estimated as 8v* ~ (v¥ghin|max( Ly, Lyl
(14 Also, the interaction in the ballistic regime
can be assumed to be constant, Dy = - Divwd,
because ¢ is limited by ¢ < 1d. Finally, w
average Muctuations of the dmg over the sample
with size L, we should divide it into coherent
patches of size Ly that Nucuate independently
and thus decrease the total variance: (Aap’) =
(Aop (LW L/LY. Il kaT > EriL ), fluctuations
are further avermged on the scale of ~ kg, and
therefore the variance s suppressed by an
additional Tactor of Epll )kl Combining the
above arguments we lind

(2)

':'._"LGE)} =R et {ﬁ'BTf'I 'ﬁLi
' 22 (xd)® Ef(Ly) d312

where Nis a numerical coeflicient.

Compared o the ditffusive siation (Eqg. 1),
the Nuetations deseribed by our model are
greatly enhanced. Equations 2 and 1 differ
because in the ballistic regime, electrons are not
scattered by impuntics between events of e-¢
scattering. Large momentum  transfers corme-
spond 1o short distanees, and thus in the ballistie
regime, drg measuraments explore the loeal (as
opposed to averaged over the whole sample)
nonlinear susceptibility. This leads o the appear-
ance of three extra factors in Eq. 2: (i) the Tactor
Yd™* [which is also present in the average drag in
the ballistic regime (/8)]: (i) the phase space
factor T7Ey (which appears because the interac-
tion parameters £ become energy independent):

and (i) the extra factor Hz due o Muciuations of

the local nonlinear susceptibility. Local Muciua-
tions are enhanced because the random quantity
I' becomes averngod over a small part of the
cnsemble, allowing one to detect rare impurity
conligurations,

Our model pot only explains the large
magznitude of the Muctuations but also predicts a
nontrivial emperature dependence of their mag-
nitude. The latier comes from the change in the
temperature dependence of L, (22) AL low
temperatures, kgl th << 1, the usual result is
Ly == T2, whereas for kgTt/h > 1, the temper-
ature dependence changes 1o L, = 77" (23).
Consequently, the temperture dependence ol the
varance of the drag Nuctuations is expected 1o
change from 77 at low Tto 7 at high T, This
temperiture dependence s very different from
the 7 dependence of drag Mucluations in the
diffusive regime, {ﬂ.ﬂ'gz::' e T To test the
prediction of Eq, 2, we have analyzed the T
dependence of (Aop™) (Fig. 4), The vardance is
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calculated in the limits of both the diffusive 1,
(solid line, 1~ = T) and ballistic 1, (dashed
line, T, ! 7)., with N = 107 In fitting the
drag variance, we have found 1, to agree with
theory 1o within a factor of 2 (73), which is typi-
cal of the agreement found in other experiments
on determining 1, (24) (The single-layer valucs
of 1, found from our analysis of the UCF agree
with theory to within a fctor of 1.5.) Thus, the
temperature dependence of the observed drag
Nuctuations strongly supports the validity of our
explanation.

We have observed reproducible luctuations
of the Coulomb drag and demonstimted that they
are an informative tool for studving wave
properties of electrons i disordered matenals,
and the local propertics m particular, Contrary 1o
UCF, which originate from quantum interfer-
ence, Muctuations of drag result from an inter-
play of the intederence and e-¢ interactions,
More theoretical and expenmental work is re-
quired to study their manifestation in different
situstions. For instance, similarly o the pre-
vious extensive studies ol the evolution of UCF
with increasing magnetic field, such experi-

ments can be performed on the Quctuations of

drag. One of the important developments in the
ficld of Coulomb drag Mluctuations can be their
study In quantizing magnetic Helds, including
the regimes of iteger and fractional quantum-
Hall effects.

References and Notes
1. M. B. Pogrebinskii, Sov. Phys. Semicond. 11, 372
19770,
2. P. ]. Price, Physico 1178, 750 (1983).
3. P. M. Salomon, P, ). Price, D. ]. Frank, D. C. La Tulipe,
Pliys. Rew. Lerr. 63, 2508 (19689).
4. 1. ). Gramila, ). P. Esenstein, A. H. MacDomald,
L N. Pieiffer, K. W. West, Plys. Rev. Lett. 66, 1216
{1991}
5. WL Sivan, P. M. Solomon, H. Shirikman, Plys. Rev. e,
68, 1196 (1992).
. M, P. Lilly, ], P. Eisenstein, L. N, Pleiffer, K. W. West,
Phys. Rev. Lerr. BO, 1714 (1998).
I G 5 Lok er al, Phys. Rev. B 63, 041305 (2001},
A G. Rajo, | Phyx. Condens. Matter 11, R31 (1999),
D. Snoke, Science 298, 1363 (2002),
R. Pillarisetty et oL, Phys Rev. 8 71, 115307
(2005).
11 M. Yamamolo, M. $opa, Y. Tokura, Y. Hirayama, 5. Tarucha,
Scence 313, 204 (200£).
12. B. M. Narozhny, I. L. Aleiner, Phys. Rev. Lett. 84, 5383
{2000},
13. N. A. Mortensen, K. Flensberg, A-P. Jauho, Phys Rev. B
&5, 085317 (2002).
14, 1LV, Lemer, Phys. Lett A 133, 253 (1988).

=

ERE

15, The details of the structures, measurements, and the
model are available as supparting material on Science
Online.

16. M. Kellogg. | P. Eisensiein, L. N. Pleiffer, K. W. West,
Solid Stote Commun, 123, 515 2002).

17. B. L Al'shules, P. A. Lee, R. A Webb, Eds., Mesoscopic
Phenomena in Solids (North-Holland, New Yark, 1991),

18. A Kamenev, Y. Oreg, Phys Rev. B 52, 7516 (1995).

19. L Zheng A H. MacDonald, Phys Rev. B 48, 8203 (1993).

20. A-P. Jauho, H. Smith, Phys. Rev. § 47, 4420 (1993).

21. K Flensberg, B. Y.-K. Hu, A.-P, Jauho, |. M. Kinaret,
Phys. Rew B 52, 14761 (1995).

22. B. N. Narozhny, G. Zala, I. L Meiner, Phys. Rev. B 65,
180202 {2002).

23, B. L Altshuler, A G. Aronav, Electron-Electron
Interactions in Dvsordered Systems, A L. Efros, M. Pollak,
Eds. (Morth-Holland, Amsterdam, 1985).

24. CW. ). Beenakker, H. van Houten, in Solfd State Physics,
H. Ehwenreich, D, Turnbull, Eds, {Academic Press, San
Diego, 1991).

25, We thank I, L. Aleiner, M. Entin, I L Lerner, A. Kamenev,
and A, Stem for numerows helpful discussions,

Supporting Online Material
waw.sciencemag.ongiegifcontentTull3 16582 199D CL
Materials and Methods

SOM Text

Figs. 51 to 53

References

22 December 2006; accepted & March 2007
10.1126/science. 1139227

Direct-Current Nanogenerator
Driven by Ultrasonic Waves

Xudong Wang, Jinhui Song, Jin Liu, Zhong Lin Wang*

We have developed a nanowire nanogenerator that is driven by an ultrasonic wave to produce
confinuous direct-current output. The nanogenerator was fabricated with vertically aligned zinc
oxide nanowire arrays that were placed beneath a zigzag metal electrode with a small gap. The
wave drives the electrode up and down to bend and/or vibrate the nanowires. A piezoelectric-
semiconducting coupling process converts mechanical energy into electricity, The zigzag electrode
acts as an array of parallel integrated metal tips that simultaneously and continuously create,
collect, and output electricity from all of the nanowires. The approach presents an adaptable,
mobile, and cost-effective technology for harvesting energy from the environment, and it offers a
potential solution for powering nanodevices and nanosystems.

he operation of nanodevices fabricated

I with one-dimensional nanostructures
|such as nanowires, nanotubes, and nano-

belis (4-8)] wsually requires very low power
(911, which is provided by an external source,
such as a batiery that may have o be replaced or
recharged regularly. The reliance on an exicrnal
prower source may present a limintation tor these
systems. Various approaches have been devel-
oped for energy scavenging with applications in
wireless electronics, such as  thermoclectric,
piczoelectric thin-film, and vibrational cami-
levers (/2). We have recently demonstrmted an
imnovative approach for converting nanoscale

School of Materials Scence and Engineering, Georgia
Institute of Technology, Atlanta, GA 30332-0245, USA

*To whom correspondence should be addressed. E-mail:
thang.wang@mse.gatech.edu

mechanical energy into ¢lectric encrgy by
piczoclectric zine oxide (Znl)) nanowire (NW)
arrays (13). By deflecting the aligned N'Ws with
a conductive atomic force microscopy (AFM)
tip mn contact mode, the mechanical encrey
created by the deflection force was converied
into electricity with the vse of the piczoclecinge
properties of the NWs To mprove the power
generation capabilities of the syslem, it is
necessary o replace the AFM tip with a simpler
source of mechanical energy that can actate all
the NWs simulancously and continuously. We
solved these problems by wsing ulrasonic
wiaves 10 drive the motion of the NWs, leading
to the production of 2 continuous current.

The experimental sciup is schematically
shown in Fig. 1A, An armay ol aligned Zn0
NWs was covered by a sigzag Siclectrode
coated with Pt. The Pt coating not only

enhanced the conductivity of the electrode,
but also created a Schottky contact a the
interface with Zn0. The NWs were grown on
cither GaM substrates (Fig. 1B) or sapphire
substrates that were covered by a thin layer of
00 Alm (14, 15), which served as a common
clecirode for directly connecting the N'Ws with
an extenal eircunt. The density of the NWs was
- HJ'pmlz. and the height and diameter were
~1.0 pym and ~40 nm, respectively. The 1op
clecirode was composed of pamllel zigeag
treniches [abricated on a (001) orientated Si
waler (/6) and coated with a thin layer of P
(200 nm in thickness) (Fig. 1C). The electrode
was placed above the NW arrays and manipu-
lated by a probe siation under an optical micro-
scope to achieve precise positioning: the
spacing was coptrolled by sofi-polymer stripes
between the clecirode and the NWs at the four
sides. The resistance of the nanogencrator was
monitored  during the assembly process 0 en-
sure a reasonable contact between the NWs and
the clectrode by wning the thickness of the
polymer film. Then the assembled device was
sealed ot the edges 1o prevem the penetration of
liquid. A cross-sectional image of the packaged
NW amays is shown in Fig. 1D; it displays a
“lipheeth” relationship between the NWs and
the elecrode. Some NWs are in diret contact
with the top elecirode, but some are located
between the teeth of the electode. The inclined
NWs in the scanning electron microscopy (SEM)
image were primarily caused by the cross sec-
tioning of the packaged device. The packaged
device was supported by a metal plate that was
dircet in contact with water contained in the
cavity of an ultrasonic generator. The operation
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frequency of the ultmsonic wave was ~41 kKHe,
The output cument and voltage were measurcd
by an extemal circuit at room temperature,

The expenmental design relies on a unigue
coupling between  piczoclectnc and  semicon-
ducting propertics of the aligned Zn0 NWs
(13, 17, 1% The asymmetric piczoclectric po-
tential across the width of a Zn0) NW and the
Schottky contact between the metal electrode
and the NW are the two key processes for
crealing, separating, preserving, accumulating,
and outputting the charges [see figure 3 in (/3)].
A top electrode is designad 1o achieve the cou-
pling process and 1o replace the role plaved by
the AFM tp, and ns zigeag trenches act as an
array of aligned AFM tps (g, 52 and Fig. 2A).
When subjeet w the excitation of an ultmsonic
wave, the zigeag electrode can move down and
push the NW, which leads 1o lateral deflection
of NW L This, in wm, ¢reates a strin Dield
across the width of NW L with the NW’'s outer
surface bemng in lensile stmin and s mner

surfice in compressive strin. The inversion of
strin across the N'W resulls in an inversion of

piczoclectric ficld £, along the NW (fig. 51),
which produces a piezoclectric-potential inver-
sion from I (negatived o 1 (positive) across
the NW (Fig. 2B). When the clectiode makes
contact with the stretched swrface of the NW,
which has a positive piczoclectric potential, the
Pt ometal Zn0) semiconductor interface is a
reversely biased Schottky barrier. resuliing in
little current flowing across the interface. This is
the process of creating, scpamting, presenving,
and sccumulsting charges (/3L With further
pushing by the clectode, the bent NW 1 will
2ach the other side ol the adjacent woth of the
gigeag clectrode (Fig. 2C) In such a case, the
clectrode is also in contact with the compressed
side of the NW, where the metal/semiconductor
interfice is a forward-biased Schouky barrier,
resulting in a sudden increase in the output
clecine cument flowing from the wp elecirode
into the NW. This is the discharge process.,
Figure 2. A to €, shows four possible con-
figurations of contact between a MW and the
zigeag clectrode, Analogous to the situation de-
scribed for NW L the same processes apply to
the charge output from XNW IL NW I is chosen
to claborate on the vibmtion/resonance induced
by an ulimsonic wave. When the compressive
side of NW L s in contact with the clectrode,
the same discharge process as that for NW |
occurs, resuliing in the flow of current from the
electrode into the NW (Fig. 20). NW IV, which
s short in height, is forced (without bending)
into compressive strain by the elecuode. In such
a case, the piczoelectric voltage created w0 the
top of the NW is negative [see fgure 4 in (13)].
Thus, across the electrode Zn0) interface, a
positively biased Schouky bamier s formed;
hence, the electrons can low freely across the
intertace, As a resul, clectrons flow from the
grounded substrate electrode o the NW and
then into the top zigeag clectrode as the

deformation occurs. This discharging process,
il substantial, may also contribute 1o the
measured current. In cach of the four cascs
described i Fig. 2. A o O, all of the currents
are added up m the same phase,

An equivalent electric circuit is shown in
Fig. 2D 1o illustrate the measurements and out-
puts of the nanogencerator. The NWs producing
current in the nanogenerator are equivalent lo a
vollage source 1 plus an inner resistance & that
also contains the contact resistance between the
active NWs and the electrode. On the other
hand, there are a lot of NWs that are in contact
with the electrode but cannot be bent or move
frecly; thus, they do not actively pariicipate in
the current gencration, b they do provide a
path for conducting cumrent. These NWs are
simply represented by a resistance Ry, that s
parallel o the portion that generites power. A
resistance B, 15 introduced 10 represent the
contact resistance between the clectode and
the external measurement circwil. The capac-
tance in the system s jgnored in the circuit in
order to simplify the discussion about de
measurement.

The current and vollage outputs of the
nanogencrator are shown in Fig. 2, E and F, re-
spectively, with the ultmsonic wave being tumed
on and ofl regularly, A jump of <015 nA was
observed when the ultrasonie wave was urned
on, and the current immediately fell back 10
the baseline once the ultmsonic wave was wmed
ofl. Correspondingly, the voliage signal ex-
hibited a similar on and ofl trend but with 2
negative output of ~—0.7 mV. The negatve sign
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of the voltage is consisient with the mechanism

presented in Fig, 2C. The signal-to-noise ratio of

the current is substantially better than that of the
output. voltage lor the tollowmg rasons: Be-
cause the resistance of the cumrent meter (ideally,
zero) plus B (20 10 30 ohms) was only <1/ 100
of £, when the curremt was measured, the cur-
rent generated by the nanogenermtor can be safely
assumed 1o be bypassing R, the curent path is
indicated by a solid blue curve in Fig. 2D, so
the measured current is [y VAR, £
However, because Ry, was very much smaller
than the inner resistance of a voltage meter
{ideally, infinity) when the voltage was mea-
sured, a loop was formed between the power-
generting portion of the system and Ry, as
shown by a solid pink curve in Fiz. 2D, In this
case, the current 15 Ay and the measured voltage
Fis that across the power-generaling portion,
= I RAR + R, During the ultmsonic
vibration, for the unstable contacts between the
NWs and the electrodes, 1, s allected by the
Fy and R; (but mainly by I
because R, is a constant), and 1 is alfected by
the instability of V. £, and R, As a result, |
has about two times the noise level of fs, con-
sistent with the observations displayed in Fig. 2.
E and F. On the other hand, because the
voltages created by all of the NWs are in par-
allel, the output voliage is elfectively the voll-
age created by oone NW: thus, it appears
relatively unstable and with a larger noise level
than that of [, (Fig. 2F). Futhermore, the output
voltage s naturally smaller than that created by
deflecting a NW by AFM, because it is limited

instability of

Fig. 1. Nanogenerators
driven by an ultrasonic
wave, (A) Schematic dia-
gram showing the design
and structure of the nano-
generator. Aligned Zn0 NWs
grown on a solid/polymer
substrate are covered by a
zigzag electrode. The sub-
strate and the electrode are
directly connected to an
external load. (B) Aligned
ZnD NWs grown on a Gal
substrate. The gold catalyst
particles used for the growth
had been mostly vaporized;
thus, the final NWs were
purely Zn0 with flat top
ends, (C} Zigzag trenched
electrode fabricated by the
standard etching technique
after being coated with 200
nm of PL The surface fea-
tures are due to nonuniform
etching. (D) Cross-sectional
SEM image of the nano-
generator, which is com-

i 1,\,','“,;;

Litrasonic wavae

Slicon Hgrag electrode
coated with Pt

N ATHWITES

I

posed of aligned NWs and
the zigzag electrode. (inset)
A typical NW that is forced by the electrode to bend.
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by the smaller degree of deflection amplitude of

the NW, as induced by an ulirasonic wave in
companson o that induced by the AFM up
(13). Finally, the output current 15 a sum of the
cuments produced by many NWs. Theretore, the
cument signal s more stable and continuous,
and it has been used 1o characterize the
pefformance of the de nanogencrator in this
study, The resistance of the entire nanogenerator
was also measured with and without turning
on the ultrasonic wave (Fig. 2G). The resist-
ance remained very stable ar B = 3,560 + 0,005
kilohms. This measurement indicaies that the
Jump i current could not be due w the vanmtion
in resistance, as caused by the vibration of the
NWs (/19), suggesting that the cument signal
presented in Fig. 2E was cmeated by the
nanogenerator.

The output eleciricity of the nanogenerator 1s
continuous and reasonably stable. A continuous
output current s generated when the ultmsonic
wave B wmed on, and the cument disappears
when the wave s wrned off (Fig. 3A). The
oulput current is in the nancampere ange. The
current signal shows no direet coupling with
the frequency of the ultrasonic wave, because the
wave frequency is —80 times smaller than the
resonance lrequency of the NWs (-3 MHz) (21,
The size of the nanogenerator is -2 mm’ in

eflective substrate surface arca, The number of

NWs that were actively contributing 1o the
observed output current is estimated 1o be 250
o 1000 in the curremt experimental design, The
nanogencrator worked continuously  for an
extended period of time ol bevond | hour
(Fig. 3B).

The expermmental design |as presented n
(Fig. 13] has been tesied in comparison 1o the
experiments conducted wsing different matenals
or configurations. Using the design shown in
Fig. LA, simply by replacing a Zn0 NW army
with an array of carbon nanotubes (CNTs), no
Juimp in cument was observed when the ulira-
sonic wave was tumed on (Fig. 4A). This is
because the CNTs are not piczoclectric. In a
system with a Zn0O NW array but in which the
top clectrode was replaced with a flat, thin Pt
film that totally covered the tips of the NWs
(Fig. 4B), no jump in oulpul current was
observed. This 1s because the design does not
follow the mechanism of the nanogenermor ( fig.
Sy (48 A clear jump was observed only when
the twop electrode was in a zigeag shape and
when Zn0 NWs were presem (Fig, 40). These
experniments may rule oul possible contributions
from clectronic noise and/or measurcment error
or antifacts in producing the owtput current, and
they consistently suppon the process proposed
in Fig. 2, A w0 C, for piczoelectric NWs,

In comparison © our previous work (/3),
our current work has achieved three major ob-
Jectives: (1) We have replaced the expensive and
sophisticated AFM up with ultmsonic waves/
vibrations o induce the elastic deformation and
vibration of the NWs, and we have demon-

strated a cost-cllective prototype technology for
fabricating the nanogenerator. (i) We have in-
tegrated an amay of Ups into a zigzag clectrode
for the simultancous creation, collection, and
output of clectncity generated by many NWs,
establishing the principle for mising the output
power, (1) W have achieved a continuous and
faidy stable de ouput with this system. The
principle demonstrated here has sct a platfonm lor
harvesting energy from the environment 1o power
in vivo biosensors, wireless and remote sensors,
and nanorobots, and it has also established the
basis for building zero-power force/ pressure
SETS0S,

The number of NWs that was effective for
producing  output clectricity can be estimated

from the ouput power of the nanogenerator.
From our previous study [sce supponting online
nuterial for (13)], the NW delormed by AFM
produced an clectric encrgy of AEapa ~ 001 11
for cach eyele of discharge, which lasted for
0.1 ms; thus, the power generated by one NW
wias Al ypg = 0.1 pW In the curmremt expenmen-
tal design, the vibrtional amplitude of the NW
was much smaller than that of the NW directly
deflected by an AFM tip; thus, the outpun
vollage was ~1 mV, which is about 5 w0 10
times smaller than that received when AFM was
used as the deformation ool (/3). In this case,
the output power of a NW, as driven by ulim-
sonic wave, would be Al e = | 0 4 TW, The
output-power volume density per NW s <1 o

.
@

¢ Uitragbnic wawd”

I; 50 100
Time (s)

Fig. 2. The mechanism of the nanogenerator driven by an ultrasonic wave. (A) Schematic
illustration of the zigzag electrode and the four types of NW configurations. (B) Piezoelectric
potential created across NWs | and || under the push or deflection of the electrode, as driven by the
ultrasonic wave, but without the flow of current because of the reversely biased Schottky barrier at
the electrode/NW interface. NW Il is in vibration under the stimulation of the ultrasonic wave. NW
IV is in compressive strain without bending. (C} Once the NWs touch the surface of the adjacent
teeth, the Schottky barrier at the electrode/NW interface becomes forward-biased, and piezoelectric
discharge occurs, resulting in the observation of current flow in the external circuit. (D) Equivalent
circuit of the nanogenerator and the setup for measuring the output current /, output veoltage V,
and resistance R. (E to G} /, V, and R measured with the connections shown in (D), respectively,
when the ultrasonic wave was turned on and off purposely. The baseline of the current signal was
produced by the electronic measurement system and the interference from the ultrasonic-wave
source. Because the voltages created by all of the NWs are in parallel, the output voltage is
effectively the voltage created by one NW; thus, it appears to be relatively unstable and with a
larger noise level than that of fs. A pixel averaging was applied for (F). The inset in (G) is an
enlargement of the resistance before and after the wave was turned on.
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4 Wiem®, which is more than two orders of
magnitude higher than that produced by a vi-
brrational microgencrator (27). The output power
of the nanogencrator fabneated with a sub-
strate of area = 2 mm® IV =1pW
(Fig. 2, C and D). Therelore, the number of
NWs that was active for producing electricity
in Fig. 2E was N = W /AW 0 = 250 10
OO0 NWs, As limited by the muliple contacts
between the NWs and the electrode in the
present design (Fig, 10), the large majonity of
the NWs did not produce electricity because
of their nonuniformity in height and distri-

i-‘ ””'.'\:I'-L' ~

Fig. 3. Continuous dc output of the
nanogenerator, as characterized by
the current signal. (A} Reproducible
and highly repeatable current output
of the nanogenerator when the ultra-
sonic wave was turned on and off. (B}
Continuous current output of the
nanogenerator for an extended peri-
od of time. The data are displayed
after they were corrected for the
background introduced by electronic

bution on the subsirate surface; thus, the
output current was rather small in the present
design. In addition, some of the NWs dircctly
pushed the electrode m the top edges/apexes
ol the zigeag trenches, preventing the other
NWs from rcaching and contacting the ¢lee-
trode 1o produce clectricity, These technical
difficultics could be overcome by an opti-
mized design 1o improve nanogencrator ¢fli-
ciency, For example, nanogencrator cfliciency
could be improved with the use of panemed-
tip arrays as the electrode, the designed and
patterned growth of high-quality uniform NW

drift. The baseline of the current sig- 50 100 150 200 250 300
nal was produced by the electronic B Time (s)
measurement system and the in- 085, =~ on
terference from the ultrasonic-wave _ i e
source, The size of the nanogenerator 200
is ~2 mm? in effective substrate sur- =
face area. g 04
=
©o2-¢
N, ;
1000 2000 3000 4000 5000
Time (s)
Aion: oOff | On | Off CHES W Byaag Shotrens

Current | (nA)

Si rigzag ullrcl,rogu

P

1

4

Fig. 4. Output of the nancgenerator with different materials and design configurations, The
designs and true-device SEM images are shown on the right-hand side, and the corresponding
current curve is on the left-hand side. (A) Nanogenerator based on arrays of CNTs with a zigzag top
electrode, showing no jump in current when the ultrasonic wave was turned on. (B) Nanogenerator
based on amrays of ZnD NWs but with a flat top electrode, showing no jump in current while
stimulated by an ultrasonic wave. (C) Nanogenerator based on arrays of Zn0 NWs with a zigzag top
electrode, showing a large jump in current when the ultrasonic wave was turned on. The baseline in
the current signal was produced by the measurement electronics.

REPO

arrays matching the design of the electrode
{fig. 52), and an improved packaging technol-
oy 1o keep a precise control on the spacing
and alignment between the electrode and the
NW arrays. [1 the arca taken by cach metal up
is 0.5 by 0.5 pm (fig. S2), the grown density
of the NWs is ~10%cem?®, If one NW produces
10 W of power by optimizing its size and
shape, the output power per unit of arca could
be 10 pW cm®. The power used 1o operate a
device labrcated with one NW or nanotube is
=10 oW (8- 1) thus, the nanogenerator built
with the NWs grown on an area of | em’
could operte up to 1O of such nanodevices,
based on our current study. We anticipate that
the performance will be improved by two
three orders of magnitude with improved
design and optimization of the nanogenerator
Ll ib
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A Conserved Family of
Enzymes That Phosphorylate
Inositol Hexakisphosphate

Sashidhar Mulugu,’* Wenli Bai," Peter C. Fridy," Robert ]. Bastidas, James C. Otto,"
D. Eric Dollins,” Timothy A. Haystead,” Anthony A. Ribeiro,? John D. Yorkt

106

Inositol pyrophosphates are a diverse group of high-energy signaling molecules whose cellular
roles remain an active area of study. We report a previously uncharacterized class of inositol
pyrophosphate synthase and find it is identical to yeast Vipl and Aspl proteins, regulators of
actin-related protein-2/3 (ARP 2/3) complexes. Vipl and Aspl acted as enzymes that encode
inositol hexakisphosphate (IP;) and inositol heptakisphosphate (IP;) kinase activities. Alterations in
kinase activity led to defects in cell growth, morphology, and interactions with ARP complex
members. The functionality of Aspl and Vipl may provide cells with increased signaling capacity

through metabolism of IP,.

ctivation ol phosphomosinde-specilic
Ap]nﬁplmlipu:u: C (PLC) generates an
ensemble of intracellular inositol phos-

phate (1P} sccond messengers involved in diverse
cellular processes (131 Among these is inositol
| 4. 3-trisphosphate, which functions as a regu-
lator of calcium release () and as a precursor 1o
more highly phosphoryviated [P molecules, in-
cluding inositol tetrkis- (1Pg), pemakis- (1),
hexakis- (IPg), and inositol pyrophosphates
(PP-IPs) (5} The PP-IPs have more phosphates
than [P, (4, 7) and were chemically identified as
diphosphoryl mositol specics (7, 8) Cloning of
the inositol pyrophosphate synthase designated
[P, kinase (IPGK in metzoans and Kesl i
budding veast) (9, 1) provided a molecular basis
tior the symthesis of PP-1Ps (also known as [Py or
InsPs) through the coupled activities of PLC and
inositol phosphaie kinases (IPKs) (/71 3). Loss
of IP6K resulis in pleiowopic cellular defects
including aberrant DNA recombination, vacuolar
momphology, gene expression. chemotaxis, os-
molic stress, protein phosphorylation, and 1elo-
mere length (3, /4). Cells also have a second 1P,
Kinase detected in Aesd deficiemt cells whose
molecular identity has vet to be reponed (5, 16).
We used a biochemical approach to punfy
and clone the remaining 1P, kinase activity. To
reduce imterference by contaminating [P Kinasc
and PP-=IP pyrophosphatase activitics, initial
protein extracts were preparcd  from fesiA
depl A-deficient cells and then fractionated on a
series of ion-cxchange chromatography columns
{tables 51 and S2). IPg kinasc activity was
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ennched by a factor of more than 3000, Parially
purificd peak fractions were separated by SDS

polvacrvlamide gel dectrophoresis, and individ-
ual protein bands were excised and subjected
1o microsequence analysis. Numerous proteins
were identified. so we obtained and purified
individual candidate proteins from the tandem-
aflinity purification (TAP} 1agged veast collee-

tion and tested each for kinase activity (/7). OF

the 40 proteins examined, only the purified TAP-
tagged Vipl protein showed 1P kingse activity
(Fig. 1 A), We inserted the entire coding sequence
of Vipl into a glutathione S-transferase (GST)
expression plasmud and produced the protein in
bacteria (which lack endogenous IPg kinase
activity). Purificd recombinam GST-Vipl also
had 1P, Kinase activity (Fig. 1A). These daa in-
dicate that Vipl functions as an intrinsic inositol
pyvrophosphate svnthase or [P kinase.

The protein information annotation for Vipl
{Saccharomyces Genome Database), and iis
Sclizosaccharomvees pombe ortholog  Aspl
(18, identilied two regions with relevance o
inositol signaling enzvmes (Fig. 1By a“nmk” or
adenosine inphosphate (ATP)- grasp superiamily
domain S5F56039 (residues 200 o 525) and a
histidine acid-phosphatase or phyviase PROUG2E
domain (residues 530 10 1025), The ATP-grasp
fold 15 present in cenain inositol signaling Kinases
(4, and the acid-phosplatase fold s present in
microbial and fungal phyiase cnzyvmes that
hydrolyee 1Pg 10 release morganmic phosphate
() and 1Ps ( 20). Sequence alignmenis of Vipl or
Aspl genes revealed that onhologs having both
amine- and carboxyl<erminal domains were
present in all cukarvotic genomes from yeast 1o
man (figs. S1 and S2). Thus, the Vipl and Aspl
proteins define a distinet class ol IPg Kinase with
a conserved dual-domain structure,

Our analvses indicated ta the kinase do-
main of Vipl might reside within the amino-
terminal portion of the protein, Therelore we
expressed a deletion  mutam (i!’*’.'l'-"'.r'ipnlM'j'fi
(residues | 1w 535) and perdommed kinase neac-
tions. GST-Vip1"*?* had Py kinase activity that

aqualed or exceedad that of full-length Vipl
(g, S3A). With full-length or tuncated Vipl
prodeins, we observed that IPs Kinase activity
was pH dependent, with optimum activity oc-
curring at pH 6.2 (fig. S3B). These data dem-
onstrate that the ATP-grasp domain of Vipl is
sullicient to encode the 1Py Kinase activity,

To determine whether Vipl functioned 1o
procduce 1P in cells, we analyeed P production
in veast mutants, The predominant [Ps observed
in kcs ! dop ! null cells (AA dA) are [P and PP-1Ps
(Fig. 1C) (16). Deletion of Vipl in this back-
ground (vipd kes! ddpd wiple null, £A dA vA)
resulted in the ablation of PP-IPs synthesis and
increased the amount of 1P (Fig. 1C), Production
of PP-1Ps could be restored by imtroduction of a
plasmid encoding the FIP! promoter and cod-
ing sequence (Fig. 1), We also identificd that
Vip | was required 1o synthesize PP-1P,[8 in cells
ifig. S3C). These observations are consisient
with Vipl lunctionimg as a cellular inositol pyro-
phosphate synthase that phosphorviates both 1P
and [(1.2,3.4.5)Ps and indicate that Vipl encodes
activities previously designated as 1ds] (/6) and
Ipsl (45}

To identify catalytic residues in the kinase
domain of Vipl, we used structure-based thread-
ing software [Prowcin Homology/analogy' Rec-
ognition Engine (PHYRE) server, www.sbhg bio.
ic.ac.uk/phyre]. Within the ATP-grasp domain,
we idemified aspanate 487 as a putative active-
site catalyvtic residue (fig. SIB) and, indeed,
substitution with alanine {\'ip1'“‘"”‘| rendered
the mutant Kinase defective in vivo (Fig, 1C) and
in vitro. Similar analysis of the acid-phosphatase
domain wentified stidine 548 and 993 as -
vanant residues (lig. S2B). Substiution ol H343%
in Vipl with alanine (Vip!"™***) did not appear
io alter 1Pg kinase activity in vitro (fig. S3A).
Reintroduction of Vip 1" into kes f dedp ! vip!
muitant veast cells restored PP-1Ps and 1Pg levels
to those observed in kes/ dfdpf mutant cells (Fig.
1C). These data identify a key catalytic residuc
for kinase activity and are consistent with Vipl
functioning as a regulator of [Py and PP-1Ps lev-
els in cells,

To determine the molecular structure of the
Vipl kmase reaction product, samples were
subjectad o nuclear magnetic resonance (NMR)
analysis. Companson of proton=decoupled phos-
phors NMR spectra of high-performance liguid
chromatography  (HPLC y-purified [Py standard
(Fig. 2A) or PP-1Ps Vipl produc (Fig. 2B)
revealed the appearance of five singlet peaks of
monophosphates and two uplield phosphons-
phosphorus-coupled doublets corresponding 1o
the [ and c-phosphates of a pyrophosphate
moiety. The spectrum observed for the Vipl
PP-1Ps product is neary identical 1o the reponed
spectum for 4-PP-101,2.3.5.60Ps or its enantiomer
6-PP-I1.234.5P; punlied from Dicnostelium
(2. Two-dimensional "H- *'P-NMR comelation
analysis was reported, allowing for unequivocal
assignment of the pyrophosphate (2/4). We per-
lomed NMR analysis on the PP-IPs product of
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Fig. 1. Characterization of inositol hexakisphosphate IPg kinase

W00 enzyme, Vipl, (A} IP; kinase activity of purified yeast TAP-Vip1 and
2000 | the production of IP; (left). Dose-dependent (ng of protein added)
oo PP uu, LA A activity of recombinant GST-Vipl (middle) and sensitivity of IP; and
IPg products of TAP-Kesl and GST-Vipl to the diphospho-inositol
s phosphatase GST-Ddpl (right). (B) Schematic of the dual-domain
3000 structure of Vipl and Aspl. Evolutionarily conserved residues from
2000 gl the ATP-grasp (IP6K) and putative acid phosphatase domains from
— 1000 o either budding or fission yeast proteins are shown. (C) Function of
T Vipl to requlate PP-IP5 and IP; levels in cells. Loss of vip1 in kcs1
= o ddpl—null yeast ablated PP-IPs production and increased IP; by a
= 611458 %0 100 —ostvel B factor of 2, as monitored by HPLC analysis of *H-inositol-labeled
-E i b : 2 T.ﬁ.I’- Kl!! I % 2000 EA oA A mutant yeast strains (10 mM AP increased linearly to 1.7 M AP over
2  GST-Vipl (ng) ¢ CtrDa O 0 + pVipl 12 min, followed by an isocratic flow at 1.7 M AP for 48 min) and in-
< z P = 9 line radioactivity detection. Synthesis of PP-IP; was restared in cells
= w expressing either GFP- lagged full- Iength Vipl (kAdAvA + pVipl) or
kinase-only (kAdAVA + prip1™**®), but not kinase-deficient protein
2000 A
B Y000 ‘I: F::i;ﬁum (kA dA vA + |:r|m:|I”"”""'pﬂlf
ﬂ-
1 147 3000
Acid Phosphatase }— e
[ BA A v
£ sary Ty M [TLLTE 1 |!'|.r;|l'H'iJ-.b.-i
5. pombe (VAL T T o M.
|'||n|r Lialiel]
A D 7 +
' [S132PP-1Ps [4132PP-1Ps
B = 1Py
= [Py
C 25 50100 25 50100 25 50 100 C 25 S0
™ o s Ve W W " Vip! Vipl =535 vjp HS48A 6K
(ng) ingh ing) (ng)
c | E
P13 |/
\E q Pp IP ¥ ||; |
| P2 pP5 aP5 / 4,5 l'l’ 1P,
| nr Ddpl P
I )
1 \ﬁpprp ‘2//\{1” IP,
‘r'.'r__w:‘*'ﬁel A 1.'.‘.I"_-'..I'- '_!-l'.vl.'__-.n-f.ll\"."'-I'd.'.‘,'l...-'_l.-_:.'.*a'-.Jr"-:'-."-'.l.ur--..' ".1'.-‘*-'1I;l.-_,l‘r'lk\".'l.!"l'I'."Ig,Ilul.’ R --\.' "-,l"l I’ VIPI L
I e A P 6-PP-1P;

Fig. 2. Identification of Vipl PP-IPs product by *'P NMR analysis and
inositol heptakisphosphate kinase activity. Proton-decoupled phosphorus
NMR spectrum of 2 mg of purified (A) IP; standard, (B) Vipl product PP-IPs,
or {C}) human IP6K1 PP-IPs product. All analyses were performed on
HPLC-purified samples at pH 5.8. Structures of relevant IP, and IP,
species are shown: 4-PP-I{1,2,3,5,6)Ps and &-PP-1(1,2,3,4,5)P5 are non-
superimposable mirror images (enantiomers). Resonances have been
assigned based on similarity to previous reports (21, 23). P, phosphate;
PP, pyrophosphate. (D} Characterization of Vipl and human IP6K IP4
kinase activity. Purified recombinant G5T-Vipl fusion proteins (ng of
protein added are shown) were incubated with radiclabeled 32pp.Ips, ATP
at pH 6.2, and reactants were visualized after separation by
polyethyleneimine cellulose-~thin-layer chromatography (left). All three

kinase active forms of Vipl showed robust activity and were able to convert
5-PP-1(1,2,3,4,6)Ps to 4,5-PP3-1P4 (IPg) at neutral pH. Recombinant human
GST IP&K fusion protein was also examined and was found to
phosphorylate 4-PP-IP; to 4,5-PP-IP, (right). For simplicity, we have
assigned the product of the Vipl reactions to be the D-4 species. Given our
analysis, we cannot exclude that these may also be the enantiomer species
harboring a D-6 pyrophosphate. (E) Schematic diagram of IP; metabolism
pathway in Saccharomyces cerevisioe and production of IP; and IP,
through the actions of Vipl and Kcsl. Kesl functions as a D-5 kinase that
may phosphorylate |P, and 4-PP-IPs substrates. Vipl functions as an IPg
kinase to generate 4- or 6-PP-IP; and phosphorylates the IP; product of
Kesl to form IPg. Ddpl is an inositol pyrophosphate phosphatase that
dephosphorylates IP; or IPg to IPg.
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human [PGK, which is reported to have a similar
activity to that of Kes | (14, 16, 22). The spectum
of IP7 produced from an HPLC-punfied [PGK
reaction was distinet from Vipl product (Fig. 2C).
Tentative assignment was again made based on
this spectrum’s appeanng w0 be similar o that
reported for 3-PP-1(1,2,3.4.6)P5 (2.3}, Overall, our
MMR analysis conflirms that the [P; produced by
Vipl is structurally distinet from that produced
by the IP6K class of proteins, and that Vipl
appears 1o harbor D-4 or D-6 Kinase activity, or
both (fig. S3A),

Ciiven the specilicities of the Vipl and
IPOK (Kesl) Kinases, we sought o examine their
roles as 1P; kinases capable of gencrating 1Py
(PP2-1P), which has been reported i various
cukarvotic cells (7, &, 21, 24, 25). In IPg kinase
reactions with both GST-Vipl and purified
TAP-Kesl, we observed the formation ol 1P
and 1Pg, which were hvdrolvzed 1o [P in the
presence of the inesito] pyrophosphatase Ddpl
(Fiz. 1A). Incubation of 5-PP-1Ps along with
ATP and recombinant GST-Vipl, GST-Vip 1%,
or GST-Vip "™ srotein, resulted in the produc-
tion of PPy-IPy. consistent with Vipl function-
ing as a 5-PP-1Ps kinase capable of generating

Fig. 3. A role for IP, A
kinase activity in regu-
lating cell morphology,
growth, and ARP com-
plex function. (A} Aspl
IP; kinase activity regu-
lates cell growth of fission

e

4.5-PP2-1{1.2.3.6)P4 or 5,6-PP>-1(1.2.5.4)P4, or
both (Fig. 2Dy Similady, when we incubated
radiolabeled 4-PP-1Ps or 6-PP-1Ps, ATP and re-
combmant human GST-IP6K. we observod con-
version to PPa-1Py product (Fig. 2D). These data
indicate that Vipl and IP6K (Kesl)y are the
enzymes required for the synthesis of 1Py or
PP5-1Py from 1P (Fig. 2E).

Clucs into possible functional roles for the 1Pg
kinase activity of Vipl came from studics ol the
8. pomibe ontholog, Aspl, which may panicipate
in actin cytoskeleton and cellular morphology
through the regulation of actin-related protein
(Am) complexes (/XL Arp2/3 mulliproiein com-
plexes are involved in cellular signaling - dependent
control of nuckeauon of branched-acun-filament
networks required for regulating cell moulity and
endocylosis (24, . Activation of Arp23 ne-
quires additional nucleation-promoting  factors
such as Wiskot-Aldrich syndrome protein (WASP)
(28, 29)

We therefone exanuned whether these pheno-
tyvpes depended on [Py kinase activity. Wild-type
and aspd null strains were tmnsformed  with
thismine-regulated (nmed promoter) GFP-1agged
expression plasmids encoding empty vector con-

b e
£f)

Cc

3r°C 31°C wCc  19°C W°C

trol (paX), fulk-length protein (pASP L), nr!unu: ns
with mutations in the Kinase 1}1.::\ .rf ) or
putative acid-phosphatase (pasp/ ) domains.
The temperature-sensitive growth and morpho-
logecal detects exhibited by aspd null cells were
rescucd by low-level expression (medium with
thiaming) of either pASP1 or pasp/™™, con-
sistent with a role for [Py kinase in mediating
these phenotypes (Fig. 3, A and By When these
strains were induced o high-level expression
{medium lacking thiamine), the Kinasc-only
protein, paspl™*™, prevented cell growth ai
both normal and high wemperaures (Fig, 3, A and
By Cells overexpressing kinase-only  prodein
underwent mpid lysis when analyveed by lighn
microscopy (Fig. 3B) These dua indicate tha
loss of 1Pg kmase activity accounts for aspf
temperature sensibvity and morphological de-
fects and that 1o much 1P kinase is eviotoxic,

To probe whether ARP complex function was
required for the observed effects, we examuned
the expression of wild-type or mutant ASPI
profeins in a cold-sensitive mutant Amp3 strain
{arp3 of). The toxicity induced by on LI'L"LEI‘I.T"\\HJI'I
of 1Py kinase-only activity {pmp!"‘i ) was

dependent on a functional Arpd protein, as

E

19°C ' ATCeSorb
pix WwT
pASPEI vipla
pasp ] DIIIA fasd 7A
pasp [ HTVTA vA A

Thiamine

yeast. Loss of IF, kinase
inhibited growth at in-
creased temperatures (left
two panels). Overproduc-
tion of Aspl IP,; kinase-
only Ipaspl"mrﬁ protein B
(without thiamine) was

:hp.l'.-'!.

ASPI A 1 el

19°C

toxic to cell growth at nor-
mal and elevated temper-
atures (middle and right
two panels). Appropriate
strains were serially di-
luted, spotted onto solid
medium, and grown at
the indicated tempera-
ture, (B) IP; kinase activity
regulates cell morpholo-

pd6
pyIPI

[ rp.” META
pip JHS454

viplA lasi7A

19°C MFC

pASPI

paspr ] PEIIA

Thiamine

gy, vacuole biogenesis, ; _ 'gnj j

and cell lysis. Cellslac- 551 {2 'Z:;, 1 Cf; _

ing Aspl kinase activity &N 47

(aspl A + 3X or aspl A + * + + - -
asg”™™) had rounded, aspl A Asel arpi el

vacuolated, and irreqular

cell morphology as compared with kinase-competent cells (aspl A + ASPL,
). Overproduction of IPy kinase-only protein (without
thiamine) resulted in the inhibition of cell growth and promoted cellular lysis
(ASP1 + pasp1™™™), (Insets) Zoomed images. (C) Toxicity induced by IPg
kmase-nn[y overexpression and suppression by loss of arp3. Cells overproducing
aspI™* fail to grow at 30°C (Arp3*); however, they were able to grow when
shifted to a cold temperature (arp37). In contrast, when arp3 function is lost
(19°C), cells overexpressing Aspl IP, kinase-dead protein (pasp1®®*) were
unable to grow, and this defect is rescued by restoring Arp3 function (30°C). (D)

aspl A+ aspj'w”

Expression of Aspl IP, kinase-dead protein (pasp1®®#) results in Arp3-
dependent defects in cell-wall deposition, as shown by microscopic analysis of
cells stained by calcofluor white. Staining of cells overexpressing full-length
Aspl show normal cell wall synthesis regardless of Arp3 function. (E)
Requirement of Vipl IF, kinase activity for genetic interactions with ARP
complex member, Las17. A temperature-induced growth defect was observed
upon loss of both Vipl and Las1? (vAlA, top), the WASP component of the ARP
complex. This synthetic growth defect was rescued in the vipl las17 double-
mutant strain by restoring Vipl IP, kinase activity (bottom).
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judged by growth at 19°C (amp3 ) versus death
at 30°C (Amp3”) (Fig. 3C). Funthermore, when

Arp3 funct s los ¢ OVETexXpICssIon of
Arp3 function was lost, the overexpression of

Kinase-deticient Aspl was now lethal, as deter-
mined by a failure of pasp! ™ tmnsformed
cells o grow under induced conditions at 19°C
(Fig. 3C). Analysis of these cells using the cell-
wall stain caleofluor white (CFW) revealed that
overproduction of Kinase-deficient Aspl resulied
in abermrant appearance of cell-wall material at the
growing ends rather than a the septum midline
(Fig. 31, We also examined imeractions be-
tween Vipl and Lasl7 (the veast WASP protein)
in budding veast cell growth, Deletion of vipld
alone did nol cause temperature sensitivity;
however, when combined with a loss m fasf7,
the double mutant was growth-compromised
high tempertures (Fig. 3E) The temperatune-
sensitive growth was rescuaed by restoring Vipl
1P kinase activity (Fig. 3E), Overall, our fune-
tional analvses ndicate that [Py kinase activity
of Aspl and Vipl 1s required for mamtaming
cellular integrity, temperture-dependent growth,
rod-shape momphology, and genectic interactions
with ARP complex components,

We identified Vipl and Aspl as members
of a class of [1Pg kinase that is responsible for
producing signaling molecules 4-PP-1P5 or 6-PP-
1Ps, or both, that regulate cell function and yeast
phosphate-responsive signaling (30). We show
that the Vipl and Kesl (IP6K ) kinases gencrate
distinet inositol pyrophosphate products and that
both can function as 1P Kinases, together
capable of converting 1Py to [P (PP>-1Py). The

dual-domain structure of the Vipl class of ¢n-
avmes s evolutionarily conserved, raising the
possibility that there may be mtaplay between
these two regions of the proteins o control
intracellular signaling pathways,
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Regulation of a Cyclin-CDK-CDK
Inhibitor Complex by
Inositol Pyrophosphates

Young-Sam Lee, Sashidhar Mulugu,? John D. York,? Erin K. O'Shea*

In budding yeast, phosphate starvation triggers inhibition of the Pho80-Pho85 cyclin—cyclin-
dependent kinase (CDK) complex by the CDK inhibitor Pho81, leading to expression of genes
involved in nutrient homeostasis. We isolated myo-p-inositol heptakisphosphate (IP;) as a cellular
component that stimulates Pho81-dependent inhibition of Pho80-Pho85. IP; is necessary for
Pho81-dependent inhibition of PhoB80-Pho85 in vitro. Moreover, intracellular concentrations of IP4
increased upon phosphate starvation, and yeast mutants defective in IP; production failed to
inhibit Pho80-Pho85 in response to phosphate starvation. These observations reveal regulation of a
cyclin-COK complex by a metabolite and suggest that a complex metabolic network mediates

signaling of phosphate availability.

crease tanscrption ol starvation response

genes. Many proteins that function in nu-
tricnt response systems have been identificed,
but the molecular details of their regulation are
not well understood (F). The Sacolaronmvees
cerevisige PhoRD-Pho#3 cyelin-CDK complex is
a key regulator in the phosphate (P responsive
(PHOY signaling pathway (2, 3), When cells are

In response 1o nutdent limitation, cells in-

www.sciencemag.org SCIENCE VOL 316 & APRIL 2007

growvn in medium that is rich in £, Pho80-Phos3
is active and phosphorviates the wranscription
factor Phod (4), resulting in iis export from the
nucleus (5). Upon P sarvation, PholO-PholS
kinase activity is decreased, leading to nuclear
accumulation of Phod and wmnseription of PHO
genes. In vivo, the Phoil CDK inhibitor (CKI)
is bound to PhoS0-Pho8S regardless of P
conditions and is required for the inhibition

of

PhoR0-Phol5 acuvily in response 1o f54-

limitation i 6).

1y
Ph

We used a biochemical strategy 10 identi-
cellular components that influence Phoxo-
oX3-PhoR | activity. The PhoR(-PhoR3-Phok]

complex immunopurilied from cells grown in
Perich conditions actively phosphorylated Phod

in

vitro, whereas the complex isolated from

Pstarved cells was less active (8 (Fig. 1A To
idemtify regulators of PhoB0-PhoS5-Phosl, we
added extracts from cells grown in Perch and
Pestarved conditions 1o active (from Pjerich)
and inactive (from Pestarved) immunopunficd

Phy

of0-Phos5-Phol ] complexes and performed

kinase assays with recombmant Phod serving as
the substrate. Extracts from Pestarved cells elli-
cicnily inactivated Phoi0-Phok3-PhoR 1, whercas
the Perich cell extract had linle effect (Fig. 1B).
When the extract of P-starved cells was [rac-
tionated into fractions of large (=3 kD) and
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small (=3 KDy moelecular size, most inhibitory
activity was found in the fractions of small
milecular siae, This activity had hile etlect on
PhoSO-PhosS punfied from phodiA cells (Fig.
1C), indicating that, as s true in vivo (6), the
inhibitory activity requires PhoR 1 for its function,

To determine the demity of the inhibitory
activity, we enriched it through several fraction-
ation steps and chamcterized its propertics (fig.
513 (7). The low-molecular weight inhibitor
contained acid-labile 2 (8), and characteriza-
tion by nuclear magnetic resonance and mass
spectromelry suggested that it was inositol
heprakisphosphate (99, also known s diphospho-
mvo-D-inositol  pentakisphosphate, PP-InsPs,
PP-1Ps, InsPy, or 1P; (Fig. 1D).

Inositol polyphosphates are signaling mol-
coules found in all cukarvotic cells. They are
produced through the action of a conserved sel
of mositol polyphosphate kinases from inositol
LA 5-insphosphate (1Py) (93, 1Py, which regu-
lates Ca®" release from the endoplasmic reticu-
lum (70}, can be sequentially phosphorylated 1o
generate [Py, IPs inositol hexakisphosphate
(IPg}, and inositol pyrophosphates such as [P5.
Loss-of-function studics have implicated 1Py in
recombination (1), vacuole function (/2), gene
expression, endo- and exocviosis (13, 1), os-
motic stress (£2), and telomere length control
(15, 16), but it is unclear whether [Py directly
regulates these processes. One well-charactenized
role for 1P is the regulation of chemotaxis in
Dicrvostelivm, in which imracellular concentra-
tions of [P5 increase upon chemoattmetant addi-
tion and [P competes with phosphatidylinositol
14 5nsphosphate (PIP;) 1o bind o proteins
containing a plecksirin homology domain (/7).

To test whether the inhibitory activity was
IPs, we synthesized 1Py by a nonemeymatic

A B
- Phod + Phod
High Low High Low

Low P, , Low
_—#

o ————

D
PO
PO

5-PP-IP,

method (8) and tested its eflect on the PhoS0-
Phos3 complex. When the PhoR(kPhol 3-Phoi |
complex that had been immunopurified from F-
rich cells was treated with synthetic 1P, Kinase
activity was inhibited with an apparemt median
inhibitory concentrtion ([C ) of =30 uM (Fig.
2A) IP; had little or no eftect on the kinase
purificd from phod A cells, suggesting that [P+
mediated inactivation of PhoS0-Pho83 requires
Phos 1. Inactivation ol PhoS0-PhoS3-PhoR] by
IP; appears to be specific, given that inositol
and several inositol derivatives did not afleet
kinase activity (Fig. 2B).

We next tested whether IPy-mediated in-
activation of PhoS0-PhoR5-PhoR 1 s direct or
whether it requires other fictors from yeast. Nei-
ther syathetic 1P nor the activity from Pstarved
cell extrmet could mactivate recombinanm PhoS0-
PhoBS purified from Exchericlia coli (Fig. 20).
Similarly, addition of recombinant Pho¥1 mini-
mum domain (Phol1-MDj (/X), a fragment that
functionally substitutes for full-length Pho81 in
vivo, did not cause nhibition of recombimant
PhoB0-PhoR5 in vitro, cven in two- 1o threefold
molar excess (Fig. 2C) Because Phol1-MD
binds 1o Pho80-PhoR3 (apparent dissociation con-
stant Ky ~ 170 oM, fig. S2), we concluded that
neither PhoR1-MD nor [Py is sullicient for the
inactivation of PhoS0-PhoRS, However, when
hoth [P and PhoX1-3MD were added, Phol0-
PhoXs Phol1-MD was inactivated (Fig. 2C).
Therelore, [P dircctly inactivates PhoR0-Pho85-
Phos 1 and this inactivation requires PhoR1.

To test whether the cellular concentration
of IP> increases when eells are starved ol Py,
we monitored inosiwl polyphosphate levels in
cells labeled with [*H}-inositol and grown in
Perich or Pelimiting conditions (/7). In Perich
conditions, the [Py concentration was approxi-

Low P, Highp, Low P,
extract extract Tow F||g|"| u

4-PP-IP,

6-PP-IP,

Fig. 1. Purification of a cellular component that inactivates Pho80-Pho85 in a PhoB81-dependent
manner. (A} Phosphorylation of recombinant Pho4 by Pho80-PhoB85-Pho81 immunopurified from
P-rich (High) and Py-starved (Low) cells expressing Pho80-hemagglutinin tag (3HA). (B) Effects of cell
fractions on Pho80-Pho85 activity. Extracts from cells (3 x 107 cells per ml extract) grown in high-P,
medium (High P; extract) or starved for phosphate (Low P; extract) were added either directly or after
filtration (molecular weight cut-off 3 kD; Low and High indicate low— and high—molecular weight
fractions, respectively) to PhoB80-Pho85-Pho81 immunopurified from Pyrich cells, and kinase assays
were done as in (A). U, untreated Pho80-Pho85-Pho81 from the same gel. (C) The low-F; low—molecular
weight fraction in (B) was serially diluted and added to PhoB80-Pho85 immunopurified from wild-type
(WT) and pho81A cells that had been grown in Pi-rich medium. Kinase assays were then performed
using recombinant Phod as a substrate. (D} Structures of relevant IPy isomers. 4-PP-IP5 and 6-PP-IP
are mirror images of each other. P, phosphate; PP, pyrophosphate.
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mately 3% or less of the IPs concentrtion (Fig, 3)
{/2). However, upon /4 limitation, IP7 levels
mercased o more than 20% of the levels ol 1P
{Fig. 3). This increase in abundance of 1Py is not
due 1o Phod-dependent transcriptional activation
(fig. $3) (7). and the tme course and depen-
dence of the [Py increase on extrace!lular P are
comparible to those obscrved for PHO pathway
regulation (fig. 53). Assuming that the [Py con-
centration is ~100 uM in cells (%) and that the
P4 concentration does not change in response o
P limitation, the concentration of 1Py may reach
=30 uM during £ limitation (fig. S3). a value
similar 10 the apparent 1Csp measured in vitro
(Fig. 2.

Many gene products involved in yeast ino-
sitol polyphosphate metabolism are known (Fig.
4A) (9. Kesl is a homolog of [P kinases in
other organisms (/9 and is a major 1P Kinase
in veast (12). However, 1Py is still observable in
ks iA cells (16, 200), suggesting that another 1Py
Kinase exists. A second veast [Py kinase, Vipl,
generales an somer of 1P, distinet from that

Synthelic IP, (uM)

|

16 32 63 125 250 500

Iﬁ

Inositol phosphates (uM)

l

0 B8 16 32 63125250 500

& ’il

c Synthetic IP, (uM)
0 16 32 63 125 250

|

80/85/
81-MD

80785

Fig. 2. Inhibition of PhoB80-Pho85-Pho81 by syn-
thetic IP,. (A) Synthetic IP; was serially diluted and
added to immunopurified PhoB80-Pho85 isolated
from wild-type (WT) or pho81 A cells that had been
grown in Prrich medium (Fig. 1C). Kinase activity
was then measured. (B} Serial dilutions of inositol,
myo-o-inositol 1,4 5-triphosphate (IP3), IP,, or 1Py
were added to PhoB80-Pho85-Pho81 immunopuri-
fied from wild-type cells grown in P-rich medium,
and kinase activity was measured, (C) Synthetic
IPy was added to recombinant PhoB0-Pho85 or
Pho80-Pho85—PhoB81-MD complex {50 nM Pho80-
Pho85 and 250 nM Pho81-MD} and incubated
20 min at room temperature. Kinase activity was
then measured.
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produced by the mammalian [P Kinase and
likely distinet from that produced by Kesl (27,
To determine which 1Pg kinase s involved in the
PHO pathway, we msayad the ability of ecllular
cxtmcts rom Pestarved wald-type, hesPA, and
vipd A cells o mactivate PhoSO-Phol3-Phol| in
vitro (Fig. 4B} The extract from fes /A cells in-
activated  PhoS0-Phol3 . a PhoRl-dependent

manner. whersas extract from viped A cells did

not, suggesting that Vipl mediates synthesis of

1P relevant to the PHO system.

To urther assess the physiological role of

Vipl-generated [P; m P signalmg in vivo, we
determined whether veast straims with mutations
in enzymes involved in inositol polyphosphate
metabolism (Fig, 4A) (9) had defects in the

8 WT Fig. 3. Increase in IP; upon P; star-
IF'ﬁ vatian. Strong anion exchange chro-
61 - High P, matograms of extracts derived from
- T. Low P, wild-type (WT) cells labeled with
& a | [PH}-inositol grown in medium con-
© ' | 1P, taining high £ (10 mM} or low
. \ I 7l (5 uM). Cells were starved for 2 hours
e . il B | at 30°C before lysis and analysis.
'h 4 s CPM, counts per minute.
U - = + F ¥ s 3
0 10 20 30 40 S50 60 70 80 90
Fraction
A B . U WT kesia vipTa
Plcl  Arg82 WT
PIP, —* IPy = — IP;, — IP, Ddp1
ST PP-IP,
Vip1] phos1
6- F'P IP,

oW

IP, Vip1 (uM) 16 125 250 500
-

PhoBi1-MD

IP, hIPBK1 B B4 125 250 500

PhoB1-MD

Fig. 4. Effect of disrupted inositol polyphosphate metabolism on Pho80-Pho85 actmr.y', monitored by
Phod localization. (A} Schematic diagram showing inositol polyphosphate metabolism in 5. cerevisiae,
(B} Wild-type (WT), kesIA, or viplA cell extracts from Prstarved cells were added to immunopurified
Pho80-PhoB85 from Py-rich wild-type (top) or pho81A (bottom) cells, and kinase activity was measured.
U, untreated. (C) Fluorescence microscopic (100x= magnification) analysis of wild-type, fpkIA, keslA,
vipl A, or ddplA cells expressing Phod—green fluorescent protein, grown in medium containing high
(top) or low (bottom} concentrations of Py. (D) lsomer specificity of the IP;-mediated Pho80-Pho85
inactivation. Pho80-Pho85 (8 nM} in the presence (top) and the absence (bottom) of Hiss—Pho81-MD
(250 nM} was incubated with IP; isomers synthesized with recombinant Vipl (top) and human IP6
kinase 1 (bottom), and kinase activity was measured.

regulation of PhoSO-Pho83-Phol 1. We moni-
torad the activity of PhoRO-Pho83 by measuring
the subcellular localization of its substrate, Phod
(Fig. 4C) In the iphl A and vipdA struns, Phod
wits locahzed o the evtoplism even m condi-
tions of P starvation, suggesting that the Kinase
cannid be inactivated. In the fosiA staim, Phod
became localized 10 the nucleus upon 4 star-
vation, consisient with the model that Kesl does
not generate the [Py that inhibits PhoB0-Phos3-
Photl. A fraction of the &esfA cells grown in
high- medium exhibited nuclear localization
of Phod; the cause of this phenotype is not un-
derstond (22, 231 Phod was constilutively nu-
cear in ofpdA cells (16), which have high
levels of 1P, but was constiutively eyvtoplasmic
i kes Avipd Adedp 1A and argd2A cclls, which
cannot produce [Py and [Py mespectively  (lig.
S4AL Phod was constitutively nuclear in a
vipd AphiodA strain and was constitutively cy-
toplasmie i didpd AphoXiA cells, suggesting that
1Py acts upstream of PholO-PhoR5-PhoX] (g
S4B) Addmonally, 1Py eneymatically synthesized
by recombinant Vipl inhibited Pho80-PhoS35
PhoR1-MD in a manner dependent on PhoS |-
MD. but [Py enzymatically svnthesized by the
human homolog of Kesl, hIPGKL, did no (Fig.
40 apparent [Cep ~ 30 uM: N, S40) (21).
We conclude that IP; produced by Vipl acts
as a signaling molecule that comrols the veast
PHO signaling pathway: 1Py concentrtions in-
crease in response o 5 limitation, and 1P is ne-
quired for mhibition of PhoR0-PhoR5-PhoS] in
vivo and in vitro, This work illuminates the mo-
kecular mechanisns underying previously reported
genetic mteractions between mositol polyphos-
phate metabolism and the phosphate-responsive
signaling pathway (22, 24). Our work reveals
regulation of a cvelin-CDK-CDK inhibitor com-
plex by a small molecule, 1P, It is unclear whether
1Py acis by allesterically regulating PhoSO-Phoss-
Phol1 or by covalently modifying one or more
of these components, as it has been demorstrted
o do for other veast and mammalian proteins (25).
1Py may be a more general signal for nutrient
limitation given that 7 starvation of budding
veast and nutrient limitation of  Dictvestelinm
(/7 beads w elevation of 1P levels. In addition.,
considering that a mammalian [P Kinase is known
o stimulate P uptake (26), a phenotype similar to
Pestarved veast ccdls, it 5 possible that connee-
tions between phosphate metabolism and mositol
polyphosphate ane conserved in other organisms.
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A Single IGFT1 Allele Is a Major
Determinant of Small Size in Dogs

Nathan B. Sutter,” Carlos D. Bustamante,” Kevin Chase,’ Melissa M. Gray,” Keyan Zhao,’
Lan Zhu,® Badri Padhukasahasram,® Eric Karlins,® Sean Davis,! Paul G. Jones,®

Pascale Quignon,* Gary S. Johnson,” Heidi G. Parker,® Neale Fretwell,® Dana S. Mosher,!
Dennis F. Lawler,® Ebenezer Satyaraj,® Magnus Nordborg,® K. Gordon Lark,?

Robert K. Wayne,* Elaine A. Ostrander'*

The domestic dog exhibits greater diversity in body size than any other terrestrial vertebrate. We
used a strategy that exploits the breed structure of dogs to investigate the genetic basis of size,
First, through a genome-wide scan, we identified a major quantitative trait locus (QTL) on
chromosome 15 influencing size variation within a single breed. Second, we examined genetic
variation in the 15-megabase interval surrounding the QTL in small and giant breeds and found
marked evidence for a selective sweep spanning a single gene (/GF1), encoding insulin-like growth
factor 1. A single /GF1 single-nucleotide polymorphism haplotype is common to all small breeds
and nearly absent from giant breeds, suggesting that the same causal sequence variant is a major

contributor to body size in all small dogs.

e variation in the domestic dog is
extreme and surpasses that of all other liv-

ing and extinct species in the dog Gunily,

Canidae (/, 7). However, the genctic origin of

this diversity is obscure. Explanations include
imcreasod recombination or mutation rates (3, 4),
a umigue role of shon repeat loci near genes (),
expansion of specilic short interspersed  nuclear
clements (), reaulatony gene vanation (6, 7)., or a
readily  aliered developmental program (/. 6).

The domestic dog descended from the gray woll

at least 13,000 years ago (8-10), but the vast
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majority of dog breeds originated over the past
few hundred wears (/). Understanding the
genetic basis for the rapid generation of ex-
treme size variability in the dog would provide
critical tests of aliernative genctic mechanisms
and insight into how evolutionary diversilica-
tion in size could occur rapidly during adaptive
radiations (/7).

To mvestigate the genctic basis for size
varation in dogs and understand how change
in size might occur mpidly m dogs and other
canids, we st imitiated sequence-based marker
discovery across a 153-megabase (Mb) interval
on chromosome 13 in the Poruguese water dog
(PWD), a breed that is allowed large variation in
skeletal size by the American Kennel Club (/3).
Previously, based on 92 mdiographic skeletal
measurements for size and shape, we found that
two QTL (FH2017 m 37.9 Mb and FH2295 a1
43.3 Mb) within this region were strongly
associated with body size in 463 PWDs from o
wellchameterized extended pedigree (13, [4).
We discovered 302 single-nucleatide polymor-
phisms (SNPs) and 34 mscriondeletion poly-
morphisms by sequencing 338 polymerase
chain reaction (PCR) amplicons in four lage

and four small PWDs and in nine dogs from
small and giant breeds (<9 and =30 kg avermge
breed mass, respectively ). We then measured the
association between 116 SNPs and skeletal size
in a sample of 463 PWDs and identified a single
peak within 300 kb of the insulin-like growth
factor | gene (MGFT) (Fig. 1A) conlinning the
FH2295 QTL. MR is an excellent candidate
gene known 10 influence body size in both mice
and humans (/5-17),

Haplotvpe analysis of 20 SNPs spanning
JGFT funther suppored a role for the locus in
determining body size. We observed that 889 of
the 926 (96%%) PWD chromosomes camy one of
Just two haplotypes, wemed B oand 1 Dogs
homoeyvgous Tor haplotype B have a smaller
median skeletal size [Fig. 1B; < 3.27 = 107,
analysis of vanance (ANOVA)] and mass (g,
51) than dogs homozyvgous for 1 and a lower
level of IGF] protem in blood serum (Fig, 1C;
P <934 < 107% ANOVA) In PWDs, 15% of
the variance in skeletal size is explained by the
IGFT haplowwpe. Linkage disequilibrivm arownd
IGFT in PWDs i wo extensive to allow fine
mapping, presumably because of the breed's
recent ongin and small population size (18, [9).
However, if a mutation at fGF! in gencral un-
derhies genetic differences in siee among dog
breeds, comparnizon of breeds of different sizes
that have distinet gencalogical historics may
allow fine mapping of the mutation. Morcover,
because size has been the target ol strong sc-
lecuon by dog breeders, we would expect o
find a signaure of sclection sumounding the
QTL in breeds of extreme small or giant size.

To test these predictions, we surveyed genci-
ic variation for the same 116 SNPs in 526 dogs
from 23 small (=9 kg) and 20 giant (=30 kg)
breeds. To obtain an empirical distribution of
our association mapping test statistics, we also
surveyed varation in 83 SNPs with no known
association 1o body size on cinine dhiromosomes
[, 2, 3, 34, and 37, These daa were analyzed
first 10 determine if intense anificial selection on
body size has resuled in a “sclective swoep™
(211, reducing vanability and increasing allele
frequency divergence near JGF. We found a
marked reduction in marker heteroeygosity and

6 APRIL 2007 WVOL 316 SCIENCE  www.sciencemag.org



Fig. 1. Relationships of
skeletal size, SNP markers,
IGF1 haplotype, and serum
levels of the IGFL protein in
PWDs. (A) A mixed-model
test for association bebween
size and genotype. The as-
sociation of three genotype
categories (Aqfy, Aglz, and
Azfz) with skeletal size mea-
surements was calculated with
the use of all pairwise coef-
ficients of consanguinity for
376 dogs. Each point repre-
sents a single SMNP position
on canine chromosome 15
and negative log P value
for the association statistic.
(B} PWD IGF1 haplotypes
and mean skeletal size.
Haplotypes were inferred
for 20 markers spanning
the IGF1 gene (chromo-
some 15: 44,212,792 to
44,278,140, CanFaml). Out
of the 720 chromosomes
with successful inference,
96% carry one of just two
haplotypes, B and I, iden-
tical to haplotypes inferred
for small and giant dogs,

>

-Log P-value
o = N W -t-'- g ;D =~

Frequency

0.15

40 4
Position (Mb)

(9]

i & ¢

de

Serum IGF1 (ng/mil)

PP a? 5 0P 0% P WP a0

Skeletal Size

BB BN N
IGF1 Haplotype

respectively (Fig. 3). Data are graphed as a histogram for each genotype: BB (closed triangle, black line), B
{open square, dashed ling), and 1N (closed dircle, gray line). (C) Serum levels of IGF1 protein (ng/ml) as a
function of haplotype. Serum levels of IGF1 protein were assayed in 31 PWDs camying haplotypes B and 1. Box
plots show the median (center line in box), first and third quartile (box ends), and madmum and minimum
values (whiskers) obtained for each category: homozygous BB (7 = 15), heterozygous BA (n = 7), and

homozygous 1A (n = 9,

IG-Fi

Fig. 2. Signatures of recent selection on the /GF1 locus across 22 small and giant dog breeds. (A
Heterozygosity ratio (Hg) for small versus giant dogs. (B) Genetic differentiation (Fs;) for small versus giant
dogs. For both (A) and (B), a sliding 10-SNP window across IGFI was used. Dashed lines delimit the 95%
confidence intervals based on nonparametric bootstrap resampling. The /GF1 gene interval is indicated
above the graphs as a red box drawn to scale. (C) Observed heterazygosity (How) of SNPs near IGF1 typed
in small breeds (<9 kg) and giant breeds (=30 kg). Small breeds have a reduction in observed
heterozygosity compared with that of giant breeds. Red and blue points are average observed
heterozygosity in small and giant breeds, respectively. Dashed lines are locally weighted scatterplot
smoothing (LOWESS) best fit to the data. The /GF1 gene is shown as a black bar with exons indicated by

vertical lines.
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increased genetic differentiation between small
and giant dogs centered on /GFT (Fig, 2). Spe-
cifically, near /GF1, average heteroeygosity in
amall dogs s only 253% ol that i large dogs,
genetic dilferentiation (Fsy. where ST represents
subpopulation) peaks significantly at 0.6, and
overall heterozy gosity 15 shamply reduced (Fig.
2B) (hgs 52 w S5). Together, these results
sugpest that a narow and preciscly defined
genomic region holds the variant (or varants)

responsible for small size in a dispamte s¢1 of

small dog breeds.

We next tested for association between cach
SNP and average breed size (Fig, 3A), The null
hypothiesis of no association between body sizc
and marker frequency across breeds is rejected
{Bonferroni-correct P value < 0,03) for 23
contiguous SNPs defining an 84-kb  interval
spanning the same region that shows evidence
ol a selective sweep (chromosome 15 base pairs
44,199,850 10 44.284,186) (Figs. 2 and 3A).
The Mann-Whitney U statistic provides a uni-
form distribution of P values for 83 genomic
control markers (fig. 56). Similady, P values
from Fisher’s cxact 1ot ol association across
individuals were smaller than 107'™ in the 84-kb
interval: although these P values are cleary
Biased by confounding population structure (fig.
S6), s evidenced by the X3 genomic control
nurkers [for which the minimum  value was
107 (fig. 7)), the result is significant,

Analysis of specific breed haplotypes shows
that a 20-5NP haplotype spamning [GFT s
shared by all 14 sampled small dog breeds
{Fig. 3, B and C) and 15 identical o haplotype B
in small PWDs. This haplotype was observed in
only three of the nine giant breeds because most
piant dogs camry one or both of two distinc
haplowypes: F and 1. SNP 3, located ot base pair
position 442284658 (Fig. 3B). 15 the best can-
didate for being proximate to the causative
mutation for the llowing reasons: (i) It dis-
tinguishes haplotypes A, B, and C, associaed
with small body size, rom haplotypes I 1o L,
which are common in large breeds: (i) an an-
cestral recombination graph suggests an ab-
sence of recombination between SNPs 4 and
5 (Nig. S8) and (i) marker analysis in the
golden jackal and gray woll indicates that the
SNP 5 A allele of small breeds s the denved
condition (fig. 89) (table S1). To further as-
sess the associaiion between body size and the
SNP 5 A allele, we genotyped six tagging
SNPs that distinguish all major fGF] haplo-
types in o set of 3241 dogs from 143 breeds
(Fig. 4) (table 523, The frequency of the SNP
5 A allele is strongly negatively correlated with
breed average mass across this large sample
of breeds (Fig. 4, Spearman’s rank correlation
coeflicient p = —0.773; P < 2.2 = 107" likeli
hood ratio test = 2882.3, ygpq < 2 = 107,
logistic regression of allele frequency on body
size) A strong negative comelation remains when
the 22 breeds wsed o discover 8NP 3 are emoved
from the analysis (p = -0.729; P <22 = 1076,
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Speamman’s rank correlation ). Exceptions, such
as the large Rottweiler or small whippet breeds,
may carry compensatory mutations at other
size QTL or recombinants that could aid fine
mapping at MeFL. Our results show that a
single fGFT] haplotype is common o a large
sample of small dogs and strongly imply that
the same causal variant (or varianis) is a ma-
jor influence on the phenotype of diminished
body sizc.

The IGF! gene is a strong genetic determi-
nant of body size across mammals; mice
genetically deficient in JGF1 are just 60% nor-
mal birth weight (13}, and a human with a
homoevgous partial deletion of the gene was
bom 3.9 SD below normal length (16, 17),
1GF] binds the tvpe | 1GF receptor, a tvrosine
Kinase signal transducer. This interaction pro-
motes cell growth and organismal longevity (27)
and induces cellular differentiation (22). Serum
levels of IGF1 protein (23) have been found 1o

comelate with body size i 1oy, miniature, and
standard  poodles (24) These studies did not
compare [GF ] genetic variation with diflerences
m serum IGF] protein concentrations; we ob-

served that PWDs camrying the B haplotype of

the fGF! gene have significantly lower scrum
levels of IGF1 (Fig. 1C).

Finally, 10 identify possible causative var-
iants, we sequenced the exons ol JGFT in a
panel of nine small and giam dogs and found
only one varation in coding sequence, a syn-
onymous SNP in exon 3 [chromosome 15 base
pair position 440.226,324, Canis familfaris ge-
nome assembly | (CanFaml }]. Extensive rese-
quencing within introns and anking genomic
sequence wias also undertaken (mble 53). Sev-
cral additional SNPs (table S4) and an antisense
onaited retotransposon (table S5) unique 10
small breeds were identilied. Alleles of a dinu-
cleotide CA, microsatellite in the JGFT promaoter
were also sigmiticantly associated with body siee
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Fig. 3. Evidence of association and IGF1 haplotypes for 14 small and 9 giant breeds. (A) Mann-Whitney
U (MWU) P values for tests of association between individual SNPs and body size (small versus giant) for
116 SNPs on chromosome 15 and 83 SNPs on five control chromosomes. The dashed line indicates
Bonferroni correction for multiple tests. Only breeds with data for at least 10 chromosomes were
included (14 small and 9 giant breeds). (B} Haplotypes for the 20 markers spanning the small breed
sweep interval near IGF1, The haplotypes were inferred independently in each breed. For each individual,
fractional chromosome counts were summed for all haplotypes with at least 5% probability according to
the haplotype inference software program PHASE. Chromosome sums for each breed were rounded to
integer values; several breeds have odd numbers of chromasomes due to rounding error. Only inferred
haplotypes carried by at least three dog chromosomes total (i.e, =0.5% frequency overall) are shown.
Sequence reads collected from golden jackal (Canis aureus) were used to determine the ancestral allele
for each SNP. The haplotypes are rows labeled A to L, and marker alleles are colored yellow for ancestral
state (matching the nucleotide observed in the golden jackall and blue for derived state. SNP positions
within fGF1 are shown at the top with IGF1 introns (horizontal line) and exons (vertical bars) indicated.
(C) Breed name and the average size of adult males in kilograms are provided. Small breeds less than
9 kg and giant breeds greater than 30 kg are grouped for totals shown at the far right.
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in the PWDs (7 < 1.4 = 107, ANOVA) and the
small and giant breads (P < 2.2 = 107", chi
square test; table S6) ANl of these varations
were in strong linkage disequilibium and there-
fore a causative variant could not be definitively
identified by this approach. Given the difficulty
of developing inbred dog lines scercgating small
size, uture studics will focus on using knock-in
mice to explore the effeet of these variants on
phenotypes.

Our lindings suggest that a single [GF!
haplotype substantially contributes 1o size vari-
ation in the domestic dog. Because our sample
includes small breeds that are distamtly related
(25 and reproductively solated, and because
the extent of haplotype shanng o JGFT s rela-
tively small, the sequence varant or vanants prob-
ably predate the common origin of the breeds
and likely evolved carly in the history of dogs.
The carly appearance of this allele may have
facilitnted the mmd genesis of size diversity in
the domestic dog. The st archacological recond
of dogs, beginning about 12,000 1o 15,000 vears
ago (Y, 26}, shows that size diversity was pre-
sent early in the history of domestication. For
example, dog remains lrom castern Russia dated
to 14.000 to 15,000 years ago are similar in siee
and conformation o great Dancs, whereas slight-
Iy younger dog remains from the Middle East
and Furope (10,000 w0 12,000 years ago) are
similar in size o small temiers (9, 26, 27) The
carly and widespread appearance of small size
suggests that an ancesmal small dog JGFT haplo-
type was readily spremd over a large peographic
area by trade and human migmtion md was
mamtained in local gene pools by selection.
Such carly selection on dogs may have been
manifest as intentional artificial selection exer-
cised by carly humans or as an adapiive trait for
coexistence with humans in the more crowded
conlines of developing villages and cities (2¥).

1.0

06 08
i i i

Frequency of A allole

0D 02 o4

L]
16 25 36 49 64 81
Body Size (kg)

Fig. 4. Association of body size and frequency of
the SNP 5 A allele. Binomial regression of allele
frequency on square root of mean breed mass.
Dashed lines indicate the 95% confidence
interval on the predicted equation line as esti-
mated from nonparametric bootstrap resampling.
Between 5 and 109 (median = 22) dogs were
genotyped for each of 143 breeds. The PWD is
highlighted in red along with three giant breeds
that have larger breed average masses than is
predicted by their SNP 5 allele frequency.
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The ubiguitous occurrence of the [GF B
hapletype in a diverse panel of small breeds
clearly does not suppont unorthodox explana-
tions of phenotypie diversiy in the dog such as
elevated mutation or recombination rates, Rath-
er, we show that a single /GFT allele is a major
determinant of small sizc in dogs and that in-
tense antificial selection has left a signature in
the proximity of /GFI that can readily be found
by genomic scans of broeds sharing a common
phenotype. The ability 1o identily a gene con-
tributing to mormphology without doing a genctic
cross, but instead by using centuries of dog
breeding, highlights the contnbution thm the
study of canine genetics can make to an under-
standing of mammalian morphogenesis, These
results provide a procedent for e studies
aimed at dentifying the genetic basis for com-
plex traits such as behavior and skeletal mor-
phology in dogs and other specics with small
populations that have expenenced strong arifi-
cial or natural selection,
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Binding of the Human Prp31 Nop
Domain to a Composite RNA-Protein
Platform in U4 snRNP

Sunbin Liu, ™ Ping Li,"** Olexandr Dybkov,? Stephanie Nottrott,® Klaus Hartmuth,?
Reinhard Liihrmann,t Teresa Carlomagno,®t Markus C. Wahl*t

Although highly homologous, the splicecsomal hPrp31 and the nucleolar Nop56 and Nop58
(Nop56/58) proteins recognize different ribonucleoprotein (RNP) particles. hPrp31 interacts with
complexes containing the 15.5K protein and U4 or U4atac small nuclear RNA (snENA), whereas
Nop56/58 associate with 15.5K—box C/D small nucleolar RNA complexes. We present structural and
biochemical analyses of hPrp31-15.5K-U4 snRNA complexes that show how the conserved Nop
domain in hPrp31 maintains high RNP binding selectivity despite relaxed RNA sequence
requirements. The Nop domain is a genuine RNP binding module, exhibiting RNA and protein
binding surfaces. Yeast two-hybrid analyses suggest a link between retinitis pigmentosa and an
aberrant hPrp31-hPrpé interaction that blocks U4/U6-US tri-snRNP formation.

ost eukarvolic pre-mRNAs contain
introns that are removed before trans-
lation by a multi-megadalion ribo-

nucleoprotein (RNP) eneyvme, the spliceosome
(f-3)1 A spliccosome 15 assembled anew on
cach imron rom small nuclear (sn) RNPs and
non-snRNP splice factors (4, 5) The RNP net-
work of the spliccosome is extensively restrug-
tured during 1ts maturation (2, 6, 7}, reflecied by
changing RNA intermctions. The Ub snRNA 15
delivered 1o the pre-mRNA ina repressed state,
in which catalytically imponant regions arc
basc-paired to the U4 snENA (8, 9). During

splicecosome activation, the U4-U6 interaction
is disrupted, U4 snBRNA is released. and U
snRNA forms short duplexes with U2 snRNA
and the pre-mBNA substrate (6). Understand-
ing this catalvtic activation of the spliceosome
requires detailed structuml information on the
snNPs,

As for other complex RNPs (/0), the U4U6
di-snR NP is built in a hicrarchical manner, A U4
5" stem loop (U4 3°-5L) between two base-pained
stems of U4/U6 serves as a binding site for the
highly conserved U4/U6-15.3K protein (/7).
15.5K binds 10 and stabiliecs a kink wm (K )

in the U4 3-5L (/2) and is required for
subsequent recruitment of the human (h) P3|
protein W the U4UG di-snBNP (73). hPmp3l
does not interact with cither the 155K or the
RNA alone (13, 14, but it 15 not known whether
155K merely prestructures the RNA for subse-
guent binding of hPmp3 1 or whether 135K pro-
vides part of the hPrp3 1 binding site. hPrp31 is
essential for pre-mRNA splicing (/3) and is a
component of both major and minor spliceo-
somes. [n the latter, the U4 snRNA is replaced by
the Udatac snBRNA (Fig. 1A). Nevertheless, both
snRMAs bind 155K, and both primary RNPs
incorporate hPrp3l in a strictly hicrarchical
manner ({3, [6).

The 15.5K protein also binds o a K tum in
box C/D small nucleolar (sno} RNAs (17, 18),
but subsequently Mop36 and Nop5s (Mop56/58;
NopSp in archaca) are recnuited 10 the snoRNPs
(Fig. LAY (7, 19, Stem 11 of the snRNAs and
soRNAs (Fiz. 1A ) encompasses crucial identity
clements for secondary protein binding, In the
box C/T snoRNAs, stem 1 is longer by one base
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pair, and no sequence deviation s tolerated
(/9-21). Somewhat paradoxically, both hPmp3|
and Nop36/58 contain a conserved, ~1 20-residuc
Nop domam lI]Pm_ﬂ:”'j“} (I, 22, 23) (he.
511 which seems to mediate binding to the
ditferent primary RNPs (24),

To delineate the structural basis for the
ordered and sceetive binding of hPmp3 1, we fist
probed whether hPrp3 ] engages in direct
contacts with 155K in the context of the U4
snRNP by using nuclear magnetic resonance
(NMR) spectroscopy (25). ["*N]15.5K protein
was bound to an RNA representing the entire U4
S50 [residues 20 w0 32 of Ud snRNA (Fig,
IAY, and NMR chemical shifi changes were
monitored upon addition of hPrp31. Primarily
residucs n helices o2 and a3 of 155K were
affected (Fig. I1B). Saturation transter from the
aliphatic protons of hPrp31 10 the amide nes-
onanees of 155K in a temary complex con-
taining ["*N2D.'Hy|15.5K confirmed direct
contacts between hPrp3l and helices a2 and o3
of 155K (Fig. 1B).

By using limited proteolysis. we defined

. 1 78333 K o
fragment hPep3 1™, whose binding activity

Fig. 1. (A} Schematics of the 5-SLlsof A
U4 snRNA (left), Udatac snRNA (mid-
dle), and the K-turn region of box CD
snoRNAs (right). N indicates any nucleo-

resembled that of full-length hPrp3 | [Support-
ing Online Material (SOM) text and fig. S2). /
reconstituted hPp3 17341 5.5K-U4 5'-SL com-
plex vielded a 2.6 A resolution crystal struc-

ture (table S1), in which residues 4 1o 128 of

15.5K and 85 10 333 of hPrp3l (excluding
residucs 256 10 265 that form the tip of a lex-
ible loophand all RNA residucs (nucleotides 20
to 52 of U4 snRNA) could be traced (fig. 83).
The hPrp3 17 155K U4 5-SL complex is

triangular, with one subunit at cach vertex of

the triangle and cach subunit comacting the
other two (Fig. 2A). The negatively charged
RNA is sandwiched between positively charged
arcas on hPrp31™* and 155K (fig. S4). The
region of thﬂIm'BJ imeracting with 155K
exhibits alternating  positively and  negatively
charped surace paiches matched by a com-
plementary set of patches on the 155K protein
ifig. 849

hPrp3
with three domains (Fig. 2A and fig. S1) Res-
idues 85 1o 120 (helix alyand 18] 10 215 (helix
abh) form two branches of an extended coiled

78333 uhibits an all-helical fold

coil, which is imemupted at the tip by a small

tide; R, purine, Binding of 15.5K and - LA
the secondary binding proteins is E:ﬂ'm G:E
indicated. Stem Il of the K turn in the 50-G=C G-C
box C/D snoRNAs is longer by one base c-G A=U
pair (20), and a single additional base Stem| Geu, c-G-%

pair in stem Il is known to interfere with
hPrp31 binding (21). Box 0D snoRNPs
act as sequence-specific 2°-0 methyl-
transferases, which posttranscription-
ally modify several functional RNAs.
(B) (Left) *H-**N heteronuclear single-
quantum coherence spectra of 15.5K
in the binary 15.5K-U4 5'-5L complex
(black} and in the ternary complex
containing full-length hPrp31 (red).
Assignments of selected resonances B
are indicated. ppm, parts per million.
(Middle}) Mapping of NMR chemical
shift changes elicited by the addition
of hPrp31 on the structure of the
15.5K-RNA complex [coordinates
from (12); PDB ID 1E7K]. Dashed
line is the disordered pentaloop of
the RNA; 15.5K, light gray; and RNA,
dark gray. All structure figures were

prepared with PyMOL (34). (Right}) 1284

Mapping of saturation transfer from S . r
hPrp31 to RNA-bound 15.5K, indi- - 4 !
cating residues of 15.5K that are 16 g’_u F s‘fu L 'flu ’ ,u,l_u ‘

directly contacted by hPrp31. Appar- pom o

ent contacts to the central |5 sheet of ['H]

15.5K arise from spin diffusion.
Degrees of chemical shift changes

15.5K

AT

globular module (residues 121 1o 180 helices
o2 to a5y An oval-shaped Nop domain (res-
idues 215 1o 333; helices a7 to al3) follows the
cotled-conl monf at the C temumus, hPrp3 | 78-333
contacts the primary RNP exclusively via its
Nop domain (Fig. 2A), suggesting that this
clement 15 the most crucial RNP interacting
module in hPrp3l.

The Nop domain of hPrp3 17 exhibits a
Nat surface formed by helices o, al0, @12, and
al3 (Fig. 2, A and B). The lower part of this
surface (helix o9 and the C-terminal half of helix
al2) interacts with the o2 and ol region of
155K (comact regions a and b oin Fig. 2B).
Dectails of the interactions between hPp3 17
and 153K (Fig. 3, A and B) agree well with full-
length hPmp3 1-153.5K comacts mapped by NMR
iFig. 1B} The upper portion of the surface (helix
allt and the N-terminal hall’ of helix «l2)
contacts the RNA on the side that is not
associated with 155K {contact region 1 in Fig.
2B} and m the major groove of stem [0 {region 2).
A loop following helix al® interacts with the
capping pentaloop (region 3) The surdaces of
15.5K and of the RNA bured upon binding of

LTTL LA

¢ 15.5K

and saturation transfer are color-coded: red, strong; arange, intermediate; and yellow, weak. A similar picture is obtained when mapping the contacts of
hPrp317%** on 15.5K in the framework of the 15.5K~U4 5'-SL complex (SOM text), confirming that the hPrp317%*** fragment interacts with 15.5K in the

same way as the full-length protein,
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the Nop domain are comparable (350 to 630 A?
cach) and are confluent (fig. 85). Thus, the Nop
domam presents an BNP recogniion motil, as
opposed 1o pure RNA mtaracuon domams found
m other protems (26),

On the basis of this architecture, failure of
hPmp3l w bind enther 155K or the RNA alone
({3, 14)can be attnbuted 1o 155K and the RNA,
cach contributing about half of the hPmp3l in-
teraction surlace, so that neither of the com-
ponents alone is able o supply a sufficiemly large
interface. In addition, 15.5K siabilizes the RNA
K-twirn region in a conformation lavorable for
hPmp31 binding and thus pays the entropic cost
for immobilizing part of the RNA structure
(SOM 1ext).

The conformation of the core 15.5K-RNA

complex is unaflected by the addition of

hiPrp3 e (Fig. 2A). Furthermore, the Nop
domam ol ]1I"r|13]m'j” closely resembles the
corresponding domain of the archacal Nopsp
protein in the absence of a primary RNP (24)
(table 52, Therelore, binding of the hPrp3 1 Nop
domain to 135K and the K tum resembles a
lock-and-key type interaction. hPmp3 1™ binds
to one side of the bulged U3 1 of the K-turn via
water-mediated interactions, van der Waals
contacts, and hydrogen bonds 1o the backbone
(Fig. 3C and comact region | in Fig. 2B). This
situation is reminiscent of protein-DNA inter-
actions, where the DN A-bound water structure
provides imponant latching points for proteins

Coiled-coil
tip

Coiled-coil _
hPrp31™* ™

Stem ||

Fig. 2. (A) Overview of the hPrp3178333-15 5Kk—U4 5'-5L complex (left). hPrp3178333, blue; 15.5K,
red; RNA, gold. RNA elements not seen in the binary 15.5K—22-mer RNA complex with a shorter stem
I [right (12); PDB ID 1E7K] are in green. Positions A194 and A216, at which missense mutations have
been linked to the RP11 form of retinitis pigmentosa, are shown as space-filling models and colored
cyan. Dashed line in hPrp317®***, disordered loop. Dashed line in the binary complex, unstructured
pentaloop. Although induced-fit interactions are the hallmark of most RNA-protein complexes (32),
the structuring of the RNA pentaloop upon hPrp317®%* binding observed here is particularly
pronounced. The crystal structure contains two crystallographically independent ternary complexes
per asymmetric unit that are largely identical (table S2). (B) Close-up views of the complex from the
back (left) and from the bottom (right). Main contact regions between hPrp31"'3“ and 15.5K and
between hPrp317%*** and the RNA are indicated by connecting lines and are labeled by letters and
numbers, respectively. Regions of the RNA are color-coded: distal portion of stem |, gray; K-turn
region, gold; distal portion of stem II, brown; and pentaloop, beige. The bulged-out U31 denotes the
tip of the K turn and is shown in sticks.
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{27). In addition, the short helix «10 of the Nop

domain lines the major groove of stem 11 of

the RNA where C247 (28) engages in hydro-
gen bonds o the bases of C41 and G43, rep-

resenting the only sequence-specilic contact of

hPPrp31 78333 1) the RNA (Fig. 312; contact region
2 in Fig. 2B).

Major structural changes in the RNA upon
lormation of the ernary complex are confined to
the RNA pentaloop (nucleotides 36 to 40), which
becomes ordered on addition of hPmp3 1™
(Fig. 2A). hPrp3 17 swbilizes the pentaloop
by direct contacts and by reinforcing intra-
molecular interactions, H270 (28), from a
flexible loop of hPp31 ™, siacks on the pe-
nultimate residue of the pentaloop, A3Y9, which in
turn stacks on the terminal base pair of stem 11
and forms a hydrogen bond across the loop (Fig.
3E and contact region 3 in Fig. 2B). The apparen
nmulleability of the RNA pentaloop allows its
remaining parl o wrap aound and engage in
hydrogen bonds with H270 (Fig. 3E). The
terminal U40 of the pentaloop stacks on a
hydrophobic surface patch of the Nop domain
(Fig. 3F). Because the above contacls ensue
between flexible elements of the xpml..-in and the
RNA, we conclude that hPrp3 1™ recognizes
and stabilizes the RNA pentaloop by induced Inn
interactions (SOM text),

Althougl the entire pentaloop of the U4 5°-5L1
can be removed without completely disrupting
the binding of hPrp3 1, it becomes protected from

hvdroxyl radical cleavage upon binding of

hPrp31 (21 or hPrp3 1733 (Fig, 4A). Our struc-
ture reconciles this apparent diserepancy. Even
though large portions ol the pentaloop are ex-
poscd, the C4" aoms, which are the primary sites
of hydroxyl madical anack {2¥), arc partially or
entirely buned for residucs 36, 39, and 40 (Fig.
4B). The flexible loop of hPm3 1™ (residues
256 10 263) is suspended next o the C4' atoms
of residues 37 and 38 (Fig. 4B). where it can
scavenge radicals and protect the RNA cven in
the absence of direct contacts.

hPrp3 1 recognizes complexes of 155K with
U4 or Udatac snRNA, whose sequences diller
merkedly in the hPrp3 1 contact regions definad
by the aystal structure (Fiz, 1A). In the U4
structure, hFrpSIm'm avoids sequence-specilic
mteractions with the RNA bases and  instead
maintains water-mediated  nteractions,  contacts
to the backbone, or stacking imteractions with the
bases (Fig. 3, C w F). With the exception of a
single hydrogen bond from €247 of hPp3 1 ™%
to C41 of the U4 snRNA, all comtacts could be
maintained ina complex containing the Udatac
S-5L. Consistent with a similar imeraction, H270
of hPrp31 has been ulaviolet light (UV)- cross-
linked to Ud4 of the Udatac snRNA (13, 30),
implying an identical stacking amangement as
seen with the corresponding A39 of U4 snRNA
{Fig. 3E).

The largely sequence-independenmt RNA
contacts Ui'hl"rp}lT =33 sugeest that structural
rather than sequence dilferences preclude bind-
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ing to box C/D-like RNAs. In our structure, all
hP'mp31 contacts with the BRNA are mediated by
the Nop domam, suggesting that this moul
alone s able to discriminate agamst an extended
stem [, To verify this hypothesis, we conducted
gel mobility shift assayvs by using wild-type
{WT) and mutant U4 5'-5Ls and a Nop-domain
fusion protein [malose binding protein (MBP)
hPmp3 127593, Like full-length hPrp3 |, the Nop
domain did not bind 1o RMPs, in which stem 11 of
the RNA was extended by a noncanonical U-U
(Fig. 4C, lanes 7 1o 9 or by a canonical C-G base
pair (lanes 1010 12). These data conlinn that the
Nop domain s both required and sulliciem for
binding to the primary BRNP and for decoding its
structural speci ficity determinants,

An clongated stem I would reposition the
pentaloop and thus the stacking platform for
H270 (Fig. 3E). Loss of hPrp3 | alfinity 1o 155K
complexes with clongated stem 1T RNAs could,
therefore, anse due w the disruption of H270-
A39 stacking. We tested this possibility by con-
verting H270 to an alanine or o a lysine {as
found in Nop36/58). Loss or alleration of the
H270 side chain resulted in reduced alfinity of
hPp3 1™ and WPmp31™™ 1o the 15.5K-
RNA S-SL complexes (Fig. 4D, lanes | 1o 5),
However, the mutants retained significant
binding activity and discriminated strongly
against long stem 11 eonstructs (Fig. 4D, lanes 6
to [0y, indicating that H2T0 is not required for
measuring the length of stem I

Mext, we modeled an extended stem 1T A-
form duplex o the presemt structure. The
additional base pair would lic in the stacking
level occupied by A39 in the WT complex.
Although A39 fits snugly next to helix ald of
the Nop domain, the helical twist would lead w a
severe clash between an additional Watson-
Crick base pair and helix al0 (fig. S6). In
contrasl, in a tutm]my RMNAL to which hPmp31
(24 and hl‘nﬁiz's':‘ * iFig, 4C, lanes 4 0 6)
still bind, the nucleotides would be tumed away
from helix al0. Thus, we conclude that helix
al 0 acts as a ruler for measuring the length of
stem 1 by presenting a physical barricr to addi-
tional base pairs. A different recognition mech-
anism must be at work in Nop36/38, in which
the Nop domain is compatible with clongaed
stem 11 RNAs.

The ]lPrp.‘l“'j'u fragment encompasses
both Al194 and A216 (24) that have been
linked to the RP1 form of retinitis pigmentosa
(23% AlM maps o the second helix of the
coiled coil, whereas A216 lics in a shon loop
connecting the coiled coil 10 the Nop domain
{Fig. 2A and fig. S7). Thus, neither of the two
residues intermcts directly with 135K or the
U4 3-5L in the present structure (Fig. 2A).
The Ala"™—=Glu™ (A194E) substitution most
likely disturbs the local structure andior the
surface propentics of the coiled coil, because the
A194 side chain is embedded in a hydrophobic
envionment (fig. STA). The Alal16_pro?t®
(A216P) weplacement (fig. STA) potentially

& APRIL 2007 WVOL 316 SCIENCE

Fig. 3. Detailed interactions in the ternary complex. Selected interface residues (sticks) are labeled and
color-coded by atom type (carbon and phosphorus, as the respective molecule; oxygen, red; nitrogen, blue;
sulfur, yellow; bridging waters, cyan spheres). (A) Hydrogen bonds and salt bridges {dashed lines) invelving
helices 12 and «:3 of 15.5K and the hPrp31”***2 Nop domain (view from bottom of Fig. 2A). A network of
alternating residues from 15.5K and hPrp317®3* extends from the backbone carbonyl of 165 (15.5K) over
the side chain of R304 (hPrp31”***?) and the side chain of N40 (15.5K) to the backbone nitrogen of A246
(hPrp317%%3), (B} Hydrophobic contacts between the N terminus of helix 3 of 15.5K and the C terminus of
helix 12 of hPrp31 (view as in Fig. 2A). Our crystal structure and NMR analysis show that residues 74 to 77
of 15.5K, which upen jeint mutation inhibited the binding of hPrp31 (33), are not involved in contacts to
hPrp3173% gr full-length hPrp31, respectively, and elicit their effect indirectly, for example, by influencing
the structure of 15.5K. (C to F) Details of the interaction of hPrp31™>* with the K turn (C), with the major
groove of stem Il (D), with the 5" portion of the pentaloop (E} and with the 3 portion of the pentaloop (F). The
central lock-and-key interaction region around the K turn [(C) and (D)] is of paramount importance for the
stability of the temary complex, because the RNA pentaloop can be removed without completely disrupting
the binding of hPrp31 (21). The induction of a stable structure in the RNA pentaloop by hPrp3173* [(E)
and (F)] i reminiscent of the way some primary binding ribosomal proteins induce novel binding sites for
secondary binding proteins (10). Here, three of the five pentaloop bases are turned outward (E} and
conceivably provide a binding platform for another spliceosomal component.
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alters the structure and fexibility of a protein
loop, which may atlect the relative orientation
of the Nop and the colled-coil domains. Enther
of the above mutations could influence other
interactions of hPrp3 1, for example, with hPrp6
of the US snBNE To west this hypothesis, we
conducted a targeted yeast two-hybrd analysis

Whercas inroduction of proline at position 216
had no effect on the interaction with hPmpb, a
glutamate al position 194 significantly weakencd
the interaction { fig. STB). This result suppons the
idea that the hPrp31 coiled coil is an interaction
site for hPrp6 and links a metinitis pizmentosa
mutation in a spliceosomal protem o an aberrant

malecular communication,
By interacting concomitantly with both
155K and the RNA, the Nop domain rein-

using pGADTT-hPmpé as prey and pGBKT7-
hPmp3l, pGBKTT-hPmp3 1M™ME and pGBKTT-
hPp3 12" a5 bait under stringent conditions.

A -=-2222-2 158K c

= ==4255 515 hPrp31™™

= 4 44+ 4= DH»
AL
23 AGU
- MBP-NOD = = 4 = = 4
155 = +4 =44 =4+ =4+

doopmudg

42

T8989 101112

NI

LT
el

Residue 270 HAK HAK
MBP-hPrp31 = = 4+ 4 4 = = 444
155K = ++++ = ++++

12345 678910

Fig. 4. (A} Hydroxyl radical footprinting of the U4 5'-5L in the absence of protein (lane 2, in the
presence of only 15.5K (lane 3) and in the presence of 15.5K and increasing amounts of hPrpSl“”m
(lanes 4 to 6). Numbers indicate the protein concentration in pmol/l. Numbers on the right indicate
positions in the U4 5'-5L. The location of the pentaloop is indicated. (B) Surface of the hPrp317%3%—
15.5K~U4 5'-5L complex (RNA, gray; pentaloop, gold). Sugar C4' atoms are highlighted in black and
labeled for residues 37 to 39. Red dots, beginning (lower dot) and end (upper dot) of a flexible loop in
the protein that is suspended next to the sugars of the pentaloop. (C) Gel mobility shift assays
monitoring the binding of a Nop domain fusion protein (MBP-hPrp31°****3) to U4 5'-SL constructs.
Lanes 1 to 3, WT RNA sequence; lanes 4 to 6, replacement of the pentaloop by a UGAA tetraloop;
lanes 7 to 9, addition of a U-U base pair to stem Il following the sheared G-A pairs; and lanes 10 to
12, addition of a C-G base pair at the terminus of stem I1. (D) Gel mobility shift assays monitoring the
effects of converting HZ70 into an alanine (A) or a lysine (K). Mutant hPrp31 proteins bind less
strongly to a WT U4 5°-5L (lanes 1 to 5) but still discriminate against RNAs with a longer stem Il {lanes
6 to 10).
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lorces the 15.3K-RNA interaction. The latter
interaction is crucial for the transition from the
spliceosomal B complex to the C complex (/7).
during which sphccosome activation occurs.
Thus, on the one side hPrp3 1 may regulate the
RNA-protcin network at the U4 3-5L and
thereby facilitate disruption of the U406 snRNA
duplex. Our work alse sugpests that hPrpil
stabilizes the U4/U6-US ri-snRNP by concom-
itantly intermcting with hPrpb via a separate
coiled-coil domain. Imrguingly, hPrp6 links
hPrp31 w0 hBir2 and hSnul 14 (J4), which have
been shown o be the DEAD-box protein and
regulatory guanosine wiphosphatase (GTPasc),
respectively, that are crucial for both spliccosome
activation and disassembly (31 Therelore, our
structural data are m line with the previous
hypothesis (/4) that hPrp3l may nepresent one
of the ultimate targets of the helicase and GTPase
machinery of the US snRNP that acts during
spliceosome activation.
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An ATP Gate Controls Tubulin Binding
by the Tethered Head of Kinesin-1

Maria C. Alonse,’ Douglas R. Drummond,® Susan Kain,! Julia Hl.'ma-ngp..z

Linda Amos,® Robert A. Cross'*

Kinesin-1 is a two-headed molecular motor that walks along microtubules, with each step gated
by adenosine triphosphate (ATP) binding. Existing models for the gating mechanism propose a role
for the microtubule lattice. We show that unpolymerized tubulin binds to kinesin-1, causing
tubulin-activated release of adenosine diphosphate (ADP). With no added nucleotide, each
kinesin-1 dimer binds one tubulin heterodimer. In adenylyl-imidodiphosphate (AMP-PNP), a
nonhydrolyzable ATP analog, each kinesin-1 dimer binds two tubulin heterodimers. The data
reveal an ATP gate that operates independently of the microtubule lattice, by ATP-dependent
release of a steric or allosteric block on the tubulin binding site of the tethered kinesin-ADP head.

inesin-1 molecular motors are adeno-
B sine triphosphate (ATP)-drven walk-
ing machines that move in 8-nm steps
toward the plus ends of nucrotubules, tuming
over one ATP molecule per step under a range
ol loads (7-3). Even at very high backward
loads, when the motor can be lorced 1o step
processively backward (6). siepping remains
coupled 10 ATP binding (6, 7). Between sieps,
the motor pauses stably in a dwell state. It is
clear that ATP binding triggers exit from this
dwell state, but the structural mechanism is
controversial (8).

Two general types of model for this ATP
gate have been proposed. In the first, Kincsin
dimers are proposed to dwell between steps
with only one head attached to the microtubule,
whereas the other diffuses to some extent on its
tether but cannot access 15 next binding site
along the microtubule because the sie is oo far
away. ATP binding to the microtubule-atiached
head drives a conformational change that shifis
the tethered head along the microtubule,
biasing and focusing its dilTusional scarch for
its next binding site (Y, /7). In the second type
of model, Kinesin is proposed 1o dwell with
both heads attached 1o the microtubule (5), and

"Molecular Motors Group, Marle Curie Research Institute,
The Chart, Oxted, Surrey RHS OTL UK. *Medical Research
Councl Laboratory of Molecular Biology, Hills Road,
Cambridge CB2 20H, UK.

*To whom correspondence should be addressed. E-mail:
r.orossE@men.acuk

gating is ascribed o the effects of the resulting
intramolecular strain, together with any external
strain, on nucleotide exchange (/f, 12). These
two types of model are not mutually exclusive;
the mfluential Riee o al. model (9), lor
example, proposes that the first siep in cach
run of sieps uses the (st wpe of gate and that
subsequent sieps use the second ype. Both

Fig. 1. Activation of kinesin dimers
by tubulin and microtubules. The

types of model require the microtubule lattice
lor their opemtion, either to set a prohibitive
distance between binding sites or o apply
strain 1o the Kinesin heads. Here, we report an
ATP gate that operates independently ol the
microtubule lattice.

We have found that kinesin-1 binds 1o ree
tubulin heterodimers i solution, causing wbulin-
activated  release of adenosine  diphosphate
iADP). This shows that twbulin activation of
the kinesin adenosine triphosphatase (ATPasc)
is not unigue, as had previously been thought,
to the depolymerizing kinesins (13), The degree
of activation of the kinesin-1 ATPase by un-
polvmerized wibulin varies according to the
source of kincsin-1 and twbulin, but clearly
activation of the kinesin-1 ATPase does not
require the imerheterodimer interfaces that arise
in the microtubule lattice. For a fungal Kinesin-
| and a fungal wbulin, maximal activation by
unpolymerized wbulin heterodimers 15 equiv-
akent 1o that produced by assembled micro-
tubules (Fig. 1A). For brain twbulin and bram
kinesin, tubulin activation of the kinesin
ATPase is modest compared with microtubule
activation (Fig. 1. B o D).

S. pombe tubulin

microtuble- or bulis heterodiner— A g, Nourosporakinesint B . Ratkinesin1
stimulated steady state ATPase activity

of kinesin was measured at 25°Cwith 3, *° - HD| 515 ]
an enzyme-inked assay in 20 mM Py a0 Py LI
Pipes, pH 6.9, 5 mM MgCl,, 1 mM g gm

dithiothreitol (22), Values for Vi g ol g

(the projected maximum ATPase rate) = 5 z5

and Ky, (the tubulin concentration giv-

ing half-maximal ATPase) were obtained =2 5 4 = e & & b

by least-squares fitting to plots of ATPase
versus tubulin heterodimer concentra-
tion, using Kaleidagraph 3.6.4 (Syn-
ergy Software, Reading, PA, USA).

tubulin concentration (pM)

tubuiin concentration (M)

brain tubulin

MT, microtubule; HD, heterodimer, (0~ C | Neurosporakinesini D~ Rat kinesin-1

Vine 38.1 577, Koy 044 uM for HD, M T MT
Vinax 36457, Ky 0.39 uM for MT. (B) s

Ve 09572 Ky 203 yM for HD, Vi & e

122 57, Ky 0.28 uM for MT. (C) & %0 B o

Viay 35.9 572, K, 1.29 uM for HD, & % E

Vinax 711 572, K, 0.62 M for MT, ;E; 20 Es

(D) Vimax 4.05 7%, K 0.86 uM for HD, 10

Vinax 17.0 572, Ky 0.49 M for MT. 0 0 s

1] 2

tubutin concentration (pd)

4 B B 10 0 2
tubultn concentration (M)
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Fig. 2. Superose 12 column chromatography of
kinesin-tubulin complexes. (A} 6.5 pM rK430 rat
kinesin in ADP. (B) 13 uM pig-brain tubulin in
AMP-PNP. (C) 13 puM tubulin + 6.5 puM kinesin;
no added nucleotide. (D) 13 uM tubulin + 6.5 pM
kinesin in 0.2 mM AMP-PNP. (E) 13 uM tubulin +
6.5 pM kinesin in 2 mM ADP. Y-axis marks are
in mAU at 290 nm. X-axis marks are at intervals
of 1 mL The included volume of the column was
20.0 ml, and the void volume was 8.1 mL Sam-
ples (240 pl were run at 0.5 ml min™ in 50 mM
Pipes pH 6.9, 2 mM MgCl,, 1 mM EGTA with or
without 2 mM ADP or 0.2 mM AMP-PNP. The
gray vertical line indicates the tubulin elution
position. The elution profiles of tubulin alone
and kinesin alone were the same in ADP or
AMP-PNP. Binding stoichiometry was measured
for the shaded fractions.

Giel-filration experiments (Fig. 2) revealed
that the stoichiometry and allinny for kinesin-1
binding to unpelyvmertzed wbulin depends on
the bound nucleotide. With no added nucleo-
tide, kinesin dimers bind tightly 1o tubulin het-
crodimers, and the two proteins ¢lute 1ogether
from a fast protein liquid chromatography gel-
filtation column as a complex in which cach
kinesin dimer binds 101 = 0.06 SD (n = 4)
tubulin heterodimers (Fig. 2C). By contrast, in
the presence of the nonhydrolyzable ATP ana-
log adenylyvl-imidodiphosphate (AMP-PNP),
each kinesin dimer binds 183 © 0.08 S0 (0w = 4)
tubulin heterodimers (Fig. 2D, In the presence
of ADP, the binding 15 weakened, although
some intemction is sull apparem (Fig, 2E).
Kinesin binding does not deplete the total amount
of wbulin included by the column, cven in
AMP-PNP, which indicates that Kinesin binding
docs not cause tubulin to ageregate. Further-
more, addiion ol guanosine monophosphate
carboxypiperizin-d-yl-propyl- 1-phosphonic acid
(GMP-CPP) or taxol 1o AMP-PNP kincsin-
tibulin complex did not cause microtubule as-
sembly, as judged by video-enhanced differential
interference contrast microscopy, suggesling
that the two tubulin heterodimers in the AMP-
PNP-kinesin-tubulin complex are held in an
arrangement that prohibits their assembly into
a microtubule.

Tubulin activation of the Kinesin ATPase
occurs, as for microwbule activation, by
acceleration of the ADP release step ol the
kinetic eyvele (Fig. 3). Using kinesin in which
both heads are pnmed with the Muoreseent
analog 273" )-Ou(N-methylanthranilov] - A DP
(maADP), we find that half of the fluores-
cence signal corresponding o bound mantADP
decays on initial mixing with an excess of
tubulin heterodimers, whereas the remainder
decays only on addition of an AMP-PNP or

REPORTS

ATP “chase™ (Fig. 3B and 3D This shows that
only one head releases mantADP immediately
and that whbulin-activated mantADP  release
from the sceond Kinesin head requires that
AMP-PNP or ATP bind 1o the first head. This
two-step tubulin-activated release of ADP lrom
kincsin s likely to be related 10 the half-site
ADP release for Kinesin binding o micro-
tubules lirst reponted by Hackney (14, 15), in
which microtubule-activaied ADP release oc-
curs [rom only the microtbule-bound head,
whereas ADP release from the tethered head is
dependent on the binding ol AMP-PNP or ATP
1o the microwbule-bound head (J6-/8), A
similar structural mechanmism may underlic both
behaviors,

How might ATP binding 1o the microtubule-
bound head convert the tethered head from a
refractory state in which it traps ADP (/9)
and cannot bind tubulin into a state in which
it binds tubulin and releases ADP? Stram-
based mechamisms are ruled out, because ATP
gating oceurs with unpolymerized tubulin.
There are then two broad possibilitics: a steric
mechanism, in which the tubulin binding site
in the tethered ADP head is physically masked.
or an allosteric mechanism, in which the -
bulin binding site on the weihered ADP head
underzoes a conformational change that is
triggered by ATP binding to the tubulin-
attached, nueleotide-free head. To try to dis-
tinguish these possibilities, we fitted 3KIN, the
only available kinesin dimer crystal structure,
ino an existing crvogenic clectron microscopy

{eryo-EM) reconstruction of the complex of

kinesin dimers with helical (15 protofilament)
microtubules (20, 21, obwined in the absence
of added nucleotide. Fitting was only possi-
ble by docking cach head separately into the
cryo-EM density. In the resuliing (i1, the sece-
ond kinesin head sits slightly ahead and 1o the

Fig. 3. Two-step twbulin-activated -~ A B
ADP release from kinesin. (Aand € 5 %° [dnesnATP Kinesintubain " ATP)
Fluorescence transients correspond- = Y Y Y Y
ing to slow binding of 1 uM mantATP § 20 ¢ 1
to 1 uM rat kinesin, followed by slow E
release of mantADP from both 10% F
kinesin heads induced by a chase !
of nonfluorescent 1 mM ATP or of | | A
1 mM AMP-PNP. (B and D) The '1 Ih-
same experiment, but with 2 WM & .0 o e ; ; ; ;
tubulin heterodimers added before 5 10 15 200 5 w0 15 20
the addition of the chasing nu- = aac D
cleatide. Buffer 20 mM Pipes, pH R . ; G T
69,2 mM MCl 8 | kinesin .;WFNP l-%nasm 1ubl.=m mn:mpl
Inl P,
£
g 10F N —T
] ]
é | h. -
-10 3 5 5 | i i A,
0 5 10 15 200 5 10 15 20
minutes minutes
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left of the attached head (Fig. 4) (22), sug-
gesting that the tethered head is positioned so
as to mask s microtubule binding site. Fur-
ther work will be required 10 test thus prelime-
mary nterpretation.

Existing data indicates thm ATP binding has
profound effects on the kinesin head, recon-
lguring the active site and shifting the con-
formation of the microtubule binding loops L8
and L12 and the neck linker. The neck linker is
a | 3-residue sequence that connects the coiled-
coil il of kinesin-1 1o the C terminus ol the
alpha-6 helix in the head domain. Mutating the
neck linker or cross-linking it to the main pan
of the head inhibits Kinesin-driven maotility
23-25). Rice and colleagues (9) first proposed
that ATP binding to the kinesin head drives an
undocked-to-docked transition of 115 neck linker,
and that this event drives stepping ol two-
headed molecules by shifiing the leading head
closer to s next binding site along the micro-
twbule. EM evidence from gold-labeled kmesin
monomers (9), clectron paramagnelic reso-
nance studies (9, 26), and a variety of subse-
quent evidence from Muonescently labeled Kinesin
dimers (27-29) is consistent with ATP-dependent
neck-linker docking, Our own data show that
ATP binding w a whbulin-atached head releascs
the other head from a sterically or allosterically
blocked state. Apparently, ATP binding dnves
both neck-linker docking and cscape of the
tethered Kinesin head from a blocked stae,
Further work will be necessary 0 detenmine
whether these two events are coupled.

In the one-head-blocked kinesin dimer state
that we have identilied, one head binds wbulin
and the other has s twbulin binding sie
blocked. It is not clear whether this functional
asvimmetry s due o a preexisiing struciural
asvimmetry or whether blocking of one head
results from wbulin binding 1o the other head. In

Fig. 4. Fitting of cryo-EM maps of the apo state
of kinesin dimers attached to microtubules. The
microtubule plus end is toward the top of the
page. (Left) Cryo-EM map (20). (Right) Fitted
orientation of two heads of rat kinesin. One head
(yellow) is attached to the underlying microtubule
protofilament, whereas the other head (orange) is
parked in a forward-biased position that masks its
tubulin binding site.

IKIN, there is already an asvmmetry, but
medeling indicates that both tubulin binding
sites e 3KIN could be occupied without
preducmg a stene clash (22 Notwithstanding
this issue, and whether the blocking mechanism
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Fig. 5. Gating scheme. The cycle begins with
ATP-gated exit of the tethered head from a
refractory dwell state (dotted box} in which the
tubulin binding site of the tethered head is
blocked. After ATP binding to the attached
head, the block is released and the tethered
head is then free to diffuse to its next site along
the microtubule. Hydrolysis and phosphate re-
lease on the trailing head retumn it to a weak-
binding K.ADP state, which then detaches, diffuses
to a forward-biased position, and reverts to a
blocked state.

is steric or allosteric, our data identify an ATP
gate that operates independently of the micro-
tubule lattice, by a mechanism that 15 not based
on the stron developed between two attached
heads, or on a slep-change in the diffusional
distance to the next binding sitc along the
microtubule. What role might this gate play in
the kinesin walking mechanism?

Our data show that in the absence of ATP,
only one head binds tubulin and that ATP bind-
ing to this whulin-attached head is required 1o
unblock the wbulin binding site on the other
head. On this basis, we predict the scheme
shown in Fig. 5, in which whenever the trail-
ing kinesin head cyeles through 1o the KADP
intermediae, 1t detaches and revens o a state
i which its tubulin bindmg site 15 blocked.
Exit from thes blocked state requires ATP bind-
ing and is expected to be mte limiting at low
ATP concentrations and/or high loads. At high
ATP concentrations and low loads, ATP will
bind rapidly, and exit from the blocked state
will be correspondingly fast. In these circum-
slances, it is possible that the two-heads-
attached configuration will have the longest
lifetime in the eyvele. Nonetheless, we empha-
size that the ATP gate will still operate, requir-
ing that ATP must hind to sanction stepping.
and fulfilling its function of checking and ad-
Justing the phasing ol the kinetic eyveles on the
two heads.

Al least one current maodel proposes that the
gate controlling Kinesin's Nirst step is different
from that controlling subsequent steps (9). In
our model, the same gate controls the first and
all subsequent steps. Our model 15 consistent
with recent single-molecule work showing that
ATP binding under load is necessary (o escape
acyele of repeated futile back-stepping induced
bv a slowly releasing phosphate analog (f2)
and with ecarlier work showing that ATP
binding is necessary for both foresteps and
backsteps (6, 7). Our model is, however, in-
consisient with proposals that in the ATP-
waiting dwell state, both kinesin heads antach
stably 10 the microwbule (30),

A key point of controversy in the Kinesin
mechanism s the question of which biochemi-
cal step or steps generate force. In our model,
ATP binding generates force, but indirectly, by
snctioning binding of the ADP-contaming lead
head to its next site, which in tum triggers
microtubule-activated ADP melease from the
lead head and stabilizes it in a force-holding
state (6. &) The requirement that ATP must bind
o allow exit from this stae then serves 10 co-
ordinate lead-head anachment and trail-head
detachment and o maintain tight coupling by
ensuring a consistent phase lag between the
kinetic cyeles of the two heads (/6), An emeng-
ing general theme for mechanochemical nu-
cleotidases such as kinesin and myosin is the
amplification of local, nucleonde-dependem
conformational changes by causing them to gate
larger-scale ditfusional motions (),
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CELL SIGNALING
PHOSPHORYLATION, KINASES,
AND KINASE INHIBITORS

Cell signaling is a broad and frequently confusing field. This overview describes
some of the exciting new technologies that promise to drive research via more
specific, user-friendly assays, reagents, and services, and the development of new
inhibitors. By Lynne Lederman

nderstanding the signaling pathways, networks, and interactions

that cells require to function is a major scientific challenge. Kinases

are involved in the many signaling pathways cells use for growth

proliferation, differentiation, and death. Assays to elucidate kinase-
related components of signaling pathways may rely on “classic™ methods using
radioactive phosphates to detect kinase activity (phosphorylation), inhibition,
or dephosphorylation, or they may rely on moare recently developed fluorescent
or colorimetric technologies. Antibodies specific to phosphotyrosine,
phosphoserine, and phosphothreonine and to specific target sequences
are also useful for assay development. Companies with an interest
in cell signaling provide a variety of products that are driving basic
research, including enzymes, substrates, inhibitors, antibodies, and
off-the-shelf or custom assay kits.

Keeping Track
PhosphoSite is a unigue online resource developed at Cell Signaling
Technology (CST), to provide information about all in vivo mammalian
phosphorylation sites. Funded by both the company and three grants from the
US National Institutes of Health (NIH), it identifies over 15,000 unique sites from
the literature and over 8,000 previously unpublished sites discovered by scientists
at CST and elsewhere. PhosphoSite identifies sites of phosphorylation, and
contains extensive information curated from the literature about the regulation and
biological consequences of protein phosphorylation. By mid 2007, an enhanced
version of PhosphoSite is expected to be launched. Roberto D. Polakiewicz, chief
scientific officer, expects that the site will be freely accessible by the academic
world, and that there will probably be a subscriber's fee for other users. “We need
the funds to keep adding information,” Polakiewicz says, “so the database won't
become obsolete.”

Huda Shubeita, technical service scientist, EMD Biosciences, an affiliate
of Merck KGaA, which includes the Calbiochem brand, notes that a big focus of
the company is signal transduction. Calbiochem's Interactive Pathway Resource
provides over 2o interactive signaling pathways, including Akt and PI3 kinases,
and mTOR signaling. There are also disease-specific pathways, including ones
for diabetes and inflammation. Users select a target within a pathway to obtain
lists of available assay kits, antibodies, enzymes, substrates, inhibitors, and other
products. “Kinases are involved in every cell signaling pathway you can think
of, and, directly or indirectly, in most disease processes,” Shubeita says. “The
differential regulation of molecules dictates the characteristics of cells, whether
they remain normal or become pathological.”

Ambion, an Applied Biosystems business, has a website where customers will
be able to search about 300 pathways for their protein of interest to see what is
up- and downstream and whether its activity is associated with the cell continued »
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€€ Kinases are involved in every cell
signaling pathway you can think of,
and, directly or indirectly, in most

disease processes.”
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*In an ideal situation, patients’
blood could be monitored
for the drug's effect on

signaling pathways.”

surface, nucleus, or cytoplasm. Science’s own Signal Transduction
Knowledge Environment (STKE) provides tools and approaches to
allow users to acquire, understand, and use the vast array of cell
regulatory information that is available, through a database, virtual
journal discussion groups, and other formats.

Antibody-Based Tools in Combination Technologies
Polakiewicz believes Cell Signaling Technology “leads the pack in
terms of tools to study signal transduction, having developed [as part
of New England Biolabs] the first commercially available antibodies
specifically to phosphoproteins in their activation state. More
recently.” he says, “we have been developing antibodies capable of
detecting phosphorylation in the context of fixed amino acid residues
corresponding to kinase recognition motifs, which help to identify
and detect multiple novel kinase substrate proteins in a biological
sample.” These and other tools like general phosphotyrosine
antibodies, Polakiewicz observes, are becoming useful to study the
phosphorylation of proteins using CST's PhosphoScan technology.”
PhosphoScan can identify hundreds of phosphotyrosine sites
in a single analysis. It uses an immunoaffinity step to isolate
phosphopeptides from protease-digested cellular or tissue extracts.
The peptides are then identified using tandem mass spectrometry,
*Ifyou want to globally interrogate the phosphaotyrosine proteome in
a cell type or tissue in ane shot, it's a robust and powerful method,”
Polakiewicz concludes.

According to Roberto Campos-Gonzalez, director, cell signaling
research, BD Biosciences, “One of the most exciting recent
developments in the phosphorylation field for BD Biosciences is
the development of BD Phosflow, a unique way to monitar protein
phosphorylation states in kinase signaling pathways." The technology
is based on phospho-specific, fluorochrome-labeled antibodies
that are detected using flow cytometry. It has a unique appeal to
the pharmaceutical segment where it could be used to monitor the
effectiveness of a compound in clinical trials,” he observes. “In an
ideal situation, patients' blood could be monitored for the drug's
effect on signaling pathways, for example, the Akt or MAP kinase
pathways, in specific cell lypes because flow cytometry allows
discrimination between different cell immunophenotypes, such as
different subtypes of B or T cells.” Experiments have been done with
up to 11 different colors of labels, and Campos believes that this
is nol the upper limit. "It's a powerful way to monitor in vivo
studies where primary cells are not as abundant as are cell lines
used for in vitro studies, and are present in mixed cell-type
populations,” he says.

Circumventing the Use of Antibodies

According to Annegret Boge, director for reagent and assay R&D,
Molecular Devices, her company's IMAP TR-FRET (lime-resolved

126

fluorescent resonant energy transfer) detection system is helping
drive drug discovery in cancer research, among other areas. IMAP
uses a high-affinity reagent, trivalent metal complex immobilized
on nanoparticles bound via a linker to a terbium (Tb) donor, to bind
phosphate. When a fluorescent peptide substrate containing tyrosine,
serine, ar threonine is phosphorylated by a kinase, the fluorescent
phosphopeptide product binds to the IMAP reagent, bringing it closer
to the Th-donor complex, resulting in resonance energy transfer from
the donor to the acceptor (peptide substrate) and emission of a
stable signal as measurable light, In addition to TR-FRET, IMAP can be
performed using fluorescence polarization (FP) readout. This assay
circumvents the need for highly specific antibodies as well as the
effort and cost required to generate them.

Another advantage of antibody independence is the ability to test
lipid kinases and phosphodiesterases. "IMAP fits very well in the cell
signaling Field. We have a portfolio of over 150 fluorescently labeled
substrates for tyrosine, serine, and threonine kinases. Our products
are geared toward research where there is pressure Lo quickly validate
a high quality assay for high throughput screening.” Boge says the
assay also allows testing the activity of potential kinase inhibitors.
Molecular Devices sells substrates, buffers, and the IMAP binding
system primarily to users who “don't need us to tell them how to
design an assay. We provide a modular approach with dedicated
support,” Boge notes.

Inhibit and Protect

“A product we're really excited aboul for 2007 is PhosSTOP," says
|effrey Emch, product manager, Roche Applied Science. “These
phosphatase inhibitor cocktail tablets greatly increase convenience,
stability, and reliability, allowing users to make a preoptimized
inhibitor solution as needed.” PhosSTOP is designed to inhibit the
broad spectrum of phosphatases that are released when cells are
lysed, and to protect the phospharylation state of proteins from being
altered, which can affect the detection and isolation of functional
proteins of interest. This should allow researchers to capture more
accurately the phosphorylation state of their protein at a particular
moment in time,

At Your Service

Those who don't have the tlime, resources, or inclination to perform
their own kinase assays can turn to companies who will perform
them as a service. |eff Till, group product manager, drug discovery,
Millipore, observes that, as Upstate, the company was the first to sell
recombinant kinases, and today kinases are still big targets in cancer
therapeutics. Millipore has a portfolio of over 250 recombinant,
disease-relevant kinases which form the basis of KinaseProfiler, a
direct radiometric kinase inhibitor profiling service for the evaluation
of candidate pharmaceutical compounds. Till refers to the assay,
which was introduced about five years ago, as the “tried and true
gold standard.” The service, performed in Dundee, Scotland, allows
clients to avoid the use of radioactive isotopes. Till says, “Most of
our clients are looking for kinase inhibitors, primarily in the oncology
setting.” The company also has a specificity testing service for PI3-
kinases, called PiProfiler. Because PI3 kinase is a lipid kinase, it is
not as amenable to direct radiometric-formatted testing as are the
protein kinases. PIProfiler uses HTRF (homogeneous time-resolved
fluorescence), the company’s copyrighted name for its continued »



TR-FRET-based technology, for lead identification and evaluation
against the human PI3 kinases beta, gamma, and delta.

Biomol International, in partnership with Innova Biosciences,
launched Speedlead-P in July 2005, according to Mark Engleka,
technical marketing specialist, SpeedLead-Pis a service for selectivity
screening against a panel of 19 highly active phosphatases. The
turnaround is two weeks, and compounds can be screened against
the entire panel or a subset of the enzymes for percent inhibition
or IC50. “0ur service allows researchers to determine the inhibition
profile of a given molecule against a panel of phosphatases without
having to clone and express many phosphalases and develop assays
in house,” says Engleka. Biomol also has a large collection of assay
kits, recombinant kinases and phosphatases, kinase inhibitors,
including a kinase inhibitar library, phosphospecific antibodies, and
peptide substrates.

Disease-Specific Applications

At Pfizer's Research Technology Center, the kinase platform has
a mandate to identify members of the kinase gene family as drug
discovery targets, according to Jessie M. English, director of the
Kinase Center of Emphasis. The platform partners with PRizer
scientists, determining where roadblocks in the discovery process
may occur, and looking for approaches to address needs within the
company. “Pfizer is a drug discovery company,” English says, “Our
primary goal is to identify novel, effective, and safe therapeutics for
human disease. There is a substantial need to better understand
the molecular evenls underlying efficacy and safety as well as more
clearly delineate the implications of inhibiting specific kinase targets.
There sometimes is a gap between what is seen in in vitro kinase
assays and what happens in cells.”

James Christensen, associate research fellow, PGRD (Pfizer Global
Research and Development), is working in the oncology therapeutic
areain drug discovery and clinical development. His projects include
researching kinase inhibitars in early clinical development. Ofinterest
is determining the subtypes of patients whose disease will be most
likely to respond to kinase inhibitors. “We are looking at kinase
pharmacogenomics— targeting polymorphisms, gene amplifications,
mutations and other molecular profile analyses, and determining
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Cell Signaling

their relationship to patient clinical benefit from kinase targeted
therapies,” he says. This information could be used to analyze
clinical trial results retrospectively to define the molecular profiles
of patients whose disease would respond favorably to a treatment;
it could eventually be applied as a prospective diagnostic. “Anather
area of interest is to better define the molecular events downstream
of kinase signaling, utilizing genomic and proteomic approaches
in nonclinical models to identify biomarkers that are predictive of
clinical response, and ultimately to apply the most robust biomarker
approaches for clinical use,"” Christensen says.

Express and Silence

Another approach to dissecting cell signaling pathways is to use
small ar short interfering RNA (siRMA) to silence the expression of
genes of interest in viable cells. A number of well-known companies
offer kits and reagents for kinase-related gene silencing studies
relying on RNA interference (RNAi). Ambion Silencer siRNA libraries
have three individual siRNAs per target, and include human kinase,
phosphatase, and druggable genome libraries, which comprise
transcription factors and other sequences that may be of therapeutic
relevance. Kathy Latham, Ambion's senior product manager, RNA,
says the company also makes custom siRNA libraries. “RNAI as a
technology has revolutionized how people think of target validation,
Instead of finding inhibitors to figure out the role of kinases in a
particular biologic event, RNAI allows you to knock down expression
if you know the sequence of the gene,” she observes. David Dorris,
senior director and general manager, cell biology and RMAI, agrees.
“It's a great tool. Pharmaceutical companies have adopted the
technology most quickly, particularly in the kinase field. RNAI can
be used to see how specific the mechanism of action of a drug is.
RMAI can knock down a target in a signal transduction pathway, and
the effects on the pathway up- and downstream of the target can be
seen.” As part of Applied Biosystems, the company has field-based
scientists worldwide, who provide technical support.

Sigma-Aldrich has design services for customized siRNA
oligonucleotide sequences that are analyzed to reduce nontarget
binding. It also provides a wide range of kinase and phosphatase
reagents and kits as well as the individual enzymes, substrates,
activators, and inhibitors. Similarly, Qiagen offers a portfolio of high
throughput-tested siRNA sets in addition to providing custom siRNAs
and controls. In addition to human and mouse sets against the whole
genomes, druggable genes, and phosphatase and phosphatase-
associated genes and kinases, Qiagen's newest products include
siRNA against rat kinases, phosphatases, and phosphatase-
associated genes. Its new FlexiPlate siRMA system allows custom
selaction of siRMAs targeting human and mouse genes along with
controls, scales, and plate layout for efficient, economical screening
with minimum off-target effects and maximal knockdown efficiency.

Driving Forces

As more information accumulates about cell signaling pathways, it
will be crucial for researchers to be able to access databases and
interactive pathways to see where their kinase of interest fits in the
big picture. Combination technologies, too, will continue to drive
research and development.

lynne Lederman, Ph.D., is a freelance medical and science writer based in
New York.
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Next-Generation Coulter Counter

The Multisizer 4 Coulter Counter, the latest advancement in a long line of particle counting and
sizing instruments, is designed to deliver an increased dynamic range. Its unigue digital pulse
processing provides size analysis resultsin real time. Originally developed to count blood cells, the
Coulter Counter has a broad range of applications, from cells and bacteria to food and hydraulic
fluids. The Multisizer 4 features new sample management technology to ensure reproducibility.
The EZAccess fluid management system, software wizards, and automated functions improve
ease of use and increase productivity. Software functions include an automated time stamp for
real-time sample tracking and electronic blockage detection. The digital pulse processing scans

Beckman Coulter

and stores data for additional analyses and reporting.

For information 714-993-8955

www.coultercounter.com

Cell-Based ERK1/2 ELISA

The dual-fluorescence PhosPho-ERK1/2 Cell-Based ELISA (enzyme-
linked immunosorbent assay) is the first to measure total and
phosphorylated proteins simultaneously in the same well, without the
need for specialized equipment. Sample preparation is simple: Cells are
grown, permeabilized, and blocked in the same g6-well plate. Primary
antibodies against phosphorylated ERK1/2 or total ERK1/2, combined
with species-specific horseradish peroxidase-conjugated or alkaline
phosphatase-conjugated secondary antibodies and specific fluorogenic
substrates allow for measurement using a standard fluorescence plate
reader. Normalizing the fluorescence of phosphorylated ERK1/2 to total
ERK1/2 makes it easy to account for well-to-well variations such as cell
number,

R&D Systems

For information 800-343-7475

www. RnDSystems.com/go/CellBasedELISA

Protection from Phosphatases and Proteases

The combination of PhosSTOP Phosphatase Inhibitor Cocktail Tablets
and cOmplete Protease Inhibitor Tablets can protect proteins from
both phosphatases and proteases. PhosSTOP is a proprietary blend
of phosphatase inhibitors that acts on a broad spectrum of acid
and alkaline phosphatases, serine/threonine phosphatases, and
tyrosine protein phosphatases. The c¢Omplete Protease Inhibitor
Tablets inhibit serine, cysteine, and melalloprotease activity, and are
available in tablets for either 10ml or 50 ml of lysate, with or without
ethylenediaminetetraacetic acid (EDTA). Both products are nontoxic
and effective across a wide range of sample materials, including
animals, plants, yeasl, and bacteria.

Roche Applied Science

For information 317-521-2000

www.roche-diagnostics.us

Multiplexed Phosphorylation Analysis in Single Cells

BD Phosflow is an innovative flow cytometry-based technology that
enables activation-state analysis of multiple proteins at single-cell levels.
BD Phosflow reagents used in combination with cell surface markers
make it possible to study phosphorylation events directly in small
subpopulations of complex primary samples. The reagent line includes
close to 100 directly conjugated phosphorylation-site-specific antibodies.
A proprietary buffer system enables Phosflow analysis directly in whole
blood samples. This technology not only boosts cell-signaling network
analysis and high content secondary screening for drug discovery and
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development, but also enables the identification of signaling pathway-
dependent biosignatures for disease,

BD Biosciences

For information 877-232-8995

www.bdphosflow.com

Protein Interaction Analysis

Biacore X100 is a system for label-free protein interaction for
multiproject life science research laboratories. This general purpose
system, designed to be readily accessible to multiple users, includes
state-of-the-art software that leads the user from preparation to result
within a day. The Biacore X100 enables scientists to draw conclusions
based on comprehensive characterization of how proteins interact with
other moleculesin real time. This single instrument can determine affinity
and rate constants, binding specificity, concentration, and thermodynamic
parameters of the interaction. It provides deeper understanding of
molecular mechanisms and interaction pathways to determine protein
functionality and elucidate disease mechanisms.

Biacore /GE Healthcare

For information +44 (0) 79 7108311

www.biacore.com

Tyrosine Phosphorylation Discovery Tool

The PhosphoScan (P-Tyr-100) Kit features patented technology
that enables investigators to identify hundreds of thousands of
phosphorylated sequences and observe the state of protein tyrosine
phosphorylation in cells and tissues. The PhosphoScan technology
was recently used in the discovery of a novel activating mutation in the
JAK3 kinase in acute myeloid leukemia cells. The method underlying
the kit involves the specific enrichment of phosphotyrosine-containing
peptides from protease-digested cell extracts using Phospho-Tyrosine
Mouse mAb (P-Tyr-100) #9411 coupled to protein G agarose beads.
Phosphopeptides eluted from the beads are subsequently identified
by liquid chromatography/tandem mass spectrometry. Typically,
several hundred phosphotryrosine sites from one sample can
be identified in a single analysis, depending on the sample's
phosphorylation level and the sensitivity of the mass spectrometer,
Researchers at Cell Signaling Technology have used PhosphoScan to
determine cellular phosphorylation profiles in hundreds of cell lines,
xenografts, and primary human tumors.

Cell Signaling Technology

For information 978-867-2300

www.cellsignal.com
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POSITIONS OPEMN

DIRECTOR
The University of Southern Mississippi
School of Ocean and Earth Sciences

The College of Scicnce and Technology at the Uni-
versity of Southern Mississippi seeks a DIRECTOR
for the School of Occan and Earth Sciences (SOES).

The University of Southern Mississippi (USM), a
Carncgic Doctoral /Rescarch Exrensive and a South-
ern Regional Educarion Board (SREB) Caregory 1
institution, s the onlv comprehensive university in
the state thar has dual-campus status (Hartiesburg
and Long Beach). USM has several other teaching
and rescarch sites on the Mississippi Gulf Coast. The
SOES was cstablished in 2005, and comprises the
academic Departments of Coastal Sciences (Ocean
Sprngs), Geography and Geology ( Hattiesburg ), and
Marine Science (Stennis Space Center) as well as the
Gulf Coast Rescarch Laboratory (Occan Springs). For
more mformation, see websites: hittp: //www.usm,
educollegescosty/ and htep:/ www.osmueduo )/
costsoes. him,

The Director will guide development of a shared
vision and a strategic plan for the future of ocean and
carth scicnees ar USM thar facilitates interactons
among the diverse units of SOES. The Director will
be an advocate for the School at kocal, regional, and
national levels, induding fundrasing, and will pro-
mote diversity and interdisaplinary expertise. The
Dyirecror will coordinate an integrated program of
rescarch, teaching, outreach, and service in support
of the School’s mission,

The successful candidate will have a Ph.DD, and
will be cligible for tenure in one of the academic
disciplines within S0OES and will demonstrate a
record of achievenent in rescarch, extramural fund-
ing, and reaching, and will have strong adminisera-
tive and supervisory skills, Qualified persons should
submit a letter of intent, current curnculum vitae,
and the names of three references who will be con-
tacted only with the expliar permission of the can-
didate, Nominations are welcomed. Review of
applications and nominations will begin May 1,
2007, and will continue untl the posinon s filled.
All correspondence will be held in confidence and
should be mailed or c-mailed to: Dr, Rex Gandy,
Dean, College of Sdence and Technology, The
University of Southern Mississippi, 118 College
Drive, Number 5165, Hattisburg, MS 39406-
0001, E-mail: rex.gandy@usmuedu, telephone 601-
266-4883. Visit the USM website: httpe/ Mwww,
usmi.edu,

The University of Southem Mississippi is an el Cyp-
oty ffr:r;ll'nl]'l'r. diversity i3 Iighly valiied, Minonties and
(TR T e T I r.lmlrlr.flﬂrnf I n'”rfj.'. .'i_.!:l';rr.ll.Jrrn' .'Linlfr."];-nj.u.ir
Cymrortimty Employerd ADAL

FACULTY POSITIONS
Pathology Research

The Department of Pathology at the University of
lllinpis ar Chicago (UIC) College of Medicine is
scarching for candidates to fill two mid-senior level
tenure-track Stenured positions ar the ASSISTANT,
ASSOCIATE, or FULL PROFESSOR level in its
Rescarch Division. Desimble candidares will have a
.. in a biomedical ficld (or an M.D. with equiv-
alent research experienee), and a record of ar least
three vears of productive research as an independent
investigator. Hiring of two individuals who have
worked together or have linked programs in the same
arca is possible. The Department has a rescanch focus
m cancer prevention and molecular epidemiology;
however, investigators with interests outside of can-
cer will be considered. Preference will be given o
individuals conducting rescarch that involves human
samples, or that has obwious near-term translatonal
porential. Excellent new hboratory facilities, tissuc
resources, clinical collaborations, and infrastrucmire
support are available. Rank and salary wall be com-
mensurate with qualifications. For fullest considera-
tion, submit curriculum vitae and list of three
references by May 1, 2007, to; Dr, Peter Gann (e-muail:
peann@uic.edu), University of Illinois at Chicago,
Department of Pathology, 840 5. Wood Street,
Room 113 CSN, MCB47, Chicago, IL 60612,
LRE & ar Afpanatar Acson/ Bl Olpportiosry Eoployer,

POSITIONS OPEN
ou

FACULTY POSITION
MNorthwestern Feinberg School of Medicine
Department of Neurology and Neuroscience

The Newromuscular Disorders Program of the
Department of Neurology announces a new scarch
to recruit outstanding  individuals for full-ome,
tenure-track appointments at the level of ASSIST-
ANT PROFESSOR, depending upon prior experi-
ence and research accomplishments.

Applications will be considercd in the arcas of
nowel therapeutic applications o amyotrophic lateral
sclerosis (ALS) or study of the biology of motor
DCLIFCRES.

The Ph.D. or MDD, appointecs are expected to
have demonstrated exceptional potential in either
therapeutic approaches o ALS rescarch or study of
motor newrons, Responsibilities of the positions are
o develop dynamic, independently funded research
programs and to participate in medical, graduate,
and postgraduare reaching. High-quality laboratory
space and excellent startup support will be provided.
Salary will be negotiable depending upon cxpenence.

The appointees will have access to new state-of-
the-art animal facilitics and to shared facilitics for
tissue culture, cell imaging, transgenic and knockout
projects, monoclonal antibodics, gene and protein
micro-arrays, structural biology, and biotechnology.

Additional information about the Neuromuscular
Disorders Program can be found on our web pages
{(website: hop:/ Swww.neurogenetics.northwestern.
edu). Applicants must include the following ma-
verials: (1) current curmiculum vitae and list of pub-
lications, (2) brief statement of rescarch intereses (thiee
pages or bessj, and (3) three letters of reference sent on
their belall to cither: John A, Kessler, M.D. {e-mail:
jakessler@northwesterniedu) or Teepu Siddique,
M.D. {e-mail: t-sddique@northwestern.edu), Co-
Chairs, Amyotrophic Lateral Sclerosis Search
Committee, Northwestern University, Feinberg
School of Medicine, Ward 10-185, 303 E. Chica-
go Avenue, Chicago, IL 60611,

Please refier 1o academic scarch number P-123-06.

Complered applications must be received by July 1,
2007. Appoinmments will comnwnce on or after
Ocrober 1, 2007,

Nortneestern University i an gl Opporneniry CAfinma-
five Adion Educatar and Emploper and invites applications from
all gqualified individuals. Applicatioss from wonren o
minorities are especially sonple. Hiring s contingent uipow
eligibility w work in the United Srates.

CARDIOVASCULAR PHARMACOLOGIST

The Department of Vererinary Physiology and
Pharmacology, College of Vererinany Medicine and
Biomedical Sciences, Texas AS%M University an-
nounces the availability of a tenure-track position for
ASSISTANT /ASSOCIATE PROFESSOR in the
arca of pharmacology. A strong rescarch program in
cardiovascular science is desirable. A proven record
in teaching is required. The successful candidate will
be expected to contribute to a team-tanght pharma-
cology course in the professional curmculum. Depart-
mental faculty and their interests can be identified at
website: hoop: / Swww.ovm.tamu.edu vipp.  Re-
view of applications will begin immediately and con-
rinue untl the position & filled. Candidates should
send curriculum vitae, lerter of application, and names
and addresses of three references to: Randolph H.
Stewart, D.V.M., Ph.D., Department of Veteri-
nary Physiology and Pharmacology, TAMU 4466
Texas ARM University, College Station, TX
77843-4466. Telephone: 979-862-7764, fax:
QT0-B45-6544. E-mail: rstewart® ovmetamu.edu.,

Texas AEM Umiversity s an Equal  Opportunity
Empiloyer/ Educator,
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The Gerstner Sloan-Kettering Graduate
School of Biomedical Sciences offers the next
generation of basic scientists a program to
study the biological sciences through the lens
of cancer — while giving students the tools
they will need to put them in the vanguard of
research that can be applied in any area

of human disease.

PhD Program

An Internationally Recognized Research Faculty in:
» Cancer genetics

* Genomic integrity

* Cell signaling and regulation

* Structural biology

* Immunology

* Chemical biology

* Developmental biology

* Compurational biology

* Experimental thempeutics

* Experimental pathology

* Imaging and radiation sciences
* Oncology

* Crenomics

* Animal models of discase

1 «(”

Y
T
S

Gerstner Sloan-Kettering

Graduaie School of Biomedical Sciences

New York City

An Innovative, Integrated Curviculum Provides
a Fundamental Understanding of:

* The nature of genes and gene expression

* Cellular organization

* Tissue and organ formarion

* Cell-cell interacrions

* Cellular response to the environment

* Enzyme activity

Student Support and Services:

Students receive a fellowship package that includes
a stipend, tuition, wxibook allowance, and healdh
insurance, Students also have access to affordable

housing within easy reach of the school.

P'lease visit our Web site to learn how 1o apply, for application
deadlines, and for more informarion about our PhD program.

www.sloankettering.edu
gradstudies@sloankettering.edu | 646.888.6639

—




ON CAR
Careers in Cancer Research AAAS/Science Business Office Feature

MANY PATHS TO CHOOSE

Ask a cross-section of scientists how they got into cancer research, and you'll hear
about a dizzying variety of routes from fields as diverse as biology, pharmacology,
mathematics, and medicine. And with certain attributes — an inguiring mind, self-disci-
pline, and a dash of ambition - it seems that there's no limit to what can be achieved.

By Julie Clayton

NSt kphoto.com/Andresr

scientists to pursue more varied research goals than ever. Cancer researchers

can find themselves in various settings linked to either academia or industry,
waorking in many areas, from tackling basic questions in the laboratory to testing new
drugs and vaccines in the clinic.

Many young scientists at the basic research end of the spectrum will admit that they
were initially attracted more by the desire to investigate fundamental questions in bial- ‘ ‘ You look
ogy than to work specifically on cancer. But they often then realize the importance and
applicability of their work to understanding the underlying biological processes lead- down the micmsmpe
ing to cancer. From such understanding, new treatments can arise.

Laura Butlitta, for example, is a postdoctoral fellow at the Fred Hutchinson Cancer at the diversity of cancer
Research Center in Seattle. Armed with a Ph.D. in mouse embryology she was drawn by
the center's top-class reputation for basic research. She is investigating the molecular and it makes you want to
switches that govern cell division - using fruit flies as a model system.

“I have to confess that | was more interested in how our cells work at the molecular understand more. 99
level than in cancer research. But since coming to the Hutch, I've been able to attend
|clinical research)] seminars and have become mare interested in that.”

“The Hutch” is one of 39 comprehensive cancer centers across the United States
designated as such by the National Cancer Institute at the National Institutes of Health
(NIH). It brings together, under one roof, basic research into cancer at the cellular level,
tlinical research, and epidemiology — for studying the cause and prevention of can-
cer at the population level, It offers various research training and support initiatives,
including internal postdoctoral awards, interdisciplinary training programs, and pilot
startup initiatives that enable researchers to embark upon new projects that are too
speculative initially to win short-term awards.

Cancer research has moved with the times, embracing new technologies enabling

Cancer Research Competition Increases

In fiscal year 2005, The Hutch received more than $10 million in funding from the
Mational Institutes of Health - the world’s largest cancer research funder. This is
typical of the favorable status of cancer centers; their portion of NIH funds has
risen by around 30 per cent in the past five years. On the surface, NIH spend-
ing appears to have increased significantly all-round over the past decade. The
agency's total spending on cancer research rose from just over 52 billion in fiscal
year 1995 to almost $5 billion in FY 2005. But taking inflation into account, actual
spending by NIH on research has flattened over the past five years, including on cancer
research. "Obviously, this has negatively impacted cancer research,” comments The
Hutch’s chief financial officer Randy Main.

At the same time, competition has intensified: Since 1996, the number of grant ap-
plicants to the NIH has more than doubled, leading to a fall in the proportion of grants
awarded, from 27 percent in 1996 to 19 percent in 2005. Researchers are turning in- UPCOMING FEATURES
stead to smaller funders. The Susan G. Komen Breast Cancer Foundation, for example,
received more than four times its usual number of applications owing to cuts in NIH
spending on breast cancer research, according to Paula Witt-Enderby, a researcher at
Duquesne University in Pittsburgh and a member of the charity’s grant review panel. Interdisciplinary Research — May 4

In Europe, spending on cancer research is highly variable from one continued »

iy

paui@

Careers for Postdoc Scientists: Transferable Careers — April 20

Bigtech and Pharma — April 27

www.sciencecareers.org/businessfeatures 131
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Cancer Research Center of Hawai'i

UNIYERSITY Q0 F HAWAILI"I

The Cancer Rescarch Center of Hawai*1, an NCl-designated
cancer center, 1s embarking on a major ¢xpansion of its
research programs. With dedicated funding from the State
of Hawai®1 through a tax on cigarette sales. the center 1s
about to construct a state of the an 320,000 sq. ft. rescarch
and clinical care facility on the Honolulu waterfront, We plan
to recruit tenure track faculty at the Assistant. Associate and
Full Professor ranks in the following arcas:
= Associate Center Director for Clinical Affairs and
Director of the Clinical Research Program. This posi-
tion requires an MD degree with board certification 1n
an arca of oncology, The successtul candidate will have
an extensive track record of extramural research funding,
scholarly and scientific accomplishments, administrative
responsibilities. and experience in clinical trials,
= Clinical Sciences. Multiple positions are available for
clinical scientists at all ranks and in all areas of oncology,
= Director of Cancer Prevention and Control. An indi-

vidual with national funding is sought to lead a program of

behavioral research related to cancer prevention. detection
and control. Candidates with an interest in tobacco control
are particularly encouraged to apply but other arcas will
be favorably considered.

« Cancer Prevention and Control. Multiple faculty posi-
tions at all ranks are available for scientists with research
interests inany area of cancer prevention and control,

* Thoracic Oncology. We are seeking several basic research
or clinical scientists with nationally funded research inlung
cancer. asbestos, mesothelioma or other thoracic malignan-
cies. Individuals with research interests in environmental
carcinogenesis and viral oncology are also strongly encour-
aged to apply.

« Cancer Epidemiology. We are secking several individu-

als with a background in clinical or molecular aspects of

cancer epidemiology o complement ongoing population
rescarch which takes advantage of the unique ethnic diver-
sity of Hawai*i. Individuals at all ranks arc encouraged to

tistics. Multiple positions are available at all ranks
for biostatisticians 1o support rescarch projects and to
conduct related methodological research,

= Natural Products and Cancer Biology, We are secking
seientists with research interests in fundamental molecular
mechanisms of cancer cell biology and/or with an interest
in the identification and development of novel anti-cancer

agents.

Applicants should hold an MD and/or PhD or other doctoral
degree. Strong preference will be given to applicants with
nattonally tunded cancer rescarch grants, We offer a highly
interactive and multidisciplinary rescarch environment,
excellent starup packages and competitive salaries, For
more information please see our website at www.erch.org
or contact Alan McClelland PhD, Associate Director for
Scientific Administration, at ameelellandd ereh.hawaii.edu,
Applications including a curriculum vitae and a statement
of current and future rescarch interests should be sent to
facultyjobsi crch.hawaib.edu or Scarch Committee,
Cancer Research Center of Hawai'i, 1236 Lauhala Street,
Suite 510, Honolulu, H1 96813,

An Affirmarive Action/Egual Oppartunity Emplover.

Ludwig Institute for Cancer Research

Group Leaders in Cancer Biology

The establishment of a new Branch of the Ludwig Institute for Cancer
Research (LICR) in Oxford University will focus its research endeavours
on cancer biology including suppressing tumour growth and preventing
cancer metastasis. We are actively recruiting Research Group Leaders at
the Assistant Member (Assistant Professor/Lecturer), Associate Member
{Associate Professor/Senior Lecturer/Reader) and Member (Professor)
levels.

The LICR Ouxford Branch will be housed in a new state of the art building
in the Institute of Cancer Medicine and be affiliated 1o the Nuffield
Department of Clinical Medicine (NDM}; part of the Medical Sciences
Di.".'i.a.im:.Utli.l'tﬁil}':l-fﬂﬂ:lrl.t The LICR is a global mon- p-r\uﬁl organization
with nine Branches and numerous Affiliates worldwide.

Asan LICR faculiy member, youwill enjoy the benefilsofbeinga distinctive
part of a dynamic local environment at a world-class university, and also
of belonging to an imternationally recognized Institute that is actively
pursuing the translation of its research discoveries into applications for
human benefit.

Far further details about these positions and how 1o apply, please email
Sarah Barnsley, shamsley@ludwig.uclac.uk, quoting ref - oxf-sci. The
closing date is Monday joth April 2007,

The Ludwig Institute for Cancer Research is
an Equal Opportunity Employer. All qualified
applicants will receive consideration for
employment without regard to race, color,
religion, sex or national origin.

www.licr.org

Vice Chair for Clinical Research
Substance Dependence

An open-rank research faculty position is now
available at Montefiore Medical Center, The University
Hospital for the Albert Einstein College of Medicine,

We seek an M.D. with the ability to maintain an active,
extramurally funded program in medications development
for substance dependence disorders; build a Research
Division; and, ultimately, establish a Center. Qur
hospital network oversess treatment of some 5,000
patients with substance dependence disorders.

The successiul candidate will have an appointment in
the Department of Psychiatry and Behavioral Sciences.

A highly competitive salary and a generous start-up
package will be available. Send curnculum vitae and
statement of research interests to: T. Byram Karasu,
M.D., Silverman Professor & the University Chairman,
Department of Psychiatry & Behavioral Sciences;
g-mail: karasu@aecom.yu.edu. We are an equal

oppartunity employer.

m.MONTEFDR.E

Medical Center

The University Hospital for the
Alberi Einstein College of Medicine

Belfer. Believe it.
www.montefiore. org/careers




country to another. The UK spends the most, and has seen around a
9 percent growth in cancer research funding over the pasl five years
- supported mainly by charities — with £343 million spent in 2005 by
the partners of the UK’s National Cancer Research Institute. Accord-
ing to Michael Stratton, director of the Cancer Genome Project at
the Wellcome Trust Sanger Institute in Cambridge, UK, Europe has a
lot to offer, and it is “to be expected” that postdoctoral researchers
will move from one country to another to gain experience. Stratton
arrived at his position originally from a clinical background. He made
such a leap after specializing in pathology at the Hammersmith
Hospital in London. “It brought me closer to the scientific basis of
disease - you look down the microscope at the diversity of cancer
and it makes you want to understand more. | always wanted to do
research, but it was a rude shock not to go back to medicine.”

Top-level cancer research institutes around Europe are now thriv-
ing, including The Metherlands Cancer Institute (NKI), Amsterdam;
CNID in Madrid; the Radium Institute, Oslo; The Karolinska Institute,
Stockholm; the Marie Curie and Gustav Russie Institutes in Paris; the
Waorld Health Organization-funded IARC in Lyon; and the German Ma-
tional Cancer Institute (DKFZ) in Heidelberg. Each of these institutes
has something unique to offer, drawing excellent local researchers
as well as exceptional international scientists.

Translational Potential

Rather than focus on basic cancer research, many investigators are
moving into the burgeoning area of translational research, taking
basic developments toward the clinic. Witt-Enderby at Duquesne is
using her expertise in molecular pharmacology to study the effects
of melatonin on a mouse breast cancer model. She is now in discus-
sions with the University of Pittsburgh about starting a small clinical
trial. “It's a very big therapeutic strategy, and | just love it that all
this research on signaling and how a cell works is finally paying off,”
she says.

Witt-Enderby enjoys the academic setting as well as her mentor-
ing role toward graduate students. She notices, too, that increas-
ing numbers of graduate students show a specific interest in cancer
research. “They read about it or they know someone who has had
cancer. They want to know how drugs work and how to apply that
to cancer.”

] =]
J N CAR A
Careers in Cancer Research

“It's the only way forward — to have
tight collaboration and mutual
respect between clinicians and
scientists.”

—Fran Balkwill

we can't just spend the next 25 years finding out more. We can and
should tackle the big divide between what we know and what we can
do for those patients on the ward.”

Balkwill's first clinical trial starts later this year, based on develop-
ments in her laboratory. She will be using therapeutic antibodies to
dampen the inflammation around ovarian tumors. This, she hopes,
will enable “the good guys" - cells of the immune system - to spe-
cifically attack and destroy tumors.

Her lab is embedded within a cancer center, which allows closer
contact between scientists and clinicians, and which offers several
advantages, including an improved flow and quality of tissue sam-
ples from clinic to laboratory and greater commitment from doctors.
“It"s the only way forward = to have tight collaboration and mutual
respect between clinicians and scientists,” she says,

Back in the US, and further along the translational pipeline is
Doug Lowy, of the NIH in Bethesda, Maryland, who has already ex-
perienced the potential of harnessing basic research for clinical use.
He has devoted the past 20 years to studying human papilloma vi-
ruses (HPY), including their ability to cause cancer of the cervix. This
includes the development of the HPY-based vaccines now licensed
to GlaxoSmithKline and Merck for the protection of women against
this disease. Lowy's next goal is to develop a second generation of
vaccines that can be produced more easily and cheaply, making them
more available for use in developing countries, and active against a
broader range of HPV strains than the currently approved versions.

Many of Lowy's former graduate students, postdocs, and clinical
fellows have moved on to prominent cancer research positions in
academia and industry. He attributes their success to a combination
of skills and qualities, including initiative, curiosity, technical and
intellectual abilities, and last but not least,

Witt-Enderby is on the grant review panel (

for the Susan G. Komen Breast Cancer charity,
which is placing greater emphasis on trans-
lational research. and a corresponding in-
crease in suitable bids. “We're starting to see
that bridging. I've read so many grants where
you see M.D.s teamed up with Ph.D.s." Other
fund-holders are also encouraging the trend,
including the biggest of them all, the U.5. Na-
tional Cancer Institute.

In Europe, a similar boon is occurring,
with increasing numbers of scientists be-
coming involved in running clinical trials.
Fran Balkwill, head of the London-based
Translational Oncology Laboratory of Cancer
Research-UK, sums up the mood: “We've
learned so much in the past 25 years but ‘_

Cancer Research UK
www.cancerresearchuk.org

Duguesne University
www.dug.edu

Exelixis, Inc.
www.exelixis.com

Fred Huchinson Cancer Research Center
www.fherc.org

Mational Cancer Institute
WW.LEHLELEM

Peregrine Pharmaceuticals
WWW. peregrineinc.com

The Wellcome Trust Sanger Institute
www.wellcome.ac.uk

A self-discipline, “There are many brilliant peo-
ple who are not successful as scientists be-
cause they don'l focus, or are not innovaltive,
or do not have sufficient technical skills. And
you need patience, because it takes a long
time to achieve anything meaningful.”

Industry Beckons

Biotechnology companies are eagerly pro-
moting translational cancer research. Two
years ago, Keith Luhrs moved to Peregrine
Pharmaceuticals after completing his first
postdoc at nearby University of California,
Irvine, He is now developing antibody-based
therapeutics for cancer and other diseases.
“| was looking for something a bit more ap-
_/ plied. Having that goal of continued »

www.sciencecareers.org/businessfeatures
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in all areas of cancer research. If this is the opportunity you ane looking for then our fellowship schemes can help you ach

Career Development Fellowship

W will prosace

Senior Cancer Research Fellowship
We wall provide:

* 5 years suphort * B years support

= Salaries for you, a post-doctoral r * Salanes for you, 2 post-doctoral researchers, a technician and a student

* Consumables costs and & U prmer = LOnsu 225 COSLS and egquipment

Abaut you About yo

* TOu are a promisang post-doctoral 5o ATD WASHIES O achieve * You are an oulstancing soentist who wishes 1o develop your ndependence
independence in your research for the first tme = You have shown exceptional ability in your presaous work

You have developed a strong track-record of research LA e i e ard 1) MY il et |t i Ll = e
¥ A 1= LI w0 L ‘:ll 2 L W0 U 1 o abal e L= ULl
* Tou have developed a st @ rac oo eseanC * You have between & and | } years of postdoctoral research expenence

¥ .
b years of postaoctora e i T
! -l * You may a

OUr oW nesed

W

rch group.You may even

PRI OAATI MES

and QereCl & sma

Cancer Research UK is also keen to support the broader development of its fellows, through opportunties for traming and regular fellows’ meetings,

You must check your eligibility for these awards on our website at fellowships.cancerresearchulk.org You will also find the application forms
and information about recently appointed fellows here.
The deadline for preliminary applications is Friday 8 June 2007,

If you would like to discuss your application for any of these fellowships, or have any other questions, please contact Dir Matthew VYWalelin at
matthew.wakelin@eancerorg.uk or call 020 7438 5313, [

L)
\ Chariey nee |0B9464

CANCER RESEARCH UK gog®

o /

Harold M. Weintraub Graduate
Student Awards — 2007

The Fred Hutchinson Cancer Research Center
congratulates the following recipients of the
2007 Harold M. Weintraub Graduate Student
Award in recognition of outstanding achieve-
ment during Graduate Studies in the Biological
Sciences.
Sung Hee Ahn-Upton

Rockefeller University
Michael A. Crickmore

Columbia University
Ellen Exratty

Columbin University
Douglas Fowler

Scrpps Rescarch Institute
Goaray Gupia

Comell University Medical College
Ginnna Hammer

Umiversity of Califorma, Berkeley
Sevun Kim

Johns Hopkins University School of Medicine
Carolvn Phillips

University of California, Berkeley
Fachary Pincus

Stanford University
Scotl Tomlins

University of Michigan
Omer Yilmaz

Umiversity of Michigan
Hui £hu

Case Western Reserve Universily
The recipients will participale in a Sympo-
sium this spring honoring Hal Weintraub and
his commilment 10 innovative science. More
nformation on this award can be found at: hitp:
Fwww.Mhereorg/scicnce/basic/weintraub

i The Levkemia &
Lymphoma Society
Fghting Blood Cancer

The Leukemia & Lvmphoma Society’s
Rescarch Grant Program is based on the
belief that scientifically sound rescarch
toward the cure or control of leukemia, lym-
phoma, and myeloma should be encouraged
on a worldwide basis. The Society supports
basic laboratory research and s application
in climcal settings. The Society’s Rescarch
Girant Programs include:

Carcer Development Program: Stipend sup-
port for basic and chinical investigators at the
level of Scholar, Special Fellow and Fellow.
Deadlines: Preliminary Application (submit
via websiie) - September 15; Full Applica-
tion - October 1

Specialized Center of Research Program:
Support for team-based projects thatare inter-
disciplinary. cohesive, and sharply focused.
Deadlines: Preliminary Application (submi-
ted via website and hard copy) - November
1; Full Application {by invitation only}
- March 15

Translational Rescarch Program: Funding
for projects that translate laboratory findings
1o chimical apphication

Deadlines: Preliminary Application (submit-
ted via website) - March 1; Full Application
- March 15

Guidelines are available at: www.LLS.org

Cell and Molecular
EBiology

Postdoctoral Fellowship Award from

the Francis Goelet Charitable Lead

Trust, at the Sidney Kimmel Cancer
Center in San Diego

We are pleased to offer a 3-year Fruneis Goelet
Posidoctoral Fellowship in the laboratories of
Dirs. Robert Margolis and Rati Fotedar at the
Sidney Kimmel Cancer Center, SKCC is one of
the few centers nationwide to have been honored
to offer this prestigious award. The applicamt
will have the opportunity to study mechamsms
of mitotic exit and cell evele checkpomnts in
mammalian cells. The Goelet Fellowship
15 intended for outstanding candidates with
exceptional profiles and leadership qualities. The
candidates will receive ECNCTOUS remumeration
and will work in the newly constructed research
facility on the 10-acre SKCC campus in the
middle of the densest concentration of health
science research imstitutes and companies in the
United States. The Francis Goelet Fellow wiall
have available state-of-the-art techniques and
equipment in cell and molecular biology and of
the Drug Development Core at the SKCC.

Please send ¢.v. with recommendations to; Dr,
Albert Deisseroth, Chair, Goelet Fellow Search
Committee, Sidney Kimmel Cancer Center-
PGS, 10905 Road to the Cure. San Diego,

CA92121; humanresourcesia skee.org,

EOE




Keith Luhrs, Missag Parsaghian

“If you step into the
right small company you
will end up having to sharp
en your skills in a wide vari-

ety of the life sciences.”

Missag Parsaghian

something that is useful for human disease is definitely a driving
force. | wanted to get things done at a faster pace, and make some-
thing beneficial.”

What also attracted Luhrs was the prospect of honing many skills,
“In a given week I'll do cell culture, protein chemistry, molecular bi-
ology, microscopy, and structural biology on the computer,” adds
Luhrs.

“If you step into the right small company you will end up having
to sharpen your skills in a wide variety of the life sciences,” adds
Missag Parsaghian, Peregrine's director of research and develop-
ment.

Mew technologies have enabled a whole slew of biotech compa-
nies to form in recent years. Lexicon Genetics of Houston, Texas, for
example, grew from the use of mouse embryonic stem cell technol-
ogy to create mouse models of disease. Its founder, Allan Bradley,
was at the time based at the M.D. Anderson Cancer Research Center
inHouston, Texas, and now heads the world's largest mouse genetics
program at the Wellcome Trust Sanger Institute, which has a strong
cancer component. Many of his original team took up positions with
Lexicon Genetics.

“There has been a significant trickle of people who've gone toin-
dustry from my lab,” Bradley said. “They had unique skills that in-
dustry did not have and they could get very lucrative salaries. |'ve
had people who've gone to Merck, Pfizer, either into the laboratory
or into management and business.”

Bradley himself resisted the lure of industry, preferring instead the
academic freedom of his current position. This enables him to make
his resources - embryonic stem cell lines and mouse models - freely
available to researchers outside the institute. He also prefers the
idea of having greater control of his research. “In a company you're
not in charge of your own destiny, Projects come and go. If the com-
pany decides it, a project ends,” he says.

Such sudden changes of direction in industry are something
that Steve Gendreau, a cell biologist and project leader at Exelixis
in South San Francisco, has experienced five times in the past nine
years. But rather than give up, he supports the change as necessary
for keeping his company's R&D portfolio moving toward a successful
product. “These projects can feel like your own children. It's some-
times difficult to say goodbye. But the pragmatic view is that the
ability to remain flexible is absolutely key - we have to move people
from one project to another,” he says.

One of the trade-offs, he adds, is avoiding what some see as the
hang-ups of academia. “I am not required to teach classes, write
grants, or oversee graduate committees. | am paid to do what | love:
discover life-changing cancer therapeutics.”

Part of this involves developing assays for assessing the activ-

www.sciencecareers.org/businessfeatures
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Careers in Cancer Research

ity of new anticancer compounds. These are aimed specifically at
pathways involved in either the initiation and progression of cancer
or its resistance to conventional drugs. One successful compound,
named Exel 647, that targets nonsmall-cell lung cancer in previously
unfreated patients is now in a phase 2 clinical trial.

Right Person for the Job?

As for personal qualities, it is perhaps no surprise that cancer re-
searchers have much in common with other scientists, Bradley em-
phasizes the importance of academic knowledge, “You need a deep
and broad knowledge, very good molecular biology skills, and the
ability to generate ideas.” He also emphasizes the need for speed in
translating ideas into results by being technically competent so as
to be able to perform experiments “quickly and efficiently ahead of
someone else who's going to compete with you on that idea.”

Witt-Enderby prizes students and postdocs with an open mind and
a willingness Lo read about topics as diverse as molecular biology,
endocrinology, drug mechanisms, pharmacology, and biostatistics.
“Because mine is a very interdisciplinary lab you have to learn so
much. ¥You have to know a lot because out of that will come a very
good answer to a research question.”

Stratton often recruits graduate students and postdocs with an
inclination toward bicinformatics, who can organize and process
data from genomewide screens, and improve high throughput DNA
sequencing and analysis. On top of this, he values the involvement
of trained bioinformaticians to be “roaming wild and free through
all our data to find something interesting, not constrained by goals
and targets.”

The Future of Cancer Research

Looking ahead, cancer research looks set to thrive — particularly in
the translational research arena and the development of new thera-
peutics,

“This is one of the most exciting times in cancer research. | believe
that the next 10 years is going to be a golden age,” says Gendreau,
This is partly due to what he describes as “a more sophisticated
view that these cancers are similar in their molecular footprint - in
the pathways that have caused them to become tumorigenic.” New
drugs targeting these pathways may be useful against a variety of
different cancers.

In turn, Parsaghian of Peregrine Pharmaceuticals predicts that an-
libody-based therapeutics - and diagnostics — will continue to be a
growth area in cancer research, together with other protein-based
biological agents and stem cell technology.

The excitement over translational research is tempered, however,
by the need to maintain “a balanced portfolio” between blue-sky re-
search and clinical studies, according to Balkwill. *You still need the
basic research, because there’s still a lot to learn, and you need clini-
cal trials. But you also need this not-so-well-developed in-between
world,” says Balkwill,

“It's just as important that people do basic science,” agrees Witt-
Enderby. “If you have to show that everything has translational po-
tential within a short space of time, then you would lose out.”

Julie Clayton, a freelance science writer and journalist, works oul of
Bristol, UK.
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UNIVERSITY OF SOUTH ALABAMA

[\ |MITCHELL

CANCER INSTITUTE

COMPREEHENSIVE ONCOLOGCY HEALTHCARE & RESEARCH

Abraham A. Mitchell
Distinguished Clinical Cancer Investigator Awards

Ihe USA Mitchell Cancer Institute (USAMUCT) at the University

of South Alabama (USA) imvites nomuinatons and applications of

highly qualified. clinically active physician-scientists for senior
faculty positions i oncologic sciences and interdisciplinary
clinical oncology within the USAMCL A successiul candidate
will bring 1o the USAMCT an established, well-funded rescarch
program, and will reccive from the USAMCI a research expan-
sion lunding award in the aggregate total of S 1,000,000 overa 3-5
year time period, with the goal of further growing the individual’s
and the mstitution’s research grant funding base and enhane-
mg ranslational research hnks both within and external 1o the
USAMCL Funds from the award may be used for partial salary
support for the awardee (rescarch time only ) and/or member(s)
of s'her research team, materials and supplics, other opera-
tional expenses and/or equipment. Awardees will be expected
o participate in the Institute’s interdisciplinary clinmical services
not to excecd 2 days/week, with the balance of time devoted to
research. Preference may be given to candidates whose research
and/or clinical specialty interests are most complementary o
existing or planned future USAMCT programs. Appointees 1o
these positions will receive highly competitive salary and ben-
efits, and academic rank commensurate with training, experience
and accomplishments,

Faculty Positions in Cancer Research

The University of South Alabama Mitchell Cancer Institute
(USAMCI) 15 sccking highly qualified candidates for cancer
rescarch Faculty positions at all ranks. Preference may be given
1o candidates whose rescarch background and expertise comple-
ment current or future thematic arcas of emphasis within the
USAMCT including genomics and gene expression, proleomics,
developmental therapeutics, molecular pathology and diagnos-
lics, metastasis rescarch and molecular oncology. The positions
will be filled with researchers capable ol establishing cuttiing-
edge, core technologies and independent research projects in the
respective hields, providing collaborative core research support
for other investigators within the USAMCI, and achicving
maintaining scli-sulliciency through pecr-reviewed external
funding. The USAMCI 15 being organtzed and developed o
facilitate highly interactive rescarch involving laboratory and
clineal mvestigators, and unique collaborative opportunities
between experts in differem fields. Appoiniees o these posi-
tons will have attractive start-up resources and compensation,
and academic rank commensurate with training, experience and
accomplishments. Appointees will have dedicated space within a
new state-ol-the-art inlerdisciplinary basic/translational research
and clinical lacility scheduled for completion in 2007

The USAMCI is ideally located in Mobile, AL, a progressive,
mid-sized port eity of rich cultural history, in the beautiful
upper Gull coastal region. Moderate climate, abundant outdoor
recreational opporunities, low cost-of-living and a “college-
wown™ atmosphere all comribute to a high “quality-of-lite™
opporiunity.

Applicants please send letter of interest and curriculum vitae o
Office of the Dircetor - USAMCL 307 X, University Blvd., MSB
2015, Maobile, AL 36688 or c-mail sallenie usouthal.edu,

Tihe University of South Alabame (s an Affermaive Action aned
Egual Oppoviunity Emplover.

COME SEE US AT AACR BOOTH 845

(os1) pharmaceuticals
Shaping Medicine, Changing Lives

OS] sctentists ooy turmed early research opportunities inte medical adpances
that focus on the needs of patients, If you are @ benel scienlist with excellent
commnmication skills aed strong knowelede of cell biolopy, join onr Cancer
Brotogy group and toork in onr fast-paced fea orfented environment.

Research Scientist

Scientists with excellent molecular biology skills are sought to
generate clones and stable cell lines for EMT models. Candidates
must possess a Ph.D. with 0-3 vears post-doc experience, or an MS
with 10+ years of relevant industry experience in cell and molecular
biology. An understanding of different methods of cell line
generation, gateway cloning and lentiviral systems are pequired.
Must have working knowledge of Vector NTI. Ref # FA00129

Research Scientist

Scientists with strong cell biology and microscopy skills are invited
to design, develop and implement cell-based 2D and 3D EMT
models used to study the impact of small molecule inhibitors on the
epithelial to mesenchymal transition. A Ph.D. with (-3 years post-
doc experience in EMT biology, confocal microscopy along with an
excellent publication record and proven ability to engage in
collaborative research efforts ame required. Knowledge of cell
signaling pathways as it relates o oncology is a plus. Ref 2 MEDD190

05l offers excellent salaries and benefits including 401K, vacation,
stock and much more. Interested candidates, please apply online at
hitp:/icareers.osip.com. Please include refs. EOE M/F/D/V.

POSITIONS OPEN

The Weizmann Institute of science

will award a limited number of
Distinguished Postdoctoral Fellowships

Known as

Koshland Scholars

The fellowships are available in all the fields of scientific research that are
pursped at The Weizmann Institute in the following areas:

Biology, Chemistry, Computer Science, Physics,
Mathematics, Biochemisiry

All courses and seminars at the Institute are conducted in English.

Applications may be submitted at any time, but the awards will be made
shortly after the usual deadlines forthe submission of Fellowship applications:
January 5 and May 15 of cach year. Candidates for Koshland fellowships
must be sponsoned by a Faculty Member of the Wetzmann Institute, Interested
candidates are advised to contact prospective sponsors dinectly.

For sdditional information and application forms, consult the Feinberg Home

fage at https/f'www.weizmann.ac.ilTeinberg or write to; Postdoctoral
Fellowship Program, The Feinberg Graduate School, The Wermann Instiute
of Science, Rehovot 76100, Isracl; Fax: 972-8-934-4114; e-mail:
postdoct wetamanmn.ac.il

The Weizmann Institute of Science mvites outstanding Ph.D. students at
universities abroad who are nearmg graduation (orwho have recently completed
their Ph.D. studies) to visal the Institute for a few days, meet its scientists,
explore postdoctorl reseanch oppontunitics, md expenence its wann and relaed
atmosphere, A Emited number of such visits are subsidized by the Institute on
a competitive basis. Those whi are invited are under po obligation 1o the
Institute to continue their postdoctoral studies here, For more details, see
hitpe/fwwwweianannac.ilfeinberg/student_visit
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HealthCare www.myBayerjob.com

Lucia Rosano wants to make the world a better place - for everyone. As a biosci-
entist at Bayer, Lucia knows she is doing just that. Searching for solutions and
never giving up. That is the passion that unites all of us at Bayer. We call it the
Bayer Spirit. If you feel it, too, then it is high time we had a chance to talk about a

career at Bayer.

Postdoctoral Research Scientist (m/f)

Responsibilities The Target Discovery group at Bayer HealthCare in Wuppertal, Ger-
many offers a three year Postdoctoral Besearch Scientist peosition funded by the Marie
Curie Research Training Network.

The project is to identify changes in chromatin plasticity during heart failure.

Qualification The candidate will have a PhD and be highly motivated with qualifications
n moelecular/cellular biology and in vivo pharmacology. A good knowledge in the area of
expression profiling using chip technology, primary cell cultures, RNAI gene knock down
and cardiovascular phammacoiogy would be desirable Good communication and crgani-
zational skills are also essential, along with the ability of writing reports and publications
for international journals, present and disseminate project results in national and inter-
national meetings.

Your application If you are interested in the above position, please apply online, quo-
ting box number 0000000480 and attaching the relevant documents. Please also indi-
cate your salary expectations and the earliest possible date on which you could take up
employment. Visit the website www.chroamatin-plasticity.crg for more information on the
Marie Curie Research Traning Network and www.bayerhealthcare.com for information
on Bayer HealthCare.

www.myBayerjob.com Phone +49 214 30 99 777




National Institute of
Environmental Health Sciences

National Institutes of Health
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Biostatistics Branch — The NIEHS in Research Triangle Park, North Carolina,

is seeking a senior investigator in Bioinformatics/Computational Biology to
assume directorship of a Bioinformatics Section in the Biostatistics Branch,
Environmental Diseases and Medicine Program, Division of Intramural Research.
NIEHS is one of the National Institutes of Health. The incumbent will develop
and direct a strong research group to carry out independent and collaborative
research in the general area of bioinformatic and computational biology,
particularly as related to biological networks, analysis of high-dimensional

data, proteomics, comparative and functional genomics, gene expression, and
epigenetics. This work will provide a biginformatic infrastructure and innovative
data mining approaches to advance intramural research aimed at understanding
biologic al responses to environmental stressors, in the context of cell biology,
animal experimentation, clinical research and epidemiology.

A Ph.D. or equivalent degree is mandatory. The ideal candidate is a senior
investigator with an international re putation in a specific area within the broad
context of bivinformatics and a genuine passion for science. Possible research
backgrounds include but are not limited to mathematics, computational biology,
physics, statistics, genetics, biochemistry, bioinformatics, bioengineering

and molecular biology. The successful candidate will have an outstanding

Senior Investigator in Bioinformatics

Research Triangle Park, North Carolina

publication record and proven history of research leadership.
Salary is commensurate with experience and level of accomplishments.

Applications from women and members of minority groups are particularly
welcome. To apply, submit a curriculum vitae, bibliography, brief statement
of research interests and arrange for three letters of recommendation to
be sent by June 15, 2007, to the below address. Applications received

after that date will be considered as needed,

Ms. Barbara Curtis (DIR07-03)

National Institutes of Health

National Institute of Environmental Health Sciences
P.0. Box 12233, Maildrop A2-06

111 TW. Alexander Drive, Room A235

Research Triangle Park, NC 27709

E-mail: dir-appls@niehs.nih gov

- ® hh‘ “ﬂh
mm“mha nih.gov i _t:f_%%__
Equal Opportenity Employars Maticaal Iugtittes of Health

Postdoctoral, Research
and Clinical Fellowships

at the National
Institutes of Health

www.training.nih.gov/pdopenings

www.training.nih.gov/clinopenings

Train at the bench, the bedside, or both

Office of Intramural Training and Education
Bethesda, Maryland 20892-0240
B00.445.8283

HEALTH SCIENTIST ADMINISTRATOR
National Institute of General Medical Sciences
Cell Biology and Biophysics Division

The Wational Institnte of Gieneral Medical Sciences (WIGMS), a major rescarch component
of the National Institutes of Health (NIH) and the Department of Health and Human Services
(DHHS), is secking applications. from exceptional scienizsts toserve s Chiel of the Biophysics
Branch in the Division of Cell Biology and Biophysics Division. The Biophysics Brandh
supports major rescarch grant programs in such aneas as physical and chemacal stdies of proteins
and nuclesc acids, structural analyses of macromolecules, development of physical technigues
fior the analysis of molecular structare and function, and theoretical approaches © molecular
biophysics, The [nstitube 15 seeking an mdividual with scientific, adminisirative, and leadership
credentials who can manage individual gram programs in biophvsics as well as serve as Chiel
of the Biophysics Branch, Information about the Division of Cell Biology and Biophysics can
be found ai: hitp:/www.nigms.nibgov/About/(verview/ CBB.hitm

Qualificathons: The successiul individual will possess a PhD., M.D. or equivalent degree in
afield relevant o the position, have rescarch experience inbiophysics, biochemistry or related
ficlds, an in-depth knowhedge of biological processes, Ieadership and managerial skills, and
strong oral and written commurication skills. Applicants must be U5, citizens,

Salary: The current salary range is 3110,363 = 143,471, depending on experience and accom-
plishments; a full Crvil Service package of benefits (inchading retirement, health, life and
lomg teem cane insurance, Thrift Savings Plan participation, ¢tc.) is available. Recruitment or
relocation mcendive may be awarded and moving expenses will be paid.

How to Apply: Position requirements and detailed application procedures are provided in
vacancy announcement N1GMS-07-172576, which can be obtained by accessing the NIGMS
webaite at hitp:iwwwnigms.aihgov. All applications and supplemental mformation must be
received no later than April 16, 2007. For addittonal imformation, contact Ms. Eric Bandak
al (301) 594-2005.,

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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Help Us Help Millions

Are you ready for an exciting career that could help improve millions of lives around the world?

Then consider jeining the scientific and medical forces at the National Institute of Allergy and Infectious Diseases (NIAID), NIAID supports and
conducts basic, applied and clinical research to better understand, treat, and prevent some of the world's most deadly diseases. The Division
of Microbiology and Infectious Diseases (DMID), an extramural research division of NIAID, supports extramural research refated to the confrol
and prevention of diseases caused by virtually all human infectious agents (over 250 pathogens) except HIV. DMID has the following scientific

opportunities available:
Chief, Office of Glinical Research Affairs (OCRA)

As the Chief of OCRA, DMID, the selected candidate will provide
scientific/medical leadership and direction for the planning,
implementation, management, and evaluation of a broad,
coordinated national/international program that deals with critical
biomedical research issues. In this capacity, has oversight, provides
medical information and resolves critical medical issues related

to the study design, safety/efficacy, monitoring and data analysis

of clinical trials. The Chief of DCRA determines the programmatic
structure of the Branch; establishes priorities for new clinical trials
program initiatives; oversees medical/scientific liaison with the

FDA, other government agencies and pharmaceutical companies.
Candidates must have a Doctor of Medicine or Doctor of Osteopathy.
The selected candidate will have experience in the methodology,
design, implementation, monitoring and assessment of clinical
research trials, providing scientific/medical leadership and direction
for the planning and management of a nationalfinternational program
and demonstrated expertise in oral and written communication.
Experience in Regulatory Affairs, Vaccine Development, and
International Studies is desirable.

This vacancy is being advertised under the Title 5 and Title 42
hiring authorities. Salary is commensurate with experience
and accomplishments.

Title 5 vacancy: Applicants must be a U.S. citizen. To apply for this
vacancy, please visit http://usaiobs opm.goyv . Vacancy number:
NIAID-07-170767- DH. Specific application procedures apply and
applications must be submitted to a Human Resource Specialist.

Title 42 vacancy: Non-citizens may apply. Please submit curriculum
vitae/bibliography and three letters of reference to Denise Blackwell,
6610 Rockledge Drive, Room 6015, Bethesda, MD 20892 or
electronically to dbiackwell@nigid.nih.gov. You may direct inguires
to Denise Blackwedl at dblackwell@nigid. nih.goy or 301-402-5598.

Deadline for receipt of all applications is April 27, 2007.

Program Officer

As part of DMID, the Parasitology and International Programs
Branch (PIPB) is responsible for planning and conducting

programs of extramural research aimed at understanding

the biology of protozoan and helminth parasites and their
interaction with the human host as well as their vectors and
intermediate hosts. As a Program Officer for PIPB, the selected
candidate will provide leadership and scientific'medical expertise
and guidance in the planning, development, implementation

and evaluation of basic and clinical research concepls, projects
and initiatives to appropriate advisory groups: identify opportunities
and problem areas, research gaps and relevant program needs
and make recommendations for and facilitate new research
efforts, clinical studies, clinical trials or other initiatives; and
communicate with grantees/contractors, cooperative group
members/representatives and others on policy interpretation,

merit review and evaluation processes and procedures, and on
decisions, concerns or other issues/matters of a medical/scientific
nature. In order to be considered for this position, applicants should
have experience in basic and/or clinical research to examing the
causes, diagnosis, treatment and prevention of infectious diseases;
research experience in bacteriology, mycology, virology, or parasitic
and other fropical diseases, is required. Candidates with a Ph.D,
and relevant experience are highly desired.

To apply for this vacancy, please visit hifp:

Vacancy number: NIAID-07-170616-DE and NIAID-07-170616-MP
Salary: $79,397-5121,967. Specific application procedures apply.
Applications must be submitted to a Human Resource Specialist
by May 4, 2007.

A full Civil Service package of benefits (including retirement, health,
lite and long-term care insurance, Thrift Savings Pian participation,
etc.) is available for both positions.

We invite you to explore our Institute and other available opportunities at http:/fhealthresearch.niaid.nih.gov/dms
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Department of Health and Human Services
National Institutes of Health
Mational Institute of Allergy and Infectious Diseases

Proud to be Equal Opportunity Employers
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Prestigious research award for outstanding

=
Biomedical Sciences

Candidates are invited to apply in the following areas:
molecular and cell blology, genetics and genomics
relevant to human diseases and health.

The A*STAR
composed of;

Investigatorship Selectlon Panel is

Professor Tadataka Yamada, President, Global Health
Program, Bill and Melinda Gates Foundation

Professor Edward Holmes, Executive Deputy Chairman,
Translational and Clinical Sciences, Biomedical Research
Council, A*STAR; Executive Chairman, MNational Medical
Research Council, Singapore

Professor Sir David Lane, Executive Deputy Chairman,
Biomedical Sciences and Technology, Biomedical Research
Council, A*STAR; Executive Director, Institute of Molecular &
Cell Biology, A*STAR

Professor Alex Matter, Director, Novartis Institute for
Tropical Diseases

Professor Axel Ulirich, Programme Director, Singapore
OncoGenome Laboratory, Institute of Medical Biology, A*STAR;
and Managing Director, Max Planck Institute of Biochemistry

Singapore’s Agency for Science, Technology and
Research (A*STAR) invites applications for the
A*STAR Investigatorships which will support
and promote the early independent career
development of potential leaders in biomedical
science, physical science and engineering
research. Interested applicants should have
obtained their PhD or MD within 24 months (not
more than 48 months) of the application date,
and should have demonstrated strong ability
and creativity in research.

The award supports independent research for a
duration of 3 years and is renewable for a further
3 years. The Investigatorships will be tenable
at A*STAR's prestigious biomedical research
institutes or physical science and engineering
research institutes depending on the field
of specialization. A*STAR Investigators may
select a mentor from A*STAR research institutes

A*STAR INVESTIGATORSHIPS
(Biomedical Research Council)
Agency for Science, Technology & Research,

20 Biopolis Way, #08-01, Centros Singapore 138668
Email: A-STAR_ADMIN_BMRC@a-star.edu.sg
www.a-star.edu.sg/astar_investigators
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young scientists and engineers

but will conduct and publish their research
independently.

A*STAR Investigators will receive attractive
remuneration, support for set-up costs, research
funding, research staff and have access to state-
of-the-art scientific equipment and facilities.
Each A*STAR Investigator's laboratory would be
funded up to US$500K per annum.

Applications will close on 31 May 2007. Up
to 10 shortlisted candidates will be invited to
Singapore for interviews and review based on
a scientific presentation, expected to be held in
August 2007.

Applicants are requested to submit their CVs,
including 3 academic referees, and a 5-page
research proposal (1 hard copy & 1 soft copy) to
the respective research council:

A*STAR INVESTIGATORSHIPS
(Science and Engineering Research Council)

Agency for Science, Technology & Research,

30 Biopolis Street, #09-01, Matrix Singapore 138671
Email: A-STAR_ADMIN_SERC®@a-star.edu.sg
www.a-star.edu.sg/astar_investigators

Engineering
Candidates are invited to apply in the following areas:

*nanoscience and quantum-b « organic
ectronics - clean energy technologh :

ML TFar ‘EJ‘.-'IF.\?'IH.

The A*STAR Investigatorship Selection E:gﬁd- s

composed of: ' j | e g SRR
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Professor Charles Zukoskl, Chairman,:SERC; A* ?EE!:I'U
Vice Chancellor for Research, University of lllinois at Urbana
Champaign il g Sy Ll

Lord Ronald Oxburgh, member of the UK House of Lords
lect Committee on Science & Technology and former
Chairman, Shell "

D Christian Joachim, E{\N RS, France
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Professar Mark Kryder, Carnegie ‘Melloh University’and
former CTO, Seagate
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rie usivensity o - Chair, Department of Neurosciences

TOLE DO college of Medicine

The University of Toledo
Health Science Campus

The University of Toledo College of Medicine secks an internationall y-rec-
ognized neuroscientist as Professor and Chair of the Department of Meu-
rosciences. The recent merger of the University of Toledo with the former
Medical University of Ohio has created dramatic growth oppontunitics, and
neuroscience research has been targeted for sigmificant development. Substan-
tial resources including new research space and faculty positions are avail-
able to ereate a nationally recognized department, complementing current
deparimental research strengths (hitp:/hse.atoledocdu/depis neuroscicnces/!
index.himl) including sensory physiology, neurodevelopment, nouroendocnine
synaptic physiology, and related areas in structural anatomy and intravital
imaging, State-of-the-an imaging, prdeomics genomics and flow cytometry
cores as well as AAALAC-pecredited animal facilities are availuble on the
modern Health Science Campus, The new Chair must have a distinguished
record of extramural funding, strong leadership and admimistrative skills, and
should promote alhances with clinical neuroscientists 1o stimulate research
with trmmslational implications i such areas as drug abuse, developmental neu-
romology. stroke, epilepsy. neurconcology, neurcimmunaology, functional brain
imaging. Parkinson’s disease or neurodegeneration. The successiul candidate
must also be committed o medical and graduate education, supporting the use
of innovative educational technologies in gross and microscopic anatomy, and
fostening developmeni of the Meurosciences and Neurological Disorders Ph.D.
training program. The University of Toledo is a state supporied instilution in
the vibrant port city of Toledo (https/'www.toledo.com ),

Candidates should send a cwrriculum vitae and a cover letter sum-
marizing rescarch, educational and administrative background to:
Chair, Meurosciences Search Committee, ofo Shirley Joseph, COM
Dean's Office, 3045 Arlington Avenue, University of Toledo Health Sci-
ence Campus, Toledo, OH 43614; or e-muil: shirley. josephia utoledo.cdu
(PDF format).

The University af Todedo s committed to diversity and egil
opparfumit, Applications from women and minority candidates
are strongly enconraged

2 Postdoctoral Research Associatel Senior
! t J Research Associate Position in Drosophila
T or Yeast Genatics/Molecular Biology

STOWERS INSTTTUTE

The Stowers Institute for Medical Research
has an immediate opening for a Postdoctoral
Research Associale or Senior Research
Assoiate with intarest in the field of fran
biology, in the laboratory of Ali Shilatifard, Ph.D.,
Investigator.

Responsibilities

The successful candidate will design and
conduct experiments that will contribute to our
understanding of the molecular machine Ia%n
required for proper transcriptional regu by
RMA polymerase Il in yeast (either 5. cerevisiae
or 5. pombe), or in Do 'a melanogasier,
and have the skills and desire to supervise and
train other individuals in the laboratory.

Minimum Requirements
Applicants must have a Ph.D. in molecular
bloloq:.r. biochemistry, or a related field and
in genetics, molecular cloning, and
pmtem engineering in either yeast or
hila. Experience in DNA-microamay
analyses and enzyme assays is desired.

How to Apply

Applicants should send a current curriculum
vitae, including a list of publications, a
description of presant resaarch activity, and two
reference letters to mou@stowers-institute.org
or:

Maura Cullinan

Shilatifard Lab

Stowers Institute for Medical Research
1000 East 50th Street

Kansas City, MO 64110

For more information visit
www.stowers-institute.org

Tha Sowers Fulibde e coreier o sgoal ooporbandy sl of cur progrse.
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Director — Imaging Core Facility
University of Maryland Baltimore
School of Medicine
Position #03-305-45

The University of Maryland School of Medicine is seeking a Director
of The University of Maryland, Baltimore Core Imaging Facility http:
Hmedschool.omaryvland.edu/confocall, The Core lmaging Facility was
established in 1994 and serves over 250 users from 28 Departments. We
are now looking fora highly motivated individual at the Assistant Professor
level who desires to manage the facility as we enler a period of rapid
expansion. The successful candidate will be committed 1o the continued
development of a multi-disciplinary Core facility that contains cutting edge
imaging technologies not available elsewhere on campus. In collaboration
with faculty and other Programs of the University, the Director will play a
key role in obtmning extromural funding for the support of the facility, Day-
to-day responsibilities will include business management of the facility,
training of users, and oversight of maintenance. Candidates should have a
PhD or equivalent degree, experience in Quorescence, confocal and mult-
photon microscopy, and/or other imaging modalities, and should possess
strong managerial and inter-personal skills.

Please submit before April 30, 2007 vour curriculum vitae, a brief
deseription of your carcer goals, and the names. addresses, telephone
numbers, and e-mail addresses of three potential references by e-mail (o
W, Gil Wier Ph.D., Chair, Core Imaging Facility Scarch Committee
at physiologydirectort som . umaryland.edu,

The University of Marvland, Boltimore is an Egqual Opporiimity,
Affirmative Action Emplover: Minoriftes, women, velevans and
imdivicduals with disahifities are encouraged to apply,

Dean of Multicultural Affairs

Tufts University School of Medicine

Tufts University School of Medicing is seeking nominations and
applications for the position of Dean of MuRiculiural Affairs. The School
of Medicine embraces the philosophy of providing a warkplace that
emphasizes a dverse faculty, stalf and student bady, and multicultural
competence in its curriculum. This is a dynamic, highly visible, new
opportunity for someone who is seeking to make a demonsirable
difference and have 3 major impact on the Medical School

Responsibilities: Reporting 10 the Dean of the School, the successful
candidate will develop and manage programs o promote a diverse
faculty, staff and student body; develop stralegies for enhancing the
school's environment and curriculum with respect to cullural sensitivity
and competence; and serve as the school's principal representative o
the University and external groups addressing diversity.

Qualifications: Applicants should have ai least fiwe years of experience
related o increasing diversity andior multicultural competence wilhin an
academic mstitution. M.D, and/or a PhUD. and a record of academic
accomplishment consistent with a sendor faculty level appointment are
required. Prigr supervisory experience is desirable. The successful
candidate will be an active faculty member in their particular specialty
area in the Medical School. Inlerested candidates should apply onling
via warw.tufts.edu.

Nominations/Applications may be sent to:
Jetl Glassroth, M.D.

Vice Dean

Tufts University School of Madicine

135 Harrison Avenue

Boston, MA 02111

or electronically to [eil. glassroth@ufis. edu.

Appicants shoud provide a lelfter adaressing ther quaitica bovs
ang a copy of thair curricolum vilae. Tults Unkersity & an agual
opparfunity’ affirmative action emplayer.

¢ Tufts

UNIVERSITY

www.tufts.edu/hr/jobs/




Scientist Positions within the
Advanced Study Group
of the Max Planck Society at the Centre of Free
Electron Laser Science in Hamburg

The “Advanced Study Group” (ASG) funded by the Max-
Planck-Society (MPG) is part of the newly founded “Centre for
Free Electron Laser Science” (CFEL) (htip://hasylab.desy.de/
science/cfelfindex_eng.html). The ASG shall support research
aclivities of the Max-Planck-Society at 4th generation Free
Electron Laser (FEL) light sources such as FLASH in Hamburg
and LCLS in Stanford.

Applications are invited for two scientist positions, located at
DESY/SLAC, to establish in Hamburg a fast-laser and pulsed
¥-ray laboratory for the preparation of MPG-FEL experiments,
supported by two technicians and students. Specifically, we
are looking for scientists experienced in

(1) time-resolved diffraction methods. The successful can-
didate should have a strong background in physics,
chemistry or biophysics. Experience in FEL, SPPS or
ESRF experiments or, alternatively, in ultra-fast x-ray
science based on table top pulsed x-ray sources, are of
advantage

(2) ultra-fast pump-probe laser physics and technologies
for the preparation and assistance of time-resolved spec-
troscopic and imaging experiments with FELs, mainly in
atomnic, molecular and soft-matter physics. Again, VUV-
FEL experience is appreciated.

We expect the successful candidates to interact collaboratively
among a variety of disciplines. Apart from supporting experi-
ments actively pursued within the ASG, independent research
is encouraged.

Remunerations are according to TVAD (German civil service
scale). The initial appointment will be for three years, with the
possibility for a two-year extension. It is intended to have a
long term perspective, given excellent performance and the
continuation of funding by MPG within the CFEL.

As an equal opportunity employer, the Max-Planck-Society
seeks to increase the percentage of fermale employees in are-
as where they are under-represented. Qualified women are
therefore strongly encouraged to apply. The Max-Planck-
Scciety is also committed to employing more individuals with
disabilities. We therefore actively encourage individuals with
disabilities to apply.

To apply, please send your CV including a brief description of
your research / scientific interests, a list of publications, a copy
of the most relevant publication, and names and email
addresses of two referees either as emall attachments or hard

copy to:

Prof. Dr. Joachim Ulirich
Max-Planck-Institut fir Kernphysik
Saupfercheckweg 1

D-69117 Heidelberg
jeachim.ullrich@mpi-hd mpg.de

Informal enguiries may be sent to Dr. Simone Techert (Simone.
Techert@mpi-bpc.mpg.de) and Dr. Robert Moshammer
(moshamme@mpi-hd.mpg.de) for position 1 and 2, respec-
tively. Deadline for applications is May 31st 2007, desired
starting date is July, 2007.

Skirball Institute of
Biomolecular Medicine

BCANOS0L. OiF

W TORE INIVERMITY

Faculty Positions

The Skirball Institute and the Kimmel Center of

Biology and Medicine at New York University
School of Medicine invite applicants for tenure-track
positions at the assistant, associate or full prolessor
level. We seck applicants with an exceptional record
of achievement to join our exisling programs in
Molecular Neurobiology, Developmental Genetics.,
Structural Biology and Molecular Pathogenesis.
These programs are interdisciplinary and reflect
strengths at NYU's School of Medicine and College
ol Arts and Sciences. Special priority will be given o
applicants with broad interests working at the cutting
edge of mammahan genetics, stem cell resecarch,
neurobiology or molecular cell biology.

NYU School of Medicine offers excellent resources
to support new faculty, including generous start-up
packages and core facilities for cell sorting, imaging,
proicomics, mouse molecular genetics. genomics
and structural biology.

Successful candidates are expected o initiate and
maintain vigorous independent research programs
that will enrich and be enriched by the highly
collaborative environment at the Skirball Institute
and throughout the NYU research community.

This is an electronic application process. No mail
applications will be acceptled. Create your application
packet by formatting it as a single PDF document.
Use the following page order: (1) Cover Letter -
indicating Program preference. (2) Curriculum
Vitae. (3) Rescarch Statement.

Email application packet to

skirballsearchia saturn.med.nyu.cdu.

Three letters of relerence should be sent independently
to: skirballsearchia saturn.med.nvu.edu

New York University School ol Medicine was
founded in 1841 and is an equal opportunity

affirmative action employver. Women and minority
candidates are encouraged to apply.

http://saturn.med.nyu.edu
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From life on Mars
to life sciences

For careers in science,
turn to Science

If you want your career to skyrocket, visit of Science, the premier scientific journal, and
ScienceCareers.org. We know science. We are the long experience of AAAS in advancing
committed to helping you find the right job, science around the world. ScienceCareers.org is
and to delivering the useful advice you need. the natural selection.

Our knowledge is firmly founded on the expertise Www.scienceca reers.org

Features include:
e Thousands of job postings  * Resume/CV Database

» Career tools from Next Wave e Career Forum
e Grant information We know science AV AAAS

Science(Careers.org




MAX PLANCE-CESELLECHAFT

PhD Scholarships

within the International Max Planck Research School
for Quantum Dynamics in Physics, Chemistry and Biology

The International Max Planck Research School [IMPRS) for Quantum Dynamics in Physics, Chemistry and Biology is a graduate school offering a
doctoral degree program in these disciplines. The IMPRS is a joint initiative of the Max Planck Institute for Nuclear Physics, Ruprecht-Karls University,
the German Cancer Research Center [DKFZ]), the Max Planck Institute for Medical reserach (all in Heidelberg) and the Heawvy lon Research Center
[GSI) in Darmstadt. Membership in the Heidelberg Graduate School of Fundamental Physics is envisaged. Further information may be found on
the school’s website http://www.mpi-hd.mpg.defimprs-qd/.

Applications of students from all countries are welcome. To be eligible for PhD studies at the University of Heidelberg, applicants should have a
Master of Science degree (or equivalent). Applicants who do not have a Master thesis may be accepted if they can prove their ability to carry out
independent research projects. International applicants whose mother-tongue is not English or German are advised to provide a proof of English

proficiency.

At equal level of qualification, candidates with disabilities are given preference. Women are encouraged to apply.

Applications for the academic program starting in September 2007 must be received by May 15, 2007. Each applicant has to initiate his/her
application by registering online at http:f/www.mpi-hd.mpg.defimprs-qd/ and following the steps outlined there,

DEUTSCHES

dkfz KREBSFORSCHUNGSZENTRUM
. N DER HELMHOLTT-CEMEINSCHAFT

Max-Planck Instinn
fiir mediznische Forschung

THE CHINESE UNIVERSITY OF HONG KONG

Applications are invited for:-

School of Chinese Medicine

Professor [ Associate Professor [ Assistant Professor
{Ref. OF1052(665)/2) (Closing dave: April 27, 2007 )

Applicants should have (i} a PhD degree in life science, preferably in Chinese
medicine or related areas: (i) established scholarshap with a track record of
high-quality publications and award of competitive research granis; preferably
(i) teaching and chinical experience in Chinese modicing; and (iv)
qualifications for practising Chinese medicine in Hong Kong, Applicams for
Professorship should also have ¢xtensive teaching expenence and an
outstanding publication record in related felds, Duties include () eaching
undergraduate and pmtgmdu.m. courses; (b} supervising rescarch projects:
(eh conducting research i own Geld(s ) of specialization: and (db assistng in
administration of the School and curniculum development. Appointment will
normally be made on conract basis for up (o three vears inially, leading to
longer-term appointment of substantation later subject 1o muiual agreement,
|MNote: Those who have responded 1o the previous advertisement for Associate
Professorship/Assistant Professorship (under Ref. no, 070032 need not re-
apply on this occasion. |

Salary and Fringe Benefits

Salary will be highly competitive, commensuraie with qualifications amd
experience. The University offers a comprehensive fringe benefit package,
incleding medical care, plus a contract-cnd gratuity for an appoiniment of
iwo years or longer, and housing benefits for eligible appoinices,

Further informaton about the University and the general terms of service for
appointments is availsble at fttpefivwnewk edi ikipersonnel. The terms
mentioned herein are Tor reference only and are subject to revision by the
University.

Application Procedure

Please send full resume, copies of academic credentials, o publication list
and/for abstracts of sckected published papers, together with names, sddresscs
aind Fax o mbers/e-mail addresses of three referees 1o whom the applicants”
conscnt has been given for their providing references (unless otherwise
specified), 1o the Personnel Office, The Chinese University of Hong Kong,
Shatin, N.T., Hong Kong {Fax: (8525 2603 6852), The Personal Information
Collection Sttement will be provided upon reguest. Please quote the refenence
number and mark ‘Application - Confidential” on cover,

ASSISTANT PROFESSOR
NEUROSCIENCE AND CELL BIOLOGY

Developmental Neurobiology, Molecular and Cellular
Meuroscience, and Structural Neurcbiology
Assistant Professor Positions

The Department of Neuroscience and Cell Biology at the University of
Texas Medical Branch at Galveston (UTMB) secks applicants for full-
time tenure-track positions at the Assistant Professor level. The candidates
should hold an M.D. and'or Ph.D., within the following prefermed asreas of
specialty: developmental neurobiology, molecular and cellular neuroscience,
neurogenomics and newroinformatics, or neuroprotesmics and structural
neurshiology, Candidates should have an established level of expertise in
one of these areas as evidenced by postdoctoral research work, publications,
external funding, and relevant national and international reputation.

The successful applicants are expected o establish vigorous, externally
funded rescarch programs at UTMB. Teaching and service contributions
1o the School of Medicine and the Graduate School for Biomedical Sci-
ences will be expected. Levels of appointment will be commensurate with
experience and accomplishments.

The positions offer a competitive salary and benefits package and generous
start-up funds, Apphcations should include curmculum vitae, summury of
rescarch interests and goals, and the name and contact information (including
c-mail) of three references. Applications and references should be addressed
1w: D Henry F. Epstein, Cecil H. and [da M. Green Distinguoished
University Chair in Newroscience and Cell Biology, Department of
MNeuroscience and Cell Biology, The University of Texas Medical
Branch, 301 University Boulevard, Galveston, TX 77555-0615; E-
mail: hepsteini@utmb.edu,

LTME ix an Egual Qpporiunitv, Affirmaiive Action fastitision wirich
provedly valnes diversin:. Candidates of all backgrounds
ane encowraged to appi

ydUTMB

The University of Texas Medical Branch
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From physics to nutrition

For careers in science,
turn to Science

Looking for a great
science career?
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If you want your career to bear fruit, don't leave it to  firmly founded on the expertise of Science, the premier
chance. At ScienceCareers.org we know science. We are  scientific journal, and the long experience of AAAS in
committed to helping you find the right job, and to  advancing science around the world. ScienceCareers.org
delivering the useful advice you need. Our knowledge is  isthe natural selection. WWW.ScCienceca reers.org

Featuresinclude:

* Thousands of job postings * Resume/CV Database SCiE“CECEIrEETS.Drg

» Career tools from Next Wave  * Career Forum

We know science RYAAAS

* Grant information




eIV \{(NclelReleNll | DUKERINLIS

GRADUATE MEDICAL SCHOOL SINGAPORI
Director. Program in Emerging Infectious Diseases

The Section of Crolaryngology - Head and Neck Surgery at
Dartmouth-Hitchcock Medical Center seeks a board certified

£
?
3

o baard elgible Cholinmenlogist for 8 l-dme facuiy posi- The Duke-NUS Gradusic Medical School Singapore (GMS) is unigue in
tion.The candidate should possess an interest in an academic bringing post-baccalaurcate, rescarch-intensive medical education 1o Asia,
career and in the education of medical students and resi- and represents a truly global parinership between two leading universities:
dents.This position will combine a general otolaryngology Mational University of Singapore and Duke University, The GMS shares a
with a subspecialty practice in otology or pediatric otolaryn- medemn campus with Singapore’s largest hospital and several national rescarch
gology. Fellowship training in otology/ neurotology or pedi- centers. The GMS is creating a world-class, academically based Program in

Emerging Infectious Diseases that will both enhance health care in Singapore
and serve as a national and international resource of excellence in emerging
infectious diseases. The mission of the Program faculty will be to conduct
high-level basic and applied rescarch, and to troin graduate students, posi-
doctoral fellows, and physician scientists in the disciplines relevant to
Interested applicants are encouraged to send letters emerging infectious discases,

of inquiry and CV to:

atric otolaryngology is desirable. Research interests will be
encouraged. Academic rank will be commensurate with qual-
ffications and experience.

We are sceking an individual with exceptional scientific credentials and
Daniel Morrison, MD, Chairman Fl.'l!l’]l:.r'!il'llp skills l-u head the Program. Thu. position uf founding IT‘.Ier:mr

Section of Otolaryngology - Head & Neck Surgery w‘1.1II ||11ulull.h: full nul;lf)-. JI..'-;L'T}' g_::m:r.ﬂus z-tt-.nrhl-m? and m-..‘ '-r.'m.-u n{ .;umt.ml_
Dartmouth-Hitchcock Medical Center n.:..n.a.n..hll.mde.. '_J']'u. I.hn,s,h.w mllb':;}nm'. :d;d\nlh1|'.|¢§p.|.f.1.m:|nd I.'l:.:.uliill.tl'l.,l:h

One Medical Center Drive necessary Lo I."L'L.I."lllll -8 l.:lu!!il,.mdln_g faculty ml:.mh;.'n\ ..“I.J.H academic ranks.

The packages for these faculty reeruits would include full salary, generous

Lebanon, NH 03756 start-up, and five years of annual research funding of up 1o S8500K/p.a.,

Telephone: 603-650-8123 assuring a stable base of support that can be supplemented by competitive

grant awards, which are expanding rapidly in Singapore. The director and
the faculty members he/she recruits will join the pioncening Duke and

DﬁRTMDUTH'—H[TCHCDCK Singapore investigators already affiliated with the GMS (see
Lt N S i lr P TN S i ol e S Y e “’““’.ﬁmi-t‘du.ﬁ“ﬁ.
ME DICAL CENTER Interested candidates should send a CV and the names of three references to;
Cartmouth-Hircheock Medical Center is an affrmative actionfequal opportunity Mariano A. Garcia-Blanco, M., Ph.l)., Chair, Search Commitice on
employer and is especially interested in identifying female and minarity candidares. Emerging Infections, Duke-NUS Graduate Medical School, Singapore

by email to: dircectoridie gms.cdu.sg

The GMS is a collaboration of the Duke Umversity School of Medicine and
the Mational University of Singapore.

FULL TIME ASSISTANT RESEARCH ’ \

www.DHMC.org

ANATOMIST POSITION University of Cincinnati
UNIVERSITY OF CALIFORNIA lAN CASTE R
SAN FRANCIECO UNIVERSITY
DEPARTMENT OF ANATOMY Post Doc Fellow - Ophthalmelogy
The candidaie will siudy the transmission and controsl of 127UC3488) The U“i"‘-'”'.i“’ ‘:"1 Cincinnati [UC) is
pain messages as well as the neuromal crewits that pleased to announce availability of endowed fund-
undedie the production of pain. The candidate will ':!;Jr;' -"!'S;'Ef"fhr i#lTHﬂm:rd;gm;m“wrmlhﬂfi.
oversee the work of dudents and technicians, and work . 5 sorders ol b ery and irvites applcation for
r Envirgnmean n
direcily on bench rescarch inwlving ransgenic mice Lancaster Enviro _E t Centre : 4 Crawley Postdoctoral Scholar Award as part of
(ZW mice) to investigaie the CNS circuitry implicated in Department of Environmental Science the Edith J. Crawley Memorial Scholars Program.
pain transmission. In additkon, hefshe will work with the An award of this type will fund up to three years of
Principal Invesiigaior and other sceentisis n  the PrGfESS{“' Dr Rea der mentored vision neuroscience research at UC.
L.'lh'.mmr:, 3] 1.II,'\1,.'|I1FI owerall ﬂpmrncnl:ll s ralcgics, o . :
design  specific  experimenis and conirols, and 1o H : Qualified applicants should hold a doctoral degree
interpret expenimental resales, AtmﬂSDI.IErI C Scienﬂe in life sciences (e, MD, PhD. and'or Nl.ul"\l'\ﬂl.‘-l'li
£41,544 - £46,758 p.a. degree) and be committed 10 & career in wision

Applicants must have a Ph.D), m biodogy and at leas ; .
four years posidoctoral rescarch experience (foreign Frofessor min £50,565 (negotiablel
irminingfesperience accepiable). The candidate must

newoscience research. Successful candidates may
either participate in ongolng projects in vision-new-

b : We invite applications for the past of Professor or FOSCIENCE OF new projects of avenues of research ap-
ave demonsraled caporicnoe @ ouse ol saroses o 7
introduce mew genes Into the CNS, “in vitro” and n Reader in Atmospheric Science in this research- provid by the mentor, The awardee will be oxpected
viva" appmaches, immunchistochemisry. westem bloi, led Department (which s an integral part of the to develop one or more independent research proj-
cell cubure, DNA constructs for knock-ms, penetics Lancaster Emdronment Centrel, ects worthy of extramural support upon completion
{including the generation of irnsgenic miceh and mouse The anticipated start date is on or before of training,
behasior, This candidate will also have a track record of 1 Seplember 2007 Interested Incividuals should submit a curricubim
publishing in highly regarded peer-reviewed journals. U P i A ataris o st it sl TG vk
Send cumiculum vitae and names of references prior 1o 1o n hewithid lancaster ac.uk or erences to Winston WY, Kao, PhD. Ben and Louise
May 4, 2007 10: abinley@lancaster ac uk Tate Professor and Director, Ophthalmic Research,
Department of Ophthalmolagy, Health Professions
¥ Dea. Analvst - . : T T A
VORI naly To apply or receive further information onine, Building, Suite 350, University of Cincinnati College

Department of Anatomy of Medicine, 3233 Eden Avenwve, Cincinnati, OH

513 Parnassus Ave, Box 0452 PISASE VISR, IRIp:H iAo SOLIBICS B NG O, 45267-0527 (Phone: 513-558-2802, Fax: 513-558-
San Francisoo, CA 94143 telephone Persannel Services, quoting reference 3108, Winston Kao@ucedy) For additional infor-

po— o N ATE3R, on answerphone +44 011524 846549, mation about the position #27UC0988, please see
il s ls canak ey whose expertie, feaching, renea . (Y] 2 I ;
o commmwEly senice as propancd thea do o abate fe our KCsiing S SN 00 Ao TehiCm
commemen? o diverdy ol eveellemee, DCSF 45 an Interviews: 5 June 2007, The University of Cincinnati s an affirmative
affrmaive ot opportenity oeplimer. The
Umiversdty maderiokey  affroeiive aotfon b assure ogue) b aﬂ“::mqual opportunity
emipdoymen! apportmuity for avdemnilizal minenties o % a“ Aiming for Greater cm? g -l@
wenmniedt, for perons with  diebilties, amd for oovered Y \f Dversity UC is a smoke-free R T
verermng, Al qualifed geplhonts o enourmged e apply, i work environment, C]nc.lnnutl

e mmortives @ wiennen,




Looking for
Career Advice?

Find a wealth of information relevant to your
current career and future employment decision:
the Science Career Features.

UPCOMING FEATURES:

April 20: Postdoctoral Careers: Trans'
April 27: Biotech and Pharma
May 4: Interdisciplinary Research

—
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TENURE TRACK FACULTY POSITIONS THE METHODIST HOSPITAL
DEPARTMENT OF BIOCHEMISTRY AND
MOLECULAR BIOLOGY RESEARCH INSTITUTE
Vircinia CommonweaLTn Universmy The Methodist Hospital Research Institute of e | S
ScrooL oF Mepicine The Methodist Hospatal, Houston, Texas, secks e -
As part of an ongoing I'I'I..I._|ll.|' expansion in bio- :;L:’:':‘:F:lll:::ﬂ II‘LI‘E:":;IILHI."I.':] ;;Iirj;;ll.."ﬁt:hl:ﬂi\ ASSISTANT PHDFESSHR,
medical research at Virginia Commonwcalth pital System consists of 1,450 beds, mcluding IMMUHGLOGY

l...lil'l.'l.'l'HH?- .'l:'l;.ﬂlt‘:i.lf u..~111-:r. 1.\'?: TI.'I\-':I'IL‘.'l]'IF]h.'..'IIHJI'lH 1.000 Tocated in the Texas Medical Center in
from outstanding individuals with expertise and Houston. With our partmers at Weill Comedl
interest in cellular and molecular signaling for Me [.i 1;.['{.““ s u|:|: Nisir .\":1r|~: Pk taton The University of idaho is seeking a talented educator
tenure-track positions. We welcome candidates il;::p;ul e ‘HJ\E‘L‘r'nr; f:‘i.:v P 1',;{:]’";“‘1‘ and researcher to join our tzculties in the Department of
in all arcas of biochemistry and biomolecular sci- . T R R & S E N e Micrabictogy, Molecular Biokogy & Biochemistry in the
ences. Candidates should have an active research '“_I'"l_"bk' LI "_’T "]“""‘ll "P'“' 5_' '%""‘!m'_" ""“'J_ & !J_"""‘JI area of immunalogy.

program with a record of sustained rescarch pro- trials. The successful candidate will be respon-
ductivity, More senior candidates should have sible for organizing and leading the Institute’s

current extramural funding. Applicants should clinical research in Houston and collaborating Th‘? wdrcual selected "_""i be expected 1o conlribute
have a M.D., Ph.D. or equivalent degree and with our € “”'f"“ ‘f““l :\_':YI: F"I_!"":'g“':’i' We 10 the overall rESBBI:_n' 3Chng, and servce mmmﬂ
will be expected to contribute (o the Department’s encourage applications from individuals who of the depariment, college and university by serving on
teaching mission as well as develop vigorous col- |.'I‘J!I'I'L'IIII|:_|,- I:uq :‘il.l.l'l.‘i!i.ll'l.ll.'l.l funded programs committees, advising students, participating in semi-
laborative efforts with other VOU rescarchers. L'L'llldlll.'ill'll: climical research. The J'Iuhpll,i.ll hias nars and inferacting with faculty and students

The Department’s and VCU's research expertise entered an uu]'n'uu::..h:nlﬂl expansion phase that

is spread across several programs having national includes construction of a 420,000 SF state- Requires M.D., Ph.D. or equivalent in Molecular Life
p""L"i”""f:'f i".“"r"“'* ‘;.r i ::-"”“]""‘1;‘;“"‘“: "hr ::nﬂltlﬂ:H::':ILmlﬁ':;b ';::lhdl;::;ﬂk’l:} Sciences or a related field with at least two years of
ranking. More information about the School o AUoTy 2 = " .

Mudm:;:-; and the Departneent, and this open posi- foster interdisciplinary collaboration. The suc- e Tmmn EIIHIan TN 10000 o
tion can be found at www.medschool veu.edu/ cessfil applicant will receivea generous salary, complishments in research as demonstrated by publi-
and www.pubinfo.vew.edu/fac jobs/. Applicants fringe benefits, and a relocation package, and cations in peer-reviewed joumals, teaching experience
should submit by email a CV with names and e- may be eligible for an endowed chair. a1 the undergraduate and/or graduate level.

mizal addresses of three references 1o: Dr. Roberi

F. Dicgelmann (rdicgelmi@ vew.cdu), Depart- Individuals interested in this unigue career For a full description and application materials, visit
ment of Biochemisiry & Molecular Biology, Opportunity h‘h}ﬂuld Tiund vin ;I:-m;lul a cur- hitps//www.hr.uidaho, edu/
Virginia Commonwealth University School of m:u_lm:n vitag, including grant funding infor-
Medicine, Richmond, VA 23298-0614. mation to: James M. Musser, M.D., Ph.D., Review of applications
cfo Ms. Ginny Gittemeier, Co-Director and beging 4/30/07.

Virginia Commonwealth University is an Equal Executive Vice President, The Methodist 3 e

OppartuningAffirmative Action Emplover Hospital Research Institute; gittemeier(a Unl“Ersltny |dahD
Women, persons with disahilities, and mirori- granteooper.com: Phone: 636-240-2090; Dpert pas Expas Mandty

ties are encouraged to apply. Fax: 314-726-5294, 7T e e e
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Industry
Recruiter

Science
Careers
Forum

How can you write a resume that
stands out in a crowd?

What do you need to transition from
academia to industry?

Should you do a postdoc in academia
or in industry?

Let ScienceCareers.org help you answer
these questions. ScienceCareers.org has
partnered with moderator Dave Jensen
and four well-respected advisers who,
along with your peers, will field career-
related questions.

Visit ScienceCareers.org and
start an online dialogue.

ScienceCareers.org

We know science RV AAAs

[F YOU THINK OUR
PIPELINE IS IMPRESSIVE,
YOU SHOULD SEE

THE SCIENCE
BEHIND IT!

Every day, your work has the ability to impact lives. Many of
GSK Consumer Healthcare's well-known products are global
brands, and offer people a new lease on |ife. Whether smaoking
cessation, weight loss, pain management or even restoring a
quiet night's sleep, our products make life better for millions.

Recently named the 2006 Pharmaceutical Company of the
Year by Med Ad News, G5K is no stranger o the power of
exceptional science and global product marketing. As we
expand our portfolio of consumer products, which already
include such market leaders as: Micoderm, Breathe Right,
Panadol, Abreva, Polident, and Alli, the first FDA approved OTC
weight loss product, GSK Consumer Healthcare is eager to
attract the most passionate scientific talent in the marketplace.

Our Mew Product Development and Mew Product Research
departments, located in Parsippany, New Jersey, currently
have the following opportunities available for exceptional
professionals:

* Principal Development Scientists, NPD
(Req. ID: 38859 & 39590)

* Principal 5cientists, NPR
(Req. ID: 40776, 40204, & 41512)

We also have a Principal Scientist, Oral

Healthcare (Reg. ID: 4187 5) posi- e —
tion available on our Aguafresh Hrmh:'

team at our London Innovation
Centre, Company provided
refocation available,

To learn more about these pos-
tions and to apply online, E=
please wisil www.gsk.com/careers,

Indicating Req. 1D is essential to search.

e betrel
Tgethe” we
gsk.com/careers

Glasodmthkhng of dedraled 10 Sugpordng you with caveésr-ong oppoTurebes and
laring. We offer 3 competitve bénsfin and compénialon package desagned o
adtract and refain the very best W are prowd 1o be an eguad opporiundy employer

GlaxoSmithKline

Consumer Healthcare




Q. AAAS

Who’s helping bring

the gift of science

to everyone?

‘ As a child | got very interested in space travel.
When | was six my father gave me some
books on rockets and stars. And my universe

suddenly exploded in size because |
realized those lights in the sky | was
looking at were actually places.

| wanted to go there. And | discovered

that science and technology was a gift
that made this possible. The thrill of most
Christmas presents can quickly wear off. But I've
found that physics is a gift that is ALWAYS exciting.

I've been a member of AAAS for a number of years.
| think it's important to join because AAAS represents
scientists in government, to the corporate sector, and
to the public. This is very vital because so much of
today's science is not widely understood.

| also appreciate getting Science because of the
breadth of topics it covers. It gives me a great
grounding for many activities in my professional life,
such as advising government agencies and ,,
private corporations.

lim Gates is a theoretical physicist and professor at
the University of Maryland. He's also a member
of AAAS.

See video clips of this story and others :

www.aaas.org/stories

5. James Gates |r., Ph.D.
Thearetical physicist
and AAAS member

IAVAAAS

ADVAMCING SCIENCE, SERVIMNG SOCIETY



Who’s working

for science?

Top quality research depends on comprehensive support.
AAAS is present at every stage of the process - from
advising on funding policy initiatives to tracking the US
Federal R&D budgeling process. As the experts, we
brief Congressional staffers and representatives from

to increase support

governments around the world. And only AAAS Funding
Updates — sent out monthly — provide continual coverage
of R&D appropriations. By actively working to increase
support for research, AAAS advances science.
To see how, go lo www.aaas.org!support

AYAAAS

ADVANCING SCIENCE, SERVING SOCIETY
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POSITIONS OPEN

UNIVERSITY OF MINNESOTA

Cancer Center
ASSISTANT JASSOCIATE PROFESSOR

The University of Minnesora Cancer Center, the
Department of Laboratoroy Medicine and Patholo-
gv, and the Department of Urologic Surgery are
expanding the Cancer Center Rescarch Program in
P'rostate Cancer Rescarch and invite applications for
a Tenure-Track Faculty Position, We are interested
in candidares with specfic rescarch interests, experi-
ence, publication, and external funding in prostarte
biology, prostate cancer, and the cellular and mo-
lecular mechanisms associated with prostare cancer
genesis, invasion and metastasis, and experimental
therapeutics. The goal of this scarch is 1o ateract
faculty members that will enhance ongoing research
programs in the following areas: (1) Genesis and
development of neoplastic changes in the prostate.
Tumor microenvironment with a specific focus on
musculoskeleral tumor growth, the bone /tumor mi-
Crocnvironment, wmor meiastass o h‘“ﬂh'.. amimal
models of bone metastases and for emerging ther-
apies for bone cancer; (2) Progression assocated
changes in signal transduction pathways associated
with alterations in the structure/functon of plasma
membrane microdomains, signalosome assemblv,/
tunction, or other tumor associated changes in cell
growth/survival signal transduction pathways; (3)
Proteomic, genomic, and tumor/stromal changes
associated with primary tumor growth,progression
of prostate tumors, Preference will be given to in-
dividuals who use novel three dimensional and /or
co-culture systems to model progression in vitro and
in vive,

Successful candidares will be expecred to develop
projeers that have translational potential in pre-
clinical moddels, with a long-term goal of developing
novel elinieal approaches for the diagnosis freat-
ment of prostate cancer in paticnts. The candidate
must hold a Ph.D. or M.D/TPh.D. degree and pref-
crence will be given to candidates with external
funding, established rescarch programs, and training
in prostate biology, Academic rank and salary are
commensurate with training and expericnce.

Submit curriculum vitae, a brief research stare-
ment, and contact information of three references
online to requisition #145924 at website: http: /7
employment.umn.edu. I[nformation abour the
Cancer Center @5 available at website: hup://
www.cancer.ummedw. The Ulfersny of Minnesotr is
an Eaqueal Oppostuneity Edvuagy and Employper,

POSTDOCTORAL ASSOCIATE

A Postdoctoral Assoctate position for a PhD.,
MDD, or M.D/Ph.D. is available immediarely in
the Division of Hemartology, Oncology, and Trans-
plantation, Department of Medicine. The dutics and
responsibiliies of this position will be 1o study the
cifects of cvtochrome P450 cnzvmes on breast
cancer eell proliferation in vitro and in vive. Studies
will invelve analysis of cicosanoids and other lipids
by mass spectrometry, using tumor xenograft mod-
¢ls. The job duties will include, but not be restricted
to, performing the isolation of cell ines expressing
recombinant signaling, proteins, performing cell growth
inhibition assavs and soft agar colony formation as-
savs, performing rumor xenograft assavs and the use
of mass spearometry assws for cicosanoids, The suc-
cesaful applicant must have the ability m work indepen-
dently, amalvee and report rescarch resulis, Writing
and figure production skills necessary for drafting
manuscripts is essential, as well as familiarity with
statistical analysis of biochemical and phamuacological
dam. Working cxpenence with cicosanoid  biochem-
istrv, experimental pharmuacology, mass spectrometry,
engymology, and breast cancer xenograft modeks wall
be helpfil.

Apply online at website: http: //employment,
ummn.edu. Applications should consist of curniculum
vitac and names of three references.

The I'rlrl-q'r_urr:' ...!|" Minncsota is i f:'..pr.rl I!”'lqn:llmlr:.'
Employer and Eduoior.,
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POSITIONS OPEM

The University of California, San Diego (LUCSD)
Center for Human Generies and Genomics (website:
http:/ /chggncsd.edu/) in conjunction with the
Departments of Pediatrics and Medicine ar the
UCSD School of Medicne invites applications for
several TENURE-TRACK/TENURED IMOSI-
TIONS from outstanding individuals to develop a
vigorous rescarch program in any arca of contempo-
rary human genctics and genomics. The appoint-
ments will be at any academic level, and will involve
teaching at both the graduate and medical school
levels, There are openings for bath junior and senior
faculty, incuding DIVISION CHIEF positions in
medical genetics in both the Departments of Pediar-
rics and Medicine. Candidares must possess a

docroral degree and be well rrained in any arca of

contemporary human genetics and genomics with a
demonstrated  track record of ourstanding  pecr-
reviewed rescarch. For the Division Chicl positions,
Board certification in any arca of medical genctics is
desirable. Space will be provided in the Center for
Human Genetics and Genomics on the fourth floor
of the new Skaggs School of Pharmacy and Pharma-
cennical Sciences building or other sites within the
UCSD Health Sciences campus. In addition, an
artractive and competirive stamup package will be
provided. The goal of the Cenrer i 1o galanize
already existing genetics and genomics efforts
throughout the School of Medidne and UCSD
campus, and these recruitments will play a major
robe in this excting effort.

Applicants should e-mail their cummiculum vitae and
names and addresses of three references to e-mail:
cooffey@ucsd.edu or mail ro; Christine Coffey, As-
sistant to Anthony Wynshaw-Boris, M.ID,, Ph.D).,
Director, Center for Human Genetics and Ge-
nomics University of California, San Diego School
of Medicing, 9500 Gilman Drive, (627 La Jolla,
CA 92093-0627.

Review of applications will begin on April 1, 2007,
and will continue unl positions are filled. DS &
an Eqal Opportunity LA finnative Action Eneployer connnit ted
o exeeilence throngh diversity.

TENURE-TRACK FOSITIONS in ANATOMY,
PHYSIOLOGY, and GENETICS
F. Edward Hebert School of Medicine
Uniformed Services University of the
Health Sciences

The Department of Anatomy, Phyvsiology and
Genetics, Uniformed Services University School of
Mediane, Bethesda, Marvland, chaired bv Harvey B.
Pollard, M.ID., Ph.D., imvites applications for tenure-
track positions at the ASSISTANT /ASSOCIATE
PROFESSOR loved. The Department has sirong
commitments to medical education and biomedical
rescarch and is Jocared in an interactive scicnnfic
environment adjacent to the National Institures of
Health and Narional Library of Medicine. Oursrand-
ing core facilies are available 1o support medical
cducation and biomedical research in cell biology,
genomics, and protcomics. The successful applicant
will have a Ph.D. and/or M.D. degree and will be
expected to: (i) contribute to the Department’s in-
terdisciplinary anatomy and physiology curriculum
for first-year medical students and (1) establish an
independent and extramurally funded rescarch pro-
gram. Teaching expericnee in physiology is desir-
able. Rescarch interest in regenerative biology and
stem eell research is an asser, Candidares should submin
curriculum vitae, an owtline of their proposed research
program, and have three lewers of reference sent to:
Gregory I Mueller, Th.D., Search Committee
Chair, Department of Anatomy, Physiology, and
Genetics, Uniformed Services University of the
Health Sdences, 4301 Jones Bridge Road, Bethes-
da, MDD 20814-4799 (c-mail: gmueller@usuhs.
edu). Positions open until filled, Foredgn  matfioals
UL um_u:fu:rnf l_.l ..J'rl.rf_r.l'inf Iligtted  Shales dARZend e
wor aveilable, USURHS 6 an Bgual Opportionty Employer
|ruH| [} _rrnr.lr_b,.l coprfimiend Ko r.:.'l.aI_ ||r.[rr|r.1f_ and r.l.l'.urn'
divewity

What’s

your
next

career

www.scienceca [eers.org

¢ Job Postings
e |ob Alerts

e Resume/CV
Database

e Career Advice
from Next Wave

e Career Forum

e (Graduate
Programs

* Meetings and
Announcements

We know science

AVanas
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CONFERENCE

N

INSTITUT PASTEUR

Conferences organised at the Institut Pasteur, Paris, France in 2007

.

- FROM MOLECULES TO COGNITION: A TRIBUTE TO JEAN-PIERRE CHANGEUX
i September 17-19, 2007
Website: http://www.pasteur friinfosci/conf/sb/neuroscience_pasteur
Information: neuroscience@pasteur.fr - Fax: +33 1 40 61 37 21

EARLY STEPS OF THE VIRUS LIFE CYCLE: MOLECULAR AND CELLULAR INSIGHTS
October 4-5, 2007
Website: http://www.pasteur.friinfosci/confisbivirus_cell/
Information: virus-cell@pasteur.fr - Fax: +33 1 40 61 37 21

GENETICS AND MECHANISMS OF SUSCEPTIBILITY TO INFECTIOUS DISEASES

November 21-24, 2007
Website: hitp:.//www pasteur.frinfosci/conf/sb/host_genetics
Information: conference-ip@pasteur.fr - Fax: +33 1 40 61 37 21

| VIBRIO 2007
A November 28-December 1, 2007

Website: http://www.pasteur.fr/infosci/conf/sb/vibrio2007
Information: vibrio-2007 @ pasteur.fr - Fax: +33 1 40 61 37 21

Science Alerts in Your Inbox

Get daily and weekly E-alerts on the latest breaking news and research!

Get the latest news and research

ienceNOW Daily Aert*
Daily headline summary

Science Magazine TOC
Weekly table of contents

STKE TOC
Weekly table
of contents

Editors’ Choice
Highlights of the
recent literatune

This Week in Science
Summares of research
content

week ; G
cience nerr;g‘j e journals : from Science as soon asit is
e L ple ; :
?..1;3:‘: 5:un'l£'-"-1- sd Mﬂﬂw m‘f:‘mﬂ publ_l-z-hed. Sign up for our e-alert
Weekly he ting Notification services and you can know when
‘ence Express Notification ﬁmﬁ‘mﬂq igsue is posted the latest issue of Sdience or
ifmgg.punl-.md in advance 019 Science Express has been posted,

peruse the latest table of contents
for Science or Science's Signal
Transduction Knowledge Environ-
ment, and read summaries of

the journal's research, news
content, or Editors’ Choice column,
all from your e-mail inbox. To start
receiving e-mail updates, go Lo:

http:/ /www.sciencemag.org/ema

RVAAAS
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POSITIONS OPEN

J

FACULTY FOSITIONS
Academia Sinica, Taiwan

Applications are invited for faculty positions to par-
tapate in the Summit Project at Acadenda Sinica
Through this projece, we plan to make several stra-
tepic appointments in rescarch programs of (1) stem
cell, (2) infectious discase, and (3) drug discovery.,
We are secking for outstanding scholars ar ALL
FACULTY LEVELS in the following arcas

Stem cell (code: SC): Funcronal genomics, cel-
lular and maolecular biology of stem cells, including
cancer stem cells

Infectious disease (code: 1D} Development of
anoviral and annbacrerial strategy, drug resistance,
vaccine and disease models.

Drug discovery (code: DDY): Synthetic onganic
chemistry and medicinal chemistry, drug design and
synthesis,

The funding for the Summit Project is substantial
and long-term. In addition, Academia Sinica has cs-
tablished scveral national core facilities, including
mouse mutagenesis and discase models, genotyping,
mcroarmans, RINAG mass spectrometiy and proteomics,
X-ray, nuclear magnetic resonance, MAgNenic reso-
nance imaging, nanotechnalogy and bioinformaties,
and recently has established two P3-level laborato-
rees and an wltra-high throughpuat scréenimg (uHTS)
svstermn. Familiariey with the operation of such cnvi-
ronment and equipment would be an advantage.

Qualification: Candidates with doctoral degrees
and strong track records in the above arcas are en-
couraged o apply, Mease indicate the code on yvour
cover letter describing vour rescarch expenience and
imterest, and send a copy of curricolum viae, includ-
ing a list of publicanons along with name and conract
intormation of three references 1o: Viee President,
Dr. Andrew H.J. Wang, Academia Sinica, 128
Academia Road, Section 2, Nankang, Taipei 115,
Taiwan. Telephone: +886-2-2789-9407; fax:
+886-2-2788-2043. E-mail: searchvpilgate.sinica.
edu.tw. Website: http://www.sinicredu.ow/.

ASSISTANT MROFESSOR
Histology /Cell Biology

Mercer University, Macon, Georgia
Mercer University School of Medicine invites ap-
plications for a 12-month salaried, tenure-track
position in histologycell biology at the rank of
Assistant Professor. The suceesstul candidate must
have a strong commitment to medical education
excellence in a multdisciplinary, case-baed curncu-
lum, and will be expeaed o develop an indepen-
dent, externally funded rescarch program, Applicants
should have a doctoral degree with an expertise in
human histology and cell biology, and three vears
of postdoctoral training. Review of applications
will continue until the position is filled. For online
submission of applications, visit website: https: //
www.mcrutrj;ohs.mn'l.. .'|_f.[f:u|.1fr|"r .'[:.'lw.lr']:'..!l.l..l.l i.llp.

portunity Eanploper/Anenicans with Dxsbalities et

POSTDOCTORAL POSITIONS
Available ar Sloan-Kettering Institute

Seccking RESEARCH SCIENTISTS, with or
without postdoctoral cxpericnce, who wish to join
a laboramwry focused on defining the moleoular events
underdying nomal or leukemic hemaropoicsis. Appli-
cants should have considerable interest and expertise
im the use of mouse models to sdy hematopoictic
stem cell biology, mechanisms of transformanon, or
therapeutic approaches to hematologic malignancics.
Send a deserpion of vour rescarch interests, curne:
ulum vitac, and the names and telephone numbers
of three references to: Dr, Stephen D, Nimer, Me-
maorial Sloan-Kettering Cancer Center, 1275 York
Avenue, PO, Box 575, New York, NY 10021, Ak
non] Slone- Kottering ar an Affnngie Ason /gl Oypport-
nity Enpkeper,
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POSITIONS OPEN
FACULTY IMOSITIONS in PHYSIOLOGY

Ihe Department of Physiclogy at the Medical
College of Wisconsin { MOCW ) invites applications for
two tenure-track faculty positions at the ASSIST-
ANT or ASSOCIATE level with rescarch interests
in the physiological functon of the cardiovascular
svatem, the kadney, or pulmonary svatem. Favored
candidates will be those that: (a) complement the
Diepartment s strengths in conneching genes to com-
plex functional pathways; (b) are highly focused on
endothehal or epithelial 1on channels and cell signal-
ing; (c) arc capable of cxtending their rescarch o
more integrated level; (d) are interested in develop-
ing manshtonal collaborative projects with clinical
scienoists. The overall goal of the Department is 1o
sustain a breadrh of scienrific expertse and research
spanning, from genome and cell to the whole or-
ganism. Superb opporunitics exist for collaborative
rescarch and our faculey are closely athliared wath the
MOW Human and Molecular Genetie Center (hous-
ing the Nanonal Heart, Lung, and Blood Insititute
Program of Genomic Applications), the Cardiovascular
Center (houwsing the Manonal Insttute of Newrolog-
ical Disorders and Stroke-Program Project Grant in
stroke), the Biotechnology and Bioengineering Cen-
ter (housing the NHILBI Center of Proteomics ), and
the Center of Kidney Rescarch, Candidares will be
expoctod to participate in both the graduare and med-
ical curriculums, The candidate must hold a Ph.D
and for M.D. degree, and demonstrate clear evidence
of rescarch independence such as current or imumi-
nent grant support, The posinons will remain open
until filled and applicants should send their curricu-

lum vitae, starement of inoerest, and three letrers of

recommendanon o: Allen W. Cowley, Ir., Ph.D.,
Chairman, Department of Physiology. E-mail:
cowley@mew.edu. Website: huep://www. phys.
mew.edu findex.hom.

PENN STATE UNIVERSITY

Ienn Stare York invites applications for an IN-
STRUCTOR in biology (multi-vear appointment,
A6 weeks) starting August 20007, or as negotiated.
Teach treshman biology wath laboratory sections and
advanced courses in arca of expertise; prefor interest
in operating a small greenhouse. Participate in course,
curniculum, and program devdopment and advise
students, Quabificanons; Ph.D, in biology (or rclated
discipling ), Prefer background in botany, plant pathaol-
ogy, plant phyvsiology, or entomalogy,

To learmn more abour the campus and Penn Stare,
visit websive: hop:/www, psu.edu/ur//empeoll,
himl.

To learn more about the position and how o apply,
visit website: hitp:/Swww psinjobs /Opportunities,”
Opportunities.html and sclect location: Penn State
York.

.'|__f.|r'l|.ll.lrrl1' Actior !:'.|ur.llI Chprartiainny.

POSTDOCTORAL FELLOWSHIPS
in the Epigenctics of Discase
Johns Hopkins University School of Medicine

lMostdoctoral  Fellowships are available for the
study of the epigenetic basis of human cancer and
other human discase. Studies include the epigeneric
progenitor ongin of cancer ( Nt Ree, Gemer, 7121-
33, 2006), and development of high throughput
epigenomic technology, through a Center of Excel-
lence in Genome Sciences, extending cpigencerics 1o
common discase, such as bipolar disorder and aurism.
The candidate should be a prospective or recent
recipient of a Ph.D. or M.D/PhDD. with good
publication(s ) in genctics or genomics. Mease c-mail
Dr. Andrew P. Feinberg cumiculum vitac and
names and e-mail addresses of three references, but
no other attachments, (o e-mail: afeinberg@jhuedu.
Jodies. Hopleing Ulnivensity £ o Espedd Ohpportinmty £ A flimrative
Adion Employer

POSITIONS OPEN

,
dh)
Wioois HoLE OCEANGCRAPHIC INSTITUTION

ECOLOGIST and ENVIRONMENTAL/
RESOURCE ECONOMIST
Woods Hole Research Center

The Woods Hole Bescarch Center (WHRC)
secks: an Ecologist who will work on the
relation berween the condition of forest eco-
systems and the “ecosvstem services™ they
doiver; and: an Emvironmental /Resource Econ-
omist who will focus on the economic valua-
ton of the products and services derivable from
forest ecosvstems and mechanisms for reflect-
ing the value of these products and services

For more information, go w website:
huep: //whre.org//about_us/fjobs, hum

WHREC is an Egual Opportnanty Employer and
adively seeks a diverse pood of condidares in this seah.

ASSISTANT PROFESSOR of PHYSIOLOGY
Department of Pharmacology and Physiology
The Department of Pharmacology and Physiology

at Oklahoma State University-Center for Health Sci-
ences invites applications for one tenure-track phys-
wlogy faculty position at the level of ASSISTANT
PROFESSOR. For all applicants, a 'h. 1. is required
with ar least two yvears of postdoctoral expenence
The successful applicant is expected o develop an
extramurally funded rescarch program and contrib-
ute o medical and graduate reaching. Individuals
with interests in neurobiology of social behavior are
imvited to apply. Applicants must apply online at
website: https:/ fjobs.okstate.edu, job # 02963,

Affmmarive Acton /Egual Opportioeity Engployer

MEETING ANNOUNCEMENT

The University of Georgia will host an interna-
tional conference on the “Immunobiology of Influ-
enza Vims Infection; Approaches for an Emerging
FLoonatic Discase™ from July 29 through 31, 2007,

This mecting will asssemble influenz experns from
academia, government, and industry o foster effee-
tive pranslation of new findings in basic influcnza
rescarch into effective vaceines and therapies. It is
intended for studenes, scientists, and others whao
need to be informed about the latest scwennfic
developments in the influenea ficld. A keynote ad-
dress by 1996 Nobel Laureate Peter C. Doherty
will precede presentations by eminent leaders in the
ficld of viral immumity, and poster sessions will pro-
vide curting-cdge rescarch on virus hiology, vac-
cines, therapeutics, detection, diagnostic procedures,
and ather topics of interest. For furcher informartion
refer to the following website: heepe/ Soww, virus-
ElD.org.
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1upl analysis — increased throughput

The NanoDrop® ND-8000
8-Sample Spectrophotometer

1ul samples. No cuvettes. No dilutions.

.8 readmgs in under 3{:' secnnds

il [ Nancl:lrap' ND 8000 8- Sample Spectmphutameter

in your own lab.

FREE one-week evaluation www.nanodrop.com
302.479.7707

< NanoDrop



R&D Systems Surveyor™ IC Immunoassays
The ease of ELISA applied to intracellular factors.

Surveyor IC Analytes: R&D Systems Surveyar IC ELISA kits simplify the detec-
tion and quantification of intracellular factors impor-

Phospho-Akt tant for cell signaling. These kits provide all of the

(5473) Pan Specific components necessary to run a successful sandwich
ELISA with a clear, easy-to-follow protocol.

Phospho-ERK1/
ERK2

Phospho-ERK2 High spedificity
(T1185/Y187) Quantitative

Total HIF-1alpha Rapid
Colorimetric detection

Validated for a variety of cell lysates

Phospho-p38 Superb alternative to Western blot
alpha (T180/Y182)

Total HSP70

Total Survivin For more information visit our website at www.RnDSystems.com/go/SurveyoriC

Phospho-TOR
(52448)

uninduced
LY294002

=]
=

MCF-7 cells were incubated with or
without IGF-1 and the PI3 Kinase
inhibitor LY294002. Cells were lysed
and phosphorylated Akt was quant-

ifled with phospho-Akt Surveyor IC
::-:f':::'mr (Catalog # SUVB87). The same lysates
= -a;: besbis were also immunoblotted (inset) with
PR either anti-phospho-Akt (5473) (p-Akt)
or anti-Akt antibodies. The Surveyor IC
Europe Immunoassay results correlate well
R&D Sysems Europe Ltd. — with the amounts of phosphorylated

G e Akt detected by Western blot.
Info@RnDSystemscouk

wn

=

ng of p-Akt per 10 cells

uninduced IGF-1 1GF-1 + LY294002

RED) Syn s 15 & regader od
irad ormnih of TECHME Cow puoen o For fesemch uie onby, Mot lof use in disgndatic prodeduréd

Selection expanding weekly—uvisit www.RnDSystems.com RD
to sign up for weekly new product updates.




	1.jpg
	2.jpg
	3.jpg
	4.jpg
	5.jpg
	6.jpg
	7.jpg
	8.jpg
	9.jpg
	10.jpg
	11.jpg
	12.jpg
	13.jpg
	14.jpg
	15.jpg
	16.jpg
	17.jpg
	18.jpg
	19.jpg
	20.jpg
	21.jpg
	22.jpg
	23.jpg
	24.jpg
	25.jpg
	26.jpg
	27.jpg
	28.jpg
	29.jpg
	30.jpg
	31.jpg
	32.jpg
	33.jpg
	34.jpg
	35.jpg
	36.jpg
	37.jpg
	38.jpg
	39.jpg
	40.jpg
	41.jpg
	42.jpg
	43.jpg
	44.jpg
	45.jpg
	46.jpg
	47.jpg
	48.jpg
	49.jpg
	50.jpg
	51.jpg
	52.jpg
	53.jpg
	54.jpg
	55.jpg
	56.jpg
	57.jpg
	58.jpg
	59.jpg
	60.jpg
	61.jpg
	62.jpg
	63.jpg
	64.jpg
	65.jpg
	66.jpg
	67.jpg
	68.jpg
	69.jpg
	70.jpg
	71.jpg
	72.jpg
	73.jpg
	74.jpg
	75.jpg
	76.jpg
	77.jpg
	78.jpg
	79.jpg
	80.jpg
	81.jpg
	82.jpg
	83.jpg
	84.jpg
	85.jpg
	86.jpg
	87.jpg
	88.jpg
	89.jpg
	90.jpg
	91.jpg
	92.jpg
	93.jpg
	94.jpg
	95.jpg
	96.jpg
	97.jpg
	98.jpg
	99.jpg
	100.jpg
	101.jpg
	102.jpg
	103.jpg
	104.jpg
	105.jpg
	106.jpg
	107.jpg
	108.jpg
	109.jpg
	110.jpg
	111.jpg
	112.jpg
	113.jpg
	114.jpg
	115.jpg
	116.jpg
	117.jpg
	118.jpg
	119.jpg
	120.jpg
	121.jpg
	122.jpg
	123.jpg
	124.jpg
	125.jpg
	126.jpg
	127.jpg
	128.jpg
	129.jpg
	130.jpg
	131.jpg
	132.jpg
	133.jpg
	134.jpg
	135.jpg
	136.jpg
	137.jpg
	138.jpg
	139.jpg
	140.jpg
	141.jpg
	142.jpg
	143.jpg
	144.jpg
	145.jpg
	146.jpg
	147.jpg
	148.jpg
	149.jpg
	150.jpg
	151.jpg
	152.jpg
	153.jpg
	154.jpg
	155.jpg
	156.jpg

