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Over 4,000 high quality antibodies
from a single source

Sigma‘s AMAZING collection of high quality antibodies:

® Includes monoclonals, polyclonals, secondaries, conjugates

and custom services

Validated using a variety of methods — WB, IHC, IF, IP. ELISA

m Easily explored through Sigma's award-winning online tools

m Supported by Sigma's world-renowned technical service to assist
you with your specific antibody requirements

Sigma is your source.
Go to sigma.com/antibody and be Amazed!

Our Innovation, Your Research
Shaping the Future of Life Science

INNOVATION @ WORK
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The New
BenchCel

Automation
Platform

Handles more integrations,
rack styles, labware, and capacity

Liquid Handling =+ Labeling = Detection + Dispensing * Centrifugation + Sealing + Washing + Storage

More Applications Than Ever in a Compact Workstation

The all new BenchCel® Platform is the heart of a fast and compact automation workstation that can handle applications ranging from
simple microplate-processing tasks (such as barcode-labeling microplates) to sophistcated applications (such as PCR sample prep)
that were only passible with full-sized automation syseems, The BenchCel Platform can handle more of your applications with best-
in-class features including the ability to integrate more instruments per side; the flexibilicy to work with lidded microplates,
deep-well microplates, and tip boxes; and the choice of two-, four-, or six-rack configurations available now with slot and
front-loading rack styles. Let Welocity11 help you handle your next application with a BenchCel Pladform plus your %
fvorite combination of microplate-based instruments including liquid handlers, dispensers, readers, sealers, washers, iy

C...

micraplate storage devices, centrifuges, and more. &4 Ju-:
Contact Velocity11 at +1.650.846.6600 for more information. For your FREE Workstation Configuration Handbook, % ’%
email config@@velocity11.com. —— O
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The Speed of Discovery
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GE Healthcare illustra”
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Get attached to illustra
for faster nucleic acid
sample prep.

Mew illustra™ nucleic acid sample prep kits from GE Healthcare give you optimal
vield and purity. What's more, they do this in as little as half the time it tokes
the best competing products. Whether you're punfying nucleic acids in plasmid,
blood, tissue, cells or bacteria, you'll find that superior results and outstanding
reproducibility come easily with illustra mini and midi kits

With mare than 20 years' experience in nucleic acid research, we're bringing
science to life and helping transform healthcoare. We call it Life Science Re-imagined

www.gelifesciences.com/illustra

Speed is crucial to the sundew plant’s success.
It reacts rapidly, bending its tentacles to bind its prey.
Some species can do this in just tenths of a second.
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A showcase of cellular weapons

deployed by the immune system

ranges from antibody-making B cells

to macrophages. A special section
beginning on page 611 outlines the
outstanding challenges in immunology
for understanding how immune cells
protect and sometimes injure us.
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GrantsNet.

The first comprehensive
science grants database.

GrantsNet is expanding its listings of

some 900 funding programs from private
foundations and not-for-profit organizations
to include 400 to 500 new entries from the
grants.gov site. This provides the first
comprehensive database of funding
opportunities to research scientists and
administrators, career counselors, financial
aid specialists, and undergraduate and
graduate students, For listings, go to

www.grantsnet.org
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SCIENCE EXPRESS
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PLAMETARY SCIENCE

Coupled Ferric Oxides and Sulfates on the Martian Surface

J.-P. Bibring et al.

Satellite observations show that oxidized iron minerals appear with sulfate deposits
in ancient layered rocks on Mars, indicating that acidic groundwater pervaded

several regions.
10.1126/science. 1144174

PHYSICS

Superconducting Interfaces Between Insulating Oxides

N. Reyren et al.

The interface of two oxide insulators, Laﬂ.[ﬂi and SrTiﬂa. becomes superconducting

at 200 millikelvin.
10.1126/cience. 1146006

CONTENTS I

BIOCHEMISTRY

Asymmetry in the Structure of the ABC Transporter—Binding Protein
Complex BtuCD-BtuF

R. N. Hvorup et al,

The structure of a bacterial transporter for vitamin B, and its binding protein
pariner reveals an occluded state that may represent an intermediate step in

transport.
10.1126/5cience. 1145950

MOLECULAR BIOLOGY

UHRF1 Plays a Role in Maintaining DNA Methylation in Mammalian Cells

M. Bostick et al,

Epigenetic DNA methylation patterns that persist through cell division depend on a

protein that binds to hemi-methylated DNA and a methyltransferase,
10.1126/5cience, 1147939

LETTERS

Genetics and The Sopranos B. B Possidente r.

A Less Pessimistic View of U.5. Science Funding
. H. Marburger I

Evolution and Group Selection D. £ Barash
Response |. Haicdl

CORRECTIONS AND CLARIFICATIONS

BOOKS ET AL

Five Days in August How World War Il Became a
Nuclear War M. D. Gordin, reviewed by J. Krige

Bomb Scare The History and Future of Nuclear
Weapons J. Cirincione, reviewed by C. F. Chyba

POLICY FORUM

Identifiability in Genomic Research
W. W Lowrance and F. 5 Collins

PERSPECTIVES

Proteins That Promote Long Life
5 K. Kim

== Reparl p, 660

Micelles Made to Order

M. A Hillmyer

== Reports pp, 644 and 647
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Exploiting Wrinkle Formation 605
A F Miller

= Report p. 850
Reproductive Dialog

5. McCormick

> Report g, 656

Seeing Through Dark Matter
5 McGaugh

Retrospective: Anne Mclaren (1927-2007)
J. Rossant and B, Hogan
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609
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Defusing the Childhood Vocabulary Explosion
8. McMurray

Toddlers express a burst of new wornds as a result of their parallel
acquisition of words of varying complexity, not because they acquire
a new cognitive skill.

RESEARCH ARTICLE

GENETICS

Genome Transplantation in Bacteria:
Changing One Species to Another

C. Lartigue et al.

The intact DNA genome was isolated from one Mycoplasma species
and transferred to another, replacing the recipient’s genome and
conferring its own phenatype.

REPORTS

FHYSICS

Quantum Hall Effect in a Gate-Controlled
p-n Junction of Graphene

1. R Witliams, L. DiCarlo, C M. Marcus

In graphene sheets with different areas containing either electron
or hole carriers, the conductance at the junctions between regions
15 quantized. == Repart p. 641
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The definitive resource on
cellular regulation
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e Aweekly electronic journal
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* Aninteractive database of signaling
pathways

STKE gives you essential tools to power your understanding
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where researchers from around the world come together
to exchange information and ideas. For more information

go to www.stke.org
To sign up today, visit promo.aaas.org/stkeas

Sitewide access is available for institutions.
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REPORTS CONTINUED...

PHYSICS

Quantized Transport in Graphene p-n Junctions 641
in a Magnetic Field

D. A. Abanin and L. 5, Levitov

The mixing of quantum Hall edge states at the interface between
different carrier regions in a graphene sheet accounts for the
quantized transport through the gates. == Reporl p. 638

CHEMISTRY

Cylindrical Block Copolymer Micelles and Co-Micelles 644
of Controlled Length and Architecture

X. Wang et al.

A chemical system mimics living polymerization by adding

block copalymers to the end of polymeric strands, farming
cylindrical micelles with different lengths and functions.

= Perspective p, 604
CHEMISTRY
Block Copolymer Assembly via Kinetic Control 647

H. Cui, Z. Chen, 5. Zhong, K. L. Wooley, D. ]. Pochan
Controlling the electrostatic interactions of charged polymer
building blocks in water yields complex Hat structures with
internal patterns that can be used as templates.

== Perspective p. 604

MATERIALS SCIENCE

Capillary Wrinkling of Floating Thin Polymer Films 450
1. Huang et al,

Adrop of water placed on a free-floating thin polymer film

produces a pattern of wrinkles that can be used to determine

its elastic modulus and thickness. == Perspective p. 605

PLAMETARY SCIEMCE

The Source of Saturn’s G Ring 653
M. M. Hedman et al.

Saturn’s tenuous G ring, which lacks a clear source, is produced

by an arc of fine debris that is trapped in orbital resonance with
Saturn's inner moon Mimas.

PLANT SCIENCE

The FERONIA Receptor-like Kinase Mediates 656
Male-Female Interactions During Pollen Tube Reception

J.-M. Escobar-Restrepo et al,

In plants, a female-specific kinase senses the arrival of the pollen
tube, setting the stage for the next stages of fertilization and
potentially controlling reproductive compatibility.

== Perspective p. 606

CELL BIOLOGY

Quantitative Mass Spectrometry Identifies Insulin H&aD
Signaling Targets in C. elegans

M.-Q. Dong et al.

Identifying the genetic and protein targets of the insulin signaling
pathway in C. elegans reveals mechanisms that potentially control
the aging process. == Perspeciive p. 603

CONTENTS I

CELL BIOLOGY

Forced Unfalding of Proteins Within Cells 663
C. P Johnson et al.

Fluorescent labeling of cysteines in living cells reveals how
mechanical stress can cause force-induced conformatianal

changes in cellular proteins,

IMMUNOLOGY

Monitoring of Blood Vessels and Tissues by a 666
Population of Monocytes with Patrolling Behavior

C. Auffray et al.

Immune cells that reside in endothelial tissues remain attached

to the walls of blood vessels and survey for signs of damage

and infection.

IMMUNOLOGY

Regulation of Homeostatic Chemokine Expression 670
and Cell Trafficking During Immune Responses

5. N. Mueller et al,

During the immune response to a pathogen, lymph nodes
tempaoranly block the entry of new immune cells, thereby

optimizing the angoing immune reaction.

IMMUNOLOGY

Negative Regulation of Toll-Like Receptor Signaling 675
by NF-xB p50 Ubiquitination Blockade

R. J. Carmody, Q. Ruan, 5. Palmer, B. Hilliard, ¥, H. Chen

In mice, the innate immune response to microabes is controlled by
blacking degradation of a transcriptional inhibitor, dampening an
atherwise polentially dangerous response.

IMMUNOLOGY

Immune-like Phagocyte Activity in the Social Amoeba 478
G. Chen, 0. Zhuchenko, A. Kuspa

The sluglike assemblies formed by social amoebae contain
specialized cells that function like the phagocytes of animal

immune systems, suggesting an evolutionary connection.
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Never forget.

SCIENCENOW

WWW . SCIENCENOW.0rg

Bad Memories Tied to DNA
Study links enhanced ability to recall emational events
1o genetic mutation.

Gene Duplications Give Clues to Humanness
Different copy numbers may explain differences in diet,
physical activity among primates.

A Mind for Sociability
Brain structure offers clues to evolution of human
emotional intelligence.

Challengés in Immunology
SCIENCE'S STKE

www. stke.org I

EDITORIAL GUIDE: Uncovering Immunological Secrets

J. F. Foley and E. M. Adler

Three articles highlight signals controlling T cell fate, T cell
responsiveness, and the response to oytokines secreted by T cells.

PERSPECTIVE: NFAT in Lymphocytes—A Factor for ALl Events?
E. Serfling, F. Berberich-Siebell, A. Avots
The NFAT transcription factors may hold the key to T cell memaory,

PERSPECTIVE: Diacylglycerol Kinases Put the Brakes on
Immune Function

B. W Wattenberg and D. M. Raben

Diacylglycerol kinases are key negative regulators of immune responses
in a broad array of calls.

REVIEW: A Role for the Cytoplasmic Adaptor Protein Actl
in Mediating IL-17 Signaling

A Linden

Actl may play a role in local nflammatary responses mediated
by interleukin-17.

ONLIN

www.sciencemag.org

How a baseball player’s struggle can influence postdocs.

SCIENCE CAREERS

WWW.SCIE NCeCareers.or g

US: The Curt Flood Effect

B. Benderly

Standing up for rights is perilous for people like postdocs who
depend on subjective recommendations of supervisors.

EUROPE: Beyond C5l—Environmental Forensics
Picks Up in Europe

N. Anscombe

New environmental laws mean more demand for people
in environmental science and law.

US: Educated Woman, Postdoc Edition, Chapter 7—
Tainted Love

M. P. DeWWhyse

Does Micella need to deliver gold stars and other rewards
in her career, or should she just please herself?
GRANTSNET: August 2007 Funding News

GranisNet Staff

Learn about the Latest research funding oppartunities,
scholarships, fellowships, and internships.

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

Under most circumstances, when a stiff thin film is placed
under either a compressive or tensile stress, the film
buckles, rather than stretches or shrinks. Huang et al. (p.
650; see the Perspective by Miller) placed a drop of water
on a free-floating polymer film and show that the stresses
caused by the surface tension between the droplet and
the film cause the film to wrinkle. The periodic wrinkling
pattern that formed confirms recent theoretical results,
and the authors could relate the wrinkling characteristic
features to the elasticity and thickness of the film. This
system provides a simple, bench-top method for the study

of the viscoelastic response of thin films.

Quantized Transport in
Graphene Sheets

The manipulation of the carrier density and car-
rier sign over an entire graphene sheet (a single
layer of graphite) by electrostatic gating has
been demonstrated. Efforts are now being
directed to local gating so thal transport proper-
ties of different areas can be simultaneously
manipulated in order to make device-like struc-
twres with advanced functionality. Williams et al.
(p. 638, published online 28 June} show experi-
mentally that a global bottom gate combined
with a patterned top gate provides the ability to
controllably form bipolar p-n junctions in the
graphene layer (as well as unipolar p-p and n-n
junctions). Subsequent magnetotransport
measurements revealed quantum Hall effect
behavior, the details of which depend on
whether the junctions are bipolar or
unipolar. Abanin and Levitov (p. 641,
published online 28 June) theoretically
explain these results in terms of quan-
tum Hall edge-state mixing at the
interface region.

An Arc Anchoring
Saturn’s G Ring

Salurn’s G ring is a faint and narrow ring lying
beyond the main set of rings. Despite being well
defined, it has been unclear why it exists at this
precise location; in particular, it is not flanked by
moons that might shepherd it and carve it out or
infuse it with vapor. Hedman et al. (p. 653,
using the Imaging 5c¢ience Subsystem aboard

the Cassini spacecraft, show that the G ring

3 AUGUST 2007 VOL 317 SCIENCE

contains a bright arc of material made up of
centimeter- to meter-sized icy bodies held in a
7:6 corotation resonance with the major moon
Mimas. Dust from this concentration of particles
trails oul o enscribe the ring.

Manipulating
Micelle Formation

In solution, block copolymers can form a variety
of thermodynamically controlled structures,
including micelles (see the Perspective by
Hillmyer). Polyferrocenylsilane-based block
copolymers have an unusual propensity to form
eylindrical micelles that are stable over a range
of polymer concentrations. Wang et al. (p. 644)
show thal the shape and composition of the
micelles can be further
controlled in a
process analogous
to the synthesis of
polymers through
living polymeriza-
tion. The addition
of more polymer to
the solution leads to its
epitaxial attachment and to the growth of the
micelles with narrower size distributions. With
the addition of a different block copolymer, co-
micelles consisting of the two different block
copolymers are formed. Cui et al. (p. 647)
describe a general strategy for the preparation
of complex one-dimensional nanostructures
from block copolymers. Unlike classical block
copolymer self-assembly, in which the structure
is dictated by the lengths of the two polymer
blocks, assembly was controlled through electro-

static interactions and solvation. The process
involves the formation in water of polymer
micelle structures, which [latten upon the rapid
addition of tetrahydrofuran, The resulting flat-
tened micelles subsequently grow in an
anisotropic fashion to yield unusual architec-
tures. When the diamine additives were replaced
with amine-coated gold particles, even more
complex structures are obtained.

Genome Transplant

In the 1970s, it was a revolutionary advance to
be able tocut and paste small sequences of DNA
and to transfer an individual gene into a cell at
will. Lartigue et al. (p. 632, published online
28 June) now describe the replacement of one
entire bacterial genome (Mycoplasma capri-
colum) with another (Mycaplasma mycoides),
which allows the production of a colony of cells
that produced the prolein products encoded by
the donor genome,

Match-Making in Plants

In plants, as in animals, fertilization requires
male and female gametes selectively and exclu-
sively to meet and fuse. In plants, unlike in ani-
mals, it is not the actual gametes that participate
in this dance, but rather the gametophytes, which
carry immotile gameles. Escobar-Restrepo et al.
ip. 656; see the Perspective by McCormick) have
now identified one of the mole cules by which the
female gametophyte (the embryo sac) recognizes
the male gametophyte (the pollen). A receptor
kinase, FER, is situated at cell surfaces within the
female gametophyte. As the pollen tube
approaches, a signaling cascade is initiated in the

www.sciencemag.org
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This Week in Science

embryo sac that closes the door to late-arriving pollen tubes and halts further growth of the success-
ful pollen tube, which then releases the male gamete. A good match between FER and its presumed
ligand from the pollen tube appears to form the basis of reproductive compatibility.

Insulin Signaling Up-Close and Personal

Novel quantitative methods are allowing the analysis of gene and protein expression in unprece-
dented detail. Dong et al. (p. 660, see the Perspective by Kim} profiled protein abundance changes
in response to perturbations of insulin and insulin-like growth factor-1 (IGF-1) signaling in
Caenarhabditis elegans and identified 86 targets. More than half of the targets identified by this
quantitative proteomics approach were not previously identified and may provide new insights into
the mechanisms of diabetes and aging.

Monitoring Cellular Mechanical Stress

Cells exert and respond to mechanical forces, but investigating how these signals are transduced is a
challenge. By measuring differential labeling of cysteines in stressed and relaxed cells, Johnson et al.
(p. 663} identify proteins that change their structure in response Lo stress. Using mass spectroscopy,
they determined the specific Cys residues that experience structural changes. In red blood cells, spec-
trin unfolds as cells are stressed, and in mesenchymal stem cells, both myosin [1A and vimentin show
differential labeling in tensed versus drug-relaxed cells,

Leukocytes on
Border Patrol

Immune cells move between the circulation
system and tissues in response Lo infection,
Upon detection of inflammation, leuko-
cytes initiate a highly orchestrated
sequence of events, whereby they attach
and roll along on the surface of the
endothelium before squeezing through to the underying tissue. Auffray et al. (p. 666) reveal a quite
distinct type of behavior displayed by a population of monocytes that remain attached to the endothe-
livm in the absence of inflammation. The resident cells appeared to survey the surface of postcapillary
venules, veins, and arteries, depending on specific chemokine and integrin signals. Upon detection of
inflammatory cues, the cells moved into infected sites, where they undergo differentiation into
macrophages. Mueller et al. (p. 670) reveal how the down-regulation of chemokines in the lymph node
prevents T lymphocytes from entering during an ongoing immune response. This delay may help to opti-
mize the lymph node environment to produce the most effective immune response.

Keeping Tabs on a TLR Response

Toll-like receptors (TLRs) exert powerful proinflammatory responses to microbial pathogens, and TLR
responses are stringently regulated during infection so that the chronic exposure of cells to microbial
products can ultimately lead to a state of hyporesponsiveness. Carmody et al. (p. 675) identify an
essential role for the proto-oncogene protein B cell leukemia (Bel)-3 in negatively regulating TLR
signaling in this context. Bcl-3 blocks ubiquitination of the nuclear factor-kB subunit p50, which
prevents its degradation and allows it to maintain its inhibition of gene transcription in response to
TLR signals. This pathway offers a means by which microbial signals can be prevented from overpow
ering the immune response.

Slimy Cooperative Requires Housekeeper

Phagocytes are innale immune cells found in animals that specialize in scavenging bacteria and other
4 foreign matter. Chen et al. (p. 678; see the news story by Leslie) show that a similar waste-disposal
& system helps maintain well-being in slime molds; the aggregates formed by the social amoebae
% Dictyostelium discoideum. Specialized sentinel cells engulfed bacteria and removed toxins, and were
% themselves ejected from the colony as it migrated. A protein related to those found in animal innate
& immune systems was required for this function, as well as in allowing individual amoebae to feed on
5 their diet of bacteria when not part of a colony.

Stanford University’s
Department of Radiology
Presents:

Small Animal
Imaging
Workshop

A workshop introducing
the most cutting-edee
instrumentation and

techniques in Medical
fmaging

Stanford University
November 7-10,
2007

htp:radiologveme.stanford.cdu

Ph: 888-556-2230
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Mehitabel the cat

Domestic? Forget it.

READERS OLD ENOUGH TO REMEMBER DON MARQUIS" SYNDICATED
New York Stn columns may recall that at night, a cockroach named
Archy ook over his typewriter to write short pieces about him and his
friend a cat named Mehitabel. Because he typed by diving on the keys, he had difficulty with
upper case and punctuation, yielding a rather free-form text. In the following message
forwarded to us, Mehitabel is apparently responding to recent findings on the genetic
background and history of cat “domestication” (Science. 27 July 2007, p. 519).

- Donald Kennedy

terrib
to the keyboard to say how upset T stout the-Sercibin
boss, i sent .I:hf. he papers it’s pecause of a report .'I:.TI science
treatment of cats in £ it gtarted pretty interesting but some of
cats

AT ! how we got domesticated domesticated hell
ing that's
the 'pa.pirﬂ Are say.

domesticated is for dogs ;
i did a goed

these scientist guys : i R
:i:?d;;u cat was not that pampered egyptian pussy howed

for that then they
i with people was mach older thank god =
i 2 cats and compared them with the five small wildca
us

el ?.i came from the one in the middle east maybe an ar.g.h“ﬂ:n

e or
e Midﬁ'u that the first farmers ten thousand years agc :_t““dt ﬂmq

ef 1 : -

thtir znt brought in rats and mice so then this arab v:n; hi ped s
R that domestication that nonsense has gotta topped .
s ip deal '-ﬂiydﬂthnythinkt.ndaywoccal ¥

i that we are volunteers not
o m'“‘“i “: :'::: Z::::::ﬂ fidos just lock at how they
5 SRR 2 {1s and begging for food talk about deal they got one
< Huid taMi‘l’ independence not me and my kind no sir heres
e o we think it’'s fine in the houss but we're just
e aw “t:r cut hunting when we do that they call us faral
e 2 !11:5; a dog feral by the way hell the feral dog ia a
= e ""ml':t rover get it our gig is about independence pet us
m??“nmmk wmpimpulupforthuutnnw I:ﬂ;tmkﬂmgff_m!n
LA an:: sayonard we’'re gone we think the scientists got it
ownership moves

nt down back then
R sl korn wheat oI whatever pretty soon ou:r ancestors

11 you might ask did they see any dog f::::i:::-r;n

was old rover doing not much it appears maybe pr |
e, B 1ling over for the farmers well when the going g
g e mh et going uS cats are okay with the publieity but
tough only the tnuza g i e wa T e e
N 1:;?:1 domestication indeed we don't like toc be dissed
s di:;:n;cr editorial ass and do something about this nonsense
boas @o get

jn the fertiles crescent after the

mice got after the ein

your colleague mehitabel

101126 sclence. 1147839
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CLIMATE SCIENCE

Choose Calcifiers with Care

In contrast to near-term estimates, prediction of atmospheric CO, content
several centuries from now is severely hampered by the multitude of
poorly understood feedback mechanisms. The most important of these is
probably the interaction between atmospheric CO, and marine calcification.
In a nutshell, the amount of CO, absorbed by the ocean depends on the quantity

depleted through calcium carbonate incorporation into the skeletons of calcifying organisms
such as foraminifera and coccolithophorids. This bioactivity is a function of the alkalin-

ity and the pH of the ocean, which in turn depend largely on the partial pressure of atmospheric CO,,
as well as the type of calcifying organism (€. huxleyi and O. universa are shown). Although the car-
bonate chemistry of the ocean is well known, the response of different species to changes in pH
and alkalinity is incompletely understood, and large differences exist between the species that
have been studied. Ridgwell et al. have performed model calculations for a range of calcifying
behaviors. They find that the strength of CO, calcification feedback is dominated by the assump-
tion of which species of calcifier contributes most to carbonate production, and that ocean CO,
sequestration could reduce the atmospheric fossil fuel CO, burden by 4 to 13% in the year 3000.

This long-term view is needed to help understand the full impact of current energy use. — H)S

IMMUNOLOGY
Degrees of Tolerance

The affinity of a T cell receptor for its ligand [a
peplide bound by a molecule of the major histo-
compatibility complex (pMHC)] dictates whether
a T lymphocyte will become active. However,
activation also depends critically on a series ol
parallel signals, and when these are lacking, the
effect of any pMHC complex is a state of anergy
{or permanent inactivation} of the T cell. This is
an important means by which immune tolerance
to self-constituents of the body is maintained,
Using intravital imaging, Skokos et al.
observed that as T cells engaged pMHC com-
plexes of differing affinities for the T cell recep-
tor in lymph nodes in the absence of coactivat-
ing signals, their behavior varied considerably.
Thus, although under these conditions pMHCs of
all affinities induced anergy and led to the
retention of circulating T cells in the lymph
nodes, only those with a high affinity triggered
the flux of Ca®* that signals the T cells to slow
down. Medium-affinity complexes, on the other
hand, failed to stimulate Ca®* flux, but did
induce a low level of division and cytokine pro-
duction. Finally, the low-affinity ligands did not
evoke any biochemical event or change in cellu-
lar motility but instead rapidly induced an inac-
tive state. Thus, a hierarchy of anergic states

3 AUGUST 2007 VOL 317 SCIENCE

may exist for T cells, depending on differences
in the binding strength of antigens they meet
under steady-state conditions. — 5]5

Nat. immunol. 8, 835 (2007).

SURFACE SCIENCE
Getting a Leg Up

The reversible cis/trans isomerization ol
azobenzene and its derivatives, induced by
alternating irradiation with ultraviolel and visi-
ble light, can be used for on-demand control of
properties ranging from large-area hydropho-
bicity (by variation of surface-exposed groups)
to the opening and closing of ion channels on
the nanoscale. However, adsorption on metal
surfaces tends to impede the isomerization
process, in all likelihood through electronic
effects or induced changes in the molecule's
optical absorption spectrum. Comstock ef al.
show that if the phenyl rings in azobenzene are
derivatized with four bulky tert-butyl groups,
the molecule in the planar trans configuration
is lifted far enough off a gold surface for irradi-
ation with ultraviolet light to induce photoiso-
merization. The addition of only two tert-butyl
“legs” proved insufficient. The reversible
isomerization was monitored with scanning
tunneling microscopy. — PD5

Phys. Rev. Lett. 99, 038301 (2007).

Biogeosciences 4, 481 (2007).

CELL BIOLOGY
Let’'s Get Sorted

Epithelial cells provide a barrier function in tis-
sues by establishing and maintaining a disting-
tive polarity with an apical surface that faces the
lumen of the tissue and a basolateral surface
that faces the blood. The maintenance of the two
distinct membrane domains has been studied in
great detail for many years, bul how the polarity
originates is much less clear. Nejsum and Nelson
examined this process
as epithelial cells in
tissue culture gener-
ated a polarized cell
layer and deter-
mined whether cell-
cell adhesion and

the generation of
distinct membrane
domains were linked.
By looking at fluo-
rescently tagged
versions of two sim-
ilar proteins, aqua-
porins 3 and 5, one
of which (AQP3} is basolateral, the other (AQP5)
apical, while simultanecusly monitoring a
component of the cell adhesion machinery,
E-cadherin, they observed a precise correlation

Vesicle targeting and
fusion machinery local-
ize at sites of cell-cell
contact (yellow).
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between the basolateral membrane protein and
newly formed cell adhesions. It seems that dur-
ing the establishment of polarity, newly synthe-
sized basolateral membrane proteins leave the
Golgi complex in vesicles that are specifically
targeted to and fuse with the growing sites of
cell adhesion, which are enriched for the docking
and fusion machinery involved in basolateral
membrane protein targeting. — SMH

1. Cell Biol. 178, 323 (2007).

MATERIALS SCIENCE
Softening into Shape

Polymer particles with nanometer and microme-
ter dimensions have been applied to fields rang-
ing from medical imaging to fluid rheology, but
controlling particle shape during synthesis has
been challenging. Champion et al. have devised
a simple method for
manipulating spheri-
cal polystyrene parti-
cles into a diverse
array of shapes and
sizes lincluding the
bicones shown left).
The particles were
embedded in a sheet
of polyvinyl alcohol
and then either soft-
ened (by solvent or
heat) and stretched,
or else softened after
first stretching the film (which created voids
filled by the softened particles). Dissolution of
the film then afforded the shaped free particles.

RAVAAAS

www.stke.org

EDITORS'CHOICE

Stretching was possible in either one or two
directions, and it was possible to combine or
repeal the two techniques. — M5L

Proc. Nat. Acod. 5c. U.5.A. 104, 11901 (2007).

GEOLOGY
Appalachian Twins

The striking change in the trend of the
Appalachian mountain range—from south-
southwesterly to easterly through central Penn-
sylvania—rellects a bend in the direction of
large folds in the upper crust, which elevate and
expose old resistant rocks that support many of
the mountains there. Similar bends are common
in other mountain ranges, and their argin and
timing during continent-continent collision have
been enigmatic. Ong ef al. looked at twinning in
calcite crystals in limestone across Pennsylvania,
The orientation of twins reflects stress acting
during the initial deformation of the rocks before
most of the folding began (strain hardening then
locks the twins in). The data suggest that, ini-
tially, compression was to the northeast, orthog-
onal to the southwesterly direction of the south
ern Appalachians; the early-formed twins in the
north were then rotated clockwise, These data,
and other studies of later strain, imply that the
folds and thrust faults formed after this initial
deformation on top of the bend and were not
later rotated themselves. A rigid salient in the
North American crust that became increasingly
important as a barrier during collision with what
is now western Africa =300 million years ago
may have caused these dynamics. — BH

Geol, Sec. Am. Bull. 119, 796 (2007).

<< Hearing New Things About Calcium

Otoconia, particles in the inner ear composed of a proteinaceous core
coated with CaCO, cryslals, underlie our sense of balance. Otoconial
development depends on otopetrin 1 (Otopl), amember of a protein fam-
ily defined by a highly conserved transmembrane domain of unknown
function. Its predicted structure, together with its extracellular location,

suggested to Hughes ef al. that Otop1 was likely to associate with globular substance vesicles thal
have previously been shown to respond to ATP with an increase in intravesicular Ca%*. When overex-
pressed in COS7 cells, Otopl abolished an early peak in intracellular Ca?* concentration that was
elicited in wild-type cells by extracellular ATP or UTP. Both nucleotides activate P2Y purinergic recep-
tors, which signal through the G, family of heterotrimeric guanine nucleotide-binding proteins. Sig-
naling through other Gtgq—r.uupled receptors was maintained in the presence of Otopl, suggesting
that the Otop1-mediated decrease in endoplasmic reticulum Ca®* stores was not sufficient to abolish
all rapid Gt:ﬂ-dependenl Ca®* signals and that P2Y inhibition occurred upstream of Guq. ATP also
elicited a slower sustained phase of increased intracellular Ca®* (a Ca®* plateau), yet cells overexpress-
ing Otop1 exhibited a Ca®* plateau even after treatment with thapsigargin. The effects of Otopl on
the Ca?* response to ATP were reversibly inhibited by suramin (which inhibits the ATP-dependent Ca®*
response of globular substance vesicles), and the authors conclude that Otopl has marked effects on
the Ca®* response to ATP that could be critical to its role in otoconia formation. — EMA

Proc. Notl. Acad. 5c. U.S.A. 104, 12023 (2007).
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Old and new ‘

space suits.
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Odds-On
Favorite

Whether the subject is trends
in housing sales or trials of a new
cancer drug, news reports often have o grapple
with applications of statistics and probability.
ChanceWiki from Dartmouth College turns such
items into lessons on statistical thinking.
Onginally a newsletter penned by math pro-
fessors, the site now lets readers post discussions
and exercises based on media stories, papers,
books, and other sources. Recent contributions
have investigated possible explanations for
why Europeans are now taller than Americans
(a reversal of the situation 60 years ago) and
slammed a 2001 report that claimed Oscar
winners live nearly 4 years longer than mere
nominees. The longevity boost is illusory,
the entry’s author concludes, the result of a
statistical gaffe called selection bias. ==
chance.dartmouth.edw'chancewik

Monkeys Have Tin Ears

A new study finds that monkeys prefer silence
to music, suggesting that some of the acoustic
preferences that underlie music are unigue

to humans.

Cognitive scientists Joshua McDermott of the
Massachusetts Institute of Technology in
Cambridge and Marc Hauser ol Harvard
University put tamarins and marmosets in an
apparatus with two chambers, each rigged to
play music whenever an animal entered. In one
experiment, the musical choices were a lute lull-
aby (£5.26 beats per minute) and Alec Empire’s

wWew.sClencemagq.org
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' q Suited for the Moon

When humans revisit the moon in the next decade or so, aeronautical
engineer Dava Newman of the Massachusetts Institute of Technology (MIT)
in Cambridge hopes they will be wearing one of her creations.

Newman and her team have spent 7 years working on a suit to replace the
traditional bulky, many-layered, pressurized space suit. Her idea is to apply
even pressure directly to the skin by wrapping layers of cloth tightly around
the body, allowing for more natural movement. Rigid supports are aligned
with areas on the body that do not extend or contract with movement.

The Bio5uit will also be embedded with metal threads so it can be heated
like a car window. I punctured by a passing meteorite, it won't deflate like
the old ones but can easily be fixed by rewrapping, says Newman,

The suil's not quite ready for review by NASA, says MIT team member
Christopher Carr. The wrapping part is tricky because "it's difficult to apply the
same amount of pressure to certain parts of the body, like the groin and the
armpits.” Too much or too little pressure could cause swelling or cut off blood
supply. Also, he notes, “the suit is difficult to get into, [and] you need two
extra people to remove it."

"The observations suggest that only humans
have a natural, or innale, inclination to engage
with music,” says Isabelle Peretz of the

University of Montreal in Canada, who
has concluded from studies of people
with amusia (tone deafness) that
humans have special brain pathways

for music (Sciernce, 1 June 2001,

p. 1636). McDermott and Hauser—
who earlier found that monkeys have
no preference between harmonious and
dissonant music—suggest that humans’
music responses may reflect a “unique evolution-
ary history of selection” for cognitive processes
linked to emotion and molivation.

electronic techno hit “Nobody Gets Out Alive”
(369.23 beats per minute). The mon- ‘
keys spent an average of about
two-thirds of their ime on the
lullaby side, showing that
they prefer slower tempos.
But when given the choice

of silence, lullabies, or a
Mozart concerto, they spent
most of their time avoiding
music altogether. A similar
experiment with eight humans
showed a distinct preference for music—
especially lullabies—over silence, the authors
report in the September issue of Cognilion.

SKULL OF A POET

In Bonn this month, scientists dug up the bodies of Friedrich
Schiller’s wife and son in hopes of solving the “Friedrich
Schiller Code”: the 180-year-old mystery of Schiller’s skull.

The poet’s tomb in Weimar contains two skulls, and it
isn't clear that either belonged to Schiller. When he died of
tuberculosis at 45 in 1805, he was buried in a common
grave. In 1826, officials tried to exhume the remains but
found more than a dozen skulls. The local mayor declared
that the largest belonged to Schiller, but doubts led to a
second exhumation in 1911, which identified a different
skull as Schiller's.

At least four books have been written on the controversy,
but now the Weimar Classics Foundation and a German TV
channel are funding what is hoped will be a definitive
answer. Scientists will build face reconstructions of both
skulls and compare DNA samples from them and from the bones of Schiller’s wife and son. If
neither skull is a match, says Ursula Wittwer-Backofen of the University of Freiburg, one of the
project leaders, “Herr Schiller is lost forever,”
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IN THE HOT SEAT. Hawan's spectacular volcanoes and lava flows can
leave tourists with a sense of dread and wonder. The Mational Science
Board is feeling similar emotions after its visit to the iskand state tnggered
a political eruption in the LLS. Senate.

In June, board president Steven Beening (center) led a delegation on a
T-day tour of Hawaii's many telescopes and other projects supponed by
the National Science Foundation (NSF), which the board oversees. In an
unexpected coda, Beering also signed a “joint statement of understand-
ing” with Republican Governor Linda Lingle (to his right) recognizing the
state’s efforts to promoie science and technology.,

State officials were thrilled by what they saw as an endorsement, but
Hawait's sentor senator, Democrat Daniel Inouve, apparently didn’t
appreciate being blindsided by the board’s foray into his backyard. So
Inouye. who chairs the committee that oversees NSF's programs, decided
“to send a message.” in the words ofone Hill aide, *It is ¢lear that the day-
to-day management structure and leadership is not serving the board or
the interests of the [appropriations | committee,” noles a report accompy-
nying the Senate bill to fund NSF in 2008,

Beering says the words were a complete surprise, adding that T am not
aware of any problems.” Board Executive Otfficer Michael Crosby (far
left) says he is trying to arrange a meeting to explain the board’s actions.

PIONEERS from area restaurants and performing the
POWERED BY FAT. Leftover cooking grease simple chemical processes necessary for
may be a waste product for most of the extracting the

world. But Suzanne Hunt can't get enough
of the stuff,

Hunt, who until recently directed the
Worldwatch Institute’s bioenergy program,
has converted cooking grease from a local

desired methyl ester.
“Hunt doesn’t TH EY SAID |T
think biodieselis the | ‘apic computer, although assigned to me, was

answer to the nation’s : :
energy ieeds. Tall being used on board the International Space

restaurant into biodiesel to run tractors on her grasses, trees, and Station. I was informed that it was tossed
family's vineyard in upstate New York. This waste hold more overboard to be burned up in the atmosphere
spring, she drove a 1981 Volkswagen Rabbit : potential, she says, when it failed.”

pickup truck powered by the biodiesel fuel because they grow

from Washington, D.C., to Central America to without much input and they don't compete —A NASA employee’s explanation for the
demonstrate the concept. Now Hunt and Shari | directly as food resources. But Hunt and loss of a laptop, recorded in a recent report
Friedman are running a project that is train- Friedman believe that biodiesel is a good by the U.5. Government Accountability Office

ing middle school students in Philadelphia to | way to show students that there are practical documenting equipment losses of more than
produce biodiesel by collecting leftover grease | alternatives to petroleum for cars and trucks. 594 million over the past 10 years by the agency.

Honors

PRIVATE SANCTUARY. The Australian government has
established a 135,000-hectare wildlife preserve on
Queensland’s Cape York Peninsula named after Steve
Irwin, the wildlife enthusiast and television personality
who died in a stingray attack last year. A scientific cen-
ter on site will allow visitors and 24 researchers from
the University of Queensland to study the local species.
including the endangered speartooth shark and the
northern quoll, a cat-sized carnivorous marsupial, and
tackle management challenges such as fires and feral
pigs. Prime Minister John Howard called the park.
which will be closed to the public, a *fitting tribute to a
passionate environmentalist.”

CREDITS (TOR TO BOTTOME STATE OF HAWALL SUZANME HUNT: AUSTRALIA Z00D
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CLINICAL RESEARCH

Arecord-breaking
solar cell

Death Prompts a Review of
Gene Therapy Vector

The death last week of a patient receiving
expenmental gene therapy for arthnts has tng-
wered a federal review of all trials using the
same vector. Few details have been made pub-
lic: if it turns out that the thermapy is to blame. it
would be another blow to the fields image.
Within 8 years, one patient has died as a result
of gene therapy and three have acquired
leukemia. This would be the first faality in a
trial mot studving a hife-threatening discase,
The trial’s sponsor, Targeted Genetics
Corp. in Seattle, Washingwon, emphasizes that
the company doesn’t vet know what caused
the patient’s death. But it would be a surprise
ifitwere the viral vector, says Chief S¢ientibie
Officer Barrie Carter, given that the vector
has proved safe in hundreds of patients. He
and others are watching nervously for the
results of an investigation by the company
and the US. Food and Drug Administration
(FDA). Canter believes it could take weeks, 1

just hope it doesn’t put a mark on the entire

field.” says molecular orthopedist Chnstopher
Evans of Harvard Medical School in
Boston, who is also planning a test of gene
therapy to treat arthritis,

The Targeted Geneties tnal builds on the
success ol a drug called Enbrel. a protein-
based treatment for rheumatoid arthritis that
inhibits a pro-mflammatory cytokine called

tumor necrosis factor o {TNF-o). Although
Enbrel and similar drugs are effective, they
don’t always penetrate all joints, and they have
to be injected regularly. Targeted Genenics uses
a modified virus, called an adeno-associated
virus (AAV), to shuttle a gene tor the TNF-a
inhibitory protein directly into joints, The joint
cells then produce the protein, giving patients
“a localized depot™ of Enbrel that should work
long-term, savs Canter.

In rats. this strategy “was pretty impres-
at reducing mflammation and inhibitng
bone destruction, says Sharon Wahl of the
Mational Institutes of Health (NIH) in
Bethesda, Maryland, who co-authored the
study with Targeted Genetics. Nonhuman pri-
mate data also imdicated that the approach was
safe, In 2003, NIHS Recombinant DNA Advi-
sory Committee (RAC) approved a safety
study in humans. Based on those results, FDA
approved a multidose study that began in fall
2005 at about 20 sites around the country,

The tnal had enrolled 127 patients (32 on
placebo) without any serious side effects. says
Carter. Seventy-four had received a second
dose. But on 20 July. one patient developed a
severe adverse event that “was related in time”
to a second injection, FDA says. The agency
put the trial on hold: 4 days later. the patient
died. FDA 15 reviewing the 28 other trials
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using AAV, including 21 active studies,

The tragedy has stirred speculation about
the cause. One suspect is the gene product,
because Enbrel, which suppresses one
immune response, has been linked 1o sepsis
and bacterial infections, suggests zene ther-
apy expert Terry Flotte, dean of the University
of Massachusetts Medical School in Worces-
ter. But Carter savs the protein 1s “not neces-
sarily the ssue” because the protein has not
been detected in serum from nonhuman pri-
mates or patients,

It seems equally unlikely that the problem
could be the AAV vector, says Carter. He
notes that more than 300 patients have safely
received AAV since 1992, However, one dif-
terence 15 that patients in the arthritis trial,
unlike the earlier ones. received more than
one dose. That rases the possibility that the
patient became sensitized to the vector. lead-
ing to an adverse reaction, suggests Evans, It
happened once betore, in 2004, when AAV
caused a mild immune reaction in two
patients who received the drug in the liver
(Science. 4 June 2004, p. 1423)

Gene therapy has restored the health of

about 20 children with severe combined
mmmunedeticiency disease. The approach 1s
showing promise against cancer, 0o, experts
note. “The tield 15 extremely robust,”
Arthur Nienhuis of 5t Jude Children’s
Research Hospital in Memphis, Tennessee,
and president of the Amencan Society of Gene
Therapy. Meanwhile, Carter savs his company
is “working furiously™ to figure out what
caused the death before RAC meets to consider

Saly's
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BEIOSECURITY

Asia’s early
urbanization

Enlisting villagers to
save the hornbill

Rising Asian Threat Leaves Russia in the Lurch

The US. government 15 ending its support for
former bioweapons scientists in Russiam fvor
of a smular but larger imtiative in parts of the
waorld that it considers potentially more dan-
gerous to global security.

Nopproliferation experts aren’t happy
about the move. which State
Department officials say is
prompted by improving eco-
nomic conditions in Russia
and a msing threat in eastern
and central Asia and the Mid-
dle East, There are also private
grumblings at the Department
of Defense, which 15 scaling
back its own efforis because
of difficulties that DOD offi-
cials have had in accessing
Russian labs.

“The former Soviet Union1s
not the same nonproliferation
threat today that it was the day
the ruble crashed [in 1998]."
says Jason Rao, senior coordi-
nator for Cooperative Threat
Reduction at the State Depart-
ment. As a result, he savs, the
United States can now get down o its “fighting
welght™ in the region and turn to places such as
Pakistan, Philippines, Indonesia, and the Mid-
dle East, where a combination of transnational
Lerr
such as avian influenza pose new nisks, At the
same time, Rao says, an improving scientific
infrastructure in Asia and the Middle East
offers a better chance to combat them,

ts and emerging infectious diseases

A Senate spending panel has approved
530 million in the next fiscal vear for the Staie
Department’s Biosecurity Engagement Pro-
gram (BEP), which was launched in 2006 with
53.9 million and currently receives 38 mllion,
This vear. the department slashed by two-thirds
a similar program o help biologists from Rus-
sia and neighboring countries. Meanwhile,
DOD 15 set o wind up its S4-million-a-vear
program to support biological research proj-
ects at Russian kabs,

The shift of resources has drawn enticism
from security experts who warn that Russia
continues to pose a significant risk. “There
are still quite a few former weapons scicn-

www.sciencemag.org

B
Taming risk. U.5. officials Jason Rao (right) and Reynolds Salerno during a visit last year
to a new B5L-3 lab in Bandung, Indonesia.

tists in the region whose future is uncertain,”
sayvs Sonia Ben Ouagrham-Giormley of the
Monterey Institute of International Studies
in Washington, D.C. An aide on the Senate
Foreign Relations Commuttee applauds the
State Department’s broadening scope but

savs committee members feel it should not
be done at the expense of efforts in the
former Soviet Union.”

State Department officials say that some
of the projects to redirect Russian
bioweapons scientists into other activines
are now being sustained by the Russian
government and that a st MONger cconomy
has made it easier for the scientists to find

jobs, But admimstrators at the International

Science and Technology Center (ISTC) in
Moscow, one of two centers set up by the
United States, Russia, and other countries
in the early 19905 to coordinate the redirec-
tion of weapons scientists, say that’s only
partially correct. Many institutes have
alforded raises for some scientists by laying
off other researchers, according to a senior
ISTC official. *The proliferation threat
from the emploved scientists has decreased
while the threat from the recently termi-
nated staft has likely increased.” says the
official. adding that the pay 1s sull low
enough o make working scientists vulnera-

SCIENCE VOL 317
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ble to offers of “uncomfortable™ collabora-
tions with rogue states.

DOD decided wo pull out of Russia.
observers say, because of the problems it has
encountered trying to implement the various
projects, Last vear, for example, DOD auditors

visiting the State Research Cen-
e | ter for Applied Microbiology at
\ | Obolensk were denied full
access and instead were
H reguuired to wat inoan admms-
trativie area while lab scientists

1i-|1
wheeled over carts of PCR
machines and other equipment.
Another Obolensk project was
halied afier the Russian govern-
ment refused to allow an
ndigenous anthrax strain to be
shipped to the United States for
further study.

Butt such incidents, although
frustrating, are not a good
enough reason to disengage
from Russia. savs Raphael
Della Ratta of the nonprofit
Partnership for Global Security
in Washington, D.C. *Youdon't

Just throw up vour hands in despair,” he says,

BEP reflects the department’s view that
brosecurity is more than simply monitoring
former weapons labs and scientists in states
that once possessed weapons of mass destruc-
tion. In Indonesi, for example, experts from
the Centers for Disease Control and Prevention
in Alana, Georngia, and other ULS. institutions
will train scientists and commission a biosafety
level 3 lab in Balivvet, outside Jakarta, to study
agriculiural diseases. A second lab in Bandung
will focus on human infections. In Pakistan,
the agency hopes to open a program office in
Islamabad for waiming programs and collabo-
rative research projects.

“Working with dangerous pathogens is
inherently dual use.” says Rao. “*When we
come in and say, “We'll help you work with
anthrax in a safe. secure. and sustainable man-
ner,” the result is less of the stuft hanging
around, a smaller nisk of an accidental release,
and a smaller risk of terrorists getting their
hands ont. It's good for evervbody.”
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NEWS OF THE WEEK

SCIENTIFIC PUBLISHING

U.S. Output Flattens, and NSF Wonders Why

A new study by the Mational Science Foun-
dation (N5F) showing that the overall num-
ber of publications by U.S. scientists has
remained flat for more than a decade calls o
mind the opening words of a classic 1960s
folk rock anthem: “There’s something hap-
pening here: what it is ain’t exactly clear.”
The study (nsf07320) reveals what NSF
officials call an “unprecedented™ and myste-
rious trend: Despite the continued expansion
of the peer-reviewed literature, the total out-
put of LIS, scientists stopped growing in the
early 19905 and hasn’t budged since then.
The pattern, which cuts across all disci-
plines, reverses decades of steady expansion

250,000 —

150,000 ~

100,000

Number of articles

50,000

1]

and leaves NSF officials seratching their
heads for an explanation.

“We don’t have a smoking gun,” says
Rolf Lehming, who oversees NSF's biennial
compendium of leading scientific and engi-
neering indicators and has been tracking the
phenomenon since the late 19905, The trend
is especially surprising given the growth in
funding. personnel. and other research
inputs over the 19852003 period being ana-
lvzed he notes. Italso deviates from the pat-
tern in the European Union and in emerging
Asian nations, where the output has contin-
ued o grow. As a result, their scientists can
claim a nising share of global publications,

S&E Article Output

200,000 — r‘_.__.__'_._.——lv—l-_'_.__._.__..__.

== United States
- EU-15

== Japan

== East Asia-4*

1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002

* China, Singapare, South Korea, Taiwan

World share | léT:!gd States
n |
of top 1% B
cited articles B East Asia-d
All other

1992 2003
¥ ¥
Who's Up, Who's Down 505 5004
All U.5. sectors 0.6%
ACADEMIC 0.8%
NONACADEMIC -0.1%
Federal government, including NIH  -0.7%
National labs, etc. 1.1%
State and local government —0.9%
Private for-profit -1.4%

Largest growth*

Drew Univ. of Medicine & Science 127%
Florida A&M Univ. 116%
Clark Atlanta Univ. 101%
Univ. of Nevada, Las Vegas 99%
Univ. of Montana 8990,
Colorado School of Mines 729

MNew Jersey Institute of Tech 719

Georgia Institute of Technology — 64%
Steepest decline

MCP Hahnemann Univ. 46%
Virginia Tech -31%%
Univ. of Dayton -29%
Drexel Univ. -28%
SUNY HSC, Brooklyn -28%
USUHS, Bethesda, MD -26%%
Univ. of Texas, Dallas ~25%
San Jose State Univ. ~24%%

* Among top 200 U.5. universities, by amount
of federal RED funding for 1992-2001.

Paper trail. Although U.5. scientists have fallen behind Europe in total output, they retain a commanding
lead among most-cited articles. And although the U.5. academic sector as a whole is flat, some universities
have experienced a publication spike and others a steep drop.
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The data that puzzle Lehming and other
staffers from NSF's statistical shop, SRS,
come from Thomson Scientific, a Philadel-
phia, Pennsy vania, company that tracks the
global scientific publishing enterprise.
Thomson monitors more than 5000 journals,
tallying the demographics of the authors and
the impact of their articles. That pool has
actually grown over the time period
Thomson's universe of journals grew by
20%%, and the average journal ran 40% more
articles. And despite the proliferation of
online journals and other means of commu-
nication, NSF officials believe they are
using the nght vardstick to measure produc-
tivity: Traditional printed journals, they say,
have remained the gold standard to
announce new research lindings,

To interpret what they found, NSF's
number crunchers took the unusual step of
visiting mine prominent LS, universities
and interviewing dozens of faculty mem-
bers and administrators. Although they
heard many anecdotes about trends in
research, a second report (nsf07204) states
baldly that “data from interviews and meet-
ings are not very useful for considering
some possible explanations™ for the stag-
nant number of publications.

Mevertheless, theories abound. Two pop-
ular ones offered by the bibliometric com-
munity include an aging scientific work
force that is growing less productive as 1t
nears retirement and an emphasis on quality
over quantity in hinng. promotion. and other
rewards. Diana Hicks of the Georgia Insti-
tute of Technology in Atlanta argues strongly
tor a third reason: Governments around the
world have been demanding greater produc-
tivity from their scientists as the price for
continued support. Many Asian countries
have enhanced that effort “to extract latent
capacity” with additional funding, she notes.
The resulting increased flow of papers
has “pushed out some mediocre work™ by
LLS. authors, Hicks says. But the effect is so
subtle. she adds, that U5, sciennsts “don’t
think to blame anybody but themselves.”

Lehming favors a fourth cause: the
steep learning curve associated with col-
laborative research, an increasingly popu-
lar mode of operation. But he admits that
there's no hard evidence for any theory,
“We've beaten the data to death.” he con-
fesses, “Soin the end, we decided to put the
material out there and let people react.”

-]EFFREY MERVIS
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SOLAR POWER

Light-Splitting Trick Squeezes
More Electricity Out of Sun’s Rays

To create highly efficient solar cells,
researchers have emploved a novel engi-
neering strategy worthy of Sun Tzu:
Divide and conquer.

The scientists are part of a

nanotechnology or organics to solve the prob-
lem. Delaware researchers had a differem idea:
Use recent advances in optics to split the light
and reroute 1t to smaller stacks of photovoltaic

LS. Department of Defense effon .
aimed at producing small photo- :
voltaie modules for battlefield elec- '
tronics, Commercially available
solar panels convert to electricity
only about a fifth of the energy
across the solar spectrum that hits
them; the goal of the program is o
capture more than half. The team.
led by researchers at the University
of Delaware, Newark, has used a
novel light-splitting technique o

e : : higher energy
= combine in a single device materi-
& als whose propenties would other- Indium gallium
= wise make it difficult o phosphide P Dichroic mirror

g work together. After
B only a year and a
half of work. the
512 million project
has yielded an un-
official record of 42.8%
efficiency—beating the previous
mark by about 2%,

Although the team hasn't yet built a
prototvpe of a working solar cell. the achieve-
ment “is important o show that the concept
works.” says Henry Brandhorst. an engineer
at Auburn University in Alabama, who
focuses on high-efficiency cells and is not
involved in the work. More importantly, he
says, the “very interesting approach™ could

options if it can be shown to be affordable.
“Weve completely made the choices for solar
cells more flexible.” says Deliware electrical
engineer Chrstiana Honsberg,

Different varieties of semiconductors lay-
ered in solar cells respond to photons of vary-
ing energies to produce electricity, Until now,
however, the requirement that the atomic struc-
tures of such lavers line up to allow proper
crystal growth has limited the combinations
that researchers could use to gain better effi-
ciencies. When the Defense Advanced
Research Projects Agency (DARPA) wackled
the problem in 2003, hoping that mobile cells
could reduce the number of batteries soldiers
carry for devices such as flashhights. they
looked to advanced approaches such as

CREDITS (TOP TOBOTTOM): L CREVELINGS SCIE MCE (ADAPTED FROM UNIVERSITY OF DELAWAREL COUETESY OF THE OFRICE OF COMGRESSMAN
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Gallium arsenide =

give solar-cell researchers a new setof
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Twice as nice. New solar-
power device splits light
into high- and low-energy
beams and routes them
to different electricity-
producing materials.

materials that otherwise wouldn't work
together (see diagram). It's not a new concept;
MNASA scientsts used a prism in the 1970s o
create a “rainbow cell™ with the same goal,
“But a lot of the light gets lost using a prism,”
says Delaware electrical engineer and team
leader Allen Bamett.

Ata meeting in 2005, DARPA program
manager Douglas Kirkpatrick. a physicist with
experience in the lighting industry, suggested
that the research team’s talented optics unit use
recent advances inso-called dichroie materials,
which separate light into specific wavelengths,
("“'Where have you been all my life?” says
Kirkpatrick of the eureka moment.) The
research team. which included industrial as
well as academic partners, took that approach
and achieved with optics a 93% efficiency in
processing and splitting the light in as-vet-
unpublished tests. Independent officials with
the National Renewable Energy Laboratory »

(\ O)x

A War Over Indirect Costs

U.S. research universities could end up losing
millions of dollars under a proposal to cut by
mare than hall the overhead rate on $1.5 bil-
lion a year in basic research grants from the
Department of Defense (DOD). Universities
currently receive anywhere from 45% to
55% of the total amount of a grant for the
legitimate costs associated with supporting
research, including everything from electricity
to cleaning animal cages. A report accompa-
nying the 2008 defense spending bill marked
up last week says a 209 cap is negded
because overhead costs have “grown Lo
unwarranted levels.”

That's just not true, says Robert Berdahl,
president of the Association of American Uni-
versities in Washington, D.C. The average indi-
rect cost recovery rate has remained at about
51% for a decade, he says, despite the rising
cost of supporting research. The proposed cap,
if retained in the final defense spending bill
now moving through Congress, could even
force schools to forgo DOD grants, he adds.

=YUDHIJIT BHATTACHAR]EE

Don’t Be Put Off by Offsets

The head of a new congressional panel on cli-
mate change wants the U.S. government Lo
more closely monitor the 5100 million global
market for voluntary carbon offsets, credits
for green projects that companies and individ-
uals purchase from specialty brokerage firms
to compensate for carbon-intensive activities.
Some climate scientists say offsets, which
include forest projects and energy work in the
developing world, are a distraction from the
real need: cutting greenhouse gas emissions.

Representative Edward Markey (D-MA),
chair of the House
Select Committee
on Energy Indepen-
dence and Global
Warming, feels off-
sets could play a
positive role. But he
thinks consumers
need more informa-
tion. He wrote the
Environmental Pro-
tection Agency last
week that “a lack of generally accepted
standards has raised questions about the
credibility of some offset products.” He
wants the agency to develop such standards,
and he's also asked the Federal Trade Com-
mission to devise guidelines for those who
market such offsets.

—ELI KINTISCH
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in Golden, Colorado, measured the overall
solar-cell efficiency under simulated condi-
tions: a separate NREL teambuilt several of the
cells used in the device. The device 15 based on
well-known semiconductors tuned to respond
to specific wavelengths using doping and other
physical tweaks the researchers won't reveal,
MNew electronics allowing parallel power gener-
ation gave them additional freedom, as cells
within modules connected in series produce as
much electricity as their weakest link.

Each of those advances, however, although

IMMUNOLOGY

promising in the lab, could be pricey to build,
Most recent commercial solar efforts have
focused on making cells cheaper to manuliac-
ture, not on increasing efficiency. Kirkpatnck
says the manufactured cost goal for the pro-
gram 1s 52 per peak watt, 45% under the cur-
rent industry standard. “That'’s the key to
suceess,” says solar energy manager Craig
Cornelius of the Department of Energy. who
says itcan tuke upto 15 vears for new solar-cell
architectures to make it into the markeiplace.
But DARPA 15 hoping for faster results,

A Slimy Start for Immunity?

Even shime molds get sick, Although these
gooey soil dwellers, which straddle the
boundary between single-celled and mulu-
celled creatures, gobble up bacteria as food,
they can also be laid low by microbial attacks,
On page 678, however, researchers report that
slime molds deplov cells that combat
pathogens. a discovery implying that special-
1zed immune cells preceded the advent of
multicellular oreanisms.

Developmental biologist Adam Kuspa of
Baylor College of Medicine in Houston,
Texas, and colleagues also found that the
germ Nghters depend on a protein usad by the
more sophisticated defensive systems of
plants and ammals. The work “shows how
molecules that play a role in innate immumnity
are already present in amoebas,” says cell
biologist Michel Desjardins of the University
of Montreal in Canada.

Immunity’s origins are murky. Because
single-celled amoebas swallow their bacter-
ial meals in much the same way that
macrophages and other immune cells
envelop thewr targets, researchers have long
suspected that food consumption gave rise o
this style of self-defense,

The widely studied social amoe

o
Diievastelinm discoiderom has now provided
strong endorsement of that idea. The amoebas,
also known as cellular slime molds. lead a
double life. Much of the time, they are squishy
indwidualists. But if food runs short, as many
as 100,000 cells congregate into a slinking
blob known as a slug.

The Baylor team was investizgating how
certain transporter proteins help the amoebas
slurp up fluorescent dyes, which were proxies
for environmental toxins, They noticed that
the dves mainly ended up n a subset of cells,
whose job appeared to be eliminating poisons.

The researchers then discovered that these
cells, which they dubbed sentinel cells, also

battle bactena that menace the slug. In lab
dishes, the cells snared the amoeba’s
main pathogen. the soil germ Legionella
paermophila, banishing it from the slug,
Although researchers knew that some
parts of the slug specialize, for example,
forming a spore=holding stalk, nobody had
discemed these protective cells. Kuspa says.

To the rescue. A crawling slime mold slug (right,
false color) protects itself with sentinel cells. These
defensive cells (ebove) capture fluorescent beads
{green) much the way they do bactena.

Once they differentiate in a slug, sentine]
cells erank up production of proteins involved
in immunity in other organisms, including a
pathogen-detecting cell surface receptorand a
so-called TIR domain protein that relays sig-
nals from such receptors. Disabling the gene
tor one TIR. domain protein in the sentinel cell
armory distupted how cells handled bacteria,
The mutant amoebas fell victm to a strain of
L. prewmopfiila that they tvpically fight off,
And although typical £ discoidenm grow vig-
orously on plates coated with wsty Klebsiella

With the early proof of concept in the bag,
research partner DuPont has announced a
J-yvear commercialization effort with the
Delaware team to spend up to $100 million
to build prototype devices. Meanwhile, the
researchers are contimung work with advanced
kinds of cells, including nanotech and bio-
inspired varieties. hoping later to use better per-
forming materials in what Kirkpatrick calls a
“plug and play™ approach. “The building
blocks are all in place.” savs Delaware physicist
Robert Brknure. ~ELI KINTISCH

aeragenes. their normal food,
the mutants languished.
If those bacteria were
dead, however, the altered
amoebas thrived,
Sentinel cells circulate
within the slug asif they are
on patrol, and they appear to
Jettison globs of pathogens as
the blob chugs along. Clumps

% ; ; :
3 of sentinel cells also get lefi
m=| "'\-1._ L= ) = \. 14 I_L .I..

4k behind, suggesting that, like

N+
B

some mammalian immune cells,

g *-'-':'; ! they sacnifice themselves for the
% good of the body—although
"1'_" i the castofts could also be
o | the seeds ol new colonies,

= kuspa says. This rudi-

1 L

Ao 0 i, mMentary immune sys-

tem is not a peculiarity

of D. discoidenm: Five other slime molds
also sport the cells.

Sentinel cells seem to function like human
neutrophils and macrophages, Kuspa and col-
leagues conclude. To benetit the rest of the
slug, he says, *1% of the cells essentially put
themselves in harm’s way.” Social amoebas
and their kin diverged shortly after the animal-
plant sphit, and the results suggeest an early
beginning for the specialized immune system
now seen inmulucellular organisms,

The discovery of dedicated defenses in
the amoebas 150"t SUrprsIng, says conmpiri-
tive immunologist Edwin Cooper of the Uni-
versity of California, Los Angeles. “If vou're
multicellular, you need to be sure that some
of those cells are protecting against bacte-
ria.” Immunologist Ruslan Medzhitov of
Yale University suggests that researchers
check for rudimentary immunity in other
simple eukaryotes, such as solitary amocbas
and Fodvex, a colonial organism with some

cell specialization, ~MITCH LESLIE
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Cancer Test Dispute Pits Researcher
Against a Firm She Helped Create

PARIS—When Patrizia Paterlini first reported
a cheap and rapid technology to detect tumor
cells inblood 7 vears ago, she hoped it might
make it to the market, Today, she’s fighting o
prevent precisely that. Paterlini, an oncolo-
gist at the French biomedical research agency
INSERM, is trving to stop Metagenex, a
company in which her family owns a
44% share, from selling testing equipment
& based on her technology. which she says has
§ not been sufficiently validated. Offering the
g test to doctors now, she 5ays, Is “unseien-
£ tific.” Government inspectors and two ethics
g panels are investigating the issue, which has
£ also embroiled Paterlini’s husband, INSERM
= director Christian Bréchot.
E At issue 15 an assay called isolation by size
of epithelial tumor cells (ISET). inwhich blood
samples are sucked through a membrane with
pores just small enough to trap mmor cells but
larze enough to let through red and white blood
cells. The captured cancer cells can then be
fully characterized using vanous techniques.
Standard molecular technigques to trace tumor
cells in blood, such as the polymerase chain
reaction. don’t allow this further analysis, says
Claudio Orlando of the University of Florence,
who has tested ISET.

Paterlimi hopes the method, first published
in 2000 in the American Jowrnal of Faihology,
can monitor the recurrence of tumors in cancer
patients or screen for cancer cells in the blood
of apparently healthy people. To that end,
Paterlini co-founded Metagenex in 2001 with

: her husband formerly the head of her research
g unit. { Bréchot sold has shares i the company to
3 the couple’s two children when he took the wp
£ jobat INSERM.)
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Size matters. An ISET filter has pores (2) small
enough to let blood cells (3) pass, while tumor cells

Last vear, Massachusetts Institute of

Technology graduate and engineer David
Z]'Ii![}' [ﬂi‘.lli. er l'l']il]'!.'!_'._;l:l'l.'l.l:lﬂ at j'il[l.:liigl..:l'.ll;'.‘i:
Paterlini, who has a pari-time, unpaid job
at the company, says she endorsed the move
and even asked Znaty to take the job. Not
long after, Znaty persuaded two investment
companies, AXA and Banexi. to inject
€2 .5 million into the firm. And the
Lavergne Laboratory, a diagnostie lab in
Paris, bought ISET equipment from Metagenex
and began offering the tests to physicians for
use with their cancer patients,

Since then, accusations have been flving,
According to Paterlini, Znaty has broken an
agreement to conduct multicenter trials to
validate the ISET technology before bringing
it o the market, Without such data, it's impos-
sible for doctors to interpret the resulis, she
savs., INSERM, which co-owns the patents to
ISET. 15 supporting Paterlini. Orlando. too,
agrees that “it is absolutely oo carly™ to use
the test clinically.

Znaty counters that Paterlini’s past studies
offer a sufficient scientific basis to use the test;
he accuses her of trying to push him out
because she wants to regain control of the
company and says her husband, and thus
INSERM., has a conflict of interest. Bréchot
declined to be mterviewed for this story. but
Paterlini points out that the two other co-owners
of the patents, the Université Paris-V and the
Assistance Publique-Hépitaux de Pans. are
also backing her.

Jean-Claude Zerat, director ol the Lavergne
Lab. says he is confident that the ISET tech-
nology is mature enough for physicians o use,
He says that Paterlini herself assisted the lab in
implementing the technology before she fell
out with Znaty, which Paterlini denies,

INSERM has asked its own independent
ethics panel and France’s Natnonal Consulta-
tive Ethics Commitiee to investigate. A govern-
ment spokesperson says that inspectors from
the research and health ministry have also
begun a joint inguiry.

A spokesperson for the French Health
Products Safety Agency says she believes
Metagenex's technology is not subject to the
agency’s regulation, but she wasn't sure.
Indeed, the INSERM panel says it wants to

look at the dispute in the broader context of

how new diagnostic tests should be regulated.
=MARTIN ENSERINK

Save the Seeds

The United States would contribute up to
560 million to a so-called doomsday seed vault
under a bill passed last week by the House of
Representatives. The nonprofit Global Crop
Diversity Trust is building the Svalbard Global
Seed Vault in a mountain on Norway's Spits-
bergen Island to preserve 3 million seed sam-
ples from the world's crop species.

The authorization for the 5-year contribu-
tion 15 tucked into a controversial plan to
change the formula for subsidizing U.5. farm-
ers. The United States has already spent 56 mil
lion on the project since 2001, and supporters
hope the president will seek the additional
funding in his 2009 budget request next year,

-BENJAMIN LESTER

More Questions for Enviro Chief

Congress is asking more questions about the
beleaguered director of the National Institute
of Environmental Health Sciences (NIEHS). In
a letter to the National Institutes of Health in
Bethesda, Maryland, this week, Senator Chuck
Grassley (R—IA) wonders whether NIEHS chief
David Schwartz improperly ook money from
the budgets of other intramural investigators
when he exceeded his approved personal lab
budget of 51.8 million by 54 million (Science,
6 July, p. 26). The letter also asks for informa-
tion about Schwartz's hiring practices and
whether he recused himsell from reviews of
extramural grant proposals submitted by his
outside collaborators. Grassley wants specific
documents by 8 August.  -JOCELYN KAISER

Sarkozy Wastes No Time

PARIS—New French president Nicholas
“Speedy” Sarkozy has lived up to his nickname
by pushing ahead with his plan to improve the
guality of research and education at 85 state
owned universities, Last week, the National
Assembly endorsed his proposal to streamline
university governance and give institutes more
leeway in recruiting staff, handling budgets, and
managing real estate. Left-wing parties, stu-
dents, and some university professors’ unions
oppose the idea, which they say will increase
compelition and inequality among universities.
=MARTIN ENSERINK
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¥ Middle Asia Tékes'*;’”’-’.
Center Stage

Long dismissed as a backwater, the vast area between Mesopotamia
and the Indus Valley is now revealing a tapestry of wealthy urban
centers that shaped humanity’s first concerted attempt at city life

586

RAVENNA, ITALY—Five hundred years ago,
the cities scattered across the north Italian
plain exchanged goods, artists, and ideas vet
clung stubbornly to their own distinctive
styles and cultures, Their rivalries and trade
swelled inte a creative wave that transformed
Europe during the Renaissance and launched
the world into the modern era. Now many
archacologists believe that a similar awaken-
ing took place nearly 5000 vears ago, in an
even wider arc o the East spanning thousands
of kilometers. New lndings suggest that a
string of societies, from the Russian steppes
to the Arabian Peninsula, tozether forzed the
First human civilizations.

It is a radical retelling of the traditional
story, which holds that crvilization sprouted n
Mesopotamia along the banks of the
Euphrates, then on the Nile, and finally on the
Indus during the 3rd millennium B.C.E., each
culture largely solated by harsh terraim and
immense distances. At a meeting” here last
month. archaeologists began to assemble a far

more complex picture in which dozens of

urban centers thrived between Mesopotamia
and the Indus, trading commodities and, pos-
sibly, adopting each other's technologies,
architectures, and ideas. Advocates admit they
are only beginning to picce together how the
urban boom unfolded across what they call
Middle Asia, Nevertheless, argues Sylvia
Winkelmann, an archacologist at the Univer-

* International Association for the Study of Early
Civilizations in the Middle Asian Intercultural
Space, 7-8 July.
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sity of Halle i Germany, “we have to change
our view. Mesopotamia is not the only cradle
of mankind—there are many.”

The old take on Mesopotamia as the
mother of all civilization has its roots in
archacology’s obsession with major niver val-
leys. Ancient sites in Egypt, southern Iraq. and
along the Indus were relatively obvious and
accessible w Western scientists, The more
remote oases and inland rivers of the Tranian
plateau, Central Asia, and parts of the Arabian
Peninsula remained mostly terra incognita.
The Cold War prolonged that solation, as did
the 1979 revolution in Iran and war in
Alghanistan. Middle Asia was dismissed by
many academics as a marginal region of trad-
ing paths and small settlements that supplied
ravw materials or goods to urban sophisticates
in the three river systems.

But excavations in Iran, Turkmenistan, and
Ciman are prompting scholars w rethink how
civilization first took a firm hold. *“During the
last 3 centuries of the 3rd millennum B.C.E..
the Iranian plateau was an incredibly dvnamic
place. A transtformation was taking place
which finally may have led to integration,” says
Holly Pittman, an archacologist at the Univer-
sity of Pennsylvania. But why Middle Asia’s
collection of sprawling civilizations suddenly
collapsed remains a controversial question.

At the Ravenna meeting, a diverse band of
archaeologists pledged to work together to
unravel Middle Asia’s cultural interactions.
“This 15 an expernment to see if we can prove
connections and similarities.” says Maurizio

Tosi, the University of Bologna archaeologst
who hosted the gathermg.

At the margins no more

Globalization is an ancient phenomenon,
Anatolian obsidian used for making sharp
tools is found widely in the Near East at sites
dating to the 5th millennium B.C.E. By the
d4th millennium B.C.E., lapis lazuli mined in
Afghanistan appears in Mesopotamia and
Egvpt. And by the 3rd millennium B.C.E.. car-
nelian beads crafied in the Indus River valley
circulated in the Near East. and copper from
Oman was worked into fine Sumerian jewelry
in Mesopotamia.

Archaeologists long assumed that the
impetus For much of this trade came from
booming cities that sprang up in the 3rd mil-
lennium B.C.E. in southern Mesopotamia, a
tertile area devoid of stone, metal, and other
resources, (The Indus and Egypt, by contrast,
are richer in raw materials.) That assumption
wis based in part on Sumerian texts and
objects such as those in royal graves from
circa 2500 B.C.E. in the Sumenan city of Ur,
The tombs, found in the 19205, include arti-
facts made of gold, silver. copper. lapis, car-
nelian, and dark stone origmating from as far
away as the Indus. The diversity and lavish-
ness of the materials gave credence o the idea
that less-developed areas to the cast devoted
much energy to exporting ligh-status goods.
“Mesopotamia was the great sucking sound™
says archaeologist Carl Lamberg-Karlovsky
of Harvard University,

WWWLSCIEN cemag -org
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Civilization spreads its
. roots. A Russian-led team

Sycavates a royal tomb at
Goowr, in Turkmenistan,
that ingluded a cart with
wheels sheathed intgonze.

MNew excavations flatly contradiet that pic-
ture. The most dramatic evidence comes from
the Halil River in southeastern lran. After
extensive looting of ancient cemetenies in an
area south of the modern city of Jiroft in 2001,
a team led by Yousel Madjdzadeh began
excavating two nearby mounds { Science,
7 November 2003, p. 973). Over
five seasons. the Iranian team
uncovered the remains of a
city that may have rivaled
contemporary Urin its extent
and wealth—a stunning dis-
covery in an area long con-
sidered a backwater. "I not
tior the discovery of Jiroft, we
would not have been able o
bring together™ the concept
of multiple societies contribut-
ing to early civilization, says Tosi

The ancient city in the
mid- to late—3rd millennium
B.C.E. covered maore than
2 square kilometers, domi-
nated by a large citadel
Nanked by a massive stepped
platform to the north. A room
excavated last year in the
citade] includes a 2-meter-
high brick human torso, ochre
paint still clinging to the
surface. The sculpture, says
Madjidzadeh, is the largest
of 1ts kind from that era.

The team also has recovered  unknown culture.

Coming into view. This seal
impression found near Jiroft reveals
2 unique iconography of a hitherta-
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more than 400 impressions made by some
200 different seals between 2480 and
2280 B.C.E. Impressed on wet clay, the seals
typically marked ownership of boxes or
baskets that may have held trading goods, says
Pittman, who has worked at the site. Roughly
one in 10 is from Mesopotamia and two are
from the Indus. but the rest are likely

of local origin, she says.

Persian
Guilf

N

carved vessels made of dark
stone—steatite or chlorite-

in the citadel and in the
cemetery. Such vessels
have long turned up in
western Asia: in Ur’s roval
graves, around the Persian
Gulf, and on the Iranian plateau.
Their onigin was a mystery and they

“intercultural style.” although a
late-1960s excavation led by
Lamberg-Karlovksy at nearby
TepeYahya found a modesi-
sized factory.

In the wake of the
cemetery looting, large
numbers of such vessels,
often incised with unigue
mythological designs. flooded

the international art market,
Many archaeologists ques-
tioned their provenance
because no examples were
found in situ, Madjidzadeh’s
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The team also found remains of

were given the vague moniker of
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finds show that the vessels were widely used
locally—and may have had strong personal or
religious meaning, because so many of them
were apparently buried with their owners. And
some were exported over vast distances. In
Mesopotamia, they were considered so valu-
able that even plain chlorite vessels were
reserved solely for kings and temples.

Although ransacked, the cemeteries provide
a glimpse into the wealth of the ancient inhabi-
tants. Madjidzadeh found one large tomb cut
o limestone that appeared untouched since it
was robbed m antiguity. A stairway leads down
to o chamber containing eight burial areas: scat-
tered throughout were 600 carnelian beads and
other precious materials. Nearby, from the
dumps left by looters, archaeologist Massimo
Vidale, a visiting professor at the University of
Bologna, extracted 1200 small lapis and
turquoise beads, pieces of 40 or more chlorite
vessels, and 40 to 50 copper vessels—at least
one with ornate embossing.

The looting also provided one boon: a peek
at Jiroft's heretofore-unknown origins. The
robbers” holes threw up older pottery remains,
and Vidale unearthed ceramics extending the
settlement’s past as far back as 4000 B.C.E.
“This has huge signficance.” says Lamberg-
Karlovsky. because it shows that Jiroft’s exis-
tence 15 not just a fleeting response to
Mesopotamian markets but a long-lived cul-
ture. Notall experts agree. Archaeologist Oscar
Muscarella of the Metropolitan Museum of Art
in New York Citv, for one. doubts that the site
predates the 3rd millennium B.C.E. He also
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complains that the excavation team has been
too quick o make assertions and too slow o
publish scholarly reports.

Muscarella does acknowledge the impor-
tance of the site. And many colleagues suspect
that the culture’s influence extended up the
400-kilometer-long Halil Valley, linking com-
munities in religion and politics, But assem-
bling the shards of evidence into a persuasive
picture will take time. “In Mesopotamia, they
have had 150 vears 1o dig.” says Madjidzadeh,
who plans to publish on the finds this fall. “T've
only had five”

To the four corners
Other sites in eastern Iran confirm that this
parched region was anything but marginal. At
Shahr-1 Sokhta, for example. archacologists
have uncovered what was a bustling metropo-
lis between 2550 and 2400 B.C.E., as large as
1 50 hectares and with at least 380 smaller sites
in the surrounding region. The central site,
northeast of Jirofi, 15 in a landlocked bun fertile
basin ted by the Helmand River. Artifacts from
that era include lapis from Afghanistan, shells
from the Pakistan coast, vessels imported from
the Indus, and game boards inthe style of those
found in Ur. Long-distance trade appears to
extend back to at least 3000 B.C.E.

The flow of goods was not just east to
west, Archacologists see a strong north-south
link as well. Along the southern coast of the

Persian Gulf, Serge Cleuziou of CNRS in
Paris is piecing together a long, culrally
complex history.

Oman in the 3rd millennium B.C.E.
became an important source of copper for both
Sumer and Susa, the great Elamite capital on

the edge of Mesopotamia, bringing the gulf

settlements substantial wealth, Ceramics
found in Oman demonstrate that the region
wias closely connected to the coastal economy
of Iran and, in turn, to Jiroft and the Iranian
plateau. That connection almost certainly
extended beyond the Strait of Hormuz: Indus

specialists now suspect that at least some of

therr copper originated in Oman-—a sign of a
healthy overseas wading network, And Indus
and Mesopotamian goods found in ancient
ports along the gulf™s western coast point to
trade via the Arabian Sea. says Cleuziou,

That trade extended all the way to Central
Asia. where archaeologists have found
Omani pots. At this northern end of the trade
network thrived the Bactria Margiana
Archaeological Complex, or Oxus civiliza-
tion. consisting of laree planned urban cen-
ters set amid well-watered oases and basins.
Russian archaeologist Viktor Sanamdi, work-
ing at sites such as Gonur in Turkmenistan,
has evidence of a culture at the end of the
3rd mallenmum B.C.E. capable oflong-distance
trade and line craftsmanship and having a
undque artistic style and mythological system.,

Tabula rasa? Archaeologists
hed this brick tablet a
ilometer fram Jiraft’s
avation site: a farmer
found‘anather (rght).

unea
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A Mesopotamian seal and an Indus seal

found at Gonur. along with a smattering of

Indus and Iranian goods, hint at the trade net-
work’s breadth—as does an Oxus-style comb
in Oman. That network was enabled at least in
part by the latest in transportation technology.
Sarianidi recently excavated a cart with four
bronze-covered wheels and a number of ani-
mal skeletons in an elaborate grave, although
the tomb’s dating is unclear. But at nearby

Altyn-Depe, archaeologist Livbov Kircho of

the Russian Academy of Sciences says her
team has found models of carts dating o m
least the middle 3rd millennium B.C.E.: cen-
turies earlier than archaeologists once
thought such carts were invented, The carts
were pulled by bullocks and domesticated
camels, she says, an innovation that would
have made long-distance trade easier. The hot
new transportation technology may well have
spread across Middle Asia, she says,

Connecting the dots

The scatter of high-priced trade goods,
seals, and pottery has revealed the exis-
tence of networks linking Middle Asia’s
urban centers with each other and with
Mesopotamia and the Indus. Elucidating
whether they embraced common ideas as
well—in architecture. technology. politics,
and religion—is the central challenge for
the archaeologists who met in Ravenna,

The discovery of an ancient script is a
momentous find. But the circumstances sur-
rounding the excavation have raised doubts
about the tablets” authenticity. "Everyone is con-
vinced they are fake, but no one dares say it,”
whispered one archaeologist after the presenta-
tion. Such criticism galls Madjidzadeh and his
supporters, who say that although one tablet was
found by a villager, the other two are from a
carefully excavated trench. “People are skeptical
because these are so different. It is hard to accept
something so completely new,” says Massimo
Vidale, a University of Bologna archaeologist
who was present during the excavation.

The first writing—cuneiform—evolved over
millennia in Mesopotamia and coalesced into a

Ancient Writing or Modern Fakery?

RAVENNA, ITALY—They look like a child’s exercise in geometry. But
the images Yousel Madjidzadeh projected onto a screen last month in a
sweltering lecture hall elicited gasps from archaeologists. The symbols
on three baked mud tablets display a hitherto unknown writing system
and likely are part of a larger archive, claimed Madjidzadeh, chief of
excavations near Jiroft in southeastern Iran. He believes that these
inscriptions were made between 2200 and 2100 B.C.E. and could hold
the key to understanding a sophisticated urban culture in Middle Asia.
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coherent system by 3200 B.C.E. in the southern Iragi city of Uruk. Not long
after, another script appeared on the western edge of Mesopotamia.
Dubbed proto-Elamite, after the kingdom of Elam that later flourished
beside Mesopolamia, the system resembles cuneiform, although its origin
and meaning are a puzzle, Centuries later, toward the end of the 3rd mil-
lennium B.C.E., another set of symbols arose on the Iranian plateau: linear
Elamite. Only a handful of examples exist, mainly from the Elam capital of
Susa and mainly in the form of stone carvings paired with cuneiform. Some
scholars doubt it is a coherent script; they believe it is an attempt by
Elamite kings to appear as modemn as their Mesopotamian neighbors.
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Massive ceremonial platforms could be
one clue o a shared culture. Such structures
sprang up across the region—from
Mesopotamia, where they are called ziggu-
rats, to Afghanistan—in the middle and late
Ard millennium B.C.E. Jiroft has what
Madjidzadeh says is a two-stepped
platform, and a smaller version
recently has been found in Shah-
dad, a site near the modern city of
Kerman, [ran. Even the central
structure at the major Indus city of
Mohenjo-Daro. long thought 1o be
the remains of a later Buddhist
stupa, may be a platform like those
built to the west, says Giovanni
Verardi of the University of Naples.

One unanswered question is whether
writing played an important role in Middle
Asia, A seript called proto-Elamite appeared
circa 3000 B.C.E.. and some 1500 tablets
were found long ago at Susa. Scholars
assumed that the script oniginated there, in
the shadow of cuneiform. But in recent
decades, proto-Elamite tablets have
been unearthed across the lranian plateau.
Madjidzadeh. who found a tablet in Ozbaki,
a site west of Tehran, calls the seript “proto-
Iranian™ or “proto-plateau” to eliminate the
traditional focus on the western end of the
plateau. And he is betting that next season in
Jiroft he will uncover an archive full of

tablets related to linear Elamite, a later seript
(see sidebar, p. 588).

Seals and scal impressions may provide
the deepest insights into the exchange of reli-
glous, mythological, and political ideas.
Those found at Jiroft, for example, ofter an
intimate view into the belief system of the
area in the mid-3rd millennium B.C.E.,
depicting figures such as winged goddesses
with snakes sprouting from their shoulders
and rulers with narrow waists wearing bird-
like headgear. Pittman, a specialist in seal
analysis. says the specimens offer *a whole
new visual vocabulary™ and demonstrate “a
robust and independent culture,”

Desert pantry. On the Oman peninsula, the Hilj site, excavated by 5erge
Cleuziou (inset), has a sophisticated architecture with what may be cellars
for storing trade goods bound for distant lands.

Echoes of this powerful iconography
appear slightly later in areas as far west as
Mesopotamia, where narrow waists on seals
became all the rage, and as far north as Turk-
menistan, where a snake goddess shows up
on Oxus seals, “There is some sort of cultural
mntegration from the Oxus to the Iranian
plateau to the Persian Gulf)” says Pitiman,
“There are profound similarities.” At the
same time, she says, “each region has its own
identity. its own material culture.” By the end
of the 3rd millennium B.C.E.. cunciform
texts hint at growing wealth and power to the
east: Sumerian rulers began to ally them-
selves with these kingdoms, cementing

Given the dearth of linear Elamite inscriptions, the Jiroft finds are
attracting scrutiny. In early 2005, Madjidzadeh's team found a brick
in the gateway of the main Jiroft mound. Dated to between 2480 and
2280 B.C.E., the brick is inscribed with signs that may be related to
linear Elamite, Madjidzadeh says. Later that field season, a worker
showed the dig director a tablet with odd sym-
bols that he said came from a hole he dug a
half-kilometer from the mound.

Returning last year, Madjidzadeh had a
student dig a trench at the spot. The team
promptly recovered a second tablet. The next
day, Madjidzadeh came to oversee the work; he
uncovered the third tablet. The three tablets
appear to show a progression. One has eight
simple geomelric signs, another has 15 slightly
more complex signs, and the third has 59 signs
of an even more complex nature, all inscribed
in wet clay. On the back of each, apparently
scratched into the mud brick after it was dry, are
inscriptions that may be related to linear Elamite. Madjidzadeh believes
he has stumbled on an archive, and that a librarian-scribe made the marks
on the back of each tablet. He believes the tablets reveal linear Elamite’s
evolution from simple geometrical system Lo final complex form,

That analysis doesn’t wash with some specialists. One archaeologist
at the meeting suggested that the tablets could be exercises from a
scribal school. Others doubt the authenticity of the geometrical mark-
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ings. Earlier this year, Madjidzadeh shared photos of the tablets with
Jacob Dahl, a specialist in ancient texts at Berlin’s Free University. “|
was shocked,” Dahl recalls. “No specialist in the world would consider
these to be anything but absolute fakes.” The only script the geometric
designs resemble, he argues, is a modern phonetic system for Eskimo.

However, Dahlis intrigued by the inscriptions
on the back of the tablets, which he says could
indeed be linear Elamite, He maintains that it is
possible that the tablets are fake on one side,
genuine on the other. Mesopotamia, he notes, is
rife with objects that combine real inscriptions
with those of counterfeiters.

Such assertions “are completely crazy,” says
University of Pennsylvania archaeologist Holly
Fittman, who has worked with Madjidzadeh at
Jiroft. She notes that when fine artifacts from
the 3rd millennium B.C.E. began lo trickle oul
of Afghanistan decades ago, scholars were simi-

larly dismissive because the material did not con-
form to existing theories.

Madjidzadeh plans to publish soon a scholarly article laying out the
details. But the controversy is likely to roil the field until he returns to
Jirolt in November and expands the trench. Then the critics will eat
crow, predicts Pittman. “They will be shown to be fools when he pulls out
1000 tablets,” she predicts. Such extraordinary evidence may be vital to
back the extraordinary claims. -A.L.
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Cracking Open the
Iranian Door

“Let’s do something!” exclaims Hassan Fazeli-
Mashali, the new chief of the Archaeology
Research Center in Tehran. What he has in mind
is transforming Iran's sputtering archaeological
enterprise into a world-class effort, an ambi-
tious goal in a country rich in unexplored
ancient sites but mired in complex politics.
Fazeli-Nashali, 45, is undaunted. At the
Ravenna meeting (see main text), he laid out a
bold plan for engaging more foreign scientists
and honing the skills of Iranian academics.

If Fazeli-Mashali is brash, he can afford to be,
thanks o his sterling credentials in an Islamic
regime. "I lost my leg, so they trust me,” he says, thumping the prosthetic
he received after being wounded during the Iran-lrag war 2 decades ago,
“I'm a soldier of the revolution, but I've never been in politics,” he adds.
"And my brother is a mullah and my father was a mullah. We're a religious
family, so there are no points against me.” He has also won respect in his
field. He received a Ph.D, from the University of Bradford, U.K., spedalizing
in social and craft complexity in prehistoric lran, and served most recently
as head of the archaeology department at the University of Tehran, the
country’s lop institution of higher education.

Colleagues are delighted with Fazeli-Nashali’s open attitude and
pledge to ensure access for foreign researchers, including Americans.
“This is a most dramaltic and welcome initiative, and extraordinarily
encouraging,” says archaeologist Carl Lamberg-Karlovsky of Harvard Uni-
versity, who, like other Americans in recent years, has found it nearly
impossible to win approval for lengthy stays. Europeans, Japanese, and
Australians generally encounter less trouble, although several have had to
postpone or cancel dig seasons because of visa delays.

Iran's parliament has a vocal faction that wants to halt work with for-
eign archaeologists, and Fazeli-Nashali acknowledges that some |ranian
academics oppose cooperation out of fears that foreigners will control top
sites. Many colleagues doubt that Fazeli-Nashali can overcome the rival-
ries and xenophobia. "I don't think his position is all that solid,” says a
Weslern archaeologist with long ties to Iran. "But | hope he sticks around.”

Below are excerpts from a conversation with Fazeli-Nashali,  -A.L.

Visionary. Hassan Fazeli-Nashali wants outsiders to help
overhaul Iran’s troubled archaeological community,

On his new position:

This job is hard for everybody. | plan to stay
3 years only. But | worry that international work
will dry up when | leave.

On the dam crisis:

There are more than 100 [dams] under con-
struction, and huge archaeological sites are
going underwater. At just one site—in
Pasagardae—we had 10 teams working for
15 seasons over 3 years until the water began
to rise 3 months ago. So we face a big prob-
lem. My government will ask [foreign] archae-
ologists who want to come to Iran to pay lor
their international flight while we cover labor,
subsistence, and transport costs.

F ™

On domestic excavations:

We need to open the gates for a new generation and reorient our
research away from museum collecting and toward understanding social
and economic transformation. The big problems in Iran are publishing
scientific papers and excavating sites in a timely manner. We are paying
lots of money for excavations, but we are not producing the publications
to justify that money.

On international cooperation:

My main objective is to forge a link between Iranian and foreign universi-
ties. At the University of Tehran, we began a Tehran plain project in 2003
with cooperation among Leicester, Bradford, and Durham universities. We
also have a project to examine the process of urbanization in the Zagros
Mountains, which involves the universities of Reading, London, Tehran,
and Hamadan. These kinds of projects help address the asymmetry
between foreign and Iranian teams.

On politics:

Our country stands to benefit from cooperation, so | want to encourage
people Lo come to Iran. Archaeology has been used Irequenlly for other
agendas—think of Mussolini or Hitler. And this is not the age for archae-
ology o be political.

agreements with diplomatic marriages,

Unlike the ltalian Renaissance. the tech-
nology and ideas engendered by these Middle
Aslan societies ulumately did not bear fruit,
From Mesopotamia to the Indus, people aban-
doned cities. long-distance trade ground to a
halt, and civilization wilted. The lranian
plateau was particularly hard hit: Virtually no
2nd millennium B.C.E. settlements have been
found there,

The crisis seems to have swept from west o
cast. By 1800 B.C.E.. even the Indus metropo-
lises emptied. Most archacologists believe that
a drastic climatic shift—there is evidence of
prolonged drought in many areas—fueled the
collapse, although experts differ over the roles
of disrupted trade or social instability in the
spreading calamity. Whereas cities revived in
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wiestern Iran and Mesopotamia 1000 vears
later, sites such as Jirofi, Shahdad Gonur, and
Shahr-i Sokhta never recovered,

Although their influence waned, Middle
Asxia’s long-lost settlements are now forc-
ing many archaeologists to ditch the vener-
able Mesopotamia-centric approach,
which Lamberg-Karlovsky declares
“utterly demolished.”

Mot everyone is ready o jump aboard that
bandwagon. however. until more evidence
emenges about how the Middle Asian cultures
interacted. “You clearly have muluple centers,”
says archacologist McGuire Gibson of the Uni-
versity of Chicago in [llinois, who has dug in
Irag. “But Mesopotamia is still the dynamo,”
Philip Kohl. an archacologist at Wellesley Col-
lege in Massachusens, says he is “skeptical of

the novelty™ behind the Middle Asian discus-
siom. pointing out that most of the finds—with
the exception of Jiroft—are not new. And some
key players—such as Jean-Frangois Jarrige,
director of the Guimet Museum in Paris—
missed the Ravenna meeting.

But backed by estblished scholars such as
Tosi, Lamberg-Karlovsky. and Cleuziou, a
new generation is staking its academic future
on understanding Middle Asian cultures. The
ancient mud-brick cities may never draw the
crowds that today clog Florence or Venice.
But scholars predict that a Middle Asian
Renaissance will sweep archacology, “Watch.”
Winkelmann says. “We can expect an ava-

lanche of new research o change our view of

mankind’s first attempt at civilizanon.”
-ANDREW LAWLER
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MARINE SCIENCE

Ocean Observing Network Wades
Into Swirling U.S. Fiscal Waters

A fledgling integrated monitoring system holds promise for scientists, the fishing
industry, and the public—if funding can be sustained

The LLS. ocean science community has long
wished it had the resources to monitor the seas
as thoroughly as the National Weather Service
scans the skies. Last week its ship came in:
The Natuonal Oceanic and Atmospheric
Admimstration ( NOA A ) announced the first
portion o' 521.5 million in competitive grants
to lay the groundwork for an Integrated Ocean
Observing System (1008). But expanding the
current network of buoys, radar stations, satel-
lites. and gliders is only part of the challenge.
For the system to succeed, scientists must also
navigate treacherous budgetary
waters in Washington, D.C.. and
learn to work with other sectors
that rely upon ocean data.

Federal officials and scientists
envision [00OS as a multiagency,
well-connected effort to improve
climate predictions, develop bet-
ter navigational tools, and
strengthen the monitoring of
marine plants and animals. The
current patchwork of instruments
runs the gamut from coastal
gauges that measure water tem-
perature. currents, and salinity o
midocean Hoats that provide hints
of an emerging El Nifo. But those instru-
ments operate on varying scales, use different
standards, and lack a central unifying plan,
gecording to the ULS. Commission on Ocean
Policy, which in 2004 called for an annual
LS. ocean-observing budget of $300 million
by 201 . The projects also rely on the largess
of individual legislators, who each year have
tucked earmarks for these projects into
spending measures.,

In order to realize their expansive vision,
ocean scientists know that they must end their
addiction to special fundimg and become part
of an ongoing national initiative. “Moving
away from earmarks is something we have to
do to mature.” says physical oceanographer
Eric Terrill of the Seripps Institution of
Oceanography at the University of Califor-
nia, San Diego. The so-called pork was
needed. say marine researchers, because the
projects lacked a home within NOA A% exir-
mural program and because the National
Science Foundation has traditionally focused

on marine research rather than monitoring.
The 2006 NOAA budget, for example.
included 10 separate ocean-observing proj-
ects funded by carmarks totaling 824 million,
including nutrient and weather monitoring in
Long Island Sound and buovs that help mon-
itor bacterial levels from sewage off southern
California beaches.

In the past, researchers ignored pleas not to
lobby for their projects. But this year, the
Washington, D.C.~based Consortium for
Oceanographic Research and Education

1 Powerful force. 1005 would
offer better information on storm
surges and other marine events.

{(CORE) prevailed on its members to abstain
from requesting earmarks in the 2008 spend-
ing bills currently before the House and the
Senate. “That was not an easy thing for people
to do.” says CORE’s Kevin Wheeler. The
change was made casier when the new Demo-
cratic majorty in Congress decided to strip
carmarks from NOAA'S 2007 spending bill
but not remove the money from the agency’s
budget. The funds allowed NOAA to run a
competitive 100S grants program this year
that attracted 42 proposals. This vear, for the

first time. the agency endorsed the idea of

competitive awards by asking Congress to
fund an extramural [OOS program.

Some withdrawal symptoms have kicked
in, however. One. say researchers. is finding
the right balance between new observations
and maintaining existing facilities, A joint
letter by a federation of ocean-observing
groups complained that NOAAS competi-
tion put too much emphasis on “demonstra-
tion projects.” Among last week's winners,
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networks in Adaska, southern California, and
Maine each got only one-third of the roughly
52 million theyd come to expect from ear-
marks, and Terrill says he may need to pull
two buoys that have helped monitor the rela-
tion between climate and biological life off
the coasts of Santa Barbara and San Diego.
NOAA has already said it will tweak next
years competition to focus on “sustainment.”

Getting the disparate ocean watchers to
cooperate 1s another problem. Scientists,
marine officials, and seafaring industries
have organized into 11 regional associations
along the LS. coasts in an attempt to coordi-
nate their research and observational needs,
A group monitoring the Gulf of Mexico has
managed to do that, says its leader, physical
oceanographer Worth Nowlin of Texas
A&M University in College Station, but it
was a struggle. He says that some of the oil
companies that fund monitoring systems
agreed to share their data only after “inter-
vention™ by the U.S, Minerals
Management Service, a pariner
in 1005,

A third challenge is 1o sustain
orowth in the relatively modest
ocean-sensing budget during a
budget eyele that promises to be
extremely contentious. “The
[NOAA] competition was good,
but the agency didn’t have enough
money,” says Representative
Thomas Allen (D-ME), who has
introduced a bill, without a price
tag. that would authorize a “coor-
dinated. comprehensive™ 1005,
A similar Senate bill puts the fig-
ure at 5150 million annually through 2012,

The fight over NOAA'S 2008 budger. for
the fiscal vear beginning 1 October, reflects
that pressure. Citing concerns about the size
of the overall budget. the White House has
threatened o veto both Senate and House ver-
sions of the spending bills, which would give
1008 S350 million and S 14 million. respec-
tvely. The latter amount matches NOA A
request for the program.

But supporters remain optimistic. They
believe the network’s ability to build last-
ing ties between scientists and the govern-
ment is well worth the modest investment.
As an example. NOAA'S Jonathan Phinney
lauds the “equal partnership™ between fed-
eral fishery managers and academic
oceanographers in an [00S-funded study
of how sardines might be alfected by
Pacific currents altered by climate change.
“That's the only way we're going o move
forward.” says Phinney.

=ELI KINTISCH
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FPROFILE: PILAI POONSWAD

Subduing Poachers, Ducking
Insurgents to Save a Splendid Bird

Biologist Pilai Poonswad has earned praise for reaching out to southern Thailand’s
alienated Islamic communities in an effort to observe and preserve hornbills

NARATHIWAT, THAILAND—Two soldiers in
dark-green fangues and camoutlage flak jack-
ets creep through the grass in a highway
median. searching for bombs. Tensions are
high this moming in Narathiwat, one of three
restive provinces in southern Thailand beset
by an Islamic insurgency. The day before, a
district official and an army colonel were
Killed by a roadside bomb, **1 do not feel safe,”
confesses Pilai Poonswad, after passing the
third such army patrol. The soldiers are prime
targets; merely being in their vicinity entails
risk, she says.

The relief is palpable as the silver pickup
truck emblazoned with the Thailand Hornbill
Project logo turns off on a dirt road and pulls
into avillage. Pilai, Southeast Asia’s foremost
authority on hornbills—the “canaries in the
coal mine” of tropical rin forests—joins a
few colleagues and a dozen men sitting cross-
legged in a circle in a gazebo, The powwow
begins, as the men chime in with reports on
the hornbills and nests they are tracking, In
Thailand, nearly half of all hornbill habitat
has been logged out or converted to planta-
tions. and this forested swath of the Kra
Isthmus is one of the few areas left with
adequate intact forest to support healthy
populations, Data from farther south in the
province, near the Malaysian border, are sec-
ondhand: Pilai urged spotters from that area
not to venture out on dangerous roads.

The bird watchers have mixed news. Hel-
meted hormbills (Bweeros vigil), which are
choosier than other species about nesting sites,
are clearly on the ropes, and white-crowned
hombills (Berenicornis comatis) are vanish-
ing. But four others—the great hornbill
( Buceros bicornis), the rhinoceros hornbill
{ Buceros rhinoceros), the wreathed hornbill
(Rinvricers wndwlatis), and the bushy-crested
hombill (Anorrdinus galeritisy—are rebound-
ing. “We're seeing a steady increase in fledg-
lings from year to vear,” Pilai savs. In Budo-
Sungai Padi National Park, some 40 breeding
pairs of the six species are visited twice weekly
by the villagers. most of whom once poached
chicks for the illicit wildlife trade or engaged
in illegal logging. These days. their subsistence
incomes are increased by the hornbill project,
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which pays them to observe the birds,

The Thailand Hombill Project., conceved
and led by Pilai, 61, is halled as a smashing
suceess both for its efforts to preserve horn-
bills and for reaching out o Islumic communi=
ties in this predominantly Buddhist nation.
And it has earned Pilai international acelaim,
culminating in two major accolades in the past
year: a Chevron Conservation Award and a
Rolex Award for Enterprise.

“Pilai is an icon for indigenous Asian sci-

Looking up. Rhinoceros homnbill numbers are on
the rise.

ence,” says Alan Kemp, a hombill expert at the
Percy FitzPatrick Institute of Adrican Ormithol-
ogy in Cape Town. South Africa. Timothy
Laman, an ornithologist at Harvard Univer-
sity, told Rolex: 1 have never met an individ=
ual who has had so much impact on conserva-
tion in their country.”

Despite Pilai’s efforts, however, the plight
of hornbills in Thailand, home to 13 of Asias
31 species, 1s more precarious than ever. Over
the past vear, the insurgency has grown in
terocity. Pilar, who spends most of her time in
Bangkok, frets whenever she hears about vio-
lence in Narathiwat. 745 kilometers to the

south. She fears for the satety of her local staff

and the village birders. without whom the
project would unravel, And the hornbills
themselves are under nsing pressure fromille-
gal logging, “That’s the biggest threat,” says

Pilai. Because felling trees is lucrative and eas-
ter than poaching. it’s hard to persuade loggers
to desist for hornbills’ sake. *1 wld my team
not to confront loggers.” says Pilw. “Certain
people | can convince. but not others.”

Winning southern hearts

From the beginning of her university studies,
Pilai intended o be a science teacher. She
dabbled in nuclear physics before settling
down in parasitology, which she still teaches
at Mablidol University in Bangkok. She might
never have studied hornballs if it weren™ for a
BBC filmmaker who hired her as an adviser
and guide in Khao Yai Nauonal Park in cen-
tral Thailand in 1978, Pilai knew the terrain
well and volunteered to take him to where
she'd seen hornbill Nocks. But it was the start
of breeding season, and she did not realize
that the hornbills had dispersed into mating
pairs. “1 failed the first time out.” Pilai says.
But she persisted and tracked a foraging great
hornbill male o its nest.

Kemp, for one, appreciates the rigors of

fieldwork in Southeast Asia. In 1974, when he
wis setting oft for 5 months of research in
Borneo and India, the late Elliot McClure, a
renowned ornithologist, contessed o Kemp
how difficult it was w locate hornbill nests in
the region—"let alone make any meaningful
observations.” Kemp. who by then had
recorded nearly 200 nests in South Africa’s
Kruger National Park, managed o find a single
nest in Borneo’s rain forests. “Fast-forward to
Thailand in 1991, my first meeting with Pila.”
sitys Kemp, an honorary curator at Transvaal

Museum in Pretona. “She showed me some of

her 70 nests in Khao Yai, and hundreds of hours
of field data for both breeding and nonbreeding
hornbills.” In Kemp's view, Pila proved that
with “determination and forest skills, it is pos-
sible to obain sullicient observations and nest-
ing records of hornbills to do good science.”
The more Pilai learned about hornbills, the
more entranced she became. (Pilai admits she
has an obsessive personality, and one obses-
sion s food: She bemoans the shrmking Tha
palate and pines for the wider variety of fruits
and delicacies available in her vouth.) Hom-
bills are known for their sometimes brilliantly
colored casques—protrusions above the beak
that may help dissipate excess body heat
and wingspans reaching nearly 2 meters.
Hornbill myths abound. Borneo's Iban people,
for example, believe that the birds transport
the souls ol dead people to God. Males are
fiercely protective of females and pairs are
believed to bond for life, although this

remains unconfirmed due to the paucity of
long-term observations. “We'd like to see if

this is true,” Pilai sayvs, During mating, the
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female walls herself into a wee cavity using
her feces, mud and regurgitated food. leaving
the male to forage and otherwise dote untl a
chick (or chicks, depending on the species)
fMedges a few months later.

In the early 19905, feaning that Thai vil-

lagers would strip the forests ol anything of

value, especially in the impoverished south,
Pilai decided that remaining a dispassionate
scientist was not enough. 1 could not sleep.
I felt it 1 did nothing. the hornbills would be
lost.” She mulled the problem in her office
in Bangkok. and 1n 1994, came to an
epiphany: She had to join forces with south-
ern communities, I knew we had to express
our goodwill, some way”

At the first village Pilai visited. her pro-
posal to pay people to observe hornbills was
greeted with skepticism. Exasperated. she
lashed out. 1 smd “Your children will curse
you for destroying the forests.” ™ After an
awkward silence. she recalls, an assistant vil-
lage chief responded: “There are tumes 1'd
like to curse my own parents for what they did
to the forest.” But Pilai sull had wo convince
Muslim villagers to work with a Buddhist
from Bangkok. “1 asked them, "Have youever
seen me or my team take anything but data
sheets from here? I yvou do not want this proj-
ect. [ can easily work somewhere else!” ™
Since then, Pilai has enlisted bird watchers in
L1 Islamie villages. Many are sponsored by
Thai families that she has persuaded to
“adopt”™ hornbill nests,

Not for the faint-hearted
Trekking into the backcountry of Budo-Sungai
Padi National Park, dotted with bauhinia stands
ablaze with copper-colored leaves, Pilai pauses
to pick up what seems to be an ordinary stick.
She snaps it and fragrant cinnamon walts up. A
few minutes later, she grabs what looks like a
green mango. “1 love picking up fruit to have a
close look.” she savs, before dropping it sud-
denly. She bends down and points to patches of
dark goo on the skin, The fruit is a nasty cousin
of mango with toxic resin. one of the few hae-
ards in the park, the prime one being snakes.
Atter an hour’s hike. Pilai, accompanied by
her local project manager and a village birder,
reach a blind that had been fashioned from
branches and palm leaves for observing a nest
of a great hornbill—the largest species, with a
wingspan that reaches nearly 2 meters—in a
Hopea tree 100 or so meters away. The blind is
a charred ruin. Pilai can only speculate who
might have torched it insurgents who are
rumored to maintain forest hideouts, an army
patrol that mistook the blind for an insurgent
shelter. or teenage arsonists. No matter who is
the culprit, the destruction is a troubling sign.

NEWSFOCUS

Taking off. After attaching a wing tag, Pilai Poonswad prepares to release a great hornbill, one species that's
making a comeback in Thailand.

Fortunately, the hornbill pair is doing fine.
The chick has already hatched and the parents,
at First unsettled by the presence of humans,
calm down amid the drone of cicadas and fly
ol in search of food.

Pilai heads back to camp and the two men,
Science reporter in tow, press deeper into the
forest to check on an anificial nest adopted by

a great hornbill pair. The nest 1s a couple of

kilometers away across hilly terrain; great
hornbills like to spread out. By late morning.
the humid air 1s stifling and our shirts are
drenched in sweat,

As we pause to rest in a glade. we're
ambushed by the nastiest, most bloodthirsty
creature in the forest. It is half the length of a
pinkie and has no arms or legs, but the
dreaded land leech attacks with astonishing
speed. Leeches cartwheel onto our shoes
and bound toward our ankles, seeking flesh,
One had latched on earlier and was feasting
through my sock. I yank it off, and the
bloodstain widens.

After vanquishing the marauders. we
approach the aruficial nest, strapped 1o a iree
about 20 meters up. Pilai’s team began erect-
ing the fiberzlass boxes in the park 2 years ago
as anoption for hornbills that fail to find a suit-
able home. *The forest i1s very fragmented at
present, and suitable cavities are now the lim-
iting factor for hornbill populations.” Pilai
says. Two pairs of great hornbills set up house
this vear in artificial nests. The species 1s more
adaptable than other species and is even
known to nest in hmestone crevices.

A month ago, the mother had broken outof

this nest, and the chick had resealed it: the
researchers were expecting it to fledge any
day. We find that it has already done so. Debris
from the nest wall after the chick wriggled
through the gap to the outside lies splattered
on the ground around the tree,

Back at park headquarters that evening,
Pilai’s team welcomes several dozen school-
children, nearly all Muslim, for a 3-day hom-
bill camp. Project members give introductory
slide shows about the birds, and the young-
sters. most aged between 9 and 12, reciprocate
with songs and skits, The next morning they
will tromp into the forest to observe the nest
near the burned blind, The walls of three local
schools are adorned with hornbill scenes
painted by the children. Pilai believes these
kids will care about hombills all their lives.

What Pilai takes the greatest pride in, she
says. 15 that “the former poachers never go
back to poaching.” These days. anvone who
dares to do so sufters the wrath of the com-
munity. Recently, a man from another village
tried to snatch a hornbill chick but was
attacked viciously by the baby's father. Little
did he know that he was tangling with a hel-
meted hornbill, a species known for its
aggressive aerial jousts. Wounds from the
hornbill’s beak required 10 stitches—"and
the villagers cursed him.” Pilai says. “If only
they would curse illegal loggers, too.”
There’s nothing she can do if someone were
to skulk into the forest and cut down a nest-
ing tree. Even Pilai’s obsession for hornbills
cannot save the magnificent birds—if there's
no place left w nest, =RICHARD STONE
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ASTRONOMY

Where Are the Invisible Galaxies?

Cosmology predicts an abundance of small galaxies made entirely of dark matter, but

astronomers haven't found any yet

CARDIFF, UNITED KINGDOM—Whaorls of nnu-
merable stars, galaxies shine across the
boundless darkness, their ancient light record-
ing the nawre and history of the universe. So
entwined are the notions of star. light, and
oalaxy that one might expect astronomers and
astrophysicists to smicker at the seemingly

absurd 1dea of a dark galaxy, one devoid of

light and stars. But many say that such things
must abound. and 92 researchers gathered
here recently to hash out both how to detect
them and whether the fact that they haven’t
seen any poses a serious challenge to some
fundamental theories.”

The questions have been foisted upon
astronomers by cosmologists and their under-
standing of how the universe blossomed from
the bigz bang, According to the increasingly
refined theory, 85% of the matter in the uni-
verse is not the ordinary matter that makes up
stars and galaxies, planets and people. Rather,
it1s elusive dark matter that so far has revealed
itself only through its gravity. As the infant
universe grew, the dark matter condensed into
enormous filaments and clumps, or “halos.”
These weighty objects pulled in hydrogen gas,
which formed stars and galaxies.

But there's a catch: Simulations show
that dark matter should have tormed mynad

* International Astronomical Union Symposium 244:
Dark Galaxies and Lost Baryons, 25—29 June.
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clumps between 1/1000 and 1/1,000,000 as
massive as the Milky Way galaxy. At first
blush, these small halos should have accu-
mulated gas and lit up as small “dwarf
galaxies,” thousands of which should whiz
around the Milky Way. So far, astronomers
have spotted only a few dozen nearby
although they're finding more. Various fac-
tors may have kept the small halos dark. But
then space ought to teem with tiny dark
galaxies, and astronomers have vet to find
any. "If they don’t exist, then it's an enor-
mous problem for astrophysics,” savs
Jonathan Davies, an astronomer at Cardift
University inthe UK,

But other astronomers say the so-called
missing satellites problem is an artifact of
the simulations, which do not account for
how individual galaxies form. Instead. the
simulations track the evolution of dark mat-
ter alone and then “paint™ the galaxies onto
filaments and clumps, It could simply be
that the assumptions that go into the [com-
puter]| code are wrong. and that if you do
dark-matter-only simulations yvou get the
wrong answers,” savs Albert Bosma of the
Marseille Observatory in France.

Complicating matters, researchers do not
agree on precisely what a dark galaxy 1s.
Polite disagreement escalates o acrimony
when discussion turns to the question of
whether one group has actually spotted one,

Dark galaxies galore
Dark matter was dreami
up 70 years ago. In 1933,
Fritz Zwicky, an astro-
nomer at the California
Institute of Technology
in Pasadena, noted that
some galaxies in the
Coma cluster were moving
so Tast that the gravity of the
others could not rein them in.
Some unseen dark matter, he sur-
mised, must provide the extra gravity
that holds the cluster together. Then in the
19605 and 19705, others found that stars whiz
around the edgees of galaxies so fast that the
gravitational pull of dark matter seems to be

preventing each galaxy from fying apart.
Recent observations have established dark
matter as a cornerstone ol cosmology, too,
NASA's orbiting Wilkinson Microwave
Anisotropy Probe (WMAP) has mapped in
exquisite detail the afterzlow of the big bang,
the cosmic microwave background radiation.
TE'IIL' tem pe rature Ufl [I'IL‘ MICHMAIVES VATICS
slightly across the sky, and the pattern reveals
much about how the universe evolved. In 2003,
WMAP researchers found they could account
for the pattern if the universe contains precisely
4% ordinary matter, 23% dark matter, and
7 3% mysterious space-stretching dark energy.
But even before then, theonsts knew dark
matter caused problems on smaller scales.
The stuffacts like a weighty, frictionless fluid,
which is casy o model. Since the 19905, sim-
ulations have shown that it should form a
multitude of small clumps. “The simulations
predict that there should be thousands of dark
galaxies in the halo of the Milky Way.” says
Carlos Frenk. a cosmologist at Durham Uni-
versity in the UK. and a co-author of the

state-of-the-art Milleanium Simulation, “1f
they are not there, then the fundamentals of

cold dark matter are wrong,”

Discounting that possibility, theonsts have
tricd to explain why small dark-matter halos
nmught not evolve into visible galaxies, Ultra-
violet light from the first stars should have
ionized and heated the hydrogen in small
clumps, preventing it from condensing into
stars. Alternatively, small halos may have
formed massive stars that quickly blew up in
supernova explosions, blasting the remaining
hvdrogen into space and leaving the clumps
barren. Together. the mechanisms resolve the
discrepancy between the number of predicted
and observed dwarl galaxies, Frenk says.

That explanation stnikes some as a Just-so
story, Erwin de Blok of the University of Cape
Town, South Africa, distrusts the simulations
that predict large numbers of small halos,
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Using the Very Large Array of radio telescopes
in New Mexico, he and colleagues measured
the speeds of stars in 35 galaxies and found that
the simulations do not precisely reproduce the
velocity distributions—the very things that
dark matter was ongmmally supposed to explan,
That discrepancy suggests dark-matter-only
simulations are reliable only on scales larger
than galaxies, de Blok says. “Once you go o
small scales, then you have to take into account
the physics™ of ordinary matter, he says.

Spotting the invisible

Ultimately, observations will reveal whether
dark galaxies abound. Much effort has
focused on radio astronomy, Dark halos might
collect some atomic hyvdrogen, which emits
radio waves ol a distinct wavelength, 21 cen-
tmeters. So a dark galaxy should appear as a
starless source of such hydrogen-one,
or HI, radiation. Astronomers have
used the 6d-meter dish at the Parkes
Observatory in Australia to search for
HI sources in the HI Parkes All-Sky
Survey (HIPASS). They spotted 43135,
and simulations suggested that 86 of
them should be dark galaxies.

But all but a couple of the sources
are associated with galaxies, the team
reported 2 vears ago. “That’s a very big
surprise,” says Michael Disney of
Cardiff University, who worked on
HIPASS. However. dark and ordinary
galaxies might often line up in the sky
by chance. “That leaves room for dark
galaxies even though 1t appears that
there aren’t any.” Disney says. More
sensitive survevs called ALFALFA
and AGES are under way at the
Arecibo Observatory in Puerto Rico,

Others hope to track down dark
galaxies by their gravity. Gravity from
one galaxy can bend the Light of another behind
it so that the farther galaxy appears as a ring
around the nearer one, an effect known as
strong lensing. The details of the ring depend
on the distribution of matter in the nearer
galaxy and might reveal small dark galaxies
arbinng it, savs Leon Koopmans of the Univer-
sity of Groningen in the Netherlands. Since
2003, he and colleagues have spotted more than
three dozen rings in data from the Sloan Digital
Sky Survey, which uses a 2.5-meter telescope
at Apache Point, New Mexico. and from the
Hubble Space Telescope. They hope to finish
the analysis within 2 years.

Some researchers aim to spot dark galax-
1es crashing into ordinary ones. Galaxies col-
lide and tear one another in so-called tidal
mteractions, and about 8% of galaxies exhibit
such damage, 11 dark galaxies are as common

wWew.sClencemagq.org

as ordinary ones, then the same fraction of

seemingly 1solated galaxies should have col-
lided with invisible dark palaxies. reasons
lgor Karachentsev of the Special Astrophysi-

cal Observatory of the Russian Academy of

Sciences in the Republic of Karachay-
Cherkessia. But analyzing about 1500 150-
lated galaxies from three catalogs, he found
that only nine, or 0.6%, showed signs of a col-
lision, suggesting that dark galaxies are rare,

Even as astronomers hunt for dark galax-
1es, they disagree about exactly what theyre
looking for. Some. such as Cardift™s Davies,
say that a dark galaxy is anything dark with the
mass of a galaxy, Others say that catholic detf-
inition could include simple clouds of ordi-
nary gas. Edward Taylor of Leiden University
in the Netherlands says a dark galaxy is an
ancient dark halo that collected hyvdrogen but

Object of contention. VIRGOHI 21 shines only in radio
shown in red contours. It could be a dark gal
ripped from galaxy NGC 42

NGC 4262

VIRGOHI 21

NGC 4254

never tormed stars, That more specific detimi-
tion appeals to many, but it may not be very
helpful, either. Even Taylor says he’s “funda-
mentally convinced that such objects do not
exist.” His theoretical work shows that any
dark halo massive enough to collect hydrogen
will eventually produce stars. too.

The murky case of VIRGOHI 21

The debate over the definition of a dark
galaxy pales in comparison to the dispute over
whether one has been spotted. In 2001,
Davies, Disney. and colleagues used the
Jodrell Bank radio telescope in Macclesfield
LLK.. to detectan HI source that shone no vis-
ihle light in the Virgo cluster about 50 mallion
light=years away. They dubbed it VIRGOHI 21,
and in 20035, they argued that its spectrum
suggesis it 1s a roting dark galaxy that has
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snatched hydrogen from a nearby galaxy
called NGC 4254, Images taken more recently
with the Westerbork Synthesis Radio Tele-
scope near Hooghalen, the Netherlands, bol-
ster their claim, they say.

But others doubt that interpretation. and
only recently has a paper laying it out been
accepted for publication in The Astrophvsical
Jenirnal. Researchers working with the massive
J05-meter racho dish at Arecibo have studhed
VIRGOHI 21 and believe it is part of a much
longer stream of matenal npped out of NG(
4254 by an ordinary galaxy passing at high
speed. “What vou're looking at is most likely
the result of a tidal encounter.” says Riccardo
Giovanelli of Cornell University. Pierre-Alain
Duc of the French Atomi¢ Energy Commission
in Saclay has used a computer to show he can
model the collision,

Davies savs he claims only that
VIRGOHI 21 conld be a dark galaxy.
Disney goes further. *1f you try to
model it as tidal debnis, you can’t” he
says. “When vou look at the simula-
tons in detail. they do not work.” Such
pronouncements elicit grumbles.
“This 15 not true and 1ts not Fae” sivs
Brent Tully. an astronomer at the Uni-
versity of Hawaii, Manoa. “There are
referees [for the paper] in this room
[ was a referee—and ["'m sorny, but you

didn’t convinee me.”
Regardless of whether VIRGOHI 21
15 a dark galaxy. closer to home the
missing satellites problem appears
shightly less alarming thanit did a few
VEArs Ao, Asironomers k'L'CI" spotting
new dwarf galaxies on the periphery
of the Milky Way. narrowing the gap
between the number predicted and the
number observed. The Sloan survey,
which covers a lifth of the sky, has
wentified 51, reports Eva Grebel of the Uni-
versity of Heidelberg in Germany, Using
Sloan data and the Keck 11 telescope in
Mauna Kea, Hawaii, Marla Geha of the
Herzberg Institute of Astrophysics in
Victoria, Canada. and a colleague found
erght more. “Adding these i, the problem 1s
at least eased.” Geha says.

Eased but not solved. “More and more of
these objects will be found.” Grebel predicts,
but *probably not enough to solve the missing
satellites problem.” She estimates that
astronomers still see only 1/5 as many small
palaxies as the dark-matter simulations predict.

That suggests there are lots of truly dark
galaxies out there. Astronomers will surely
continue to look for them. After all, a dark
calaxy would shine new light on the universe
and glory upon s discoverer, —ADRIAN CHO
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Genetics and The Sopranos

THE SOPRANOS, THE WIDELY VIEWED HBO TELEVISION SERIES POR-
traying contemporary Mafia life in New Jersey, recently aired its final
episode. Future critics of popular culure who look back on The
Sopranes years from now may especially appreciate its relatively
sophisticated treatment of genetic themes,

By my count, the 86 episodes aired since 199 include 20 explicit
dialogs about genetics. These range from the comical {*Two beautiful
kids—you must be proud... yeah, veah—how about that huh?. ..
Even with our genes.”) to dinnertime conversation about the number
of nueleotides in a chromosome, to the forensic (“cut him up in the
work area”. .. no more of that: DNA.") and the dramatic ("My God
there's nothing holding us together but DNA!™).

The most in-depth discussions about heredity occur between the
lead character Tony Soprano and his psychiatrist concerning the
genetic basis of panic attacks in Tonys family when he discovers that
his father suffered from them and that his son does, wo (“"He has that
putnd, rotten |expletive] Soprano gene!™).

Most people derive their knowledge of genetics from popular
culture (). The Soprancos, theretore, may have already shaped the
genetic literacy of millions of viewers. Central questions about the

relatve roles of heredity
and environment in human
behavior can be examined
through the attention paid
in this series o “family™
themes and discussion of
familial traits that include
depression, panic anacks,
and attention deficit disor-
der. as well as discussions
about suicide, criminality,
sexual preference, substance
abuse. and reproductive
cloning. As The Sopranos
takes 1ts place in the history of American popular culture. its use of
genetic dialogs may, in the long run, be recognized as one of'its most
revealing msights,

The nuclear Soprano family... celebrating
an interesting genetic heritage?

BERNARD P, POSSIDENTE ]R.
Biology Depanment, Skidmore College, Saratoga Springs, NY 12866, USA
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A Less Pessimistic View of
U.S. Science Funding

REGARDING J. M. GENTILE'S LETTER "KEEPING
the ULS. a world leader in science™ (13 July,
p. 194), readers would do well to examine my
entire address 1o the AAAS Science Policy
Forum (available at www.ostp.gov),

In my talk, | expressed alarm that the
nation’s research capacity in some helds 1s
outpacing trends in federal research support
that have persisted over Four decades. Itis sim-
ply not the case that “the United States has
begun to stumble as a world leader in science
and technology™ or that researchers have been
“left high and dry by flat federal funding.” We
continue to outspend and outpertorm all other
major economies in research, and R&D fund-
ing has grown by 56% ( from 591 billion o
5143 billion) since 2000 (/). | cerminly agree
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with Gentile that the capacity exists to do
more. and that is the point. In contrast to the
Federal discretionary budget, whose limits are
increasingly constrained by mandated pro-
grms, private-sector investments in research
and development tend o grow with the
economy. They currently exceed federal R&D
by a factor of more than two (2). Research uni-
versities and other institutions are already
forming innovative parinerships with state
and private-sector entities to augment federal
research funding. and this will certainly
continue. This is a healthy trend that should
be encouraged.

JOHN H. MARBURGER Il

Director, Office of Science and Technology Policy, Executive
Office of the President, 725 17th Street, NW, Washington,
DC 20502, USA,
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Evolution and Group
Selection

| WORRY THAT SOME PSYCHOLOGISTS, UNFA-
muliar with evolutionary biology, will be mis-
led by ). Haidts account of “The new synthe-
sis in moral psychology™ (Reviews, 18 May,
p. 998). Haidt claims that whereas “*[hjuman
group selection was essentially declared off-
limits in 1966, it is now accepted that
“sroups that develop norms, practices, and
mstitutions that eheit more group-beneticial
behavior can grow, attract new members, and
replace less cooperative groups”™ (p. 1001 ).
Although it is certainly true that such things
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“can’ happen. Haidt fails to mention that the
overwhelming conviction among evolution-
ary theorists remains that they are most
unlikely, since the selection differential be-
tween groups would have o exceed the cost
differential experienced by self-sacnificial
individuals within groups,

By a rhetorical sleight of hand after
describing D. 5. Wilsons group-selection
hypothesis for the evolution of religion, Haidt
then announces—as though it were Fact—that
“group selection greatly increased coopera-
tion within the group™ (p. 1001). This is pure
speculation, not fact, and highly controversial,
contrarian speculation at that.

In another case of substituting opimon for
reality, Haidt proposes his “Principle 4.7

arguing for the biological legitimacy of

“patriotism, respect for tradition, and a sense
of sacredness™ (p. 1001). Perhaps, in the
future, these supposed components of morality
will be found to have genuine evolutionary
underpinnings. but for now they seem closer
to a political platform plank for the religious
right; psychologists interested in achieving a
new synthesis by applying evolutionary bio-
logy to human morahity should bear in mind
that just because these notions appeared in
a Seience Review does not make them gen-
uine science.

DAVID P. BARASH

Department of Psychology, University of Washington,
Seattle, WA 95195, USA.

Response

BARASH IS CORRECT THAT A SURVEY OF ALL
evolutionary theorists would show a great
deal of skepticism about group selection.
That consensus, however, was forged n the
19605 and 19705 on the basis of some sim-
plifving assumptions, most notably that phe-
notypes are determined solely by genotypes
and that culture can be ignored. Models
incorporating these assumptions showed
that selection pressures operating at the indi-
vidual level were almost always stronger
than selection pressures operating at the
group level, leading to the conclusion that
genes for apparently altruistic traits can only
spread if those genes are in fact “selfish™ (/)
via one of the two mechamsms of kin selec-
tion or reciprocal altruism,

www.sciencemag.org

But evolutionary models have become
more realistic in recent years. Phenotypes
{e.g., cooperator or defector) can now be
maodeled as joint products of genes, cultural
learning, and culturally altered pavofT matri-
ces. When culture 1s included. the old con-
sensus must be reexamined. The ume frame
shrinks from millennia to vears {or less) as
groups find culwrally innovative ways to
police themselves, o imcrease therr pheno-

tvpic homogeneity, to lower the costs of
prosocial action, and to increase the size of

the pie they then share. Just look at eBay: Its
genius was to make the prosocial behaviors
of gossip and punishment nearly cosiless
through its feedback systems. The e¢Bay
community 15 an emergent group that wiped
out many other auction-related groups. with-
out malice or genetic change. [Fwe limit our
survey of evolutionary theorists to those who
study humans as cultural creatures and who

allow for the bidirectional interplay of

genetic and cultural evolution, we find the
opposite of Barash’s view: Most such theo-
rists belteve that cultural group selection has
occurred and is occurring, and that such
selection might well have shaped human
renes whenever culturally altered selection
pressures remained constant locally over
many centuries, In writing my Review, [
ignored the old consensus and drew instead
on the new and exciting work of leading the-
orists such as Richerson and Bovd (2),
Boehm (3), Fehr (4), Henrich (5), Maynard
Smith (6), and Wilson (7), all of whom
believe that nawral selection works at mulu-
ple levels, including the group level.

As for Barash’s final point about conser-
vative morality, 1 do not believe that descrip-

Letters to the Editor
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tive biology confers normative legitimacy. In
my Eeview, | identified some areas of moral
life that are highly elaborated in most cul-
tures, but that are dishiked by polincal iberals
and dismissed by moral psychologists. [ sug-
gested that evolution may have shaped our
intuitions about in-groups, authority. and
purity, just as it shaped our inwitions about
harm and fairness. I Barash believes that this
suggestion is irresponsible because it may
strengthen the religious right, then he has
demonstrated the danger of moralism in sci-
ence and has inadvertently illustrated all four
of the principles that [ proposed as compris-
ing the new synthesis in moral psychology.
JONATHAN HAIDT

Department of Psychology, University of Wirginia,
Charlottesville, VA 22904, LISA.
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IF‘UA-

CORRECTIONS AND CLARIFICATIONS

Reports: "Direct evidence for a parietal-frontal pathway
subserving spatial awareness in humans” by M. Thiebaut
de Schotten et al. (30 September 2005, p. 2226). This
study employed a neuraimaging method, diffusion tensor
imaging traclography, to identify a fronto-parietal pathway
impartant for spatial awareness. On the basis of the avail-
able literature [see, e.g., ). Bossy, Les hémisphéres cere-
braux, Neursanatomie, Ed. (Springer, Berlin, 1991)],
this pathway was labeled as “superior occipito-frontal
fasciculus.” However, further evidence from the author’s
laboratory (see Supporting Online Material at www.
sciencemag.orgfegifcontentfull/317/5838/597/DC1) led
them to reconsider this labeling. The authors are now con-
vinced that the pathway likely corresponds to the human
hemalogous of the second branch of the superior longitu-
dinal fasciculus (SLF 1), described in the monkey brain
by Schmahmann and Fandya []. 0. Schmahmann, 0. N.
Pandya, Fiber Pathways of the Brain (Oxford Univ, Press,
Mew York, 200611, In the monkey, the SLF 1| originates in
the caudal inferior parietal lobe (corresponding to the
human angular gyrus) and the occipito-parietal area and
projects to the dorsolateral prefrontal cortex. This modifica-
tion does not change the main point of the Report, that
damage to the fronto-parietal pathways is important to
produce neglect. On the contrary, it renders the results
even more consistent with the data reported by Doricchi
and Tomaiuolo [F. Doricchi, F. Tomaiuolo, NeureReport 14,
2239 (2003)], which demonstrated that damage to the SLF
in human patients with vascular lesions carrelates with the
presence of spatial neglect. Future studies on the implica-
tion of white matter pathways in human cognition would
greatly benefit from a stereotaxic atlas of the white matter
tracts in the human braim.
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NUCLEAR WEAPONS

Just Another Bomh?

John Krige

‘ ‘ adar won the war. The atomic
bomb ended it Many scientists
are no doubt familiar with this

pithy summary of the all-important role that
major scientific and technological break-
throughs contributed o the defeat
of fascism. It emerged as a coun-
terweizht to a hegemonic narrative
that elevated nuclear weapons to
the decisive instrument of victory
in World War I1. For years now, his-
torians have insisted on relativiz-
ing that narrative even more by
focusing on the social context in
which war-fighting technologies
were implemented. They have
reminded us, for example, of oper-
ational analyses that helped radar succeed in
the field and of the mighty financial and indus-
trial resources that were needed 1o produce fis-
sile material,

In Five Dave in Augiest, Michael Gordin
highlights another important limitation of the
catchphrase: the idea that the bomb ended the
witr, His fine study shows that several groups
of historical actors in summer 1945 were not a
all convinced of this. More to the point, he
argues that the elevation of the bomb to its spe-
cial staws as a weapon of mass destruction was
the product of a consensus that was gradually
built afier the bombs were used and their
effects were evident. This consensus con-
gealed into the master narrative mentioned
above, Put differently, what Gordin argues 1s
that while there is a tendency now to place the
emphasis on the atomic aspect of Little Boy
and Fat Man, at the ume they were seen by
many as just another, if more powerful, bomb.,

Gordin’s main point of access to this argu-
ment is the strategic plans of the military in the
Pacific theater and the preparations on the
island of Tinian for the air assault on Japan,
Tman s situated at the bottom tp of an archi-
pelago close o Guam and about 15300 miles
from Tokyo. After US. torces captured the
coral 1sland in late July 1944, the Seabees rap-
idly transformed it into a massive platform for
an air assault on Japan using B-29s. Beginning
in early 1945, hundreds of sorties were flown,
which reduced one Japanese city alter another

The reviewer i at the School of Histary, Technology, and
Soqety, Georgia Institute of Technalogy, 685 Cherry Street
MW, Atlanta, GA 30332-0345, USA. E-mail: jon.krigeg@
his.gatech edu

Five Days in August

by Michael D. Gordin

Princeton Univ
Princeton, NJ, 2007
52495, £14.95.
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to a hellish inferno using incendiary bombs,
Hiroshima., Nagasaki, and other cities were
spared for the atomic weapon. They were to
serve as laboratories to evaluate in the field
the effects of two different bomb designs
and materials (only one of
which had been previously
tested). For the military
engaged in this campaign,
and for some scientists, the
atomic bomb was a new
weapon whose full effects
were still not known, They
did not assume that nuclear
weapons were particularly
“special” northat the bombs
that they had would win the
war. A huge fleet of over 1000 planes fire-
bombed Japanese trgets several days after the
destruction of NMagasaki. Production plans for
more atomic bombs were not halted on 9
August, for fear that the bombs maght still be
needed to wipe out recalcitrant elements in
Japan who refused to accept the terms of sur-
render negotiated by their authorities.

The bomb did not end the war: i1t was the
Japanese surrender and the subsequent diplo-
matic negotiations around the peace terms that
finally brought an end to hostilities. The
atomic bomb undoubtedly plaved an important
role in the thinking of the Japanese military
and the emperor. But it cannot be uncritically
elevated 1o the decisive factor. as so many did
after the event. ltwas one consideration among
others that included the devastating effects of

sity Press,

225 pp.

incendiary bombing, the entry of the Soviet
Union into the war hours after Hiroshima. the
crippled state of Japanese air defenses, and the
demoralized condition of the Japanese ammy.
which could do little to halt the Soviet sweep
though Manchur.

Ciordin {a historian of science at Princeton
University ) has done an excellent job in survey-
ing the diverse views on what happened during
those momentous five days in August 1945, in
highlighting the different meanings of the
atomic bomb for various groups of actors at the
time. and i reconstructung the world of scien-
tists, engineers, bomber pilots, and military
planners on Tinian. In challenging again sim-
plistic accounts of the role of atmic weapons in
ending the war, he has not only made a valuable
contribution to the ongoing debate on this issue.
By auming o debunk a still-pervasive myth, he
has emphasized one important social function
of good histonography. He has also cut the
ground away from those retroactive reinterpre-
tations that have inflated the sigznificance of
atomic weapons to the gadget that ended the
war—so justifying their use on a near=prostrate
Japan to save American lives or playing down
the sienificance of Japanese war crimes as com-
pared to the homor of Hiroshima,

Gordin is right to insist that in the waning
days of WWII many people had o work hard
to make atomic bombs into the “special”
weapons that would “shock™ the Japanese to
accept the humiliation of unconditional sur-
render. He is right to stress that many postwar
reflections on the power of the bombs uncriu-
cally assumed that they had always had the
special quality that subsequently became their
hallmark. However, it is one thing 1o argue that
the unigque nature of Atomic weapons was not
self-evident in August 1945, [tis quite another
to suggest. as Gordin does, that the continued
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Loading the Enola Gay. Litile Boy, a uranium gun-type bomb, "became obsolete from the moment it deto-

nated” at Hiroshima.
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perception of these devices as special 15 as
ambiguous as it was then.

We now know Far more about the extensive
damage caused by nuclear weapons and radia-
tion fallout, not simply to individual victims
but to the viability of society itself. We now
have guided missiles that can deliver light,
lethal nuclear warheads hal fway around the
globe in minutes rather than hours. Gordin
rightly contextualizes and relativizes the
boundary between atomic bombs as conven-

tional and as special weapons at the diwn of

the nuclear age. But we cannot reasonably
extrapolate from that period to woday. Fission
and fusion bombs are very special weapons,
and wallow otherwise 1s to open o space for an
ideological and political agenda that seeks to
Justify their use now on the grounds that they
are just another bomb,

10.11265cence. 1144537

MUCLEAR WEAFONS

Moving Toward
Security

Christopher F. Chyba

ince 1940, the United States has spent

around six tnlhon dollars on its nuclear

weapons program (f). lis arsenal sull
contains about ten thousand nuclear war-
heads—deploved and in reserve—and Russia
has half again as many (2). Many hundreds
more warheads exist in the arsenals of Great
Britmin, France, China, India, Pakistan, North
Korea. and Israel. What 1s the point of these
nuclear weapons?!

During the Cold War, the United States had
despite controversies over total warhead num-
bers and particular delivery systems. a rough
consensus answer o this question, The pur-
pose of strategic nuclear weapons was to deter
nuclear attack, and perhaps other attacks,
against the United States and its allies. In addi-
tion, battletield nuclear weapons were avail-
able to stop a Soviet mvasion of Westen
Europe, where NATO would Find it difficult wo
stand up to the Warsaw Pact’s larger conven-

tional forces. Deterrence was at the core of

LLS. nuclear weapons policy. but this had not
been a foregone conclusion. It was rather a
choice that the United States made after pro-
posals for international management failed

The reviewer is in the Department of Astrophysics and at
the Woodrow Wilson School of Public and International
Affairs, 218 Bendheim Hall, Princeton Universiy,
Princeton, N) 08544, USA, E-mail: cchybag@princelon.edu

and successive presidents ruled ow preventive
artacks against mascent Soviet and Chinese
nuclear weapons infrastructures (3).

It is less clear what role nuclear weapons
should serve today. nearly 20 years after the
end of the Cold War (4). The US. Congress 15
currently wrestling with decisions about
nuclear weapons initiatives such as the so-
called reliable replacement warhead and the
shape of the Department of Energy’s nuclear
weapons complex for the year
2030, How many fssion cores
("pits™) will the United States
need tw produce annually a
quarter century from now? Re-
markably, Congress has been
asked to reach decisions on
these issues in the absence of a
comprehensive ULS. policy for
nuclear weapons, What risks
need to be managed by these
weapons: what role should the
LLS, nuclear stockpile play; how should the
size and shape of that stockpile serve LS.
rand stratezy for national and international
security: and how does this mteract with
nuclear proliferation? Directions for the
answers to all these questions are needed 1f
Congress is to responsibly shape the nuclear
complex ( 5).

In Bomb Scare, Joseph Cirincione, vice
president for national security at the Wash-
ington think tank Center for American Prog-
ress, describes how we got to this point and
suggests solutions to three of our most press-
ing nuclear problems. Cinncione sketches the
tamiliar history of how the world moved from
Einstein’s letter to Roosevelt warning of
nuclear weapons to today’s configuration of
nine nuclear powers, More than a history, how-
ever, this accessible account offers the reader a
survey of the political science literature on
why states do and do not decide to pursue
nuclear weapons. Some very good work has
been done on this question, and i1t 15 increas-
ingly important to understand as the technical
barriers to the manufacture of nuclear wea-
pons slowly fall. Nuclear weapons policy must
more than ever factor in these “demand-side™
issues of nuclear proliferation.

Although Cirincione worries about the con-
sequences of LS, nuclear weapons policy
under the Bush Administration—he argues that
it has had ten key failures. including spurring
other countries” nuclear weapons programs-
he nevertheless concludes that there is sull
“guite a bit of good news about the prospects
for reducing the threats from nuclear weapons.”
This is a welcome antidote to the strange con-
fluence of nuclear nonproliferation treaty
(NPT) opponents and supporters who wogether

Bomhb Scare

BOOKSETAL

imone that the weaty is about o collapse,
Cinncione notes that the NPT is widely consid-
ered “one of the most successiul security pacts
in history,” He acknowledges the challenges
Facing it but finds that “proliferation problems
cannot be solved one country at a time.”
Drawing on an earlier study, he argues that
to do so by negotiation rewards proliferators;
to do so0 by regime change would bring
bankruptey and isolation to the United States.
Both approaches nisk encourag-
ing nuclear proliferation (6).
They may be needed in1solated
instances, but they cannot be the
pillars of a general approach to
the problem,

Cirncione’s analysis comes
Just as the LLS. political process
15 forcing a reconsideration of
the purpose of nuclear weapons,
Because Article VI of the U.S.
Constitution states that ratified
treaties are the “supreme Law of the Land,”
LLS. policy-makers have for decades been sub-
ject to the NPT's legal requirement “to pursue
negotiations in good faith on effective meas-
ures relating to cessation of the nuclear arms
race at an early date and to nuclear disarma-
ment, and on a Treaty on general and complete
disarmament under strict and effective interna-
tional control™ ( 7). Some of the most senior
members of the ULS, foreign policy establish-
ment have recently emphasized this goal asa
vital policy objective (8). Bomb Scare suggests
how 1o move toward this objective and why that
movement is important to U.S, national and
clobal securty.
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ETHICS

Identifiability in Genomic Research

William W. Lowrance and Francis S. Collins

enomic research can now readily gen-

erate data that cover significant por-

tions of the human genome at levels
of detail unigue to individuals. Data can now
be categorized with respect to disease-related
genes and linked to clinical, Family. and social
data. Identifiability, the potential for such data
to be associated with specific individuals. is
therefore a pivotal concern. Research, health
care, police, military, and other DNA and
genotype reference collections
are growing. Members of the pub-
lic and its leaders worry about risks
of erroneous or malicious identity
disclosure and consequent embar-
rassment; legal or financial ramifi-
cations: stigmatization: and/or
discrimination for insurance, ¢cm-
plovment, promotion, or loans.

If the data are considered identi-
fiable, they may be covered by
informational or genetic privacy
laws, with implications for consent
and other rights. They may be cov-
ered by human-subjects regula-
tions, with implicatnons for over-
sizht, Controlled conditional release
may be required for the data as
opposed to open public release.
These can all be obstacles to the
conduct of health-related research.

In the United States, personal
data used in health care and/or
research are protected by the
Common Rule on Protection of
Human Subjects (1), and the Privacy
Rule under the Health Information
Partability and Accountability Act
(HIPAA) {2-4). They are also pro-
tected by state and other federal laws and reg-
ulations. In the European Union ( 5), informa-
tional privacy is protected by national laws
that implement the Data Protection Directive,
such as the UK. Data Protection Act (19938).
Muost other countnies have similar laws,

How these laws apply specifically, and
how adequate they are in the genomic
research arena. is not entirely clear. Protection

W. W. Lowrance is a consultant in health research policy
and ethics, 72 rue de 5t Jeam, CH-1201 Geneva,
Switzerland; e-mail: lowrance@iprolink.ch. F. 5. Collins is
director, .5, National Human Genome Research Institute,
Bethesda, MD 20892-2152 USA; e-mail: frandx@
mailL.nih.gov
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of privacy was among the issues examined by
the National Institutes of Health (NIH) in a
recent public consultation (6).

New Modes of Data Flow

Until recently. most genomic research used
data and biospecimens obtained fairly
directly, from the data subjects themselves or
clinical repositories or specialized research
collections. This will continue, as it has many

Fatient or subject data andior bicspecimens

De-identification
Scientific review

Data contribution agreement

Research mmu.pl.lllnm
management, governance)

Further scientific review?
Further consent?
Further ethics review?
Disclosue review?

Data access afgresment

!
Data andfor bospecimens used for research

acdvantages. But now, in efforts to increase the
ange and quantity of data, large-scale
research platforms are being built that assem-
ble, organize, and store data, and sometimes
biospecimens. and then dismbute these to

researchers (see fgure). The advantages of

such platforms, in addition to scale, are that
they can be a robust staging-point for screen-
ing data quality, fostening uniformity of data
format, and facilitating analysis, Some
platforms accumulate data directly (as the
Framingham Heart Study does) others
assemble them from a variety of sources (as
The Cancer Genome Atlas. the Genetic
Association Information Network, and the

Genomic data are unique to the
individual and must be managed
with care to maintain public trust.

Wellcome Trust Case Control Consortium dao
and UK. Biobank will) (7). Among the design
and govemnance issues are whether and how to
de-1denuity the data and at what stages to con-
duct scientific and ethics review,

These new data flows, genomewide analy-

ses, and novel arrangements such as the
Informed Cohort scheme recently proposed
by Kohane ef af, (8) are relatively uncharied
territory with respect to human subjects and
privacy considerations. Precedent
doesn’t provide sulTicient guidance.
For example. the Human Genome
and HapMap Projects have geno-
typed DNA from only a few hun-
dred carefully selected people
who prospectively consented to the
analysis and to open publication
after thorough explanation, discus-
S101., i]T]tI l..‘H!'l'I.II'Il]I'I.Il:n.' L'l.!ll'lﬁl.lllil-'
tion, The projects have been scruti-
nized closely all along. But when
the data relate to more people (by
orders of magnitude) or to retro-
spective analysis of biospecimens,
then for pragmatic reasons such
painstaking selection, consent ne-
cotiation, and scrutiny can’t gener-
ally be achieved.

Identifiability and Identifiers
Identifiability ranges from overtly
identifiable. to potentially identi-
fiable by deduction, to absolutely
unidentifiable. The concept 1sn’t
simple, as evidenced by the Euro-
pean Commission’s publication
of an elaborate *Opinion on the
concept of personal data™ in June
2007. 12 years after passage of the Data
Pratection Directive ( ¥).

In legal regimens. indirect identifiability is
as important as direct. For instance, the
HIPAA Privacy Rule applies to “information
that identifies an individual: or with respect to
which there 15 a reasonable basis to believe the
information can be used to identify the indi-
vidual™ {Sec. 160.103). Similarly. the UK.
Data Protection Act applies to “data which
relate 1o a living individual who can be identi-
fied—(a) from those data, or (b) from those
data and other information which is in the pos-
sesston of, or 15 hkely to come into the posses-
sion of, the data controller”™ [Sec. L1=(1)]. If
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data aren’t identifiable they shouldn’t be con-
sidered “personal.” and a vanety of rights and
obligations that apply to personal data may not
be relevant,

Three sorts of identifying factors can be
distinguished: demographic or administrative
tags (e.g., name, social security number, e-
mail address, hospital name, postal code);
overt descriptors (e.g.. gender. eve color,
height, blood type, scars, asthma); and indi-
rect clues (e.g., medication use, number of
children, spouse’s occupation, circumstances
of emergency-room admission). Whether par-
ticular bits of data alone or in combination
should be considered sufficient to wentify a
person 15 a matter of judgment. Much may
depend on whether partial ientifiers can be
linked with identified or identifiable data in
public or other databases.

The HIPAA Privacy Rule illustrates the
practical challenges. For data to be considered
adequately de-identified and therefore not
subject to its provisions, a number of descrip-
tors, which it lists, must be absent |[Sec.
164.51HBNH2)I] (7). The list contains identi-
fiers thatare linked fairly directly to name and
address, such as medical record numbers or
hospital discharge dates. Knowing a few ele-
ments on the list may or may not allow identi-
fication, and even knowing a person-unique
fact such as social security number allows
identification only 1f it can be raced to the
person through some other source.

Identifying Through Genomic Data
Matching against reference genotvpe. The
number of DNA markers such as single-
nucleotide polymorphisms (SNPs) that are
needed to uniguely identily a single person 1s
small; Lin er afl. estimate that only 30 to 30
SNPs could be sufticient ( /0). Thus, such data
can be used, with high certitude, to confirm
that two samples come from the same person;
whether this can idemify anvbody in the usual
sense depends on whether the reference data
are personally identified.

Collections that can be used for matching
continue o grow. Identified biospecimens
from millions of people are held by criminal
Justice systems and armed services (/£ 12).
Biospecimens and a growing number of
genomic analyses are held by health-care,
public health, and health research institu-
tions. To be clear, the risk is not that a match
might be found but that a de-identified data
set will become linkable to a specific person
because the matched data set contains per-
sonal identifiers.

Linking to nongeneric darabases, A second
route to identifying genotyped subjects is
deduction by linking and then matching geno-
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type-plus-associated data (such as gender,
age, or disease being studied) with data in
health-care. administrative, eriminal, disaster
response, or other databases (110, 1.3, 14), There
is no shortage of public and commercial data-
bases about people’s lives, especially in the
United States. If the nongenetic data are
overtly identified, the task is straightforward .
Even if such data are not fully identified,
inferential narrowing-down may be possible.
Statisticians have many techniques for identi-
fving data subjects from partial data ( /3. /6).

Profiling from senomic dara. A number
of physical atributes can now be inferred
from DNA analvsis, such as gender, blood
type, approximate skin pigmentation, and
manifestations of Mendelian disorders.
Reliability of predictions will likely increase
regarding height or other aspects of skeletal
build, hair color and texture, eye color, and
even some craniofacial features. Soon many
chronic disease susceptibilities will be pre-
dictable and, before long, some behavioral
tendencies will be. In 3 to 10 yvears, many
attributes will be profilable.

Tactics for De-identifying Genomic Data
Limiting the proportion of genome released.
The first option is to release only limited seg-
ments of genomes, such as sequence traces or
a few variants, along with minimum neces-
sary phenotypic or other data. But “how
much™ is sulTicient for identifying, by any
route, depends on the region and extent of
genome covered, the density of mapping, the
rarity of variants, the degree of linkage dis-
equilibrium. and other factors (/7). This
makes it difficult o develop general sudance
on how much to expose publicly.

Many projects do limit the portion of
genome they release, especially if the release
is unrestricted. Precautions can be taken, such
as releasing sequence traces in such a sepa-
rated manner that no individuals data can be
reassembled by overlaps. But releasing too-
few SNPs or too-short snippets of sequence
may thwart research.

Staristically degrading data. This 1s possi-
ble. for example. by lumping all purines and
all pyrimidines. Unfortunately. the occurrence
of a T instead of 2 C in one data cell can mean
the difference between disease and health. So
for many lines of genomic research, degrad-
ing data degrades usefulness.

Sequestering identifiers via kev-coding
freversibly de-identifving) (7). This 1s the
method most widely used in health research,
Administrative or other overt identifiers are
separated from data, but a link is maintained
between them via an arbitrary numerical key-
code ( 15). Held securely and separately, the
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key allows reassociation of substantive data
with identifiers if necessary. The key and
responsibility for its use can be delegated toa
trusted party: its use can be guided by agreed-
upon criteria and subjected to oversight.

Provision of Access to Data

COpen versies controlfed release. A culumal
habit of rapid, open release of genomic data
has been pursued by the involved scientists
and institutions since the beginning of the
Human Genome Project (/9-2(0). There is no
question about the research advantages of
such principles and policies. But almost cer-
tainly, the principles will have to be modified
now for databases that include extensive
genotypic information, to heighten the protec-
tion of identifiability (27).

Open data release, as with deposition in a
publicly accessible Web site, is acceptable
only if either: (1) the data are for all practical
purposes not identifiable: or (i) consent to the
release is ethically leginimate and is granted by
the daia subjects. or the necessity for consent
is waived by a competent ethics body. Most
projects now take three precautionary sieps:
sequestering the standard identifiers via key-
coding: performing disclosure risk-reduction
{such as by rounding birth date to vear of
birth); and providing access to the de-identi-
fied data under conditional terms,

Terms of agreements, Data-access agree-
ments (alternatively called “certifications™
or “use agreements”) cover many matters.
Legally they amount to contracts, and they
may have to be entered into by researchers’
msttutions as well as the researchers.

Agreements may set limitations on pur-
poses and uses, allowed users, or other mat-
ters covered by consent, either for the whole
dataset or for particular data-subjects. and
may address how data will be released. They
should refer to physical. organizational. and
information technology security. They may
specify who will be responsible for de-identi-
Fving data and may cover key-coding, safe-
guarding of the key, and criteria for use of the
key. They should always state that researchers
will make no attempt to idenify nonidenti-
fied data. They should restrict unauthorized
passing on of data and should extend the
chain of custody and the accompanying obli-
pations if data are passed on. They may
address linking, if linking to other datasets is
contemplated that might increase identifia-
bility. Invariably they require that derived
data on individuals be protected at least as
carefully as the data being provided. They
may make access contingent on Institutional
Review Board or other ethics committee
approval and may specify the swge(s) at
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which ethics review should be conducted,

Oversight. Most data-release decisions,
including those made by curating principal
investigators, are overseen or made by stew-
ardship committees. This not only protects
the data subjects, but it tends to maximize
data sharing and to protect investigators,
hosting institutions, rescarch platforms, and
funders from perceptions or acts of favor-
itism or impropriety.

Extremely restricred access. Examples
are data enclaves in which certified re-
searchers perform studies in databases on a
special server. Because this can prevent users
from taking away or sharing data examined
or detailed records of the analysis, and can
deter scrutiny by coauthors, manuscript
reviewers, or medical products regulators,
the approach must be used only as a last resort.

Scaling to Risks

Risks o data subjects, 1o data stewards, to
researchers and their institutions, and even to
the genomic research enterprise must be
examined. The ease of identifving people
from DNA or genomic data, withouwt break-
ing laws, should not be overstated: it takes
competence. perhaps a laboratory equipped
for the purpose, computational power, per-
haps hinking to other data, and determined
effort, But some risks are real. Data cor-
doned off and curated for research can be
exposed 1o external view by deliberate trans-
fer: accidental or careless release: theft;
release under court order or law-enforcement
demand: and release in response to freedom-
of-information (FOI) request.

Data must be de-idemified proportionate
to reasonably expectable risks. The condi-
tions on release should not be so burdensome
as to retard research. but they must be bind-
ing. Court orders must be honored, but indis-
cnminate trawling through databases should
be discouraged, and compelled genotype
releases should be limited to the data actually
needed for the investigation,

Constrial of genonic “human subject.”
If data have been de-identified but include
large amounts of genetic information, are the
individuals still considered “human sub-
jects™! The answer has important implica-
tions for consent. ethics review. and safe-
guards. McGuire and Gibbs have urged that
“genomic sequencing studies should be rec-
ognized as human-subjects research and
brought unambiguously under the protection
of existing federal legislation™ (22), but this
could be unnecessarily extreme. In the
United States. the Office of Human Research
Protections considers that data or biospeci-
mens collected for one purpose but then key-
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coded and used secondarily for research are
not “individually identifiable.” and therefore
the research is not human-subjects research
{7). This is a strong incentive to support de-
identification and to de-identify data.

Certificates of confidentiality. These are
legal assurances that the NIH and some other
agencies can issue that “allow the investiga-
tor and others who have access to research
records to refuse to disclose identifying
information on research participants in any
civil, criminal, administrative, legislative, or
other proceeding. whether at the federal.
state, or local level™ (23). Their use deserves
rigorous evaluation. and they may deserve
administrative or legislative buttressing,

Sanctions against breach of access com-
mitments. Generally the experience with
controlled access has been positive, But the
robustness and enforceability of access
arrangements will be tested by the increas-
ing provision of data to recipients who have
not had prior relationships with the princi-
pal investigators who collected the data, the
funding agencies, or the centers that dis-
tribute the data. Funders can consider
rescinding grant support or denying future
support, but they have less recourse against
breaches by nongrantees, New legal penal-
ties may be needed.

FOI reguests. In a number of countries,
most information held by government bodies
must be made available to the public upon
formal request. But there are limits, includ-
ing protection against invasion of personal
privacy. Given that genotype data. even
though kev-coded and de-identitied. might
be idenufiable under some current or future
circumstances, responses to FOI requests
should negotiate to release only data relevant
to the particular inquiry and to redact the
data on individuals to reduce the risks.

Genetic antidiscrimination laws. As a
complement to the protections discussed in
this article. several countries have adopted or
are considering adopting genetic antidiscrim-
ination laws. An example is the Genetic
Information Nondiscrimination Act currently
under consideration in the U.S. Congress,
which prohibits discrimination on the basis
of genetic information with respect to health
insurance and emplovment (24).

Conclusion

A proper balance between encouraging
genomic research and protecting privacy and
confidentiality of research participants will
not be easily achieved. Only rarely will a
completely open access model be defensible
when sufficient amounts of genomic data are
present to be unigue to the individual. A vari-

ety of controlled-access models can be uti-
lized. however, that mimmally impede access
by qualified investigators and at the same
time keep the risk of identifying individuals
low. Protection of identifiability is obliga-
tory for maintaining the trust of our most
important research partners, the public.
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CELL BIOLOGY

Proteins That Promote Long Life

Stuart K. Kim

he mysteries of what causes
aging and how to extend life span
are being tackled by applving
evolving technologies o model organ-
1sms. The tiny roundworm Caenorhab-
difix elegans has been a powerhouse in
this arena. A key breakthrough occurred
in 1993, when worms with a mutation in
the daf-2 gene were observed o lead

Wild-type worm (20-day life span)
labeled with “N satope

daf-2 mutant (40-day life span)

active and healthy lives twice as long as  labeled with ®N isotope o
that of normal worms (/). Since then,

the quest to determine what makes these Lysates are mixed and treated with enzyme

worms live so long has spurred powerful to generate peptides

“top-down™ genomics or proteomic ap-

proaches in wide and unbiased screens of  vaporized o Mass analycer i
daf=2 mutants, On page 660 in this 1ssue, "ﬂl‘ lonization

Dong er al. (2) use mass spectrometry
to identify quantitative differences in
protein levels in daf=2 versus wild-type
worms. The changes in protein abun-
dance not only dentufy potential lon-
gevity factors, but also indicate that dajf-
2 may regulate a network of signaling
pathways that both increase and de-
crease life span,

elarf-2 encodes an insulin-like growth
factor receptor that regulates expression
of a large number of target genes that
change cellular metabolism and slow
the rate of aging in C. elegans. Previous
approaches o identify signaling pro-
teins acting downstream of DAF-2 have
used bioinformatics (3), DNA microar-
rays ( 4—&), or chromatin immunoprecip-
itation { 7) to identify genes that are reg-
ulated by the daf-2 msulin-like signaling
pathway, These studies profiled targets
at the transcription level. For the first
time, the work by Dong ¢ al, profiles targets
at the protein level, which are direct gene
products,

To identify DAF-2 signaling targets. Dong
etal. labeled proteins in def-2 worms with the
stable isotope N, and then compared the
abundance of the "*N-labeled proteins to that
of proteins from wild-type worms containing
the normal “N isotope (see the figure).
Peptides labeled with BN show a slight
maolecular shift relative to peptides labeled
with "N, Extracts from daf-2 and wild-type

Masg'charge ratio

The author is in the Departments of Developmental Biology
and Genetics, Stanford University Medical Center, Stanford,
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r
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o

{,..-—-—- Data are analyzed

Equal expression

Protein expression is Proteins that function in

greater in daf-2 mutant -aming aid hin“"_m-'“i’
~nxygen and reactive oxygen
species metabolism
=~carbohydraie metabolism
Protein expression is Proteins that furction in
less in daf-Z mutant «translathon of mRNA
= lipsd transport

Relative abundance

Revealing relevant factors. A mass spectrometry approach
quantitates the abundance of proteins in a long-lived worm
mutant {daf-2), providing clues to the organism’s increased
life span.

voung adult worms were mixed, digested with
a pml:u;;m:, :!I'I'Li TI'I:I...']'I :Inﬂl_‘\'if.l..'l.l h} IMElss 5=
tromeiry. In the mixed sample, each peptide
generates two peaks representing labeling
with either "N or "N I the two peaks are the
same size, then the corresponding peptides
have the same abundance in da/-2 and wild-
type worms, [ the "N peak is larger, then the
protein is more abundant in daf-2. Conversely.
if the PN peak is smaller, there is less of the
protein in day-2.

In the mass spectrometry analysis, Dong ¢t
al. identified peaks corresponding to a total of
1683 worm proteins, Of these, 47 proteins had
increased abundance and 39 proteins had
decreased abundance in the daf-2 mutant rela-

Quantitative analysis of proteins in a
long-lived worm reveals changes that both
increase and shorten life span,

tive to the wild-type worm. One challenge is 10
develop more powerful mass spectrometry
approaches to identify more proteins, because
fewerthan 0% ofworm proteins encoded in the
. elegany genome were analyzed in this study.

Dong er af. functionally tested seven pro-
teins for their roles in aging by using RNA
interference (RNAI) to decrease the activity of
the genes that encode them, All seven genes
affected life span. indicating their importance
as DAF-2 targets for specifying longevity.
However. the genetic results were not simple.
One might expect that most of the protein
changes in the daf-2 worm are beneficial for
life span. in which case the 47 proteins that
have increased abundance may slow the
rate of aging and the 39 proteins that have
decreased expression may accelerate the rate
ofaging. If so. then reducing the expression of
the 47 up-regulated proteins in wild-tyvpe
worms by RMAI should have an effect oppo-
site to that caused by daf-2 mutations, result-
ing in rapid aging. Conversely, reducing the
expression of the 39 down-regulated proteins
i wild-type worms by RNA1 should pheno-
capy the effect from daf-2 mutations, result-
ing in slow aging. Instead of these results, the
authors found that RNAIG treatment of genes
that increase protein expression in daf-2
worms extends life span slightlv. and RNAG
treatment of genes that decrease protein
expression shortens life span. Thus, the
senetic results in wild-type worms are oppo-
site to what might be expected on the basis of
protein changes found in daf-2 mutants,

A possible explanation for these findings
is that in addition to beneficial pathways that
extend life span, daf-2 mutations also induce
detrimental pathways that shorten life span,
There may be a mix of pathways in daf-2
mutants that either increase or decrease life
span, with the net effect being positive, In this
case. the seven genes tested with RNAG may
be part of compensatory pathways, because
the effects on life span were opposite to those
seen in daf-2 mutants. Another possibility is
that daf-2 mutations cause an overall change
in the cellular metabolic network that is resist-
ant to age-related degeneration. The change in
the network by da/-2 mutations may consist of
small effects on many different genes that act
togzether 1o make the entire metabolic network
more robust. If 5o, then it may be difficult to
recreate the beneficial effect of daf-2 muta-
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tions by using RNAI, because this strongly
inactivates a single gene rather than fine-tun-
ing many genes in the network as in daf-2
mutants,

Mow that proteomics approaches are begin-
ning to define molecular changes associated
with extreme longevity. a future challenge will
be to understand how the mynad changes
interact to double life span in C. elegans.
Genetic and biochemical studies can be used

o analyze the role of each of the protein targets
of DAF-2 found in this study. It should also be
possible w combing data from gene expression
and proteomics studies about changes in deaf-2
mutants. Analysis of the integrated gene and
protein network may reveal new trends in day-
2 mutants that can slow aging,
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Micelles Made to Order

Mare A. Hillmyer

ovalently connecting two dis-

tinct polymer segments at their

ends results in the formation
of a class of hybrid macromolecules
called block copolymers ([, 2). Placed
in a solvent in which one segment is
soluble and the other is not. these
“amphiphilic” block copolymers will
self-organize into  supramolecular
micelles, with insoluble cores shielded
from the solvent by a corona formed
by the soluble segments. The most
common micellar structure consists of
a spherical core shielded by radiating
corona chains. Elongated cylindrical
micelles (3) or bilayver vesicles (simi-
lar to liposomes) can also be realized.
The structural and chemical diversity
ol block copolvmer micelles makes
them attractive for use in applications
as varied as drug delivery, personal care prod-
ucts, and nanolithography (3. 4).

For these self-assembled soft materials o
be most effective in applications, their size,
shape, and chemical structure must be con-
trolled precisely. Two reports in this issue
deseribe important advances toward this
overarching goal. On page 644, Wang er al. (5)
show how the length and chemical compo-
sition of cylindrical block copolymer
micelles can be controlled through a novel
growth mechanism. And on page 647, Cui ¢r
al. (6) demonstrate that the assembly of
appropriately designed triblock terpolymers
{which are made from three monomers) can
be directed by external agents, vielding
exquisite control over the resultant cylindn-
cal nanostructures,

The author isin the Department of Chemistry, University of
Minnesota, Minneapolis, MN 55455, USA. E-mail: hillmyer @
chem.umn.edu
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Novel types of micelles. Artist's representation of the cylindrical tri-
block co-micelle made by Wang ef al. (left) and electron micrograph of
the gold nanoparticle/block copolymer hybrid cylindrical micelle
reported by Cui et al. {right). The formation of these intricate hybrid
micelles demaonstrates the power of block copolymer self-assembly in the
preparation of novel nanostructured materials.

OF the micellar structures described above,
the eylindrical variants (3) are particularly
attractive for a range ol applications, for
examples. as artificial tissue scatfolds (7). in
drug delivery (8), or 1o toughen cross-linked
polymer resins (thermosets ) ( ¥). Long worm-
like micelles formed by amphiphilic block
copolymers are characterized by adistribution
of lengths that is determined in part by the
energetics of forming end caps (/0 [7). It has
therefore been difficult w achieve precise
control over their mean length (/2).

Winnik, Manners, and co-workers have
reported that block copolymers containing
crystalline, organometallic  core-forming
blocks can form eylindrical micelles (/3).
Wang et al. now show how the length of these
cylindrical micelles can be controlled. They
first prepare a set of relatively short cylindri-
cal micelles of a block copolymer in a selec-
tive solvent. They then add the same block
copolymer, dissolved in a good solvent for

Precise control over the molecular structure
of cylindrical micelles yields novel
supramolecular architectures.

both blocks, to this micellar disper-
sion. This method results in the
controlled growth of the micelles:
the more block copolymer provided
in this second step. the longer the
micelles become.

The linear dependence of average
cvlinder length on block copolymer
added is reminiscent of a living poly-
merization, a chain polymerization
where the average chain length 1s
linearly proportional to the amount
ol monomer converted to polymer.
These crystalline-core micelles prob-
ably grow via nucleation of the free
block copolvmers at the ends of the
cylinders. The precise control over
the micelle length i1s remarkable.
Like the “living” chains in a typical
anioni¢ polymenzation, the eyvhindn-
cal micelles are stable over long periods: when
a fresh block copolyvmer supply is added. they
Lrow again.

Wang ef al. also mvestigated the effect of

adding a dilferemt block copolymer (with the
same core-forming crystalling block but a dis-
tinct corona block) to preformed cvlindrical
micelles. The resulting “block co-micelles™
contain a cylindrical midsection of one type,
flanked on either end by cvlindrical assem-
blies of the other type (see the figure, left
panel). These two-component assemblies
reveal the power of the growth mechanism.
Just as living polymerization paved the way
for a diverse array of molecular architectures,
the process described by Wang er af. will open
the door to unprecedented supramolecular
assemblies,

In a distinct approach to controlling micel-
lar structure, Cui ef af. show that the agerega-
tion of discrete micellar assemblies can be
precisely manipulated by using appropriate
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addinves and controlling solvent quality, They
show how block copolvmer micelles can be
coaxed to form supramicellar assemblies with
distinet morphologies and chemical composi-
tions. In the specific triblock system used by
the authors. the solvent-loving block contains
pendant carboxylic acids that can form ionic
complexes with amine species, Upon treat-
ment of a mixed aqueous/organic solution of
these triblocks with an organic diamine, the
authors observed the formation of spherical
micelles. By decreasing the relative amount of
water in the solution through the addition of
organic solvent, these assemblies can be made
to controllably aggregate and form long mulu-
compartment cvlindrical micelles, with an
alternating lamellar structure in the cores of
the micelles (/4. 15). The control over the
growth process and the stnkingly uniform
striped wormlike micelles demonstrated by
Cui et al. are extraordinary examples of how
this tuning of the Kinetic assembly of block
copolymer micelles can be exploited,

Cui er al. illustrate the versatility of this
specific riblock system by replacing the
organic diamine with amine-functionalized

gold nanoparticles. When the nanoparticles
were added to a dispersion of spherical
micelles formed from a related ABC tnblock
terpolymer (where A, B. and C represent
chemically distinet segments). the micelles
aggregated into segmented eylindrical nano-
structures. Alternating organic polymer and
gold nanoparticle domains formed along the
long axis of the cvlindrical domains (see the
figure, right panel). In addition, Cui et al.
report that by combining ABC and ABC iri-
blocks (where the A and A’ blocks are incom-
patible with both the solvent and each other)
and using similar preparation procedures,
undulating evlindrical micelles were produced
whose cores contained nanoscopic regions
with alternating A-rich and Arich domains.
The two reports in this issue demonstrate
how the self-assembly of block copolymer
amphiphiles can be controlled with unprece-
dented precision and how the marnage of
organic, inorganic, and polymer chemistries
(1) can vield fascinating new and exotic
nanometer-scale assemblies. Control of block
copolymer structure at the molecular level is
crucial to the discovery of such self-assem-

PERSPECTIVES

bled nanostructures, and future echnological
applications that use block copolymers as
kev components will undoubtedly, benefit
from these remarkable advances,
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Exploiting Wrinkle Formation

Aline F. Miller

rinkle formation due to age or
strefched skin 1s seen by many as a
nuisance o be avoided, often at
great Nnancial expense, rather than as a natu-
ral phenomenon to be exploited. Skin wrin-
kling is just one of many natural processes that
involve the formation of wrinkles. For exam-
ple. plums or apples wninkle as they become
old and dehydrated, fingerprint patterns are a
form of wrinkles that appear as early as 10
weeks into a pregnancy, and Earths crust
wrinkles in response to plate tectonics (/).
Wrinkles also form on much smaller
length scales, for example, on the nanometer
to micrometer scale in polymer films. These
exquisite patterns have been exploited in the
self-assembly of new structures and matenals
{2). have helped to explain fundamental phys-
ical phenomena (3), and have led to the char-
acterization of physical properties (4). On
page 630 of this 1ssue, Huang er af. (5) explont
wrinkle formation of an ultrathin film on a

The author is in the School of Chemical Engineering and
Analytical Science, University of Manchester, Manchester
M&0 10D, UK. E-mail: a.miller@manchester. ac.uk
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fluid surface to determine film thickness and
elasticity.

Wrinkles form when an applied compres-
sive foree acts on a rigid skin that rests on a
softer foundation. For example, many fruits
have a thin outer skin that surrounds a soft.
hydrated interior. When the fruit ages, water
15 lost from the interior, and the volume of the
fruit decreases. Consequently, there is too
much skin, which shrinks and forms wrin-
kles. Prunes (dried plums) provide an excel-
lent demonstration of this phenomenon (see
the photo). Wrinkling also occurs in a thin
film on athick elastic substrate when it is sub-
jected 1o a uniaxial compressive strain paral-
lel to the interface (see the figure, next page).

Huang ef al. explored the wrinkling pat-
terns formed under the capillary force exerted
by a drop of water placed on a freely floating
polvmer film. They then used the
wrinkle characteristics to de-
velop a simple method o
determine film thickness
and elasticity, The work
represents an exciting
leap forward, because

A simple method allows the elasticity and
thickness of thin polymer films to be
determined.

the wrinkling of films under capillary forces is
relatively unexplored. Moreover. the authors
show that the Film’s properties can be eluci-
dated directly on a fluid surface. using no
more than a dish of fluid and 2 low-magnifica-
tlion microscope.

Huang et af. induced wrinkle formation by
placing a drop of water on a freely floating
polymer film. The resulting wrinkles, ob-
served with a low-magnification microscope,
had two characteristic features: the number of
wrinkles that emanated from the central load
point and their length. These two parameters
depend both on the surface tension and radius
of the water drop and on the elastic properties
of the film.

To investigate the effect of each of these
systematically, Huang ¢t al. placed water
drops of incrementally increasing mass on
films of varying thickness and recorded the

number and length of the wrinkles
formed. As the mass of the drop—
and hence its radius—increased,
both the number and the length
of the wrinkles increased. In
addition, as the film became
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How thin films wrinkle. Wrinkle formation of
a thin film in response to a uniaxial compressive
straim, £, parallel to the interface. Similar wrin-
kles form in the experiments of Huang et al.,
but in their case, wrinkle patterns radiate from
the center of the load.

thicker, the number of wrinkles decreased,
whereas their length increased. The authors
used these results to develop two scaling
relationships (one for the length and one for
the number of wrinkles), adapting arguments
made by Cerda and Mahadevan (4. 7). Com-
bination of these two scaling relationships
shows that if the length and number of wrin-
kles are known from experimental measure-
ment. the elasticity and thickness of the
film under study can be determined by a
simple calculanon,

To validate their method, Huang ¢r al
monitored wrinkle formation in polystyrene
films that contained different amounts of plas-
ticizer and thus had different elastic proper-
ties. Their elasticity data are equivalent to, and

Film

Substrate

in some cases have higher precision than, pre-
viously reported data obtained with sophisti-
cated, ime-consuming, and expensive tech-
niques, such as stress-induced buckling and
nane-indentation (¥). The authors also show
that their calculated film thicknesses are com-
parable with those obtained from their x-ray
reflectivity measurements,

Wrinkle formation, therefore, need not
always be regarded as a nuisance. Invaluable
information concerning the elasticity and
thickness of ultrathin films can be determined

simply by measuring the number and length of

the wrinkles formed in response to a capillary
force. The method developed by Huang e af
15 not only simple; in contrast to existing tech-
niques, it also allows both elasticity and film

- W W W 4

—
—

thickness to be determined
in one easy. quick exper-
ment. Moreover, measure-
£ ments can be made directly
at a Muid surface. The latter
not only eliminates the in-
troduction of artifacts but
also opens up the possibility of studying
dynamical relaxation processes in thin films,
a matter of crucial importance for advancing
material design and understanding the vis-
coelastic behavior of numerous biological and
soft matenials.
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PLANT SCIENCE

Reproductive Dialog

Sheila McCormick

ertilization in higher plants requires

intricate signaling between the male

and female. The molecular details
underlying this communication are of great
interest, not only w understand plant repro-
duction but also to guide efforts in crossing
plant species to generate new hybrids. On
page 656 of this issue. Escobar-Restrepo ef al.
{ 1) show that cells in the female ovule express
a protein—a type of receptor that 1s widely
known to mediate cell-cell communication—
that is required for fertilization. The unknown
ligandis) for the receptor may be present on or
secreted by the pollen tube. Such a receptor-
ligand interaction could control species-spe-
cific reproduction.

In Nowering plants, the pollen grain {imale
gametophyte) contains three cells: a vegeta-
tive cell that will form the pollen tube, and two
sperm cells. After release from the anther and
landing on the stigma, the pollen grain
extends a tube through the style, toward the
ovule (see the figure). Within each ovule,

The author is at the Plant Gene Expression Center, USDA
Agricultural Research Service-UC Berkeley, 800 Buchanan
Street, Albany, CA 94710, USA. E-mail: sheilamc@
nature. berkeley.edu
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Fertilization communication. Synergid
cells that attract pollen tubes express
FERDONIA protein. A ligand fram the pollen
tube may interact with FERONIA, causing
the pollen tube to stop growing and
release sperm cells.

.
% Pollen tube

Synergid cell

A protein in ovule cells of a flowering plant
recognizes the male pollen tube of the same
species, ensuring successful fertilization.
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there is an embryo sac (female gametophyte),
typically composed of seven cells: an egg cell,
a central cell, two synergid cells, and three
antipodal cells. The pollen wbe enters the
ovule through an opening (the micropyle),
peneirates one of the synergids, and bursts,
thereby releasing the sperm cells. One sperm

cell fuses with the egg cell to form a zygote,
while the other sperm cell fuses with the cen-
tral cell wo form the primary endospenm cell,
A few years ago, two female gametophytic
mutants, feronia (2) and siréne (3), were
described in the flowering plant Arahidopsis
theliana. In these mutant plants, pollen tubes
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were attracted w ovules and entered the
micropyle, but failed to burst and release
sperm, continuing o grow instead. This pheno-
type suggested failed communication between
the pollen tube and the embryo sac, but it was
not known whether feronia and siréne affected
the same or different components in this dialog.
Escobar-Restrepo er al, now show that both
mutants have lesions in the same gene and that
the gene encodes an enzyme that phosphoryl-
ates proteins on serine and threonine residues.
The enzyme. FERONIA, belongs to the previ-
ously uncharacterized CrRLKIL-1 group of
receptor-like kinases (), of which there are 13
members in . Hralionae. The authors deter-
mianed that FEROMNIA 15 located in the plasma
membrane of the synergid cells.

Because the pollen tube overgrowth pheno-
type resembled that seen after mterspecies
crosses in Rhododendron, Escobar-Restrepo et
al. tested whether crosses with A. thaliana rel-
atives would yield similar phenotypes and
thereby implicate FERONIA in interspecies
barriers. Indeed crosses of 4. thaliana temales
with Cardamine flexuosa pollen or with pollen
of a more closely related species. Arabidopsis
Ivrata, vielded a pollen tube overgrowth phe-
notype. Recent studies suggest that synergid
cells seerete a pollen tbe attractant (5-7). In
addiion, an ovule already targeted by a pollen
tube may produce a repellent to ward off addi-
tional pollen tbes ( 7). Moreover, these attrac-
tants and repellents exhibit some degree of
species specificity (7. &), In both siréne and
Sferonig mutant plants, some ovules attracted
more than one pollen tube (2. 3). perhaps
because the atiractant persists when the first
pollen wibe does not burst.

Proteins involved in sexual recognition can
show amino acid diversification in regions that
interact with a protein from the other sex (9) as
the proteins evolve to match each other: that is,
genes with increased rates of evolution increase
the frequency with which incompatibilities
evolve between closely related species. Among
plants related w0 A, thaliane, the extracellular
domain of FERONIA has more nonsynony-
mous nucleotide changes than the highly con-
served Kinase domain. This suggests that the
presumed ligand-binding region was subject o
positive selection and that coevolution between
FERONIA and an equivalently diverging lig-
and could contribute to reproductive isolation.

Escobar-Restrepo of al. propose a signal-
ing pathway wherein ligand from the pollen
tube interacts with FERONIA. causing the
synergid cell w send another signal back 1o the
pollen tube to stop growing and burst (see the
figure). Much more information is needed w
test this intriguing model. The immediate
challenge is 1o identify the FERONIA ligand.

www.sciencemag.org SCIENCE

There 15 no way to guess a prion what it migzht
be: even within the LRR (leucine-rich repeat )
receptor kinase group—the best-studied such
group in plants—the known ligands are
diverse ( /1), Potential ligand-receptor pairs
might be identified through screens of mutant
plants for similar phenotypes (/1) such as
pollen tube overgrowth, Yeast two-hybrid
screens (/2) are another option, in which the
extracellular domain of FERONIA can be
used as bait for complementary DMNA libraries
prepared from germinated pollen tubes,

It will also be important to determine
whether disruptions of FERONIA homologs in
other species give similar phenotypes: if so, the
pollen overgrowth phenotype may occur with
interspecies crosses in other plant families. [tis
intrizuing that in the cross with A foara, 50%
of the pollinated A. thaliana ovules showed the
pollen overgrowth phenotype, whereas the
other 50% showed normal fertilization (/).
Indeed, interspecies crosses with A, lvrata are
possible (/3), Escobar-Restrepo ef af, sugpest
that there might be different 1soforms ofthe lig-

PERSPECTIVES

and in 4. fvrarea, with one allelic variant that rec-
ognizes the A. thaliona version of FERONIA,

FERONIA and 1ts upstream and down-
stream signaling partners may be the key to
successful sperm discharge. IF'so. then manip-
ulating the components of this pathway might
facilitate more promiscuous hybridizations
than occur in nature,
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ASTRONOMY

Seeing Through Dark Matter

Stacy McGaugh

Dark matter was proposed to explain galaxy dynamics. A modification of Newton's law of

gravitational force may offer a better explanation.

he universe appears to be dominated by
invisible components that astronomers
call dark matter and dark energy. The
astronomical evidence implicating dark mat-
ter has been apparent for a generation ({ ): The
rotational speeds of objects in extragalactic
systems exceed what can be explamed by the
visible mass of stars and gas. This discrepancy
has led to the inference that there is more mass
than meets the eye. However, this inference
requires that Newton's law of gravitational
force be extrapolated well beyond where 1t
was established. In addition, laboratory
searches tor dark matter have yet 1o bear fruit.
This lack of corroboration, combined with the
increasing complexity and “preposterous™
nature of a once simple and elegant cosmol-
ogy, leads one to wonder if perhaps instead
gravity is to blame.
Simply changing the force law on some
large length scale does not work (2). One

The auther is at the Department of Astronomy, University of
Maryland, College Park, MD 20742-2421, USA. E-mail:
ssmi@astro.umd.edu

idea that has proven surpnsingly resilient is
the modified Mewtonian dynamics { MOND)
hvpothesized by Milgrom (3) in 1983,
Rather than change the force law at some
large length scale, MOND subtly alters it at a
tiny acceleration scale, around 107" m s~ In
systems with gravitational accelerations
above this scale (e.g.. Earth, the solar sys-
tem). everything behaves in a Newtonian
sense. [t is only when accelerations become
tiny, as in the outskirts of’ galaxies, that the
modification becomes apparent.

MOND has successfully described the
rotation curves of spiral galaxies (see the
figure) (4). In case after case, MOND
correctly maps the observed mass to the
observed dynamics. Why would such a
direct mapping exist between visible and
total mass if in fact dark matter dominates?
Moreover, MOND’s explicit predictions for
low surface brightness galaxies have been
realized (5). In contrast, the dark matter par-
adigm makes less precise predictions (6) for
rotation curves that persistently disagree
with the data ( 7).
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One problem is that researchers have
found 1t difficult to create a version of
MOND that sausfies the well-established
tests of Einstemn’s general theory of relatv-
ity. This hurdle has now been overcome
by Bekenstein (&), Testing Bekenstein’s
approach is in the early stages, but initial
results Jook promising (9),

Despite the observational and theoretical
successes, the picture for MOND is not all
rosy. Many observations purport o falsify

expect from big bang nucleosynthesis (/).
Perhaps the unseen mass required in clusters
by MOND is merely these dark baryons.
Indeed. this has happenead betore, For a long
time, astronomers thought that most of the
ordinary mass in clusters was visible stars,
Only relatively recently have we come to
appreciate that all the stars in all the cluster
galaxies are outweighed by a hot, diffuse gas
between them. Still more baryvonic mass
may await discovery there,

NGC 6946

Madified gravity. The spiral galaxy NGC 6946 with its rotation curve of velocity V versus distance R from the
center (blue circles) (14). The green line is the rotation curve computed with Newtonian gravity. The gold line
is the prediction of MOND. In both cases, the one unknown parameter of the computation, the stellar mass-
to-light ratia, has been set to the value expected by stellar population synthesis models (15). MOND provides

agood description of the data with no free parameters.

MOND. although often the evidence is less
compelling than might be hoped. Perhaps
the most serious observational challenge is
from rich clusters of galaxies. These systems
exhibit clear mass  discrepancies  that
MOND fails to completely rectify (/).
Even after application of the MOND for-
mula, one still infers that there is as much
unseen mass in these clusters as can be seen
in stars and gas. Consequently, MOND
appears to require dark matter itself—a con-
siderable embarrassment for a theory that
seeks to supplant the need for invisible mass,

It 15 tempting to conclude that this is the
real dark matter, some fundamentally new
type ol particle outside the highly successiul
stundard model  of physics.
However, it might just be the result of
another missing mass problem in extra-
galactic astronomy: the missing baryon
problem. Our inventory of ordinary matter
(baryons)—the stars and gas that we can see
directly—falls well short of the amount we

particle
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The need for dark matter in clusters, even
with MOND, was dramatically confirmed
by the colliding “bullet” cluster { 2. In this
case the mass, as indicated by gravitational
lensing, follows the galaxies rather than the
vas, This implies that the unseen mass is in
dense objects like brown dwarfs, but not dif-
fuse gas. Although this provides some clue
as to what the unseen mass is not, it does not
tell us whether it is nonbaryonic dark matter
or merely dark barvons, Moreover, although
certainly puzzling for MOND, this case is
also puzzhing in the context of standard cos-
mology. The collision velocities of the com-
ponents of the bullet cluster are extraordi-
narily high. a result much more natural to
MOND than to conventional dark matter.

Another result more consistent with
MOND than dark matter is the recent obser-
vation of mass discrepancies in tidal debns
dwarls (/7). These dwarl galaxies form
from the gas extruded from disks into long
tdal wails as the result of collisions between

SCIENCE

massive galaxies. Because the orbis of dark
matter and gas in disks are so different. these
dwarls are expected to be free of dark mat-
ter. Contrary to this expectation, they appear
to show the familiar flat rotation curves,

This is precisely the behavior expected in
MOND. In the conventional picture, how-
ever, we are obliged to invoke dark barvons
in the disk in addition to the nonbaryonic
dark matter in the halo. It is far from obvious
that this can work, so the observations of
Bournaud er af. (13) may pose an existential
cnisis for nonbarvonic dark matter,

Modern cosmology, with both dark mat-
ter and dark energy. has many genuine suc-
cesses, So why should MOND work so well
in describing rotation curves ifl in fact, dark
matter is their cause? We must understand
this empincal phenomenology. If1tis not the
result of modified gravity, perhaps it is sug-
gestive of something about the nature of
dark mater.

It dark matter does exist in the form most
commonly assumed. we should see it in the
laboratory soon, Major experiments like the
Large Hadron Collider and others have a good
chance of detecting dark-matter particles in
the near future. Moreover, measurement of a
neutrino mass in excess ol a few tenths of an
electron volt would Ealsify the structure for-
mation paradigm of standard cosmology,
while perhaps going some way toward provid-
ing the missing mass in clusters with MOND.
Regardless of how these expenments play out,
there is clearly a great deal of fundamental
physics left for us to learn. The universe may
not be as cold and dark as we imagine.
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RETROSPECTIVE

Anne McLaren (1927-2007)

Janet Rossant and Brigid Hogan

he death of Anne McLaren in England

on 7 July 2007 has robbed us ofa major

leader in mammalian developmental
biology and genetics. Mot only was Anne a
pioneer. she remained an active scientist
whose influence extended across many other
fields. Motably, she was a preeminent interna-
tional figure in public policy debates around
issues of reproductive technologies and stem
cell research.

Anne’s scientific career spanned more
than 50 years. from early studies on embryo
transfer to her most recent work on germ cell
development. After receiving a D.Phil. in
1952 from Oxford University, she began her
career at University College London, where
she pertecied techniques of embryo transter
i mice and demonstrated maternal uterine
effects on embryonic patterning. This work
was performed with her then-husband,
Donald Michie, with whom she remained
friends after they divorced in 1959, Sadly, he
was with her in the car accident that took both
their lives. With John Biggers, she showed for
the first tme that preimplantation mouse
embryos cultured ina dish for 2 days could be
returned to the mother’s uterus to complete

normal pregnancy. This combination of

embryo culture and transfer enabled the
development of human in vitro fertilization
technologies. The media hype over the birth
of these “brave new mice” in 1958 also gave
Anne her first taste of public controversy
around new reproductive technologies.

In 1959, Anne moved 1o Edinburgh to set
up her own lab at the Institute of Animal
Genetics, established by C. H. Waddington,
There. she intiated research on a broad range
of topics, including embryo implantation and
chimera development. She describes this
period of her long career as her favoriie,
when genetics, epigenetics (as defined by
Waddington). reproductive biology, and
developmental biology were coming together
to define new ways of understanding
mammalian embryonic development. Her
classic monograph “Mammalian Chimaeras,”
published in 1976, gives an amazingly current
view of the power of mouse chimeras to

1. Rossant is at the Hospital for Sick Children, University of
Taronto, Toronto, Ontario, Canada. MSG 1X8. B. Hogan is
in the Department of Cell Biology, Duke University,
Durham, NC 27710, USA. E-mail: janebrossani@
sickkids.ca; b.hogang@ cellbio.dube.edu

explore a variety of biological questions,

Anne moved back to London in 1974
to direct the Medical Research Council
Mammalian Development Umit. Under her
guidance, this became one of the world's pre-
eminent centers for mammalian embryvology
and genetics. Many leading scientists devel-
oped their careers there,
and many more, includ-
ing us. were [ortunate
to receive Anne’s men-
torship. She was always
ready 10 welcome visi-
tors. give advice, and
discuss scientific mat-
ters. You were subjected
to tough questioning,
but in a way that led to
more rigorous experi-
ments and deeper in-
sight. As many will tes-
tify, Anne was also ex-
tremely supportive of
scientists struggling to work outside the main-
stream or with few resources. Her own
research during this time tmed o germ cell
development and sex determination. With
Elizabeth Simpson in the 1980s, she showed
that the mouse gene encoding the male anti-
gen H-Y was not related to the sex-determina-
tion gene on the Y chromosome. This began
a chase that led to the cloning. by the
Goodfellow and Lovell-Badge labs, of the
true sex-determination gene. S, in 1990, She
also showed the First location of germ cells in
the embryo, and her work mspired the dernva-
tion of embryonic germ cell lines.

Anne was involved in the public debate
about the ethics of new reproductive tech-
nologies. As a founding member of the
Warnock Commission between 1982 and
1984, she provided the clear scientific back-
ground and advice that led to the first guide-
lines around in vitro fertilization and embryo
donation for research. The UK. Human
Fertilization and Embryology Authority,
founded in 1990, remains & model for other
countries grappling with the increasingly
complex issues surrounding reproductive
technologies and human embryo research,
Anne played a major role worldwide in devel-
oping guidelines in many different jurisdic-
tions. She regarded herselt as “biologist, not
an ethicist,” ver could communicate with
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A leader in mammalian development and an
active voice in the ethics of human embryology
research is remembered.

ethicists, philosophers, policy-makers, politi-
cians, and the public with ¢larity and preci-
sion, She believed that scientists have an eth-
ical duty to explain their research and its pos-
sible implications for society.

Anne’s influence did not decline after her
statutory retirement in 1992—if anything,
it increased. She divided
her time between ongoing
research at the Gurdon
[nstitute in Cambridge and
traveling the world. ad-
vising governments and
learned bodies. teaching,
and lecturing, She was ap-
pomnted foreign secretary
of the Royal Society, mak-
ing her the first woman to
hold a leadership position
in the society since its
founding in 1660. She re-
ceived many awards and
honors, including Dame
of the British Empire in 1993: the Japan Prize,
with Andrzej Tarkowski, in 2002; and
most recently, the March of Dimes Prize in
Developmental Biology, with Janet Rossant,
in 2007,

How did she manage all this—1to be an out-
standing sciennst, public educator and policy
advisor, role model and mentor, as well as a
highly invelved maother and grandmother? We
can only offer some clues from our experi-
ences. She had no personal ego invested in her
activities, but a strong sense ol social respon-
sibility and desire to see others succeed. Anne
relished all kinds of social interactions and
could party long afier her vounger colleagues
had faded. She loved young people. and they
responded in kind. And she truly did not suffer
from jet lag. Anne traveled the world with one
small rucksack and never seemed fatizued.,
She also knew how 1o balance family and
work and to be successtul at both.

At her death. Anne was in her prime. An
excellent celebration of her life in science was
held in Cambridge on the occasion of her 80th
birthday earlier this year, and it seemed she
wolld live and work forever. Now, she would
not want us to grieve for long, Rather, she
would encourage us all to hive life to the full,
while striving for the scientific and societal
1deals that she worked so hard to achieve.

10,1126 science. 1147801
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Testing Our Defenses

CHALLENGE THE IMMUMNE SYSTEM, AND YOU MIGHT WELL INDUCE A
vigorous response. Challenge an immunologist. and vou can be confident of
eliciting something rather similar. Indeed, our rate of progress in understanding
the immune system has been anvthing but sluggish over the past few decades. This
has encouraged a mood of optimism that new vaccines for infectious diseases and
immune-based therapies for cancer and autoimmune diseases are just around the
corner. Yet despite this brisk pace of discovery and some enticing glimpses of
how the immune system might be manipulated, there is much that is clearly left
to explore about its inner workings. In this special 1ssue, we consider a selection
of fundamental immunological questions that still test investigators.

As Casanova and Abel explain (p. 617}, the genetic study of human primary
immunodeficiencies is an emerging Field that is revealing surprises about our
evolving relationship with the world of pathogens. Kioussis and Georgopoulos
i p. 620) discuss the epigenetic rules that sovern lymphocyte function and develop-
ment. and, Reiner ef al. (p. 622) frame some of the most pertinent issues in T cell
fate determination. Cell biology and immunology have long been intimate part-
ners. and Mellman (p. 623) uses the study of antigen presentation to explain how
discoveries in basic cell biology continue 1o underpin our understanding of the
immune system. Finally, Sakaguchi and Powrie (p. 627) reveal just how much there
15 still to leamn about the regulatory T cell and its power in preventing overzealous
immune responses and autoimmunity. In News, Leslie (p. 614) describes how
immunologists have struggled to understand the purpose of mast cells. and Cohen
{p. 612) updates the daring efforts of gene therapists to reboot the human immune
system with cells impervious to HIV. Science’s STKE focuses on some molecular
challenges for immunologists (www.sciencemag.org/sciext/immunology07).
Lindén describes how the adaptor protein Actl mediates interleukin-17 receptor
signaling, Serfling er al. discuss the importance of NFAT transcription factors
to memaory lvmphocytes. Finallv, Wattenberg and Raben describe the negative
regulation of various immune responses by diacylglycerol kinase.

We are sull leaming about how immune cells move around the body, and in the
research section a Repont by Auffrey ef af. (p. 666) describes a subset of monocytes
that patrol the surfaces of blood vessels for damage and inflammation, contrasting
their behavior with that of typical leukocytes. Mueller er al. (p. 670) offer up some
intriguing evidence that lymphoid organs “close up shop™ for new business during
an immune response, by using chemokine regulation to prevent the admission of
circulating naive lymphocytes, In research that may shed some evolutionary light on
an ancient system, Chen ef ¢l (p. 678 and see related MNews item) describe how the
social amoeba Dictvostelitn uses specialized cells akin to phagocyies in animals,
Finally. Carmody er al. (p. 675) reveal the means by which normally potent signals
miediated by the innate immune Toll-like receptors are placated by blocking ubiquiti-
nation. With so much left to discover about our immune system. there seems little
doubt that immunologists will Find plenty to challenge them in the yvears to come.

~STEPHEN ). SIMPSON AND JOHN TRAVIS
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NEWS

Hard cells? G
th i

blood cells i)
that HIV (red)
cannot harm.

Building an HIV-Proof

Immune System

Despite past setbacks in the field of gene therapy, several research teams
are testing whether that strategy can provide people with immune cells
that are more resistant to HIV or that can cripple the virus

Except for a lucky few, everyone infected by
the AIDS virus suffers a prolonged and inex-
orable attack that obliterates the immune

system, Yes, anti-HIV drugs can stave off

this destruction. But drugs can have serious
toxicities, they re costly and difficult to take
every day, and the virus can develop resist-

ance to all of them. So a small group of

researchers has long explored an ambitious
alternative to drug therapy: introducing new
zenes into the bodies of HIV-infected people
to help forufy their immune systems, Some
are even pursuing the option of destroying
the remaining immune cells in an infected
person so that new, better ones can take their
place. Fanciful as it sounds, scientists are
hoping to reboot people’s immune systems
with HIV-proof cells,

Researchers haven't made much head-
way with this approach. which some call
“intracellular immunization.” But more
effective gene-therapy techniques recently
have begun to advance a parade of novel
strategies. They include disabling a critical
receptor that HIV wses to infect immune
cells. silencing the regulators that turn on

3 AUGUST 2007

HIV genes, and incapacitating HIV with
lab-designed antibodies. In an ironic twist,
some scientists are even using forms of HIV
to deliver the genes for these strategies.
“These are exciting times now because the
technologies are there,” savs immunologist
Carl June, who develops HIV gene thera-
pies at the University of Pennsylhvania,

The Mational Institutes of Health
invested more than S10 million last vear in
three dozen labs pursuing this pioneering

HIV gene-therapy research. And as part of

its Grand Challenges in Global Healih ini-
native, the Bill and Melinda Gates Founda-
tion has committed nearly 514 nullion to a
project headed by Nobel laureate David
Baltimore, who wants to engineer the
il'l'il'l'llill‘.ll..' .‘\':q.'.\'ll:_']'ll {8} ]‘ITI'ILLLIL'L‘ dn llill'i'lpl'lll..'lll
antibody against HIV,

For the most part, industry has left the
exploration of these radical ideas o academ-
ics, “One has o be somewhat optimistic to
zo after this tvpe of therapy because 1t 15
labor-intensive. and we don’t know all the
rules yet,” says Jerome Zack, an immunolo-
gist at the University of California. Los

VOL 317 SCIENCE

Angeles (UCLA). “The field is sull waiting
to be cultivated.”

On trial

HIV gene therapies all adhere to the same
basic principles: Rescarchers remove blood or
bone marrow from an HIV-infected patient.
isolate the immune cells that HIV targets or
the blood-torming stem cells that spawn them,
introduce new genes, and reinfuse the cells
(see table, p. 613). Key distinctions between
different labs include the viral “vectors™ they
design to shuttle in genes (a process called
transduction ) and how they culture cells to
expand their number. Success depends criti-
cally on how many cells the vectors actually
transduce and how long the modified cells
survive once back in the body.

Gary NMabel, a leading HIV gene-therapy
mnvestigator i the 1990s who subsequently
moved into AIDS vaccine research. says the
Neld’s rejuvenation owes much to iImprove-
ments in the gene-carrving vectors and dis-

covenes about the molecular weak points of

HIWV. *We just know so much more now than
we did then.” says Nabel, who heads the
Vaccine Research Center at the National
Institute of Allergy and Infectious Diseases
in Bethesda, Maryland,

One of the earliest gene-therapy attempts
to build an HI'V-resistant immune system
employs a ribozyme, a catalytic bit of RNA,
Developed by Zack and other UCLA
rescarchers in association with a Johnson &
Johnson (J& 1) division in Svdney. Ausiralia,
the rnbozyme clips an HIV gene. fat. that the
virus needs for replication, rendenng it inca-
pable of producing new copies. Nearly a
decade ago, achmcian at UCLA who collab-
orates with Zack began a study of this
ribozyme approach in 10 patients, all also
receiving anti-HIV drugs. To deliver the
ribozyme into each patient’s cells, the
researchers used a mouse retrovirus,

At the time, the most unusual aspect of

the experiment was the target cell. HIV pref-
erentially infects white blood cells that have
CD4" surface receptors, and researchers had
typically focused on transducing these cells.
The UCLA group decided that because the
CD4" cells are mature and have a Fimite life
span, it made better sense to add the ribozyme
gene to stem cells. marked by a cell surface
protein called CD34°, that theoretically can
produce CD4 cells indefinitely. As Zack and
co-workers reported in the March 2004 1ssue
of Human Gene Therapy, they found that the
ribozyme-containing vector was still inside
CD4' cells as long as 3 vears after an infusion

wWww.sCiencemaq.org
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of the modified stem cells, presumably
because they produced progeny that survived.
The strategy looked promising enough that
J&J moved ahead with a larger study, which
began in August 2002 and has 74 patients
enrolled at UCLA and other sites,

The only other HI'V gene-therapy strategy
now in clinical trials pioneered the use of HIV
itself as the vector. Whereas the mouse retro-
virus employed by Zack and his colleagues
only transduces dividing cells. HIV has no
such limitation. Many in the field also con-
tend that because lentiviruses such as HIV
are not known to directly cause
cancer, they are inherently safer
than mouse retroviruses, one of

their antiviral drugs. are now evaluating mul-
tiple infusions of the VIRXSYS vector,

June says it may turn out that multiple
infusions aren’t necessary. In the first tnal,
they found evidence that an infected person’s
own “wild-type™ HIV could “package™ the
vector and carry it to uninfected CD4" cells,
possibly expanding the number of protected
cells and extending the durability of the ther-
apy. “Potentially. vou could infuse a limited
number of transduced cells that could infect
their neighboring cells in vivo,” says June. In
maost gene-therapy studies, mobilizing a

HIV GENE THERAPY TRIALS

SPECIALSECTION

To infect immune cells. HIV must first
bind to chemokine receptors. Researchers
discovered in 1996 that people who had a nat-
urally eccurring mutation in their genes for
one of these, CCRS, were strongly protected
from developing AIDS—or even becoming
infected inthe first place—and suffered noill
effects from lacking the receptor.

Sangamo specializes in developing
enzymes called zine finger nucleases that can
bind to genes, clip their DNA., and repair muta-
tions ( Science, 23 December 2005, p. 15894),
But for the HIV gene therapy, they've created
a nuclease to specifically disrupt
the CCRS gene in the same man-
ner as the natural mutation. In

which tnggered leukemia in some
children in a gene-therapy trial
(Science, 17 June 2003, p. 1735).

The taming of HIV begins
by strnipping the virus down to its
bare bones so that it can insert
the genetic material it carries
into human chromosomes but
not make dangerous new copies
of itself. VIRXSYS Corp. In
Gaithersburg, Maryland, spliced
into such a vector an “antisense™
gene that stops HIV from making
its crucial envelope protein, (The
RNA strand made by this gene
complements the messenger RNA
for the protein and prevents its
translation.) Once integrated into
an immune cell’s DNA. the anti-
sense gene should prevent any
normal HI'V that gets into the cell
from making new copies.

In 2003, June and co-workers
used this vector to transduce
CD4' T cells taken from five peo-

. Transduced Development
Investigators  Sponsors  Vector o o gncode Frotocol Stage the new trial, researchers will put
rapatientsinan-  the gene for this zine MNnger nucle-
Jerome Zack & Juhnson Meloney domized, controdied = il
andfonald  JUOR BICERN mune  Aiborymethat  CO34cells, | SRTAN C ase into an adenovirus vector.
Mitsuyasy, Australia, MIH " leukemia largets HIV fat o condiioning Results expected ;- i
LA W early 2008 transduce harvested CD4" T cells
— " AR AT of 1H ['V-infected people. and
University o | Gaithenburg, | Madilied pry (MUSense that (COA"cell, | 5 patients. First infuse those cells back. June says
Pen I a NiH largets HiVeny  no condiBioning  resufits expected i -5 -
: : i fall this is the first gene-therapy
e . Zine Hinger O okt 12 patients, experiment that aims to create a
Carl June Adenowings  nuwdeases that A expected to start 2 st - . "
?‘aﬁ:&um arget CCRS na condiioning | LSl e p!\u]‘lﬂl}pr .1Iml s known to confer
BT o, | 12paens ateg dlh;.‘-i._ n..a;st‘_lm;j.. ) "
Children’s RevM10 that therapy expected sinegle infusion of these
Haspial Leds Modified BNV e rides HIV rev mﬂ:‘m“ 1o start in early L T e W 2
Los Angeles sl oo transduced cells will, at best,
et Shaet RNA against only protect a small fraction of
HIV rew and rar, 3 s ] i
:n':?;*;‘;'“ i RN rbagyme agalest. | CO34 celi :‘mmm‘ the body's CD4" cells. Buta
Duarte, ool el () gene-therapy approach could
Califarnia s g
" HIV tat have a much greater impact if
Donothes won . R R T (TR o T s a.
L, Go® e Bt mum peptide that g?ﬂm“ St o scientists instead II'JI'I:?KJL[I:L the
Speyer Hiagaal E leukemis  OBrupts A BEELSEENE L AIDS hmphema, stem cells that make CD4* cells
Franidurt, oo e gpal start Ler this year ; P 2 e
Germany theragy and “condition™ the existing
Tmmﬁnm! immune system to make “space”
; Bill and Metinds Lab-designed ; i vl
E’j:“,i:‘“' Gates Foundation | Medifed BV S gy (034" cells | Mouse studies for those stem cells.
Celady Toward that end, Donald Kohn
Short interdering at Children’s Hospital Los Angeles
irvin Chen, UCLA  MIH Modified HIV ANAthat targets  CO34'cells  Monkey sluie

CCRS

will use a chemotherapeutic agent
to partially ablate the immune

ple who were failing on their anu-HIV drugs.
Subsequently, they gave the patients a
single infusion of the modified cells. In
the 14 November 2006 Proceedings of
the National Academy of Sciences, the
researchers report that the HIV vector. as
expected, far more efficiently transduced
cells than did mouse retroviruses. Although
the study was meant to address only safety
and not whether the therapy worked. one
patient had a dramatic drop in HIV levels.
And whereas the transduced CD4" cells had a
half-life of less than | month, the rescarchers
unexpectedly found signs of the antisense-
toting vector in two patients” CD4” cells more
than a vear after the infusions, Two separate
clinical trials in HIV=infected people. includ-
ing one in which participants will stop taking
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retroviral vector like this would raise stag-
gering safety concerns, but for whatever rea-
son, and unlike other retroviral vectors, HIV
integrates its genes at spots on human chro-
mosomes unlikely o tnigger cancers. { The
lymphomas often seen in AIDS patients stem
from general immune suppression. )

Tomorrow's front burners

A new generation of sophisticated therapies
designed to HIV-proof the immune system
promises to enter the clinic soon. For exam-
ple. June. working with Sangamo Bio-
Sciences in Richmond, California, later this
year plans to start trials in 12 HIV-infected
people of a gene therapy designed to endow
immune cells with a genetic mutation that
protects them from HI'V.

systems of children who are failing on anti-
HIV drugs. Building on earlier work he did
with mouse-based retroviral vectors, Kohn
will infuse the children with their own
CD34" cells that he has ransduced with an
HIV-based vector to carry a gene known as
RevM 10, which produces a mutant form of
the eritical HIV protein Rev. When the virus
infects such a transduced cell, it uses the
wrong Rev, disrupting its replication.

Kohn says a “home run”™ from this condi-
tioning would lead the vast majority of cells
to express the protective gene. Stll, even a
much smaller percentage of protected stem
cells could powerfully bolster the immune
system, “Those cells over time could amplity
in number because they re resistant to HIV,"
says Kohn. He notes. wo, that the transduced
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cells could at a minimum leave people with
enough of an immune system to ward off
serious disease.

At the nearby City of Hope in Duarte,
California, John Rossi heads a study that™s
recently started enrolling patients in the most
aggressive HIV gene therapy yet. In five peo-
ple with AIDS lymphoma, a cancer of the
Iymph nodes, Rossi, John Zaia, and colleagues
will use various chemotherapies or radiation o
completely destroy each person’s immune sys-
tem—a dangerous procedure that is the stan-
dard of care for that highly lethal condition.
The researchers will then infuse the patents
with their own previously harvested immune
stem cells that an HIV-based vector has trans-
duced with three genes. The therapeutic genes
encode a ribozyme that knocks down CCRS, a
short RNA that interferes with the virus'’s abil-
ity to copy 1tself, and a decoy that codes for an
essential HIV protein and throws a wrench in
the viral replication machinery. “The nice
thing 15, the warzets are muluple,” sayvs Ross,
who hopes this will overcome a sk in all these
strategies—namely, that HIV will develop
resistance to the gene therapy.

Instructive immunotherapy
At the California Institute of Technology in
Pasadena, David Baltimore has teamed up

with immunologist Pamela Bjorkman on an
HIV gene-therapy project that he calls
“instructive immunotherapy.” Rather than
bolstering the natural immune response,
Baltimore says, “we're instructing the
immune system [about] what to make,”

This S-year experiment lives up to its
Grand Challenges billing with its focus on
inventing virus-fighting antibodies. Gene
therapists have paid antibodies little heed
because HIV notoriously remains impervious
to their attack. 1 didn't think we should be
giving up on the historically most powerful
part of the immune system,” savs Baltimore,
So he and Bjorkman are attempting to con-
struct an antibody against HI'V that'’s far more
powerful than anything naturally produced by
the immune system. Baltimore and co-workers
then want to use an HI'V-based vector to
transduce the gene for this antibody into
immune stem cells,

Baltumore onginally explored intracellu-
lar immumnization strategies—he even
coined the term—but his work now on
instructive immunotherapy reflects a belief
that multiple forms of gene therapies may be
necded to defeat HIV. *I"'m hedging my
bets,” says Baltimore,

Two years into the project. Baltimore
says his team is making steady progress. but

they have an added hurdle to overcome.
They need to craft antibody genes that will
continue to function as the CD34" stem cells
mature into the B cells that ultimately
secrete the antibody. Within 3 years. the sci-
entists hope to show that this can work in
chimeric mice that have humanlike immune
systems. “We're very aware that this is com-
plicated and expensive and diftficult o imag-
ine using in the less developed world” says
Balumore, noting that the Gates imnative
demands that researchers work on projects
applicable to the world’s poor. With that in
mind, Baltmore says they've been testing
another strategy in mice: injecting the vector
directly into the body to see if it will home in
on CD34" cells.

In the end, Baltimore and other
researchers in the field imagine that different
gene therapies and anti-HIV drugs will com-
plement each other. And many anticipate that
in wealthy countries. demand for a gene-
therapy approach will grow as ever more peo-
ple become resistant to the best anu-HIV
drugs available. “With the right technigues
and vectors. | think this can be just hike what
the Red Cross does with blood transfusions.”
predicts the University of Pennsylvania’s
June. “Unfortunately, it's going to take time.”

=JON COHEN

NEWS

Mast Cells Show
Their Might

They are the most reviled cells in the body,
Their meddling makes our skin itch. our eves
swell, and our noses stream: the cells even
provoke suffocating asthma attacks that kill
thousands of people every vear. In fact. these
villains. known as mast cells, are responsible
for so much suffering that some researchers
have proposed eradicating them.

That could be a big mistake. Over
the past decade or so. the reputation of
these immune cells has been turned
around, Researchers have learned that mast
cells are vital sentinels that orchestrate
counterattacks on invading bacteria and
viruses. The cells link the innate immune
system, which deploys a standard set of
defenses. with the adaptive immune sys-
tem, which customizes the body s weapons
to a specific attacker. Mast cells even neu-
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Once dismissed as “allergy cells,” mast cells

have proven crucial for immunity. But they've
also shown a dark side

tralize toxins from snakebites and bee
stings (Science. 28 July 2006, p. 427).
However, mast cells turn out to be fickle
allies. Extending the cells” disease connec-
tions far beyond allergic reactions, recent
studies put them at the center of multiple

Standing guard. Mast cells from the umbilical cond.

sclerosis, rheumatoid arthritis, cancer, and
atherosclerosis, “What this research tells
vou is that mast cells are key to a lot of bio-
logical processes,” says immunologist
Dean Metcalfe of the National Institute of
Allergy and Infectious Diseases (NIAID)
in Bethesda, Maryland.

The catalyst tor many of these discoveries
was the identification of mutant mice that
lack mast cells. A white-spotted coat on one
of these rodents First attracted geneticists’
attention in 1937, But it wasn’t until the late
19705 that Yukihiko Kitamura of Osaka
University Medical School in Japan and col-
leagues determined that the genetic defect
responsible for the color change also short-
circuits masi-cell development. Led by
Kiamura and pathologist Stephen Galli of
Stanford University in Palo Alto. California,

www.sciencemag.org
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researchers began using the animals in the
late 19805 to probe mast-cell activity, By
implanting these mice with lab-grown mast
cells, scientists could finally begin to eluci-
date the functions of the cells or parts of their
molecular repertoire, The animals are “the
only way to see il the effect [of mast cells] is
positive, negative, or neutral,” says Galli,

The good

Mast cells are microscopic chemical facto-
ries. Their product ling of 10,000 compounds
includes histamines that make blood vessels
leaky, protein-slicing enzymes such as chy-
mase and tryprase, and eytokines that incite
inflammation and activate immune cells,

These potent potions, which the cells
often stash in sacs called granules, cause
misery for people who are sensitive to cat
dander, ragweed pollen. and other aller-
oens. The trouble begins when antibodies
Jutting from mast cells latch onto one of
these substances, Once triggered this way,
the cells dump their contents, or degranu-
late. This outpouring can elicit responses
that range from local irritation, such as
stuffed noses and hives, to bodywide and
potentially fatal anaphylaxis. Scientists
once thought these woes were a side effect
of mast cells protecting us from parasitic
worms, and that allergic reactions ensued
when the cells instead overreacted to
innocuous substances.

That rationale for the cells’ existence sat-
i1sfied few researchers because the costs
seemed to dwarl the benefits. “Evervone
knows that they make people iich, sneeze,
and wheeze, but why are they there?” asks
immunologist George Caughey of the Uni-
versity of California, San Francisco.

A pair of papers published in Nature in
1996 marked the turning point in the thinking
about mast cells. One came from microbiolo-
gist Soman Abraham of Duke University in
Durham, North Carolina, and co-workers and
the other from Bernd Echtenacher of the Uni-
versity of Regensburg in Germany and col-
leagues. The teams were the first to test the
bacteria-fighting prowess of mice lacking
mast cells. Both groups unleashed internal
infections in the animals by introducing bac-
teria into the peritoneal cavity. And both
aroups found that mice with mast cells could
beat back the invasion, whereas rodents
devoid of the cells died.

The findings shook up the field because
they were the tirst to show that the cells were
“life-or-death critical™ for fighting infection,
savs Caughey.

Further research has demonstrated that
innate immunity depends on the mast cell
taking on a range ol bacteria and viruses.
“It’s the quintessential immunological first
responder.” says Joshua Boyee of Harvard
Medical School in Boston, Mast cells
reside just about everywhere a pathogen
might try to break in: the skin, nasal pas-
sages. lungs, lining of the gut. Their mem-
branes are studded with bacteria-sensing
proteins called Toll-like receptors.
Although it can gobble interlopers. a mast
cell typrcally fights back by spilling com-
pounds such as tumor necrosis factor
(TNF) that promote inflammation
and lure pathogen-killing neu-
trophils to the infection site,

Researchers have also been dis-
covering surprising subtlety in
mast-cell responses. “The mis-
conception was that they are a
bag of activators that goes
pop.” says immunologist lean
Marshall of Dalhousie Univer-
sity in Halifax, Canada. But
research by her lab and others
revealed that activated mast cells
don’t always degranulate. They can
dole out evtokines and other effec-
tors, giving them precise control over the
behavior of other cells.

Mast cells use that power to enlist the
adaptive immune system, whose soldiers are
B and T lymphocytes. Before these cells join
the battle, however. so-called helper T cells
must rendezvous with a cell sporting a frag-
ment, or antigen. of the invader. As Abraham
and colleagues showed 4 years ago, mast
cells promote encounters between antigen-
presenting cells and helper T cells by induc-

ing one of the most famihiar symptoms of

infection: swollen lymph nodes, Mast cells
that have detected a pathogen emit TNF,
which spurs nearby lvmph nodes to bulk up
and release molecules that draw in lympho-
cvies. And last yvear, Galli and colleagues
reported that TNF from mast cells prods one
antigen-presenting cell, known as a dendritic
cell, o make a beeline for the nodes, where it

can mingle with T cells. *In the absence of

mast cells, these events don’t oceur, and vou
get a poor response from the immune sys-
tem.” says Abraham,

Randolph Noelle of Dartmouth Medical
School in Lebanon, New Hampshire, and
colleagues have also implicated the cells in
immunological tolerance, in which the
immune system learns not to assault the
body’s own tissues. Researchers knew that
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so-called regulatory T cells play akey role in
the development of tolerance by quashing
immune attacks, but they didn't know how.
Last August. in an article that appeared in
Narure, Noelles team showed that mast cells
serve as enforcers for regulatory T cells,
turning down the immune system’s reaction
to skin grafts. That an “innate” cell is so
deeply involved in this adaptive response is
surprising, Noelle says,

Loaded. Granules full of histamine and other effector
molecules fill a mast cell.

The bad

The upside of mast cells is bigger than anvone
imagined a decade ago. But so is their down-
side. Work by rheumatologist David Lee of
Harvard Medical School, for example, indi-
cates that mast cells help imitiate rheumatond
arthritis, Five years ago, Lee and colleagues
reported that mice lacking mast cells don’t
develop the rodent equivalent of this debilitat-
ing condition (Science, 6 September 2002,
p. 1689). In further studies. the researchers
have found that activated mast cells pump out
the cytokine interleukin-1, which attracts
inflammation-inducing cells to the joint. Mast
cells also promote leakage of fluid into the
joint, which allows in more self~targeted anti-
bodies that might lead to damage by a cadre of
detensive proteins known as complement.

In multiple sclerosis, mast cells may
worsen the disease’s destruction of the
myelin insulation that sheathes nerves—at
least if experiments on the rodent model of
the condition. known as EAE. hold true for
humans. Seven vears ago. immunologist
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Melissa Brown ol Northwestern University's
Feinberg School of Medicine in Chicago, 11i-
nois, and colleagues determined that although
EAE mice still develop disease if they have no
mast cells, the symptoms start later and are
less severe, Brown says she assumed that mast
cells in the central nervous system (CNS)
exacerbated the illness. But in 2003, her group
tound that symptoms aren’t delayed in mice
lacking mast cells only in the CNS. The cul-
prits, Brown now suspects. are mast cells hid-
ing in the spleen and lymph nodes, where they
could help activate self-destructive T cells that
then travel to the CNS and target myelin,

Rogue mast cells might also contribute to
the developed worlds leading killer, heart
disease. The cells infiltrate arterial gunk,
although they are outnumbered there by
macrophages and smooth muscle cells. More
than 20 years of in vitro experiments by cell
biologist Petri Kovanen of the Wihuri
Research Institute in Helsinki. Finland. and
colleagues link mast cells to plague forma-
tion and breakage, the event that triggers
most heart attacks. For example. mast cells
might prompt flimsy capillaries to grow into
the fatty buildup and then bleed. helping to
weaken the plaque.

Biochemist Guo-Ping Shi of Harvard
Medical School and colleagues have now
taken this investigation into animals. In a
Nature Medicine article published in June,
they report the first data on artery clogging in
mast cell-deficient mice. The animals had
been crossbred with rodents that are athero-
sclerosis-prone. Plagues in mice without mast
cells were not only smaller than ones in ani-
mals with the cells but also less likely to frac-
ture, Shi's group found. The scientists pin the
blame on proteins called cathepsins, which
cause trouble in several ways. For instance,
mast cells spur neighboring cells 1o release
these enzymes, which dissolve proteins in the
blood vessel walls, allowing additional
smooth muscle cells to escape into the plaque.

Mast cells can break the heart in another

way, Last year, physiologist Randi Silver of

Weill Medical College of Cornell University
in New York City and colleagues temporarily
cut off blood flow to rodent hearts. simulat-
ing a heart attack. If the mice had mast cells,
their hearts were more likely to display
abnormal rhythms—in¢luding the often-
lethal ventricular tachycardia—after blood
flow resumed.

The ugly
Researchers have been trying to pin down
mast cells” role in cancer since the German

microbiologist Paul Ehrlich, who named the
cells in the late 1800s, noticed that they
swarmed around tumors. Sometimes mast
cells appear to oppose the growths and some-
times to abet them.

There are more examples of the later, Can-
cer hiologist Lisa Coussens of the University
of California, San Francisco, and colleagues

gist Juan Rivera of the National Institute of
Arthritis and Musculoskeletal and Skin Dis-
cases in Bethesda, Maryland. The result is a
multitude of varieties, cach of which
“responds to and 15 tailored to the tissue 1t
develops in” says Lee, Researchers are just
beginning to probe how a mast cell’s milieu
shapes its function,

Ally or adversary? Mast cells (arrows) take up residence in colon tumers.

have found, for example, that skin tumors
exploit mast cells” proclivity for cleaning up.
Afier an injury, mast cells release compounds
that help dissolve damaged tissue. They also
promote repair by, among other things,
spurring angiogenesis, These actions benefit
cancer cells. piping in nutrients and speeding
growth. Indeed. 8 years ago. Coussens and
colleagues showed in mice that the absence of
mast cells hinders the progression of pre-
cancerous skin growths into tumors.

Recent results from immunologist
Gunnar Nilsson of the Karolinska Institute in
Stockholm, Sweden. and colleagues suggest
an even more insidious partnership in
Hodgkin's lymphoma. a cancer in which
abnormal immune cells multiply out of con-
trol. The tumor cells get a jolt when the CD30
receptor on their surface couples with a mol-
ecule on the surface of a mast cell. The inter-
action also stimulates the mast cell. which
releases compounds that spur inflammation
needed for tumor growth.

In general, mast cells have turned out to
be more subtle than scientists expected. They
can perform opposing functions—for exam-
ple. igniting and quenching inflammation.
And as Galli notes, mast cells sometimes
have contrasting effects at different times in
the same process,

Their upbringing seems to determine
their behavior, Unlike blood cells, which cir-
culate and tend to be uniform. mast cells spe-
cialize for their home tissue, savs immunolo-

Most work on mast-cell function carnes a
key caveat: The subjects were rodents, Under-
standing of the human cells has lagged. One
reason, says Boyce, is that “there’s no such
thing. that we know of. as a mast cell-deficient
human.” Still, researchers are considering
therapies that target mast cells. And that
could be tricky.

Turning down mast cells could leave
patients vulnerable to infection. Turning
them up could prompt fatal anaphylaxis.
Nonetheless, researchers are exploring the
possibility that allergy and asthma drugs
directed at mast cells or their contents—aeven
zood old antihistamines—uwill work against
other conditions. One example is cromolyn,
a mast-cell stabilizer found in some asthma
inhalers. Shi and colleagues are testing its
power against atherosclerosis in mice,
And last year, in the Jowrnal of the National
Cancer fnsrirure, Craig Logsdon of the
University of Texas M. D. Anderson Cancer
Center in Houston and colleagues reported
that the inhibitor curtails growth of mouse
pancreatic tumors. The researchers are now
planning a clinical trial.

Plenty of mysteries remain about the
Jekyll-and-Hyde nature of mast cells, But on
the question of whether we can live without
them, Galli says he knows where he stands:
“If somebody told me 1 could have all my
mast cells eliminated tomorrow, [ wouldn't
agree to that.”

=MITCH LESLIE
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PERSPECTIVE

Primary Immunodeficiencies:
A Field in Its Infancy

Jean-Laurent Casanova®?** and Laurent Abel’?

A paradigm shift is occurring in the field of primary immunedeficiencies, with revision of the
definition of these conditions and a considerable expansion of their limits. Inbom emors of immunity
were initially thought to be confined to a few rare, familial, monogenic, recessive traits impairing the
development or function of one or several leukocyte subsets and resulting in multiple, recurrent,
opportunistic, and fatal infections in infancy. A growing number of exceptions to each of these
conventional qualifications have gradually accumulated. It now appears that most individuals suffer
from at least one of a multitude of primary immunodeficiencies, the dissection of which is helping to
improve human medicine while describing immunity in natura.

1w field of human primary immune-
deficiencies (PIDs) has witnessed consid-
crable success (£, 2) since its emergence

in the 19505, highlighted by the discovery of

XN-linked agammaglobulinemia i 3), congenital
neutropenia (4), and severe combined mmmu-
nodeliciency (SCIDY (5). Iis development has
saved the lives of tens of thousands of patients
with PIDs and other conditions worldwide and
has given rise to ground-breaking concepts in
immunology and beyond. The clinical descrip-
tion of over 200 discases, for which more than
10} genetic ctiologics have been described,
has provided opportunitics for diagnosis and
genctic counseling. Morcover, an understand-
ing of the pathogencsis of PIDs has paved the
wiy lor immunological mterventions, with
prool-of-principle demonstrated for new treat-
ments, such as immunoglobulin G replace-
ment, bone marrow transplantation, and gene
therapy, in patients with PIDs (/). Key dis-
coveries in fundamental biology have also
emerged from the forward genetic identifica-
tion of many hitherto unknown PlD-causing
genes, such as the ubiquitous DNA-repair
regulator ATM in patients with ataxia telan-
gicctasia (0) and a gene expressed in the
thymus—the tolerance regulator gene AIRE

in patients with severe autoimmunity (7). PIDs
have probably had an even greater biological
impact on the definition of host gene function
in natwra—i.e., i the setting of a natural
ceosystem-—a unigue added value of studying
the human model (). It s commonly thought
that most, if not all PIDs, have been described.

YLaboratory of Human Genetics of Infectious Diseases,
Institut Mational de la Santé et de la Recherche Medicale,
U550, Paris, France. “University Paris René Descartes,
Necker Medical School, Paris, France, *Pediatric Hematol-
ogy and Immunelogy Unit, Medker Children’s Hespital,
Paris, France.

*To whom correspendence should be addressed. E-mail:
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On the contrary, we would angue that there
has been a subtle but profound paradigm
shift, revisiting the definition of PIDs and
heralding a formidable expansion of this field

{Table 1).

The Expanding Universe of PID-Defining
Clinical Phenotypes

What is a PID? There is, quite rightly, a
consensus that “primary™ refers to a discase-
causing genotype. However, there is a com-
mon misconception that “immunodeliciency™
should be defined by an “immunological”
phenotype, in the hematopoictic sense ol the
term, i.¢., a detectable molecular or cellular
anomaly in the blood. Such phenotypes are
often quanttative, changing with the 1ech-
nological means available 1o measure them,
and any threshold put forward o define a
deficiency at the population level is neces-
sarily arbitrary. Moreover, host defense is not
restricted 1o the blood. Despite these inherent
limitations, PIDs have historically been defined
and classified according 1w immunological
phenotypes (%), Paradoxically, epidermodys-
plasia verruciformis (EV)—a lile-threatening
inherited predisposition o warts caused by
oncogenic papillomaviruses discovered in
1946 and, as such, probably the first PID 10
be deseribed-—was not considered to be a PID
until two EV-causing genes were identified in
2002 (i, due to 1= lack of an overt immu-
nological phenotype. A clinical definition of
PIDs is therefore more rigorous, and the most
conservalive definmtion is death due w nbom
crrors of immunity, or a threat w life, i the
illness can be rescued by drug treaiment. A
more controversial issue is the definition of
impaired immunity: it is sumprisingly still not
universally accepted that any given life-threat-
ening infection resulis, by definition, from an
immunodeliciency, whether inherited or
acquired (/7). Life expectancy at binh did

SPECIALSECTION

not exceed about 2010 23 years, mostly due o
infectious discascs, until the end of the 19th
century and the advent of Pasteur’s microbial
theory of discase. This implies that most
humans remain immunodeficient, although
their immunodeticiency is masked by medical
progress (L), Immunodeliciency s probably
also common m other animal and plam
species. In any case, given the strong cpide-
miological evidence documenting the impor-
tance of genctic background in predisposition
to infections, any severe infectious illness may
be considered a potential PID-delining phe-
notype (f/). Many other relevant clinical
phenotypes have been identified, including
autoimmunity (7, [2). angioedema (/3).
granulomas (/<) autoinflammation (/3).
hemophagocytosis (/6), and thrombotic mi-
croangiopathy (/7). A few PIDs also confer
predisposition o allergy (/¥) or oncogenic
virus-induced cancers (ff, [9), and other
wmors may also be associated with certain
PIDs (6, 20, 21 It seems highly likely tha
other phenotypes defining PIDs will be
discovered in the near future,

Toward a Single Phenotype per Patient

It is also commonly thought that PIDs conler
predisposition 1o multiple phenotypes
multiple infections in particular—in individual
patients, as seen in children with agamma-
globulinemia (3), neutropenia (4), or SCID
(.5). However, following on from the example
of EV (10}, an increasing number of PIDs are
being shown o confer predisposition 1o a
single type of infection, or a narrower range
of infections than might be expected, in

otherwise healthy patients (22). Disorders of
properdin and the terminal components of

complement confer predisposition 10 Nelsse-
rig (27), and X-linked lymphoprohiferanive
syndrome confers predisposition 10 Epsicin-
Barr virus disease (/9. More recently, disor-
ders of the intedeukin-12-interferon-y (1L-12

IFN=y) circuit have been shown o confer
predisposition 1o infections caused by myco-
bacteria and, 1o a lesser extent, Salmonella (24).
Similarly, disorders of the Toll-IL-1 recepior

nuclear factor kappa B (TIR-NF-xB) pathway
have been shown o predispose individuals to
preumococcal and, to a lesser extent, staphy-
lococcal infections (23). Perhaps the most
striking cxample is that scen with disorders
of the Toll-like receptor 3 (TLR3) pathway
suggested by ongoing work in our lab and
UNC-93B-IFN-u/f pathway (26), which con-
fer a selective predisposition 10 herpes sim-
plex virus encephalitis (HSE). The infectious
phenotypes that the disorders of the IL-12

IFN-7. TIR-NF-xB, and TLR3-IFN-a/p path-
ways confer in humans are much narrower
than those of the corresponding mutant mice,
at odds with the T helper cell VT helper cell 2
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(Tyl/Ty2) and TLR paradigms (8). There is
therefore much redundancy in host defense in
mertorg, with nonredundant human  genes
ranging from the “public™ genes required for
protective immunity o multiple microbes 1w
the “private” genes conferring specific immu-
nity to one pathogen. These findings are

consistent with the carhier deserniption of

mutant mice with a narrow range of vulnera-
bility {e.g., mice deficient in Mx1, Nampl,
Ly49l, and Tlrd), although these mice were
neither challenged with many pathogens nor
tested in a natral ecosystem (27), In any case,
other PIDs have also been found 1o conler
predisposition to a very specilic autoimmune
phenotype (7, 12). Moreover, whercas patients
with mutations in the FOXP3 (28) or AIRE(7)
immune genes governing peripheral and
central tolerance display  relatively broad
autoimmunity, those with disorders of cell-
autonomous Fas-dependent apoptosis maostly
present with autoimmune cytopenia (29),
Finally, several PIDs confer a seclective
predisposition o one ol several other pheno-
types (6, 7, 1, 12-20). Thus, it 15 now clear
that PIDs may underlic the occurrence ol a
single phenotype, including a single infec-
tious discase, in otherwise healthy patients,
Furthermore, it is likely that a number of “id-
iopathic™ syndromes may reflect hitherto un-
known PIDs.

Toward Single Illnesses at Any Age

Infections in children with PIDs are com-
monly thought to persist constantly, to recur,
or both. However, some PIDs occurring in
infancy have been found to have a sponta-
neously favorable outcome, with no relapsc
i most cases. Examples include IL-12pd0)
and IL-12RB1 deficiency, associated with

mycobacterial discase (24); IL-1 receplor
associated kinase 4 (IRAK-4) deficiency, as-
sociated with pneumococcal disease (23); and
UNC-93B (26) and TLR3 deficiency again as
suggested by ongoing work in our lab, asso-
ciated with HSE. Patients with these disorders
typically sufler from one episode of infection
in childhood, mrely two, with no relapses
occurting from the patient’s teenage years
onward. Immunity 1o the corresponding path-
ogen is therelore selectively compromised in
childhood, but not in adulthood. In these
PIDs, adaptive immunity to sccondary infec-
tions may progressively compensate for poor
innate immunity 0 primary infection. Aler-
natively, innate immune responses may im-
prove with age. These observations strongly
suggest that children with one or a lew com-
mon life-threatening infections who respond
1o anti-infectious agents and later fare well
may sulfer from hitherto unknown PIDs, The
possibility that inherited vulnerability in
childhood and subsequent protection in
adulthood in these patients resulis from the
maturation of mmate or adaptive immunity, or
both, may have considerable implications for
the development of vaccination strategics.
Conversely, some PIDs remain clinically silemt
for a long period and fist manifest in adult-
hood, forming a miror image ol carly-onset
PIDs silenced in adulthood, Adult-onset PIDs
include common varable immunodeficiency
(30 and dominant [FN-yR1 deliciency (24).
The late onset may reflect impaired adaptive
immunity o reactivation or secondary infec-
tion, or exposure (o microbes not encountercd
in childhood, although this is less likely. In any
evenl, PIDs can no longer be restricted w
chronie diseases of carly onset, and the clu-
cidation of PIDs underlving intectious  and

Table 1. Multiple paradigm shifts in primary immunodeficiencies.

autoimmune discases tughtly associated with a
specific age may shed light on the imponant
and largely unknown mechanisms governing
age-dependent immunity.

Toward Nonhematopoietic PIDs

Although the clinical presentation of PIDs
may be much narrower than mitially thought
in temms of age window and range of phe-
notypes, the mnge of cells alfected s broader.
An absence of one or several leukoeyte sub-
sets is a hallmark of some of the most familiar
PIDs, including agammaglobulinemia (),
congenital neutropenia (), and SCID (5). A
lirst hint @ the invelvement of nonhemato-
poictic cells came from the Di George and
nude syndromes, which are immunological
phenocopies of SCID caused by extrmhema-
wpoictic defects that preclude thymic devel-
opment (37). Moreover, it is clear, but ofien
overlooked, that host defense requires the
activity of both hematopoictic and nonhema-
topoietic cells, and some PIDs actually affect
both tvpes ol cells. For example, dyskemitosis
congenita (2f) and anhidrotic ectodermal
dysplasia with immunodeficiency (32) are
associated with multiple infections, making
the pathogenesis of some infections unclear.
Conversely, some molecules endowed with a
basic metabolic function in multiple cells ap-
pear o be particularly eritical for leukocytes.
These molecules include mediators of granule
secretion, which are of particular importance
in natural killer and T cells (76). Other PIDs
are associated with tissue-specific infections
wilh a single pathogen: this is the case for EV,
in which keratinocytes fail 1o control the de-
velopment of cenain papillomaviruses (110),
and HSE, in which herpes simplex virus
replicates in the central nervous system (246),

Primary immunodeficiencies Conventional Novel
Patient and population levels
Frequency Rarp Common
Occumrence Familial Sparadic
Age at onset Childhood Adulthood
Prognosis Spontaneously worsening Spantaneously improving

Phenatype level
Disease-defining clinical phenotypes

Number of phenotypes per patientt

Number of episodes per patients

Disease-causing cellular phenotypes
Genotype level

Disease-causing genes per patient

Mode of Mendelian inheritance

Clinical penetrance

Mutations

Opportunistic infections®

High
High
Hematopoietic

One (monogenic, Mendelian)
Autosomal and X-linked recessive
Complete

Inherited from the parental genome

Other infections and
phenotypest

Low (even single)

Low (even single)

Nonhematopoietic

A few (oligogenic, major genes)
Autosomal dominant
Incomplete

Germ line de novo or somatic

*Infections occurring in patients with overt immunalogical abrormalities.
{For example, infectious agents.

thrombotic microangiopathy.
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sugeesting a cntical, if not exclusive role lor
nonhematopoictic cells in pathogenesis. Fi-
nally, other PIDs affect nonhematopoictic
cells. with no detectable impact on leuko-
cyles: for example. congenital malformations
of the skull base confer a predisposition 1o
preumoecoccal menmgitis (33) and both cys-
tic fibrosis and primary ciliary dyskinesia im-
pair mucociliary clearance, resulting in severe
pulmonary infections (34), Other PIDs that
aflect nonhematopoictic cells will probably be
discovered, panticularly in paticnts with tissue-
specilic lesions,

Toward Commaon, Sporadic, and Complex PIDs

Rarity is generally considered a hallmark of

PIDs, despite genetic epidemiological data
strongly suggesting that most humans carry
inborn errors of immunity. However, cases
of Mendelian predisposition to common in-
fections, such as tuberculosis, have been re-
ported (35). Morcover, some individuals display
autosomal recessive resistance o common
pathogens, such as Plasmodinm vivax, HIV-1,
and norovirus, due to mutations n the DARC,
CCRS, and FUT2 genes, mespectively. This
indicates that mutamt alleles conferring Mende-
lian resistance may be positively selected by
pathogens. It also demonstrates that most
(vulnerable) individuals have bona fide auto-
somal dominant PIDs with respeat to these
pathogens (22, 36). Morcover, PIDs are nol
necessanily familial, and a number of sporadic
infectious and auwtoimmune illnesscs may result
from autosomal dominant PIDs. The under-
Iving mechanisms may involve the inheritance
of mutations with incomplete penctrance from
an affected parent, as in dominant STAT-1 defi-
cieney (24), de novo dominant lesions in the
germ line, such as dominamt IFN-yR1 defi-
cieney (24), or even somatic mutations, such
as dominamt Fos mutations in the hemato-
poictic lincage (2¢). Furthermore, a more
complex inheritance paiiern may also be in-
volved in infectious discases, as shown by
the HbS allele conferming protection against
severe Plasmodivm folciparnm malaria (37)
and the two major susceptibility genes for
leprosy, PARK2PACRG and LTA (38). Similar
patterns are observed for allergics, as reported
for asthma and severe atopic dermatitis, for
which several major susceptibility genes,
including ADAM33 (39) and FLG, encoding
Nlaggrin (40, respectively, luve been reported.
A similar patern has also been found  for
autoimmmunity, with the buman leukocyic anti-
ezen class 1 region having & major effect and
other genes a more modest effect on type
1 diabetes (4/), and for granulomatous dis-
cases, with inflammatory  bowel disease, in
which the CARDISNGDZ (42) and HL23R (43)
genes have been implicated. A common hy-
pomorphic variant of RNASEL has also been

shown 10 confer a predisposition to prosiate
cancer associated with the xenotropic murine
leukemia-related retrovirus (44). Thus, PIDs
should not he considered to be resiricted (o
the conservative notion of rare, familial, re-
cessive, Mendelian trmits, if only because there
15 no such thing as a stnet Mendelian trait in
multigenic organisms.

Concluding Remarks

It is now clear that most, if not all indi-
viduals, suller from at least one PID, the
clinical expression of which depends on
exposure to ad hoc environmental factors,
infectious or otherwise, Future research will
focus on the clinical description, genetic char-
acterization, and immunological investigation
of these novel PIDs, This field was ostensibly
bom in the 19505, after two decades ol ges-
tation (2}, but remains in its infancy, with
considerable potential for growth, What clinical
implications might we predict in this rapidly
expanding held, bevond the improvement of
established means of diagnosis and treatmoent”
Novel PIDs will probably guide the develop-
ment of immunostimulatory drugs, such as
granulocyte colony-stimulating factor, in pa-
tients with neutropenia (4), IFN-y in paticnts
with mycobacterial diseases (24). and IFN-u in
patients with HSE (26). The development of
potent and safe immunosuppressive drugs,
such as amibodies and chemical inhibitors,
iy also benelit from the description of novel
PIDs. One can even predict that most spe-
cialties in human medicine will benefit con-
siderably from the expansion of PlDs, as
immunity at large s central o physiology and
pathology, because most tissues are subject 1o
environmental assaults and comain myeloid
and lymphoid cells. The Geld of PIDs is also
important for immunologists, because it pro-
vides an opportunity for the penetic dissection
of protective immunity and tolerance 1o sell’ in
the setting of a natural ccosysiem. This unigue
feature of the human model is imporiant in
light of the naural selection of specices, because
it makes it possible 1o define the ecologically
relevam function of host defense genes most
likely to be subject o evolutionary selection
(14, 22). The emerging connection between
clinical genetics, epidemiological genetics,
and evolutionary genctics, with the definition
of PIDs in this context, constilules a new
frontier in immunology, Together, these dis-
ciplines make possible the genetic dissection
of past and present human immunity i
natura, thereby shedding new light on the
function and evolution of the immune system.
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Challenges in Immunology

PERSPECTIVE

Epigenetic Flexibility Underlying
Lineage Choices in the
Adaptive Immune System

Dimitris Kioussis™ and Katia Georgopoulos®

Although fundamental models have emerged in recent years describing how chromatin and transcription
requlation interface with one another in the developing immune system, the order of events and their
biological impact are still being resolved. Recent advances have provided a flexible, rather than static, view
of chromatin regulation to reveal how both positive and negative forces work concomitantly to establish
specific chromatin structures and regulate gene expression, The challenge will now be to explore new
epigenetic models and validate them during lymphocyte development, with the ultimate goal of unraveling
the long-sought mechanisms that support the emerging complexity of the adaptive immune response,

ymphoid development 1s whimately deter-

I mincd by a succession of gene expression

programs and by stage-specific ndaworks

ol classical tansenptional factors, which act as

drivers in the progression o specilic immune
cell types (4, 2). The activity of such ocll fate
determining ranseription factons is intimately linkod
to dedicated chromatin modifiens that alter access-
hility of lincage-specific gene loci and provide uli-

mate control over this process (). A consideration of

the regulated development of the adaptive immune
system ffrom a nuckear pespective must ke into
account the extended potential 1© choose betwoen
alemative fales that charmctenzes hmphoid  cells,
froun their cadiest stages of development to thedr later
spocilizaton as mmune cell wpes (Fiz 1), Such
cell Bue choices, acting as they do at numerous
branching points, wesull in a diverse vet balineed
immune system and depend on the coordinated
acquisition of a gene expression progeam thal Bvors
one cell fte over another These programs are the
result of a combination of genc-activating and gene-
stlencing evenis and provide the molecular *sig-
nature” for a paricular ocll fae. Av cell sioges
preceding fae choioes, a subset of genes within a
program may be uanscriptionally primed (expressed)
or poised (not expressed bun readily activaable) for
trnscription, providing cells with the potential for
differentiation o dicmative lincages (Fig. 11 This
state of aftairs has been incremsingly recogniasd as
lincage priming that i regulted at both the tran-
scriptional (4 6) and epigenetic (7, &) level, Atthese
pre-docision stages, apparently opposing chrom:e
in struchures may coexist on a gene locus but
resolve in subsequent stazes into exclusively ac-

tivating or silencing structures (Fie 1), This type of
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resolution may be decided at the pomt of cell divi-
ston, when asymimetne distnbution of regulaony
proteins in daughter cells can lead 10 differential
gene expression pattems (Y), The retention of op-
posing  chromatin struciuncs on lineage-speclic
gene loct may provide a polential o a later point
for further differentiation by allowing epigenetic
flexibility on key differentiation factors. Activation
or repression of genes may be stably maintained
through the rest of the differentiation process, or
they may be “flexible.” reventing to earlier states al
later steps in the pathway.

During Ilvmphocyvte development, a cenain
set of “fixed” tmnscriptional decisions appears
to coexist with Mexible changes in gene expres-
sion. For example, T cell receptor expression is
activated at the double negative (DN) stage and
is maintained at subsequent stages of T cell dif-
lferentiation, whereas expression of the CDES and
CDd co-receptors Muciuates during the develop-
ment of eytotoxic and helper T cell lineages.

Epigenctic Hexibility may endow developing
immune cells with their exended potential for
altemative effecior fate choices during terminal
differentiation and may allow carly progenitors
and their late progeny 1o share key molecular
propertics. For example, both prmitive hena-
topoictic stem cells (HSCs) and memory immune
cells survive for extended penods, possibly by
using similar genetic programs that conrbute 10
their capacity to scll=renew (0, [fL

Modes of Epigenetic Regulation
The outcome of genetic programs sct up during
lvmphocyte development s influenced in pan

by the developmentally regulaed gain or loss of

expression of nuelear fctors that modulate basal
transeription. It is also controlled by specilic

changes in chromatin structure in the vicinity of

lincage-specilic genes. Chromatin structures have
been classified as closed or open-permissive, de-
pending on whether the genes included are silenced
or expressed (/2). And a number of histone mod-

ilications (known as histone code) have been as-
sockted with such statgs (/31

Silenced chromatin, largely heterochromatic,
contains a number of restrictive histone mod-
ifications, such as met13KY, melH3K27, mel 14620,
and histone deacetylation, which allow for a higher-
order packing and inaccessibility 1o transcription
factors. In addimon, silenced chromatin frequently
contams hypemmethybited DNAL Conversely, opan-
permmissive chromatin with histone modifications,
such w meH3R4, meH3K36, act3, and aclld,
contams genes that are actively tmscnbed and is
perceived o be accessible to regulators of tan-
seription. Recent studies in embryonic stem (ES)
cells have provided evidence for a thind type of
chromatin, refemrad o as “bivalent.” as a way of
generating developmental plasticity through epi-
genetic flexibility (Fig. 1), This type combines
the charactenstics of both closed (mel3K27) as
well as permissive (meH3K4) chromatin struc-
tures and marks lincage-specilic genes poised for
later Imcage-specific activation (7, &), In a model
deduced from these studics, the repressive cho-
matin modilications keep lincage-specilic genes
in a ranscriptionally mactive state, while the
pemmissive chromatin modihcations keep them
poised for activation once the former influence
is rermoved. Conversely, removal of the permis-
sive chromatin modilications may also allow
the repressive chromatin modilications o pre-
vail, thus establishing gene silencing. Increased
expression of relevant transcription regulators
during development may also aid the resolution
of bivalent epigenctic structurcs into their respoc-
live activating or repressing stales in a penma-
nent fashion,

Epigenetic Flexibility in Differentiating
Immune Cells?

The existence of bivalent chiromatm structures and
their role m providing ool fine Hexibiliy during
somatic oell differentiation and during developmen
of the mmune sysiem need further explomation.
Lineage-specific genes with flexible expression are
observed thoughout the lvmphoid pathway, from
the carliest pre-commitment sieps 1o the later pre-
effoctor cell stages, and these penes represent ¢x-
cellen candidates for iesting the presence and mole
of bivalent epigenciic staics during lvmphocyic de-
velopiment as well as maturation o effector states
{Fig. 1) For example, components of the antibody-
producing machinery (eg. mmunoglobulin J and
sienle wmsenpts from the immunoglobulin heavy
clum constint regions imphicated m mmundoge k-
bulin cliss switching) required in terminally  dif-
feremiated  plasma cells are expressed in carly
hematopoictic multipotent progenitors and  are
temporanly repressed during carly B cell differenti-
ation (to be eactivated in the periphery at later stages
of B cell dewelopmenty (/4). Similarly, in carly
thymocyte precursors that ek both CD4 and CDS
correceplors (DN), the genes for each coecepior
ey acquire a bivalent chromatin state poised [or
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expression, This staie would then resolve inio ac-
tivating structurcs at the double positive (DP) stage
of T cell differeniation. Adier thymocyics have
reached the DP (CD4™ CD8Y) stage of develop-
ment, these genes may again become temporarily
poised, before ther faie is determined by perma-
nently resolving the bivalent state in a com-
plementary fasluon in mature eyvtooxic (CD8) and
helper (CD4) T cells (£3), It is possible that

may ofler yet further examples of genetic programs
poised for activation and help us define their mode
of establishment and resolution. For example, it
will be imporant 10 determine whether the resolu-
tion 1o a permissive or silenced state is penmanent,
or whether these can revert back 10 a bivalan
state, which may indicate restortion ol previous
potential. This type of eugenctic regulation may
also explain the relative case with which lym-

Fig. 1. Developmental progression from an uncommitted state and a precursor—pre-effector state to distinct
cell fates from a gene expression—chromatin perspective. Four programs in gene expression (shown in
compartments within the nucleus), whose combinatorial acquisition allows for distinct cell fate choices
{depicted by the differently colored cell perimeters) to be made, are shown from the early to the later steps
of the pathway. The poised (not expressed but activatable) or primed (low expression) state of the genes in
these programs & indicated by a half-black, half-white circle representing bivalent chromatin and a dashed
bent arrow for low or no transcription. Activated genes are indicated by a solid white drcle and a solid bent
arrow for transcription. Genes repressed in a permanent fashion are indicated by a solid black cirde and a
block (indicated by “x") on the transcriptional arrow. Different scenarios in the resolution of poised lineage-
specific genetic program are entertained, leading to distinct cell fate choices. Fate choices with poised
genetic programs may be reversible, whereas others without such programs may be permanent.

expression of regulatony pencs such as GATA-3, Ther,
Foo-P3, and RORearmna, which influence decisions
both in carly T eell development and at kater sieps of
T helper Iincage matumstion (/) mey also be mod-
ulated throaseh such Nexible eprzenctic mochanisns,

This handful of known examples lends evidence
tor a broader flexibility in the ponetic progrms that
bestow lymphocyies with an extended differentia-
tion potential. Genome-wide investigations on de-
velopmentally relevam cells [for example, with
the use of chromeatin inmmmoprecipitation on-chip
technology (£, 7)) in the concurence of restric-
tive and permissive chromatin . modifications  at
various bromch points of the lvimphoid  pathways

phocvies can be reprogrammed thiough much of
their ontogeny 1o their closer relatives within the
hematopoictic systeny:, the myeloid lincage, For ex-
ample, the mappropnate introduction or ranoval of
antagommstic lincage-specific ranscriptional regulaors
(e, loss of PAXSS in procursor B cells and cotopic
expression of C'EBPa in mature B oclls) may al-
low actvation of a myeloid genctic program that
may exist in a bivakent state in these cells (f8-20),

Regulators of Epigenetic Flexibility

To date, the mokcular players and their interactions
thit generate and regulate bivalent Mexible chroma-
tin structares and their resolution are not well de-

SPECIALSECTION

fined. 1t is possible that epigenctic Dexibility may be
brought about by the concomitant action of fune-
tionally opposed chromatin regulators occupying
the same chromosomal site. Precedence for such a
mode of regulation is again provided 0 ES ook,
where positive chromatin regulators and members
of the mthorms complex cocxist with negative reg-
uliaters of the Polycomb group on Imeage differen-
tiation genes, several of which hinve been shown 1o
exist i a bivalent chromatin conliguration (27).
The CO4 and COX genes lond thamsehves as po-
tential pardigns for identifving such ducling opige-
netic regubtors dunng T cell development. The
cocxistence of opposing chromatin regubitors on
the COY kocus and its regulatory clements provides
a gound for idantifving such a “bimodal”™ reg-
ulatory network composed of competing activitkes
and responsible (or sening bivalent chropatin states
and fexible wmnscriptional owcomes duning devel-
opment (22241

Another cxample for generting potsed  cho-
metin i suegesied by the structure of e nuckeo-
some remodeling and deacety ke (NuRD) complex,
i which the adenosine  triphosphate-dependent
chromatn remodelar Mi-23 that provides clromatin
Muidity coexists with histone deacetybises that are
wsually wsociated with repressive chiomatin struc-
tures (25, 26). The cocxistence ol antagonistic on-
evmatic activitics within a prolein complex may
emsure both proper clionatin regubition and epi-
genetic Nexibility. The chromatin remodeler Mi-2[8
in the NuRD complex is one such potential direct
bimodal regulator of CT4 gene expression during
T cell development (24, 27). A diect partner of
Mi-2p in this NuRDbased chromatin-remodeling
complex is Tkaros: a sequencespecific DNA bind-
mg factor implicied in carly lviphocyte develop-
meent (26, 28, 29), [karos, through s association ad
gene-specilic tapeting of such a bivalent complex
m the HSC and its immedinte progeny, may conler
lincage plasticity and the potenial for differemiation
o these celk. It would be important © detenmine
whether such an karos bimodal complex elfocts the
priming or poising of lincage-specific gene expres-
sion programs in e HSC and its carly progeny.

One futher challengze will be o detenmine
whether and how opposing activities within a pro-
iein complex on a given genetic locus are regulated.
For example. DNA bound chromatin-maoditying
complexes and their components may be amenable
o modilications, such as those 1o histones, that
could influence their overall activity and, therefone,
chrometin dviamics. Another challenge is 1o oblan
a more global view on the rocrumment of such
chromatin regulaors o pene loct asociated with
lincage-specific expression signatures and detenmine
the DNA binding activitics or chiromatin ¢ histone
code) platform that detenmines such targeting,

Nuclear Compartmentalization of

Genetic Programs

In addition to the mechanisns described above,
classical competition between opposing regulators
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for the same DNA binding sequence at a chromo-
somal site or lor an established chromatin (histone
code) domain may also determine the transcnp-
tiomal activity of a regulated gene. In these cascs,
Muctuating concentrations of nuclear factors with
disparate activitics durmg development cn allow
for a transcenptional lexibility that would obey
mass action nules by establishing working equilib-
na between activating and sikencing components
(42). Such equilibra may be modificd not only by
varying the production of any particubar fctor but
abo by egulating the rate of their synthests, stability,
and degradation, as well as by sequestering tham in
different nuclear compartnients. In the later Gise,
gene activity could be determined by moving genes
into nuclear compartments where diflerent types of
regulatons predominate. Indeed, the positioning of
gene loci within muckeus subdomams has emeneed
as a potentially imponant determinant of gene ac-
tivity (27, 30, 37), Genes assoceted with hetem-
chromatic regions of the nucleus  (pennuclear,
centmomenc clustiers) seem 10 be silent. So G the
association & comelative, ind it 5 unclear whether
the silencing precedes or is the wsult of this lo-
calizaton. Better chamclerzation (composition and
dynamics) of such active or silencimg regions will
requine the dentilication of molecules responsible
(1) for setting up the environment in these domains
and (ii) for the movement of genes fom one region

of the muclews w0 another. Improvements in
resolution and specificity of the wols neaded for
the identification and visualiztion of these compo-
nents will be one of the most formidable techno-
logical challenges in the forthcoming vears,

Concluding Remarks

The hematopoictic system, i which cell Imcage
choioes are well charmcteniaed and a substantial
number of tramsaiption regulators of cell fate and
their trgets have been identificd, provides an ex-
cellemt paradigm 1o swdy the mechansms that
underie lneage progresion and plasticity, Tnitial
steps in such studies are already identifying cpige-
netic states by which lincage priming and plasticity
are achieved and are suggesting that the three dis-
crete states of chromatin may be achicved by dif-
feremt mechanisms at differemt stages in the
hematopoietic lincagze, The ability to use aliemative
mechanismes at multiple steps during differentiation
makes the hematopoictic system an mmportant con-

mibutor o future wscarch on epagenctic models of

wene regulation in normal development and discase,

References and Notes
L E V. Rothenberg, Not. immunal. 8, 441 (2007).
2. K. L Meding, H. Singh, Curr, Opin, Hematol, 12, 203
(2005},
3. K. Georgopoutos, Mat. Rev, immunol. 2, 162 (2002).
4, K Akashi, Ann. MY Acad Scl. 1044, 125 (2005).

R Mansson et al., Immenity 26, 407 (2007).

. P. Laslo et al, Celdl 126, 755 (2006).

. B. E Bernstein of ol, Ceff 125, 315 (2006)

. V. Aruara & ol, Not. Call Biol. 8, 532 (2006).

. 5. L Reiner, F. Sallusto, A Lanzavecchia, Science 317,

622 (2007},

10. D. T. Fearon, P, Manders, 5. D, Wagner, Scence 293,
248 (2001},

11 1. T. Chang of al., Science 315, 1687 (2007).

12. R Festenstein, D. Kioussis, Cwrr. Opin, Genef. Dev. 10,
199 (20000,

13. T. Kourarides, Cell 128, 693 (2007).

14, A Delogu et ol., Immunity 24, 269 (2006),

15. D. Kioussis, W. Ellmeier, Mok Rev. immunal 2, 909 (2002).

16, Y. Zheng et ol, Nolure 445, 936 (2007),

17. A Marson ef o, Mature 445, 931 (2007).

18. C. Cobaleda et ol, Nat immunal, 8, 463 (2007).

19. H. Xie er of., Cefl 117, 663 (2004).

20, C. V. Laiosa, M. Stadifeld, T, Gral, Annu, Rev. Immunol
24, 705 (2006).

21 L A Boyer ef al., Noture 441, 349 (2006).

22. T. H. Chi et ol., Nature 418, 195 (2002).

23. T. Sato et ol, Immunity 22, 317 (2005).

24, C . Wiltiams et al., Immunity 20, 719 (2004).

25. Y. Zhang et al, Cell 95, 279 (1998).

26. ). ¥im ef ai., Immunity 10, 345 (1999

27. K E Brown et al., Mal. Cell 3, 207 (1999).

28. T. Yoshida ef al, Nat Immunol. 7, 382 (2006).

29. 5. Y. Ng, T. Yoshida, K. Georgopoulos, Cur. Opin. immunal,
19, 114 {2007}

30. T, Misteli, Cell 128, 787 (2007).

31. 5. T. Kosak ef al., Science 296, 158 (2002}

32. K.G. i supported by the National Institute of Allergy and

Infectious Diseases, and D.K. is supporied by the MRC,

ﬂm'-lﬂ'lh"

10,1126/ science. 1143777

PERSPECTIVE

Division of Labor with a Workforce
of One: Challenges in Specifying
Effector and Memory T Cell Fate

Steven L. Reiner,'* Federica Sallusto,®* Antonio Lanzavecchia®*

In the course of the immune response against microbes, naive T cells proliferate and generate varied
classes of effector cells, as well as memeory cells with distinct properties and functions. Owing to recent
technological advances, some of the most imposing questions regarding effector and memory T cell
differentiation are now becoming experimentally soluble: How many classes of antigen-specific T cells
exist, and how malleable are they in their fate and in their functional state? How might a spectrum of cell
fates be imparted to the clonal descendants of a single lymphocyte? Where, when, and how does
pathogen-assodiated information refine the instruction, selection, and direction of newly activated T cells
as they perform their tasks in different locations and times? Some surprising new glimpses ahead on these
subjects and other yet-unanswered questions are discussed.

pocilic mumunity  adapts 1o the threat of
Sruﬂmgur: attack with vigorous clonal ex-
pansion of a sclected lymphocyie whose
antigen recepior binds microbial peptide - the
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context of sl major histocompatibility molecules.
The culmination of specilic immunity s the gen-
cration of cffector colls that are wesponsible for
acute chmmation of the pathogen and memony
cells that patrol their vanous tissue domains
scarch of evidence of re-atack.

Heterogeneity is a hallmark ol antigen-specific
T cells. CD4" T cells make effecionr choices 10
become T helper cell 1 (Tyl). Ty, or Tyl 7 cells
and might likewise choose o become mtigen-
specific regulatory cells (/-3). In addition 10

choice of cvickine repertoire. effecior CD4™ T
cells exhibit diversity in homing, such as migration
o peripheral nonlymphoid tissue versus transit 1o
lvmph node Bllicks 1o promote B cell belp (4).
Heterogeneity of CDE™ T coll effector pene ex-
pression has been deseribed (5), although it is not
clear whether this represents physiologically dis-
tinset cell ates or simply fluctuation in activation
state. Memory T eells are heterogencous, with con-
ral memony cells thar patrol secondary Iyvmphioid
tissues, recapitulming the surveillainee of their noive
progenitor, and effocior memory cells that act as
sentinels standing puard a0 frontline barmiers (6).

Although the role and function of eflector and
memory subsets in protection or pathology and the
matue of polamAng signals required for their dif-
ferentiation are becoming increasingly clear, there
are still outstanding questions that need o be
addressed that relate to the mechanism of T cell
fate specification. Many of these questions deal
with fundamental uncertainties that are comimon o
neny weas of blood differentiation, such o the
cxtent of fate diversity, the ontogeny and lincage
welationship between opposing and kindred fates,
and the degree of naral and therapeutic plasticity
at ditterent stages of differemiation.

“One Cell, One Fate” Versus

“One Cell, Multiple Fates”

Signaling and transcaption durng T cell activa-
tion have traditionally been viewed as a uniform
process. Any given naive precursor cell could be
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signaled in o unigue manner, giving nse  ho-
mogencous progeny. In this “one cell, one faie”
model, heterogencity in cell fate can be accom-
micckated by recruitment of several clones, leading
to diversity at the population level (Fig. 1) This
might occur. for instance, in different anatomic
Zones or al diffenng tme points dunng the 1m-
mune response 15 stimulatory conditions change
due to decreased availability of antigen, decline
in antigen-presenting cell function, and increased
competition among antigen-specilic T eclls (7),
Clonal selection durmg an manune response i,
of necessity, mtimately associated with cell divi-
shon, The possibility exists, therefore, that one ccll
could be signaled in such a way that it gives dse 1o
daughter cells with identical antigen receptors that
adopt different Gues. In a “one cell, multiple e
model (Fig. 1} the clallenge is 10 delermine the
mechanism thal genemtes heterogencous progeny
and whether the process 15 detenministic or
stochastic. In any model of hacrogenerty, more-
over, It s oimportant © determine whether an ob-
senved change i a cell or its progeny relales 0 a
trnsition in fite (mhentable differences) or simply
an alicration m its funchonal state (stable or unstable
varaten within a smghe fte). For example, Tyl
colb that seerete interdeukin-10 (IL-10) in a po-
visional manner i order 1o establish some control
over inflammation may represent an altered state
ol Ty 1 activation rmther than a distinet cell fae (5).

Asymmetric Cell Division and Strength

of Stimulation

A deterministic mechanism 1o generate heteroge-
neity, called mymmetric cell division, has recently
been proposed as an explanation for achicving fate
diversity in the daughter cells (99, On the basis of
imaging studics, it appears that o naive T eell has a

Early/Active DC

Multiple precursors

Fig. 1. Alternative models for generating heterogeneity of T cell fate during the immune response, In a “a one
cell, one fate” model (left), two naive T cells receive distinct signals from independent encounters with DCs
having different states of maturation. The alternative signaling will independently elicit effector and central
memory differentiation (center). Alternatively, in a "one cell, two fates” model (right), a single naive T cell might
undergo an asymmetric cell division, resulting in daughter cells that will give rise to different fates (center).

prolonged interaction with the dendrtic cell (DC7)
before its lirst division (/). This sustained contact
al the level of the immunological synapse appears
o coordinate the plne of cell division and the
unequal partitioning of fe-determining profeins o
daughter cells (9) (Fig. 1), Accordingly, the first
daughter T cells could represent effector- and
memory-fted davghters. The daughter proximal
to the synapse may become signaled more
strongly such that it adopls a terminally differ-
entiated effector fate charactenstic of elfector and
elfcctor memory T cells, whereas the daughter
distal 1o the sympse may remain in an interme-
diate stage of differentiation, which is characteristic
of the central memory T call lincage,

The extent and nature of naive T cell differ-
entiation are determined by the quantity and quality
of stimulation, including concentration of antigen,
costimulbutorny molecules, and oviokines, as well as
the frequency of responding T cells and density of
antgen-presenting DCs () As a lunction of the
steneth of stmulagon, mive T celk proges
throwgh  hierarchical thresholds  for prolifemation,
acquisition of responsiveness 1o homeostatic cy-
tokines, and differentiation 1o effector cells, In the
clomal burst of an immune response, the four-
dimensional itnerary of daughier and granddaughter
T eells has not yet been adequately chronicled. The
subsequent interactions of these catical  progeny
with their antigen, eviokine, and chemokine envi-
ronment could indeed be mndom. IF doughters in-
herit dilffering migmtory or signaling capacitics,
however, differences in their subsequent itinerary
might be considered deterministic, Random and
nonrandom  differences in subsequent signaling
might, therefore, be eritical for the descendanmts of
a workfbree of one 1o reach different staies of dif-
lerentiation, including terminally differentiaied cells

Single precursor

SPECIALSECTION

as well as uncommitted and les differentited m-

ermediates, further embellishing a spectrum of

differences among clonally related T cells (Fig. 2).

The tuture challenge in this regard will be to
detenmine the subsequent contact, migratory, and
signaling history ol daughter and granddaughter
T cells, across both the C4° and CD8” lincages
and acmoss an anay of vaned  mmune responscs.
Henw oy roumds ol asymmene or symimetne di-
viston occur? To what degree do subsequent inter-
actions appear stercotyped o mindom? Where do
daughter cells go afier division? Will the outcome
of division be different for antigens presented by
DCs, B cells, and macrophages?!

Effector Heterogeneity—Many New Choices
Recent vears have seen remiarkable progress in un-
derstanding how innate immmumity and other signal-

mg processes shape the functon and migration of

activated T cells, but how these stimuli act on an
expanding T cell clone and how much diversity
is generated in immune responses remain o be
determined, Indoed, with improved  methods 1o
analyze phenotype and function of effector T celks,
il has become clear that the effector cells are
heterogencous in temis of their surfice phenotvpe,
cyiokine production. md homing potential. Thus,
i addition o the classical Tyl, Ty2, and Tyl7
cells (3, £2), other effector cells have bem
ientificd. These inclisde ollicular Ty cells tha
produce IL-10 and IL-21 (), Ty cells producing
mterteron-y (IFN-y) and 1L, as well as Ty colls
producing both IFN-y and [L-10 (%) or IFN-y
and IL-17 (73). Further heterogencity is detected al
the kevel of homing receptors with distinet subsets
of central memory and effector memory cells (6).
Although some of these propertics may be elated
v the state of activation, most appear o define
distingt T edll fates that are stable upon clonal
exparsion in vitro (J4).

Many of the challenges facmgz our under-
standing of effector differentizazion relae
questions of plasticity and lincage relation-
ships. Traditionally, CD4™ T cell effoctor fane
wis thought of as a binary choice between
opposite fates. With increasing  recognition
that there are more than wo CD4 effector
fates (3, 12), a challenge will be o understand
how cells can make decisions when con-
fronted by muliiple choices. In view of the
findings that mature CD47 eflector faies are not
adopted until after cell division (£5), that CD4
T celk also exhibit asymmetne division (9),
and that CD4™ T oclls may reengagze with DCs
after they have divided (63, it 5 fcmpting 1
spoculaie that a CDG” T cell mught not make
exclusive choices intially, Insteadh @t maght
generate an amay ol lincage-commitied pro-
geniors through mited rounds of asymmetric
division. For example, the receplor for IRN=y is

CD4" T cells activated in vitro and in vivo
(%, 7). Because this asymmetry persists until
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mitosis, it could result mthe fira CD4 davghier T
cells becoming more and less Ty l-prone. With
subsequent division, daughiers could further diversity
as Ty2-, Tyl7- or adaptive regulatory T cell (T

prone, as well as procursors of the central memory
lincage, Sdective pressures medited by the pathogen-

related signals, such as presence or absence of

IL-12 or IL-23, could then determine the relative
outgrowth and suppression of the vanous lincages,
resulting ina polaracd outcome. Whether the initial
progeny are indeed partially commuitted down
diffcrent paths or are all equally malleable inter-
mediates has not vet been adequately evaluated.
How many generations of daughters recontact
antigen-presenting cells and whether both initial
daughters have an equal likelihood of reencounter-
ing antigen in the site of primary immunization or
in peripherl lissues ae nol el
known, It is Dkely thet such roen-
counters might mlluence the capacity
of dovghter eclls 10 fimher differen-
tiate by acquinng additional fnc-
tions. Al which cell division number,
or after how much signaling, and in
what anstomic locaton differentiat-
g progeny lose ther plastcity and
become more epigenetically lixed in
their fate are unrcsolved issues with
important thempeutic implications for
diventing burgeoning and established
immune responses. Another critical
clallenge in effector differentiation is
o betier understand the role and
regulation of antigen-specilic reguli-
tory celks in policing their effector
kindred (7). Whether variant effector
T cells that coexpress regulatory
cylokines (8 and antigen-specilic
adaptive Tes expressing FoxP'3
(12, 18) will play moles m a physio-
local or therapeutic seling acoss a

ply long=lived elfocior cells that escaped  clonal
debetion, or are they commually repopulated from a
stem cell-like central memory celk? Whereas the

first mechanism would ensune that the spectum of

functions generated in the primary  response ane
maintained 1 memo y cells, the second mechanism
15 conststent with the finding that effector memony
cells have poor recomstitution potential and that a
central memory T ol can dilferentiate o cffector
cells m response 10 homeostatic cytokines, Because
a centrtl memory stem ecll penodically engages
interecllular conmmunication 1o receive mombnne-
bound IL-15 signaling dunng homeostasis, it is
possible that a nonamtigen-daven asymmetnc divi-
sion might result in a selFrencwing central memony
stem cell davghter and a terminally differentiated
effector memory daughter.

J

Fig. 2. Hypothetical model for generating a spectrum of differentiation
among the descendants of a single clonally selected T cell. Daughter cells
could encounter stochastic variation in exposure to antigen or cytokine signals, 3
as well as deterministic differences such as unequal inheritance of fate-
imposing or migratory signals. Together with further asymmetric cell division, 4.
these random and nonrandom differences in strength of stimulation could

wally, a single naive T cell. Such minute numbers
of cells, however, would make it difficult o image
cellcell interactions and clonal dynamics in situ.
Given that the ability of a rsponding T cell o
maimain contact & nversely proportional 1o the
number of responding cells (27), it might be extra-
polited that asymmetne division would be an
mvanan feature of clonal bursts with only small
numbers of responding cclls,

As mentionad above, a major challenge fRcing
the ficld 1s the ability 1w chronicle a clonal burs
adequately in vivo, Reagents and mode] systens 1o
trace carly events developing in situ will be critical
Ior this task. Inaging approaches that cm reveal cell
lates using reponters ol key transeription: factor or
effecior mokeule expression will undoubledly be
wselul 10 this end (/3), Being able 1w distinguish
paren from davghier and grnddaugh-
ter, as well as which are descondints
of proximal and disial cells, will be
mporant o refine a e map of dif-
feremt mwmume responses,  Reagents
that can report e maturation status
of DCs and Jocal eytokine grdients
nuy also be necesary o understngd
the ok of the T cells ervimonment m
promoting vanance in the fate of the
activated cclls (23). The Gicdd is now
faced with the exciting, yet daunting,
challenge of unveiling the instruc-
tions, identity, and agenda of the
cellular descendants of a single T ecll
called o hattle.

Tyl
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PERSPECTIVES

Private Lives: Reflections and
Challenges in Understanding the Cell
Biology of the Inmune System

Ira Mellman

The immune system comprises a variety of cell types whose activities must be carefully regulated to act
as a coherent unit for the purpose of host defense. To perform their autonomous functions, immune
cells must rely on the same basic organizational features that apply to all cells, although immune cells
often exhibit remarkable degrees of specialization and adaptation. The study of these specializations
has lagged behind advances in understanding the immune response and cell biology individually. As a
result, there are great opportunities, but also great challenges, for new conceptual discoveries by taking
a mare cell-biological approach to probing the function of the immune system.

profound common ongin. Around the wm of

the 191th century, Elic Machnikoll discovered
“innate immunity” by demonstating the ability of
phagocytes 1o detect, engull, and kill invading
microbes, His definition of this fundamenial
principle of immunology was wholly enabled by
paying close attention to the cell biology of how
phagocvtes worked. Metchnikoll's attentivencss
also provided some of the first lTundamental
principles in cell biology, including the discovery
of endocytosis, the function of lvsosomes, and
the ability of cells 1o produce cytotoxic compounds,
Desprie this auspicious beginning, immunology
and cell biology gradually dntied apart. Perhaps
becawse of the emerging complexity of cach licld,
imnumoelogisis became less imerested in how the
cells they swdy actually work, whereas el bi-
ologists (at least molecular cell biologsts ) avoided
problems involving more than one or two cclls,
Yet today, like Amanda and Elvor, the divorced
couple in Nodl Coward’s play Privare Lives, im-
munology and cell biology now find themsclves
with new spouses in adjacent hotel rooms, realiz-
ing that there had been something wonderful in
their previous relationship.

In all complex problems, understanding the
mechanism provides the key to understanding the
problem itselfl even il this relationship is hidden by
a preoccupation with the problem. In immunology,
this key was long ago demonstrated by the ap-
plication of molecular biology to unravel how im-
mune cells generate the diversity roquired  tor

:[mml.umhvgy and cell biology share at least one
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antigen recognition by antibodies and T cells,
Attention o cell-biological mechamsms has sim-
ilarly produced basic insights, particulardy in the
arcas of leukoeyte diapedesis, apoptosis, and
trrserption. What we have keamed from studying
eviotoxie T hmphocyte (CTL) function has baen
paticulardy noteworthy m this regand We have
learmed that cytotoxic pranules are in fact modified
lysosomes whose distibution and  secwetion are
polarized o the site of targercel recopnition, in-
creasing the directionality and thereby the selectivity
of the cyiotoxic payioad. CTL granules polarize by
interacting  with microtubule-dependent motor
proteins alfter an induced reonentation of micro-
tubule organiang centers and thus the cell’s entire
micrdubule network affer antigen recogmition (1),
Both pranule biogenesis and polanty were first
described with chssical cell-hiological approaches
and then confirmed by the analvsis of mutant cells
solated from individuals with vanous  inhenied
immunodeliciency syndromes (2), These swudics
demonsiared that the features of grnule dynamics
defined for CTLs apply 1o other seorctory cell tvpes
(such a8 melanocyies). Other surprises await in
these svstems, such as the postiranscriptional
regulation of cvtokine production in secretony cells
[such as natral killer cells (3)].

A variety of other critical problems in the
immune response could also be understood at a
similar level of cell-binlogical resolution, reveal-
ing basic new information about both immunclo-
gy and cell biology. We know remarkably little
about the mechanisms of cvioking sceretion (os-
pecially cyvtosolic evtokines such as mterleukin-
1By, how evioplasmic scallolds control T ol
receptor signaling, bow  Toll-like receplor sig-
naling is controlled in different imracellular com-
partments, what the immunological synapse
actually does and how it works, and the

mechanisms by which alterations in cell adhesion
cause cellular activation or deactivation. Another
central problem in mmunelogy that has created a
natural interface with el biology, the one that we
have engaged, is antigen processing and presen-
tation. None of these are new problems. However,

they have fuled w capture the imagination of

more than a handful of cell biologists, laving
them 1o immunologists, many of whom must leam
the methods and criteria ol cell biology on the job,
The relative lack of imerction between the two
communitics has created a number of disconnects
over the vears that perhaps have made progress
more diflicult w achieve than it aleady is.

Pathways of Antigen Processing: MHCII

With the realization more than 20 vears ago
that major histocompatibility complex class 1
IMHCT) molecules bound peptides derived
largely from extracellular antigens, there has
been much interest in understanding the path-
ways and onzanclles mvolved. It was appre-
ciated carly on that an invariant chain dineeted
newly synthesized MHCH aff dimers 1o be di-
verted from the secretory pathway into endocytic
organclles where they encountered imernal-
ized antigens (4, 5). Proteases clearly degraded
invariant-chain and protein antigens, with pep-
tide loading facilitated by chaperones such as
HLA-DM, and the resulting peptide-MHCI
complex then proceeded from the loading site
to the plasma membrane. However, the identity
of the intracellular compartment(s) in which

these events transpired (as well as the onder of

cvents) remainad uncertain,

Initially, the issue was, in efloet, ignored by
collectively refermng 1o any endocytic organclle
containing MHCT as the MHCH compartment
(MIICY (6). This mised a problem because the
endocyiic pathway compnses several distinet or-
ganelles that have decidedly different functions.
Worse, the term MIC came 1o imply the ex-
isience of @ unigue companment  specific o
antigen-presenting  cells (APCs). This sitation
obscured an underlying complexity of functional
importance and substituted it with a complexity
(e, a novel organclle) that probably did not
cxist (7, &) MICs were generally assumed 1o
have the properics ol late<cndocytic compart-
ments, namely boecause the cells most commonly
used i these studies localied most of their
MHCI w late endosomes and lysosomes, Yet,
not all APCs accumulate MHCI in late compan-
ments, not all antigens are processed in late
companments, and not all APCs maintain a
characteristic  distribution of MHCH  under all
conditions, This serves 1o illustrate the imponance
of understanding organelles of immune cells with
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the use of the terms and eriteria established 1o
descnibe organelles in general: only in this way
will any unusual, immune cell specific special-
wzations be revealod and effectively  communi-
cated to those outside the ficld of immunclogy.

The problem is best illustrated by myveloid
dendritic cells (DCs), which concentrate MHCTI
m late endosomes and lysosomes while imma-
ture, but alier maturation trnslocate the MHCH
o the plasma membrane (¥). Yet, 1015 not clear
that the depletion of MHCI from late eompar-
ments eliminates the ability of a given antigen
o be processed and presenmied. Many primary
B cells and B cell lines can act as ellicient
APCs without localizing much MHCI o late-
endocyvtic compartments (/). Although DCs can
form peptide-MHCH complexes in lysosomes
for delivery to the surface upon maturation, this
may rellect the panticular biology of DCs and not
represent @ general phenomenon, To sohve these
s, we need betier and mone sensiive imagmg
and biochenueal wols w denuly when and where
peptide-MECT complexes o, combined with
the use of genetics or conditional swilches 1o dis-
rupt predicted individual steps. Souch 1wols must be
applicd not only 1o solve the problem in cullure but
abso o mvestigate APCs in vivo,

Understanding the order of events remains a
problem as well: Textbooks ofien imply that
internalized antigens are converted by proteoly-
sis 1o peptides, which bind a1 cquilibrium 1w
MHCH molecules. Yet, a varaly ol consider-
ations suggest that intact antigens can bind 1o
MUICH before degradation, with peptides being
generated after exoproteolysis rom both the
M- and C-terminal ends [for review, sce (1))
Such a mechanism would be consistent with the
obsepvations that protein degradation i lyso-
somes does not produce cven 4 transient
accumulation of peptide imtermediates and that
professional APCs, such o DCs and B eells, ex-
hubit greatly atenuaed levels of lysosomal and
endosomal proteases, conditions that would (a-
cilitae the sculpting of denawred antigens bound
o MHCTL How peptides are loaded omo MECIH
molecules may be the most fundamental issue in
the lield, but it still awaits direct proof by Kinetic
analvsis and biochemical reconstitution.

Presentation of Endogenous Versus
Cross-Presentation of Exogenous Antigens
on MHCI

When work on the MHCH system was begin-

ning, it was appreciated that the concentrtion of

antigen required o eliet a CD4 T cell response
was small, relative o the amount required o
track its behavior by biochemical or immuno-
eytochemical techniques. It was thus formally
possible that the observed pathway was not the
physiologically  mponant one. Yet, the “obyi-
ous” mechanism tumed out 10 be comect: an-

tigen endocytosis and intracellular fonmation of

peptide-MHCH compleses, followed by their

delivery 1o the plasma membrne. On the other
hand, undersianding antigen processing and pre-
scitation via MHC class 1 (MHCT) molecules
presented —and continues o present—a daunt-
ing concepiual challenge. It was clear carly on
that the peptides recognized by CDS™ T cells
were often derived from evtosolic viral proteins,
proteims that never reachad the endoplasmic re-
ticulum (ER) lumen and therelore should never
come in contact with the peptide-binding groove
of MHCI (/2). Although the vielation of com-
partment bamiers 15 anathema to cell biologiss,
the problem was solved ina convineing fashion
by the genctic identification of the ER-localized
transponer associated with antigen processing
(TAP) peptide translocator and the in vitro
reconstiution of its activity (/3% Elucidating
how exogenous antigens are “cross-presented”™

Fig. 1. Mature DCs express large quantities of
self- and foreign peptides bound to MHO and
MHCH ired) molecules and can present peptide-
MHC complexes to multiple T cells simultaneously
(CD3, green). It is assumed, but not entirely clear,

that different peptide-MHC complexes can be
presented at the same time. [Photograph courtesy
of Ona Bloom, Yale University School of Medicine]

on MHCI afier endocvtosis has eluded a sim-
ilarly elegant solution,

Bevan and colleagues were the fist 1o show
that an antigen internalized by endocytosis could
be loaded onto MHCT molecules, although (using
fibroblasts) they had to resort 1o a “trick™ thought
to chemically disrupt endosomes afler antigen
uptake (f4). More recent work has established
that DCs are by far most clficient al cross-
presenting peptides denved  from mtemalizcd
antigens (9). Although some pepudes can be
loaded within the confines of endocyiic or-
panelles (£3), there is excellem evidence that
most incoming antigens must gain access o the
cytosol in order 1o be cleaved by the proteasome
before MHCT loading (/6). This crates two

compartment barrier violmions: (i) the escape of

antigens or peplides  across the endocytic or-

ganelle membrane 1o the eyiosol and (i) reim-
pontation across (presumably ) the ER membmne
to bind 1o MECL Alhowgh it is clear that TAP plays
a mole i tramslocating antigen-derved peptides in
the ER (//, 17} how antigens egress Irom en-
docytic organelles remains a mystery, Among the
suggested mechanisms are the stochaste or n-
ducad rupture of endosomes, regulated endosomal
pores, i the presence of ER-denved channels re-
sporsible lor ratrotruslecaton of nustolded pro-
teins. The latter has received much attention after
imitial exciternent over the possibility that fonm-
ing phagosomes physically fused with the ER, a
suggestion based on qualittive static electron mi-
croscopy images but not confinmed by subsequen
work { /8),

It nevenheless remains possible that ER com-
ponents are present i endocylic companments,
although it has been diflicult w0 demonstrate
this point by conventional or well-accepted ap-
proaches o immunolocalization. In other words,
if they are present they represent trace com-
ponents, a sitwation quite unlike the ER, where
TAP, subunits of the ranslocon (such as Sechl
and derlns), and the vanows chaperones and
glveosyliransferases  associted with  transloca-
ton are casy 1o detect (/8) There s centamly
carlier evidence that some ER components can
reside at least wansiently in the Golgi, endo-
somes, oF even the plasma membrane (), but
using clegant and sensitive assavs 1o demonstrate
their acoessibility 10 endocviic probes () cannot
be taken as definitive evidence that they perform
a physiologically relevanmt function outside the
ER. For example, small amounts of antigen may
reach the ER itselll by retrograde trmnsport, as
ocours for a number of vinses and bactenial woxins
(20% A small cscaped fraction of an antigen may
create the signal, mther than a small endosome-
bcalized fraction of ER components. As desenbed
above, one must use biochemical reconstitu-
tion and geneties o clinch an idea ereated by
localization and functional studies. A problem
as vexing and important as the mechanism of
cross-preseniation provides lentile common ground
that will continue 10 challenge immunologists
and cell biologists alike.

Antigen Targeting to DCs

With the appreciation that antigen presentation
bv DCs s responsible for initiating adaptive
immune responses has come considerable inter-
st in thermpeutic uses of DCs i augmenting or
attenuating immune responses. Antigen delivery
to DCs 15 a minimum prercguisite for any ther-
apeutic sctting, and 1t 15 now clear that the in-
duction of antigen-specilic immumnity (or wlernce)
can be dramatically enhanced by targeting a
desired antigen with amibodics against DCs in
the presence (or absence) of a DOC-maturation
signal (20). DUs express a plethora of surface
receplons, many being C-ype lecting that have
proved o provide effective portals of entry.
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Several cell-biological questions are of interest
conceming these recepiors: (i) Are they imemal-
teed, and where do they deliver bound amtigens?
(i) Are some receptors better at programming
cross-presentation” (i) Can individual receptors
target functionally distingt DO subpopulations?
{iv) Does antibody binding to a given receptor
tngger DO maturation, and 1 so, docs receptor
activation help 10 control the balance between
immunity and tolerance? In gencral, we must
ask what the relationship s between the mode

of antigen endocytosis and the function of

antigen presentation o T eells (Fig, 1),

In recent work published in Scienoe, Dudeiak
et al have shown that two lectin receplors on
mouse DCs, DEC-205 and DCIR (33D1), are
differentially expressed by two different popula-
tions of DCs in the spleen: CDRa” and CD8%a
DCs, mespectively (22), Tangeting antigens via
DEC-205 to the CDSa’ subset was found 1o
selectively pnme MHC l-restricted responses by
cross-presentation, whereas MHCH-restricted re-
sponses were more elliciently triggerned by DCIR
targeting to the CDSa subset. This linding is
consistent with the idea that cross-presentation
is, in general, more the purview of CDBa™ DCs
(23). Reversing cell-type restriction of receplor
expression did not appear 1o change this con-
clusion substantially, suggesting that specializa-
tions associated with CD8a™ DCs may favor
their ability for cross-presentation.

Al the same time, in vitro work suggested
that another lectin (the mannose receplor) was
also quite effective at inducing the formation
ol peptide-MHCL complexes from exogenous
antigen in bone marrow cultures and macro-
phages, where subpopulation identitics are less
clear (24). The mannose receplor appearcd o
deliver bound antibody 10 carly endocytic com-
partments, suggesting thal  cross-presentation
may occur [rom here as opposed 1o n late en-
dosomes and lysosomes, which was the case for
loading onto MECTL Although these resulis sug-
gest that the recepior used and route of antigen
entry may also help determine the resuliing form
of antigen presentation, the daia relied only on
low-resolution qualitative  immunofluorescence
to define the intmecllular localization of delivered
antigens—criteria too limited to support a firm
conclusion. Moreover, the data did not account
for the fact that DEC-205, which also efticiently
mediates MHClrestricted  cross-presentation,
has been extensively chamcterieed as delivering
its bound antigens o e endosomes and lyso-
somes as opposed o carly compartments (25). In
any event, these findings highlight a whole new
problem set involving the relative conimbutions
ol endocytosis and DO subpopulations in
determining the nature of the immune response.

Looking Forward by Looking Backward
There are many other problems that would benefit
immediately from a more effective and bi-

dircctional relationship between immunologists
and cell biologisis. For example, the dynamics
and function of the immunological synapse
remain incompletely understood, in part because
these critically important structunes have vet o be
subjected o the type of ngorous analysis applied
to “simpler”™ problems of cell adhesion. The
relatonship between auvtophagy and antigen
presentation i viral immunity is also cmerging
as crtical (26, 27). Signaling in immune cells will
provide a rch arca 1w mine, and some dircct
interchange over what lipid mils can and cann
do would be of great value in itselll Finally, there
is the issue that immunologists have always
appreciated far better than most molecular ol
biologists: the in vivo or systems-level context.
Immunology exists o study the way the immune
system works as a whole 1o confer protection
against disease, Broad and conceptually profound,
it is understandably difficult for the ficld to devote
cquivalent attention (o the cellular mechanisms
mvolved. However, funher progress wall require
such elfort, and the best path forward will be o
take steps to make the language, concepts, and
culture of mmunelogy more accessible 0 col-
leagues in cell liology 1o atract them in amd 1o
outsource what may be oo diversionary 1o leam.
One arca that s particulady dpe for spectacular
advance is in the area of in vivo or “intravital™
imaging. Although still in a largely descrptive
phase of development, immunologisis are nicely
demonstrating 1o cell biologists the conceptual
value of this platform. When this area is combined
with emerging technologics 1o permit interven-
tional experiments using actuation switches and
quantitative molecular reporters, we will have
entered a new age of “systems cell biology,”
combining the best of both worlds.

Like Elvot and Amanda, immunokey and cell
biclogry were onee mtimate partners; we lind our-

SPECIALSECTION

selves again in close proximity, but this ume with
the chance 10 rekindle a beautful relationshap.
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PERSPECTIVE

Emerging Challenges in Regulatory
T Cell Function and Biology

Shimon Sakaguchi® and Fiona Powrie®

Much progress has been made in understanding how the immune system is regulated, with a great deal of
recent interest in naturally occurring CD4" regulatory T cells that actively engage in the maintenance of
immunological self-tolerance and immune homeostasis. The challenge ahead for immunologists is the
further elucidation of the molecular and cellular processes that govern the development and function of
these cells. From this, exciting possibilities are emerging for the manipulation of regulatory T cell pathways
in treating immunological diseases and suppressing or augmenting physiological immune responses,

alter B, Cannon, the onginator of the
concept of homeostasis, emphasized in
his book The Wisdom of the Body that

“when a factor is known which can shift a
homeostatic state in one direction it is reasonable
to look for a factor or factors having an opposing
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Challenges in Immunology

effect.” The immune system is not an exeeplion o
this. It harbors not only effecior lymphocyics
capable of attacking invading microbes but also an
inhibitory population of T cells, called regulaory
T (Tag) cells. These lymphocyies are specialized
N suppressing excessive or misguided inmune
responsces that can be harmiul o the host; for
example. aganst nonmal scllf-constituents n auto-
immune discase, inmnocuous environmental sub-
stances in allergy, or commensal microbes in
cerain milammatory discases (/. 20, On the other
hand, overzcalous T, responses can impede host
protective immunity in infectious discase and
cancer. Recent advances in our understanding of
the molecular mechanisms that control Ty cell
development have openad new avenues of inves-
tigation, but key questions conceming the antigen
specilicity of Tpy cells, their homeostasis, and
mechanism of action remain. Here we discuss
our current understanding of the biology and
tunction of Ty, cells and how they might be
clinically exploited 1o control physiological and
pathological immune responses o sell- and
nonsell-antigens,

Naturally occuming CD4" T, cells, which
constiute approxinutely [0% of penpheral CD47
T cells in nomal individuals, chameteristically
express CD25 [the interdeukin-2 (IL-2) receptor o
chain, which is a component of the high-affinity
IL-2 receptor] (1, 2). CD4'CD25" Ty cells play a
nonredundant role in maintaining immunological
selFolerance and immune homeostasis.  Their
importance is made evident by the fact that the
depletion of this population from nomal rodents
produces a variety of autoimmune inflammatory
discases, whereas reconstitution with CD4”
CD257 T cells can inhibit discase development
{1, 21 They are produced by the nomal thymus
as a functionally distinet and mature population,
although there is evidence that T cells with simi-
lar imumune suppressive activity can be generated
trom naive T cells in the penphery.

The idenification of the ranscription factor
forkhead box p3 (Foxp3) as being specifically
expressed by Ty, cells and crucial for their func-
tion has provided a molecular framework for
dissecting Teg funciion (3-5) (Fig. 1), Mutations
in the gene encoding Foxp3 in humans and mice
resull in impaired development and function of
CD4'CD2S" nawral Ty, cells and lead o auto-
immune  inflammatory  pathology, This is best
exemplificd by a human genctic discase called
IPEX (immune dysregulation, polvendocnnop-
athy, enteropathy, Xe-linked) syndrome, which s
charmctenized by autoimmune discase (including
type | diabetes and thyroiditis), allergy, and in-
Nammaory  bowel discase (IBD) (6), Further
evidence for Foxp3 as a key controller of the

‘Department of Experimental Pathology, Institute for
Frontier Medical Sciences, Kyoto University, Kyoto 606-
BS07, apan. “Gir William Dunn School of Pathology,
University of Oxford, Oxford OX1 3RE, UK.
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development and suppressive function of natural
T cells comes from experiments in which
transduction of the gene is suflicient 1o conven
naive T cells into Te-like cells (3-3). Notably,
Foxpd inhibits ranscription of the gene encoding
IL-2 and up-regulaics the expression of CD25 and
other Ty coll associated molecules (3, #). The
resulting inability of Foxp3 ™ Tey cells to produce
IL-2 appears o make them highly dependent on
exogenous [L-2 for survival (7-9), Accordingly,
mice genetically deficiem in 1L-2, CD23, or
CD122 (the IL-2 receptor B chain and humans
with genetic deficieney of CD25 have both
reduced numbers and impaired function of
Foxp3" Try cells and succumb 1o severe auto-
immune inflammatory disease (8, /1),

A key question that has emerged from these
findings is how Foxp3 orchestrates the cellular and
molecular prograns involved in Ty function,
Recemt studies have shown that Foxp? hinds 1o
other transcription fictors such as NFAT (nuclear
factor of activated T cells) and AML] {acute
leukemia-1yRunx ] (runt-related transcription
factor 1} and potentially interacts with activator
protein | and nuclear factor «B (/- 43). I is
this Foxp3NFAT/ Runx] complex, together with
other coactivator or corepressor proteins, that is
responsible for the observed repression of the
IL-2 and other eyvtokine genes, as well as the
activation ol the genes for CD25, cylotoxic
lymphocyie associated antigen-4 (CTLA-4),
and glucocorticoid-induced TNF receptor
family-related protein (GITR) by binding 10
their respective promoters (11, 12). MicroRNA
genes also appear to be important in T, cell
development; for example, T cell- specific deple-
tiom of Dicer, a ribonuclease enzvme required
for processing double-stranded RNA, hampers
thymie development of Foxp3™ T eells and elicits
IBD (/4). In addition, it has been shown by
genome-wide analvsis combining chromatin
immunoprecipitation with mouse genome til-
ing array profiling that Foxp3 dircctly or indi-
recily conirols hundreds of genes, which include
those that encode nuclear factors controlling
gene expression and chromatin remodeling,
membrane proteins, and signal transduction
maolecules (3, Fo). Assuming that the proicins
encoded by Foxp3-conirolled genes coniribute
to the suppressive activity of T, cells, it seems
likely that further analysis of these pathways
will provide insight into Ty, mechanisms of
action.

In addition to the thymc production of natural
Foxp3™ T, cells, naive T cells in the penphery
acquire Foxp3 expression and Tey function in
several expenmental settings, including in vitro
antigenic stimulation in the presence ol transform-
ing growth facwor B (TGF-B) or afier chronic
antigen stimulation in vivo (/ 7, 78y (Fig. 1), Re-
cent studies indicate that the intestine is a site of
Foxpd® Ty cell development and that special-
ized imestinal dendritic cells (DCs) promoie Foxp3

expression via a mechanism that is dependent on
bocal TGF-B and retinoic acid, a vitamin A meta-
bolite (79-21). Peripheral development of Foxp3'
Ty cells may therelore represent a mechanism that
helps broaden the Tey repenioire in specialized
anatomical sites, Recent studics have also revealed
a reciprocal relationship between the development
of Foxp3" Tpg and effector T cells, so that naive
CD4" T cells differentiate into Foxp3” Tay cells in
the presence of TGF-Poor o T helper 17 (Tl 7)
cells (which secmete IL-17, a potem proin lamima-
tory cytoking) in the presence of TGF-f and IL-6
(22, 23), Therelore, TGE-B, which can be ubiqui-
tously expressed in tissues, has the pardoxical
effoct of inducing distinet T cell subscts that appear
o have opposing elfects on immune responses.
Moreover, IL-2 lacilitaies the dilferentiation of
mive CD4° T eells ino Togg cells but inhibits their
differentiation moe Ty l7 cells, whereas [L-6 sup-
presses Foxpd expression in Toy cells in addition
tov enhancing Tyl 7 cell developmem (23, 24).
These results serve to illustrmte the complexity of
cytokine-mediated control of the differentiation
of Foxp3™ Tg, cells in the periphery, and further
work is required to identily tissue-specilic factors
that nfluence the balance between T, and
clfector T ealls in distinel tissue siles,

Although peripherally induced T cells nsem-
ble thymically derived To,, cells in phenotype and
aspects ol their function, future comparative studies
of their lunctional and genetic stability, including
the status of chromatin remodeling of the Foxp3
bocus, noed 1w be performed with the two popu-
ations (25). 1t should also be noted that, in contrast
o mowse naive T cells, in which it is difficult 1o
induce Foxp3 by in vito T cell receptor (TCR)
stimulation, human naive penpheral blood T cells
readily express Foxpl upon TCR  stimulation
although the expression level B penerally much
bower and more wansient than in natural Ty cells
(26)., Indeed, it is not wet established whether
induced T cells have identical functions 1o those
of matural Ty cells, to what exient they contribute
0 the pool of Foxp3™ Te, cells in the periphery. and
whether this acavation-induced Foxp3 expression
in 10n-T g colls serves as a Teell-intrinsic brake on
INIMUNE TESPonses,

Foxpd” To cells can both directly and indi-
rectly suppress. the activation and proliferation of
many cell tvpes, including T cells, B oclls, DCs,
ravuml killer (NK heells, and NKT cells in vivo and/
of in vitro (27, 281 In vitro suppression of TCR-
stimulated  proliferation of other T cells 15 a
commonly used assay for assessing Tp, ccll sup-
pressave activity; bowever, the mechanisans mvolved
anc incompletely undersood. A number of difforem
mechanisms have been linked 10 Toy activily,
including cell contact-dependent inhibition of the
activation and proliferation of antigen-presenting
wells (APCs) and T cells, the Killing of cither APCs
of T eells or both, and suppression via cytokines
such as IL-10and TGF-4(2, 27, 28). These resulis
suggest that Foxp3™ Ty cells do not suppress
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Fig. 1. Foxp3" natural T, cells produced by the normal thymus suppress the activation and expansion of
naive T cells and their differentiation to effector T cells, including Ty,1, T2, and T,,17 cells, which mediate
a variety of pathological and physiological immune responses. Foxp3* T, cells can also be generated
from naive T cells in the periphery, although the physiological significance of this T, -generative pathway

remains to be determined.

immune responses by a single mechanism but use
a variety of pathways in a context-dependent man-
ner; lor example, depending on eviokine milicu, the
activation status of APCs, and the strength of
antigen stimulation. A key challenge therelore is
to validate putative mechanisms of T activity
in vivo and define the circumstances in which
these operate. An important factor may be the
site of action of Ty, cells. Elegam studies by
intra-vital imaging with two-photon microsco-
py to examine the in vivo behavior of activated
Treg cells in lymph nodes suggest that they may
hamper the access of effector T eells o DCs
(29, 30), There 1s also evidence that Try cells
act in tissues to control established inflamma-
tion and that T, cell production of IL-10 plays
a funetional role (2). IL-10-seercting Foxp3™ T
cells are rare in the spleen but abundant in the
inflamed imestine and also become detectable
at the sie of inflammation in autoimmune
disease or chronic infection (37). This indicates
that there is companmentalization of the Ty
response and that mechanisms ol suppression
may be influenced by the anatomical location
and dictated by the natwure of the inflammatory
response being regulated. It s also imperative
o the host thal appropriate effector responses
can be activated afier infection with pathogens,
The production of [L-6 by activated DCs has
been shown o overcome Tp,-mediated sup-
pression in vitro (32). However, further in-
formation on the cellular and molecular
pathways that control the delicate balance be-
tween effector and regulatory T cells in vivo is
required.

The specialiced immunological properties
of Foxp3 CD4" Tuy cells suggest that they
might be clinically exploied to control a va-
ricty of physielogical and pathological immune
responses (2, f0) These cells can recogniae a
broad repenoire of sell- and nonsel-antigens in-

bowel disease

Cancer

cluding pathogens (33), although their wtal rep-
ertoine is apparcnily more skewed 1o recognizing
sellantigens (34, 35) Phenotypically they ap-
pear in an “antigen-activated” state in the thymus,
as illustrated by their high expression levels of
varous accessory molecules, including adhesion
molecules (/0). Thus, they are poised to exen
suppressive function whenever exposed to rele-
vant antigens and thus are suited for controlling
autoimimunity. In addition, in conmst to their in
vitre hyporesponsiveness to TCR stimulation,
meany natural T cells are in a proliferative state
in vivo, presumably as a consequence of the
recognition of self-antigens and possibly com-
mensal microbes, and can be stimulated 1o
proliferate by antigenic stimulation (/). They
are also functionally stable, retaining their sup-
pressive activity alier clonal expansion (/).
By cxploiting this stable and robust suppres-
sive activity as well as proliferative capacity,
straiegics that clonally expand amigen-specific
natural Teey cells while inhibiting the activation
and expansion of elTector Teells may be uselul
to sirengthen or eestablish selwolerance in auto-
immune discase or induce tolemnce o nonsell-
antigens i organ transplantation, allergy, and
IBD. or augment feto-maternal tolerance in preg-
nancy (Fig. 1) As a reciprocal approach, selec-
tive reductions in the number or function of
natural T, cells while retaining or enhancing
elfector T cells may be a strategy for provok-
ing and augmenting Wwmor inmumity in cancer
paticnts or microbial mmumity n chronic
infection. Biologicals and small molecules
with such differential effects on Teep cells and
effector T cells may represent a next gencra-
tion of therapeutic reagents for suppressing or
enhancing immune responses with a high level
of sclectivity (36).

Besides Foxpd™ Tpg cells, there are a number
ol Foxp3-nonexpressing T cells with immune

Infectious disease
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suppressive activity that are in the scope
of clinical use. These include CD4” cells
producing [L-10 or TGF-f as well as

CD8 T cells with different modes off

suppression (24, 370 Although the phys-
iological mole of these populations in
immune homeostasis s not known, they
do ofler the advantage for chmeal use that
antigen-specific Tpy cells can be prepared
relatively casily.

It is now firmly cstablished tha
Foxpd™ Tpy cclls, natumally arising or
induced, constitute an indispensable
component of the immune system. Fur-
ther clucidation of the molecular and
cellular basis of their development and
function will facilie our understanding
of immune tolerance and homeostasis and
provide ways to betier control immune
responses for the benefit of the host,
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Defusing the Childhood
Vocabulary Explosion

Bob McMurray

etween binh and adulthood, children leam
B;lhuut GO000 words, on average, 8 1o [0

words per day, Swdics consistently re-
veal that, dunng the second postnatal vear, word
leaming accelerates dramatically (/). Although
the acceleration is continuous and not stagelike
2. 3. this so-called vocabulary explosion is a
foundational phenomenon that theories of
language acquisition must address,

acquisition threshold, it s leamed. This model
exhibas the chamctenstic panem of skw leaming
followed by accelertion (Fig. 1B, black line).
Deceleration 15 seen at the end of acquisition,
something that has boen hypothesized (3) but not
examined empirically [Supporting Online
Material (SOM) text 52].

Furher simulations examined mechanisms
that leverage mitial words 1o facilitte leaming.

and child-directed speech (SOM 1ext 55). This
model showed accelermtion (Fig, 10} Inmerest-
mgly, cluld-directed speech yielded faster carly
leaming, whercas adult-directed speech was Raster

later—the optimal distnbution may change with
age, Acceleration was also seen m a (ved-threshokd
mioddel where cach word had the same threshold,
but at each time step only one (randomly cho-
sen from a distribution based on the same log-
lrequencies) received a point. Thus, accelermtion
in vocabulary growth could arise from ocour-
renee siatistics alone,

The vocabulary explosion is a by-product of

peralle] leaming and vanation in the time 1o leam
words, Although words accumulate evidence al a
constant rate, the outcome accelerates, The ease-
of-acquisition distribution provides a framework
for imegrating linguistic, psychological, and sta-
istical factors in word leaming. These mundane

struciural features of the organisn-

environment complex, not special-

= P1 P2 rmy Z
LIT

100 A ?10 B 2 C
8 iy 15000 T__Crild directed

Ei 000" 2 =aas Adut directed
E &0 “ B 10 12 ™ 16 neutral | 3,
s 3 Age {mes.) 1000
; | 9
Lo - benefit :

% 500
20 ® -

taed leamung processes, detennine
the fomm ol growth. Specializad
processes are notl causally neces-
sary 1o explain acceleration: such
processes may, in fact, anse in
response o accelermtion, or they
ney offsct other processes tha
slow leaming (6). Morcover, the

0 1000 2000 3000 4000 5000 G000 a
sasymgpEase of acqUISHon e bard
(Time-staps Lo acquira)

Fig. 1. (A} A Gaussian distribution of time to acquisition. Between 0 and 2600 time steps (P1), 1481 words are acquired. An
additional 3966 are acquired in the next 600 (P2). B) Voabulary size as a function of time in initial simulations, and when
learning a word offers a cost or benefit to future learning. (Inset) Percentage of words on MacArthur Communicative Development
Imventory produced by children as a function of age (SOM text 51). (O Acquisition in simulations based on word frequency.

Common explanations posit specialized mech-
anisms that build on the fist words 1o better
acquire new words, Eady words may force changes,
like the naming insight, or reorganize concepiual
structures. Processes like syniactic bootsirapping
and mutual exclusivity may also leverage known
words 1o acquire new ones (4, 5).

This paper demonstrates computationally
that specialized processes are unnecessary o
explain the vocabulary explosion. Accelemtion
15 guaraniced inoany system in which (1) words
are acquired in parallel, that i, the svstem builds
represcotations for multiple words simuliancous-
Iy, and (ii) the difficulty of leaming words 1s
disiributed such that there are fow words that
can be acquired quickly and a greater number
that iake longer. This distribution of difficulty
derives from many factors, including frequency,
phonology, symax, the child’s capabilities, and
the contexts where words appear.

Such a system was simulated by genemting o
Craussian distribution of tme 1o acquisition for
10000 words, Figure 1A shows the number of
wonds st cach dificulty level, Most ane acquired it
4000 time steps, whereas a few are casier, To
simulate leaming, at cach ume step cach word
acerues a point. When a word crosses its time-to-

1000 2000 3000 4000 5000 G000 0

Time steps

As each word was acquired. a benefit was added
1o unlearned words (SOM text 53). accclerating
leaming (Fig. 1B, blue ling). However, acquisi-
tion also accelermted when each leamed word
incurred a cost (red line).

Analytically, the number of words acquined
by the model within a given time window is the
intcgral of the ecase-of-acquisition distribution
over that window. In a Gaussian distribution, the
lirst quarter (e.g., O to 2000 time sieps) has a
smaller mtegral than the second (2000 to 0003,
Hence, the rate of acquisiion will appear 1o
accelerae at the later ime points (Fig. 1A), Ac-
celertion should thus be observed in any dis-
tribution in which the number of words at a
given difficulty level correlates positively with
difficulty, that is, it there are fewer casy words
than moderate or difficult ones (SOM 1ext 54),
Additionally, the cemral limit theorem suggests
that, because many factors comrbute o time 10
acquisition, their individual distributions sum 10
a Craussian (assuming ressonable independence).

Ciiven this generality, a tme-to-acquisition
distribution was developed from real language.
Word frequency was used as a proxy for difli-
culty by lincarly scaling the log frequency of the
2000 most Frequent words of English in adult-

2000 4000 B000 BOOD 10000 12000
Tima sleps

model’s generlity suggests that
any parallel learning svstem (e.g..
motor pattems and concepls)
should behave similady, Aceclera-
tion is an unavoidable by-product
of variation in difliculty. [t should
not be misconstrued as evidence
for specialized learming.
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Genome Transplantation in Bacteria:
Changing One Species to Another

Carole Lartigue, John I, Glass,* Nina Alperovich, Rembert Pieper, Prashanth P. Parmar,
Clyde A. Hutchison IlI, Hamilton Q. Smith, ). Craig Venter

As a step toward propagation of synthetic genomes, we completely replaced the genome of a bacterial
cell with one from another species by transplanting a whole genome as naked DNA. Intact genomic
DNA from Mycoplasma mycoides large colony (LC), virtually free of protein, was transplanted into
Mycoplasma capricolum cells by polyethylene glycol-mediated transformation. Cells selected for
tetracycline resistance, carried by the M. mycoides LC chromosome, contain the complete donor
genome and are free of detectable recipient genomic sequences. These cells that result from
genome transplantation are phenotypically identical to the M. mycoides LC donor strain as judged

by several criteria.

1 has been Known ever smee Oswald Avery's
Ipimmcring experiments with prcumococcal

transformation more than six decades ago,
that seme bacteria can take up naked DNA (/).
This DNA is generlly degraded or recombined
into the recipient chromosomes o fom genelic
recombinants. DNA molecules several hundred
Kilobase pairs (kb) in size can sometimes be
taken up. In recent swdies with competent
Bacilius subrifis cells, Akamatsu and colleagues
(2. 3) demonstrated eotmnslfonmation of genetic
markers spread over more than 30% of the 4.2-
megabase pair (Mb) genome using nucleoid
DMNA solated from gently lvsed B subnlis proto-
plasts. Arificial ransformation methods that em-
ploy electroporation or chemically  competent
cells are now widely vsed 1o clone recombinant
plasmids. Generally, the recombinant plasmids
arc only a few kilobase pairs in size, but bacterial
artificial chromosomes (BACS) greater than 300
kb have been reported (4). Recombinam plas-
mids coexist with host-cell chromosomes and rep-
licate independently. Two other natural genetic
transfer mechanisms are known in bacteria,
These are mansduction and conjugation. Trans-
duction occurs when vieal particles pick up chro-
mosomal DNA from donor bacteria and transfer
it to recipient cells by infection. Conjugation in-
volves an intricate mechanism in which donor
and recipient cells come in contact and DNA 18
actively passed from the donor into the recipient,
Meither of these mechanisms involves a naked
DNA intenmediate.

In this paper, we report a process with a dil-
ferent outcome, which we call “genome trans-
plantation.” In this process, a whole bacterial
genome from one species is transformed into
another bacterial species, which results in new
cells that have the genotype and phenotype of the
input genome, The imponant distinguishing
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leature of trnsplantation s that the mecipient
genome is entirely replaced by the donor ge-
nome. There is no recombination between the
incoming and outgoing chromosomes. The result
is a clean change ol one bacterial species into
another.

Work that is related 1o the process we describe
in this paper las been camied out or proposed for
vanous specics. lava ¢ al. transterred almost an
entive Swmechacystiv POCOGR03 genome into the
chromosome ol a recipient B subrilis cell using
the natural transformation mechanism, The re-
sulting chimerie chromosome had the phenotvpe
of the B subwilis recipient cell. Most of the
Swnechocysiis genes were silent (5). A schema
lor inserting an entive Maemaphilns influenzoe
genome as overlapping BACs into an Excherioh-
fer coli recipient has also been proposed; however,
those authors have pointed out diflicultics arising

Fig. 1. Demonstration Plasmic-
that the DNA in the Donor Sale
blocks was intact and DMNA treated
circular, whereas the plug samples
DNA in the band that

migrated into the gel . |Before

was linear. (A) A pulsed- - 125 | Fros

field gel loaded with a Mb || -

plug containing M. M, pryookies PFGE

mycoides LC DNA. The me

1x TAE buffer gel was

separated by electropho-

resis for 20 hours and

then stained with SYBR

gold. The marker lane
contains Bio-Rad Saccha-
romyces cerevisiae ge-
nomic DNA size markers,
Mote the large amount of
DNA remaining in the
plug. (B) The plugs are

from incompatibility between the two genomes
(). Transplantation of nuclel as mtact organelles
o enuclanted cegs 15 a well-established proce-
dure in vertebrates (7-#), Our choiee of the werm

‘wenome nsplantion” comes from the sim-
tlarity 1o cukaryotic nuclear ransplantation in
which one genome is cleanly replaced by
another.

Genome transplantation is a requirement for
the establishment of the new field of synthetic
genomics, [tmay fcilitate construction of uselul
microorganisms with the potemial 10 solve
pressing socictal problems in energy production,
environmental stewardship, and medicine.
Chemically synthesized chromosomes  must
eventually be ransplanted mto a cellular milicu
where the encoded instructions can be expressed.
We have long been interested in delining a
minimal genome that s just sullicient for ecllular
e (/0. 11y and have advocated the approach of
chemically synthesizing a genome as a means lor
testing by potheses conceming the minimal set of
genes. The societal and ethical implications of
this work have been explored (12, 13).

Fabricating a synthetic cell by this approach
requires the introduction of the synthelic penome
ino a receplive cytoplasm. We chose myco-
plasmas, members ol the class Mollicures. Tor
building a synthetic cell. This choice was based
on a number of charactenistics specific (o this
bacterial taxon. The essential features of myeo-
plasmas are small genomes, use of UGA 1o en-
code tryptophan (mther than a stop codon), and
the total lack of a cell wall. A small genome is
casier W synthesize and less likely o break
during bandling. The ahered genctic code fa-
cilitates cloning in £ colf because it curtails the
expression of myeoplasma proteins. The absence
ol a cell wall makes the exterior surfaces ol these

shown either before PFGE or after PFGE, and the genome sized band produced after PFGE, and either with

or without treatment with the Plasmid-Safe DNase.

The nuclease enzyme digests linear DNA, but has no

effect on circular duplex DNA. These data indicate the band of DNA that migrated into the gel was

exonuclease-sensitive and, therefore, linear.
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bacteria similar 10 the plema membmne of
cukarvotic cells and may simplity our task of
mstalling a genome into a reciprent cell by allow-
ing us to use established methods for insertion of
large DNA molecules nto cukaryotic cells.

We clected to develop our genome trnsplan-
tation methods using two last-growing myeo-
plasma species, Myveaplasma myveoides subspocics
myveoides, Large Colony stram GMI12, and
Myeoplasma capricolum subspecics capricolun,
strain California kid, as donor and recipient
cells, respectively. They divide every 80 and 100 min,
respectively. These organisms are both oppor-

tunistic pathogens of goats, but can be grown in
the laboratory under Biosafety Level 2 condi-
tions. In preparation for our experiments, it was
necessany o sequence both genomes and com-
pare them to detemmine the degree of relatedness.
We found that 76.4% of the 1,083,224 1-bp drafi
sequence of the M mveosdes LC genome (14)
could be mapped o the 1.010,023-bp M
capricelum genome (13), and this content
matched on average at 91.5% nuckotide identity.
The remaining -24% of the M. mycoides LC
genome contains a large number ol insertion
sequences not found in M. capiicolion,

Fig. 2. SDS—poly-
acrylamide gel electropho-

rests (SDS-PAGE) analysis a;
of isolated M. mycoides LC
DMA in agarose blocks
shows that there were no
detectable proteins asso-
cdated with the DNA. The
gels were silver-stained.
(Left) The three lanes
labeled “Intact cells” were
three dilutions of M. mycoides
LC cells that were bailed in
505 and loaded onto the
gel. (Middle) Agarose
blocks with the M nycoides
LC DNA that were boiled in
SDS and loaded on the

protein gel either before (B) or after (A) PFGE. (Right) To determine whether the material at the top
of the gel was protein or DNA, we treated the blocks, before and after PFGE, with DNase I. One of the

markers was DNase |.

DNase | after Markers
sDs/ -
Proteinase K gg
B B A A
et kD
~ 50
—
-2
- -
- 25
=20
=15
w10

Table 1. Results of a series of transplantation experiments,

Number of colonies

Experiment Negative controls i it Total M. capricolum
date No donor No recipient .Ir':g;:ants recipient cells
DNA cells

3/28/06 0 0 1 4 x10°
4/13/06 2* 0 ~65 B x 10°
4/19/061 0 0 1 1 x 10
5/25/06 0 0 1 6 x 10°
6/07/06 0 0 16 5 % 10°
6/08/06 0 0 17 2 x 10°
6/28/06 0 0 8 7 x 10®
7/06/06 0 0 3 6 x 10°
9/07/06 0 0 2 3 x 10%°
11/17/06% 0 0 ~100 2 x 10°
11/24/06% 0 0 ~100 5 % 10°
12/13/06 0 0 20 4 x 10°
1/04/07 0 0 17 5 x 107
118/07 0 0 20 2 x 107
3/01/07 0 0 24 6 x 107
3/20007* 0 0 134 5 % 107
3rRuo7t 0 0 81 3 %107
3/29/07* 0 0 132 2 % 107

*We attribute these two colonies to laboratory envor, and we never saw any colonies on the no-donor-DNA control plates in any
later experiments,  tAfter this experiment, we did six experiments not Hsted here that produced no transplant dones.  $We

attribute the higher genome trangplantation efficiency in these experiments to the inclusion of streptomyein in the SP4 medium

used to grow the & mycoides LC donor genomes.

RESEARCH ARTICLE

Al the outset, we explored a number of meth-
ods for genome tansplantation. The process had
three key phascs: iselation of intact donor ge-
nomes from M mnceddes LC, preparation of
recipient M. capricofum cells, and installation of
the isolated genome into the recipiont cells, We
chose our donor and recipicm cells for genome
transplantation on the basis of our obscrvation
that plasmids comtaining a M myveoldes LC
origin of replicstion complex (ORC) can be
establishad in M caprdcolion, whereas plasmids
with an M capricofim ORC cannol be es-
tablished in M. mveoiddes LC (f6).

Donor Genomic DNA Preparation
Manipulation of whole chromosomes in solu-
ton exposcs the DNA o shear forees thm can
cause breakage, Thus, it was important o mini-
mize genome manipulation during the detergem
and proteolytic eneyme treatments by suspend-
ing the cells in agamose blocks. Intact chromo-
somes were immobilizad in the resulting cavem
in the agarose that onginally held the cell. Di-
gested protein components, lipids, RNAs, and
sheared genomic DNAs could then be removed
by dialysis or electrophoresis from the immobi-
lized intact genomic DINA,

Whaole, imact genomic DNA isolation was
perdormmed wsing a CHEF Mammalian Genoanic
DNA Plug Kit from Bio-Rad. Briefly, we grew
M. myeoides LC cells containing tetacyeline-
resistance (fetM) and Pogalactosidase genes
(ac)y (17) at 37°C o moderate density in SP4
micdium (8), supplemented with 10 po/ml of
tetracycline and, in some expenments, 10 pg/ml
ol streptomyein. Fifty w 100 ml of culwred cells
was reduced w0 a pellet by centrifugation at
4575 for 15 min at 10°C. We resuspended cells
in 20 ml of 10 mM Tns (pll 6.5) plus 0.5 M
sucrose; spun as before; and resuspended again in
I ml (=110 5 = 10° cells/'ml). We incubated the
cell suspension for 13 min at 30°C, then mixed it
with an equal volume of 2% low-meliing-poin
(LMP) agarose in 1% TAE buller [40 mM Tris-
acciate and | mM EDTA] Afier 5 min at 30°C,
the mixture of cells and LMP agarose (2 ml) was
distributed in V00-pl aliquots into plug molds.
The 20 plugs soliditicd a1 4°C. Embedded my-
coplasma cells were lysed and proteins were
digested at 30°C for 24 hours by additon of 6 ml
of proteinase K reaction bufler [ 100 mM EDTA
ipll .00, 0.2% sodium deoxycholate, and %%
sodiom laury] sarcosine| with 240 pl of protein-
ase K (=000 Uml). The 20 plugs were then
washed four times at room temperature for | hour
in 20 ml of 1= Tris-EDTA buller [Trs-1C1 (20
mM) and EDTA (50 mM), (pH 8.0)] with
agitation and stored in 10 ml of Tris-EDTA
bulter at 4°C,

We wanted 1o conlirm thm our gentle prepa-
rtion of the genomic DNA viclded imact circular
molecules, We subjected some agarose plugs 1o
pubsed-ficld gel clectrophoresis (PFGE) ina 1%
LMP gel in TAE, with contour-clamped homo-
gencous chectric fickd (19) (CHEF DR 111, Bio-
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Rad). Pulse tmes were ramped from 6 to 120 5
over 24 hours at 3.5 Viem. After migration, plugs
were removed [rom the wells and stored m 10 ml
of Tris-EDTA butler (as described above) at 4°C
until used as source of intact genomic DNA for
chromosome rnsplanttion expeniments, Dur-
ing PFGE, imact circular bactenal chromosomes
bocome caught in the agarose and do not migrate,
whercas full-length lincarieed DNA, as well as
smaller DNA lmgments, RNAs, proteins, and
any other charged cellular molecules remaining
afier the detergent and emeyme digestion were
removed [rom the plug by electrophoresis ( 20),
A SYBR gold (Molecular Probes) stained
pulsed-field gel (Fig. 1A) showed a band of
DNA that had the same clectrophoretic mobility
as a 1.125-Mb lincar DNA size marker {about the
same siee as the M sncoides LC genome), plus
an intense band at the position of the wells, which
suggested that a large amount of DNA was still in
the plugs. Extensive digestion of the plug and the
~1.125-Mb band with Plasmd-Salc
adenosine triphosphate (ATP)-dependent

excised

deoxynbonuelease (DNase) (Epicentre Bio-
technologies) clearly degraded the excised
~1.125-Mb band (Fig. 1B). Plasmid-Safe ATP-
dependent DNase digests linear double-stranded
DNA o deoxyouclootides and, with lower ¢fli-
ciency, closed-circular and lincar single-stranded
DNA. The enzyme has no activity on nicked or
closed-circular double-stranded DNA or super-
colled DNA, This is compatible with the presence
of a large amount of circular genomic DNA in the
plug. As we became more experienced with ge-
nomee solation, the amount ol apparently lincanzed
DMNA i our preparmtions dinimnished.

We analyzed the plugs 1o confirm that the
DNA encased in them was naked. Plugs loaded
on SDS polyvacrylamide gels alier boiling in SDS
showed no detectable protein by silver siaining,
which indicated that the majority of the DNA was
naked (Fig. 2). In order w0 make sure that the
DNA was completely deproteinaied during the
genome  iransplaniation, agarose plugs treated
with deterpent and proteinase K wene subjected
to liquid chromatography followed by tandem
mass spectrometry (LC-MS/MS) on an ion<tmp
mass spectrometer (20). Five M. myvenides pep-
tides, cach for a different protein and from a sep-
arate plug, were wdentified (able S1) Because
LC-MSMS analysis is very sensitive and pro-
vides excellent sequence coverage, the peptide
quantities are extremely small. Only one peptide
per proicin was detected, which makes it high-
Iv unlikely that any undigested proteins were
present in these agarose plug samples. In addi-
tion, we detected no M. sncaides LC peptides in
plugs not exposed o PFGE. There was also a
background in the samples an on PFGE of many
peptides not encoded by M mnveaddes LO, such
as keratin peptides, All of these peptides, includ-
ing the five encoded by M. myveoides LC, could
be contaminants intoduced during the PFGE.

The final step in donor genome preparation
entailed liberation of the DNA rom agarose

3 AUGUST 2007 VvOL 317 SCIENCE

encasement. Before transplantation expenments,
the agarose plugs containing M. mooeides LC
genomic DNA (before or alier PFGE) were
washed 2 times 30 min in | ml of 0.1% Tris-
EDTA bufter [Tns-HCI (2 mM) and EDTA (5
mMd) (pH 5.00] with gemtle agiation. The bufler
was completely removed, and the agarose plugs
were melted at 63°C with 1/10th volume of 10+
Fragarase buffer [10 mM bis Tris-HCT (pH 6.5)
and | mM EDTA| for 10 min. The mohen agar-
ose was cooled for 10 min 10 42°C and incubaied
ovemight at the same wmperature with 2.5 units
ol B-agarase [ (New England Biolabs) per 100 ul

of plug. We calculated cach plug contained ~ 10 pg
of DNA (-8 = 1Y SCNONICS).

Recipient Cell Preparation and Genome
Transplantation Reaction Conditions

We prepared the M capwicefim recipient cells
in a G-ml culture of 3OB modium (22) contam-
ing 1 7% fletal bovine serum and 0.5% glucose.
Incubation was at 37°C until the medium pH
was 6.2, Cells (5 1o 30 = 107 cells/ml) were then
spun in a centrifuge at 4375¢ for 15 mina 10°C.
As pH decreased from 7.4 10 6.2, regular ovoid
M. capricodim cells changed shapes dramatical-

A Transplants and donor genome profiles

B Untransplanted M. mycoides LC clones and wt M. capricolum

Fig. 3. Southern blots of (A} 75 transplants and (B) 37 different M. mycoides LC filter clones. The
blots were probed with a PCR amplicon that hybridized to the 151296 insertion sequences.
Although different samples all had multiple copies of the 151296, they had slightly different
patterns on the blots, which indicated movement of the element. For the transplants (A), the donor
cell genomes are shown in the single lanes. As a control (B), Southern blots of recipient cells (wild-
type M. capricolum) are shown in the single lane. The 15196 probe from M. mycoides LC genomic
DNA was amplified by PCR using primers 151296P1F (AAGCGTTTAGAATAGAAGGGCTA) and

151296P1R (CTGAATTGTACAGGAGACAATCC).

WWW.sCiencemag.org



lv. Cells became longer, thinner, and branched. In
proor medium, inhibition of DNA replication duc
to nucleotide starvation s known o mduce
branching m M capricelum cells (23, 24). Cells
wene washed once [Trs 10 mM and NaCl 250 mM
(pH 6.5}], resuspended with 200 pl of CaCl,
(0.1 M), and held on ice for 30 min, During that
penod, 20 pl of fragamse -treated plugs (-50 ng'ul)
were delicately transfemred into 400 ul of 5P4
medium without serum | SP4 ()], with wide-bore
genomic pipette tips, and incubated 30 min at
room temperature, For the genome transplanta-

tion, M. capricofim cells mixed with 10 pg of

veast trmnsler RNA (Invitrogen) were gently
translemad into the 400 pl of SP4 () containing
20 pl ot M., myeoides LC whole-genomic DNAL
An equal volume of 2= fusion buller | Tras 200mM,
NaCl 5300 mM, MgCly 20 mM, polyethylene
glyeol 8000 (PEG; USB Corporation no, 19959)
10%a] was added, and the contents were mixed by
rocking the tube gently for 1 min. After 50 min at
37°C, 10 ml of 8P4 was added, and the cells were
incubated for 3 hours at 37°C 1o allow recovery,
Finally, cells were spun at 4575¢ for 15 min al

M. mycoides LC-specific monoclonal antibody (anti-VehL)

Iucapriadunuﬂ | M. mycoides LC | Transplant 11.1 I
donor cells 2-6-24

| Transplant #10.14-5

| Transplant #19.1 |

Transplant n8.2-B

M. capricolum-specific polyclonal antibodies (anti-VmcE & VYmcF)

M. capricolum wi M. mycoiges LC l Transplant 11.1 I
. donor cells 2-6-24
* i b 3
- £
SO L AR A
v i
-- l-u '.-'-'."Tl:
o el B ¥
. e
.x::l‘ " agubaic 4234 ep—— s I
I .

Transplant #10.14-5

| Trarsplant #19.1 I

| Transplant #8.2-B

ral ¥

Mote that the dots visible in M. mycoides LC and
transplant blols are the negative unstained colonies

"t RS

Fig. 4. Colony hybridization of the M. mycoides LC (genome donor), M. capricolum (recipient celll,
and transplants from four different experiments that were probed with a polyclonal antibody specific
for the M. capricolum VmcE and VmcF surface antigens or with monoclonal antibodies specific for

the M. mycoides LC Vchl surface antigen (29).
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10°C, resuspended in 0.7 ml of SP4, and plated
on 5P4 agar plates contaiming 3 pg/ml tetacycline
and 150 pgim] X-gal (3-bromo-d-chloro-3-indolyl
o-galactopy manoside )

The plates were meubated at 37°C until large
bluc colonics, putatively M myvenides LC, formed
aller =3 days. Sometimes, afier <10 days smaller
M. capricolum colonies, both blue and white,
were visible, Thus, all of these colonies were
terracyeline-resistant, as evidenced by their
surviving the antibiotic selection, and only some
expressed Prgalaciosidase. These colonies might
be the result of recombination. We observed thin
these colonies appearcd  after almost wice as
meny days as it ook orthe wnsplans o become
visible (23, Individual colonies were picked and

grown in broth medivm comammg 3 pg'ml of

tetracyeling. During propagation, the tetracy-
cline concentration was progressively increased o
10 pg/ml. When we first developed this technigue,
we subjected all plugs 1o PFGE. Later, we found
this step was unnecessary. We observed no
significant difference in transplantation vield as a
result of PFGE of the plugs.

Every experiment included two negative
controls. To ensure that the M. miveoides genomic
DNA contained no viable cells, one control was
processed exactly as desenbed above except no
M. capricolun recipient cells were used, Sim-
ilarly, in another control, M. capricadim recipient
cells were mock-trmnsplanted without any donor
DA, The results of a series ol experiments are
shown in Table 1. Mo colonics were ever ob-
served in controls lacking recipient cells: thus,
the donor DNA was free of any viable contam-
inating M. mvenides LC cells, When donor DNA
and recipient cells were both present, from 1 1o
=100 putative transplants were obiained in
individual experimenis. As we became more ex-
perenced with this technique, the vield of
transplant colonies increased.

Analysis of Putative Transplants

The blue, tetracycline-resisiant colonics resulting
from M. myveoides LC genome transplaniation
were o be expected i the genome was sucocss-
fully transplanted. However, colonies with that
phenotyvpe could also result from recombination
ol a frgment of M. smeaides LC genomic DNA
conaining the reeM and facZ genes into the
M. capricobem genome. To rule out recombina-
tion, we exammed the phenotype and genotype
of the ransplanted clones.

Genotvpe analvsis. We analyzed scveral
trmnsplant clones after synthesis with the poly-
merase chain reaction (PCR) using primers spe-
cific for cach species 1o determine whether the
putative transplants had M. mcoldes LC se-
quences other than the selected redM and fac
marker genes. We used PCR primers specific
for 151 296 insertion sequences, which are present
in 1l copics in the sequenced M. mveoides LC
genome, but are absent in the M capricafim pe-
nome, Similarly, we used PCR primers specilic
for the M. capricodum arginine deiminase gene,
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635




RESEARCH ARTICLE

636

which is not present in M mveoides LC. The
151296 PCR produced an amplicon only when
the template was the M. snvcaides wild-type strun
or wias one of the transplanted clones. Similarly,
the M. capricolion arginine deiminase PCR. gen-
erated an amplicon with the M capricofum
template DNA, but not with the M. ancodes LC
wild-type DNA or DNAs from tmnsplant cloncs,
The PCR experiments lefi open the possibility
that fragments of the M mveoddes LC genome
containing an 1S 1296, the reeM gene, and the facd
gene had recombined inmo the M capiicolim
genome in such a way that they destroyed the
arginine deiminase gene (g S1L A more con-

A M. mycoides LC - genome donor

vincing genotypic analysis that looked at the
overall genome used Southern blot analysis of
the donor and recipient mycoplasmas and a senes
ol putative tansplants. Genomic DNA from cach
ol those specics was digested with the restiction
engyme Hingd 1 and run on a 1% agarose gel,
Southem bhlots were prepared and probed with
151 296 sequences. As expected, no probe hybnd-
tzed to the wild-type M. capricofum lane (Fig, 3A),
We did this analysis on every transplant we ob-
tained, as well as a serics of M. myveeides LC
clones (Fig. 3B). Analysis ol Southern blots of
3T wild-type M. mnveoides LC clones and 75 pu-
tative transplants showed that 34 (92%) and 44

B M. capricolum - recipient cells
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316 DNIDAVVFTAGIGENADVIRDLICEEVELLNLQID
351 QDEMQAKYSDYKLISSERSKIFVIAIRTHEERMIC
386 LDTLWLIK

M. capricolum acetate kinase score 482
1l MILVINSGSSSIKFELFDTSEAIEPILDGLAERIG
16 IDGFLEFEHNNQEYEFEDPLPDHEHAIQLILNELL
071 ELEIISHNIDEIRGVGFRVVHGGEISHSSIINEEVL
106 QEIQESVELAFLANFAATL IATEAVEELMPFNTSMIA
141 CFDTAFEQTHPOVNYLYSVPYRWYEEFGVREYGFH
GISYEYIVNECEEI LNEENEHLNLIVCHLGHNGAST
SCIRKDGRSTDTSHGLTFLAGLMMGTREGDIDVSIC
EYVARGTHSDIFAITQILNEQSGLLGLSOTSADME
DVLEQYDRNDEEAI TAVERTVOVVADFIVEYANTL
DSIDAVYFTAGI GENADVIRDLICFRVELLGLGID
QEENESEYSDYFLISSERSKI PV TAIRTHNEERMIC
LDTLNLIK
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Fig. 5. Proteomic analysis. Two-dimensional gels were run using cell lysates from (A) M. mycoides LC,
(B} M. capricolum, and (€) a transplant clone (11.1). Standard conditions were used for the separation
of protein spots in the first dimension on immebilized pH gradient (IPG) strips (pH range 4 to 7) and in
the second, SDS-PAGE, dimension (molecular mass 8 to 200 kD) (30). The gels were stained with
Coomassie brilliant blue G-250, and 96 spots were excised from each of the gels. Spots 71 (A), 23 (B),
and 8 (C) were identified as acetate kinase, (B} M. copricolum acetate kinase showed a clear alkaline pH
shift. The sequence coverage map for trypsin-digested peptides obtained from MALDI-M5 peptide mass
fingerprint (PMF) data localizes peptide sequences of acetate kinase [spot 8 (C)] matching massicharge
ratio {m/z) values in the PMF. Peptide sequences in red were identical to the two Mycoplasma species;
peptide sequences in blue were unique to M. mycoides LC.
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(39%), respectively. were essentially identical 1o
the M. nveoides LC donor DNA blot; the rest
showed vanations in the banding  patierns. We
assume that variation was the result of IS element
transposition. We hypothesize that mobility of
the IS1296 clememt may be somewhat sup-
pressed in M mvooides LC cells, However, there
may be no suppression ol ransposon. mobality
inmediately following introduction of the donor
genome into the M. capricofum cvioplasm. This
is evidence of a transitional period when the
M. pivenides LC donor genomes reside in a cel-
lular miliew whose M capricolm content is ini-
tially high, but diminishes with cach cell division,
Next, we did sample sequencing of whole-
genome libraries generated from two transplant
clones. Our analysis of more than 1300 random
sequence reads from the genome of cach clone
itotaling ~ 109 million bases Tor each clonc)
showed that all reads matched M. myveoides LC
sequence (26). We cannol rule out the possibality
that small regions of the donor genomes recom-
bincd with identical regions of M. capricofim
recipient cell genome; however, those regions
would be very small. There are 20 identical
regions of between 395 and 972 base pairs. The
above results were all consistent with the
hypothesis that we have suceessfully introduced
M mveoides LC genomes into M. capricaliim
followed by subsequem loss of the capricolum
genome during antibiotic selection,

Phenonpe anafysis. We examined the
phenotype of the transplanted clones in two
wiys. [In one, we looked at single-gene products
charmeteristic of each ol these two myeoplasmas.
Using colony-Western blots, we probed donor
and recipient cell colonies and colonies from four
differem wansplants with murine antibodics
specific for the M. capricofwn YmeE and VmeF
surface antigens and with murine antibodies
specific for the M mnveoides LC VehL surface
antigen. In both assays, M. sveoddes LC VehL
specific antibodies bound the tansplam blms
with ithe same intensity as it bound the AL
mveeides LC blots (Fig. 4). Similarly, the anti-
bodics specilic for the M capricoliin VimcE and

0 500 1000 1500 2000 2500
M mycowdes LC genomic DNA (ng)

Fig. 6. Genome transplantation as a function of
the amount of M. mycoides LC genomic DNA
transplanted. Transplant colonies were observed
on two different plates. We observed no colonies
on either the no-recipient-cell control or the mock-
transplanted control plates.
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VmeF did not bind the to the transplant blots. In
the second, proteomic analysis, cell lvsates of all
three strains were examined by using differential
display in two-dimensional clectrophonesis ( 2-DE)
gels, followed by identitication ol proteins spots
with matrix-assisted laser desorplion ioniztion
(MALDI) mass spectrometry, The 2-DE spot
patierns of the M. mveeddes LC and the trans-
planted clone were identical within the limits of
2-DE; however, the M. capricolum 2-DE spol
patierns were very different, More than 50% of
the respective spots could not be matched among
the gels (Fig. 5, A w0 O} More evidence was
gained from MALDI-MS data than the transplant
proteome was identical 0 the M. myeoides LOC
proteome and did not have any M. capricolum
features. For nearly 90 identificd spots of the
trmnsplant, conlidence scores obtamned with the
Mascot algonthm were invanably equal or higher
for M. mveoides LC than for M. capricalum
proteins, despite high sequence homologies;
although there were mine protein spols with con-
fidence scores tha indicated they were derived
from M. capricolum genes, cach case proved 1o
be an artifact of either sequencing emors or gene
boundary annotation errors (table S2). As an ex-
ample, Fig. 5D visualizes peptides in acetate
kinase matching only the sequence of the respec-
tive W mvenidles LC protein. Thus, the phenotypic
assays allirmed that the wansplants were likely
M. mveedes LC and were not the result of a
M. capricalim- M. nncoides LC mosaic produced
b recombination between the donor and recipient
cell genomes alter the transplamtation ol the
M. mveoides LC genome and before the two
enomes segregate dunng cell division.

Optimization of Genome

Transplantation Efficiency

To determine what factors govern genome
transplantation efliciency, we varied the number
of M. capricofum recipient cells and the amount
of M. myeoides LC genomic DNA used in
transplanation experiments. Transplant vield
was optimal when 107 10 5 = 107 cells were
used. At lower donor DNA concentrations, there
was a lincar relation between the amounts of
genomic DNA transplanted and transplant vield.
Yiclds began to plateau at higher donor DNA
concentrations (Fig, 6),

Concluding Remarks

These data demonsirate the wansplantation of
whaole genomes from one species o another such
that the resulting progeny are the same specics as
the donor genome. However, they do not explain
the mechanism of the tansplant. This is not
natwral DNA wansformation, where linear DNA
enters the cytoplasm and recombines into the
resident chromosome, Our genome ransplanta-
tion does not entaul recombination, and our donor
molecule is circular. In addition, our recipient my-
coplasma cells have not been shown 1o be com-
petent for natural ransfommation, nor are any DNA
uptake genes identificd in the M. capricoliim

genoine. We presume that organisms camying
both donor and recipient cell genomes occurmed o
least transicntly al carly times alter tansplantation,
Only 1 recipient cell in 150,000 was transplanted
in our most efficient experiments, This Jow
clficiency has so far prevented a demonstration
of trmsiem mosaicism, Although our donor and
recipient are distinet species, they are phylogenet-
ically close relatives. Genome  transplamation
works for the specics we have chosen, but we do
not know for what other species it will work.
Because mycoplasmas are similar to mam-
malian cells with respect 1o their lack of a cell
wall, we expenmented with a series of ap-
proaches that are effective for tmnsteming large
DNA molecules into cukaryotic cells, These
mcluded catnon- and detergent-mediated  tmns-
fection, electroporation, and compaction of the
donor genomes using vanous cationic agenis,
None of those approaches proved elfective for
whole-genome tmnsplantation (see SOM). Our
PEG-based method may be akin to PEG-driven
cell fusion methods developed for cukarvotic
cells. To test this hypothesis, two parental strins
ol M. capricelum, one carying a fetM marker in
the chromosome and the other one with the
chlormmphenicol-resistance marker (CAT) in a
stable ORC plasmid, were both prepared as
“recipient”™ cells, mixed, and incubated in the
presence of the fusion bufler as described above
for wransplantation experiments. We plated cells
on SP4 agar containing both ietmeveline (3 pg/mil)
and chlommphenicol (30 pg/'ml). In the presence
of 5% PEG, we obtained progeny resistant 1o
both antibiotics. No colonies grew in the absence
ol 3% PEG. The number of colonies increased
=30 times when we pretreated cells with CaCla.
Sequencing analysis of 30 clones showed that all
had both the feedf and CAT markers in the cells al
the expected chromosomal and plasmid loca-
tions. Thus, we concluded that with our PEG-
based method, M. capricolum cells fuse. Those
resulis agree with membrane studics by Rotiem

and colleagues demonsirating that fusion of

M. capricoln cells is maximal in 5% PEG (27).
Gene transler into Myvoopdasma prlimennis was
also mediated by PEG ot concentrations likely o
tuse cells, albeit only small DNA scgments are
trnsfemed (28). We can imagine that, in some
istances, the cells may fuse around the naked
M. mveordes LC genomes, Those genomes, now
encapsulmted in M capricolum cytoplasm, cx-
press the st protemn, which allows the large
fused cells 1o grow and divide once plaicd on the
SP4 agar containing teiracycline. Cells lacking
the M. mneoides genome do not grow. Even-
tally, now, in the absence of PEG and through
a process of cell division and chromosome seg-
regation, normal, albeit tetracycline-resistant,
[-galacosidase producing M. mncoides cells
produce lange blue colonics on the plate, This basic
approach of PEG-mediated genome transplanta-
tion may allow other specics o be transplanted
with maked genomcs contaming antibiotic-resistance
BOTCS,

RESEARCH ARTICLE

Some bactenal cells have multiple large
chromosomes. This suggests the existence of
natural mechanisns  for chromosome  transter
between specics. However, we have no evidence
that genome transplantation as described  here
occurs in nature, We observed that in the absence
of treamment with detergemt and proteinase K,
nucleoids rom M. mveoddes LC cells would not
produce transplants. Given the improbability of
the natural occurrence of frec-Mloating bacterial
genomes that are both deproteinized and intact,
genome transplantation could be a phenomenon
unique o the laboratory, Still, we have dis-
covered a form of bacterial DNA tansfer tha
permits recipient ¢ells w0 be platforms for the
production of new species with the use of
modificd natural genomes or manmade genomes
generted by the methods bemng developed by
svnthetic binlogists.
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Quantum Hall Effect in a
Gate-Controlled p-n Junction

of Graphene

]. R. Williams,* L. DiCarlo,? C. M. Marcus®*

The unique band structure of graphene allows reconfigurable electric-field control of carrier type
and density, making graphene an ideal candidate for bipolar nanoelectronics. We report the
realization of a single-layer graphene p-n junction in which carrier type and density in two adjacent
regions are locally controlled by electrostatic gating. Transport measurements in the quantum Hall
regime reveal new plateaus of two-terminal conductance across the junction at 1 and %2 times the
quantum of conductance, e?h, consistent with recent theary. Beyond enabling investigations in
condensed-matter physics, the demonstrated local-gating technique sets the foundation for a

future graphene-based bipolar technology.

raphene, a single-layer hexagonal latiice

ol carbon atoms, has recently emerged as

a lascinating svsiem for  fundamental
studics in condensed-matier physics (f), as well
as a candidate for novel sensors (2. 3) and
postsilicon clectronics (4411, The unusual band
stucture of single-laver graphene makes it a
zero=gap semiconductor with a lincar (photon-
like) encrgy-momentum relation near the points
where valence and conduction bands mect. Car-
ricr type—clectron-like or holelike—and density
can be controlled by using the electric-field ef-
fect (40, obviating conventional semiconductor
doping, for instance via ion implantation. This
feature, doping via local gates, would allow
graphene-based bipolar echnology devices com-
prising junctions between holelike and electron-
like regions, or g1 junctions, 1o be reconfligurable
using only gate voliages 10 distinguish p (hole-

Yechool of Engineering and Applied Science, Harvard
University, Cambridge, MA 02138, USA. "ﬂeparlmnl of
Physics, Harvard University, Cambridge, MA 02138, USA.
“To whom correspondence should be addressed. E-mail:
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like) and i (electron-like) regions within a single
sheet. Although global control of cammier type and
density in graphene using a single back gaie has
been investigated by several groups (/- 13),
local control (&, ¥) of single-layver graphene has
remained an important technological mile-
stone. In addition, p-i junctions are of great
interest for low-dimensional condensed-matter
physics. For instance, recent theory predicts
that a local step in potential would allow solid-
stane realizations of relatvistic (Klen) tunneling
(14, 15) and a surprsing scanering effect known
as Vesclago lensing (16), compamble (o scaiier-
ing of clectromagnetic waves in negative-index
matenals (7).

Wi report the realization of local wp gating in
a single-laver graphene device that, combined
with global back gating, allows individual control

of camier type and density in adjacent regions of

a single atomic laver, Transpon measurements at
zero perpendicular magnetic field 8 and in the
quantum Hall (QH ) regime demonstrate that the
functionalized aluminum oxide (AlO5) sepa-
rating the graphene from the top gate docs not
significantly dope the layer nor affeet its low-

frequency transport propertics, We studied the
QI signature of the graphene p-n junction and
found new conductance plateaus at 1 and 2%,
consistent with recent theory addressing equili-
bration ol edge states at the p-n imterface (/8
Graphene sheets were prepared via mechan-
ical exfoliation using a method (79} similar 1o
that used in (/). Graphite Makes were deposied
on 300 nm of 50, on a degenerately doped Si
substrate. Inspection with an optical microscope
allowed potential single-laver regions of graphene
tor be identificd by a chameteristic colomtion that
arises from thin-film interference (Fig. 1A)
These micrometer-scale regions were contacted
with thermally evaporated TiAu (340 nm) that
was pattemed vsing electron-beam lithography.
Next, a =30-nm layer of oxide was deposited
atop the entire substraie. As illustrated (Fig. 18).
the oxide consisted of two pans, a nonconvalent
lnctionalization layer (NCFL) and AlOy. This
deposition echnique (/9 was based on a recipe
successfully applied 1w carbon noanotubes (20).
The NCFL serves two purposes. One is o create
a noninteracting laver between the graphene and
the AlaOq, and the other is o obtain a laver that is
catalvtically suitable for the formation of Als(y
by atomic laver deposition (ALD). The NCFL
wiis synthesized by 50 pulsed cveles of WO, and
trumethy laluminum (TMA) at room emperature
inside an ALD reactor. Next, five eyveles of HaO-
TMA were applied at room temperature o
prevent desomition of the NCFL. Lastly, AlaOy
was grown at 223°C with 300 HaO-TMA ALD
cycles, To complete the deviee, a second step of
dlectron-beam lithography defined a local 1wop
gate (340 nm TvAu) covering a region of the
device that includes one of the metallic comacts.
A completed device, similar in design 1o tha
shown in the optical image in Fig. 1A, was
cooled in a "He3 refrigerator and chamcterized at
temperituncs Tol 230 mK and 4.2 K. Differental
resistance, & = 17!, where /s the curnent and 1
the source-drain voltage, was measurcd by
standard lock-in techniques with a cument bias
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of | nfAqne it 95 He for 7= 250 mK and 10 nAqps
for 7= 4.2 K. The voltage across two contacts on
the device, one outside the top-gate region and
one undemeath the top gate, was measurcd ina
four-wire configurtion, climinating serics  resist-
ance of the crvostal lings but not contact resistance.
Comtact wesistance was evidently Jow (~1 kohm),
and no background was subtracted from the data,
A schematic of the deviee is shown in Fig. 1C.

The differential resistance, £, as a lunction of
back-gate voltage, Vpg, and top-gate voliage,
Vg at 8= 0 (Fig. 2A) demonsirates independent
Silicon Back Gato control of carrier type and density in the two re-
gioms, This two-dimensional (20) plot reveals a
skewed, crosslike patem that separitcs the space
of op-gate and back-gate voltages mio four quad-
rnts of well-defined camier type in the two re-
wions of the sample. The horzeontal and diagonal
ridges comespond 10 charge neutrality, e, the
Dirac point, in regions 1 and 2, respectively. The
slope of the charge-neutral line in region 2, along
with the known distanees to the top gate and back
gate mves a diekectric constant & ~ 6 for the fune-
tionalized AlOy. The center of the cross at ( Vg,
Pagl = (02 V, 25 V) comesponds to charge
neutrality across the entire graphene sample. Its
proximity to the ongin of gate voltages demon-
Back Gatn V strates that the lunctionalized oxide does not chem-
s ically dope the graphene substantially,

Slices through the 2D conductance plot at fixed
Vg are shown in Fig. 2C. The slice at 156 = 0
Fig. 1. (A) Optical micrograph of a device similar to the one measured. Metallic contacts and top ~ Sh0Ws asingle peak commonly observed in devices
gate appear in orange and yellow, respectively. Darker regions below the contacts are thicker  With only a global back gate (/1 13). By using a
graphite from which the contacted single layer of graphene extends. (B} llustration of the oxide Drude model away from the charge-neutrality re-
deposition process. A noncovalent functionalization layer is first deposited with NO; and TMA (50  mon, we estimated mobility at 7000 e Vs (100).
cycles), and AL,O; is then grown by ALD using H;O-TMA (305 cycles yielding ~30-nm thickness).  The peak width, height, and back-gate position are
(€} Schematic of the device measured in this experiment. consistent with single-layer graphene (/7-13) and

Rk gt Fig. 2. (A) Two-terminal differential resistance R as a function of
Vi and Vg at B = 0 and T = 4.2 K, demonstrating independent
control of carrier type and density in regions 1 and 2. Labels in
each of the four quadrants indicate the carrier type (first letter
indicates carrier type in region 1). (B and €) Horizontal slices at
Vgg and wvertical slices at Vyg settings corresponding to the
colored lines superimposed on Fig. 2A. (D) -V curves at the gate
voltage settings corresponding to the solid circles in Fig. 2A are
representative of the linear characteristics observed everywhere
in the plane of gate voltages.
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prrowide evidence that the electronic structure and
degroe of disorder of the grphene are not strongly
allected by the oxide. Shees at finte g reveal a
doubly peaked structure. The weaker peak, which
remains near Fag = 2.5 Vat all Vg, conesponds
o the Dirac point of region |, The stronger peak,
which moves lincarly with Fyg, s the Dirc point
for region 2, The difference in peak heights is a

consequence of the different aspect ratios of

regions | and 2. Horzontal slices at fixed ag
comesponding to the horzontal lines in Fig. 2A
are shown in Fig. 2B, These slices show a single
peak, comesponding to the Dirac point ol region 2,
This peak becomes asymmetric away from the
charge-neutmlity point in region 1. We note that
the Vag dependence of the asymmetry is opposite
to that observed i (9), where the symmetry s
studied in greater detail. The changing background
resistance results from the different density in
region | at cach Vg setling. Curmrent-voltage (/-1)
charmctenstics, measurad  throughowt the (V.
Fag) plane, show no sign of rectification in any
of the four quadrants or at either of the charge-
neutral boundarices between quadrants (Fig. 2D},
as expected for rellectionless (Klein) winneling at
the pu interface (14, 15).

In the QH regime at large B, the Dime-like
energy spectrum of grphene gives rise to a char-

2 68 10 14
L m—

g (e h)

actenstic senics of OQH platcaus in conductance,
reflecting the presence of a Zero-cnergy E.BJII'J:\‘LI
level that mcludes only odd multiples of 27 (that
is, 2, 6, 10... = ¢>/M) for uniform carmier density in
the sheet (20-23), These platcaus can be under-
stood in temis of an odd number of QFH edge states
(mcluding a zero-enenzy edee state) at the edee of
the shect, circulating in a dirsction determined by
the direction of 8 and the camier type. The situation
is somewhat more complicated when varving local
density and Gamier type across the sample,

A 2D color plat of dilTerential conductance

2= /R as a function of Peg and g at B=4Tis

shown in Fig. 3A. A ventical slice at g = 0
through the p-p and w-n quadrants (Fig. 3B)
reveals conductance plateaus at 2, 6, and 1074
in both quadmnts, demonstrating that the sample
is single layer and that the oxide docs not sig-
nilicantly distort the Dime spectrum,

QH features are investigated for differing
llling factors v and vy n regions 1 and 2 of the
graphene shoet, A honzontal slice through Fig.
A at filling factor vy = 6 is shown in Fig. 3C.
Suaring from the w-n quadrant, plalcaus are
observed at 6¢%/l and 2% at top-gate voltages,
corresponding to illing factors vz = 6and va = 2,
respectively. Crossing over to the s-p quadrant by
further decreasing Vrg, a new plateau at ¥3%%

Fig. 3. (A} Differential conductance g as a function of Vig and Vg at B =4 T and T= 250 mK. (B} Vertical
slice at Vyg = 0, traversing p-p and n-n quadrants. Plateaus are observed at 2e°/h and 6e”/h, the QH signature
of single-layer graphene. (C) Horizontal slice at v, = 6 showing conductance plateaus at 6, 2, and 32 . (D)
Horizontal slice at v, showing QH plateaus at 2, 1, and ¥2/u, (E) Table of conductance plateau values as a
function of filling factors calculated with Egs. 1and 2. Black, purple, and red lines correspond to slices in (B),
{C), and (D), respectively. (F) Schematic of countercirculating edge states at filling factors vy = —vz = 2.
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appears lor va = —2. In the v = —6 region, no
clear (H plateaw s observed. Another honzontal
shice at vy = 2 shows 21'2-'!! platcaus at both va = 6
and v2 = 2 (Fig. 3D). Crossing into the n-p
quadrant, the conductance exhibits QH platcaus
at 1e¥h for vy = 2 and near 227 for va = 6.

For vy and vs of the same sign (n-n or p-p),
the obscrved conductance platcaus follow

@ = min(|vy|.|va|) x 2¢* [ (1)

This relation suggests that the edge sktes common
o both wegions propagate from sowce 1o drain,
whiereas the remeining vy vz adge states in the re-
gion of highest absolute filling fctor circulae
mtermally within that region and do not contribute
o the conductance, This picture & consistent with
known nesults on conventional 2D electon pas sys-
tems with inhomogeneows electron dersity | 24-24).
Rocent theory (J8) addresses QH trnspont for
filling factors with opposite sign in regions 1 and
2 (n=p and p-n). In this case. countercireulating
edge states in the two regions travel in the same
direction along the p-n interface (Fig. 3F). which
presumably lacilitates mode mixing between
parallelraveling edge states. For the case of com-
plete mode mixing. that is. when cumrent entering
the junction region becomes uniformly distributed
among the vyl tve pamlleltmveling modes,
quantized platcaus are expected (/5) at values

Vilva

o= x 26 h (2}

¥ =+ |v2

A wable of the conductance plateau values
given by Egs. | and 2 is shown in Fig. 3E.
Plateau values at 12/ for vy =—wv;=2and at
35% for vy = 6 and vs = ~2 are observed in the
experiment. Notably, the 324 platcau sug-
gesis uniform mixing among four edge stages
{three from region | and one from region 23 All
observed conductance plateaus are also seen ot
F=4 K and for B in the range rom 4 o0 8 T
[Supporting Online Material (SOM) 1ex).

We do find some depariures between the
expenimental data and Eqs. | and 2, as rep-
resented in the grid of Fig. 3E. For instance, the
platcau near 2k in Fig, 3D is seen ata value of
=14, and no clear platcau 3% is observed
for vy = —vs = 6. We speculate that the
conductance in these regions being lower than
their expected values is an indication of income-
plete mode mixing. We also observe an un-
expected peak in conductance at a region in gate
voltage between the two 17 platcaus at vy
tvy = 2. This rise in conductance is clearly seen
for [Frg values between ~1 and 2 Vand Fgag
values between ~ -3 and -2 V. This may result
from the possible existence of puddles of elec-
trons and holes near the charge-neutrality points
of regions | and 2, as previously suggested (27).
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Quantized Transport in Graphene p-n
Junctions in a Magnetic Field

D. A. Abanin and L. 5. Levitov*

Recent experimental work on locally gated graphene layers resulting in p-n junctions has revealed the
quantum Hall effect in their transport behavior. We explain the observed conductance quantization,
which is fractional in the bipolar regime and an integer in the unipolar regime, in terms of quantum
Hall edge modes propagating along and across the p-n interface. In the bipolar regime, the electron
and hole modes can mix at the p-n boundary, leading to current partition and quantized shot-noise
plateaus similar to those of conductance, whereas in the unipolar regime transport is noiseless. These
quantum Hall phenomena reflect the massless Dirac character of charge carriers in graphene, with
particlefhole interplay manifest in mode mixing and noise in the bipolar regime.

he trmnspornt properties of graphene [two-
I dimensional sheets of graphite (7)), in
particular the high carier mobility and
tunability of ranspon characieristics, make this
material atractive for applications in nanoclec-
tromics (2, F) Various methods have been
developed for patteming graphene sheets into
prototype devices such as quanium-dot iransis-
tors (£} and nanoribbons (4, 3, followed by the
demonstration of local control of camier density
in a graphene sheet (6). Besides possible device
applications, graphene junctions are predicted to
host new and exciting phenomena reflecting the
miassless Dime character of carners in this material,
such as Klein wnneling (7), panicle collimation
(4, quasibound states (9), and Veselazo lensing
(£ In additon, mteresting phenomena are ex-
pected in gated graphene bilayers, where field-
effect transport can be induced by tuning the gap at
the Dirac point (/1. These applications make the
gating of graphene a topic of greatl imerest,
Recently, a graphene p-n junction with indi-
vidual control of camier density in two adjacent

Department of Physics, Center for Materials Sciences and
Engineering, Massachusetts Institute of Technology, 77
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regions with a pair of gates above and below it was
reporied (£2). The density in each region could be
varied across the newirality point, allowing e,
pep.and w-n junctions 1o be formed at the imer-
face. The imerface width was guite small, owing
1o the 30-nm distance o the wop gate and its shamp
cdge. Transpon measuremenis, carried out in the
quantized Hall effect (QHE) regime at magnetic
ficlds 3 T= 5= 8T, revealed chmic two-terminal
conductance taking quantized values g = 6, 2, ¥,
and | in the units of conductance quantum ¢/,
where i is Planck s constant. The QHE platcaus
with g = 2 and 6 were observed in the unipolar
regime, wheneas the quantized platcaus with g =
1 and ¥z of similar quality were observed in the
bipolar regime. Whereas conductance of 6¢*/h

and 220 is a hallmark of the integer QUE in
graphene (13, 14), quantized conductance values
of %2 and | are unusual and call for explanation.

Wi interpret these observations by linking them
to the properties of the Dime-like camiers, which
give rise 1o bipolar electron and hole QHE edge
modes at the p-n interface (Fig, 1). The behavior at
the interface is explained by employing ideas from
the theory of quantum-chaotic tanspon (13- 20),
Although in our case the edge modes carry charge
along the p-n interface all in the same direction (in
achiral rather than chaotic fashion), we argue tha
intermode scattening within the p-n interface ne-
@on gives nse o dyvnamics with features analo-
gous 1o those known Tor quantum-chaotic systems.

In this analogy, the QHE states an the sample

boundary play the role of perfect lead channels off

chaotic quantum dots (73, 16), bringing chanze 1o
the pen interface and carrying it away inlo rescr-
voirs. However, several physical effects causing
conductance fluctuations in chaotic dots are absent
in our case, leading to quantization of two-tenminal
conductance not known for the dots. In panicular,
the effective lead channels are quantized more per-
foctly than in the dots, owing 1o backscatlering
suppression in QHE mnspont. In addition,  the
quanium-mechanical interference ellects, which
lead 1o sample-specilic conductance Nuctuations,
can be suppressed in our case because of sell-
averaging, as well as dephasing and clectron-
clectron scattening, Other effects that can affea
the edge-state transport at the p-n interface are

Fig. 1. Schematic of A > < B > -

QHE edge states for the

(A) bipolar regime and

(B} unipolar regime of a E-g] :: QQ m L Eﬂ
graphene junction. In (A), v >0 vl v>0 v>0

the edge states counter- | 2 | 2

circulate in the n and p < > < <<

regions, bringing elec-

trons and holes from different reservoirs to the p-n interface. Mode mixing at the interface leads to
the two-terminal conductance {Eq. 1). In (B), because the edge states circulate in the same direction
without backscattering or mixing, conductance is determined by the modes permeating the whole

system, g = min{lvyl lval)

www.sciencemag.org SCIENCE WVOL 317 3 AUGUST 2007

641




REPORTS

642

imtermode relaxation and coupling to clectronic
states i QHE bulk, causing dephasing in a man-
ner similar to that of the voltage-probe model (27).
Whereas these regimes vield smmular resulis tor
conductance, they will manifest themselves difter-
ently in other charmetenistics, in particular in elec-
tron shot noise (22), which can be used for detalod
chametenzmtion of ransport mechanisms,
Because of particlehole symmetry ol carricrs
in graphene, the QHE in this matenal oceurs
symmetrically about the neutrmlity point at the
densities v = £2, 46,
these quantized states, there are n = v edge
modes propagating in different directions at v =1
and v = 023, 24). For the bipolar case, assuming
OHE at densaties vy = 0 and vo < 0 on either side
of the boundary, this gives vy and v edze
modes circulatng in opposite directions  that
mierge o fom a multimode edge state at the p-n
mterface (Fig. TA) These modes supply 1o the
pren imterface particles from both the # and p
resarvoirs. Alter propagating together along the
interface, these particles amive at the sample
boundary where they are cjected into the edge
modes, which split up and return to reservoirs.

Fig. 2. Two-terminal
conductance versus gate
voltage, given by Eg. Lin
the bipolar case {vy > 0,
ve < 0) and by Eg. 2 in
the unipolar case (v, 5 of
equal sign). The bounda-
ries of QHE regions are
specified by vy = 0, +4,
+8..., with the gate volt-
age dependence of vz
given by Eg. 3. The pa-
rameters used are as fol-
lows: distance to the top
qgate & = 30 nm, distance
to the back gate d = 300
nm, magnetic length [z =
10 nm, and dielectric
constant x = 3.

Bottom gate V, (V)

Fig. 3. Shot-noise Fano
factor (Eq. 8) plotted [
versus gate voltages for
the same parameter
values as those in Fg.
2. The noise is zero in
the unipolar regime (p-p
or n-n), reflecting the
absence of QHE edge-
state backscattering and
current partition at the
junction interface. In the
bipolar regime, because
of edge mode mixing at
the p-n interface, noise
is finite, exhibiting a
quantized plateau struc-
ture similar to that of
conductance.

Bottom gate Vi, (V)

PP

1., (43, 14) In each of

Noiseless regime, F=0

The observed conductance quantization can
be readily explained by assuming full mixing
of these modes at the p-n interface, so that for
cach particle the probability to be gjected into
any of the N= v + |v2 modes equals gy = LN,
irmespective of its ongin. The wo-terminal con-
ductance is then obtained by muluplving gy by the
numbers of the modes, giving

Vilvz i 5
o - | T (1)
5Pl + v e el

where vy5 = =2, £6, < 10.... This agrees with the
observed quantized values (/2) (Fig. 2)

The character of QHE edge transport i the
unipolar regime is quite different. In this case, n-n
or p-p, the edge modes m both regions circulate
mn the same dircetion. As a result, some modes
are coupled to both reservoirs, whereas the others
are connected w only one of the reservoirs (Fig.
1B With backscattering suppressed by QHE,
the conductance across the boundary is solely
due to those edge modes that permeate the entire
system, making contact with both reservoirs.

nn

-0.5 ] 0.5 i
Top gate V, (V)

nmn

MNoiseless regime, F=0

(1.5 1] 0.5 1
Top gate V, (V)

This gives the observed nonclassical conduct-
ance values

L = Zpp = min(|vy|,|vz]) = 2, 6, 10... (2)
whore vy 2= 2, =6, £10.., m agreement with the
known results for the quantized conductance of
constnctions between differem QHE staes (25, 26).
The nondissipative character of tanspont in the
unipolar regime (Eq. 2), rsuling from suppressed
backscattering, can be revealed by measuring noise.
In the absence of curent partitioning inside the
sample, we expect only thermal Johnson-Nyquist
noise 8 = 2ekpd (where bg is the Boltzmann
constant and T is temperature) in this regime, but
no shot-noise contribution (Fig. 3 ).

The conductance values given by Egs. 2 and
| occur in a particular pattem (/2) that cn be de-
scribod s follows (Fig. 2k Flectron density in
graphene induced by the back gate s iy = (kdne)
i, where d 15 the distance o the gate, [, s the
voltage on 1L, amd w5 the diclectne constant.
Similarly. in the locally gated region we have ny =
i dme N Pyl + 1, where frand 1 are the distanee
to the top gate and the vollage on it For the Landw-
level flling factors vy 2 = (heleBhn 2 we lind

. "
V) = ”3_1\'. :I.':'Ib.ll'l-

va = (%26} Vo /d + Vi/l) (3

whene [ s the magnetic length. The values Py and
I, comesponding to mnteger QHE states, are inside
parallelograms with the boundanes approximately
given by vy s = 0, =4, =8, as appropnate for the
fourfold degenerate graphene Landau levels
(13, 14). The resulting conductance paitem, shown
in Fig. 2 for realistic parameier values, sirikingly
resembles the expenmental resulis (/2).

How is the conductance in Eq. 1 affeeted
by quanum-mechanical interference effects?
Randomrmatrix theory (RMT) of chaotic trans-
pont predicis (/5, /6) ensemble-averaged con-
ductance T = myna'(my + na 1 — ), where iy 2
is the open channel numberand p= 1, 2, or 4 for
the three random-matrix universality classes. In
our QHE case, with the channel numbers iy 2 =
vy and =2, RMT predicts that # 15 identical
tor Eg. 1. Somlarly, a senuclassical desenption off
transport in chaotic cavities (J/ 7), where mixing is
due to the dynamics in the cavity, yields con-
ductance values close o the classical result for
two conductors connected in series.

To clarify the origin of the mode mixing al
the p-n interface, we studied clecton-density
distribution for the gate geometry used in (/2).
A numerical solution of the Laplace problem for
the electrostatic potential in between the gates
revealed that the p-n density siep s about 40 nm
wide, a few times larger than the magnetic length
at =8 T. Comparison to the known results (27)
for a compressible region sandwiched between
incompressible regions then sugeests the pres-
ence al the p-nr interface of addiional QHE

3 AUGUST 2007 VOL 317 5SCIENCE  www.sciencemag.org



modes which, i the presence of disorder, can
tacilitate interchannel scatiering and mixing,

In the fully coherent regime, conductance would
exhibituniversal fluctuations (UCF), The magnitudc
of UCF predicted for chaotic ransport (209 in our
cie depends on the chamnmel numbers s follows

0 |
1-!- ‘II-

vir(g) = (4]

(bve + [valPl(va | + vzl P-1]
Applied 1o the observed platcaus with (vy.v2) =
(2,20 (2 6k and (6,-2) Eq. 4 indicates that these
plateaus would pot have been discemible in a system
with fully developed UCE, We therclore conchude
that the observed quantization of g depends on some
mechanism that suppresses UCE. For example, the
suppression could easily be understood il Thoubess
encrgy lor the states at the p-n interface was small
as compared with &5 The reduced UCF would
then result from averaging over the kg7 energy
mterval, However, the plateaws in (/2) remain
unchanged when the temperature is reduced from
4 K 1o 250 mk., making such a scenano unlikely,

The UCF suppresion may signal a lundamen-
tal depanure of chiral QHE dynamics from that of
the carlier-studied systems. However, at this point
we cannot exclude other, more mundane expla-
mations. In paicular, Gme-dependent Huctuations
of syslem parameters can supercede mesoscopic
Muctuations, tuming the observad time-averaged
quantitics into ensemble-averaged quantitics. This
self-averaging could arise naturally because of a
uctuating electrie lield at the por interface in-
duced by volage noise on the gates. Another,
more interesting explanation could be that UCF
suppression indicates the presence of dephasing
due 1o the coupling of the chiral modes 10 the
localized states in the bulk, or some other intrinsic
miechanism.

Current partition because of mode mixing al
the pr-n interfice will manifest isell in the linite
shot-noise intensity. To find noise, we ke inw
account that the mixing of the reservoir distribu-
tions, no matier of what ongin, resulis in paricle
energy distribution of a double-sicp form

| V3
nle) = l—.:_-mrrr i "_\,._'-"-‘-EF] (3)

where mys(e) = nle + V2l [Here, nele) is the
Fermi distnbution, and 1y is the source-drain
voliage.| In an analogy with diffusive sysicms
(2%) and chaotic cavities (/7, /%), this distribution
serves a5 a Kogan-Shulman- like extrancous source
of current MMuctuations

[wq ||v2]
.l|,:2

J = [m: e)[l-nie)lde = (6]
We relate the nodse source J to the fluctuations of
the two-terminal cumrem by noting tha, because
Muctuating current of intensity J is injected into
cach open chamnel, the cument Huctuations Tow-
ing into the r and p regions will be Jy = vy lf and
Ju = vl Converting these fluctuations into voli-

age fuctuations and adding the contributions of
the nand p regions, we lind the voltage fluctua-
tions &V induced between the reservoirs

T YL B
vilm  va”
= (L..I_]J:I_jld ITP
v Va N

Current noise can now be obtained as § =
2 (81%), where g is the conductance (Eq. 1) It
i convenient o chamcteriae nobse by the Fano
factor F = 8 iwhere [ is curment), descnbing noise
suppression relative 1 Poisson noise, We find

(R}

where wys = 2, 6, 100 The result (Eq 8) i
identical in form 1o the shot-noise Fano factors of
chaotic cavities (17, 19), The Fano Getor values
(Eq. 8) should be contrasted with F = 0.29 that is
predicted for a p-n junction in the absence of
magmetic Geld (8).

Another wegime lor noise is possible il clec-
trons, while traveling along the pen interfaice, have
cnough time o tmnsler energy © cach other via
inclastic processes. This will oceur il ty == Ly
whete 1y is the charactenistic clectron energy relax-
ation time, v is the drift velocity, and L is the pn
imterface length. [A similar regime was analyvacd
for diffusive (28) and chaoic (/%) ransporn.] In
this case, the electron energy distnbution is char-
acterized by an cilective temperature T that is
determined by the balance of the enerzy sup-
plicd from reservoirs and elecron thermal encrgy
Mowing out

5

LI B

|
2 vy + sl e i

valkeiTa®  (9)
The exwancous Huctuations (Eq. 6). evaluated
for the Fermi distnbution with T = Ty, give J
kg Repeating the reasoning that has led o
Eq. 8. we find the noise intensity 5 = ghpfaye
This expression resembles the Nyvquist formula,
excepl for the factor of 2 missing bocause the
Nuctuations (Eg. 6) occur only nthe pen region but
not in the leads. Bocause Top = P this noise is
linear in Feg Similar to the 7= 0 shol_noise, it can
be characierized by the Fano factor F = (3F)"/x.
with F given by Eq. 8.

Finally. noise can be used 1o 1est which of the
UCF suppression mechanisms discussed above,
selFaveraging or dephasing, occurs in an exper-
iment (/.2), For coherent transport, noise exhibits
mesoscopic ucations, similar o UCF, that can
be analveed within an RMT fmmework. In the
absence of ume-reversal svmmetry, RMT yields
an ensemble-averaged Fano factor
vy ||val

F::

(10}

(vi] vzl + (v ] vzl = 1)

REPORTS

[sec Eq. |1 in{2)). Forv, 2= 2,4, 6..., this gives
F = %15, 2@, 3894, These values, expected
when transpont 1s cohercnt but selFaveraged, are
differem from those in Eq. 8 that are obtained
from an incoherent-mixing model,

The quantized trnsport observed in graphene
pe junctions (1.2} is of different character in the
unipolar and bipolar regimes, In the fisst case,
transport is dissipationless, with conductance
quantized 1o an integer. In the second case, mode
mixing a the p-n interface creates a situation
similar to that studied in quantum-chaotic trans-
port. Conductance quantized to fractional values
observed in (/2) then resulls from intrinsic or
extrinsic suppression of UCF, These transpon
regimes can be unmveled by wsing electron shot
noise { predicted o be finite in the bipolar regime
and wero in the unipolar regime), with quantized
plateau structure similar 1o that of conductance,
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Cylindrical Block Copolymer Micelles
and Co-Micelles of Controlled
Length and Architecture

Xiaosong Wang,™ Gerald Guerin," Hai Wang,? Yishan Wang,’

lan Manners,*t Mitchell A. Winnik't

Block copolymers consist of two or more chemically different polymers connected by covalent

linkages. In solution, repulsion between the blocks leads to a

variety of morphologies, which are

thermodynamically driven. Polyferrocenyldimethylsilane block copolymers show an unusual
propensity to forming cylindrical micelles in solution. We found that the micelle structure grows
epitaxially through the addition of more polymer, producing micelles with a narrow size dispersity,
in a process analogous to the growth of living polymer. By adding a different block copolymer,
we could form co-micelles. We were also able to selectively functionalize different parts of the
micelle. Potential applications for these materials include their use in lithographic etch resists,
in redox-active templates, and as catalytically active metal nanoparticle precursors.

lock copolymers, which consist of two or

more different polymers covalently linked
together, form a range of structures when

placed in a selective solvent. These asscmblics
include micelles with a solvent-insoluble core
and a solvent-swaollen corona (1), The shapes and
sizes of the structures that form are typically
determined by the lengths of the polymer blocks,
their aflinity for cach other and for the solvent,
and temperature (7). Long micelles with a namow
diameter are particularly useful (3). For example,
eylindrical ageresates of a peptide-amphiphile
have been used as a fibrous scaffold for the
mineralization of hydroxyapatite (4). Poly-
cthylene oxide-polviethylenc-afi-propylence)
(PEQ-PEP) evhinders meorporated mto epoxy
resins preatly enhance the toughness of the resins
(5). Cylindrical micelles with a polyfemoceny lsil-
ane (PFS) core and a cross-linked corona have
been used as a emplate Tor creating linear arays
of silver nanoparticles (6). Whereas spherical
block copolymer micelles are able w camy dyes
and other drug analogs imo cells (7), evlindrical
micelles can orient and stretch in a Mowing stream
in a manner that is ideal for Tow-imensive dug
delivery applications (8, 9% Thus, cyvlindrical mi-
celles are imeresting in pant because of their poten-
tial applications in nanotechnology and medicine,
Block copolymer micelles are nommally
formed under conditions close o thenmodynamic
control and are swdied i a kinctically froeen
state (2, f6), Mos diblock copolymers form
sphencal micelles, whereas only a narmow mnge
of compositions are able to form eylindncal
micelles (23 In contrast, PFS block copolymers
such as PFS- rml".'iwprrn-: (PFS-PI), PFS-
polvdimethy lsiloxane (PFS-PDMS), and PFS-
polymethylvinylsiloxane (PFS-PMYVS) form
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rod-like mucelles for a broad range of block
ratios. This process occurs i a vanety of solvents
that are selective for the complementary block
and yields structures with a eylindrical organo-
metallic core (H-14). We previously provided
evidence that the erystalline nature of PFS is a key
feature that promotes the fomation of cylinders
for such a broad rnge of compositions { f4).
Here, we show that these micelles can underngo

chain extension in ways that recall key features of

living rml»mun;.mun 1o form structures ol con-
trolled segment length and composition.

Living polvmerization relors to a diverse class
ol systems in which molecules or other microscop-
i units o long clains by continuous addition o
the reactive cham ends, withoul termmnation or
transter steps (£5), Examples include the synthesis

of lincar macromolecules (16) and the growth of

actin and microwbule Glaments through sell=
assembly of the approprigie proicins (17, 18). The
delining feature of this iyvpe of reaction is that afier
all the monomer units in solution have been con-
sumed, the chain ends remain active and will con-
tinue 1o react once additional monomer is added.
The chain length increases lincarly with the amount

"“'”\I

L

N v,

of added monomer, and frequently the resulting
product has a namow contour length distibution
(CLD) 1T the added monomer is ditferent from the
one infially polymeniacd, one obtams a block
copolymer consisting of chemically  differem
scuments shanng a common junction, This s the
method used o synthesize the PFS block copoly-
mers examined here,

We begin by considenng cylindncal micelles
formed by a PFSs3-Plygy diblock copolymer in
hexane (the subscrips nefer 1o the number-
averaged degree of polvmeriztion). [All of the
polymers considered here have a namow molar
nmss distibution (/9) (able S1)1] Undisturbed,
the micelle structures were stable over a period of
months. However, when aliquots of additional
polymer dissolved m a common good solvent
such as wimbydolran (THF) or wluene were
added, the micelles, by transmission electron
microscopy (TEM), appeared to become longer
ifig. S1). To enable us o Dllow changes m length
distnbution, we someated the solution w0 form
shorter micclles with a mean length of ~250 nm
(Fig. LAY Addition of more polymer dissolved in
THF led to an increase in the apparent hydro-
dynamic radius £y as monitored by dynamic
light scattering (DLS) and by an increase in
micelle length, as seen in Fig, 1. Two noteworthy
features of these structures are their rigidity and
their relatively namrow length distribution. The
meean micelle length mercased from 250 nm o
=500, 730, and 2000 nm (Fig. 1, B 10 D, respec-
tivelv), roughly proportional to the amount of
PF554-Plyayg added. Simply adding 1 mg of
PFS43-Plyag in 0.1 ml of THF 10 1 ml of hexane,
comparable o the amount of polymer present in
the solution in Fig. 1B, gave a different result.
Large aggregaies of ill-defined shape could be seen
by TEM. We infer that preexisting micelles are
necessary initiators for controlled micelle growih,

To test this idea, we examined micelles of a
different polymer sample of similar composition
(PFS45-Plagy ) in decane, using static and dynamic
light scoitering (SLS and DLS) expenments as
well as TEM measurements, Direct formation of

Fig. 1. TEM images for (A} sonicated
PFS¢5-Plya micelles in hexane (0.5 mg/mll;
(B to D} elongated micelles alter adding
0.5 mg (B), 1 mg (C), and 2 mg (D) of
FFS;;-PHM in THF (0.1 ml} to 1.0-ml
solutions of (A). Scale bars, 500 nm.
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the micclles by heating and then cooling the
solution led to long cylinders (=2 pm), which
would make the study of their growth by TEM
and hght scattenng difheult. Adter somcating the
solution, the mucelles Imgmented o give shoner
structures, Sonication and dilution vielded mod-
like micelles with a mean length (L) o 98 nm, an
ageregation number of 3 10 molecules per micelle,
an apparent rmadius of gymtion BF¥ = 38.3 nm
(fig. 52), and a hydrodynamic radius 8, = 32.8
nm. For micelle growth expendments, approxi-
mately equal aliquots of the sonicated micelles
{~ 1.0 ml, 0,050 mg/ml; wble S2) were tans fermed
imo six tared vials, and then five increasing
amounts (samples B o F) ofa solution of PFS -
Plags i THF {2316 mg'ml) were added. As a
control (sample A), a similar amount of THF
alone was added 10 one of the vials,

The cells were covered 1o prevent dust from
entening the solutions, and the THF was allowed
o evaporie as the solutions were aged at 21°C
for 7 days. Afier the mitual SLS and DLS
experiments, the samples were carclully sealed
and stored in the dark for an additional 20 wecks
to test their long-term stability. The TEM and
SLS data in Fig. 2 are wken from these samples
aged lor 5 months.

The CLD of sample A is shown in Fig. 2A,
The number-average length (L™ = 105 nm) is
consistent with that of the inital sonicated sample,
The CLD of sample E is shown in Fig. 2B. Here
the value of LI™ has shifted 1o 510 nm with a
Lo/l ratio of L6, simibr to s value of 1.4 for
sample A, In Fig 2C we present Cosassa-Holzer
plots of gRe/ Wi (where ¢ 15 the scatlenng vee-
o, Ry is the Rayleigh ratio, My 15 the copolvmer
welght-average molecular weight, £ 15 the optical
constant, and ¢ is polymer concentration), plotied
as a function of g. for the six samples. The solid
lines comespond 10 the best fit of the doia 1o the
form factor for thin rgid rods [(/%), equations 53

and S4]. These plots highlight the presence of

clongated structures in the solution, because such
objeets exhibit a plaicau at high . The magniwdes

of the plateau values, from which the number of

polymer molecules per unit length (N ) can be
calculated, were obtained as a fiting parameter for
all of the samples, but the presence of the plateau is
clearly evident in the two uppermost curves, Nole
that the samples approach ther platcau valucs
lower ¢ valucs as the amount of polyvmer added s
increased. This behavior is expected for solutions
containing rods of increasing length, and is mir-
rored i the upward curvature at low g for the longer

micelles scen in the plots ur'h’:’p as a function of

g (g, S3B). All samples are characterized by
similar values of Ngq = 3 molecules/nm, and this
property remained constant as the samples were
subjected o long-term aging.

Values of L, are plotted against ¢ in Fig, 2D,
These data exhibit three remarkable features. The
{irst is the overall tinding of these experiments that
addition of polymer in THF solution leads w the
growth of existing micclles while preserving the
intemal structure, as reflected in the cssentially

REPORTS
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Fig. 2. Properties of sonicated PFSgq-Pl,.s micelles in n-decane (0.05 mg/ml. (A) Contour length
distribution (CLD) obtained from TEM images after treatment with 0.03 ml of THF (sample A). (B} CLD for
sample E. The lines correspond to the expression ALY = £ exp(—2L/L,). (C) Plots of gRa/nMgKc versus g for
sample A, and after addition of 0.01, 0.02, 0.04, 0,07, and 0.12 ml of PFSs-Plsgs in THF (2,316 mgiml)
(samples B to F, respectively). The lines represent the best fit to equations 53 and 54 (19} for thin, rigid
rods with a Zimm-Schulz distribution of lengths. (D) Number-average length L, versus total polymer
concentration for the solutions in {C) deduced from TEM-CLD () and SLS () experiments. The dashed line
is the predicted value for monodisperse rods assuming uniform growth of existing micelles as a function of
polymer concentration. The samples were aged for 5 months before the SLS and TEM measurements.
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Fig. 3. (A and B) Bright-field (A) and dark-field (B) TEM images of triblock co-micelles M pes, ,.paws oo -b=
Mpes, ,-prise) DM prs,,-prvs o, | formed by adding PFS4e-PMV5300 (1.0 mg in 0.1 ml of THF) to a solution (0.5
mg/ml) of sonicated PF5e3-Plyag micelles in decane. (C) A TEM image of sample prepared in hexane/THF
(10:1 v/v) of M prs,,-pomis, 01 - DM (prs, -p1y0) “D-M (prs,s-poms,,o) triblock co-micelles. (D) The Pl corona
chains were then cross-linked (XL} by reaction with tetramethyidisiloxane and the sample was transferred to
THF solution, which dissolved the PFS-PDMS chains but left the cross-linked PFSs3-P1iSy structures intact.
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consiant value of Nga. Values of L, increase
linearly with . as one would expect for a living
polymerzzation. The second teature 15 the concor-
dance between Ly values detamined by hght
scattering and by contour length analysis of the
TEM images, with slightly larger values obtained
by TEM (table 544, Finally, we note the long-term
stability of the micelles (fig. 53), Even on a time
scale of months, there is little evidence for unimer
dissociation and new micelle formation, nor is
there any indication of micelle fusion in dilute
solution. The absence of micelle fusion suggests
that the micelle growth happens via the addition
of free chains on the preexisting micelle, mther
than by “selfmicellization”™ of the free chains
followed by addition to the ends of preexisiing
micelles, It is interesting that most of the
distributions (Fig. 2, A and B, and fig. 54) can
b well Fitted with the Zimm-Schulz expression F
(L} = L exp(- 2L/, ). This s also the expression
developed by Ismclachvili (20) for the CLD of
one-dimensional micelles formed under equilibri-
um conditions, but we nole an important dif-
terence: Our linding that L, increases lincarly with
concentration s different from the squarc-root
dependence predicted by that model,

Another important charactenstic ol a living
polvmerization is that the chain ends will react
with the addition ofa different monomer. Starting
with PFS53-Plyag cvlinders in decane-THF mix-
tures, we prepared shon rod-like seeds of PFS -
Plyag micelles in decane (L, = 200 nim, 0.5 mg/'ml)
by somieation. Toa L0-ml aliquot of this solution,
we added 0.1 ml of THF comaining 1.0 mg of
PFS4-PMV S35 and monitored the solution by
DLS. The apparenmt R, of the aggregaies in-
creased gradually vnil reaching a constant value,
A TEM image of these micelles (Fig. 3A) shows
that the addition of the second block copolymer
did not disrupd the original shape of the cylinders,
but their length increased o - 1000 nm. which
suggests that block co-micelles wene formed.

A clearer indication of the micelle structure is
provided by the dark-field TEM image in Fig. 3B.
In a dark-ficld image. components containing
heavy elemenis scatter more electrons and appear

Fig. 4. A mechanism for the
self-assembly of PFS-PI block
copolymers in alkane solvents.
Homogeneous nucleation fol-
lowed by epitaxial growth
yields cylindrical micelles with
a semicrystalline core and a
relatively narrow distribution
of lengths. The rod ends re-
main active to further growth
if additional polymer contain-
ing a PFS block i added to the
system. As shown, the second
polymer and PFS-PI have dif-
ferent soluble blocks.
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bright against the dark carbon film. The structures
in Fig. 3B are characterized by a thin central line
flanked by two thicker scgments, The thin lines
can be attnbuted 10 the PFS cores ol a centrl
PFSs3-Plazg block, whercas the thicker scgments
arise from the additional electron scattering of the
silicon-rich PMVS comona that swrounds a PFS
core. By TEM, we could not observe any micelles
comtaining only PFS-PMVS copolymer, which
indicates that micelle growth stans from both ends
ol the PFSs3-Plyag micelle and leads 1o a tiblock
architecture, which we denote Mipes, pvvs .o -
Miprsypty - Miprs, v (where M denotes
micelle, b denotes block structure, and the sub-
scrpts arg the components of each block),

The susceptibility of the Pl chains of PFS-PI
micelles o cross-linking provides another
proof of the ability of the system o form tri-
block co-micelles. By adding a THF solution of
PFS0-PDMS33, 10 o solution of PFSs3-Plisyg
micelles i hexane, we produced co-micelles of
M (pFSu-PDMS ) DM (P50 #100) DM (prS o POMS )
(Fig. 3C) The middle block of the co-micelles
contains vinyl groups in the P corona, whereas
the PDMS corona chains of the two side blocks
have no reactive functionality. We have shown
that the vinyl groups of Pl or PMVS in the corona
of PFS micelles can be cross-linked using Pui)-
catalveed hydrosilylation (73). Using the same
chemistry, with tetrmmethy ldisiloxane as the cross-
linking agent, we were able to cross-link the vinyl-
containing Pl blocks of the triblock co-micelles
and fix the structure of the center block of the
aggregates. When this sample was dried and then
exposed 1o THE, the soluble PDMS chains dis-
solved, and only the cross-linked (PFSsg- PI%I
central block remained (Fig. 3D).

These findings show that the micelles in this
hexane-THF mixwre ane sufficiently robust 10
support the hvdrosilviation reaction o cross-link
the Pl corona chains. We also discoverad that the
semicrystalline PFS core of the micelle itsell is
accommodating w PFS chains of somewhat
different length. The number-average degree of
polvmerization of the PFS portion of the polymers
(PFS4-PDMS;0) that grow off the ends of the

SCIEMCE

PFS53-Plasg micelles is about 80% of that of the
chams in the preformed micelles,

Micelle growth cannot ocour, however, il the
ferrocenylsilane block has a different chemical
structure that prevents erystallization. Poly{ fermo-
cenylmethylethylsilane ) (PFMES) s an amomphous
polymer, and PFMES-PMVS forms sphencal
micelles in hexane. When a THF solution of
PFMES-PMVS is added 10 a hexane solution of
sonicated PFSs3-Plyag micelles, the product ap-
pears by TEM 1o be a misture of spherical micelles
and unclinged PFSs3-Playg micelles (fig. 56},

Figure 4 summanzes the nucleation and
growth steps involved in the self~assembly of
PFS-P1 diblock copolymers in alkane solvents.
The free chains Formed upon heating the inatial
sample undergo homogencous nueleation upon
cooling and aging o form a discrete number of
nuclei that serve as indtiation sites for chain
growth. Free chains deposit on the ends of the
rod-like structures, accompanicd or dnven by
epitaxial crvstallization of the PFS blocks. Once
this process s complete. growth stops. When
more polyvmer, dissolved in a common good
solvemt such as THE, is added w0 the solution,
“chain growth” is reinitiated, leading to longer
rod-like structures or triblock co-micelles.

The mechanism for block copolymer sell-
assembly in solution demonstrated here enables
the production of rods with a narrow  distnbution
of lengths, as well as the synthesis of segmented
rod-like structures with control over segment
length and composition, The blocks containing
vinyl groups in their corona can be sclectively
croms-linked. Such eyvlindrical structures with
controlled lengths and compositions ane ol interest
as cich resisis, reactive redox-active wmplates,
conductive wires, and patiemable precursors 1o
magnetic and catalvtic Fe nimopanticles.
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Block Copolymer Assembly via

Kinetic Control

Honggang Cui,* Zhiyun Chen,? Sheng Zhong,? Karen L. Wooley,?* Darrin ]. Pochan*

Block copolymers consist of two or more chemically different polymer segments, or blocks, connected
by a covalent linkage. In solution, amphiphilic blocks can self-assemble as a result of energetic
repulsion effects between blocks. The degree of repulsion, the lengths of the block segments, and the
selectivity of the solvent primarily control the resultant assembled morpholegy. In an ideal situation,
one would like to be able to alter the morphology that forms without having to change the chemistry of
the block copolymer. Through the kinetic manipulation of charged, amphiphilic block copolymers in
solution, we are able to generate different nanoscale structures with simple block copolymer chemistry.
The technique relies on divalent organic counter jons and solvent mixtures to drive the arganization of
the block copolymers down specific pathways into complex one-dimensional structures. Block
copolymers are increasingly used as templating materials; thus, the ability to control the formation of
specific patterns and structures is of growing interest and applicability.

he broader development of nanoscale
I technologics raquires methods o abricate
and manipulate material at the nanomaeter-
length scale. This includes techniques that ma-
nipulate individual atoms or clusters, as well as
materials thar will sell-assemble into oreanized
patterns, often through solution-hased processes,
Muolecules with varyving chemieal imteractions are
necded 1o drive the assembly, and this has been
accomplished in block copolvmers (- 7), surthc-
tants (&), proicins (¥), DNA (10, 1), peptides
(42, 13}, peptide amphiphiles ( /4), and polypep-
tides (/3). This broad range of molecules was
needed 1o tailor nanostructures with potential im-
pact on disparaie, emerging ficlds such as nano-
medicing (/4), organic photovoltaics (16, [7),
and self-assembled spintronics (/8, 19) or oplo-
electronic devices (11, 20).

Lincar iriblock copolymers, produced with
common polymerization techniques, provide an
opponunity 1o develop self-asscmbly simtegics
tor complex nanostructure formation that do not
necessanly require the alterning of the molecule
chemistry 1o create a wide range ol structures,
The chemical wnability of amphiphilic block co-
polvmers has been used previously 1o produce
micelbes and nanostructures in solution /-7, 24, 22),
Polymeric micelle siee and shape can be designed
through monomer selection, chain architeciure
design, and variation of solution conditions (e.g.,
solvent mixtres, pH manipulation, salt concen-
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Innovation, Department of Chemistry and Department of
Radiology, Washington University in Saint Louis, Saint Louis,
Missouri 63130, USA,
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tration, and temperature) (/- 7, 24, 23). However,
the slow Kinetics of block copoly mers in solution,
duc o the slow exchange ol chains betwoen

micelles because of the higher molecular weight of

the molecules, hinders assembled structures from
reaching global cquilibriom stes (24, 24-26).

We specifically ke advamage of this lack of

alobal equilibrium in amphiphilic charged block
copolymers 1o produce complex, one-dimensional
nanestructures. The block copolvmers are con-
trollably torced down specific assembly pathways
through a combination of solvent mixing and the
complexation of a charged, hydrophilic block
with divalent, organic counterions. The resultant
assemblics are kinetically trapped but stable be-
cause of the inability of the system 1o thermody-
namically equilibraic.

Fig. 1. (A} Molecular A
structures of triblock
copolymer, PAA-B-PMA-
b-PS, and organic di-
amine (EDDA). (B and C}
TEM images of one-
dimensional assembled
structures of PAA,-b-
PMAg3-0-PSa4 at 67%
THF/water solution in the
presence of EDDA (molar
ratio of amine groups:
acid groups = 1:1). The
samples were stained
with uranyl acetate aque-
ous solution. (B, insert)
Schematic drawing of
cross section of one-
dimensional assembled

PAA-b-PMA-b-PS

LR 7,

The system we wsed consists of a linear poly
tacrylic acidy-Mlock-polyimethyl acrylate)-block-
polystyrene (PAA-H-PMA-H-PS) triblock co-
polymer, tetrahydrofuran (THF yYwater mixed
solvents, and organic diamines (Fig. 1A). Various
micelles with differem packing geometries, such
a5 dlisks and toroids, have been constructed using
this system (4, 22, 27, 281 This mulicomponent
assembly svstem allows control over the thermo-
dynamics and kinetics of block copolymer as-

sembly in the ollowing ways, The selectivity of

water for PAA allows the manipulation of inter-
facial curvature between the hydrophilic corona
and hydrophobie core withun a micelle, thus pro-
viding a means to control local micelle geometry.
Organic diamine complexation with chargable
PAA corona blocks influences both intenmicellar
intcractions and the intmmicellar PAA corona
block conformation. By the use of different solvent-
mixing protocols, the pathway through which
polymer assembly occurs can be manipulated.
The controlled assembly pathway gencrally
begins with diamine complexation with the PAA
block in pure THF solution producing PAA-
diamine ageregates. Subsequent addition of water
hias the combined effect of agerceating the hydro-
phobic PMA and PS blocks while concurmently
swilling and evemually  solubilizing the PAA-
diamine complexes ino micelle coronas. The
combination of the PAA-diamine complexation
with subseguent solvent mixing produces a unigue
block copolymer assembly pathway resulting in
the nanostruciures displayed in Figs. 1, B and C.
The cylindrical nanostructures consist of PA Agg-f-
PMApa-h-PSy with 2. 2-(ethylenedioxy )di-
cihylamine ( EDDA) as a diammonium counterion

Organic diamine, EDDA

”H’W
NHz

% b w

'//

i

structures. PMA-PS stripes are illustrated as gray and dark blue bands. Light blue bands denote PAA
concentrated area. EDDA, which is complexed with the PAA block, & not drawn for clarity.
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b interaction with the acrylic acid residucs of the
PAA [see table S1 and (29) tor block copolymer
milecular details). The penodic stnpes perpendic-
ular to the eylinder axes indicate the aliemating
layers of hydrophilic PAA complexad with EDDA
and hydrophobic PMA-PS domains. The dark
stopes are PAA layers that are positively stained
as a result of uranyl cations interacting with car-
boxylic acid side chains of the PAA. The light
stipes ane composed o PS and PMA hydrophobic
segments with a thickness of ~20 nm (Fig. 1B,
inset). ]t is notable that this assembly is not a typ-
ical hydrophobic corelydrophilic corona micelle
but rather a eylinder with altemating layers of
hydrophilic and hydrophobic components amanged
pemendicular o the eylinder axis,

The specific assembly pathway 1o produce the
strped evlinders is as follows. PAAGe-H-PMA 153
B-PSgy was lirst dissolved in THF to form a (0]
weight percent homogencous  solution. Next,
EDDA was added 10 give a molar mtio of amine
groupcackd group = 11, The EDDA complexed
with the PAA block affording PAA-diamine
aggregates. Water was then added slowly (-8 ml
water per hour added to 20-ml THF block
copolymer solution with a syringe pump) both o
initiate aggregation of the hydrophobic blocks and
o solubilize the PAA-diamine complexes. This
slow addition of water first caused polymer phase
separation into polvimer-rich domains with a local
lamellar nanostructure due to phase segregation of
unlike blocks (22). Onee sufficient water was
added, the phase-separated polvmer droplets were
solublized imo disercte micelles through the
segregation of the hvdrophobic blocks i

T T T

hydrophobic core domains and the hydrtion of
PAA-diamine into the corona. At high water con-
tent (THF water = 1:4), stable, sphencal micelles
formed (Fig, 2A), THF was then pipetted into the
sphencal micelle solution to produce a {inal
volumetric mtio of THF:water = 2.1, During the
orginal slow addition of water 1o the block
copolymer diamine THF solation, a 2:1 THF:water
ratio produced block copolymer droplets with
local lamellar structure (22). By forcing the sys-
tem back 1o this solvent composition, the spherical
block copolymer micelles were foreed o aggre-
gate into a locally ordered lamellar nanostre-
wire, Transmission electron microscopy (TEM)
images taken immedimely afier the THF addition
demonstrated that all of the micelles polymenaed
along a preferred growth axis (Fig. 2B), Funther
aging for several hours allowed additional one-
dimensional growth of these structures into long
{up to microns in length b structures with uniform
widths as shown in Fig. 1, B and C.

In amphiphilic block copolymer dilute so-
lutions, two kinetic processes are possible in
response 1o solvent compositional changes, One
is o relatively fast intamicellar process of ob-
taining local preferred interfacial curvature in
isolated micelles through fast local chain adjust-

ment. The second is the relatively slow process of

reaching a global cquilibrium by means of inter-
micellar intemctions [through infrequent inter-
micellar single-chain exchange (21, 24, 25) or
micelle fusion or lission]. When combined, the
mismatch of the two Kinetic processes can produce
the well-defined hicrarchical structure in Fig. 1, B
and C, and Fig. 2C schematically demonsirmtes the

Addition of THF

—

proposed mechanism. Upon quick introduction of
THF, the local packing geometry of solaed
micelles changes belore intermicellar aggregation
tikes place. Boecause local chain adjustment is a
much Bster process than imtermicellar interactions,
oblate spheres or discoidal micelles form with the
addiion of THF (Fig. 2C, step 1). Although the
local Nat interfacial curvature is desined in the
systemy, the resulant dispersed structures are not
stable in the low-water-content solution and
undergo aggregation. However, the aggregation
is one-dimensional because the disklike micelles
have PAA-diamine faces that experience long-
mnge, attmctive electrostatic  interactions with
other dimmine-rich PAA faces in high THF contem
solution. [See figs. S1 to S4 and (29) for data and
accompanying discussion about the electrostatic
nature of the ineractions between the PAA blocks
and the multivalent amine counterions.| Direct
visualization of several separate disklike micelles
in the intermoediate assembly stage can be seen in
Fiz. 2D, as marked by black amows, supporting
the coneept that these segmented evlinders are
fomied by one-dimensional collapse of discoidal
micelles. In addition, the diameter and volume of
each cvlindrical segment is comparable to the di-
mensions of the separate spherical micelles before
aggregation, further supporting the trmansition
mechanism. Branching appears as growth defiects,
as observed in Fig, 2, E and F. Theoretical predic-
tion has shown that branching could occur in the
one-dimensional aggregation of dipolar Tuids
when construction of a branch provides a lower
free energy than the omation of a free chain end
(30) In the curment work, branching probably oc-
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Spherical micelles

Fig. 2. (A) Spherical micelles of PAAgs-b-PMA,45-b-PS., formed at the 1:4
ratio of THF to water in the presence of EDDA (molar ratio of amine groups:acid
groups = 1:1). (B) TEM image of one-dimensional aggregation of spherical
micelles immediately after intreducing THF into original solution to reach a 2:1
final ratio of THF to water. Further growth of these short structures led to a giant
one-dimensional supra-assembly, as shown in Fig. 1, B and C. (C) Growth

One-dimensional packing

Dizklike micalles

mechanism of spherical micelles. Sphere-disk transition occurred first as THF was
introduced. Anisotropic shape of disk-like micelles allows for one-dimensional
preferred growth. Inserted schematic illustrates proposed chain packing of
spherical micelles, disklike micelles and cne-dimensional packing structures, (D)
Separate disklike micelles marked as black arrow. (E and F) Branches appear as
growth defect. The samples were stained with uranyl acetate aqueous solution.
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curs because of polydispersity in size and shape of

assembling micelle units. As intermicellar interac-
o proceads, there s achance that some spherical
do not have enough time 10 adjust ther
packing geometry before assembling into a
growing cylinder. This curved surface could then
allow two disklike micelles w atach, forming a
branch. An altemative brnching mechanism

micelles

Fig. 3. TEM images of
directed gold nanoparticle
assembly in the charged
PAA region. (A and B)
Bright-field images. Dark
stripes are concentrated
gold nanoparticle areas.
Insert shows proposed
structures. Yellow dots de-
note gold nanoparticles.
(C) High-resolution TEM
(HRTEM) imaging of lat-
tice structure of gold single
crystals, (D and E) high-
angle annular dark field
(HAADF) imaging of peri-
odic gold stripes. Gold
particles appear as bright
stripes. (F) TEM image of
periodic gold stripes
when polyamine func-
tionalized gold particles
are used as counterions.

/

could be polydispersity in the sizes of disks, with
shightly larger disks having more PAA-diamine
surlace arca, so that two addinonal disks could
assemble, thus fommmg a branch.

The penodic spacing of PAA wis then used as
a template o intermct with oppositely charged m-
organic nanopanicles o construct periodic hybrid
materials, Hybrid superstructures were created by

LTI IR || TLTTLEEO, T PR

Fig. 4. Nanostructured multicompartment cylinders. (A and B) Bright-field TEM images. Dark regions
present polypentafluorostyrene-chain rich area, (€ and D) HAADF images of cylindrical micelles with

internal phase-separated cores. (E) Cryogenic TEM (cryo-TEM) image of uniform cylindrical micelle at

40% water/THF solution. (F) Cryo-TEM image of cylindrical micelles with internal phase-separated cores

at 67% water/THF solution. (G} Schematic illustration of formation of multicompartment cylinders.

REPOR

imimersing assembled one-dimensional structunes
inte primany. aminecoated gold nanoparticle
aqueous suspension for several minutes. Dark
sinpes m Fige 3, A and B, are due 1o the ligh
clectron density of gold nanopartucke-nch PAA
regions, Lattice friinges of gold nanoparticle single
crystals can be clearly seen in high-resolution
TEM imaging (Fig. 3C), In high-angle annular
dark-ficld (HAADF) imaging, the gold stripes are
visualized as parallel bright lines (Fig. 3. D and E).

Another advanmage of using charged corona
blocks is that muliivalent counterions, such as
functionalized inorganic nanopanticles, cin be wsal
0 influence local micelle sinacture and act as
the stmulus Tor the formation of one-dimensional
segmented nanostructures. This approach may be
used i coneert with, or as an altemative o, the
addition of solvent. I the block copolymer 15
designed comectly, when spherical micelles come
into contact with functionalised inorganic nano-
particles, they should trnsfom into disks that
attractively  collapse mto scgmented eylinders.
This concept has been miplemented with the
addition of positively charged gold nanopanticles
into a 507 THF water suspension of PAAg-b-
PMA ga-A-PSya0 spherical micelles, assembled
without added diamine. Each gold nanoparticle
had. on average, six primary amine groups on
the surface and functioned as a multivalem
counterion o complex with PAA, When they
were added 1o the block copolvmer spheres, the
spheres collapsed into one-dimensional strue-
twres with alternating stripes of gold nano-
paricle-rich lavers and hydrophobic lavers,
both perpendicular o the primary axis ol the
assembly. The distance between PAA gold-laden
sinpes wis then 40 nm, as comparad o approx-
imately 20 nm between PAA layvers for the
sample in Fig. 1, B and C. This increased inter-
laver spacing was due 1o the increase of the PS
block length 1w 130 from 44 monomer repeat
units. Apparently. the structures shown in Fig, 3F
were not a consequence of pure one-dimensional
prowih of spherical micelles, bocause the diameter
of the final cvlindrical structurncs is about twice as
birge as the onginal spherical micelles. However,
the addition of chanzed gold nanoparticles was able
to influcnce the assembly of spheres i a prefemaed
dircction. The multivalent functionalized nanopar-
ticle can be chosen mdependently, and the spac-
ing between morgamc-rich layers ol the final
one-dimensional assembly can be wned by choos-
ing different relative polymer block lengths,

By taking advamage of slow Kinctics of block
copolymer chains in solution and the complexation
of charged blocks with multivalan countenons,
one can also produce complex micelles containing
multiple hydrophobic blocks within the same
micelle core that can undergo local, imramicellar
phase separation, To obtain a single polvmeric
micelle geometry, such as cylinders, with cach
micelle core constiuted by multiple hydrophobic
blocks, at least two different, lincar miblock
copolymers are required, with smmilar overall
molecular weight and relative block ratios but
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differemt core block chemistry, The key point for
choosing the differemt chemistnics of the two
hydrophobic blocks 15 that the two blocks
expenence a high degree of mutual immiscibility,
In the cument expenment, polystyrene (PS) and
polv(2,3 4.5 6-pentaflucrostyrene) (FPFS) were
emploved as the different, third hydrophobic
blocks in the two tnblock copolymers (PAAgs-i-
PM ."\.“u-h-PS| 17 and |"',-1,,|"l|_.”-.ﬁ-|"'!ﬂ,-"..-_..;.-fl-
PPFS ) (29). Equal molar amounts of the two
triblock copolymers with diffenent respective third
blocks were dissolved in pure THE EDDA was
then added o reach a final 1:1 molar ratio of amine
groups 1o acid groups. The diamines underwent
complexation with the PAA blocks, thereby
forming ageregates with PAA-diamine cores,
Notably, these apgregates comamed cach of the
triblock copolvmers with both PS and PPFS
hyvdrophobic blocks because of the simple trapping
of unlike hydrophobic blocks in the same
aggregate by PAA-dimine complexation. Next,
introduction of water into the THF solution 10 a
final rtio of THF:water = 1:2 provided for the
formation of cylindrical micelles. However, the
existence of the onginal mixed triblock copolymer
ageregates, as a result of PAA and diamine

complexation, lorced the local co-assembly of

unlike third hydrophobic blocks into the same
micelle core. In addition, the lack of chain
exchange in solution that disallows global chain
migration and maintains nonequilibrted micelle
structures, combined with the fact that the PAA
chains in the corona of the newly formad micelles
were still complexed with diamines and wene not
freely mobile within the micelle, puarantce the
stability of the mixed-core micelle. The im-
miscibility of the two different hydrophobic
blocks, PS and PPFS, eventually resulied in inter-
nal phase separation on the nanoscale, producing
multicompartment micelles. The images shown in
Fig. 4. A o D were tnken alier 4 davs of aging a
solution of mixed hydrophobic core cylinders,
Internal phase separation is clearly indicated by
the sirong undulations along the cylinder surlaces
and the TEM contmst variation along the
cvlinders. The larger, darker, and more spherical
regions within the cylinders are hypothesized o
be regions that are concentrated in PAAg-h-
PMA g3-h-PPFS triblock copolymer, First,
there 1s a higher interfacial enenzy between PPFS
and PMA, relative to PS and PMA, causing more
chain stretching within PPFS-rich core domains
s0 as 1o limit PPFS interactions with surrounding
PMA blocks. Second, the greater eleciron density
of the PPFS block provides a greater ability o
scatter electrons and produce darker images in
the TEM. The thinner region of the undulating
eylinder would then be occupied primarily by
PAAG-B-PMAGe-H-PS 7 (Fig. 4G). This internal
cvlinder phase separation only occurred
relatively higher amounts of water in the mixed
solvemt solutions, Crvo-TEM showed uniform
cylinders without undulation on the surface a
only 40% water/THF solution after 4 days (Fig,
4E). However, mullicompartment cylinders
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could be observed as the water percentage
increased to 6T% (Fig. 4F). Reporis in the
literature have shown similar undulating eylinder
momhologies through polymer blending, but
with, at most, only three periods of undulation
that always started from semispherical end caps
(211, Clearly, the undulations shown here are ni
exclusively cormelated with the sphencal end caps
and are obvious throughowt the length of the
cylinders. Safran ef al. have demonstrated that
the curvature energy of a cvlinder with undu-
lations could be lower than that of a nonundula-
ing cvlinder (3/) However, the undulations
observed here, although locally induced by
unfavorable encrgetic intaractions between PPFS

and PS, are only possible kinetically because of

the forced mixmg of unlike hydrophobie core
blocks as a result of PAA complexing with
diamines and a specilic solvent-mixing pathway.

Both the multicompanment cylinders with
phase-separated cones and the ey lindncal nano-
stuctures with altemating  layers ol chemastry
pempendicular to the evlinder axis are resulis of a
solution assembly strategy to create structures with
increased complexity with standard linear block
copolymer architectures and chemistries. The key
parameters are the combination ol charged block
interactions with multivalent counterions to influ-
ence both intra- and intermicellar interactions and
solvent mixing to control the assembly pathways.
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Capillary Wrinkling of Floating

Thin Polymer Films

Jiangshui Huang,™* Megan Juszkiewicz," Wim H. de Jeu,’? Enrique Cerda, Todd Emrick,’

Narayanan Menon,** Thomas P. Russell®*

A freely floating polymer film, tens of nanometers in thickness, wrinkles under the capillary force
exerted by a drop of water placed on its surface. The wrinkling pattern is characterized by the
number and length of the wrinkles. The dependence of the number of wrinkles on the elastic
properties of the film and on the capillary force exerted by the drop confirms recent theoretical
predictions on the selection of a pattern with a well-defined length scale in the wrinkling
instability. We combined scaling relations that were developed for the length of the wrinkles with
those for the number of wrinkles to construct a metrology for measuring the elasticity and
thickness of ultrathin films that relies on no more than a dish of fluid and a low-magnification
microscope. We validated this method on polymer films modified by plasticizer, The relaxation of
the wrinkles affords a simple method to study the viscoelastic response of ultrathin films.

hin sheets are much more casily bemt than
stretched by extemal forces, Even under

purcly planar tension, a sheet will ofien

detorm out of plane o form wrinkles. This is an
evervday phenomenon that can be scen on our
skin as it is stretched by smiling, scars, or age;
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on the film of cream that floats on warm milk;
or on the skin of fruit as it dries.

This familiar instabality occurs because the
clastic encrezy required to stretch a sheet s re-
duced by the out-of-plane bending that accom-
panics wrinkling, Cerda and Mahadevan (4, 2)
considercd a situation in which a rectangular
clastic sheat is clamped at its ends and stretched,
Beyond a critical strain, the shect wrinkles,
Minimization of the total clastic energy leads 1o
scaling relationships between the amplitude and
wavelength of the wrinkks, Their arguments
have been applied o a varety of contexis, in-
cluding the mechanics of antificial skins (3, 4)
and surgical scars (5),

We repont on a study of wnnkling of films
under capillary forees, which has thus far re-
mained relatively unexplored. Because thin films
are ofien immersed in Huid environments, both
in biological and in synthetic soft matenals, the
clastic deformation of films under surice tep-
sion s relatively commonplace. Thin polymer
films form an ideal experimental setting in which
to explore wrinkling phenomena: We study films
with very high aspect mtios (the mtio of diameter
D 1o thickness /i is D~ 5 = 10°), which can be
treated accurately in the framework of two-
dimensional clasticity.

We used films of polystyrene (PS: atactic,
numbcr-average molecular weight Ay = 91000,
weight-average molecular weight M, = 95,500,
radius of gyration R, ~ 10 nm) spin-coated onto
glass substrates, The film thickness /f was vaned
from 31 to 233 nm, as measured by x-my
reflectivity with a precision of <005 nm (6, 7). A
circle of diameter D = 22,8 mm was scribed
onto the film with a sharp edge. When the sub-
strote was dipped ino a peirt dish of distlled,
deionized water, a circular picee of the PS film
detached from the substrate. Because PS is hy-

drophobic, the film floated 1o the surface of

the water where it was stretched flat by the
surface tension ¥ of the air-water interface at
its perimeicr.

Wrinkles were induced in the stretched, Noat-
img lilm by placing a drop of water in the cemter
of the film (Fig. 1), by placing a solid disk in the
center of the Nlm (fig. S1A) or by poking the
film with a sharp point (hig. S1B) o produce a
fixed out-ofplane displacement. All these meth-
ods of loading lead w gualiatively similar wnn-
kling panerns, radiating from the center of the
load. We emphasize a crucial difference between
loading with a solid and a fluid: The wnnkling
induced in Fig. 1 is primanly due not o the
weight of the drop, but 10 the capillary lorce

Ipepartment of Physics, Unbversity of Massachusetts,
Amherst, MA 31003, USA. *Polymer Science and Engineer-
ing Department, University of Massachusetts, Amherst, MA
31003, USA “FOM Institute for Atomic and Molecular
Physics, Amsterdam, Netherlands, *Departamento de Fisica,
Universidad de Santiago de Chile, Santiago, Chile.

*To whom correspondence should be addressed. E-mail:
russell@pse.umail.umass.edu (TP.R), menon@physics.
umass.edu (N.M.)

exerted on the film by the surtace tension at the
air-water-PS contact line. The radial stress oy
mduced ot the edge of the drop 5 donunated by
the surface tension, which for the conditions of
Fig, | is about 100 times as great as the radial
stress developed due 1w the weight of the dop
(mg/ ), where m is the mass of the drop and a
its radius, Indeed, a solid object of weight and
contact arca comparable 10 those of the drops
shown in Fig. | would produce no discemible
wrinkling. The contact angle of the drop on PS
is 887 £ 29 and thus the geometry of the drop
on the film is approximately that of a hemi-
sphere on a flat surface (with perhaps some de-
formation of the film close o the contact line
iself). In view of this atractively simple geom-
ciry and the degree of experimental control af-
forded by loading with a {luid, we focus on
wrinkling induced by Nuid capillanity as in Fig. 1.

We ohscrve the wnnkling pattern using a
digital camera mounted on a low-magmification
microscope (Fig. 1) Two obvious quantitative
descriptors of the wrinkling pattems are the num-
ber of wrinkles NV and the length of the wrinkle
L as measured [rom the edge of the droplet. N is
determined by counting. Because the terminus
ol the wrnkle is quite sharply defined and not

REPORTS

sensitive o lighting and optical contrast, we are
also able 1o measure L directly from the image.
The rmdius of the circle in which the entire wrin-
Kle pattem s inscnbed (soe top left of Fig. 1) is
determined with a precision of 3%,

The cenmml guestion in understanding this
wrinkling pattem is, how are (Y, L) determined
by the clasticity of the shect (thickness &, Young's
modulus £, and Poisson rtio A) and the param-
cters of the loading (surface tension v and mdius
ol the drop «). To study systematically the effea
of loading and elasticity, we placed water drops
at the center of the film using a micropipette,
increasing the mass of the drop in increments of
0.2 mg. As the radius of the drop was increased,
both L and N increased.

We first focus on N, which is found 10 in-
crease as N o0 /u. However, as is evident in
Fig. 1, N is smaller in thicker films. The com-
bined dependence of N on ¢ and & is comectly
caplurcd by the scaling &V ~ a2k, as shown in
Fig. 2. To understand this scaling, the arguments
of Cenda and Mahadevan (2) may be adapted o a
mdial peometry (5, &) Because the number of
wrinkles remains corstant at all radial distances »
from the center of the pattern, the wavelength of
wrinkles varies according o & = IneN

Fig. 1. Four PS5 films of diameter D =
22.8 mm and of varying thicknesses float-
ing on the surface of water, each wrinkled
by water drops of radius @ = 0.5 mm and
mass m = 0.2 mg. As the film is made
thicker, the number of wrinkles N de-
creases (there are 111, 68, 49, and 31
wrinkles in these images), and the length
of wrinkles L increases. L is defined as
shown at top left, measured from the edge
of the water droplet to the white circle.
The scale varies between images, whereas
the water droplets are approximately the
same size.

Fig. 2. The number of wrinkles
N as a function of a scaling
variable, a*25 ¥4, Data for dil-
ferent film thicknesses h (indi-
cated by symbols in the legend)
collapse onto a single line (the
salid line is a fit: ¥ = 2,50 x
107217 ¥%). The extent of
reproducibility is indicated by
the open and solid inverted
triangles, which are taken for
two films of the same nominal
thickness.

2007
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v 84 nm
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Fig. 3. (A) Wrinkle length Lis A 3.2 B a3z
proportional to the drop radius 1| ® 233nm
a. For fixed loading, L in- 28 1| = 1760m
creases with thickness h, as | et
shown by the different sym-  _ 1} . =
bols, (B) An approximate data E - E
collapse is achieved by plotti = 18 o
I against the variable af™*. 12_‘
The inset at the top left shows k]
the relation between L and h 0.8 <
for a fixed radius of the water ok _
droplet @ = 0.6 mm. The black o
line is the best fit of the data 0.0
to a power-law dependence: 0.0
L = 0.0872 h*% the red line
is the best fit to a square root:
L = 0.129 A2,
A4 B 180
® Wrinkling
§ T 1701 | X-ay Reflectivity
31 3 z ¢
F * ; £ 190 . +
S 2; 1 2 150 ?
m . 2 ;
14 |® Wrinkling . E 1401 ;
o Buckling o 130 -
o Indentation o 2 ;
U Sy v y v > 1204 — v v v v v
0 10 20 a0 40 0 5 10 15 20 25
Plasticizer (%) Plasticizer (%)

Fig. 4. (A) Young's modulus E versus concentration (by weight %) of plasticizer (dioctyl phthalate).
E is computed from the wrinkling pattern {solid black symbaols) by means of Eqs. 2 and 3. Data from
other technigues (12} are shown for comparison. (B} Thickness fi versus plasticizer concentration. fi
is computed from Egs. 2 and 3; compare with data from x-ray reflectivity measurements (7). The
error bars are the standard errors of the measurements.

This wavelength can be computed from a
minimization of the bending transverse o the
folds and the streiching along their length, which
leads 1

}\ = l:B:_.'ﬁ“J].lr-"‘_lllrz [] :I

where the bending modulus 8 = Ef/12(1 A%)
(#). For a circular film with a radial stress due o
surface tension ¥ at the edge of the film and
another surace wension ¥ ol the boundary of the
droplet, o, - ]r:r: 2 (1), We thus obtain

Ly L %
atfyn (2)

¥y
- .N[I-.t

2 [}
Al i
E

where Cy is a numerical constant. Cy may be
aobtained from an analytical solution of the
elastic problem or from an experiment like
ours where all relevant parameters are known,
Using literatre values of £ = 3.4 GPa and A
0.33 for PS (/f), and v = 72 = 0.3 mN/m, we
obtain Cy = 3.62 (rom the slope of the it line in
Fig. 2.

Before discussing wrinkle length, we make
some qualitative remarks regarding the evolu-
tion of the wrinkle pattemn. The wrinkles shown
in the images arc purcly clastic delormations
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and can be removed without the formation of

imeversible, plastic creases (except possibly at
the very center of the patiem). Despite this. the
number of wrinkles in the pattern is hysierelic
because there s an energy barier as well as a
global rearrangement involved in removing
wrinkles. In Fig 2, the drops are slowly in-
creasad in size by gentle addition of increments
of water and thus represent our best expenimen-

tal approximation o the equilibium number of

wrinkles. There is no measurable effect of con-
tact line pining. Nevertheless, the Girst droplet
added invariably overshoots the equilibrium val-
uc of N, as may be scen in the slight curvature

of individual sets of data in Fig. 2. The length of

the ndge shows much less hysteresis because
the lengih can locally increase or decrcase con-
tinuously. This effect is clearly scen when the
wrinkle pattern evolves as the drop is allowed o
shrink by evaporation (fig. S2).

The length L of the wrinkle increased linear-
Iy with a, the mdius of the drop, as shown in
Fig. 3A. A simple argument for a linear increase

was presented by Cerda (5), where the length of

the wrnnkle is dictaed by the mdial distance at
which stress due o an out-ol-plane force F ap-
plicd at the center of a film decays 1o the value
ol the tension tapplied at the distant boundaries,
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This gives L - alF Jat)'2. In our situation F =
2ray and Tt = v, thus vielding a lincar
dependence L -~ o, However, the data in Fig.
3A cleady show a dependence on thickness &,
which is not captured by this arpument. The
dependence on a and £ is reasonably well de-
senbed by the purely empinical power-lw scaling
shown in Fig. 3B: L ~ ah" (as shown in the insct
to the figure, an unconstrained fit 0 a power-
law yiclds a slightly better fit of £ ~ ah™®), This
scaling is dimensionally incomplete and an ad-
ditional factor of (lenzth) ' needs 1o be tken into
account. In terms of the available physical varia-
Bles, the only possibility is (E4)"2, leading 10

g\ 12
L_r:',_(—) ah'’? (3)
¥

where 15 a constant. From the fit shown in
Fig. 3B, we oblain C = 0031, £ and /i appear
in Eg. 3 in the combination £Ah, which is the
stretching modulus of the sheet. This indicates
that the length is defined purcly by in-plane
stresses, However, an attempt 10 write the radial
siresses in a manner that is consistem with Eq. 3
vields an answer for o da) that is independent of
surface tension, which is implausible. Thus, the
dependence of L on & and o is adequately
constrained by the expenmental data and s well
described by Eqg. 3 but docs not wet have a
definmive explanation,

A measurement of N and L allows a deter-
mination of both £ and & for a lilm, based on
Egs. 2 and 3. As a demonstmtion of this techmique,
we vary the elastic modulus of PS by adding o
it varying amounis of di-octylphthalate, a plas-
ticizer. As can be seen in Fig. 4A. we find good
agreement with published data (/2) obtained by
other echniques. As a further test of our tech-
pique, we note that accompanying the luge
vanmation (greater than 300%) i Young's mod-
ulus, there s also a subtle change (of abom
1084 in the thickness of the film as a function
of the mass fraction, x, of plasticizer. The deter-
mination of thickness by means of Egs, 2 and 3
yiclds a value that is in very close agreement
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Fig. 5. (A) Relaxation of the wrinkle
pattern as a function of time after loading
with a water droplet. The thickness of the
film h = 170 nm, and the mass fraction of
the plasticizer is 35%. (B) The time de-
pendence of wrinkle length [ normalized
by the length L, at the instant image

capture commenced, Data are shown for plasticizer mass fractions of 359 (blue symbols) and 32%
(red symbaols). The plot symbols differentiate experimental runs, showing repreducibility of the time

dependence. Solid lines show fits to a stretched exponential; L{t/L, = expl-(t/7)P].

(Fig. 4B} with our x-ray reflectivity measure-
ments of i Thus, measurements of both mod-
ulus and thickness can be achieved by a
wrinkling assay with comparable or higher pre-
ciston, and with very basic instrumentation, when
compared to the other techniques on display in
Fig. 4, each of which involves sophisticated
cquipment and vields only one of £ or /.
Further, in contrast to the few other methods
available for measunng the modulus of ex-
tremely thin films, such as nano-indentation
{(13) or stress-induced buckling (/2), the
measurement is performed with the film on a
Nuid surtbce, rather than mounted on a solid
substrate. This allows the possibility for the
{ilm 10 relax miemal mechanical stresses that
can develop cither i the spin=coating process or
dunng tansfer 1o a solid substirme. Apart from
the ability w0 make measurcments on a state that

is not pre-stressed. this opens the possibility of
measuring bulk relaxational propenties of the
film without concerns about pinming o a
substrate. In Fig. 5A, we show a sequence of
images visualizing the time-dependent relaxa-
tion of the wrinkle pattem formed by a capillary
load. Al increasing time, the wrinkles smoothly
reduce in length and finally disappear. The stirins
that develop in response 1o the capillary load (/4)
can relax due o the viscoclastic response of the
PS charged with a large mass frcton of
plasticizer. In Fig. 5B, we show the time
dependence of wnnkle length, Lir for two sels
of films with different plasticizer mass fraction, x.
Liry can be fit with a siretched exponential
function L, exp| tf-'r}a], where 1 docreases wath
ncreasing plasticiaer concentration, and f = 0,50
+ 0,02, wypical of polvmer viscoclastic response
ncar the glass wansition (13, 135).

REPORTS

Thus, capillary-driven wrinkle formation can
be used as the basis for a metrology ol both the
elastic modulus and the thickness of ultrmthin films
by means of a very elementary apparatus—a low-
magnification microscope and a dish of fluid, This
simple technigue can also be used 10 study dy-
pamical relaxation phenomena in ultrathin films,
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The Source of Saturn’s G Ring

Matthew M. Hedman,* Joseph A. Burns,* Matthew S. Tiscareno,® Carolyn C. Porco,’
Geraint H. Jones,** Elias Roussos,* Norbert Krupp,* Chris Paranicas,® Sascha Kempf’

The origin of Saturn’s narrow G ring has been unclear. We show that it contains a bright arc located
167,495.6 = 1.3 km from Saturn’s center. This longitudinally localized material is trapped in a 7:6
corotation eccentricity resonance with the satellite Mimas. The cameras aboard the Cassini spacecraft
mainly observe small (1 to 10 micrometers) dust grains in this region, but a sharp decrease in the
flux of energetic electrons measured near this arc requires that it also contzin larger (centimeter- to
meter-sized) bodies whose total mass is equivalent to that of a ~100-meter-wide ice-rich moonlet.
Collisions into these bodies may generate dust, which subsequently drifts outward to populate the
rest of the G ring. Thus, the entire G ring could be derived from an arc of debris held in a

resonance with Mimas.

he Goang is unigque among Saum's najor
rings in that, before the amival of the
Cassini spacecrafl, there was no obvious

explanation for its location. The dust-siacd particles
that dominate this ang’s optical propentics should

erode quickly in Saturn’s magnctosphere, vet
there was no direct evidence for larger source
bodies that could replenish the dust and no clear
explanation for the concentration of such bodics
in this one region { /--5). Unlike the E and F rings,

which are closely associated with satellites that
could either directly supply material 1o the ring
(Enceladus) or potentially confine the ring
particles into a namow region (Prometheus and
Pandomra), the G ang 1s located 168,000 km (rom
Saturn’s center, over 13,000 km from the nearcst
known satellite. However, using data from the
remole-sensing and in i instrumems onboard
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the Cassini spacecrall. we have identified a
structure that may be the source of this mysteri-
ous nng.

The Imagmg Science Subsystam (IS5) on-
board the Cassini spacecrall (6) obtained its
maost comprehensive view of the G ring on 19
Septemboer 2006, revealing a localized brightness
enhancement near the ring’s immer edge around
167,500 km from Satum’s center (Fig. 1), This
leature extends over 607 in longitude and has a

radial Tull width at halt maximum (FWHM) of

~250 km, much less than the ~6000-km radial
extent of the enting G ring (see Figs. 2, 3).

At least live other image sequences obtamaed
duning the first 2 vears of the Cassini mission
observed this are [Fig. 3 and supporting online
material (SOM)), demonstrating that 11 & a
persistent feature of the nng. Based on these
mcasuraments, we estimate that the are’s mean or-
bital motion 1s H45475% = 0.007%day (penod
0808126 + OOB00T3 day), where the uncenainty
permmils a 5% shift in the ae’s position over 2

years. Given current measurements ol Satum's
gravitational potential (7). this mean motion
comesponds 10 an orbital semimajor axis o
1674956 = 1.3 k.

The are’s mean molion s extremely close w
the Mimas T:6 coroltion ccoentricily resonance
(CER) at 445.484% day (a0 = 1674934 km) (8),
Corotation resonanees have been invoked previ-
ously to explain arcs in Neplune’s rngs (9-11).
In our case, perturbations from Mimas can
constrin particles to librate around any of six
stable longitudes A where the resonant argument
Poer = G, — g cquals TR0° (Ayy and .y
are the satellie Mimas' mean longitude and

-
Ty

Fig. 1. Images of the G ring arc obtained on 19
September 2006 at 12:37, 13:11, 13:44, and
14:18 UTC from top to bottom. A bright arc
moves from right to left through the field of view.

pericenter, respectively ). An ensemble of such
trapped particles could produce a longitudinal-
Iy conlined structure ~60° wide hke the ob-
served are. Furthermore, throughout the first 2
vears of the Cassini mission, the arc’s peak has
remained near one of the six stable points with
J.I.|’£-|_._R < )",

Tor venly this model, we conducted numernical
simulations of 3830 massless test paricles
initially placed within 20 km of the Mimas 7:6
CER (see SOM )L Most simulated particles (2820)
were clearly tapped in the CER (with | Agpegp/ -
1507 over our 80-year imegration. The dominam
libration period was 1273 = 3 davs, significantly
longer than the interval covered by the currently
available observations. The marginally signifi-
cant (LO0D° = 0007 day) dnli in the arc's
observed posiion relative 1o the stable pomts
could therefore be part of a libration cyvele. The
mean epieyelic cccentricily of the simulated par-
ticles mnges from 00001 100,001 depending on
Apepg. consistent with the are’s ~250-km radial
width (equivalent to an eccentricity - 0.0007).

Besides scattering light, the G ang and its arc
also absorb magnetospheric paricles, leaving
detectable imprints on the local plasma environ-
ment. In fact, before Voyager ook its lirst pic-
tures of the G oring, Pioncer 11 detected subtle
but porsistent longidinally averaged decreases
(macrosignatures) in high-energy (<10 MeV)
proton Nuxes in this region (/7). More recently,
the Magnctospheric Imaging Instrument’™s Low
Encrgy Magnetosphene Measurements System
(LEMMS) onboard the Cassini spacecrall (which
mcasures the Nux of clectrons with energics be-
tween 20 kel and 40 MeWV) (713) has detected

microsignatures (localized depletions in the elec-
tron flux) around the G ring. At ~12:13 universal
time (UT) on 5 September 2005, this imstrument
observed an unprecedented ~30% decrease in
dectron flux while Cassini was moving out-
bound from Sawm (Fig, 2), and a candidme sig-
mature was detected mbound at <1158 UT, Two
previous passages near the G ring did not show a
stromyg absomtion (see SOM).

Using the arc’s orbital perod determined
above, Cassini's location relative 1o the arc can
be plotted for all three passages near the G ring
{Fig. 4). The 3 September 20035 passage was
much ¢loser to the arc than the others and, when
mapped 0 the equatorial plane, the outhound
microsignaune's radial profile was 250 km wide,
consistent with the are’s mfemed density profile
(Fig. 2} The absorption signature s most
apparcnt in the LEMMS channels that measure
mega-clectron voll  electrons. Electrons with
energies around | MeV near the G ring have net
wamuthal speeds close o the Kepleran orbital
rmle, allowing for the formaton of very deep
absorption signatures, These data strongly sug-
gest that material associated with the are caused
the deep absorption.

The inferred position of the outbound micro-
signature in Satum’s equatorial plane is displaced
roughly 3000 km exterior to the are (Fig. 2), but
this is not o surprising because similar displace-
menis are observed in the signatures of Satum’s
small and mid-sized sawellites (M4, 15). Deple-
tions in charged panticles will drift and Gl in m
differenmt mtes, depending on the electrons’ ener-
gics and the pitch angles of the electrons” tra-
Jectories around the magnete held lines, so the
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Fig. 2. (Top} The charged-particle flux detected by LEMMS channel E6 (13, 15} during Cassini's
passage over the arc region on 5 September 2005. The radial scale here corresponds to the
equatorial distance of the unperturbed magnetic field lines that thread Cassini at the time of the
observation. (Bottom) Average (offset-subtracted) radial brightness profiles of the G ring at
different longitudes relative to the arc's peak based on data from 19 September 2006. The profiles
through the arc (gray) and elsewhere (black) are essentially identical outside 168,000 km, whereas
the arc is the sharp peak at 167,500 km in the gray profile. The absorption feature's radial width is
comparable to the visible arc's. The 3000-km radial offset between the two signatures may be

caused by magnetospheric effects (see SOM).
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microsignature could be displaced by larger-scale
magnetosphenc processes or through a delonna-
tion of the local magnetie ficld by the arc itself,
For a given set of electron pitch angles (near
307 during this observation ) and energies (which
determine the electron’s drift rate welative 1o the
arc), and assuming absorbers composed primar-

ily of water ice, the tolal arc mass can be ¢sti-
mated from the magnitude of the LEMMS
absomption (/6), For encrgies between | and [
MeV, the observed d|:1[]! letion implics a total mass
between 10% and 10" kg (sec SOM). If all this
matenal were gathered into a single body, that
object would be roughly 100 m across. Because

Fig. 3. 5ix profiles of 6 Sep 2004 T
the G-ring arc’s radially 06 ﬂ
integrated brightness i I
{see SOM) versus longi- 04 #’* |
tude relative to a co- 02l ):w s H *
ordinate system rotating 00 . :
with a mean mation of b e - ‘
7
MSATSHay. Erors e g n | ooy 2008
based on random noise EI'.E i s I
in the images. These o] I 2 ¥, i
errors are 0.02 and 0.1 g \ : % J
m for the 25 April 2006 g‘gw-.f o : e, ;& 3
and 19 September 2006 ’ 1
data, respectively, and 5[ 300ct2005 -
so are not plotted. The _ 41 3t -
arc's longitudinalextent £ 3 l;q" {i -
is <60° as expected £ 2r : {iﬁ »
for a collection of par- s 1r ! $ a
ticles trapped ina 7:6 = 0 . .
resonance. $ 1.1 25Apr2006 9 .
T 10F o -~
S 09f . : .
w 08 o ~
% 07 o o ° | ¢ o & o o-
g D.E ol i -
S 1
= 5 4 Jul 2006 * i
4= :’! “ -
3 ?ﬁ | o ° i
2L I . -
i e
4 | 19Sep2008 j
3rF | g
zf [ -
1} ! _
0 ]
60 —40 20 0 20 40 60
Longitude (degrees from prediction)
20 s SoNEN be 174 S 1 tracks
tween remote-sensing and i Tracks of magnetic fieid ine In
in situ data. The back- m e
ground image shows the ¢ 172
G ring's brightness as a =
function of radius and § 170
longitude measured rel- =
ative to the arc's center 4 168
{at 0°). The dotted lines E
trace Cassini's arbit dur- 166
ing its three passages
through this region (A = 164
11y 20048 = 14 Ak 300 250 200 ~150

2005, C = 5 September
2005). The solid lines
show where an unper-
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the gyvroradii of 1-MeV electrons anc on the order
of a few Kilometers here, the absorption signa-
ture’s 250-km width indicates that this miss 1s not
in a single body but is instead distnbuted among
multiple objects,

The are obscrved in imaging data has a peak
nomialized reflectance (or normal J/F, see SOM)
that increases from 107 10 107° between phase
angles of 907 and 1657 Such strong forward
scatiering implics that the camems mostly see
dust grains 1 1o 10 pm across ({ 7) The JF values
indicate that the normal optical depth in this
dust is ~107°, implying that the entire arc
contains between 10° and 10° kg of dust, which
s much less than the absorbing mass required
by the in situ data. The are must therefore con-
tin a population of larger panticles ranging
from centimeters to meters across. The siee dis-
tnbution of these larger objects is not strongly
constrmned, but 1l we assume For simplicity that
the larger bodics in the arc are on average -1 m
across, their wtal optical depth would only be
around 107, well below our cument optical
detection limit and comparable to previous
estimates based on Vovager and Pioneer data
(/). We propose that impact ejecta from these
objects supply the dust that forms not only
the visible are but ultimately also the rest of the
Goning.

The bulk of the visible G ring lics exterior o
the arc, and the mdial brighiness prolile of the
outer pant of the G ring decays exponentially with
a scale length of approximately 35000 km (/&)
{Fig. 2). Curiously, the Cosmic Dust Analyveer’s
(CDA) High Rate Detector (HRD) onboard the
Cassini spaccerall (79 recorded an mpaect with
an exceptionally lanze dust grain an 10:38:25 UT
on 5 Sepiember 20035, when the spacecrali passed
through the ring planc at 176,700 km, ncar the
outermost edge of the visible G ring. Although
the exact size of this grain is uncenain, it
produced damage that was never observed in
laboratory experiments with grains less than
1000 pum across, so this grin was probably at least
100 pm in size. We can explain both of these
phenomena with a simple model similar o one

=100

Longitude (relative to predicted arc location)

turbed magnetic field line threading through the spacecraft would intersect the ring plane during these times, The triangle and diamond mark the time of the
strongest absorption detected by LEMMS on 5 September 2005 (Fig. 2).
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preyviously proposed for other dusty rings (17, 20),
where small grains released from the arc dnfi
outward under the influcnce of nongravitational
drag forees (such as plasma drog ) while they are
steadily eroded by collisions with jons, atoms,
and smaller grains,

Consider that the visible arc represents dust
released from the surfaces of lanzer bodics by
collisions. Although the source bodics are trappod
in the Mimas resonance, interctions with Sawm’s
magnetosphere allow dust 1o escape this region
(/7). The magnetospheric plasma corotates with
the planet’s magnetic lield (perod ~ D43 days)
{241, s0 its mean motion is much faster than the
dust grains” Keplerian orbital motion, Momen-
tum trmnsfer from the plasma therelore causes the

dust to drlt outward over tme. For a partucle of

mass m located at semimajor axis o and with an
orbital velocity v, a drmg force Fiy will canse a
motion daidr = aviFp'm). In general, Fp is
proportional to the particle’s surfaee arca whereas
m 15 proporional o is volume, so daidl o 1s,
where s is the dust grain's lincar sizc.

As the dust grains drifl outward, they will be
steadily eroded by collisions with plasma jons,
energetic particles, and other small grains. So
long as the collisions do not completely shatter
the drifting grain (/7), the mass loss rate will be
proportional to the impactor Nux tines the grain's
cross-sectional arca, so dm/dy o and dvldr o &,
Thus, ds/dla == 5. Given that the G ning is namow
{der'ar ~ 0.05) and assuming that the drag lorees
and crosion rmtes do not vary significantly across
this region, & should therefore decay exponen-
tially with distance from the source region &

that is, 5 = s %™ where s,, is the initial particle

siae, ¢ 1s the base of natural loganthms, and 325
a scale length determined by the orbital and mag-
netospheric environments,

The G ring’s brightness and optical depth 1 at
a given da are proportional to the integral of the
particle cross section over the differential particle
size distribution at that location [t = Ir s, Bakds].
Assuming that the ring is in a steady state,
continuity requines that the number Nux of par-
ticles ol a size ¥ a1 a distance Sa from the are
equal the Mux of particles of size s, released from
the arc, which requires that m(s.6a) = nls,00) (see
SOM). Hence, T scales like s° and the optical
depth also decreases exponentially with radial
distance from the anc/source, but with a scale
length of £ mnsicad of 3 ¢ = P This
simple, genene model therefore produces a radial
brightness profile with the same basic shape as
that observed in the remote-sensing data, Fur-
thermore, the shoner scale length in the optical
depth means that although the brightness of the
ring at 176,700 km is reduced by over an order
of magnitude, individual panicle sizes are
reduced by only a factor of 2 or 3, so the grain
detected by CDA could have been as small as
about 200 pm across when it escaped the arc
(that is, still small enough o be subject o non-
aravitational accelerations ),
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The FERONIA Receptor-like Kinase
Mediates Male-Female Interactions
During Pollen Tube Reception

Juan-Miguel Escobar-Restrepo,® Norbert Huck,® Sharon Kessler,® Valeria Gagliardini,?
Jacqueline Gheyselinck,* Wei-Cai Yang,? Ueli Grossniklaus®®

In flowering plants, signaling between the male pollen tube and the synergid cells of the female
gametophyte is required for fertilization. In the Arabidopsis thaliana mutant feronia (fer),
fertilization is impaired; the pollen tube fails to arrest and thus continues to grow inside the female
gametophyte. FER encodes a synergid-expressed, plasma membrane—localized receptor-like kinase.
We found that the FER protein accumulates asymmetrically in the synergid membrane at the
filiform apparatus. Interspecific crosses using pollen from Arabidopsis lyrata and Cardamine
flexuosa on A, thaliana stigmas resulted in a fer-like phenotype that correlates with sequence
divergence in the extracellular domain of FER. Our findings show that the female control of pollen
tube reception is based on a FER-dependent signaling pathway, which may play a role in

reproductive isolation barriers.

of meiosis differentiante directly ino ga-
metes, the meistic products of higher
plants undergo further mitotic divisions to form
multicellular haploid structures called gameto-

In contrast to animals, where the products
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phytes, which in wm produce the gametes. To
accomplish fenilization, the gametophyies com-
municate with and recognize cach other In
angiosperms, the male gamectophyte (pollen)
germinates on the stigma and the growing pollen

tube delivers the two nonmotile spenm cells o the
female gametophyie (embrvo sac). Proper deliv-
ery depends on signals from the female gameto-
plvie (7, 20, These chemotactic signals guide the
pollen tube imo the micropylar opening of the
ovule, the reproductive structure that harbors
the female gametophyie. In the majority of flow-
ering plants, including Arabidopsis dralicog (Bras-
sicaceae ), the female gametophyie consists of seven
cells: the cgg cell, the two synergids (which lie
Just inside the micropy kar opening of the ovule),
the central eoll, and the three antipodals (3) (Fig.
LAY In Tewemia fonrmieri (Serophulanaceac), the
two svnergids are necessary for pollen be
euidance (4). In most specics, one of the
synergids degeneraies prior 1o or coincidem with
the pollen tube approaching the micropyle (3).
The pollen wbe grows into the degenerating
synergid through the filifonm apparius, a struc-
ture formed by invaginations of the cell wall of
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both synergids (61, Pollen tube reception in the
ovule involves the arrest of pollen wbe growth
(Fig. 1B}, the rupture of the pollen wibe, and the
release ofthe spenm cells, which are subsequently
targeted o the cge and central eells tor leruliza-
tion (7} Once the pollen whe has ruptured,
attraction of’ further pollen tbes ceases; thus,
only a single pollen tbe will normally enter each
mictopyle.

Recent work i A, thalicna has shown tha
pollen whbe reception is controlled by female ga-
metophytic factors (8, 9), In heterozygous fermia
{fer) and siréne (sir) mutants, all female
gametophyvies develop nomally but half of the
ovules remain unfertilized, In these ovules, the
pollen wbe continues o grow inside the emale
gametophyte, fals woamest its growth, and does
nod rupture o release the spemm cells (Fig. 1C).
Pollen from these mutants, however, cn ferilize
wild-type ovules, indicating that pollen tube
growth and spenm delivery are unaflected (8, 9).
Detaled cywlogical and ultrstructural analyses
have shown that the synergids are normally
specified and dilferentiated (4). which suggests
that these mutants identify components of an
active signaling process in which female same-
tophytic factors control pollen tube behavior and

hence fertilization, Only a small number of

factors involved in pollen gemmination, pollen
tube growth, and guidance are known at the
molecular level (/0-15). The molecular events

Fig. 1. Pollen tube g
reception is mediated

by the FERONIA RLK.

(A) Diagram of a ma-

ture female gameto-
phyte. Abbreviations:

AC, antipodal cells;

CC, central cell; EC,

egg cell; SC, syner- |
gid cells; FA, filiform \
apparatus; MI, micro-

pyle; PT, pollen tube.
Scale bar, 30 um. (B
and €} Epifluores- —
cence micrographs

underlving the female control of pollen whe
receplion are unknown. Here, we show that FER
encodes a kinase-active receplor-hike Kinase, which
15 Jocalized 1o the plasma membmane and, n
particular, 15 asymmetncally localized w0 the
fliform appartus of the synergid cells, Imer-
specilic crosses indicate that the mteraction of the
FER receptor-like Kinase with a putative ligand on
the pollen wbe may be mvolved m reproductive
isolation barriers,

To gain insight into the molecular basis of the
signaling event underying pollen wibe reception,
we molecularly cloned FER with the use ol po-
sitional methods (/). We mapped the mutation
to A3g3 1350, which in the fer mutant contains a
4 base pair (bp) insertion comesponding 1o the
footprint lelt afier excsion of a Dy ransposon
{Fiz. 1 D). Because sirshows the same phenotype,
wie sequenced the coding region ol A3g51550 in
the mutant and found a single base pair deletion
{Fiz. 1E). Both mutations lead 1o rameshifis that
result mopremature stop codons: therelore, FER
and SR are allehe.

A genomic fragment camy ing ABeS 1550 plus
2.6 kb and 1.2 kb of upstream and downstream
sequences, respectively, complements the fér phe-
notype (lable S1), demonsteating that A3g315350
corresponds 1o the FER gene (fig. S1, A and B).
The FER open reading frame contains a single
1 75-bp intron in the 5" untrnslated region and
produces a transcript of 2682 bp, which encodes

o

of Aniline Blue—stained ovules. Fluorescent signal indicates the presence of callose, a major i

component of the cell wall of the pollen tube. (B) A fertilized wild-type ovule. The white arrow
indicates the site of pollen tube arrest. (C) An unfertilized fer gametophyte. The white arrow indicates
the site of pollen tube arrest in wild-type ovules, the red arrow shows the pollen tube growing inside

8 8

Ahutplrn:l {mV)
id

a putative receptor-like senne-threonine Kinase
(RLK) (Fig. 1F).

FER, which 15 a unique gene in A thaliana,
belongs o the CrRLK1L-1 subfamuly of kmases,
no members of which have a known function
(Fig. 2A) (/7). Plam RLKs belong w0 a mono-
phyletic gene family with more than 600 mom-
bers (/). RLKs ane tmnsmembrane proteins that
receive signals through an eximecllular domain
and subsequently activate signaling cascades via
their imracellular kinase domain, a molecular func-
tion consistent with the role of FER in a signaling
rocess,

To determine the activity of the pradicted in-
tracellular kinase domain, we tested whether FER
autophosphorylates in an m viro Kinase assay,
The predicted imtracellular domam (FERwt) and a
kmase-inacthive version (FERKR) were fused o
glutathione S-trnsferase (GST). GST and GST-
FERKR cxhibited no kinase activity, wherneas
GST-FERw1 was autophosphorylated (Fig. 2B), In
addition, expermentally venhiad phosphory lation
sites were presant in the FER Kinase domam (/9)
(Fig. 1F). Taken together, these lindings show that
FER encodes a kinase-active RLK involved ina
novel signaling pathway that plavs a critical role
in the last stages of the communication botween
female and male gamctophyics required Tor
fenilization.

To evaluate whether the expression of FER is
consistent with its proposed role in pollen wbe

feronia

Wt L-ar
b, o | Ler #76GTG TAT AGG
FF T Y R L M

the female gametophyte, and arrowheads indicate two pollen tubes entering the same ovule. Scale W for |

bars, 30 um. (D) Sequence difference between wild type and fer. Left: Denaturing high-performance 670GTG Ttt gtA TAG GCT

liquid chromatography (DHPLO chromatogram of a PCR fragment of At3g51550 amplified from ST "-";“' : "': jzz¢ W F v ,

DNA of Landsherg erecta (Ler), ferFER (in Ler), and Columbia wild-type plants crossed with fier (Col x

fer). The additional peaks (arows) in the elution profiles from fer/FER plants reflect the sequence Vi (Mmotan)

difference due to a 4-bp insertion in the fer allele. Right: Coordinates of the insertion and premature E . WL -4

stop codon in fer. Amino acid abbreviations: F, Phe: L, Leu; N, Asn; P, Pro: R, Arg; T, Thr: Vi, Val: ¥, Tyr. AC @ C NG NA s16TTT ACA CCG // 36sGTG

(E) Sequence difference between wild type and sir. Left: Sequence chromatogram of si/SIR (in C24 ar m F T P /W

accession); arrow shows a double peak indicating a sequence mismatch. Right Sequence and Vit \ "ﬁ_..,T M:g cGG // 363TGA

coordinates of the same chromatogram region indicating a 1-bp deletion and subsequent frameshift \ | AW L JJ-'-._I' 'u-: 73 F T j R /7 190atoe

that leads to a premature stop codon in sir. (F) Diagram of FER's predicted domains. SP, signal P ' )

peptide; TM, transmembrane domain; KINASE, kinase domain. Black vertical bars, sites of fer and sir F fer

mutations; K, sitedirected mutagenesis of the conserved Lys of the kinase domain; asterisks, sym ST ) s JUTR

expenimentally located phosphorylation sites (19). -0, A | | | —

SP ™ KINASE
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reception, we examined the temporal and spatial
expression pattern of FER. Quantitative real-time
reverse transeription polymerase chain reaction
{(RT-PCR) revealed FER mRNA throughout the
mature plant—specifically in leaves, buds, flow-
ers, and siliques—but it was not detected in
mature pollen (Fig. 2C). By in situ hybridization,
FER transeripts were detected in Moml apices,
young ovule primordia, and young anthers with
immature pollen (Fig. 3, A o Ch In older anthers
harboring mature pollen, FER tanscript was nol
detected (Fig. 3D}, consistent with the quantita-
tive real-time RT-PCR expeniments and the female-
specilic role of FER in Rnilization, In emascu-
lated Dowers, a very weak FER signal was detected
throughout mature unfenilieed ovales, and a stron-
ger signal could be detected in the synergid cells
(Fig. 3E). Alier fentilization, FER tmnscripls were
detected in globular embrvos (Fig, 3G), consistent
with the finding that in mre cases where fortil-
tzation of fir pametophytes is achieved, the re-
sulting homozygous embryos abort (8). In our
complementation experiments, both the defieet in
pollen tube reception and embryvo lethality were
rescued by a wild-type FER transgene, demon-
strting that FER is also required after fertiliza-
tion (table S1). A genomic fragment containing
the putative FER promoter (1.3 kb upstream of
the start codon) was fused to the bactenal widd
gene encoding B-glucuronidase (GUS) 1o con-
firm the weak expression of FER observed in

A

AlSgEET00

mature female gametophyies. Using a chromo-
genic substrate for GUS, we found that the FER
promoter is highly active in the synergid cells
(Fig. 3, I and J). Thus, the spatotemporal ex-
pression pattern of FER is consistent with a [une-
tion in pollen tube reoeption,

To investigate the subecllular localization of
FER, we bombarded onion epidermal cells witha
FER-GFP construct driven by the FER promoter
(pFER: [ FER-GFP). The FER-GFP (green fluo-
rescent protein) fusion protein was localized 10
the plasma membrane (Fig. 4, A and B), in con-
trast w0 GFP driven by the constimtive 355
promoter (S35 GFP), which is detected through-
out the cell (Fig. 4, C and E). The pFER::FER-
GFP construct was also stably transfomed into
A thaliong and fully complememed the fer
mutation {table S1), and the fusion protein was
localized at the plasma membrane in leal
epidermal colls (Fig. 4D). Unferilized ovules
accumulated high levels of GFP signal in the
lower part of the synergids (Fig. 4F) where the
filiform apparatus is located. Weaker GFP
Muorescence was detected in the membranes of
the synergid cells and in the sumounding matemal
sporophytic cells, a5 well as faintly in the egg cell
(Fig. 40). Because the filiform appamtus is a
structure rich in plasma membrmane, we tested
whether the asymmetric distribution of FER might
simply be duce o an ennichment of plasma
membrane in the arca. Therelore, we compared

B
ALSQIEGE0
AL IR000 Bl
GSTFER
ArigO4850 ¥
c
AtSgTBEAD 4
g 3
2
i,
Loal v Prian

Fig. 2. FERONIA, a plant-specific, widely expressed RLK, phosphorylates itself. (A} Unrooted tree
showing FER and homologs from different species. The FER homologs, whose clade is supported by a
100% bootstrap value, are in the shaded area. The other plant species together with A thaliana in this
clade are A. lyrata, B. oleracea, B. rapa, and C flexuosa homologs 1, 2, 3, and 4 (Brassicaceael, Oryza
sativa (Os,, Poaceae), and Populus trichocarpa (Salicaceae). The rest of the tree contains the A. thaliana
members of the CrRLK1L-1 subfamily of kinases. The branch length scale bar represents 0.1
substitutions per site. (B) FER autophosphorylates during in vitro kinase assays, Top: Coomassie-stained
gel of proteins used in the kinase assays. Bottom: Phosphoimager scan of gel in top panel. GST and
GST-FERKR (FER Lys*** — Arg in Ler, FER Lys™® — Arg in Col<0) have no kinase activity, whereas GST-FERwt
is autophosphorylated. (C} Quantification of FER transcripts in leaves, closed flower buds, open flowers, and
siliques (collected 1 to 4 days after hand pollination) and mature pollen grains. Transcript levels were
normalized to 185 ribosomal RNA; means and SEs of three independent experiments are shown.

Fig. 3. FEROMIA is expressed in developing
primordia and synergid cells. (A to H) In situ
hybridization with an antisense FER probe [(A)
to (E), (G)] or with a sense probe [(F) and (H)].
FER mRNA is present in the floral apex (A} and
in ovule primordia (B). FER mRNA is expressed
in anthers and microspores during early pollen
development (C), but the transcript levels in
mature pollen (D) are below the limit of
detection (inset shows the sense control). (E)
FER transcript can be detected in the synergid
cells of the female gametophyte. (F} Sense
control in the female gametophyte. (G) After
fertilization, FER mRNA was detected in globu-
lar embryos. (H) Sense control in a fertilized
ovule with a globular embryo. (1 and J) Analysis
of the FER upstream transcriptional regulatory
region. (I} pFER::GUS is active in both synergid
cells, (]} Higher magnification of the synergids
from another ovule. Scale bars, 100 um (A), 30
pm [(B), (E), (F), (1), )], 15 pm (C), 70 pm (D),
and 50 pm [(G) and (H)]. Abbreviations: FP,
floral apex; OP, ovule primordia; CW, carpel
wall; MP, microspore cells; TP, tapetum cells;
PG, pollen grain; CC, central cell; EC, egg cell;
SC, synergid cell; GE, globular-stage embryo.
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the distribution of FER 1o that of another GFP
fusion construct that has a plasma membrane
localezation motl and 15 expressed in the female
gametophyie (Aol 23 EGEP-AROPAGC). Un-
der the same condinons, FER-GFP levels were
much higher in the Glifomm appartus than i the
rest of the svoergids” cell membranes when
compared to EGFP-AIROP6C (Fig, 4H). This
[inding sugzests that FER 15 polady wansponted w
the filiform apparatus. Taken together, the data are
consistent with a model in which FER, localized
in the filiform apparatus, binds a putative ligand
on the approaching male gametophyie, which then
triggers the molecular evems involved in pollen
tube reception,

Because a signal transduction cascade mi-
tinted by the merction of the FER RLK with a
putative pollen higand seems necessary  lor
fertilization, it is possible that changes in the
componients of this imterction could act as
reproductive 1solation bamers. To some extent,
the miemetion between the pollen tbe and the
synergid is similar to sperm-cgg interactions in
animals { 20}, but it occurs al the level of gameto-
phytes mther than gametes. For example, diver-
gence in the protein sequence of the putative
ligand-binding extmcellular domain of FER or
changes in the pollen ligand could prevent
interspecilic fentilization events. Interestingly, in
interspecilic crosses of Rbodadendron species,
pollen ube growth docs not arrest. This resulis in
podlen tube oversrowth in the fomale gamcto-
phyte, similar to the phenotype observed in for
(21, 220 Il our model is comeet, an interspecific

Fig. 4. FERONIA is a cell membrane—
localized RLK targeted to the filiform
apparatus, and sequence divergence in
its extracellular domain correlates with
feronia-like phenotypes in interspecific
crosses, (A) Transmission image of a
plasmolyzed onion epidermal cell tran-
siently expressing FER-GFP under FER
promoter (pFER::FER-GFF). Black arrow
points to cell wall; white arrow points to
cell membrane. (B} Confocal laser
scanning microscopy (CLSM) single
optical section of (A} with FER-GFP
localized at the periphery of the cell
membrane. (€} Epifluorescence micro-
graph of an onion cell transiently
expressing (355:GFP). (D) CLSM single
optical section of leaf epidermis of an
A. thaliono plant stably transformed
with pFER::FER-GFP. {E) A. thaliana leaf
epidermal cell transiently expressing
(355:GFP), (F) Ovule from the same
plant as in (D) under CLSM; GFP signal
in green, chlorophyll autofluorescence

in red. (G) Maximum projection of several sections of the micropyle area of
ovule in {F} showing FER-GFP accumulation in the filiform apparatus of the
synergids. (H} Maximum projection of several sections of pArD123-EGFP-
AtROPEC female gametophyte. Upper arrow indicates upper part of synergids;
lower arrow indicates region of filiform apparatus. (I} Gametophyte of a wild-
type A. thaliana plant pollinated with pollen from A lyrata, showing pollen tube
overgrowth (white arrow). ()} Gametophyte of a wild-type A. thaliana plant

www.sciencemag.org SCIENCE WVOL 317

cross where wild-type A, trafiana s pollinated by
a related Brassicaceae species with a sutliciently
diverzent ligand might also produce a for-like
phenotype. Therclore, we performed inter-
specific crosses between A thaliana and differem
Brassicaceac specics. In most crosses, the pollen
germinated but failed to grow toward the ovules,
as reponted previously (23-26). In crosses with
the elose relative Arabidopsis hrara, pollen wibes
were correctly targeted to the ovale but only
43.9% of the embryo sacs received pollen wibes
and were fenilized: 5.2% of the ovules were
fertilized with more than one pollen wbe in the
same micropyle, showing pollen tube overgrowth
inside the female gametophyte (fig. S10); and
50.9% of the ovules had pollen that
contmued to grow nside the female gametophye,
as wits observed m for mutants (Fig. 413 (v = 813
ovules). In crosses with a more distant relative,
o of A thaliana

tbes

L

Cardamine flexuosa, only 7.7
ovules attracted pollen wbes; of these, 16% had
pollen wibes that entered the micropyle and
stopped as previously reported (27), 0.8% had
pollen wbes coiling outside the micropyle, and in
5.3% of the ovules the pollen wbes enterad the
micropyles but reception failed. resulting in a fir-
like phenotype (= 363 ovules) (Fig. 41) In
summary, around 30%6 and T0% of the A. frata
and . fevwosa pollen wibes that entercd a wild-
twpe A thafiana embryo sac, respectively,
displayed a fiv-like phenotype,

Given the involvement of the FER signal
transduction cascade in the interaction between
the pollen tibe and the receptive synerzid, it is

likely that FER plays a role in the failed pollen
tube reception in these interspecilic crosses. In
the A. thaliana
the pollen twbe reception events were nommal,
demonstrating the capacity of the A hrada pol-
len wbe for a nommal reception response, How-
ever, in the same cross, fer-like phenotypes were
observed. This suggests two possible reasons for
failed receptions: (i) They are caused by a diver-
gent ligand that is inefliciently recognized by the
receptor domain of the A. thaffana FER RLK, or
(i) they result from the presence of two poly-
morphic forms of the putative ligand, one thin s
and one that s not |1;|.'11:,f1|.ia‘u:|,| |‘|§. the A. thalicira
FER RLK. In the case of C fleviose, the |i'.__"'.l|]|,|
or ligands are predicted 1o have diverged w0 a
degree that they cannot be recognized by the
A thaliema FER RLK, thereby causing the jer-
like phenotype in A thafiana ovules. We expeat
that a divergence in the sequence of the putative
Iigand would also be reflected in sequence
divergence in FER's extmedlular domam, which
15 proposed 1w imteract with this hgand.

To test this hypothesis, we solaed FER
homologs in these species and caleulated the
mtio berween the number of nonsynonymous
substitutions per nonsynonymous site (Ka) and
the number of synonvimous substitutions per

synonymous site (Ks) (2%) as an indication of

their divergence in painwise comparisons be-
tween A hrata (one FER
homology or C. fevwosa (Tour FER homologs)
(Fig. 4K and fig. 51DV In all comparisons,
higher KaKs values occurred in the putative

Mratlicng and A

A.thaliana A.thaliana

X X
C.Mexuosa

A.lyrata

A thabang / C fevuoss | 8=
A ihakana / A yrala -

. Py ‘I’,;; #ﬂ A "‘-’1“‘15".?.** o ‘:\I\""h& A -;'-+. _':-1#‘. &

w5

o AV

e # d} .QP.:-‘.;. -»'-T\ |§F___ j.-"‘:‘\' \‘.-.;".l-_.‘.\#:;p.‘- -FP..

Window position

™ KINASE

pollinated with pollen from C flexuosa, showing pollen tube overgrowth (white
arrow). (K) Ka/Ks ratios calculated using a sliding window analysis with windows
of 86 codons and a step size of 43 codons of the coding region of FER {excluding
the signal peptide) in A. thaliana, A. lyrata, and C. flexuosa homolog 1. The least
divergent homolog of C. flexuosa is shown. Scale bars, 30 um [(A), (B), (P, (1),
(], 60 pm (C), 10 um [(D} and (E}, 20 um [(G) and (H)]. 5C, synergid cell; FA,
filiform apparatus; EC, eqgq cell.
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ligand-binding extrmcellular region, which indi-
cates that this domain shows the greatest degree
of amme acid diversitication and evolves faster
than the highly conserved intracellular Kinase
domain (29). The high sequence divergence in
the extrmeellular domain of FER may contribute
o reprocductive isolation between two specics,
as has been proposed for other genes involved
in recognition at Keralization (30,

Our data suggest that FER acts in the Gliform
apparus 1o control the behavior of the pollen
tube to achieve ferilization. We propose that the
interaction between the putative male ligand and
the extracellular domain o the FER RLK triggers
a signal ransduction cascade inside the synergid
cell. A subsequent signal then feeds back from
the synergid 10 the pollen wbe, causing growth
arrest and the release of the sperm cells. Con-
ceptually, this process is similar o the signaling
events occurrmg during the sell-imcompatibility
reaction i Brassica spp. (370 In an incompatible
pollination, a pollen ligand interacts with a stigma-
expressed RLK, inducing a signaling cascade in
temale papillar cells, which then signal back to the
pollen and inhibit its gemnination. Further studies
ol the FER signaling pathway will help 1o uncover
the molecular mechanism ol ferilization and
reproductive isolation in plants. Furthenmore, the
manipulation of the FER pathway might allow
the generation of hyvbnds between otherwise
incompatible specics.
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Quantitative Mass Spectrometry
Identifies Insulin Signaling
Targets in C. elegans

Meng-Qiu Dong,* John D. Venable,® Nora Au,”* Tao Xu,* Sung Kyu Park,’ Daniel Cociorva,
Jeffrey R. Johnson, Andrew Dillin,? John R. Yates Ii**

DAF-2, an insulin receptor—like protein, regulates metabolism, development, and aging in
Caenorhabditis elegans. In a quantitative proteomic study, we identified 86 proteins that were
more or less abundant in long-lived daf-2 mutant worms than in wild-type worms. Genetic studies
on a subset of these proteins indicated that they act in one or more processes regulated by DAF-2,
including entry into the dauer developmental stage and aging. In particular, we discovered a
compensatory mechanism activated in response to reduced DAF-2 signaling, which involves the

protein phosphatase calcineurin,

he insulin signaling pathway and insulin-

I like growth factor-1 (IGF-1) signaling
pathway are conserved from inverichrates
tomarmmals (f, 23 DAF-2, the sole homolog of
insulin receptor or IGF-1 recepror in C. elegans,
controls the expression of presumably a large
number of downstream targets by negatively
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*To whom correspondence showld be addressed. E-mail:
jyates@scripps.edu

3 AUGUST 2007 VOL 317 SCIENCE

regulating DAF-16, a FoxO transcrption factor
(3-8 In this study, we integrated technological
advancaments in quaniiiative mass spectrometry
(MS) (911 including labeling multicellular or-
ganisms with the "N stable isotope, 10 identify
DAF-2 signaling targeis. We made dircat mea-
surements of proteins as opposed 10 mRNAS,
which are not final gene products. Our method
allows for the identification of targets not regulated
at the wanscription level, The MS technigques
demonstrated in this study can be readily used 10
determine protein abundance changes as a result
ol genctic or pharmacological perturbations,

We prepared Iyvsates from wild-type (WT),
def=fofmusa) null, or daf=2ed 370m) worms in
thear lirst day ofadulthood, a penod imponant for
regulation of longevity by DAF-2 signaling (¥).
These Iysate samples were mixed ata 1:1 ratio
with a reference sample in which all proteins
were labeled with "N (atomic enrichment of
BN = 96%) [(12) and fig. S1]. This reference
sample was a lyvsate of WT wonms fad with bacte-
fa that were grown in a medium enriched in
15N, Soluble profeins (S100 fraction) from the
lysate mixiures were then digesied and analyzed
by MS. A total of 1685 proteins were identified.
Using its "*N-labeled counterpart as a reference,
we determined the relative abundance ol cach
unlabeled (i.c., "N-labeled) protein with a mod-
thicd version of the RelEx software (£ We also
masessed  the relatve abundance of individual
proteins by spectral counting (SC), e which we
counted how many times the unlabeled version
of a protein was identificd by the fragmentation
specira of its peptides. Spectral counts corme-
late with protein abundance (/1) We detected
linle difference between the daf~/6 and WT
samples (g, S2A). reflecting the fact that daf-{6
and WT adult worms were phenoty pically similar
under our experimental conditions (3, 4, 6-4), In
contrast, we observed many protein abundance
changes in the d~2 mutants as compared with
those in WT womms (fig. 52B), with an obvious
corrclation (i) between the RelBEx and SC
megsurcments (¢ = 059 and (i) between the
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two daf2 samples (r = 083, fig. 53). Using
stringent criteria that emphasize high-quality
measuraments and consistent changes (table 51,
wie identitied 86 proteins that were diflerennally
expressed in the S100 fraction of the daf-2
sample (tables 52 and 83 ). O these proteins, 47
were more abundant and 39 were less abundant
than those m the WT sample. A subset of these
proteins corresponds to known DAF-16 tarzct
genes, including superoxide dismutase sedl-3
(7, 13).

To assess the quality of the quantitative MS
results, we used sclected reaction monitoring
(SRM) 10 validate a subset of these resulis. For
SEM, we measurcd the inmensity of a specilic
Iragment 1on from a specific precursor jon (/7).
SEM 15 sunable for momtonng selectod peptides o
multiple time points. We reasoned that il a protein
is truly regulated in =2 mutants, then the dif-
ference in it abundance between the WT and the
daf~2 mutant animals should merease gradually
during the temperature shifl rom 13°C (permis-
sive for ¢ 3710 to 20°C (semi-permissive) and
25°C (nonpermissive). This was indeed the case
with the three proteins that we monitored (Fig. 1,
Ao C). Western blotting results also correlated
directly with MS resulls lor nine proteins tested
{Fig. 1. Do L, and fig. S4). Thus, the SRM and
Western blotting results confirmed the aceuracy
of the quantitative proteomic results,

Other researchers have previously identified
DAF-16 target genes that barcly overlapped be-
tween studics (7.3-76). To help clanty this issue,
we compared results (tables 52 and 53) and
found that ours matched best with a micrommy
analysis by Mumphy ef al (13). In wotal, only 35
proteins identified in this siudy were idemtified
in previous studics (lables 82 and S3). The re-
maining 31 proicins may be previously  un-
recognized targets of the DAF-2 signaling
pathway.

To understand the protein abundance changes
in the conexi of protein function, we adopied
GoMiner software (1 7) to classify the difteren-
tially expressed proteins on the hasis ol their an-
notation in the gene ontology database (lable S2).
Proteins whose abundance decreased in d=2 mu-
tant animals were ennched for functions in ans-
lation clongation and lipid ransport. In contrast,
proteins that became more abundant in daf-2
mutant animals were ennched for functions in
ammo acid biosynihesis, oxyeen and reactive ox-
yeen species metabolism, and carbolydmate me-
tabolism [including gluconcogenesis and the
elyoxylate cyele (GC). a modified version of the
tricarboxyvlic acid cycle].

To determine whether the signaling tanzets iden-
tified in this study function in DAF-2- dependent
processes such as daver ormation, we used RNA
interference (RNAG) to analyze a subset of these
targets (Fig. 2A) We found that npa-f RNAG
suppressed daver formation i de-2 mutants as
strongly as did daf-1a RNAL npa-J encodes a
polyprotein precursor for multiple fatty acid
binding and ratinol-binding proteins  (www,

wonmbase.orgl. This result suggests that NPA-
1. which has increased abundance in the da=2
mutant {tables 52 and 53), plays a cntcal mole in

REPORTS

daver formation, Several genes functioning in
carbohvdrate metabolism also scem 0 be impor-
tant for daf-2 daver fommation (Fig. 2A).
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Fig. 1. Confirmation of quantitative proteomic results by SRM and Western blotting. (A to €} SRM
quantitation of the abundance of F15E11.1/14, D2096.8, and Y19D10B.7/F15E11.13 in WT (N2) and daf-2
mutant animals after a temperature shift from 15 to 20°C for 3 hours and then to 25°C for 20 hours.
Samples were collected (at times indicated), lysed, and mixed at a 1:1 ratio with a B5N-labeled standard
derived from WT worms. The S100 fractions were analyzed. (D to L} The amounts of nine proteins in the
5100 fraction of WT, daf-16(mu86), or daf-2(e1370ts) worms were visualized by Western blotting. Shown
below the blot of each protein is the relative abundance of that protein normalized to the WT amount as
determined by RelEx with the use of a **N-labeled standard [(D) to (K)] or by normalized SC (L).
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Fig. 2. Function of a subset of the identified DAF-2 signaling targets in life-span regulation, dauer
formation, or both. (A} Suppression of dauer formation of daf-2(e1370ts) animals by RNAi of npa-1 and
several genes involved in carbohydrate metabolism. Percentages of dauers were averaged from four {for
Ctrl, daf-16, R1145.4, and gpd-2 RNAT) or two (for RNAI of the remaining genes) independent experiments
{n = 110 animals in each experiment). Error bars indicate SE. Ctrl, control. (B and €) Effects of fbp-1, gpd-2,
R11A5.4, and oco-2 RNAi on the life span of daf-2(e1370) mutant animals {one experiment, n = 3%
animals). (D} Effects of RNAI of inf-1, a translation initiation factor, and eft-2, an elongation factor, on the
life span of WT worms (one experiment, 7 = 80 animals). All P values are less than 0.05 (log-rank tests)
between sample and control.
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Fig. 3. Identification of TAX-6 as a
target and a positive regulator of
DAF-2 signaling. (A to F} TAX-6:GFP
was expressed in neurons (open
arrows) and in the cytoplasm (solid
arrows) and nucleus (arrowheads)
of intestinal cells. tox-6(p6&75)
ExlpAK13] animals were imaged
at magnifications 100x [(A) to
(C)] and 400x [(D) to (F)]. DIC,
differential interference contrast.
(G) Expression of TAX-6::GFP in the
intestine of animals treated with
control, daf~2, or tax-6 RNAi. The
intensity of cytoplasmic and nuclear
TAX-6::GFP in the intestine was
scored separately. Percentages of
worms expressing strong (+++),
intermediate (++), weak (+), very weak
{+-), or background (-) TAX-6::GFP
in the intestine were averaged from
three experiments (n = 39 animals
in each experiment). (H} Effects of
the tax-6(p675) mutation on dauer

Worms (%)

e B5E8282

formation and a synthetic effect with daf-2 RNAL. WT (*1” and “2"), daf-16
fmu8é) ("3" and “4"), and tax-6{p675) ("5" and "6") animals were treated
with daf-2 ("2," “4," and “6") or control RNAi ("1," “3,” and “5") at 27°C
(black, one experiment) or 25°C (gray, average of two experiments) (n > 120
animals in each experiment). (I} daf-16{mu865) suppressed tax-6(p675) dauer

Ciiven the imponance ol insulin signaling and
1GF-1 signaling i aging, we asked whether these
targets play a role in life-span regulation, and we
focusad on a subsat of proteins involvad in gluco-
neozencsis, GO, or mrslaion. RNAG of some of the
genes that we tested showed no signilicant eflect
on ife span (able 54). However, RNAL ol RITAS 4
iphosphoenolpyruvate  carboxykinase), fhyp-1
{ fructose bisphosphatase), god-2 (glveeraldehyde-
J-phosphaie dehydrogenase), and aeo-2 (aconi-
tase) lurther extended the life span of daf-2
mutanms (7 < 005, log-rank test) (Fig. 2. B and
C) and so did RNAG of gpi-f (glucose phosphate
isomermse) (F8). RNAG of ¢fi-2 (an clongation
factory or inf! (an initiation factor) shorened
the life span of WT worms (P < 003, log-rank
test) (Fig. 2D). Becouse R11AS 4, FBP-1, GPD-2,
ACO-2, and GP-1 showed increased abundance
in the daf~2 mutant, whercas EFT-2 and  INF-
| showed decreasod abundmnee (able 52), these

results sugeest that abundance changes of

proteins mvolved i carbohydrae metabolism
or irmnslation do not necessanly contnbute to the
longevity of daf-2 munanis, [nstead, such changes
may reflect a compensatory mechanism or
mechanisms activated by a reduction in DAF-2
signaling.

Another protein exemplifving a compensatory
mechanism is TAX-6 or CNA-LL the C efezans
calcineurin A protein that is the catalviic subunit
of a serine or threonine protein phosphatase, The
activity of calcineunin A requires the regulatory
subunit calcineurin B (CNB-1 in C elegans)(/9),
TAXA6 and CNB-1 are expressed i muluple cell
types (20, 21) including intestinal cpithelial cells
(Fig. 3, A to F), a site of action for DAF-16 (22),
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0.01, log-rank test).

Neither -6 nor cnb-1 has been implicated inthe
DAF-2 signaling pathwav. Both genes lack the
DAF-16 binding clement (/3) in a 1.5-kb region
upstream of the start codon.

Our MS result indicated a higher TAX-6
abundance in daf-2 mutant wonmms as compancd
o WT worms (table 82). This was veriticd by
Western bloming (Fig. 1Ly and by comparing the
green Nuorescent protein (GFP) signal in animals
expressing a TAN-60GFP fusion protein (Fig.
303) (20, When these wonms were treated with
daf-2 BNAIG, cvioplasmic as well as nuclear
TAX-6:GFP increased in intestinal cells,

Both tav-i and cnb-1 loss-of-unction mu-
tants displaved phenotvpes that were similar o
but weaker than those of dif-2 mutants, such as
an extended life span and increased propensity
to entering the daver phase (Fig. 3, H 1o K,
fig, S5, and table S4). fax-fip875) acted syn-
crgistically with daf<2¢RNA# (Fig, 3H), and da/-
{6imud6) partially suppressed rc-6fp675) (Fig.
3, Land J). Thus, the TAX-6 and CNB-1 complex
(1) facilinates DAF-2 signaling in lifc=span re-
zulation and daver formation and (i) acts in par-
allel 1o DAF-16 or acts both upstream of and in
parallel o DAF-16. Funther epistasis analysis
suggested that aex-6 acts upstream ol or in parlicl
o age-f, which meodes a phosphatidylinositol
3-kinase downstream ol daf-2 (see supponting
online material ext),

Although TAX-6 facilities DAF-2 signaling,
TAX-6 isell is regulated by DAF-2 because
reduced DAF-2 signaling results in increased
abundance of TAX-6, Thus, TAX-6 s part of a
feedback loop that acts to maintan DAF-2 sig-
naling a1 normal levels, This again suggests a

m 20 an 40

formation (average of two experiments, n = 300 animals per experiment).
(1) daf-16{muss) suppressed the long life span of tax-6(p675) mutant
animals (one experiment, 7 = 80 animals, P = 0.01, log-rank test). (K) cnb-1
mutants displayed an extended life span {one experiment, n = 80 animals, P <

compensatory mechanism. We propose that the
life span of da~2 mutants results from two types
of changes: One change extends life span (e.g.,
SOD-3) and the other, represented by the com-
pensatory mechanismis) involving TAX-6 and
several proteins functioning n carbohydrate me-
tabolism or trnslation, shortens life span. Thus,
inhibition of the compensatory mechanism ¢an
[urther extend the life span of daf-2 mutants (e
g, by geo-2 RNAI). Further investigation of the
compensatory mechanism and DAF-2 signaling
targets identilied here is likely 1o aid the rescarch
ol diabetes and aging in mammals,
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Forced Unfolding of

Proteins Within Cells

Colin P. Johnson,»*t1 Hsin-Yao Tang,®* Christine Carag,*t$

David W. Speicher,?t Dennis E. Discher™{11]

To identify cytoskeletal proteins that change conformation or assembly within stressed cells, in
situ labeling of sterically shielded cysteines with fluorophores was analyzed by fluorescence imaging,
quantitative mass spectrometry, and sequential two-dye labeling. Within red blood cells, shotgun
labeling showed that shielded cysteines in the two isoforms of the cytoskeletal protein spectrin were
increasingly labeled as a function of shear stress and time, indicative of forced unfolding of specific
domains. Within mesenchymal stem cells—as a prototypical adherent cell—nonmuscle myosin 114
and vimentin are just two of the cytoskeletal proteins identified that show differential labeling in
tensed versus drug-relaxed cells. Cysteine labeling of proteins within live cells can thus be used to
fluorescently map out sites of molecular-scale deformation, and the results also suggest means to
colocalize signaling events such as phosphorylation with forced unfolding.

orce-induced changes in protein confor-
antinn have long been postulated 10 con-
tribute to the deformability of cells (f, 2).
Likewise, in cell adhesion, forces of pico-Newton
magnitude  that result from cells pulling on
matnx (3) are believed to mduce confommational
changes that mitiate essential anchomge signals
(&) Single-molecule measurements  indeed
show that domain unfolding occurs in reversible
extension of purified eytoskeletal, motor, and
matrix adhesion proteins (9-12), and simula-
tions of the molecular dynamics of protein
extension have helped to clanly mechanisms
(13-15). Direct cell-level evidence is lacking
or even contmry 1o forced unfolding (/6), al-
though ¢yvtoskeletal association of a large and
rare conformation-sensitive antibody has sug-
gested extension of a proline-nich region in
one protein within spread, fixed cells (/7).
The more broadly directed “shotgun™ approach
here is applied w0 live cells under physiolog-
ical stresses and exploits small thiol-reactive
probes that permanently label force-sensitive
domams,
Cysteme (Cys) s a moderately hydrophobie
amino acid that is frequently shielded by teiary
or quaternary protein structure. Labeling of cys-

'Biophysical Engineering Lab, University of Pennsylvania,
Philadelphia, PA 19104, USA. *Systems Biology Division—
The Wistar Institute, Philadelphia, PA 19104, USA.
*These authors conducted experiments.

tThese authors designed, refined, and analyzed experiments.
These authors modeled the data and wrote the paper.
MTe whom correspondence should be addressed. E-mail:
discher@seas. upenn.edu

teine’s SH moicty has been exploiied in solution
denaturation studies on a few small purified pro-
teins (18, 19, as well as in an anamia-causing
proline mutation in the red blood cell (RBC)
protein spectnn (219) In addition, forced unlold-
ing of single protems with core-soquestercd di-
sulfides demonstrates reduction of the 5-5
within seconds by reactive thiols in the medium
(24, 22). We show here, in intact cells, that force-
induced chinges in protein structure can also
expose—for relatively rapid  reaction—specilic
burted Cys (Fig. 1) in a number of key cvio-
skeletal proteins, Sequential a-dye-labeling
with different color Nuorophores (n = 2 here)

proves 1o be a fcille approach o amplifying
signals from shielded sites relaive o prela-
beled surface sites (2.3), We illusirate the mnge
of this in silw “Cys shotgun™ approach, fird,
with the relatively simple human RBC, which
demonstration ol

allows for the most direct

T S
force, f k éﬂw

lorced untolding in fuid-stressed cells, then, with
buman mesenchymal stem eells (MSCs) under
cell-generated tension.

Red blood cells deform under the incessant
stresses of blood flow, and the spectnn mem-
brane cyvioskeleton has proven central 1o cell
deformability (24). Specirin’s o and [ chains
interact o cross-link F-actin in this cell. and in
single-molecule studies, spectrin’s tandem amay
of helical bundle domains (Fig. 1) are found to
unfold ot low forces [~picoNewton (25-27))
that could be generated by Just a few myosin
motor modecules, There are 20 Cys in a=specirin
and 153 Cys in Pespecirin, and some of these
appear buricd i crvstal structures (Fig. 1) and
homology models. To assess exposure of Cyvs in
unfolding of specin and all of the other RBC
membrane proteins, cells were eversibly lysed
to make hemoglobin-depleted pink “ghosts™ that
were esealed with entrapmemt of the Cys-
reactive lluorophore IAEDANS. Dve-loaded cells
were then either held static in suspension at vari-
ous lemperatures or else sheared over a physio-
logical range of stresses with a standard fuid
sheanng device. Afler 5 min or more, cells were
relysed, excess dyve was quenched, and cells were
imaged 1o assess membrane labeling (Fig, 2A),

Solubilized cells were denatured, and all Cys
that were not dye-labeled were alkylated with
indoacetamide (IAM). Separation of mem-
branc proteins by one-dimensional (1D) SDS
polvacrylamide gel clectrophoresis (SDS-PAGE).
followed by densitometry, showad 50% more
IAEDANS fuorescence in the bands of a- and
B-spectrin from the shear samples (Fig, 2A: 15
runs at 37°0); sequential two-dye labeling nag-
nifies this difference o =500, as descrbed
below. Labeling under shear is only enhanced
for spectrin: Labeling of the other major mem-
brane proteins (ankyrin, protein 4.1, actin, elc.)

Fig. 1. Force-induced changes in
protein structure within cells are hy-
pothesized to expose novel binding
sites for ligands. This example of a
molecular dynamics simulation shows
that Cys**#” in -spectrin exposes 0 A®
surface area (of 224 A%} until forced
extension [e.g., (15)] exposes the -SH
for reaction with a thiol-reactive fluo-
i rescent dye.
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was nod alfected by fuid shear, which suggests,
together with additional resulis below, that mix-
mg s not lniting.

Ligquid chromatography -coupled tandem MS
(LC-MSMS) wis used to identify and quantify
TAEDANS-modificd Cys sites in spectrin bands
after excision and trypsinization. Within - and
f-spectrin, respectively, 13 and 14 IAEDANS-
Cys wene detected (table S1) Because surface-
exposed Cyvs are predominanly  TAEDANS
labeled and buried Cyvs are largely inaccessible
until subsequent denauration and TAM label-
ing, site-specific ratios ol (IAEDANS/IAM) in
ion chromatogram clution profiles {e.g., Fig. 2B)
quantily Cys exposure, A majority of ratios are
the same for shear and static samples, but al
least six Cys sites are distinet with results for the

ratio of dve-labeling mies over time ¢fr) =
[(IAEDANS/TAM hoar N IAEDANS TAM dagmic |
that arc typically in the range of ¢ = 5 10 10 at
60 min, but as high as 36 (Fig, 20). Cleavage
patterns of Pespecinn wreated with NTCB (2-
nitro-3-thiocyanobeneoic acid), which cleaves
peptide bonds at unlabeled Cys (fig. S1A), are
distinct for shear and static samples, consistent
with qualitative differences in Cys exposure,
The structure of shear-sensitive [-RE8-9 {28)
shows the shear-labeled CysP" is 10076 buried
or shielded within a twertiary fold—at least until
force induces localized unfolding (Fig. 1L A
recombinant multidomain construct F-R3-9 was,
therefore, Cys-labeled ot different wemperatures
for a hixed tume and then analyzed by both u-
orescence imagimg and MS, Construct labeling
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Fig. 2. In-cell labeling of RBCs under stressed versus static conditions demonstrates force-enhanced
labeling of spectrin sites with Cys identification by gquantitative MS. (A) Inset images show shear-
distorted or round RBC ghosts fived by glutaraldehyde, as well as fluorescence microscopy of
membranes after IAEDANS reaction under either shear (stress o = 0.93 Pa) or static conditions (60 min,
37°C). 5DS 1D-PAGE separations of ghost lysates demonstrate shear-enhanced labeling of - and [
spectrin, but no significant differences for other membrane proteins (xSD). (B) Extracted ion
chromatograms for 12's Cys**®*-containing peptide from shear and static samples. Ratios of peak
areas for IAEDANS- and |AM-labeled peptides provide measures of relative dye labeling. (C) Positions
along = and f-spectrin with shear/static—labeling differentials, & = 2 (see table 51). (D) Recombinant
[-R5-9 construct labeled in solution by IAEDANS with increasing temperature reveals a step-wise
increase in labeling extent; this is inverted and normalized to report fraction folded. The increase at T >
23°C coincides with unfolding of repeat 3%, as determined by both circular dichroism (CD) and forced
unfolding with an AFM. The numbered T,, are the two melting temperatures from CD. (E) Homology
model of «-R12 with Cys**** highlighted in yellow. Fraction of «:12 folded versus temperature based on
cysteine labeling results (blue} and €D measurements (red) (28).
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is significant only at temperature T = 25°C (Fig.
2D, with evidence from MS o ( '}-ﬁr" s labeling
at 25°C. This apparent transition comesponds to
the transition midpoint temperature ( Tyy) of B-R9
(2¢) and comelates with both the themally in-
duced loss of helicity and the loss of mechanical
stability of RY as determined by atomic force
microscopy (AFM) foreed extension. At higher
temperatures, additional repeats are labeled as
helicity is lost

The shear-sensitive Cys®™™ was also studied
in solution with a recombinam «-R12 domain
lor which modeling predicts partial shiclding
iFig. 2E) At a given temperature, the mtio of
dyve-labeling rates (1) for urea-denaturing
vonditions versus native conditions relates to the
stene protection of a parially exposed eysicine
(9 (fig. S2). The recombinant’s d37°C) = 4
approximates the LO-MSMS result lor shear
versus static cells” d{37°C) = 5 (Fig. 2C).
Nomulization and rescaling 1o the folded state
maximum Py, = DEH°CY) gives the fraction
lolded. and this decreases with Tin parallel again
with the helicity loss upon heating (Fig. 2E and
fig. S2).

Within RBCs. the labeling Kinetics [or
IAEDANS provides a basis for dramatically in-
creasing the shear'static- labeling mio, Surfice-
exposed Cys in spectrin label 1o saturation
within 30 to 60 min with a lirs-order me con-
stant {0.13 min™") (Fig. 3A), whereas in the
shear sample, the =507 enhanced labeling is
sloawer (0004 min~ '), consistent with a second
population of shear-exposed Cys sites, In se-
quential two-dve labeling, static-accessible sites
are labeled o near saturation with IAEDANS
ibluey, and then shear s applied with labeling
by a second (green) Cys-reactive fluorophore
(Fig. 3B). A-(44-Difluoro-1.3.5, T-etmmethy 1=
bora-3ada-dixea-s-indacene-2-y1) indoacetamide
{BODIPY-IA) labeling of spectrin within RBCs
increases with both time and stress, vielding
results for the shearsiatic matio of =5 w 6.5 after
ol min at the highest shears of o = 0.8 10 1.7 Pa.
Sitespecific MS gave <é= = 10D (Fig. 2C).

The effective labeling rate £ for the second-
ary BODIPY-IA-labeling reaction is 30 times
as fast in maximally sheared cells as in static
cells (Fig. 3B) and s w0 a force ( f-dependem
Linderstrome-Lang ({LL) scheme m which shear
siress, proportional wo [, shifis the conformation-
al equilibrium,

kar

T T
o .y XSp

kype A 0uT

Similar o forced unfolding in the cited single-
molecule studies, the folded siate N shifis
toward unfolded state U with a force bias on
the forward and reverse reactions, and the
activated transition state M along the reaction
comdinate v is at the respective distances Av
(=0, N— I*y and Ax' (<0, L'— /). Here, the U
state’s exposed Cys can be labeled by dye a
concentration ¢ and rate &2 o yicld measured
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product P (table S1 and fig. S1B). The analytical
sodution o the [ILL scheme (SOM text) fits well
to the spectrin m-cell experiments here when we
use parmmater valucs simlar o those obtaned
from single-molecule studies on spectrin, such
as kye = 0002 min™' (23). The fits are also
consistent with expectations that (1) the refold-
ing rae is only imponant m the static sample
and at low stress, (i) labeling is limiting al veny
high stress, and (i) labeling in the intermediate
stress regime is sufliciently rapid that the rte of
exposure of sequestered Cys is exponential with
FEsPeCt 10 SIess.

Consistent with past speculations that spectrin
untolding occurs 1o some extent within RBCs

time (min)
A o 30 80
i“ ¥°C Shear
5
?g 1.0{— —
z E Static
Y7 oo e
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o 1.0 2.0
Siress, o(Pa)

Fig. 3. Stress-dependent kinetics and sequen-
tial two-dye labeling for amplification. (A) Sheared
lc = 0,93 Pa) versus static RBCs show distinct
labeling kinetics for spectrin. IAEDANS labeling (at
25 mM} of the static-labeled, surface-exposed
spectrin sites fit a first-order rate of 0.13 min™;
the shear-exposed sites (66% more from fit) label
more slowly at 0.04 min~%. (B) Sequential labeling
entails labeling of the surface Cys (blue) for 30
min, after which BODIPY-IA (green) is added at
=10-fold excess (6 mM). Half of the cells are
then exposed to shear with timed aliquots again

(£, 3, about 40% of spectrin’s domains studied
as solated domains untold with T, < 3770 ( 29).
Within statie cells, IAEDANS labeling of specinn
Cys occurs slowly al low temperature as ex-
pected (fig. S3A), and, although site-sclective
labeling mtes will be needed for an accurate
assessment of in-cell melung of spectrin, 60 min
ol labeling vields an apparent melting curve { g,
§3B) in close agreement with the summed melt-
ing profile calculated from individual rcombinant
spectiin. domains (29, Morcover, at all temper-
atres up o thermal disruption of cells (~43°C),
shear enhances labeling of spectrin but not actin
(fiz 533,

Mechanically induced changes i prodein

structure within other cells are likely 1w be of

importance not only o cell deformability but also
1o vanous mechano-signaling processes. MSCs,
for example, are conmractile (37) and strain the
underlying matrix in differentiation (32). Trae-
tion force measurcments on sofl matnces show
that MSCs, hke many tssue cells (), generate
stresses (—kPa) that are ~ 1000 times uid shear
stresses imposed on RBCs. Inhibition of non-
musele myosin 1T (NMM 1) with the drug
blebbistatin (33) relaxes and soflens MSCs (31)
and also blocks differentiation. For molecular
insight into structural changes, as well as a
proteomic chamcterization of MSCs, the Cys
shotgun method was applied 1o these adberent
stem cells with and without blebbistatin (Fig. 4A).

A

" 3“3::%&: probe % tansad
Mesenchymal d

Stem Cell

Cc

lEensed

iaxed

[

F-actin

REPORTS

The membrane-penmcable, Cys-reactive uom-
phore monobromobimane (mBBr) shows label-
ing of the cytoskeleton, nucleus, and other
structures after fixation and washing —without
perturbing cell arca (g, S4A), This suggests that
labclimg does not greatly disturb MSCs (2.3, Cell
Iysates for the tensed cells and blebbistatin-
relaxed cells were Cys-quenched, and, once
again, 1D SDS-PAGE was followed by densi-
tometry and then LO-MSMS analyses of all
prominently labeled bands (=40 kD) (Fig. 48).
The cvioskeletal proteome of MSCs (table S52)

appears typical of nucleated cells in consisting of

actin, myosin, the actin-binding proteins filamin
and nonervthroid spectrin, as well as wbulin and
the mesenchymal imermedinte filament protein
vimentin, Site-specific differences m Cys labeling
with blebbistatin are scen in several protems, and
two prove illustrative,

Nonmuscle myosin A shows greater mBBr-
labeling 1 the tensed state of MSCs for which
mmmuncfluonescence imaging shows eytoskeletal
striation (Fig. 40): in contrast, blebbistatin dis-
organizes NMM 1L consistent with blocking it in
a low-aflinity state for actin (34). MS analvsis
identifies Cys™ as a differentially labeled site,
and homology models of MMM I show this site
is buricd between the head and rod domains,
Transient allosteric changes that ocour in stress
generation during NMM 11s normal ATP hydrol-

vais likely expose Cys™, whereas blebbistatin

aucise, irypsinize, LC-MSMS

=
X3
1

tensed / relaxed
>
i
i
i

Relative Fluor.
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0.8~ =
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= .
?_29

Fig. 4. In-cell labeling of human stem cells either tensed or relaxed. (A} The membrane-permeable
Cys-reactive fluorophore, mBBr, was added to 1-week cultures of MSCs with active myosins and
tensed cytoskeletons and also to M5Cs treated with myosin-inhibiting blebbistatin for 1 day to relax
the cells. Imaging shows homogeneous labeling with 0.5 mM mBBr for 40 min. (B) 5D5-PAGE and
densitometry of samples (+5D, three experiments) that were either blebbistatin treated (relaxed) or
untreated (tensed) show several protein bands in which the fluorescence intensities are different
(normalized to protein load). Lysates were quenched with f-mercaptoethanol (50 mM} before
analysis. (C) Immunofluorescence imaging of NMM IIA in tensed cells (top) and relaxed cells
(bottom) indicates a spatial redistribution of myosin with drug. Scale, 5 um. M5 analyses of excised
myosin bands detected labeling of Cys’®, which appears buried within the fold of NMM IA
homology models. (D} Vimentin labeling in monomeric, and polymeric forms display different
degrees of fluorescence (eror bar from two experiments), which indicates that polymerization
sterically blocks Cys*7 for labeling.

quenched by IAM and analyzed by densitometry
of the green fluorescent spectrin. BODIPY-spectrin
at 60 min increases with o (top) as does the
effective rate of labeling (bottom). Error bars
{(+5D) indicate three or more measurements {six
for o = 0). The data are fit by the exact solution
of the ILL reaction for P(f), either with or without
refolding (SOM text). The intermediate regime of
stress (dotted black line) is dominated by un-
folding and increases exponentially with stress, ex-
hibiting a characteristic stress of o, = 0.5 Pa and
giving kys = 0.004 min~™, (Inset} The effect of force
on computed kinetics using the fit parameters.
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climinates force-generation and keeps this site
buried.

Datferential labeling in MSCs 15 also found
at the single Cys sie of vimentin (Fig. 4D);
Cys 2 is in the central coil that mediates coiled-
coil polymerization (35). Quatemary  structure
changes in solution have been exploned previ-
ously to understand hemoglobin tetramenization
[e.g., (36)], as well as actin-binding interfaces
[e.g. (37)], and here blebbistatin-induced de-
polymerization of vimentin with Cys exposure
in the MSUs appears consistent with blebbistatin-
induced softening of the cells (32). Purified
vimentin confirms enhanced labeling as mono-
mer (=500 more) versus polymer (Fig. 4D), and
Westarn blot analysis plus immunofluorescence
maging of MSCs grown on vanous matricees
show that chrome blebbistatin weatment con-
sistently down-regulates vimentin (fig. 54, B and
) Short reatments with blebbistatin (~1 hour
mstead of 1 day) alo show that mBBr-vimentin
measured in cell lysates increases significantly
even though Westem blots and immunofluores-
cence indicate no differences i overall expres-
sion. In-cell labeling thus idemilics structural
changes within tensed cell but not relaxing cells.

Nucleated cells typilied by MSCs have a
complex intracellular foree map when inferred
from cell tractions in the surounding matriy
(4, 32, 38), and even simple colls such as RBCs
sustain stresses at the molecular level in un-
known ways ([, 29). The overall Cys-shotgun
methodology here not only provides evidence of
force-induced changes that propagate in both
tertiary and quaternary structures within cells
but also, through LO-MSMS, provides uselul
proteomic information, as well as new oppor-
tunities. for Muorescence imaging. In addition,
whereas fluorescence resonance energy - transier
imaging of labeled proicins within cells |eg.
(3] might allow imaging of force-induced
conformational changes in real time, the time-
imegrated analyses here are complementary and
also readily exiended o engincered sites in
wild-type and mutant proteins for in-cell asscss-
ments of perturbations. This kdea seems very
likely o extend o coincidence datection of Cys
labeling with posttmnslational events such as
phosphorylation so as w0 precisely  colocalize
confommational changes with signaling events,
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Monitoring of Blood Vessels and
Tissues by a Population of Monocytes
with Patrolling Behavior

Cedric .ﬁ.l.lfflil]l',l Darin Ft:mg;u;l,:l Meriem Garfa,l Gaelle E|ﬂill,1 Olivier _'ln:lin-L.aml:mzrt,z'3

Samer I(.a|3|ral,""z'3| Sabine Sarnacki,** Ana Cumano,* Gregoire Lauva u,® Frederic Geissmann

12,3,

The cellular immune response to tissue damage and infection requires the recruitment of blood
leukocytes. This process is mediated through a classical multistep mechanism, which involves
transient rolling on the endothelium and recognition of inflammation followed by extravasation,
We have shown, by direct examination of blood monocyte functions in vivo, that a subset of
monocytes patrols healthy tissues through long-range crawling on the resting endothelium.

This patrolling behavior depended on the integrin LFA-1 and the chemokine receptor CX;CR1 and
was required for rapid tissue invasion at the site of an infection by this “resident” monocyte
population, which initiated an early immune response and differentiated into macrophages.

ammalian monocyics consist ol wo
main subsets of immune cells (f, 2),
which arise fom a common hemato-

poictic progenitor, the macrophage and dendritic
cell (DC)Y precursor (MDP, or monoblast) that
also gives rise 1o conventional resident spleen
DCs (eDCs) and several tissue macrophage
subsets (3, 43 So-called “inflammatory™ mono-
cyvies express the cell surface protein Ly 6e (Grl ),
the chemokine receptor CCR2, and the adhesion
molecule L-selectin and are selectively recruited
o inflamed tssues and lymph nodes (F, 33, They
are able o differentiate ino inflammatory DC
(1,6, Tyand can replenish resident eell compart-

menis in the skin, digestive ract, and lung (3, 5).
The second subset of monocytes has been temmed
“resident”™ in mice (/, 2) because they were found
in both resting and inflamed tissues, although
their functions are still unknown, This subset is
defined by a smaller size. high expression ol the
chemokine receptor CXCR 1 and LEA-1 integnin,
and by the lack of expression of Ly6e (Grl),
CCOR2, and L-selectin (4, 20 Two monocy e sub-
sets can also be idemified in humans (9), with
CDI4" CDI6 monocyies resembling mouse
inflammatory monocyies and CDI4™ (D16’
monocytes sharing a phenotype similar to that
of mouse resident monocyies (), Residen and
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imflammatory monocytes thus appear to be de-
fined by distinet sets of adhesion molecules and
chemokine receptors, which suggests diflerent
modes of tssue raflicking,

To explore this possialuny tunher, we de-
veloped a strategy 1o study the behavior and
functions of blood monocyles, in real time,
under steady state or mflammatory conditions,
Intravital confocal microscopy imaging was
undertaken in vivo in a way that allowed us 1o
observe cells within capillaries and postcapillary
vessels inthe demis (Fig. LAY and in larger veins
and aneries, that is, mesenteric vessels (Fig. 1B)
(1), Cxzer® mice, which express green
Muorescent protein (GFP) in monocytes [bul
also in natural killer (NK) cells and some T cells)
and Rag: ™", yo ", Crgr & in which
monocyvies are the only blood cells expressing
GFP, were used as reporters (Fig. 1, C and D)
(411

Inravital microscopy obscrvation of lssucs

miKe,

in the steady state revealed that monoeytes within
mosl blood vessels inthe demmis (Fig. 2, A and B,
and movies S1and S2) and in the branches of the
mesenteric vein and the mesenteric anery (Fig.
20, Nig. S1, and movies 53 and S4) exhibited a
constitutive “crawling™ type motility, In contrast,

Unstitut Nationale de la Santé et de la Recherche Médicale
(INSERM) U838, Laboratory of Biclogy of the Mononuclear
Phagocyte System, and Cellular and Molecular imaging core
facility, Institut Fadératif de Recherche Mecker-Enfants Malades,
Parks, France. 2Un-fn.-ersilt{.-' Paris-Descartes, Paris, France. “Hopital
Necker-Enfants Malades, AP-HP, Paris, France. *INSERM US6E,
Unité de Développement des Lymphooytes, Institet Pasteur,
Paris, France. “INSERM E03-44, Institut de Pharmacalogie
Moleculatie et Cellulaire, Mice, France,

*To whom correspondence should be addressed. E-mail:
geissmann@necker.fr

Fig. 1. Intravital imaging of

maouse monocytes. (A) C{;CR1- A
expressing cells express gfp in
reporter mice, and dermal
blood vessels are labeled in red
rhodamine-conjugated dextran.
(B) The branches of the mesenteric
vein (arrowhead) and mesenteric
artery (amow) are surgically ex-
posed. (C) Flow cytometry anal-
ysis of blood leukocytes from
Cx3er1™* mice, Ragz"'
(xjcrI’-ﬂ“ mice Rag:™"", ¥~
Cxscr?¥™ mice, and Rags™
voo o Caa1®™* mice reconsti-
tuted with wild-type lymphoid
u:eils D) Gr1* {gfp'™) and Grl~
(gfp™") monocytes were sorted
by flow cytometry and examined
by confocal microscopy. Based on
gfpintensity, Gr1™ (gfp™") mono-
cytes sorted by fluorescence-
activated cell sorting (FACS) are
easily distinguishable by con-
focal microscopy from FACS-
sorted Grl* (gfp'™) monocytes

rolling gfp” monocytes were observed only
transiently after surgery in the mesentenc veins
(lig. 51 and movies S3 and S4)ybut not inarterics
(movie 541 Analyvsis ol glp signal intensity per
pixel mdicated that crawling monocytes be-
longed predominantly 1w the :._.-ﬁﬁ'""'r' subset
(CX5CR1™ Grl ) as compared with monocytes
that perform relling in the same vessels (Fig. 2D
and fig, S2), These finding suggested either that
g™ monocytes were crawling inside blood
vessels onto endothelial cells, despite the blood
flow, or that they were located owside the lumen
of the blood vessel. When the green glp signal
was omitied, crawling g™ monocyies ap-
peared as dark spots on confocal sections of the
vessel labeled inored with the luorescent dextran,
imdicating that monocyies are located mside the
blood vessels (Fiz. 2E and movie 55). Crawling
polymomphonuctear neutrophils (PMN) or lvm-
phoeyvies would appear as dark crawling cells in
the blood of mice; however, glp crawling cells
were not observed m the steady state (movie S1),
suggesting that these cells did not behave m the
same way and that glp” monocytes were the
majority of cells that crawl on the endothelium in
the steady state.

Although monocyies were located inside the
vessels, overlay of individual cell racks plotied
after aligning their starting positions indicated
that the direction of their erawling movement
was not dependent on the blood Mlow (Fig. 2F).
Extrmvasation was rarely observed in the steady
state. The path of individugl cells indicated that
mionocytes m blood vessels appeared 1w desenbe
loops (25%), hairpin (1 T%), waves (38%), mixed
pattern (9%), and shon path (<40 pm, 11%)
(Fig. 2, Gio 1, and fig. 33). The average instan-
taneous velocity of crawling monocyles was 4

50 pm

labeled with a far-red cell tracker {shown in blue in the middle panel).

REFPOR

to 20 pm/min faverage 12 pmvmin) (Fig. 2K and
fig. 540 The distance traveled by individual cells
wias, on average, only hall their path length,
indicating that the cells have a high confinement
rtie (Fig. 2L) The result of these crawling nwwe-
ments wits that in small postcapillary venules, alier
an hour, monocyies appeared 10 have extensively
monitored the endothelium of a given vesscl
(Fig. 2B and movie S2), leading us to describe
their behavior as patrolling,

The velocity profile of flow in blood vessels

is gencrally parbolic across the cross section of

the vessel, and caleulaied values decrease 1o e
at the blood vessel wall (/) However, crawling
against the midstream blood low s counter-
intive, and this suggested that monocytes were
closely adherent 1o the lummal side of the endo-
thehum. We therefore explored the molecular
basis of monocyie patrolling, Lymphocyics and

PMXNs have been shown o roll at speeds of
~ 40 pm/see under conditions of low at siles of

milammation along the endothelium ol post-
capillary venules (72, 13). This minal contact
allows endothelial membrane-bound chemo-
Kines to activale leukocyie integrins through
Gug-linked chemokine receptor (/4). Changes in
imegrin aflinity then allow the rolling leuko-
cyles o stick limmly, occasionally craw| onto the
endothelial cell wward the closest intracellular
cell junction (15, 16), and diapedese across the
endothelium. Patrolling was slower than rolling
bw a fBactor of 100 1 1000 and was observed in

the steady state, long-range, and independent of
the dircction of midstream blood Now and of

cxtravasation. However, it appears o imvolve a
“firm bimding”™ 10 endothelium, and therefore we

" v ‘ « i gl
reasoned that integrin may be involved. GIp™"

(Grl ) monocyies express the iz integnns LEA-I
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(CDHACDILS, agfz) and Mac-1 (CDHKCDIS,
tpafi2) (1) Intravenous imjection of blocking

antibodics to either CD1a or CDIE, but not of

antibodics 10 CDE or control immunoglobulim
(Iz) resulied mothe raped. complate, and pro-
longed release of monoeyies from the endothelial

Fig. 2. Gip"™ Gr1”
monocytes crawl inside
blood vessels. (A) Dermal
blood vessels in Rag, ™,
ye* Coa® reporter
mice. Monocytes appear
as green dots (amows). (B
and €} Green signal from
images of time-lapse se-
ries are summed to dis-
play the path of labeled
cells in the dermis (B)
and mesenteric vessels F
(C). In (C), the open arrow
indicates a branch of the
mesenteric vein, and the

dlosed arrow indicates a 125%e”| n
branch of the mesenteric

artery. (D} gfp maximal

picel intensity was cal- 125
culated a5 indicated in 2500
fig. 52. (B} Confocal sec-

tion (6 um) examined

with red f(intravenous _

dextran} and green lgfp" -250

monocytes) signals, or for

the red signal only

(shown in gray, right -250
panel). Cells that are

125

located within the vessels appear as a dark signal (arrow). (F) Overlay of
monocyte tracks from two representative vessels, plotted after aligning their
starting positions. (G to 1) Path (G), kymograph (H), and instantaneous velocity
il of a cell from movie S1. (J) Monocyte paths were classified as loops, hairpin,

Fig. 3. Monocyte crawl-
ing is mediated in vivo
through the integrin LFA-
1 and the chemokine
receptor CX3CR1. (A) Ky-
mograph of a time-lapse
series before and after
intravenous injection of
CD11a-blocking antibody
(4 mg per kg of weight).
(B} Percentage of crawl-
ing cells was determined
as a ratio between the
numbers of cells crawling
before and 10 min after
injection of control Ig or
blocking antibody di-
rected against CD11b,
CD18, and CD11a. Exper-
iments were repeated at
least three times for

each antibody, (C) Maximum projection of time-lapse series obtained from
intravital microscopy experiments in postcapillary venules of the ear in
steady-state conditions. (D) Histograms represent number of crawling cells
per hour, mean path length of these crawling cells, and distance to origin,
either in Rag>"", y¢~~ CxscrI®™™* or Rag>™", y¢™~ Cxscr”™™ mice in the
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wall (Fig. 3, A and B, and movic S6), indicating
that LFA-I 15 required for crawling. hl'ph’E
monocytes also express high levels of the
chemokine receptor CUXGCR1 (1) whereas 11s
higand, Fractalking, 15 a transmembrane molecule
exprossed on endothelial cells (1 7-19), CX;CR1-
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fractalkine interaction in vitro has been descnbed
to mediate adhcsion between monccytes and
endothelial cells through activation of mtegnns
(20 and through an minnsic adhesion function
(48, 200 21 The number of crawlmg monocyics
wits reduced by two-thirds i CX,CR1-deficiem
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waves, mixed pattern, and short path (<40 pm) (fig. 52). (K) Average velocity
was calculated as indicated in (210). (L) Confinement ratio of gfpMah
monocytes, Scatter plot represents the ratio of the distance to origin of
tracked cells versus their path length.

| g
140 Ta_ 6+
120 X
-
100 E .
80 L]
m §
40 g 2
20 . Q
0 & o 04 8216202428

Valocity (pm/min)

steady state. (E) Histograms represent number of Grl™ monocytes in the
blood of 10-week-old Rag, ™", ¥, Cx;cr1¥™* and Rag,™", y.~' Cxxcr19/PaP
mice. (F} Representation of the crawling velocity of Grl™ monocytes from
Rags™, v~ CuaI®* (solid line) and Rag>™", ¥~ Cxzcr1®™% (dashed
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mice, and the average path length of crawling
cells was reducad by one-hall, resulting in a six-
fold decrease i patrolling (Fig. 3, O and D, and
mow e ST), whereas the veloaty of the remaiming
crawhng monocytes and the numbers ol crcu-
lating blood g™ monocytes were similar in
Cxgerd™ and Cxgerl™ mice (Fig. 3, E and F,
and fig. S5). It is notable that blocking antibodics
to LFA-1 can detach crawling monocyies in
Crgerd™ mice., which suggests that CX5CRI1-
dependent crawling is largely mediated through
LFA-1 in vivo,
The patrolling monocyies are ideally located
o provide immune surveillance of endothelial
cells and ,~.|,||1'4.1:||:|,1::1tl tissues, In response 1o
il

tissue damage, gfp™" monocyvics extravasated

rapidly within 1 hour and vaded the sur-

B Dibutylphtalate/
Acetone
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(== ]
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acrGptnge SaranCatio
i e

dendriic cofl e rlaton
S Pl

g J Caif T

e | BN

LyTh DECTOS

Trfull | G

rounding tissucs aller exposure to nritants (Fig.
4. A and B), aseptic wounding (Fig. 4C), and
peritoncal micction with Listeria  monocito-
genes (Fig. 40). To study m depth the Kinetics,
phenotype, and lunctons of extravasated mono-
cyvies, we used the L monocvtogenes peritoneal
infection model, because extravasated cells can
casily be recovered by peritoneal lavage. In this
model, extravasation of Grl™ gfp™® monocyies
peaked at 2 hours alier infection, at a time when
PMN is only beginning to enter the pertoneum
and several hours before the extravasation of
conventional Grl* g™ monocytes is observed,
and was significantly delayed in patrolling-
deficient Crderd ™ mice (Fig, 4D and whble
S1) Therefore, patrolling was associated with,
and required for, carly extravasation and ussuc

invasion by Grl™ gfp™" monocyies. Extrava-
sited Grl™ gip™™" monocytes were responsible
for an carly imlammatory response (Fig. 4, E
and F, and fig. 36). At 1 and 2 hours alter m-
fecnon, Grl gl'pt”“" monocyles were the only
prodducers of wmor necrosis (actor--a (TNFa), a
cytokine central 1w inflammation, as detected by
imtracellular ow eyvtometry and polymerase
chain reaction (PCR) (Fig. 4F). Genes coding
for interleukin-1 (IL-1) lysoeyme, defensins,
complement, pailem recognition receplors such
as TLRs, scavenger recepiors, and lgFe recep-
tors, and chemokines involved in the recruitment
and activation of other elfector cells were also
up-regulated (Fig, 4E and lig, S6),

Notahly, the production of TNF and IL-1 was
trnsicnt and wmed off m ¥ hours (Fig. 4F),
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Fig. 4. Rapid tissue invasion by patrolling Gip™a" Grl™ monocytes after
tissue damage or infection. (A to € Crawling gfp™®" monocytes in the
mouse dermis are tracked for 1 hour after application of phosphate-
buffered saline (PBS) (A} or 1:1 dibutylphtalate acetone (B), or after
aseptic damage with a microinjection pipette loaded with a far-red dye
{shown in blue} {C). (D) NMumber of extravasated cells recovered from the
peritoneal cavity of mice infected with L. monocytogenes. (E) Analysis of
gene expression on purified GFphioh monocytes (fig. 56) (10). (F) GFP"a"
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monocytes recovered from the peritoneum of infected mice are the main
producers of TNFu in vivo at 2 hours after L. monocytogenes infection.
(Data are mean + 5D; n = 3 in each group; representative experiment out
of four). (G) Extravasated Grl~ gfp™3" monocytes initiated a macrophage
differentiation program, at the expense of DC differentiation, whereas
Gr1* gfp"™ monocytes initiated a DC differentiation program. Regulation
of Mafb, cMaf, Pu.1, and RelB genes was analyzed as described in figs. 56

and 57.
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whereas extravasated Grl ;_.-ﬁ‘l"'“" MONocyies
tumed on-—at 2 and 8 hours—genes invelved in
tissue remodelimg (22), including arginase ], Frezl,
Mgl2, and mannose reeeptor (MR) (Fig, 4E and
fig. 591

Indeed, the study of the balince of tran-
scription [actors that specifics the aliemative
macrophage or dendrtic cell fte of monocyies
(23) indicated that extrvasated Grl™ gipheh
monocytes initiated a typical macrophage differ-
entiation program, charscterized by up-regulation
of cMaland Mafl3 but not RelBB and Pu.l (sipil)
(Fig, 4G and figs. 56 and 57). In contrast, the
conventional Grl" gfp™ monocyies initiated a
DC ditTerentiation program, as described previ-
ously (1, &), by up-regulating RelB and Pu.| bt
nod cMafl and MalB (Fig. 40 and fig. S6).

Analysis of the expression of a larger panel of

genes differentially regulated in monoeyvie-derived
macrophages and DC supported this conclusion
(g, SK),

These findings demonstrate a new mecha-
nism of leukocyie crawling on endothelial cells
and a new role for LEA-1. The present data also
assign a function to g™ Grl™ monocytes.
Patrolling of blood vessels by these resident
monoecytes allow rapid tissue invasion by mono-
evies in case of damage and infection, ollowed
by the initiation of an innate MMune response
and their differentintion into macrophages. This
is in contrast o the role of Grl™ monocyics,
which reach the mflammatory site luter and give
rise 1o inflammatory DCs (1, 6) This reveals an
unsuspected dichotomy of the differentiation po-
tential and funetions of blood monoeyie subsets
dunng mlection. The extravasation of patrolling

Grl™ gfp™®" monocytes is likely to be dependent
on a yetunidentified signal(s) from damaged
tissue and/or endotheliom. Intercstingly, the exis-
tence of a pool of “margmated™ monocytes ex-
pressing CDIGT has been proposed in humans
(24 and may comespond, at least in part, o the
patrolling behavior that we desenbe here, sug-
gesting a similar in vivo function of mouse
resident CX;CRI™® (gfp™) Grl™ monocyvies
and human CX;CR 1™ CD16" CDI4* mono-
evies, Monoeyies are abundant in anhritis and
atherosclerotic lesions (25, 26), and CX3CRI,
TWF-te, and LFA-1 have been implicaad in the
pathogenesis of these inllammatory  diseases
(27, 281 thus, patrolling monocytes may con-
tribute 1o their pathogenesis and may represent
a target for treatment,
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Regulation of Homeostatic Chemokine
Expression and Cell Trafficking During

Immune Responses

Scott N. Mueller,™ Karoline A. Hosiawa-Meagher,” Bogumila T. Konieczny,*
Brandon M. Sullivan,® Martin F. Bachmann,* Richard M. Locksley,?

Rafi Ahmed,* Mehrdad Matloubian®

The chemokines CCL21 and CXCL13 are immune factors that dictate homing and motility of
lymphocytes and dendritic cells in lymphoid tissues. However, the means by which these chemokines
are requlated and how they influence cell trafficking during immune responses remain undlear. We
show that CCL21 and CXCL13 are transiently down-requlated within lymphoid tissues during immune
responses by a mechanism controlled by the cytokine interferon-y. This modulation was found to alter
the localization of lymphocytes and dendritic cells within responding lymphoid tissues, As a
consequence, priming of T cell responses to a second distinct pathogen after chemokine modulation
became impaired. We propose that this transient chemokine modulation may help orchestrate local
cellularity, thus minimizing competition for space and resources in activated lymphoid tissues.

cardinal property of cells of the immune
system is mobility, allowing them 1o
navigate the body and combat invading
pathogens, This 5 modulated by a complex
army of chemokines and their receptors, which

3 AUGUST 2007 VOL 317 SCIENCE

provide the molecular signals to direet cells 10
where they are required (/). Many chemokings
are up-regulated in cells and tissues in response
o inflammatory stimuli such as infection (2, In
contrast, the lymphoid chemokines CCL2I,

CCL19. and CRCLI3 are constilutively expressed
in restricted arcas lor steady-state attmction of cells
) OCL21 exprossion by fibroblastic neticular
cells (FRCs) of the T cell zones in the spleen and
lvmph nodes (LN) facilites effective imermction
between dendritic cells (DCs) and T cells, whereas
CXCLI3 expression on (ollicular dendntie cells
puides B cells and ollicular T helper (Tyy) cells
mie B cell zones (4, 3). The cntical wole of these
homeostatic chemokines in attracting cells into
Iymphoid organs and in initiating antigen-specilic
responses 15 well estwblished (3, 6). However,
less s known about the impact that acuie im-
mune responses have on the expression ol homeo-
static chemokines and how this affects lvimphocyie
trafficking within lymphoid tissues.
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To address these questions, we examined ex-
pression of COL21 and CXCLILS inthe spleen by
nmumunolluorescence afier infection of mice with
lvmphocyie chonomeningits vius (LCMY 7).
In contrast W the up-regulanon ol chemokines
observed in peripheral tissues durmg mflamma-
tion (&, ¥), we found reduced expression of these
chemokines in the spleen after LOMV infioction
(Fig. 1A) To examine this down-regulation in
more detail, we assayed spleen homogenates for
CCL21 and CXCLIL3 protein by enayme-linked
immuncsorbent assay (ELISA)L Down-regulation

of the lymphoid chemokines was observed in
the spleen (Fig. 1B) and also in peripheral LN
(Fig. 1C and fig. S1) CCL21 down-regulation
began withun 3 days of intection, reaching levels
20- 1w 8O0-lokd less than that detected belore
infcetion within 8 days (Fig, 1B), Imporantly,
modulation was transient, and we observed rela-
tively nommal CCL2] expression within 2 wecks
after LOCMV infection (Fig, 1B). The down-
modulation of CXCLI3 was also transient but
with slightly delaved Kinetics: levels remained
low at 2 weeks after infection and retumed 10

REPC

nomnal within 3 weeks (Fig. 1B). This transicnm
modulation of the homeostatic chemokines cor-
related with the generation of vins-specilic Tand
B cell responses atter inlaction.

To detenmine whether regulation of lvimphond
chemokine expression alter infection occumred at
the trnscriptional level, we quantified CCL21
and CXCL13 mBRNA by real-time reverse trn-
scription polvmerase chain reaction (RT-PCR).
About 100-fold less CCL21 mRNA and 10-
old less CXCLI3 mRNA was detectable in
whole spleens, as well as in isolated cells ofhe
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Fig. 1. Transient down-regulation of the lymphoid chemokines occurs
during immune responses. (A} Spleens from uninfected mice (day 0}, or 8
days after LCMV infection, stained for ER-TR7 {green) to detect FRC and
anti-CCL21 or anti-CXCL13 (red). White regions indicate co-localization;
objective magnification, 20=. (B and €} Lymphoid chemokine expression
in the spleen and inguinal LN after LCMV infection, quantified by ELISA
in tissue homogenates. (D) Quantitative RT-PCR analysis of chemokine
expression in whole spleen or the stromal compartment 0 or & days after
LCMV infection. Error bars indicate SEM. (E) Down-regulation of CCL21

Days aher inlaction Days afler immunization

was restricted to lymphoid organs (arrow). CCL21, CCL2 (MCP-1), and
CCLS (RANTES) expression in tissues 0 and 8 days post-LCMV infection. (F
to 1} Chemokine modulation during viral and bacterial infections. (F)
CCL21 expression in the spleen alter systemic VWV infection or LM
infection, (G} in the draining mediastinal LN and the spleen after
intranasal influenza virus infection, (H) in the spleens of LCMV immune
mice after secondary infection with LCMV, and (I} in the spleen after
immunization with VLPs. P values were calculated by t test, relative to
uninfected mce.
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splenic stromal compartiment, after LOMV in-
fection (Fig. 1D}, Down-regulation of CCLIY
protein as well as mBNA was also observed
in the lymphoid organs alter LOMV infection
(hig. 52).

Infection amd inflammation can induce up-
regulation of vanous lymphocyte-attmeting che-
mokines in both lvmphoid and nonlymphod
tissues (S0, Inerestingly, we found that down-
regulation of CCL21 was restricted to lvmphoid
tissues (Fig, 1EL Yet, up-regulation of the inflam-
matory chemokines CCL2 and CCLS occurred in
both lymphoid and nonlymphoid tissues (Fig,
| E) indicating that down-regulation was specific
o the homeostatic chemokings, To detenmine
whether Iymphoid chemokine modulation is a

»

specific feature of LOMY mlection or it 15 a more
genemalized feature of immune responses to path-
ogens, we examined chemokine levels alter infec-
tion of mice with vaccima virus (VYY) or Lisreria
moanocviezenes (LM We observed marked
down-regulation of CCL21 and CXCL13 in the
spleen aller infection with these pathogens (Fig.
IF and fig. 83} We also nfected mice intra-
nasally with mtluenza virus, Although  down-
regulation of lvmpheid chemokine expression
was nol observad in the spleen afier influcnza
infection, CCL21 and CXCLI13 expression was
modulmed in the dmining mediastinal LN (Fig,
1G and fig. S3). These data show that transiem
chemokine down-regulation occurs during both
systemic and localized infections and also make

the important point that modulation of lmphoid
chemokine expression occurs primarily at the site
of the antigen-driven Immune responsc.,

A recent study desenbed changes m CCL21
expression aller mouse cytomegalovirus infec-
tion (/1) and attributed this 10 virus-induced pa-
thology. However, the modulation of chemokine
expression that we found afier nfection with
both virl and bacterial pathogens indicated tha
this represented a generlized progrimmed re-
sponse. We also observed down-regulation of
CCL21 dunng recall responses (Fig. 1H) and
alter immunization with virus-like panicles
(VLPs) containing CpG (Fig. 1), Similar results
were obtained after immunization with ov-
albumin (OVA) protein plus lipopolysaccharide
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Fig. 2. Role of CD4* T cells and IFN-y in lymphoid chemokine down-
regulation. (A) CCL21 expression after LCMV infection in spleens of wild-
type (WT), IFNa/BR™", or IL-15~"" mice or mice treated with sTNF-uR-Ig
or IL-6R antibody. (B} CCL21 expression in IFN-y~ mice. (€) CCL21
expression after LCMV infection in spleens of WT mice depleted of CD8* T
cells {anti-CD8), CD4* T cells (anti-CD4), or both lanti-CD8+CD4) or in
mice deficient in MHC class | or class Il molecules. Statistical analysis was
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performed on day & samples, relative to WT values: P < 0.0001 for IFN-y—,
anti-CD8, anti-CD4, anti-CD8+C0D4 and MHC-IT™; for MHC 17, P = 0.0019.
Horizontal red lines represent mean CCLRZ1 expression in WT mice 8 days
after LMY infection. (D) CCL21 expression in spleens from WT, anti-CD4,
and IFN-y~~ mice 8 days after infection. Objective magnification, 20x. (E}
CCL21 expression in spleen and mesenteric LN after subcutaneous infection
with M. brasiliensis,

www.sciencemag.org



(LPS) as an adjuvant, suggesting that pathogen
replication was not necessary  for chemokine
miodulation. Together, these results suggest that
lvmphowd chemokine regulation s an miegral
[eature of adapiive mmune responscs.

Although lymphotoxin f receptor (LTRR)
signals are imponant for lvmphoid chemokine
expression during organogenesis (£2), activation
or mhibition of the LTER pathway had minimal
elfect on CCL21 modulation afier infection
[Supporting Online Materdal (SOM) text | and

fiz. S4) (£ To understand the mechanism of

Iymphoid chemokine down-regulation, we deter-
mined that many innate cytokines produced aller
il!li,"..,'1j'.l|!, MI\,‘I'I as I m,'\;ln:-d.\. I:.I-;,'1u|' o 1'['\|"-
a), mterferon o and mterferon B O(IFN-a/B),
mterleukin-6 {IL-6), and IL-15, were not requined
for this lyvmphomd chemokine down-regulation
iFig. 2A and fig. 54). Our data indicate that 1L-12
and [L-1 may play
chemokine regulation (fig. 54). Impoantly, [FN-y
because lymphoid chemokmne
down-regulation was only mimmmally scen al-

a minor mole o lvmphoid
was required,

ter infection of IFN-y-deficient mice (Fig. 2, B
and D).

To ascertain the ole of T cells, we infected
mice lacking major histocompatibility complex
(MHC) class 1or I molecules or CD8™ or CDY
T eells. Mpimal down-regulaton of chemokime
expression occumed m MHEC 11T or CD4-
depleted mice, indicating that CD4™ T eells were
requined (Fig. 2, C and D). To further examinge
the mole of CD47 T cells and IFN-y production
(T 1y in chemokine modulation during immune
responses, we mfected mice with the nematode
Nippostrongvins brasiliensis or the protozoa
Letshmania major. These parasitic infections
induce strong T2 immune responses, whereas
other responses we analyzed were Ty l-driven.
We observed minimal modulation of CCL21 or
CXCLI3 i spleen or LN afier N brasifiensis
miection and alier L. major infection (Fig. 2E
and fig. 85). Thus, we demonsirale wo com-
ponents of type | immune responses (CD4 T
cells and IFN-y) that are importamt for lvmph-
chemokmme Hmmune

oid modulation  during

FESPON NS,

Tor determme the functional consequences of

lviiphoid chemokine down-regulation during an

!"'II;_'I-FIHE_L' IS TUSHEE, Wi l.."\.iIII'IiIIL'I.’ the

B T cell transier

migration of naive carboxylluorescein diacetate
succinimidy] ester (CFSE)- labeled CDS'
in the spleen, aller adoptive ransfer mto nomal
and nlected nuce (Fig. 3A) In unmtected muce,
the ranslerred naive T cells localized pre-
dominantly 1w the T cell zones of the white pulp
(WP (71 = 19.8%; Fig. 3, B and F). In contrast,
in LCMV-mmlected mice the tmnsferred T cells
accumulated in the red pulp (RP), and few were
[ound in the WP (4.4 £ 7.2%). This alieration in
naive lymphocyie localization in the spleen alter
infection correlated with the degree of CCL21
down-regulation (Fig. 1y Migration into the 1
cell zone was imact for
infcction,

T cells

al Jeast
whereps an inmermediate  phenotype
after infection (Fig. 3, B

3 days alter

was ohserved 5 days
and F). The abrogation of naive T cell movemen
o the WP was direetly dependent on CCL21
expression, because mice lacking CD4” Teells or
IFN-y demonstmted nommal migration of CFSE’
maive Teells to the T eell zones (Fig. 3, C and F),
mdicative of CCL21 expression i these muce.
Sumilar results were obtaned with transferned
naive CD4°
infected with LOMVY inthe footpad demonsteaed

T cells (g S6). Futhermore, mice

day 3

CFSE* transfor .y 6h A
TorB cells ————- ;‘n "rn
Analyro
sploen
T cell translar B cell transier
anti-G04 Unintected day 8

m

B W & Ao~ B
= =

5 CFSE" calls n WP

Fig. 3. Altered cell localization after lymphoid chemokine down-regulation.
(A to E)} Localization of transferred lymphocytes or DCs in the spleen after
infection. (&) Naive T or B lymphocytes or splenic DCs were purified and
labeled with CFSE and transferred into mice, and their localization in the
spleen was ascertained & hours later, CFSE™ CD8* T cells were transferred
into (B) WT mice O to 8 days after LCMV infection, or into (C) CD4-depleted
mice 8 days after infection. (D) CFSE* B cells or

{anti-CD4), or into IFN-y~
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= 'WT Uninfected
E'WT day 3 LCMV
EWT day 5 LCMV

O 'WT day 8 LCMV

=3 anti-CD4 day 8 LCMV
E=3 IFM-y* day B LCMY
EEX WT uninlacted

SR WT day 8 LCMY

R WT urenlactad

B0 WT day 8 LCMY

T cell ransfor

_l B coll transior
T DC transher

E———————0

LCMY infecied
day 5

day 8

Irpnsler

Unintected LEMY day 8

(E) CFSE® DCs were transferred into uninfected or day 8 LCMV-infected mice.
Spleen sections were co-stained with ER-TR7 (red) to determine the
localization of the CFSE" (green) cells, Objective magnification, 20w; RP,
red pulp; WP, white pulp; B, B cell zone; and T, T cell zone. (F) Quantitation
of CFSE* cells in the spleen after transfer. The proportion of CFSE* cells
present in WP regions is shown. Data are representative of 5 to 9 mice per
group. Error bars indicate SEM.
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Fig. 4. Impaired priming of naive CD8* T cells after lymphoid chemokine
modulation. (A} Schematic of primary-secondary immunization experiments.
Mice were infected with a primary pathogen or given PBS, followed by
immunization with VLP or infection with a secondary pathogen after
modulation of the lymphoid chemokines {(day 5 for VV and day 8 for LCMV).
(B) Expansion of WW-specific IFN-y* CD8" T cells is shown in spleens 6 days

a significan reduction in naive T cell entry into
the draining poplitcal LN alter chemokine
modulation (fig. 57).

We also observed reduced migrtion of naive
B cells imo B cell zones alter infection (Fig. 3. D
and F). Yet, cells were observed to home to some
B call zones, potemially reflecting the degree of
local CXCLL3 regulation. Differential regulation
of CCL21 and CXCLI3 may allow proper
orchestration of T and B cell responses. Lastly,
because the migration of activated DC into T cell
2ones is also dependent upon responsivencss o
CCL21 (13, 1), we examined the localization of
CFSE-labeled mature DCs in the spleen afier
mbection. DCs mugrated into the T eells zones of
uninfected mice, vet localized 1o the RP and also
to the marginal zone, alier infection (Fig. 3, E and
F). Togeiher, these doia demonstrate that lvmph-
oid chemokine modulation aliered lymphocyte
and DC localization within lvmphoid T and B
cell zones, potentially regulating local cellularity
and antigen presentation,

These resulis suggested that priming of naive
T cells may be compromised afier chemokine
downeregulation. To examine this, we gave
acutely infected mice a second distinet immuni-
zation or infection aller chemokine modulation
and measured responscs 1o the second antigen
{Fig, 4), Micc infected with cither LOMV or LM
displaved markedly reduced responses o
secondary WV or LOMY infection, respectively
(Fig. 4B and fig. 58). Similar resulis were
observed in VV-infected mice coniaining LOMY
epayy-specific Pl4 tmnsgenic T cells, which
were immunized with VLP comtaining gpyyg
peptide afier chemokine modulation (Fig. 40),
Lastly, mice containing OWVA-specilic OT-
trnsgenic T cells were infected with LOMVY
svstemically or in the footpad and then co-
infected with a recombinant vesicular stomatitis
vimus expressing OVA (VSVIOVA)Y when the
lymphoid chemokines were most reduced (day
8). Expansion of the OT-l T cells was signifi-
cantly reduced in companson with that in control
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phosphate-buffered saline (PBS)-treated mice
(Fig. 4D). Thus, aliered localization of naive T
cells after down-regulation of the lymphoid
chemokines may affeet priming against new anti-
gens during an ongoing response. Although other
factors, such as the maturmtion of DCs and
inhibition of cross-presentation (/5), can affzet
T cell activation during immune responses,
Iymiphoid chemokine modulation may contribute
to such transient immunosuppression.  Indeed,
activation of naive P14 T cells tmnsferred after
LOCMV infection was abrogated corresponding
with chemokine modulation, despite the presence
ol antigen-positive DCs in the spleen that were
capable of activating T cells in vitro (g, S9)L

The size of an immune response will likely
diciaie the magnitude of lymphoid chemokine
modulation. However, a drawback ol this
strategy is that it may be difficult 1w effectively
generale an immune response o a second antigen
during the period of tansient chemokine down-
regulation. This may be panmicularly  relevam
during acute viral infections and  prime-boost
vaccine regimes in instances where only a shon
delay separates immunization doses,

Our results suggest that, by reducing expres-
sion of the homeostatic chemok ines in respond-
ing lvmphoid tissues, the adaptive immunc
response can orchestrate local cellulanty and thus
competinon for space and resources during
ongoing immune responses, Reducing local ac-
curnulation of T cells and antigen-presenting cells
may be beneficial for shutting down the immune
response and promoting the gencration of memo-
ry cells (SOM text 23, Further, it is possible that
CCL21 modulation may work in concent with
chemokine receptor and SIP1 regulation on
elfector cells (f6) 1w promote exit from the
lvmphoid tissues, Becawse CCL21 15 also
important for imerstiial motility of lvmphocyies
(I7-19), modulation during immune responscs
may additionally affeet the motility of cells within
the lymphoid parenchyma, It will be interesting 1o
determine how lymphocyte movement and traf-

o

# 0TI CDaCD45.1* T cells

OT-l cells
Systemic infection Fooltpad infection
100 21
P=0.0005 5
T = Pl 0004
o
100 é 1
-]
]
10 Qo
o
il s IR [
1*: PBS LCMV 1*: PBS LCMV
2°: V8V  Vsv ': ¥sv VsV

after W co-infection of LCMV-infected or PBS-treated mice. (C) Expansion of
P14 Thyl.1" CD8" T cells in the spleen & days after VLP immunization of V-
infected mice. (D) Expansion of OT-l CD45.1% CD8" T cells in the spleen
(systemic infection} or popliteal LN (footpad infection} 5 days after VSV-OVA
infection of LCMV-infected mice. Representative data from two to three
experiments are shown. Error bars indicate SEM.

licking through lymphoid tissues is modulated by
changes in homeostatic chemokine expression
during imumune responses.
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Negative Regulation of Toll-Like
Receptor Signaling by NF-xB p50
Ubiguitination Blockade

Ruaidhri ]. Carmody, Qingguo Ruan, Scott Palmer, Brendan Hilliard, Youhai H. Chen*

Toll-like receptors (TLRs) trigger the production of inflammatory cytokines and shape adaptive and innate
immunity to pathogens. We report the identification of B cell leukemia (Bcl—3 as an essential negative
regulator of TLR signaling. By blocking ubiquitination of p50, a member of the nuclear factor (NF)-xB
family, Bcl-3 stabilizes a p50 complex that inhibits gene transcription. As a consequence, Bel-3—deficient
mice and cells were found to be hypersensitive to TLR activation and unable to control responses to
lipopolysaccharides, Thus, pS0 ubiquitination blockade by Bcl-3 limits the strength of TLR responses and
maintains innate immune homeostasis. These findings indicate that the p50 ubiquitination pathway
can be selectively targeted to control deleterious inflammatory diseases.

ll-like recepror (TLRE) activation s es-
sential for the development of innate
immunity o pathogens (/. 2). However,

repeated or prolonged activation of TLRs can
render them insensitive or hyporesponsive 1o

subsequent ligand stimulation. This phenome-
non is referred to as TLR tolerance (3). The
molecular mechanisms of TLR tolerance are not
well understood, although several negative regu-
lators of TLR signaling have been implicated

REPORTS I

(4-10). Bel-3 s a nuclear member of the in-
hibitor of NF-xB (IxB) family, which interacts
exclusively with the transenptionally  inactive

homodimers of pSO and p32, two members of

the NF-xB family (//-13). Bcf3 deficiency in
mice disrupts the microarchitecture of lvmphoid

organs but docs not alleet the developman of

lymphoid or mycloid cells (74, 15), To explore
the roles of Bel-3 i immunity and olerance, we
examined the phenotype and function of Seld-
deficient cells. We found thay although Beld
deficiency did not affect cell surface marker
expression or phagoeytotic function (fig. S1).
Bel3™ macrophages, dendsitic cells, and B
cells produced signilicantly more eviokings than
wild-type (WT) cells upon stimulation with sev-
cral TLR ligands (Fiz. 1 and figs. 52 and 83).

Depariment of Pathelogy and Laboratory Medicine, Uni-
versity of Pennsylvania School of Medicine, Philadelphia,
PA 19104, USA.
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promoters. (A) Bcl3™ 20004 i e Y 5004
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marrow—derived (BMD) LPS (ug/mil)
ulated with LPS, and gF g £
cytokine mRNA was E 750 E O-WT
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control | 1
INpUL | o o o - - - e -
12345678
www.sciencemag.org SCIENCE WVOL 317 3 AUGUST 2007

675



I REPORTS

Additionally, Bdf3™

macrophages were also

hypersensitive o interleukin (IL-1J and tumor
necrosis factor (TNF o stimulation (g, S3)

The hyparsponsiveness of Bcfi™

cells was

nod due 1o increased receptor-proximal signaling
(hig. S4A) but could be blocked by a NF-xB

Fig. 2. Bcl-3 inhibits
p50 ubiquitination and
degradation. (A) Bcl-3 in-
creases p50 homodimer
binding to DNA without
altering its affinity. Hu-
man embryonic kidney
(HEK} 293T cells were
transfected with pSO and
Bcl-3 expression plas-
mids. EMSA was per-
formed with increasing
amounts of unlabeled
NF<B consensus oligo-
nuclectides (cold probe)
(left), and pS0 homo-
dimer DNA binding was
measured by densito-
metry (middle). Relative
protein levels were deter-
mined by immunoblotting
of whole-cell extracts
(right). WE, Westem blot.
(B} Increased pS0 home-
dimer DNA binding i
associated with increased
amounts of pS0 protein.
HEK 293T cells were
transfected with XP-pS0
and increasing amounts
of myc-Bck-3 plasmids.
p50 and Bel-3 levels were
measured in whole-cell
lysates by immuno-
blotting (top), and p5S0
homodimer DNA binding
was measured by EMSA
(bottom). Empty, empty
vector alone. (C) Bd-3
increases the half-life of
p50. HEK 2937 cells were
cotransfected with XP-
p5S0 and empty vector or
myc-Bel-3, and the half-
life (typ) of proteins was
determined (25). IP, im-
munoprecipitation. (D)
p50 undergoes Li_.rs""
(K48) polyubiquitination.
HEK 293T cells were
transfected with XP-p50
and expression vectors
encoding either WT,
Lﬁ“qﬁ;&“ (K48R) mu-
tant, Lys®*—Arg®® (K63R)
mutant, or lysine-less
(K@) HA-tagged ubiqui-
tin (Ub). Lysates were

inhibitor (fig. S3F). In response to lipopoly-
saccharides (LPS), Bold 7 cells displayved a
marked reducton in nuclear p30 DNA binding
relative 1o WT controls (Fig. 1E), although nucler
translocations of pS0, p65, and c-Rel were nor-
mal (fig. S4B). Chromatin immunoprecipitation

{ChiPy analysis revealed a similar reduction in
S0 binding 0 promoters of TAFa and CXCL2
{chemokine C-X-C mentif ligand 2) gencs in Bel3™
cells (Fig. 1F) In unstimulsted WT macro-
phages, FVFa and CYCLS promoters contamed
only the p50 subunit of NF-xB, indicating the

A Cog.:la
pro ,
EMSA _ Proo% _ 0 e 2
p50 :g % o &
i o - (=] - il
e % % $S3%3
e | s [~ W Bc.3
pS0+Bek3 aE:1th T PR —====) p50
\ 0102030  FEeemes factin
cold probe 123 4
12345 (Fold excess)
Bcl-3
2
& p50 —“——“P N ase (hours) £
o | ——— P50 &, Q@ 0051248 (mins)
WB: Myc -+ ®w@¥ Bcl-3 pﬁiﬂ e e | 87
WE:[J-actin e wwewwees [-actin + ¢ 93
1234 6 ) R — 42
Bel-3
+ + @B 96
EMSA ““w 12345
o
123456 > 3
8o 2
o 5 E& = W' s _
S EX% 1PXP
= = e o
yr— — WB:HA =2
N Er
IP:XP | 8
Y v o
WB:HA - 2 a
- . s WB:XP [ W p50
. Lysates
WB:XP [ ogassssnss| WBXP [ e =] pSO
WB:Myc ™= | Bcl-3

immunoprecipitated with antibody against XP and immunoblotted with antibody against HA. (E) Bcl-3 inhibits pS0 ubiquitination. HEK 293T cells were
transfected with XP-p50 and HA-ubiquitin with or without myc-Bel-3. Ubiguitination was determined as in (D).
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presence of p30 homodimer binding. Afier
stimulation with LPS, p30 was transiently
replaced by c-Rel and p63 dimers (Fig. 1F). Five
hours after stimulation, both TNFu and CXCL?
promoters reverted 1o the state of p30 occupancy
{Fig. 1F). In contrast, unstimulated Bef3™ macro-
phages lacked p50 homodimers on the TAFo and
CXCL2 promoters, which were nstead occupicd
by p6i5, c-Rel, and p30 dimers (Fig. 1F), The order
ol p63 and c-Rel dimer exchange on both THFa
and CXCL2 promoters was severely distupted in
LPS-stimulated Bef3 ™ cells (Fig. 1F), indicating
an essential role for Bel-3 and p30 homodimers in
regulating NF-xB DNA binding and transcrip-
tional output of target genes,

Although Bel-3 has previously been reported
to enhance p30 homodimer DNA binding
(16, 17), the established picomolar dissociation
constanl of p30 homodimers suggests that any
further increase i their aflinity is unlikely 0 be
signmificant ( /&, [9). In support of this, we observed
no measurble differencess in the binding affinty of

A WT Bel3™" B
LPS - + - +
Ppso | W IP:
’ 3
WE:Uh 3
[-%
WEB:p50 == il & 8D |
Lysates
WB:pS0 [ swemem]
WE: [1-aCtin [Se———
1234
¢ ! D Eg%
g waoao
% IP:XP -
EMSA | | WEB:HA " 3
'“ BRI R ]
LY om
WB:XP == == p50
we:xp [ el p50

P30 homodimers in the presence or absence of
overexprossed Bel-3 despite a clear increise in p3)
DNA bindimg in celb overexpressing Bel-3 (Fig.
2A) Overexpressing Bek3 incraased pS0 protein
fevels in a dose-dependent manner, leading o in-
creased p30 DNA binding, as shown in an clectmo-
phorctic mobility shifil assay (EMSA) (Fig. 2B)
Pulse chase analysis demonstrated that the half-
life of p50 protein (37 min) was almost doubled
in cells overexpressing Bel-3 (93 min) (Fig. 20).
These resulis indicate thm Bel-3 increases pSt
DNA binding by extending the hali-lile of ps0
rather than by enhancing its aflinity 1o DNA,
To determine the potential roles of Lys™-
mediated ubiguitination pathway in the tumover
of p50 homodimers, we examined the poly-
ubiquitimation of both overexpressed and  en-
dogenous p50. Overexpressed pS0 underwent
constitutive Lys™-mediated polyubiquitination,
which was dramatically inhibited by Bel-3 (Fig.
2E) Significant ubiquitination of endogenous pSi
was detected only after LPS stimulation, which

Chase (hours) s
0051 2 3 4 ial
p50 WT
e -] Bei3” 63
== ; 33
p105 wr
== | Bel3” a3
p65
(o o | Bel3’ 34
c-Rel === | WY 2
[ | Bel3’™ 76
E
Chase (hours) t,=124mins
0051 2 48
IP AP == o o e e ipﬂ'fﬂhm

Fig. 3. Bcl3™'~ macrophages have increased p50 ubiquitination and degradation. (A) Increased
ubiquitination of p50 in Bcl3™~ macrophages. BMD macrophages were treated with (+) or without
(=} LPS for 156 hours. Equal amounts of protein were immunoprecipitated with antibody against
p50 and immunoblotted with antibody against ubiquitin. (B) Reduced pS0 half-life in Bel3™"
macrophages. BMD macrophages were treated with LPS, pulse-labeled with **S-methionine
cysteine, and tested as in Fig. 2C. (C) Generation of a p50 mutant that does not bind to DNA. HEK
2937 cells were transfected with XP-p50 or an XP-p50 mutant containing Lys® —Ala®’ (Y5TA) and
1iil:g.r"""':'—|!1‘5|::|“":I (G6OD) substitutions in the DNA binding domain. EMSA was performed with the

consensus NF-xB binding sequence. (D} The p50

mutant is resistant to ubiguitination. Cells were

transfected with HA-ubiquitin plus XP-p50, J".F-pEEI'““‘mi ar empty vector. Ubiquitination was
determined as in Fig. 2D. (E) The pS0 mutant has a significantly increased half-life. HEK 2937 cells

were co-transfected with XP-p50 or XP-p50757A66

00 “and protein half-life was determined (25),
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was markedly increased in Bold i macrophages
{Fig. 3A) The increased ubiguitination of p30 in
Bel3™ cells led 10 a fourfold reduction in its half-
life (63 min versus 240 min in WT cells) (Fig.
3B). Imporantly, Bcfd deficiency did not alfeal
the half-life of p63, c-Rel, or the p30 precursor,
pl03. Mutation of Ty and GIv®™ in the DNA
binding domain of p50 (20) gave risc o a DNA
binding defective mutant, p50Y37A960D gy
wits unable o bind o DNA (Fig, 3C) but retained
the ability 1o intermct with p63 and Bel-3 (fig. 85).
Ubiquitination of pS0Y5™ G900 4 dramatically
reduced compared with that of WT p30 (Fig.
D) This was associated with a signilicam
increase in p30° S OO LalElife (Fig. 3E),
Taken together, these results establish that psi
homodimer binding to DNA iriggers 1ts poly-
ubigquitination and degradation, which are cf-
fectively blocked by Bel-3.

We next examined whether Bel-3 played o mole
m TLR wlemnce, because p30 homodimers have
previously been implicated in this process (24). WT
and Bef3™ macrophages were treated with LPS for
24 hours (o nduce tolerance), rested, and wstinu-
bated with LPS. Pretreatment of WT cells with LPS
induced wlerance, charmcterized by reducad evto-
kine gene expression upon restimulation (Fig, 4A).
By comrast, LPS pretreatment of Bald macro-
phages not only filed 1w repress evtokine gene
expression but significamtly  increased L6 and
CCL2 expression upon restimulation (Fig, 40
Bl deficiency did not significantly alter the
cxprossion of other negative regubitors of TLRs or
receptor-proximal signals in wlenzed cells (g, S6).
However, like IRAK-M (IL-1 receptor-associted
kinase-M), SOCS-1 (suppressor ol eylokine
sigrmaling 1), and A20, Bel-3 was significantly up-
regulated i wolerized macrophages (lig. S6). As
expected, Bel-3 knockdown by RNA interference
diminished LPS wlerance (fig. 5T), whereas Bel-3
overexpression  significantly  inhibited TNFo

promoter activity (fig. S8) Re-stimulation of

wlerized WT macrophages with LPS led o p30
homodimer binding 10 the 7¥Fa promoler.
whereas in B3 macrophages restimulation led
o phd dimer binding (Fig. 4B). Thus, Bel-3 me-
diates LPS wlermee by stabilizing the p30 homo-
dimer onthe TNFo promoter and by preventing the
binding of tmnscnptionally active pb3 dimer.

To determine the roles of Bel=3 in vivo, we
studied TLR wlerance in bone marow chimene
mice that did or did not express Bel-3 in their
hematopoictic cells, Mice were first tolerized with
low doses of LPS and challenged with increasing
doscs of LPS. LPS pretreatment protected all mice
that received WT bone marrow from septic shock.
By contrast, the vastmajority of mice that received
Bel3™ bone mamow died of the discase a fow
days alter LPS challenge (Fig, 40).

Taken together, these results establish tha

Bel-3 promotes p50 homodimer occupancy of

target gene promoters by inhibiting the ubig-
uitination and subsequent degradation of DNA-
bound p30 homodimers, We propose that this
state of Bel-3-p30  homodimer-mediated  pro-
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moter hyporesponsivendess is the molecular basis
of TLR tlerance. Neither Bel-3 nor p30 alone
is sufficient to maintain the wlermnt state of gene
promoters (Fig, 4) (220, In the absence of Bel-3-
P30 complex, the loading of NF-xB subunits on
target promoters and the subsequent dimer
exchange, critical for appropriate gene expres-
stion (23, 24), are disrupied, leading 1o abermam
expression of inflammatory  cviokines. Thus,
TLR tolerance and suppression are dependent
on the coordinated action of both the inhibitor
p30 and its stabilizer, Bel-3 (fig. 59 and SOM
text). These findings provide important insights
into the molecular mechanisms of TLR sipnaling
and suggest that deleterious inflammatory  ne-
sponses can be effectively controlled by targeting
the NF-xB p30 ubiguitination pathway.
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Immune-like Phagocyte Activity in

the Social Amoeba

Guokai Chen,'* Olga Zhuchenko,' Adam Kuspa™®3+

Social amoebae feed on bacteria in the soil but aggregate when starved to form a migrating slug. We
describe a previously unknown cell type in the social amoeba, which appears to provide detoxification
and immune-like functions and which we term sentinel (5) cells. 5 cells were observed to engulf
bacteria and sequester toxins while circulating within the slug, eventually being sloughed off. A Tollf
interleukin-1 receptor (TIR) domain protein, TirA, was also required for some S cell functions and for
vegetative amoebae to feed on live bacteria. This apparent innate immune function in social
amoebae, and the use of TirA for bacterial feeding, suggest an ancient cellular foraging mechanism
that may have been adapted to defense functions well before the diversification of the animals.

hagocvies that engull bacteria, lirst
described by Metchnikofl in 1883, form
pant of the innate mmune system of ani-

mals in the defense against pathogens (f-4).
Both plants and animals also use innate signaling

pathways as a means of sensing microbial patho-
gens; mainly through Toll-like receptors (TLRs)
in amimials and resistance (R) proteins in plants
(3, ), Both TLRs and R proteins bind 1o bactenal
elicitors through leucine-rich repeats ( LRRs) and
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signal through adaptorefloctor proteins such as
those contaiming TIR domams (4, 6-8) this, in
tum, imitiates the tmanscriptional programs that
mediate specilic defense responses (4, Y, 1)

The social amocba Dictvastelinm discoidem
lives in the soil and feeds on bacteria, so i must
defend against environmental toxins and patho-
gens. However, threats w Dvetvasteliim’s surviy-
al must also oceur during its development, when
amochac aggregate w form a mulicellular orga-
nism within a semipemmeable sheath and eventu-
ally produce a fruiting body with spores resistant
o environmental dangers and held aloft by a
cellular stalk (/7). Before the formation of fruit-
ing bodics, the cells can migrate as sluglike
organisms for several dayvs, Duning this tme, ex-
posure o woxins or bactenal pathogens have the
potential of compromising survival by limiting
spore production,

We sought to examine potential prolective or
detoxilication pathways thal might exist i the
social amoeba. To visualiee such pathways, we
used Nuoreseent dyes as surrogates for the envi-
ronmental woxins that Dichosteliion slugs might
encounter in the soil (12). Five fluorescent dyes
that we tested were all found to accumulate
within a small subset of cells that were scattered
throughout the slug (e, S1) (/3 Ethidium
bromide (EB) displaved the highest differential
accumulation within these cells (Fig, 1, A and B),
The selective retention of EB sugpests that these
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Fig. 1. Accumulation of
EB by 5 cells. Bright-field
(A} and fluorescence (B)
images of Dictyostelium
slugs migrating, left to
right, on agar containing
1 ug/ml EB reveals single
cells small arrows) and
clumps of cells (large
arrows) that are left be-
hind within the sloughed
off slug sheaths. {C} Flu-
orescent image of slug
cells, with 46" diamidino-
2-phenylindole (DAPI}-

stained nuclei (blue), showing two EB-negative cells and one cell containing EB within a
large cytoplasmic vesicle {red). (D) Naive slug cells suspended in 10 pg/ml EB for 15 min and
visualized as in (0). Flow cytometry profiles of FACS-purified non—S cells (E) and § cells (F)
before and after a 15-min exposure to 10 pug/ml EB. Quantification of the average cellular
fluorescence of cells exposed to EB (G) or aaidine orange (H) at 10 pg/ml. Scale bars, 250 um

[tA) and (B)], and 2 um [{C) and (D).

cells are a distinet population, and the EB label-
g allowed us 1o track the migration of these
cells within the slug.

The cells appeared 1o circulate within the slug
as smgle cells. moving laterally, forward and
backward relative to the other cells, The cells also
clumped wgether ino immobile groups of 3 1©
10 cells that were seen 1o attach to the nner
surface of the slug sheath, These cell clumps
were lefi behind in the discarded sheath as the
slug continued 0 migrmte, being deposited a
regular intervals (Fig. 1, A and B). Microscopic
examination of dissggregated slugs revealed that
the identfied cells sequester EB within large
vesicles (Fig. 1C) and that their numbers within
slugs remamed stable over tme (= 1% of slug cells).
Because the cells were continuously sloughed off,

this suggests that new cells arse continuously
within the slug. The cells” ability to sequester EB,
along with ther movement within, and exit from,
the slug suggests that they mediate oxin ranoy-
al, so wie reler to them as sentimel cells, or S cells.

When naive slugs were disaggregated and
exposed to EB, ~1% of the cells sequestered the
dye in evtoplasmic vesicles within minutes and
came 1o resemble S cells (Fig, 1D). The number
and appearance of these cells did not change over
several hours, suggesting that these were S cells
present in the slug cell population before EB ex-
posure. We next purified S cells by luonescence-
activated ¢ell sorting (FACS) (fig. S2A) w
determine their ability 1o take up additional EB
(12} and found that S cells could sequester at least
10 times as much EB as non-S cells afler 15 min
ol exposure (Fig. 1, E 1o G). Similar results were
obtamed when punficd S cells were incubated
with another dyve, aendine orange (Fig. 1 H). This
demonstration of dve accumulation by S cells in
dilute suspension suggests how 5 cells might aid
in toxin removal from the slag. thus sparing
prespore cells from genotoxic siress. EB-exposed

REPORTS

S cells also displayed reduced viability, increased
sensitivity to Killing by ultraviclet hght and a
higher mutation frequency than other slug cells
(fig. 521 5 cells appeared to be present i five
other species of Dichostedio that we examined,
as wentified by the pattem of cellular EB accu-
mulation within migrming slugs and shime trails
(fig. 53}, which suggests that they represent a
general characteristic of the social amocha (14).

To determine whether the 5 cells represent a
distinet cell type, we purified them by FACS and
estimated the level of specilic mRNAs by quan-
mative, reverse trnscriptase polvmense chain
reaction (qRT-PCR) (/2). Genes were examined
that distinguished the major cell types, repre-

sented m Fig, 2A (15-47), The expression of

prespore, prestalk A, and prestalk O genes was
low i S cells (Fig. 2B) consistenmt with the
results oblamed with cuBGFP (green (luores-
cent protein) and ecne A/ GFP reporter genes (lig.
543, There did appear to be ennched expression
of prestalk AR genes in S cells, although S cells
were not found o colocalize with prestalk AB
cells. Thus, the distribution and gene expression
profile of S cells was distinet from all defined cell
types (15 18). suggesting that they represent a
novel cell population,

Given the intriguing propertics of S cells, we
postulated that they represent a dedicated cellular
defense system. A survey ol the Dictvoseelinm

genome (/9) identified potential homologs of

innate immunity signaling proteins in plants and
animals, including a putative WRKY transcrip-
tion factor (9); 16 potential LRR-domain recep-
tors, including SheA, which 15 most similar to the
nce proten Xa2l (20) and two proteins, TirA
and TirB, with predicied TIR domaimns similar 1o
those found in Avabidopsis RPPS (21). OF these,
we tested ard and sl by qRT-PCR and found
that their mRENAs were enniched by a factor ol 8
in S5 cells (Fig. 2B). Expression of the ABC
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Fig. 2. Gene expression profile of
5 cells. (A) Cartoon of a Dictyoste
{ium slug (anterier to the right) with
the major cell types indicated by

colored drcles (yellow, prespore;
green, prestalk A; orange, prestalk
0; red, prestalk AB; blue, anterior-
like cells). (B) qRT-PCR was used to

|+—Presak —=|

. : B Pap Pstal PsiD ALC  PstaB Scelenched
compare gene expression in FACS- L 5
purified 5 cells relative to non-5 g g . o ;
cells (12). Blue ovals indicate rela- gu‘? 9 3 e it £ ?J
tively low expression in S cells; red E 1 E B g E - ¥ - g . .
ovals indicate higher relative ex- E'E o o s - T E o
pression in § cells (prespore genes, g‘ﬁ:; % 5 "0 8 - i E S = a
cotB and D7; PStAO, ecmd; Pst0, Se.,| 8% . ® 5 i Ellab  §
SSM184 and SLG775; ALC, ampd; S §af = = - LR
PstAB, ecmB and SLA128). (C) | 1

Positive control for the gRT-PCR,

comparing gene expression in cotB/gfp-positive (prespore) and ecmAigfp-positive (prestalk) cells,

trnsporter genes abed? and abeC 0 (22) was
also found 1o be ennched in S cells {Fig. 2B). For
comparison, we purified eomAd/GFP-positive
cells and detccted ennchment of eonid expres-
sion by a factor of 3 in these cells (Fig. 20). Be-
cause conid expression has been shown o be
specilic 1o prestalk cells (23), this control
indicates the limits of purlfving minonty cell
types by FACS and suggests that ed and sied
expression is indeed specilic w S cells,

When slugs were disagerepated and mixed
with Nuarescent latex beads or bacteria, only the
S cells were found 10 have an ability o engull
these efMiciently (Fig. 3, A and B) (/2).
Quantification of particle uptake across the entire
population ol slug cells revealed that all 5 cells
eventually ke up a large number of beads (-50)
(Fig. 3C). A similar number of cells that could
not uncguivocally be identificd as 8 cells also
engulfed the beads. The EB-negative phagocyies
may represent a population of S cells that had not
elaborated detectable EB-filled vesicles,

The phagocvitic nawre of S cells suggesied
that they might play a role in the defense against
pathogens, Legionella pricumophila s a bacterial
pathogen ol soil amocbha that escapes the
phagosome matumtion pathway nommally used
by amochae to digest bacteria and cither kills the
host or promotes its own exocyviosis, allowing is
dissemination o nearby cells (24-27), Bocause a
Legionella infection within the slug could
compromise spore production, it 15 possible that
S cells help prevent or limat such damage. To
examine this, we mixed disagzregated slug cells
with Legionrella, allowed them to re-form slugs,
following the subsequent Fate of the bacteria
during continued slug migration (/2). In these
experiments, Legionella were swept into re-
forming slugs by adhering to amoebac or by
being taken up into cells, Within 6 hours, as the
slugs migrated away from the site of mixing, the
S eells were seen (o contain numerous Legionel-
fa, and the majority of Legionella were found
imside 5 cells (table 51 After 13 hours, infected
cells or Legionefla bacteria could not be detected

within the slugs, although S cells were sull
present (table 81 Clumps of Legionella bactena
were observed within the collapsed sheaths that
are left behind by the slugs, at intervals consistent
with their being deposited there by S cells. The
bacteria were not visible within cells but ap-
peared 1o be surounded by cell debrs. We also
infected slugs directly by Torcing several dozen
Lewionclfa bacteria through the slug sheath with
a needle, without disrupting the imtegrity of the
slug (/2). Alier 6 hours, all of the bacteria were
found within a small number of cells in the slug,
about hall’ of which could be unambiguously

identified as S cells (table 51) After 24 hours of

migration, no bactena could be detected within
the slugs. Thus, S cells appear o locate and
engulMpathogenic bacteria within the comext ol'a
migrating slug and show a capacity 1o clear them
lrom the slug over time,

The ability of 5§ cells 1 sequesier pathogens
and remove them from the slug “body™ of the
social amocba is akin o neutrophil function in
mammals. To explore this possible similarity
further, we retumed to the role of the fird gene,
since TIR-domain proteins regulate responses to
pathogens in both plants and animals (6-8, 2/,
24, 29). Partial deletion mutants were generated
in which ~40%% of the coding region, including
the entire TIR dosnain, was replaced with a drug-
resistance cassette (hg, 55, A w C) The fird
mutant slugs produced nomal numbers of 8
cells on EB agar, and the cells themselves ap-
peared grossly normal, with large cvioplasmic
EB vesicles (fig. S5D). However, fivd mutant S
cells were Killed by an “avirulent” Legionella
strain that does not kill wild-tvpe Drictvostelim
(fig. SSE). These results indicate that, although
TirA is not required for S cell differentiation, it
is crtical for the effective response of S cells 10
bacteria,

The tird mutams were also observed 1w form
minute colonics on bacterial lawns (Fig. 4, A and
B, and fig. S5C),. Because the sird mutants grow
nomally in liguid media, this suggests a specific
defect in their ability 1o feed on bacteria, We

C
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Fig. 3. 5 cell phagocytosis. Slug cells were incu-
bated with green fluorescent latex beads (A) or
GFP-labeled {egionells bacteria (B} for 1 hour,
stained with DAPI (blue), and imaged by fluores-
tence microscopy (12), (€) The number of slug cells
that engulfed beads were scored after the
indicated times in separate experiments.

gh ahn

tested this by seeding cells on agar plates along
with Klehsiella avrogenes (Dictvostefinm’s stan-
dand ood bacteria) and Found that the fird mutam
cells grew for =20 hours but then stopped
growing and decreased in number thercalter
{Fig. 4C). This growth defect was not due to the
mutant’s inability 1o use bacteria as a Tood source
because the mutant cells grew on heat-killed
bactena (Fig. 40, The growth attenuation of the
tirAd mutant amochae comelates with a discem-
able loss of cell viability (Fig. 4D). In addition,
tirAd mutant cells appeared 1o be more sensitive 1o
killing by Legionefla (Fig. 4E). Our resulis
suggest that TirA is required by Dictvostelinm
amochae o respond appropriately o bacteria
during vegetative fomging.

5 cells in developing social amocbag seques-
ter woxins and bactenial pathogens and carry them
away [rom the presumplive spore population.
Given their functional parallels with neutrophils
and macrophages, we suggest that S cells provide
a simple innate immune system for the social
amochbae, We hypothesize that the S cdls” come-
promised fimess is advantageous because it in-
creases the fimess of the prespore cells. This
idea, along with the identification of wha
appear to be S cells in five other species of
Dicnastelia, adds another laver of complexity
to the cellular cooperation observed in the
social amoeha (30).

Mulicellularity likely increased the selective
pressure on an organism’s ability 1o avold ex-
plotation by pathogens (/). Although plants and
animals share a similar organization of innate
immune signaling pathways, the hypothesized
consenvation of the component proteins has been
called into question and has been proposed 1o
have resulied from convergent evolution (5, 6, 31).
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Fig. 4. TirA requirement for growth on bacteria. (A)
A 1-cm-diameter colony of wild-type Dictyostelium
on a lawn of K. aerogenes (K.a) bacteria. The
amoebae in the center have exhausted the bacteria
and are undergoing multicellular development. (B)
Two colonies of fird mutant cells (arrows) plated at
the same time as those in (A}, (C) Wild-type (wt) and
tirA mutant amoebae plated with live or dead (heat-
killed) K. merogenes bacteria. (D) The viability of cells
was estimated at various times of growth in (C} on
live (L} or dead (D) bacteria (12). (E) The tird mutant
cells show decreased survival after exposure to
virulent (V) L pneumophila (Lp.), at a multiplicity
of infection of 20, for & hours and 18 hours.
Exposure to an avirulent (&) mutant L. preumophila
{icmT) is shown for comparison.

Examining the response of amocbae 1o bacteria
might clarily this issue because the amochoroa
diverged soon aflter the plant/animal split and
are a basal group of the crown group cukarvoles
(32-34). Moreover. amoebae are phagocytic
cells that are in constant contact with bacteria
and they might have retained key character-
istics of plant and animal innate immunity if
those functions existed in their common an-
cestor. The role of TirA in Dicivostelfum’s -
sponse 1o bactena provides the fist ghimpse of an
immune-related signaling system in amocba and
suggests that the use of TIR domain-based
signaling for defense represents an ancieni
function present in the progenitor of all crown
group eukaryotes, If true. it would suggest that
this sysicm of pathogen recognition was advan-
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Multimode Reader

The Modulus Microplate Multimode Reader for fluorescence, lumines-
cence, and absorbance applications features an on-board computer,
touch-screen navigation, and dynamic protocol wizards. Each of the three
application modules can be purchased separately or combined. For labs
performing luminescence applications, options include single or dual
injector systems, curve-fitting software, and a luminescence light stan-
dard. The fluorescence module includes four individual optical kits: blue,
ultraviolet, green, and red. The absorbance module includes a filter wheel,
four filters, and two filter holders. Each of the three detection modules
contains individual detectors specific to the application,

Turner Biosystems For information 408-636-2400 wew.turnerbiosystems.com

Animal-Free Blocker

Animal-Free Blocker is a plant-derived block-
ing agent or diluent for nucleic acid or protein
blotting applications that eliminates the pos-
sibility of interfering animal proteins. Con-
taining no proteins of animal origin, Animal-
Free Blocker can be used as an alternative to
sera, bovine serum albumin, casein, or non-fat
dry milk to avoid polential interaction
between the immunoglobulin in these protein
solutions and antibodies used for detection,
especially anti-goat immunoglobulin or anti-
sheep immunoglobulin. the immunoglobulins
that may be significant in these commonly
used blocking agents/diluents can bind to the
detection antibodies and either reduce the
signal or produce high background.

Vector Laboratories For infarmation
650-697-3600 www.vectorlabs.com

Biomedical Research Software

BioPathwise DM software for biomedical
researchers makes it easier to capture, secure,
share, and publish data from any laboratory
instrument in any format: images, spread-
sheets, documents, and more. The system was
developed to address bottlenecks in academic,
pharmaceutical, and biotechnology research
settings. The BioPathwise DM system fils seam-
lessly into the research laboratory workflow,
saving raw data in association with the sum-
mary information that makes it meaningful. It
15 a lightweight application that can be down-
loaded and set up for small groups by a lab
head or principal investigator with basic com-
puter skills. Guidance is offered for larger
organizations for server configuration and net-
work installation. The system allows labs to
make the information available to anyone it
chooses in a secure environment, accessible on
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the Web from any location. Groups of
researchers can easily document, store, and
share data along with any reports, records,
copies of peer-reviewed articles, or other rele-
vant information that helps interpret the raw
experimental data.

The BioAnalytics Group For information
609-632-0091 www.bioanalyticsgroup.com

Mathematica Update

Version 6.0 represents the most significant
upgrade to Mathematica since its introduc-
tion in 1988, according to its maker. The new
version introduces more than 1000 new tech-
nologies developed over more than 10 years,
Mathematica é is designed to take technical
compuling to a new level: more tightly
bound, more natural, more automated, and
applicable lo more areas. Central to this
achievement is "instant interactivity "—tak-
ing models, simulations, computations, or
just about any concepts and turning them
into fully interactive applications. Key new
features include: dynamic interactivity,
allowing sophisticated interactive interfaces
to be created from single lines of input; high-
impact adaptive visualization for automated
creation of high-fidelity function and data
graphics; language for data integration,
including automatic integration of hundreds
of standard data formats; load-on-demand
curated data for math, physics, chemistry,
finance, geography, linguistics, and more;
symbolic interface construction for immedi-
ate creation of arbitrary interfaces from sim-
ple programs; and automated computational
aesthetics, with algorithmic optimization for
visual presentation.

Wolfram Research For information
217-398-0700 www.woliram.com

mRNA Production System

The mScript mRNA Production System provides
researchers with a fast and simple method for
producing superior eukaryotic messenger RNAs
(mRNAs). Incorporating an in vitro transcription
system, capping enzymes, and RNA poly(A) tail-
ing reagents, the kit contains everything a
researcher needs to produce transfection, electro-
poration, or microinjection-ready mRNA, The sys-
tem provides the advantages of 100% capped
messages, 100% proper cap orientation, and the
natural Cap 1 structure—all of which increase in
vivo mRNA translation efficiency, Epicentre
Biotechnologies For information 800-284-8474
www. EpiBio.com/mScript.asp

Antigen Immobilization Technology
The Dynabeads M-270 Immunoassay (Carboxyl)
is designed to provide precise immobilization
of antigens such as proleins, peptides, steroids,
and hormones for in vitro diagnostic magnetic
bead-based immunoassay applications. The
antigens are coupled directly or via a cross-
linker to carboxylic acid groups on the new 2.8
micrometer Dynabeads. The hydrophilic surface
of the beads ensures low nonspecific binding of
serum proteins that would otherwise interfere
with the assay. The beads disperse well, are eas
ily handled in a wide variety of buffers, and do
not inhibil enzymatic activity.

Invitrogen Forinformation 617-897-8258
wow.invitrogen.com/ivd

Newly offered instrumentation, apparatus, and laboratory
materials of interest to researchers in all disciplines in aca-
demic, industrial, and government organizations are featured
in this space. Emphasis is given to purpase, chiel characteris-
tics, and availabality of products and materials. Endorsement by
Science or AAAS of any products or materials mentoned is not
implied. Additional infermation may be obtained from the
manufacturer or supplier.

www.sciencemag.org
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LABORATORY MEDICINE FACULTY.
Positions at the University of Califormia, San Dhego
(UCSD). The Department of Pathology (website:
hrep: //medicine. ucsd.-edufp:r.hulugvf] is secking
new faculty in the Division of Laboratory Medidne to
support the '.l:r:l‘tcg,lL expansion of UC 'S Healtheare
and the growth of its regional referral services. Initial
recruitments will be in the arcas of clinical chemistry,/
proteomics, toxicology /phammacogenomics, hema-
tologyhematopathology, microbiology /virology,
and molecular diagnostics. Sucoesstul candidares wall
share climical and administrative responsibilitics in the
Clinical Laboratories at the campuses in San Diego
(Hillcrest), 1a Jolla (Thormton), and Tarrey Pincs,

Applicants should have strong academic credentials
m v a track record of basic, translational, or clinical
rescarch, and are expected o acovely conmbute o
departmantal educational programs including traming
of residents, fellows, graduate, and medical students.
Candidates must possess MDD, 'h.D, or M.D/
P'h.D. degrees and be Board-certified Aeligible by the
American Board of Pathology or a diplomate of an
accredited clinical laboratory subspecialty board;
California licensure 15 also required, Preference will
be given to individuals with prior subspecialty work
experience or fellowship training, Academic serics and
rank will be commensurate with experience and
training. Salany will be consistent with published
UCSD pay scales. Applicants should submit their
curmiculum vitae with a cover letter desenbing climical

and research interests and the names faddresses of

three references to: Ronald W. McLawhon, M.D.,
Ph.D., Director, Clinical Laboratones and Profes-
sor and Head, Division of Laboratory Medicine,
/0 M=, Catherine Schumacher, Search Coordina-
tor, Department of Pathology 0717, University of
California San Diego School of Medicine, 9500
Gilman Drive, La Jolla, CA 92093-0717. Review
of applicarions will begin August 27, 2007, and will
continue untl filled. Applications by e-mail are
acceptable o e-mail: edschumacher@uesd.edu.
UICSEY s am Affinmarive Action (Equal Cppostemity Emploper
weith o strong frcinutional comrdmnent to excellenee through
diversiry,
FACULTY POSITIONS in ECOLOGY and
EVOLUTION
UCLA Department of Ecology
and Evolutionary Biology

The Department of Ecology and Evelutionary Biol-
oy at UCLA invites applications for two tenure-track
positions for an ECOLOGIST and EVOLUTION-
ARY BIOLOGIST, both ar the ASSISTANT
PROFESSOR level, We seck candidares who address
cenrral concepts in coology and evolution using theory
and for experimentation. Applicans working on all
systems, particulady those working in the marine
realm, are weleome. The Department is also interested
in individuals with 3 history of promating diversity in
education, The expected start date is Seprember 2008,
Candidates must have a Ph.Id; postdoctoral cxpen-
ence is desired. Salary is c:mnu:nﬂmm: with education
and experience. Successful candidates are expected to
participare in undergraduate and graduate weaching
and w maintain an extermnally funded rescarch pro-
gram, UCLA has oustanding resources, including
the UC Natural Reserve System, the NSF Instimte
af Pure and Applied Mathemarties (IPAM), the Inst-
tute of the Environment’s Center for Tropical Re-
scarch and Coastal Center, a departmimtal seawater
lume facility, re-arculating scawater holding faalities, a
coastal rescarch vessel, and many corne facilitics.
Applicants should submit application magerials online
(website: http:/ /www.ech.ucla.edu/ecoevobio )
cover lemmer, currsculum vitae, statements of rescarch
and teaching interests, two o three publicanons, and
names and addresses of three references. Please wse job
number: 0830-0708-01 | Ecologst) or 0830-0708-02
( Evolutionary  Biologist] in all correspondence. For
additional information, contact: Scarch Committee
Chair Privanga Amarasckare (e-mail: amarasek@
ech.udaedu). Review of applications will begin
.‘\'-.';'n'ﬂmh-.'r ]51 1']“7. l'f.'ﬂ..'I J:- il .Jﬁnn.lm'r A i
Egual Opportumity Engloper with a stvong anstitational
coiruriifmient b e adverenion of deenily anoing @5 faady

anred .ﬁfl_ll!?.

POSITIONS OPENM

v

Univemity of Michigan
Madical Sehoal
FACULTY in MOLECULAR ONCOLOGY
The University of Michigan Medical School
The Department of Pathology s secking tenure-

track faculty to further build our rescarch program in
modecular oncology. Arcas of particular interest in-

clude, but are not limited to, epigencric regulation of

transcription, protein modeling,/chemical genomics,
and structural biology.

The Deparrment, Medical Schoaol, and Health
Care System are all in excellent financial condition.
Ower 350 faculty actively participate in the University
of Michigan Comprehensive Cancer Center. The
Diepartment operates its own graduate program and
has nine endowed chairs and over 525 mullion annual-
Iy in rescarch expenditures. Particular arcas of rescarch
strength include molecular oncology, aging, immunol-
ogy, proeomics, and informatics. The newly creared
Divisions of Mathology Informatics and Translational
Pathology offer cutting-edge technologies in support
of rescarch programs, I"]:uuun% for new building o
house the Department’s chnical, rescarch, and educa-
tional activities is currently underway,

The successful applicant will hold a Ph.D. or
M.D_ATh.D. and direct a vigorous rescarch program
supported by external funding. Ample resources are
available to qualificd applicants, Academic rank will
be on the tenure track with rank commensurate with
expericnee, Qualified applicants should submir a ler-
ter of interest, summary of research interests, curric-
ulum vitae, and names of three references to:

Jay L. Hess, M.D., Ph.D.

Carl V. Weller Professor and Chair
Department of Pathology
University of Michigan Medical School
Medical Science [ Building, Room M5240
1301 Catherine Road
Ann Arbor, MI 48109-0602

The University of Michigan  Health  Systemn 15 an
Affirmative Action Employer and ueleonnes applications from
TR el |l.|l.|“ P T

ASSISTANT PROFESSOR
Cellular/Developmental Biology
California State University, Fullerton

Califoornia Srare University Fullerton, Department
of Biological Science is secking applicants for an
Assistant Professor (tenure track) to begin August
2008. All arcas of cell biology will be considercd,
with preference given to candidates with cxpertise in
developmental biolopy, Applicines must have a Ph.D.
and postdoctoral rescarch experience. The successful
candidates will be expected to develop an acrive,
externally funded rescarch program involving under-
graduare and Master's level students and be com-
mitred 1o excellence in weaching a diverse popukition
of students. Teaching responsibilicies will include an
inquiry-based, lower-division cdl biology core course,
and upper-division,/Master™s level course in devel-
opmental hiology, and the candidate wall have the

opportunity to develop a course in a chosen area of

cxpertise. Interdisciplinany collaborations are strong-
ly encouraged within the Depantment and College.

Send: (1) curriculum vitae (induding a history of

ERARE aativity ), (2) a statement of research plans, (3)

twao or three related publications, (4) three letters of

recommendation, and (5) a statement of teaching,
philosophy including teaching experience and course
preferences to: Chair, Developmental Biology
Search, Department of Biological Science, Cali-
fornia State University, Fullerton, F.0. Box
6850, Fullerton, CA 92834-6850 (website:
http:/ fbiclogy. fullerton.edu). Review of applica-
tions will begin | November 2007, and continue
until a suirable candidate is appointed. Afffomanse
Aution /Ligual Oppontunivy STide IXFADA Employer,
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it NATIONAL INSTITUTES OF HEALTH

{,—-- OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES %
= DIRECTOR, DIVISION OF RESOURCE DEVELOPMENT AND ANALYSIS %y

The Office of the Director, National Institutes of Health (NIH) in Bethesda, Maryland, is secking a Director of the Division of Resource Develop-
ment and Analysis (DRDA) within the Office of Portfolio Analysis and Strategic Initiatives (OPASI). 1f you are an exceptional candidate with
an M.D. and/or Ph.D., we encourage your application.

The OPASI's primary objective is to develop: a transparent process of planning and priority-setting characterized by a defined scope of review with
broad input from the scientific community and the public; valid and reliable information resources and tools, including uniform discase coding
and accurate, current and comprehensive information on burden of discase: an institutionalized process of regularly scheduled evaluations based
on current best practices: the ability to weigh scientific opportunity against public health urgency: a method of assessing outcomes to enhance
accountability: and a system for idemtifving areas of scientific and health improvement opportunitics and supporting regular trans-NITH scientific
planning and initiatives.

As the DRDA Director, vou will be responsible for emploving resources (databases, analytic tools, and methodologies) and developing specifications
for new resources, when needed. in order to conduct assessments based on NIH-owned and other databases in support of portfolio analyses and
priority setting in scientific arcas of mterest across NIH.

Salary is commensurate withexperience and includes a full benefits package. A detailed vacancy announcement with the mandatory qualifications
and application procedures can be obtained on USAJOBS at www.usajobs.gov (OD-07-172841-T42) and the NIH Web Site ar htep:/iwww,
jobs.nih.gov. Questions on the application procedures may be addressed to Brian Harper on 301-594-5332. Applications must be received by
midnight castern standard time on August 10, 2007.

DIRECTOR, DIVISION OF STRATEGIC COORDINATION

The Office of the Dircctor, National Institutes of Health (NIH) in Bethesda, Maryland, is secking a Director of the Division of

Strategic Coordination (DSCY within the Office of Portfolio Analysis and Strategic Initatives (OPASI). It vou are an exceptional
candidate with an M.D. and/or Ph.D.. we encourage vour application.

e n? OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES g’&
Pt

The OPASI's primary objective 1s to develop: a transparent process of planning and priority-sctting charactenized by a defined
scope of review with broad input from the scientific community and the public; valid and reliable information resources and tools,
including uniform discase coding and accurate, current and comprehensive information on burden of disease; an institutionalized
process of regularly scheduled evaluations based on current best practices: the ability to weigh scientific opportunity against public
health urgency: a method of assessing outcomes to enhance accountability; and a svstem for identifying arcas of scientific and health
improvement opportunitics and supporting regular trans-N1H scienufic planning and imitiatives,

As the DSC Director. vou will be responsible for integrating information and developing recommendations to inform the priority-
setting and decision-making processes of the NIH in formulating NIH-wide strategic initiatives. These initiatives will address
exceptional scientific opportunitics and emerging public health needs (akin to the Roadmap. Obesity, and Neuroscience Blueprint
mitiatives). You will also be responsible for providing the NIH Director with the information needed to allocate resources effectively
for rans-NIH cflorts.

Salary 1s commensurate with experience and includes a full benefits package. A detailed vacancy announcement with the mandatory
qualifications and application procedures can be obtained on USAJOBS at www.usajobs.gov (announcement number OD-07-
172844-T42) and the NIH Web Site at http://www.jobs.nih.gov. Questions on the application procedures may be addressed 1o
Brian Harper on 301-594-5332. Applications must be received by midnight eastern standard time on August 10, 2007.

THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS
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OFFICE OF PORTFOLIO ANALYSIS AND STRATEGIC INITATIVES gé‘%
- DIRECTOR, DIVISION OF EVALUATION AND SYSTEMIC ASSESSMENTS B, st

T

The Office of the Director, National Institutes of Health (NIH} in Bethesda, Marvland. is secking a Director of the Division of Evaluation and
Systemie Asscssments (DESA) within the Office of Portfolio Analysis and Strategie Inititives (OPASL). 11 you are an exeeptional candidate
with an M.D. and/or Ph.D). and the vision and ability w integrate evaluation syvstems and programs across multiple disciplines and organizations,
we encourage your application.

The OPASI's primary objective is to develop: a transparent process of planning and priority-setting characterized by a defined scope of review with
broad input from the scientific community and the public: valid and reliable information resources and tools, including uniform disease coding
and accurate, current and comprehensive information on burden of discasc: an nstitutionalized process of regularly scheduled evaluations based
on current best practices; the ability 1o weigh scientific opporiunity against public health urgency: a method of assessing outcomes 1o enhance
accountability: and a svstem for identifving arcas of scienific and health improvement opportunities and supporting regular trans-NI1H scientific
planning and initiatives,

As the DESA Director, vou will be responsible for planning, conducting, supporting, and coordinating, specific program evaluations and projects
of NIH Institutes and Centers such as the Roadmap, Obesity, and Neuroscience Blueprint mitiatives, In addinon, yvou will serve as the hason
for conducting governmentally required assessments according to the Government Performance and Resulis Act (GPRA) and OMB Program
Assessment Rating Tool (PART). You will also serve as o member of the OPASI Sicering Committee involved in oversight of mstitution-wide
planning and analysis.

Salary is commensurate with experience and includes a full benefits package. A detailed vacancy announcement with the mandatory qualifications
and application procedures can be oblained on USAJOBS at www.usajobs.goy (announcement number OD-07-172847-T42) and the NIH Web
Site at httpz//www.jobs.nib.gov. Questions on the application procedures may be addressed to Brian Harper on 301-594-5332. Applications
must be received by midnight eastern standard time on August 10, 2007,

w HUMAN GENETICIST

INSIEAONLS Tenure-Track/Tenure Position

The newly formed intramural Laboratory of Translational Genomies (LTG) in the Division of Cancer Epidemiology and Genetics (DCEG), National Cancer
Institute (NCI), National Institutes of Health (NIH), Deparment of Health and Human Services { DHHS), is recruiting two tenure-track/tenured investigalors.
The mission of the LTG is 10 investigate the genetic basis of strong association signals identified by candidate gene approaches, linkage amalyses in high-risk
Familics, or genome-wide association studics (GWAS), particulary loci identified by the ongoing Cancer Genetic Markers of Susceptibility (CGEMS) program
involving GWAS of several major cancers. Investigators in the LTG are expected to develop an independent rescarch portfolio in cancer genomics focused on (1)
fine mapping and re-sequencing of loci relevant to cancer susceptibility and/or outcomes, (2) investigation into the causal gene variants that provide biological
plausibility for each locus, and (3) bioinformatic analyses of publicly available datasets derived from germline annotation of genetic vanation and somatic altera-
tions in cancers. Each investigator is expected to leverage the NCl resources in molecular epidemiology, high-throughput genotyping and whole genome scans,
hiostatistics and bioinformatics, as well as in basic and clinical sciences. The incumbent will receive research support for developing a state-of-the-art genomics
laboratory, and recruiting two post=doctoral fellows/bioinformaticians and a technician,

Applicants must have an M.D. and’or PhID. in a relevant field, extensive post-doctoral experience, and a record of publications demonstrating  potential for
creative independent research in human cancer genetics. Facility with bioinformatics databases and high dimensional data are highly desirable along with strong
communication skills. Interested individuals should send a cover letter, curriculum vitae and a brief summary of rescarch accomplishments and goals, along with
copics of three o five publications or preprints, and three letiers of reference to:

Ms. Judy Schwadron, Division of Cancer Epidemiology and Geneties, National Cancer Institute, 6120 Executive Blvd. EPS/8073, Bethesda, MD
20892,

Recommendations can be included with the package or sent direetly by the recommender to Ms. Schwadron. Candidates should submit applications by October
15, 2007: at this time, the commitiee will begin to look at suitable candidates. However. the search will continue until qualified scientists are found. Additional
information about stafl and ongoing research in the NCI Division of Cancer Epidemiology and Genetics is available at https//'www.dceg.cancer.gov. Please
comact Dr, Stephen Chanock (phone 301-435-7559 at chanocksi mail.nih.gov) or Dr. Peggy Tucker (phone 301-496-8031 at tuckerp@ mail.nih.gov) for
questions about the position(s).
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Scientific Review Administrator
BES SNNIY (Health Scientist Administrator)
Center for Scientific Review
http:/lems.csr.nih.gov/

Would you like to work with the most accomplished scientists in your field to provide
fair and expert peer review of research and training grant applications submitted
to the NIH? The Center for Scientific Review is recruiting dynamic, experienced
research scientists in avarety of scientific arcas, The sucoessful candidate will be a
respected, accomplished scientist with maturity, integnty and outstanding commu-
nication skills. Requirements include an M.D, or Ph.D. degree in the biomedical or
behavioral seiences (or equivalent training and expenience), a record of independemt
research accomplishments in your field, decumented by an outstanding publication
record and administrative background.

The Sciemtific Review Administrator is at the focal pont of MIH peer review. SRAs
analyze grant applications for key topic areas, recnul experts, conduct study section
mieetings, and prepare review documents. The position involves travel to scientific
meetings, training in health science administration, opportunities to serve the larger
MIH community, and carcer development activitics,

Compensation is commens=urate with research experience and accomplishments, and
a full Civil Service package of benefits is available (including retirement and thrifi
plans as well as health, life, and long-term care insurance).

For mformation about current opportunities as a Health Science Admimistrator at
CSR, consult our website: hitp:Vems.esenih.gov/AboutCSR/Employvment/. Feel
free 1o call (301) 435-1111 as well, if you have any questions.

‘nn.mx.u'.u

.rf Biostatistician

The intramural program of MINDS is seeking an experienced
Biostatistician to serve in its Biostatistics Unitat the MIH Clini-
cal Center in Bethesda, Maryland beginning in August 2007.
This is a full-time position with responsibility for reviewing
and providing statistical support toward improving clinical
protocols, general statistical consultation service to research
staff for data analysis and study design; and substantial col-
laboration on projects as a coauthor in published work.

A Doctoral Degree is required. Experience in biostatistics
or statistics with working experience involving biostatistical
applications to clinical trials and/or observational studies is
preferred. Appointment will be in the Staff Scientist (non-
tenure track) series and salary will be commensurate with
experience.

Applicants should send a cover letter, C.V., and names of
three references to:

Ms. Caren Collins, NINDS/NIH/DHHS, 10/5N254, 10 Center
Drive, MSC 1430, Bethesda, MD 20892, or via E-mail: col-
linsca@ninds.nih.gov.

TENURE TRACK POSITION
LABORATORY OF MOLECULAR BIOLOGY

The Laboratory of Molecular Biology (LMB). Center for Cancer Research, of
the National Cancer Institute, National Institutes of Health (hup:/cer.cancer,
oov/labs/lab,asplabid=99) uses penetics, molecular biology, cell biology, and
molecular modeling 1o examine and solve a broad range of important biological
problems. The Laboratory now mviles applications for a tenure track position
in the Laboratory of Molecular Biology, CCR, NCI for a scientist working in
the field of amibody engineering as it relates to cancer therapy. Candidates
must have a PhoD. or M.D. and a proven record of mnovative research and
productivity in antibody engineering, display of antibody fragments on phage
and mammalian cells and cancer therapeutics. The successful candidate will join
an active group of translational and clinical mvestigators in the LMB working
on immunotexing, humanized antibodies, and toxin biology and carmmying ow
climcal trials with immunotoxins and amibodics. Salery will be commensurate
with education and experience. Alwo-page statement of research interests and
goals should be submitted in addition 1o three letiers of recommendation and a
curriculum vitae to Mrs, Ann Schombert, Executive Secretary, Laboratory
of Molecular Biology, CCR, NCI, Building 37, Room 5106, Bethesda, MD
20892-4204; phone: 301-451-8714, Fax: 301-402-1344, email: schombeain
pop.nci.nib.gov., NIH Tenure track investigators with educational debis may
be eligible for the NIH Loan Repayment Program. The NCI is an Equal
Opportunity Emplover.  The closing date for applications to be accepled is
September 15, 2007,

THE NIH IS DEDICATED TO BUILDING A DIVERSE

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

COMMUNITY IM ITS TRAINING AND EMPLOYMENT PROGRAMS



Forschungszentrum Karlsruhe Universitat Karlsruhe (TH)
in der Helmholtz-Gemeinschaft Research University - founded 1825

A\ {

Karisruhe Imstitute of Technalagy

The Forschungszentrum Karlsruhe is one of the largest research institutions in Germany and a member of the Helmholtz Association
of Mational Research Centres. Our research programs focus on enemgy and atmospheric research, micro- and nanotechnology, and
structure of matter. At present, the Forschungszentrum Karlsruhe and the Universitit Karlsruhe (TH) are combining their activities in
the Karlsruhe Institute of Technology, KIT.

Within the framework of KIT, applications are invited for the position of

Head of the Institute of Meteorology and Climate Research
(Atmospheric Trace Constituents and Remote Sensing Division, Successor of Prof. H. Fischer)

associated with the position of a

| University Professor (salary group W 3)
]

at the Universitat Karlsruhe (TH) according to the Jdlich model.

The Institute of Meteorology and Climate Research studies basic atmospheric processes and their coupling by biogeochemical
cycles in the Earth's system. The Atmospheric Trace Constituents and Remote Sensing Division focuses on the investigation of trace
constituent budgets and the associated processes, especially in the upper troposphere and stratosphere, and their relevance to
global change. In particular, sophisticated remote sensing methods are applied for this purpose. The leading role of the Institute in
national and European research projects is due to its outstanding expertise in the development and application of instruments, in
particular of infrared spectroscopy, and of modelling tools.

The successful candidate should be a person of outstanding academic ability with wide ranging scientific competence and proven
management skills, They should pursue innovative approaches in at least one of the above mentioned research fields. Applicants
are expected to participate actively and extensively in national and international research programs.

The holder of the position will be the director of the Atmospheric Trace Constituents and Remote Sensing Division of the Institute
of Meteorclogy and Climate Research of the Forschungszentrum Karlsruhe. A variety of possibilities exists for cooperation with the
other three divisions of the institute at the Forschungszentrum and with the Universitat Karlsruhe (TH). The Forschungszentrum
Karlsruhe is a member of the Helmholtz Association of Mational Research Gentres that pursues long-term research objectives of the
state and society in scientific autonomy.,

The professorship is assigned to the Faculty of Physics of the Universitit Karlsruhe (TH). The holder of the position is expected to
participate in training and lecturing in the field of meteorology. In addition, an active role in the development of the Karlsruhe Institute
of Technology (KIT) under the planned KIT centre “Climate and Environment” is desired.

Candidates must have a proven record of research and teaching as documented by a habilitation or equivalent qualifications which
also may have been acquired in the course of non-university employment.

Applications of gqualified women are strongly encouraged, as we wish to increase the proportion of female scientists on the manage-
ment level

Handicapped applicants having the same gualification will be given preference.

Applications with the customary documents (curriculum vitae, certificates, list of publications, including selected reprints, as well as
documentation of previous research and teaching activities) shall be addressed to Dr. Peter Fritz, Member of the Executive Board,
Forschungszentrum Karlsruhe, P.O. box 3640, 76021 Karsruhe, Germany and in parallel to Prof. Dr. Heinz Kalt, Dean of the
faculty of physics, Universitat Karlsruhe (TH), Wolfgang-Gaede-Str. 1, 76131 Karlsruhe, Germany by September 30, 2007.
In addition, please submit your application in electronic form {e-mail: peter.fritz8vorstand.fzk.de)

Internet: www.fzk.de www.uni-karisruhe.de www . kit.edu Institute: www.fzk.defimk/asf

Irg

SCiENCecareers.i

nline

{

g
£
]
g
:
o
3




nline

é
:

U.S. Department of Energy
Office of Science
Deputy for Programs
Announcement #SES-S5C-HQ-013 (kd)

The U5, Department of Energy’s (DOE) Office of Science 15 seeking highly qualified candidates

with outstanding scientific achievements o fill the Deputy for Programs position. The Office of

Science is the single largest supporter of basic research in the physical seiences in the United States,
with a 2007 budget of 53.8 billion. It oversees the Nation's research programs in high-energy and
nuclear phvsics, basic and fusion energy sciences, and biological, environmental and computational
scignees, The Office of Saience is the Federal Government s largest single funder of materials
and chemical sciences, and it supports unigque and vital parts of US. resecarch in climate change,
geophysics, genonuics, life sciences, and science education, The Office of Science also manages 10
world-class laboratories and oversees the construction and operation of seme of the Nation's most
advanced R&D user facilities, located at national laboratories and universities, These include particle
and nuclear physics accelerators, synchrotron light sources, nonoscale science research centers,
neutron scattening Facilities, bio-energy rescarch centers, supercomputers and high-speed computer
networks, More information on the Office of Science can be found m http:!/science.doe.pov,

The Deputy for Programs provides scientific and management oversight ol the six program offices
by ensurnng program activities are strategical ly conceved and exccuted; formulating and defend-
ing the Office of Science budget request; establishing policies, plans, and procedures related 1o
the management of the program offices; ensuring the research portfolio is integrated across the
program offices with other DOE program offices and other Federal agencies; and representing the
organization and make commitments for the Department in discussions and meetings with high-level
government and private sector officials, The position is within the mnks of the ULS. government’s
Senior Executive Service (SES); members of the SES serve in key positions just below the top

MASSACHUSETTS
GENERAL HOSPITAL
HARVARD STEM CELL INSTITUTE

The Center for Regenerative Medicine
{CRM) at Massachusetts General Hos-
pital invites applications for a tenure-track
assistant professor position. Quistanding
scientists i the field of stem cell lology who
have the demonstrated ability 1o develop a
strong independent research program will be
considered. Successful candidate(s) will be
members of the Harvard Stem Cell Instiute
and faculty of Harvard University. Candidates
must hold a PhD and/or MD and have a history
of mnovative, interactive rescarch. Applicants
should send an electrome copy of (1) letier of
interest (2) research plan and (3) current cur-
riculem vitae o Dr. David Scadden cfo Chris
Shambaugh: cpasker(@ partners.org, Three
letters of recommendation should also be sent
dirgetly to:

Center for Regenerative Medicine
Scarch Committee
Attention: Chris Shambaugh

Presidential appointees.

To apply for this positon, please see the announcement and apphcation nstructions at httpe!/
jobsearch.usajobs.opm.govisesasp under the vacancy announcement of 88SES-SC-HQ-013 (kd).
Qualified candidates are asked to submit their online applications by August 29, 2007,

Massachusetts General Hospital
185 Cambridge St.. CPEN 4265A
Boston, MA 02114

Women aned minovine condidtes are nreed
ferapprly, MGH i an Egual Opportunine
Affrmarive Action Emplaver:

MICHIGAN STATE
UNIVERSITY

Coupled Human and Natural Systems

Michigan State University seeks three laculty members in the areas ol
environmental policy, land use, population and environment and
coupled human and natwral systems.  One of these positions will
emphasize environmental policy, one land wse and one population and
environment or environmental policy. We are especially imerested in
researchers who apply modeling 1o understanding human-environment
interactions,  Appoiniments will be joint between the Environmenial
Science and Policy Program and the Depanments of Geography (land
use position), Political Science {environmental policy position) or
sociology  (population and environment or environmental policy
position). The disciplinary department will be the tenure home lor each
position,  The appointments will be tenune system o the assistam
professor level on an academic year basis, Ph.D. or equivalent is
required at the time of appointment.  Candidates should have strong
methedological skills and rigorous theoretical focus.  International
experience or demonstrmed  interest in international issues is an
advantage, The positions will be structured o allow development ol
imernationally renowned research programs with extromural support.
Preference will be given 1o candidates wha could engage in an initiative
e introduce computational and other formal modeling technigues ino
the undergraduate social science curriculum.  Lewers of application
should be sccompanied by a curriculum vitae, shon stmement ol
[1|1~|u':-.~1u|1;|| gouils, three letters of relerence and examples ol sublished
work, Applications will be reviewed starting October 1, 2007, and will
be accepted until the positions are lilled. Applications can be mailed or
senit electronically. Mailed .E:l'llm;u:wn:-. should be addressed 10: ESPP

: Science and Policy Pw.
Michigan State University, 274 Giltner Hall, East Lansing, MI 4-
1101. Electronic applications should be sent 1o ESPPEMAIL MSLULEDU
ane directed 1o Search Commitiee

MEL IS AN ARFIRMATIVE ACTHON, BQUAL OPPORTUNITY EMPLOYER.

Professor and Co-Director
Redox Biology Center and Department of Biochemistry
University of Nebraska-Lincoln (UNL)

The Redox Biology Center (RBC) at UNL, funded as a Center of Biomedical
Research Excellence by the Mational Institutes of Health, invites nominations
and applications from established investigators for o tenured Full Professor
position in the Department of Biochemistry and Co-Director of the Center.
The RBC 15 a major focus group for research inredox biology, incorporating
various investigators at UNL and the University of Nebraska Medical Center
in Omaha. Areas such as thiol-based redox signaling and gene regulation,
redox conirol of neurodegenerative diseases and cancer, biochemisiry of
redox-active trace elements, structural biology, proteomics/metabolomics,
microbial pathogenesis and redox homeostasis are all current targets of
investigation. The Center also operates mass-spectrometry and spectros-
copy core research facilities, The successful applicant will be expected to
lead an internationally recognized, federally funded research program and
contribute to the development and leadership of the Center,

The position will be housed in the state-of-the-art George W, Beadle Center,
and carries with it a 12-month, state-funded appointment. This senior hire
i5 the first of several new positions that the RBC will fill in various areas of
redox biology during the next four years. To learn more about the Center
and the Department. please visit htpe/'w ww.anledin/Redox Biology Center
and http:ihischem.unl.edu.

Applicants should go to www.employment.unledu and search for posi-
tion #0T0421. Complete the faculty academic/administrative infonnation
form. Applicamts should submit letter of application, curriculum vitae, a
suecinet statement of research interests, and three letters of reference sent
to: D, Vadim Gladyshev, Redox Biology Center Director, University of
Nebraska, N118 Beadle Center, Lincoln, NE 68588-0662, USA {emal:
redox2iwunl.eduo). Review of applications will begin on September 4, 2007
and continue until the position is filled,

The Universine of Nebraska is committed to o pluralistic campiis commi-
nity throngh Affirmative Action and Equal Oppor ity and
is responsive to the needs of dual career couples. We assure
avconmsdation tnder the Americans with Disabilities Act;
cantact Sheila Haves ar $02-472-4742 for assistance,
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MAX-PLANCK.CESELLACHAFT

The Max-Planck-Society is hosting a Symposium

Neurosensation, Neuroproteomics, and Neurophotonics
— New Vistas of the Brain -

to be held in Bonn/Germany on November 21-22, 2007.

This symposium is intended to help define future research directions and to identify candidates for positions at the

Center for Advanced European Studies and Research (CAESAR)

a partner Institute of the Max-Planck Society in Bonn,

We invite applications from international scientists with excellent track record both on the senior and junior level. The research areas of
interest for CAESAR include neurodegeneration and neuroproteomics, imaging and control of brain function by light (*neurophotonics”), brain
interfacing, neurosensory systems, and manipulation of neurons by viral gene transfer.

Scientists who wish to participate in this symposium and who are interested in shaping the future research directions at CAESAR are invited
to send their CV and a short statement of their research interests not later than September 24, 2007, to

Mas-Planeb-Uesellschali and in parallel to the following address:

e _|-r.u'||1-|.'||||;_- der- Wameuschaltaii e V. Rhweinisehe Fricdrich Willielms Universitit Bonn
Admimistrative Headgquarters Medizinisches Dekanat

-Ms. Dr. Dahrendarf- i -Prof. Reinhard Buettner-

HofgartenstraBe 8, D-80539 Miinchen/Germany Sigmund-Freud-Str. 25, D-53123 Bonn/Germany

STANFORD

SCHOOL OF MEDICINE
Stanford University Medical Cender

Stanford University
School of Medicine
Chair, Department of Comparative Medicine

The Stanford University School of Medicine is initinting @ search for the position of Chair for the Department of Comparative
Medicine.

The Deparnment is an academic, clinical department with active NIH-funded research programs and training awards for veterinarians
pursuing graduate and rescarch experiences as well as an active teaching program and an ACLAM-aceredited residency program. The
Chair also oversees the Veterinary Service Center, the clinical, AAALAC -accredited laboratory animal care program, and has
regulatory oversight of laboratory animals with the Institutional Animal Care and Use Commitice and Institutional Oficial,

Candidates must have received the DVM or VMD degree [rom an institution aceredited by the American Veterinary Medieal
Association, with preference given to candidates with board centification in recognized specialiies of veterinary medicine ( Laboratory
Animal Medicine, Internal Medicine, Veteninary Pathology, Anesthesiology, Surgery) or with appropriate experience and MS or PhD
degrees. Candidates should have experience in managing a large animal rescarch program as well as a demonstrable interest in
rescarch as evidenced by publications in peer-reviewed journals. Among the research opporunities at Stanford are neuroscience,
organ transplantation, immunology, genetics, infectious diseases, molecular biology, non-invasive nuclear and magnetic imaging,
cancer, anesthesia, primate behavior, and studies using mduced muations in mice.

Stanford University is an equal opportunity emplover and is comminied 1o increasing the diversity of its faculiy. It welcomes
nominations of and applicatons (rom women and members of minority groups, as well as others who would bring addinonal
dimensions 1o the university’s research, teaching and clineal missions.

Inerested candidates should submit a CV and letter of interest 1o the search commitiee by October 31, 2007 to;

William T. Newsome, PhD

Committee to Search for a Chair of the Department of Comparative Medicine
c'o Kendra Baldwin

300 Pasteur Drive/Grant 5-005

Stanford University School of Medicine

Stanford, CA 94305
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Argonne
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The Argonne Named Postdoctoral Fellowship Program

The Director's Office initiated these special postdoctoral fellowships at

onna, 1o be awarded Internationally on an annual basis o outstanding
doctoral scientists and engineers who are at early poinls in promising
careers. The fellowships are named after scientific and technical luminaries
who have been associated with Argonne and its predecessors, and the
University of Chicago, since the 1840's,

Candidates for these fellowships must dlspla'y suparb ability in scientific or
engineering research, and must show definite promise of becoming outstanding
leaders in the research they pursue. Fellowships ame awarded for a two-
term, with a possible renewal for a third year, and carry a sipend of $72,000
per annum with an additicnal allocation of up to EED[EL‘I& par annum for
research support and travel.

Requirements for applying for an Argonne Named an:-:hmlFelumﬁp:

The oliowing documents must ba sert via e-mall to: N
by Octobar 22, 2007. In the subject line please include the name of 'Ihu
candidate.

* Nomination memo (= 2 pages) from ANL sponsor

* Ressarch proposal (s 2 pages)

-':I':hme letters of recommendation from other than Argonne staff
GV

 List of publications, abstracts and significant presentations

« Graduate School and Undergraduate Transcrpts

The sponsor could be someone who i already familiar with your research
work and accomplishments through previous collaborations or professional
societies. if you have not yet identified an ANL sponsor, visit the detalled
websites of the various Research Programs and Research Divisions at
wwiw.anl.gov

Al comrespondence should be addressed to Argonne Namad Postdoctoral
Fellowship Program. One application is sufficient to be considerad for all
named fellowships. For additional details, visit the Argonne web site at

hitpwwew.dep auLgmdFmimgsj Argonne Is an equal opporiunity employer
and we value diversity In our workionce.

Argonne 2 a ULS. Deparmant of Enamy laboratory managed by UChicago Argonne, LLC

National Synchrotron Radiation Research Center

National Synchrotron Radiation
Research Center
Beamline Scientist/Postdoctoral Positions

The National Synchrotron Radiation Research Center
(NSRRC) in Taiwan is planning to construct a new 3 GeV
synchrotron, Taiwan Photon Source (‘TP5), which 1s
scheduled to complete in 2013, The new synchrotron
project is secking qualified beamline scientists and/or
postdoctoral research associates. Candidates are preferred
with experience in using synchrotron radiation for (a)
advanced nano-materials research: (b) structural
characterization of bio-macromolecules: (¢) development
of related theories: or (d) inelastic x-ray scattering (IXS)
experiments on electronic excitation in various condensed
matter systems. Workplace will be at NSRRC or SPring-§,
Japan. Applicants should submit an application letter,
curriculum vitae. statement of research interest, reprints
of three most important papers, and arrange for three
letters of recommendation to be sent directly to the
Research Division, National Synchrotron Radiation
Research Center, 101 Hsin-Ann Road, Hsinchu Science
Park, Hsinchu 30076, Taiwan, R.O.C. All applications
should be made no later than September 15, 2007,

. | ﬁ}'}\i rn\‘rrlw RESERVE 'l

MetroHealth

DIABETES CENTER DIRECTOR
Case Western Reserve University
Rammelkamp Center for
Research and Education
The MetroHealth System Campus

The Diabetes Center is a new initiative to
develop a multidisciplinary program invelving
both laborstory-based and clinical research to
study the pathogenesis and treatment of dinbetes
{and obesity). We seek a national leader in the
field of diabetes. obesity or metabolic diseases as
the Program Director. This individual will define

MCAGOL OF mITeEh

the specific research focus and recruit a team of

5 to 7 principal investigators and develop col-
laborations with other basic and clinical inves-
tigators at Case. Outstanding facilities, generous
start-up funds, and ongoing operational support
are avilable. Preference will be given to M.ID.
and'or Ph.D, scientists wath a demonstrated abal-
ity to lead a major research program and a track
record of extramural funding. Academic rank
and salary commensurate with experience.

Imerested individuals should send Curriculum
Vitae and names of three references to: John
R. Sedor. MLD., Rammelkamp Center for
Research and Education, 2500 MetroHealth
Drive, R415, Cleveland, OH 44109-1998,
E-mail address: peehf@metrohealth.org,
Phone: 216-778-4993,

Caze Western Reserve Universing and
The MetroHealth System are
Equal Oppartunite Emplovers

www.aucmed.edu

PHYSIOLOGISTS

The American University of the
Caribbean  School  of Medicine
(AUC), an accredited instinution with
over 5,500 }'T.Idl.l.llul hysicians, secks
to appoint 2-3 Medic !"i'n siologists.
Candidates should posess a Ph.D. in
Mhysiology or an M.D. with teachin
experience at an LOCME :m.'mjin.'s
medical school in any anca of medical
physiology. The physiology depariment
is comminted 1o providing exceprional
imstruction in this ficld. 'ltfu- unmversiny
secks individuaks who have the ability w
integrate medical physiology with other
basic and Llini-.'.lr scicnoes; candidates
with teaching awards will be given
pn.]i.m:-..c

The positions are 1o be fulfilled a the
Basic Sciences campus on the island of
St.Maarten in the Netherlands Amilles,
approximaicly 3 hours by air from
Miami. AUC possesses an exceprional
frculty  composed  of both  basic
scientsts  and  clinicians.  Students
complete their basic sciences trmining
on the island, and then go on w
complete clinical derkships in the US,,
ULK. or Irland.

lnterested parties should send a briel

statement of teaching interesis, their
CV, and conma information for three
professional  references w D Susan
Mesquita, Chair of the Physiology
!'imrflh Comminee, ar sdemesquitag
auemed.edu.

B\ American University of the Caribboan
Sikpal ol Madicine

COLUMBIA UNIVERSITY
MEDICAL CENTER

Department of Pathology
FACULTY POSITIONS

The Department of Pathology and Cell
Blology a1 Columbia University seeks highly
qualified individuals for faculty positions in
surgicil pathology, anatomic pathalogy, and
research, Appointments can be at the
\ssistant, Associate, Professor, or Associane
Research Scientist level, depending on ex-
perience and gqualifications. Clinical posi-
tions require board certification and 2
license in NYS prior to the stant of service.
Research positions require record of publi-
cation in leading jourmils and a statement
of research directions.

Applicants should submit a curriculum
witae and three leters of reference to;

C. Kitzinger
Department of Pathology
Columbia University
030 West 168th Stree
New York, NY 10032

Columbia University 1akes afirmative action
toward equal emplovment opportunity,
Wt s miforities are eacouraged o apply.




DEAN OF THE SCHOOL OF LIFE SCIENCES
FUDAN UNIVERSITY, SHANGHAIL CHINA

The School of Life Sciences of Fudan University, a premier institution of higher leaming in China, is inviting applications
from qualified scholars and administrators for the position of Dean regardless of citizenship. The School of Life Sciences
was established in 1986 as the first in China, and since then has been devoted (o superlative teaching and research in
Genetics, Developmental Biology, Microbiology, Neurobiology, Ecology and Biochemistry.
The successlul candidate will have: demonstrated experience and success leading a major department or large labortory,
headed projects of national andfor international significance, a publication record in preeminent international journals in
the last three years, ploneered research in an area of specialization, assumed mportant positions in international academic
organizations, Muency in English or Chinese.
Salary and Term: The appointment will be made on a three-year fixed-term basis. The successiul candidate should work full-
time (no less than 9 months per annum). Salary will be commensurate with experiences and qualifications.
Applicants should forward: curriculum vitae: letter of interest addressing vision objectives, goals and qualifications:
papers published in the past three vears: addresses, wlephone numbers, and e-mail addresses of three w five scholars for
reference and consultation: copies of advanced degrees. certilication ol present employ.
Deadline of Application: October 30, 2007
Please direct applications and / or inquiries 1o
Ms. Wen Jie/Mr. Zhu Hao
Talent Reeruitment Office, Fudan University
Email:yjé fudan.ac.cn
Tel: 86-21-65642953
Ms. Jiang Lei
School of Life Sciences, Fudan University
Email:lifesciences@ fudan.edu.cn
Fax: 86-21-65646979
Tel: 86-21-656425812
86-21-65642633

For more information, please visit owr website: http:www.trfudan.sh.en!

Yale University Emory University

Faculty Position

in Full Professor and Division Chief
Ecology and Microbiology & Immunology

Evolutionary Biology Yerkes National Primate Research Center at Emory

The Depanment of Ecology and Evelutionary
Biology at Yale University invites applications

for a faculty position at either the tenured or for its Division of Microbiology and Immunology, The successful candidate will have

The Yerkes National Primate Research Centerat Emory University secks a new Chiel

tenure track in the field of ccology, We are
particularly interested in candidates whose
rescarch umites theory and empincal work in
ways that shed new light on basic questions.
A record of outstanding achievement and a
promising research program are more impor-
tamt than the specific research area.

Interested candidates should submit their CV,
three relevant reprints or manuscripts, brief
research and teaching statements. and the
names and addresses of four potential evalu-
ators by 15 September 2007. The search will
remain open until the position is filled. Send
materials w: Department of Ecology and
Evolutionary Biology, Yale University, RO,
Box 208106, New Haven, CT 06520-8106
USA, Atin: Francine Horowitz.

The Department is described at:
www,ech.vale.edu

Yale University is an Equal Opportunine
Affirmrative Action Emplover. Men and
warrten of diverse racial‘ethnic backgrowmds
and cultires are enconraged o apply.

an gstablished and internationally recognized research program in the arcas of vaccine
development or microbial pathogenesis and will be expected 1o play a leadership role at the
Primate Center. The Division of Microbiology and Immunology and the associated Emory
Vaccine Cenier have esiablished research programs focusing on HIV, malaria, HCV, and
biodetense: all have as their foundation a strong commitment to world-class basic science
n the immunology and pathogenesis of microbial infections. The Chiel of the Division
of Microbiology and Immunology will have a tenure track academic appointment in an
appropriate Department within Emory University’s School of Medicine and will also be
a Member of the Emory Vaccme Center. The Emory Vaceine Center 1s 8 pariner in i new
State-wide Initiative launched by the Georgia Rescarch Alliance to develop and deploy
next-generation vaccines and therapeuties. The selected candidate will play a major role
in this Vaccine Initiative. Applications should be submined by September 30, 2007 and
should be addressed to:

D, Rafi Ahmed
rafe microbio.emory.edu
1510 Clifton Road
Atlanta, GA 30322

Please reference job requisition # 1 269BR on the Emory employment website
hitp:femory. hremorvedw/eareers/index. html

Emery Universiiv is an EEQZAA emplover
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U.5. Department of Energy
Associate Director
Office of Science for
Biological and Environmental Research
Announcement # SES-SC-HQ-014 (kd)

The U5, Department of Energy™s (DOEs) Office of Science 15 seeking
qualified candidates w lead its Biological and Environmental Research
(BER) Program. With an annual budget of more than 500 million, the

BER Program is the nation’s leading program devoted 1o applications of

biology to bis-energy production and use and to environmental remedia-
tion. The BER Program supports major rescarch programs in genomics,
proteomics, systems biology, and environmental remediation. The
Program is also one of the nation's leading contributors to understanding
the effects of greenhouse gas emissions, acrosols, and atmospheric
particulates on global climate change.

The Director of Biological and Environmental Research is responsible
for all strategc program planming in the BER Program; budget formula-
tion and execution; management of the BER office including a federal
workforee of more than 30 technical and administrative stafl; program
integration with other Office of Science activities and with the DOE
technology offices; and interagency integration. The position 18 within
the ranks of the LS. government’s Sentor Executive Service (SES];
members of the SES serve in key positions just below the top Presiden-
tial appointees. For more information on the program please go 1o http:
fwwwse.doc.goviober!.

For further information about this position and the instructions on how
to apply and submit an application, please go to the following website:
http:/jobscarch.usajobs.opm.gov/getjob.asp?Jobl D=58520806.& A
VSDM=2007%2D06% 2 D06+1 3% IA44%IA02& Logo=0& q=5ES-
SC-HQ-014+(kd)& Fed Emp=N&sort=rv&vw=d & hrd=38T6& ss=10
EFedPub=Y&SUBMITLx=47&SUBMITLy=18. To be considered
for this position vou must apply online. It is important that vou follow
the mstructions as stated on the announcement SES-SC-HQ-014 (kd)
located at the website above,

I I I I Massachusetts Institute of Technology

ne at MIT to be MIT.

Postdoctoral Associates
for SMART Interdisciplinary Research Group
in Infectious Disease
In anticipation of the establishment of Singapore-MIT Alliance in
Research and Technology (SMART), we are recruiting ten (10)
pm1du-ctum| associates in the next six months to join an integrated,
ngﬂdga research program in infectious disease, Inu:nhm.? principa
tors from Massachusetts Institute of Temr-om?:ﬁﬂ-ll ) Mahmal
Uhimrsiw of Slr.%’apom {NUS), Manyang Technological University (NTU),
A*Star research institutes, and Tamasek Life Sclences Laboratory (TLL).
The major goals of the research program are to advance basic
understanding of pathogen-host intaractions at the cellular and
molecular levels and use this basic knuwled%mﬂ develop diagnastics,
prophylactics and therapeufics for specific infectious diseases.

Postdoctoral Associates will work on interdisciplinary projects in one of
the following areas: i) cellular and molecular mechanisms of pathogen-
host interactions, i) immune responses o infections (influenza, RSV,
malaria, or tuberculosis), iil) novel approaches to manipulate ES cells,
stem cells, hematopokesis, lissue repair and mice, and iv) nang- and
micrg-mechanics in the biclogical system.

The ideal candidates should have a Ph.D. in biochemistng/molecular
biology, immunology, microbiclogy/virology, stem celis’hematopolesis, or
bliomechanics; a strong publication record; excellent communication
skills in English; and an ability to work independenily as well as in a
team consisting of people with diverse scientific backgrounds.
Postdoctoral associates will be supervised jointly by MIT and Singapare
principal imestigators. The postdoctoral associates will be based in
Singapore with opportunity 1o conduct resaarch at MIT. Thay will recehe
compensations comparable to equivalent positions in the US.

Please send CV and names of three references to

Professor Jianzhu Chen at jehen@ mit.edu.

MIT is an Affirmative Action/Equal Cpportunity Employer.

httpfweb.mit.edu

MICHIGAN STATE
UNIVERSITY

Faculty Position in Plant Systems Biology

As part of an mitiaive in Systems Biology, the Department of Plant
Binlogy at Michigan State University secks o fill o faculty position
in genome-cnabled plant svstems biology, We ane secking an individual
who will address fundamental biological questions in plamts and'or in
melated model systems. Appheatons from mdividuals who generate and
mtegrate complex or heterogeneous data from metabolomic, proteomic,
and genomic studies or build models of metabolic or regulatory networks
are especially encouraged. The successful candidate will be expected wo
developa vigorous independent research program supported by extramural
funding. We are particularly interested in recruiting a colleague who will
participate in collaborative imerdisciplinary rescarch, The successiul
candidate may have a jomt appoitment with another suitable department
and will contribute to undergraduate and graduate weaching in their arca
of experiise.

This faculty position is a tenure frack, academic vear appointment at the
Assistant Professor level. An appointment at the Associate Professor level
will be considered forexceptional candidates. Applicants must have a PhD
and postdoctoral research expenience is highly desimble. Applications
should melude a curriculum vitae, o summary of research sccomplishments
and future rescarch objectives, a brief description of teaching philosophy
goals and three letters of reference, Application materials should be sent
clectromcally o PLBSYS @ msuedu. [nformation about the Department
o Plam Biology can be found at httpefswww.plantbiology.mswedo, The
review of applications will begin September 7, 2007 and will continue
until suitable candidates are identified. Questions regarding this position
may be sent toYair Shachar-Hill (vairhilli® msw.edu).

MSL is e Affirmnative Action, Equal Opporianity Evplover
MSL is committed fo achieving evoellence frough caltoral diversine
Tl umiversine actively encorreges applications and/or mominations of
werrren, personsy of codor veterans amd persons with disabilities,

University of Heidelberg

The Institute for Theoretical Physics of the Rupecht-Karls-University at
Heidelberg, Germary, invites appications for a

Professorship in Theoretical Physics
(Complex Systems) (W3)

{Succession of Prol. H. Homer (C4))
The position is available starting with the winter term 2007/2008.

Mmmmrﬂdmmwurmmmmmwmmm

Ph_.vfacs with focus . The faculty i meﬁ in scientists
clm-'elup ﬂl'ﬂ.ljl'lbﬁl athermatical methods in order to a theoratical

bridge from Physics o Biology.

The new professor s expected to demonstrate a commitmeant to teaching in

Thecnatical Physics in its full spectrum and ha'she should adequaltely participate

in the basic training in Theoretical Physics (Mechanics, Electrodynamics,

Quantum Mechanics, Statistical Physics),

In the case of appointment the applicants have to participate in the sell-

administration of the Univarsity.

Applicants are axpected 1o have a Ph.D. in physics and an excellent resaarch
record.

Morrrally, first-trme professorial contracts at universities in Baden-Wirtlembang are lemporany
for 3 years at first and turm permanent after a review. Exceplions from this rule are possible
espacially for canddates from abroad or from outside the unhensities.

Tha Ruprech-Faris-Uinkarsy Hscelbeng wishes 10 incroasa i proportion of fomae facuty
and, for this reason, especially weicomeas apphcations from women, Hantcapped persons
with 1he same qualifications will be ghwen pralanenca.

Qualified candidates are imited to submit thesr applications until Seplember,
30w 2007 with the usual documents and a research plan o Prof. M.
Bartelmann, Dekan der Fakultit fir Physik und Astronomie der
Universitit Heldelberg, Albert-Ueberle-Str. 3-5, D-69120 Heldelberg.




ASSISTANT PROFESSOR
OF MICROBIOLOGY
UNIVERSITY OF NEW ENGLAND

COLLEGE OF OSTEOPATHIC MEDICINE
BIDDEFORD, MAINE

{mwrsify of

NEWENGLAND

Atenure-track, Assistant Professor position &5
availabie in the Department of Microbiology.
Qualifications include a doctoral degree (P D,
0.0.. or M.D.), expesience in teaching microbiol ogy
{with an emphasss in virologhy), postdoctoral expernt
ence, anda commitment to excellent teaching.
Candidates will be expecied to develop an indepen-
dent reseamch program that will eventually atiract
exdramural finding, The primary teaching duty will
irvohve imstruction in medical virology to first year
medical students, The University of New England is
surrounded by the natural resources of coastal
southern Maine and i situated near the urban
offerings of Portiand, Portsmouth and Boston,

PROFESSOR, MOLECULAR ONCOLOGY
ENDOWED CHAIR — MOFFITT CANCER CENTER &
RESEARCH INSTITUTE

The University of South Florida (USF) College of Medicine's Department of Interdisciplinany
Oneology and the H. Lee Moffitt Cancer Center & Research Institute, an NCl-designated
Comprehiensive Caneer Center, are seeking a distinpnished scientist for a Professorship
position in the Molecular Oncology Progran. In addition to the academic appointment at
LISF, this position is also an Endowed Chair at the Moffitt Cancer Conter.

The specessfil candidate must possess a PhD. or ML, degree and m exoellent track record of
independent research as demonstrated by high quality publications in peer-reviewed jourmals and
sustained extramural funding. The candidate must also have at least five years academic experience
at the Associate Frofessor rank. Preference will be given to individuals who will complement
current existing inferests in our program including, bat not imited to, the broad areas of gene
regulation, signal transduction, cancer genetics, protecmics and functional genomics. However,
outstanding candidates from all other research areas will be considered. The position is tenure
eaming and salary i negotiable

Please reference posation no, IHO0G2. Interested candidates should send ourriculum vitae and a
brief stabemnent of major acadenxic interests in one single padf document to the Molecutar Oncology
Search Committee at Rebecca Kornsky@moffitt.org. Application review begins Auwmd 1, 2007;
position is open until filled

MOEFITT (4)

Applicants should submit copies of their curmicutunm
vitae, statements of teaching expenencea and
philosophy, and research expenence and goals, as
wedl a5 armange for three letlers of recommenda-
tion to be sent toc James M. Vaughn, Ph.D., Chalr,
Department of Microbiology, UNECOM,

11 Hills Beach Rd., Biddeford ME 04005,
or via email to paughmBune.edu.

Equal Opparunity, Affirmative Action employer and >
Stronghy encourages canddates of dnerse backgrounds, rr 1

Tha lEnidl 07 Cancar Begina Ham.

e e e . “
A Naticral % W University
P r—— —a ('h-ﬂul‘ﬂ'l“ qu”hdmﬁ"'

L'SF Health s committed to increasing s diversity and will give individual consideration to qualified applicants
for this posttion with expenience m ethnically diverse setiings, who possess vaned bnguage skills, or who have
4 oo of providing miedical care to mderserved or economically challenged commimities. The Universy of
South Flord is an EOEAAA Employer, For disability accommaodations, contact Kathy Jordan at (81.3) 745
1451 2 mininom of fve working days insvance. According to FLlaw, apphotions and meetings rgarding
thiem are opentothe public, i

www.moffitt.org

RHEUMATOLOGIST/IMMUNOLOGIST

The Division of Rheumamlogy and the Department of Medicine at
Dartmouth-Hircheodk Medical Center (DHMC) in conjunction with the
Deparmment of Microbiolegy and Immunaelogy of Danmouth Medical School
[E2MS) are seekinga highly motivared full-time Fouly member with an estab-
lished research program in the Immunobiology of autoimmune diseases ar the
|1:r|,'-4,.|jn:i|,,u| or translational level, Successful candidates will hald Ot Appoant-
ments in the Deparement of Microbiology and Immunology and parmicipate
in a mbust griduate program and NIH-funded Center of Biomedical Research
Excellence in Immunology. Opporunity 1o paricipate in the MNoris Coron
Cancer Center at DMS/DHMC, a comprehensive NIH core grant supported
center thar has recently undergone exensive expansion. Prospective ﬁnlﬂidn:m
must possess 2 MD andfor ﬁﬂ'-l or equivalent and be qualified for appoint
ment to the rank of Assistant Professor or higher. The Bheumatology Secrion
has a Iunp_ history of climical and sesearch I.'!:l..l;ﬁh‘l:bl. e, a5 well as fellows :il: [rain=
ing at both DHMC and the White River Juncrion VA Hospital in VT,
PHMC is a 390-bed teriary care hospital and the waching hospital for [IMS,
DMS, DHMC and the Section of Rheumawlogy are in a period of vigorous
growth with the aim of becoming a major academic force in all arcas of med-
icine, Daremouth-Hirchcock Medical Cenrer is a stare-of-the-arr faciliry locar-
ed in the L'p-|'n;r Wl ley Hq_-.iun af Mew |:iu.r|1p\||i.r|;. an area of Northern Mew
England with culrural, academic, and recreational activities readily available,
Salary is commiensurate with experience. Pleuse forwand letter of interest, CV
and references o

Daniel A. Albert, MD
Section Chief, Rheumatology
Dartmouth-Hitcheock Medical Center
One Medical Center Drive, Lebanon, NH 03756

DarTmMouTH-HITCHCOCK
MEeDicaL CENTER

www. DHM C.nrg

Darmowth -Hitdhaock Medical Ceneer b an J.H'l:ng:m: sctioncqual opportunixy o ployer
arul is mpedally intorestad in identifing fomale and minority candidaes

o, Department of Health and Human Services
@ National Institutes of Health @
e National Human Genome F e
Research Institute
CHIEF OF STAFF.,
IMMEDIATE OFFICE OF THE DIRECTOR

The MNatomnal Human Genome Research Institute (NHGRI), a major
rescarch component of the National Institutes of Health (NIH) and the
Department of Health and Human Serviees (DHHS), has led the ground-
breaking enterprise known as the Human Genome Project, and is now
vigorously exploring the application of advances in genome research to
human health. The NHGRI is inviting applications for the career Federal
position of Chief of Staffin the immediate Office of the Director, NHGRIL
The incumbent will serve as a senior advisor and the Chief of Staff,
managing and directing the scientific and administrative activities and
priority setting for all tasks occurring within the immediate Office of the
Director. The Chief of Staff will have advanced scientific training and
muaintain an active knowledge of advances in the ficlds of genetics and
genomics and the application of such research o health and disease.
Responsibilities will encompass substantive program and policy mat-
ters covering the full range of NHGRI s interests and program activities
and directing the efficient planning and coordination of operations and sttt
within the immediate Office of the Director The NHGRI vacancy
announcement for this position contains complete application procedures
and lists all mandatory information which must be submitted with vour
application. To obtain the vacancy announcement for this position it
will be available on http:ffwww.usajobs.gov and posted under
announcement #*NHGRI-07-203295-CR-DE or NHGRI-07-103295-
CR-MP vou may also visit the WIH website at: www.jobsnih.gov,
Applications must be received no later than August 24, 2007,

This is a full time permanent position oftering benefits including health and
life insurance, retirement, sick and annual leave. US. citizenship is
required.

DHHS and NIH are Equal Opportunity Employers
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Now what?

We know science ,’ MVAAAS

' | have a great new research idea.

\ Where can ! find more grant oplions?

5
fos by
'i.' | want a career,

not justajob

You know, ScienceCareers.org
ispart of the non-profit AAAS

That means they're putting
something back into science There's only one place to go for career advice if you value the
expertise of Science and the long experience of AAAS in
: y supporting career advancement - ScienceCareers,org. The

pages of Science and our website ScienceCareers.org offer:

* Thousands af job poslings * Funding information
» Career advice articles and tools  * Networking opportunities

www.sciencecareers.org




DIRECTOR
NATIONAL OPTICAL ASTRONOMY OBSERVATORY

The Association of Umiversities for Rescarch in Astronomy, Inc. (AURA)
secks a new Director of the National Optical Astronomy Observatory
(NOAD). We are secking an individual with an outstanding scientific
background, with vision, and with demonstrated leadership and 1alent for
adminmistration in a complex and evolving environment. The director is
responsible for all of NOAD including operations and development.

The coming decade will present both outstanding opportuminics and
significant challenges for NOAQ, and for its next dircctor. The recemt
MWSF Senior Review has underscored the crucial role of NOAO in serv-
ing the community, and budget increments to upgrade NOAO facilities
are already beginning. The mew director will have the epporunity and
responsibility to work with the community and the NOAQ siaff w shape
the future of the National Observatory in the years ahead,

The Search Committee will begin evaluating applications on October
1. 2007, Applications will be accepted until the position is filled. Appli-
cations should include scientific and management experience, relevam
accomplishments, a resume, bibliography, a list of three references, and
the individual’s written view of the fumre role of NOAD in the U. 8.
and international astronomy communitics, Applicatons will be ke
confidential, and should be sent to: Dr. Patrick Osmer, Chair, NOAO
Director Scarch Committec, cfo AURA, Suite 450, 1212 New York
Avenue NW., Washington, [MC 20005,

Questions related 1o this search should be directed to D Patrick Osmer,
osmer. 1@ osu.cdu.
Information and updates regarding this scarch ane avanlable on:

WW WAL TA-A5IF 0N 0mY.0rg

Wenmen and minorities are encouraged to apply.
AURA ix an EQEANAFEINY Emplover.

\ Www.sandiego. edu

" Aunive rsityqSan Diego

ASSISTANT PROFESSOR Biology

The University of San Diego (USD), Department of Biology, imvites applications
for a tenure track faculty position beginning in September 2008.

The department seeks applicants with expertise in Ecology or Evolutionary
Biology to offer an upper-division course with laboratory in their area of
specialty, and to teach a course in organismal diversity as part of our
introductory majors sequence.

Preference will be given to candidates with expertise in terrestnal invertebrate
biology. WSD is an independent Catholic university whose primary aim
is teaching excellence. Active scholarship i integral to this am, and the
candidate is expected to have an ongong research program that will involve
undergraduates.

Applicants should submit a cumiculum vitae, a bref statement of teaching
philosophy and research interests, and three ketters of recommendation by
September 15, 2007 1o;

Chair, Department of Biology,
University of San Diego,
59498 Alcala Park,

San Diego, CA 92110-2492.

Women and minority candidates ane encouraged toapply. Additional information
about the University can be found at our website, www sandiego.edu.

Equal Gpportunily Employer )

Also available online at www.sciencecareers.org/businessfeatures

Science Careers
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From primates
to proteomics

For careers in science,
turn to Science

Don't get lost in the career jungle. At
Science Careers we know science. We are
committed to helping you find the right
job, and to delivering the useful advice
you need. Our knowledge is firmly founded
on the expertise of Science, the premier
scientific journal, and the long experience
of AAAS in advancing science around
the world. Science Careers is the natural
selection.

www.ScienceCareers.org

Features include:

¢ Thousands of job postings
s Career advice

¢ Grantinformation

* Resume/CV Database

* Career Forum

Science Careers
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The Medical College of Georgia Vas-
cular Biology Center is recruiling a
physiologist/pharmacologist at the
Assistant Professor level, tenure-track.
The successlul candidates will have an
earned Ph.D, M.D. or M.D./Ph.D. degree.
They will join an active group of extramu-
rally funded vascular biologists (currently
about S8 million annually, see: http://
www.mezedu/centers'VBC/ index.html)
in recently removated laboratories utilizing
state-of-the-art equipment. They will
have the opportunily 1o participate n the
two institutional pre- and post-doctoral
traming programs in Integrative Cardio-
vascular Biology, Ample opportunitics lor
collaborative basic and clinieal rescarch are
available and encouraged. The candidates
are expected to develop an active, extramu-
rally funded research program in aspects of
hypertension related to the kidney and/or
endothelial function. Highly competitive
salary and stan-up package, commensuraie
with prior experience, will be provided.

Applications should include detailed CV,
stotement of carcer goals and names of
three references and be e-mailed 1o David
M. Pollock, Ph.D. (dpollockis meg.edu).

The Medical Colfepe of Georgia is an
Eqgueal Opportunity and Eqeal Access
Instituiion. Applications from weomen and
!“’Iﬁlﬁ'l'- J'-[?.F.F't'.'l:t'“'f{'l’; Flfl‘ﬂ”‘ri.n.-!'.\ hre”
particnfarly encouraged.

" Blzabelhtown A B
COLLEGE Lo

ASSISTANT PROFESSOR OF ECOLOGY
The Biology deporiment of Elizobethiown College hos on opening for o
fenure-trock posifion ol the Asskiant Professor level beginsing Aegist
1008, (ondidetes mist be commitied o undergroduote teodsing and
resenrch with sigaificont student imvolvement oed mud possess o PO

Teaching respomibilifies may include scology, infrodadory bikgy for
muojors, o noa-mojars bickgy courss, ond on odvonced eledive cure in
londscape ecology. Experience beaching of the undergraduate level and
successhully obloining exierral bondig ore preferred. Rpplention by con-
didales whose reseonch incorporntes veriebrole species end Geogrophic
Informedion Sysens & parfcularly enccuroged

Ritesd 03 one of e country’s best regional colleges by U5, News and
World Report, Hizabethiown offers its 1900 students 43 mojor progeams
in the Bberd orls, wiences ond profesionnl shedies. Molded by o
commitment i “Fdecote for Service, ” the rolege preperes dudents el
ledtually, sodally, aesthatizally and ethically o lives o service and lead-
ership os cifzens of the world As signotwe ofiributes of ity ocodemic
excellence, Elizobethdown centers learning in strong relafionships, links
thozar oom instrecion with experienfial kearning, emphasizes inlematinnal
ond orom-eltural perspactives, ond nurtures the tpodty for fives of high
purpese. For more information, comsult wwatown.ed,

To apply, send curriculum vitae, statements of teaching
and research interests, and up to three reprints, and
arrange for at least thres letters of reference i be sent
to: Bizabethbtown College
Attn: Human Resources
Dne Alpha Drive, Elizabethlown, PA 17022-2298
hretown.edu

[Far more information visit:
wiwnw.elovwn.eduwhumanresources - AAEOE

Review of applications will begin on Sepl. 15, 2007

University af Michigan
Geriatrics Center
Biogerontology
University of Michigan

The University of Michigan Geriatrics
Center is secking one or more junior or
senior faculty members o carry oul indepen-
dent research focused on the biology of aging
and its impact on late life pathophysiology.
Research that emphasizes mammalian models,
or use of proteomic and genomic approaches,
would be of particular interest. Successful can-
didates will be housed in newly constructed
Genatries Center space, and will receive a
primary tenure-track or tenured appointment in
a hasic science or clinical depariment as appro-
priate. Minimum qualifications are a PhDd, MDD,
or equivalent degree, several years of highly
productive postdectoral research, and a clear
interest in problems relevant to bogerontology.
Substannal star-up funding will be available
for each selected candidate.

Applicants should submit a CV, a brief (1-2
page ) description of research interests, a syn-
opsis of current and previous research support,
and contact mformation for 3 — 5 referees, 1o
Rich Miller, 3001 BSRE, Box 2200, 109 Zina
Pitcher Place, Ann Arbor, M1 45109-2200

The Universite of Michigan is an Egual
Opporiuniiv Emplover commitied fo
meintaining diversing in fis hiring programs.

Want to
search
more
job
postings?

www.scienceca reers.org

Search thousands
of job postings
—updated daily —
all for free.

Science Careers

From the journal Science
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DIRECTOR
DIVISION OF APPLIED
PHARMACOLOGY RESEARCH

Soin us at the fronger of knowledge

The Food and Drug Administration’s Center
for Drug Evaluation and Rescarch (CDER),
Office of Pharmaceutical Science (OPS), Office
of Testing and Rescarch (OTR) is recruiting fora
Director of its Division of Applicd Pharmacol-
ogy Research ot the FDA'S Research Labormony
in White Oak, Maryland,

Basic Qualifications: A doctoral level degree
(M. D, Ph.D., D.Sc. etc. ), doctoral level knowl-
cdge of pharmacology, loxicology, biomedical
engineering, clinical pharmacology or closely
related fields; and extensive knowledge in
one or more of the following: pharmacology,
physiology, pharmacodynamics, biophamma-
ceutics, toxicology and'or pharmoacokinetics,
with a strong record of peer-reviewed oniginal
research,

Applicants should have managenal experience
that demonstrates strong exccutive leadership
and the ability to: direet a research laboratory,
commumicate and effectively interact with
high level national and foreign government
officials, scientifie and academic communi-
ties, medical and health related organizations,
regulated industry, and others, It is desirable
that applicants have a practical knowledge
of pharmacogenomics, proteomics, and meta-
banomics relevant to drug therapy and safety;
and knowledge of the FDA lows and regulations
related to human drugs and pharmacology.

Duties: The Director 1s the Office/Center's
principal advisor for planmng and conducting
laboratory research i phammacology, toxicology
or closely related fields; and he/she maintains
an active research program and directs research
seientists engaged in pharmacologic research
designed to ensure drug safety and efficacy.
The incumbent participates fully n policy,
planning, and oversight of pharmacology labo-
matory research activities to insure compliance
with FDA Critical Path Initiative and that Center
decisions are based on current pharmacologyy
toxicology science.

Salary: This position may be filled as either
Senior Biomedical Rescarch Sve (8110363
S186.600) Title 42 (Salary negotiable-Title 42
15 not capped at 5186,600) or Commissioned
Corps Officer,

How to Apply: Submit an clectronic currico-
lum vitae or briel resume indicating that you
are applying for the SBRS position of Direc-
tor, Division of Applied Research (DVDAPR),
Office of Testing and Research (OTR), Office
of Pharmaceutical Science (OPS), Center for
Drug Evaluation (CDER), Food and Drug
Admimistration (FDA) 1w FOOD AND DRUG
ADMINISTRATION, Center for Drug Evalu-
aiion and Research, Office of Pharmace uti-
cal Science, 10903 New Hampshire Avenue,
Room 3541, Silver Spring, Marviand 20993,
Adtn: Jim Keady, Project Manager. For more
information on this position contact Jim Keady
at james. keadyia fdahhs.gov on 3001-79%-1550
(phone), 301-796-9733 (fax) or Dr. John M.
Strong ot johnstrongie fda.hhs.gov on 301-
T96-00121 {phone), 3001 -T96-98 18 (fax).

FOA LS AN EQUAL OPPORTUNITY
EMPLOYER WITH A SMOKE FREE
ENVIRONMENT.
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POSITIONS OPEN

FACULTY POSITION in PLANT
MOLECULAR VIROLOGY
Department of Plant Pathology
The Ohio State University

A ning-month, tenure-track position ar the AS-
SISTANT PROFESSOR level is available in the
Department of Plnt Pathology at the Ohio State
University (O5U) in Wooster. The position is 90
percent rescarch and 10 percent teaching,

The successful candidate will be cxpected to de-
velop a strong, exiramunally funded rescarch program
im plant virology, Possible rescarch arcas include viral
gene funciion, replication, pathogeniaty and transmis-
ston, or the molecular basis of viral host resistance.
The incumbent will have access to state-of-the-art
laboratory, phytomron, and greenhouse facilitics, as
well as a microscopy and genomics center. The in-
cumbent will interact with the USDA-Agricultural
Rsesarch Service Com and Sovbean Rescarch Group
and the O5U Mamt Molecular Biology and Bio-
technology (PMBRB) Program. The imcumbent wall be
cxpected to advise graduate students, teach a five-wock
course in plant virology, and partcipate in advanced
team-taught courses in plant-microbe interactions.,

A Ph.D. in plant pathology, virology, malecular
biology, or closcly related discipline is required. Re-
search experience with the charactenzanon of plant
viruses, plant-virus interactions, viral genes, and /or
viral proteins using medern moleaular techniques is
highly desired. For further information, please con-
tact the Chair of the Search Committee, Dr. Larry
Madden (telephone: 330-263-3839; c-mail:
madden.l@osu.edu). Review of applications will
begin Ocober 1, 2007, and continue unil a suitable
applicant is found. Please submit curriculum virae, a
bricf description of proposed rescarch focus and

s |"Ii:'|F, goals, and names and u:mplulr addresses of

tour references to: D, Larry Madden, Department
of Plant Pathology, Ohio State University, 1680
Madison Avenue, Wooster, OH 44691,

To bwild o diverse worfore, the Olife Stare Unaversity
CHANIES .]IIJ‘IIHII:LIFHJIMIII sendaridueals sdth deabiliees, anfnpe-
tee, veterdnis, daod wien, ST i am gl Engploynncmnt
Cipportunity d Affimnative Adion Emplayer,

CHAIR
Department of Genetics and Biochemistry
Clemson University

The Department of Genetics and Biochenustry at
Clemson  University, housed within the College of
Agrculture, Forestry, and Life Sdence, is secking an
expenenced and visiomary indiadual for the position
of Chair. The Deparment offers BS., M3, and
PhD, degrees in the Genetics and the Biochemistry
Programs. The Deparrment Chair is responsible for
strategge planning, academic administration, and fos-
tenng natonal and intermational collaboratons. Can-
didates should have a Ph.D. in generics, biochemistry,
or relared discipline and demonstrate significant expe-
ricnce in rescarch, teaching, mentorship, and admin-
istration of an organiztional unit o program. The
Department, established in 2001, is parmculary in-
terested in an individual who can guide and mentor
voung faculty through his/her experence, effective
leadership and vision. Cumiculum vitae that demon-
strate significant achievement i rescarch, scholarslap,
and service including a clear statement of administra-
tive philosophy should be submitted elearonically 1o
Sheryl Banks (e-mail: shervib@demson.edu). Re-
view of nominations and applicaons will begin on
September 15, 2007, and continue until 2 suitable
candidare is found. The applicant should arrange for
three lemers of recommendation o be sent to the
same address by the same dare. Please visit website:
http: / Swww.clemson.edo /genbiochem o learn
mowe about the Department and the University, Cleneon
University &5 an Fpud  Fploymest Oyportiusny S fmatie
Acvon Esrgloyer and dovs it diaimiinate gainat any fraafeiacdead
ir e Dumry qu ookor, digebiliey, gender, oo o, seligon,

sextidl orienitdtion, oF pefonie sk,
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POSITIONS OPEN

ASSISTANT or ASSOCIATE PROFESSOR
Eyoto University, Kyoto, Japan
Six Positions Available
Kyoto University Evolution and Biodiversity
Global Center of Excellence

The Evolution and Biodiversty Global Center of

Excellence (COE) of Kyoto University is secking
candidates for fixed-term  positions of Assistant
Assodate Professor, depending on qualifications.
Successful candidates will be expected to pursue
vigorous independent rescarch programs,

Our Program aims to develop novel approaches o
understand the development, evolution, behavior,
and diversity of organizsms, alwavs keeping the
geneme as our commen base, We welcome innova-
tive rescarchers pursuing not only micro-level
studics, such as studics of ammal or plant develop-
ment of diversity (especially using nonmodel orga-
nisms ), expenmental evolutionary biology, the role
of epigenctics m evolution, or the vanety and evo-
lution of biofunction from the viewpoint of diversity
of bomolecules, but also rescarchers pursuing
macro-level studies such as ceological ficldwork,
ethology, or primatology, Kyoto University is un-
marched in Japan for its rich mradition and success in
fostering such rescarchers.

Candidates must hold a PhD. or equivalent
degree and have demonstrated ability to develop
novel approaches 1o sudy leading-edge problems in
biodiversity and evolution.

Successful candidates wall be emploved through
March 31, 2012,

Application deadline: August 16, 2007, 10 a.m.
Japan Standard Time. Interview dare: August 28,
2007,

Submit applications through website: hrep: //
www.hinl.ﬁgaku,k!.'oto-u,ac.ipf*gmcf.

Send any enquiries o Professor Kivokazu
Agata, Global COE Project Leader at e-mail:
agata@mdb. biophys. kyoto-w.ac.jp.

FACULTY POSITIONS
artment of Pharmaceutical Sdences
South Dakota Sate University

Depanment of Pharmaceutical Saences is secking
faculty members for two tenure-track positions. An
attractive startup package is available. Qualificd
applicants wath an carmed Ph.IY. degree in pharma-
ceutical sciences or aclosely related area with teaching
and research expenence in molecular modeling, mo-
lecular biclogy, cell sigmaling, pharmacogenomics,
pharmacokinetics, or a relared arca with effective verbal
angl written communication and interpersomal skills ane
invited 1o apply. The successful candidare will be
expected o teach professional pharmiacy courses | for
BS. and Pharm.D. degree) and graduate courses (for
I'h.D. degree) in the arca of expentise, as well as develop
and mamntain an active extramurally funded rescarch
program, Prefermee wall be given o candidates in the
area of cancer and neurobehavioral rescarch with prior
teaching and rescarch expericnoe in the rdevant arcas
and a prafessional degree in pharmacy. For questions on
the position, conace Dr. Hesham Fahmy ar tele-
phone: 605-688-4243, e-mail: hesham.fahmy@
sdstate.edu. Review of applications will begin Seprem-
ber 1, 2007, and continue unml the positions are filled.
To view a full list of qualificarions and critical instnac-
tons reganding, the application process, visit website:
hip:/ /YourFuturesdbor.edu, scarch for the posi-
tion, and follow the electromic application process, For
questions on the electronic emplovment  process,
contact South Dakota State University Human
Resources ar telephone: 605-688-4128. SDSU & an
Affnnttoe Ao/ Liped Evgrloyment Clpportrrnity Evgplo per,

POSITIONS OPEN

ASSISTANT PROFESSOR
Marine Biology
California State University, Fullerton

The Department of Biological Sdence, California
Stare University, Fullerton (CSUF), invites applica-
tions for a full-ume enure-track Assistant Professor
position in marine biclogy to begin August 2008,
Applicants should have a Ph.D. and relevant post-
doctoral expenence. We are interested i candidates
who can contribute to departmental concentrations
in marine biology and in biodiversity, ccology, and
conservation biclogy. Possible rescarch areas include,
but are not limited to, systematics, population genet-
ics, phylogeography, marine plant-animal interactions,
and invasive species. The successful candidare will be
expected to maintain an acrive, extemally funded
rescarch pragram invelving undergraduare and M.S.
students, and be committed o excellence in reaching
a diverse population of students. The suecessful can-
didate will contribute o an ingquiry-based, lower-
division core course { cither evalution and biodiversity
or principles of physiology and ecology), teach an
upper-division/graduate-level course in phyeology,
and develop ather upper-division elective courses in
his/her area of experise. CSUF s a member of the
Southern California Marine Institure (website:
http:/ /semius/) and is sitvated near other major
universitics that offer possibilitics for collaboration.
Send (1) curriculum vitae (including history of gram
support), (2] a statement of rescarch plans, (3) ne-
prnes of two to three recent, pecr-reviewed pub-
lications, (4} a statement of teaching philosophy and
expenence, and (5) have three ketters of recommen-
dation sent to: Marine Biology Search Committee,
Diepartment of Biological Science, California
State University, Fullerton, CA 92834-6850.
Website: http:z-"hiulugy.ﬁllkrmn.eduf. Review
of applicants will begin November 16, 2007, and
continue until a suitable candidare is appointed.
Salary is competitive and commensurate with cxpe-
ricnoe and qualifications, Wiwnen and sinoriry canndidanes
ane purticelarly econraged o apply, CSUF & an Affinnative
At /Egeal Clpportieiry/ Title 1IX/ADA Employer.

FACULTY POSITIONS, EXPERIMENTAL
PATHOLOGY. The Department of Pathology ar the
University of California, San Dicgo (UCS1D), website:
hetp:/ /medicine.uesd.edu/pathology /, sccks
outstanding scientists for new faculty positions in
the following arcas: generic models of human discase,
immunadogy, and cell biology/signal  transduction.
Applicants should have an M. D, M.D/Ph.D., or
Ph.D», degree, substantial postdoctoral experience,
and the ability ro develop an extramurally funded
rescarch program. Preference will be given o in-
dividuals with established NIH support. Successful
candidares will be expecred o participate in our ed-
ucation mission by teaching in the medical schoal,
pharmacy school, and for graduate school. Rank will
be commensurate with experience. Salany will be
consistent with published UCSDY pay scales. Review
of applications will begin August 23, 2007, and will
continue until filked. PMlease forward application letters
together with curriculum vitae and names Saddresses
of at least three references to: Search Committee
Chair, Dr. David Cheresh, ¢/o Ms. Catherine
Schumacher, Search Coordinator, Department of
Pathology 0717, University of California San
Diego School of Medicine, 9500 Gilman Drive,
La Jolla, CA 92093-0717. Applications by ¢-mail
are acceptable to e-mail: edschumacher@uesd.edu,
UCSD o Affinnntive Action/Egquad - Opportuniny  Em-
Poyer with o stromg instisetioms commitient fo exoellence
Herough diversity.

ASSOCIATE DIRECTOR
Program Development and New Initiatives (PDNT)
The University of Kansas Transportation Research
Institute, website: https: /fjobs. ku.edu; scarch po-
sition number 00206358,
Review of applications begins September 1, 2007,
Egual Chrportriity SAfimnatioe Aoion Engplayer,
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POSITIONS OPEN

MEDICAL ENTOMOLOGIST, at the level of
ASSISTANT or ASSOCIATE PROFESSIONAL
SCIENTIST, lllinois Narural History Survey
(INHS), Champaign, Ilinois, Develop and mainiain
an independent rescarch program and cooperarive
rescarch endeavor involving the biology, ccology,
and managenent of arthropods and the pathogens
they transmit thar affeer the health and welfare of
humans, wild and domestic animals.

Requires Ph.D. in entomolopy aologyeoology/
eprdemiology with a specializcation in medical ento-
mology, Responsibalities: develop and maintain a
vigorous, cxtramurally funded rescarch program;
maintam a record of frequent publications in peer-
reviewed, natiomally recognized scicntific journals;
present rescarch ar scentfic conferences; manage
facilitics and supervise staff ar the Medical Entomol-
ogy Laboratory; interact with news media, the public,
and officials ar the international, federal, stare, and
local levels: serve on INHS-Department of Natural
Research committees; and participate in educational
and ourrcach actvities, INHS houses a !'um:tiun'mg_
well-equipped medical entomology laboratery that
includes three permancent positions. One rescarch
scicntist position s available for a new hire. The
Laboratory currently receives approximately 5400,000
per vear in state support for mosquito rescarch and
rescarch on other arthropod pests of humans and
animals. INHS is part of the [llinois Department of
Natural Resources and an Affiliared Agency of the
University of linois at Urbana- Clampaign.

To apply send cover letter, curriculum vitae,
statement of rescarch interests, and contact informa-
tion for three references to our Human Resources
Office, e-mail: hroffice@inhs. uivc.edu |(clectronic
apphcations required). Position reference #1512,
telephone: 217-244-4592, fax: 217 /333-4949.
Dcadline: Seprember 17, 2007, For application require-
ments and complere position description visit our
website: hitps/Swww.inhs, uinc.edu /opporu nities
index.phpiaction—fullimefeid-133.

The University of Michigan Department of Med-
icine, Division of Infectious Discases secks M. D, or
M.D./Th.D., candidares for tenure-rack positions at
the ASSISTANT, ASSOCIATE, or FULL I'RO-
FESSOR rank to develop and conduer independently-
funded basic and /or transktional research programs
in the fields of viral or bacterial pathogenesis. Inves-
rigators will join a growing and interactive group of
rescarchers with close ties 1o both basic science and
clinical departments within the University, and joint
.1Eipt:|i:|1|:mc|1ts within graduate departments of the
Ulniversity of Michigan are available. Preference will be
given to physician-scienisis who are Board-cermified /
cligible in infectious discases, alchough highly qual-
ificd P'h.D. candidares will also be a:nsiﬁcrui. In-
terested individuals should submit curriculum virae,
summary of rescarch and carcer goals for junior ap-
plicants, and contact information along, with three
references tor Powd Kazanjian, M., Professor and
Chief Division of Infections Discases, Department
of Internal Medicine, 1500 E, Medical Center Dirive,
3119 Taubman Center, Ann Arbor, MI 48109-
5378 or e-mail: franciss@umich.edw, The Univeriry of
Mictaipan 15 an Lpual Cppostenity Employer; uonen aod other
minentics are eniconmiged o appdy.

CAREER OPPORTUNITY

This unique program offers the candidate with an
carned Doctorare in the life sciences the opporunity
to obtain the Docor of Opromerry (0.0 degree in
27 months (beginning in March of cach vear).
Emplovment opportumtics exist in rescarch, educa-
tion, industry, and prvare practice. Contact the
Admissions Office, telephone: B00-824-5526 at
the Mew England College of Optometry, 424
Beacon Strect, Boston, MA 02115, Addinonal infor-
mation at website: htep:/ /www.neco.edu, e-mail:
admissions@neco.edu,
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INSTITUT PASTEUR

POSTDOCTORAL FELLOWSHIPS
Institut Masteur, Pars, France

Founded in 1887 by Lowis Pasteur and lo-
cated in the heart of Paris, the Instinur Pastcur
is a world-renowned private rescarch orga-
nization. The Pasteur Foundation of New York
is secking outstanding fellowship applicants.
Candidates may apply 1o any hiboratony within
10 Departments: Cell Biology and Infection, De-
velopmental Biology, Genomes and Genetics,
Immumedogy, Infection and Epsdemiology, Mi-
aobinlogy, Neurosdence, Parasitology and My
cology, Structuml Biology and Chemistry, and
Virology, Scc website for details. Annual pack-
age is $70,000 for three vears. This is a biannual
call for applicants; sce website for deadlines.
LIS, atizensdnip mqenired,

E-mail: pasteurus@aol.com. Website:
hitp:/ Swww pasteurfoundation.org,.

University of Minnesota Cancer Center secks self-
motivated and carcer-onented POSTDOCTORAL
ASSOCIATES to pin highly interactive rescarch
team working i cell ovcle checkpoints, apoptoss
regulation, and cancer biology. The Laboratory studics
the molecular aspects of prostate cancer with partic-
ular focus on: (1) regulaton and function of FOXO1
durning the cdl-divimon cyele and under genotoxie,/
oxidanve stress; and (2] functional interaction berween
two tumor suppressor genes CBI and PTEN in pros-
tate tumongenesis. (Soc website: http:/ Swww.micab.
umn.edu/faculty/Huang html  for recent puldica-
tions) The approaches used range from mammalian
cell cultwre, molecudar biology, biochemistry to mouse
genctics, A relevant doctoral degree and strong, back-
ground in molecular and cellular biology is essential.
Applications inclading curnoulum virae, bibliography,
summary of past accomplishments, and the names
and contact information of three references should
be submited to: Haojie Huang, Ph.Dy. Please ap-
plv o requisiion mumber 149483 online ar website:
https: / /employmentummn.edu, Tle Universiny of Min-
wesata i aer Egiad Opportity Edianr and Employer.

Indiana University, Bloomington and Department
of Psychological and Brain Sciences sccks an
outstanding  faculty o lead and serve as the new
DIRECTOR for the Imaging Research Facility
{website: hrep:/ Swww.indiana.edu/~imaging /),
a 100 pereent rescarch facility bocated within the De-
partment of Psyvchological and Brain Sacnoes. A full
prsition descnption s avalable at website: hitpe//
www.indiana.edu/~psych. Applications will be
reviewed as they are recaved and will continue until
the position is filled. A Ph.D. in 2 relevane field is
fi.'l.]llil".‘d- Indrana Ulniversity i an Affinstive Aoron Ene-
ployer, Applications from wonen damd oty aendidates ane
errconrdged.

ASSISTANT PROFESSOR POSITIONS
Organic Chemistry and Biochemistry

Rider University's Department of Chemistry, Bio-
chemistry, and Physics secks applicants for two tenure-
track positions at the rank of Assistant Professor 1o
begin fall 2008, One position ks in the arca of or-
ganic chemistry (position #207102), and the other
in biochemistry (position #209108 ).

For more information on these positions and for
application instructions, please visit our website:
httpe/ Swww. rider.edu,hre, Emplovment Oppor-

tunirics, ,'l_HjnmrJu'r .-'||'J'mn-'f:-|_rr|.|]' f]r!rp.rl'lrurr]' I;'.mjlﬁr"'r.

POSITIONS OPEN

LABORATORY MANAGER (Job Number 38464)
Laser Ablation-Inductively Coupled Masma Mass
Spectrometry Arizona LaserChron Center

The University of Arizona secks a highly mori-
vated scientist to serve & Manager of the Arizona
LaserChron Center, which i a multi-user facility
that focuses on U-Th-Ph geochronology by laser
ablativn-multicollector inductively conpled  plasma
mass spectrometry (ICPMS ) Responsibilities would
include: (1) directing installation of a new multi-
collector ICPMS and Excimer laser, (2) developing
new analvtical techniques and applications using an
existing muliicollector ICPMS (GV] [soprobe) and
Excimer laser (DUYV193), (3) performing minor
maintenance and oversceing major repairs of these
inscruments, (4) supervising visits of rescarch scien-
tists, and (5) conducring independent rescarch. The
position is full-time and permanent. Applicants
should have an M.S. or Ph.D. in carth saence or
chemistry, and have demonstrated expenence with
ICTPMS mstrumentanon. Applications wall be reviewed
beginning 15 August 2007, and will continue until the
posinon s flled. Applications should be submimed ar
website: https/ Swww.nacarcertrack.com for job
number 38464 For addinonal information, please visit
the Arizona LaserChron Center website; hop: /S
www.geo.arizona.edu fale and contact George
Gehres (e-mail: ggehrels@e-mail.arizonaedu) or
Joaquin Ruiz (e-mail: jrute@e-mail.arizona.edu).
The Univwnity .._-f'.-hf:m.: iy an Egiad Opportririry, .'i_l!i'jr:lrl.ll'il't.'
Atfon l'.l'_||_l.rm:.ln.lr|.

ASSISTANT PROFESSOR in CELL BIOLOGY
Carleton College

The Department of Biology invites applications for
a tenure-track position starting fall 2008, We seek
candidares who have research and teaching interests
in cell biology. Teaching responsibilities include: a
mid-level survey course in cell biology, an upper-level
course and /for laboratories in arca of candidate’s
expertise, and participation in our introductory
course focused on energy transformation in biological
SYSLLIms,

Candidares should be committed to excellence in
undergraduate teaching in a liberal ans environment,
and dedicated to developing an active rescarch pro-
gram that cngages students. We are particularly
interested in applicants who will strengthen the de-
partmental commitment o students from underrepre-
sented groups in the biological sciences, Candidares
must have a Ph.I1Y. in biology or a related field, and
postdocroral experience is preferred,

Please send lerrer of application, curriculum vitae,
a statement of teaching philosophy and rescarch
plans, and three lerters of reference ;. Professor
Matthew Rand, Department of Biology, Carleton
College, Northfield, MM 55057-4025. Applica-
tion deadhne is September 15, 2007,

Carleron College i an Affimeative Astivn/ Eqial Oppor-
fnity Employer. We ane committed 1o developing swere ety
1o betier n_',l'?.l';r the duvriny 1!||'|Ir|l stident body and Ameraen
.ln:l'rlr'. Wamien and inennhers |._||l- NHNSTLY @roiges e sh’.lugf]'

ercoinged to apply,

QUANTITATIVE/ THEORETICAL ECOLOGIST

The Department of Ecology and Evoluton &
sceking to fill a faculty position with an individual
working at the interface of theory and data in
ecology., Rank is open, with a preference for
ASSISTANT or ASSOCIATE PROFESSOR.
Interested applicants should submit curricalum
vitae, sclecved reprings and preprings, statements of
rescarch and teaching interests, and the names and
addresses of three references to website: hieps://
ecologysearch.uchicago.edu; letters of refenence
can be submitted ar this ate as well. Applicanons
will be accepted until the position is filled, buot
applications should be received before 15 September
2007, o ensure full consideration. The Ulnfivrsity of
Chignge ie o Affinnatior AotionEgrar] Chyostrrnty Enyrayer,
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UNIVERSITY OF
CAMBRIDGE

ymposium

19th-21st September 2007

% Cambridge, UK

Keynote speakers

Linda Buck, Antonio Damasio, Tom Jessell
Plenary speakers

Adriano Aguzzi, Earl Miller, Josh Sanes,
Mike Shadlen, Daniel Weinberger

CAMBRIDGE
NEUROSCIENCE

To register visit www.neuroscience.cam.ac.uk

Sessions in developmental, cellular & molecular, systems & computational,
cognitive & behavioural and clinical & veterinary neuroscience

CONFERENCE

SETTING SCIENCE AGENDAS FOR EUROPE

ESF RESEARCH CONFERENCES
2007 Call for Proposals

The ESF Research Conferences Scheme (www.esl.org/conferences) provides the opportunity for leading scientists and younger researchers 1o

mael for discussions on the most recen! develo

in their ishds of research. It a 5 A or crealing nemy oontac

roLg houl Europe

and the rest of the world. It develops principally through the establishment of kong-term partnesships batwean the ESF and national and international

arganisations, including universities,
ch Conferences are open to scientists world-wide, whether from academia or indusiry. Conferences may be single av

a blennkal meeling focusing on specific aspects of the same general toplc. Conferences generally last for four or five days and up o

icipants and invited speakers may attend.

5, OF Series,

The European Science Foundation now invites proposals for conferances to be held in 2008 and 2009. The Call is addressed to

leading European scientists for conferences to take place in Europe.

CALL FOR PROPOSALS - 2009 CONFERENCES

The following scientific areas will be covered by the Call:

B Biclogy at the Interface with Other Science Disciplines (ESF-
EMBO Symposia) B Physics/Biophysics and Environmental
Sciences (ESF-FWF Conferences in Partnership with LFUI)

B Social Sciences and Humanities (ESF-LiU Conferances)

M Global Change Research (ESF-VR-FORMAS Conferences)

The Proposals will be evaluated through international Peer Review
for which Refereas will be nominated by the appropriate ESF
Scientific Committees, The final assessment and selection of topics,
an the basis of three written reviews, will be madae jointly by

the Partner Organisations through a Review Panel composed

of members of the ESF Scientific Committeas and scientists
mominated by the Partner Organisations.

B Closing Date for on-line Submission:

Monday 1 October 2007 (midnight CET)

CALL FOR PROPOSALS - 2008 CONFERENCES

Asecond Call is also open for conferences to take place in 2008

in the field of Mathematics. A maximum of three proposals will be
selected within the framework of the new partnership established
with the Ministry of Science and Higher Education Poland (MSHE)
and the Institute of Mathematics of the Polish Academy of Sciences
(PAN]), The proposals will be assessed by the three Partner
Organisations.

B Closing Date for on-line Submission:

Saturday 15 September 2007 (midnight CET)

Far turther information about the Call, please visit
www.esf.org/conferences/Call2007

or send an email to conferences-proposals@esf.org
European Sclence Foundation | ESF Research Conferances
149 avenue Louise | Box 14 | 1050 Brussels | Belgium

Tek +32 (0)2533 2020 | Fax: +32 (0)2538 8486
www.esf.org/conferences

.org
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POSITIONS OPEN

GENE THERAPEUTICS RESEARCH INSTTUTE
CEDARS SINAI MEDICAL CENTER and
DEPARTMENT of MOLECULAR and
MEDICAL PHARMACOLOGY
University of California at Los Angeles

POSTDOCTORAL POSITIONS arc available
in the Gene Therapeutics Besearch Institute and the
Department of Molecular and Medical Pharmacolo-
gv, University of California at Los Angeles to study
the molecular and cellular mechanisms involved in
brain tumaor regression; the formation and function
of specific immunological synapses in vivo and the in
vivo migraton of immune cells into the tumaor micno-
covironment, This project also has a strong trans-
lational component to develop and implement novel
immuno-therapeurics in human clinical mrals for brain
cancer (See: The Journal of Experimenial Medieine
203:2005-107, 2000; Caneer Re. 65:7 194-7 204,
2005; Narwre Broreclnof. 19:582-585, 2001; Proc
Nad. Acad. Sa. USA 97:; 7482-7, 2000; Narwre Med.
5:1256-63, 1999). A strong badkground i immu-
nology, cell biology, virology, and image analysis is
csseniial,

QOur Institute 15 located at the Codars Sina Medi-
cal Center campus and offers stare-of-the-an fadlites
im an exciting environment for postdoctoral rescarch
Interested candidares should have a PhoD and for an
M.I» and have under five vears of postdoaoral ex-
pericnce. Salary is dependent on education and re-
search expericnoe, with a range of 536,000 o 545,000,
PMease submit a cover letter, curnculum vitae includ-
ing bibliography, and contact information for three
references to: Pedro R, Lowenstein, M.D., 'h.D,
or Maria G, Castro, P'h.I»., Cedars Sinai Medical
Center, 8700 Beverly Boulevard, Davis Building,
Room: R5090, Los Angeles, CA 20048, E-mail:
lowensteinp@cshs.org or castromg@cshs.org,.

Two POSTDOCTORAL POSITIONS in the

Division of Hematology ar the Children’s Hospital of

Philadelphia and the University of Pennsylvania are
avalable immediately, One position will be devored
to studving the biological effeas of long-term cxpres-
ston and immune responscs to transgene and Sor vee-
tors in hemophilia animals and  thrombosis models
using gene thermpy strtegies, Applicants for this pos-
tion should have a strong background in molecular
biology and have experience working with transgenic,/
gene mrgered mouse models,

The second position will examine mechanisms
contributing to blood coagulation fctor specificity
and funetion. Biochemical approaches both in vitro
and in vive are emploved to characterize recombinant
blood dotting, proteins, Applicants for this posiion
should have a strong background in protein bio-
chemistry and have tssue culture and molecular biol-
ogy cxpericnce, Experience with murine models is
also desimble, Candidates for both positions should
have a I'h.D. or M.D. degree, have pood commu-
nicarions skills, be highly motivared, and be willing 1o
work on a multdisciplinary eam., Highly comperitive
salary and benefits are offered. Curnculum vitae and
three references should be semt to: Drs. Valder
Arruda and Rodney M. Camire, The Children's
Hospital of Philadelphia, ARC, Room 302,
Philadelphia, PA 19104, E-mail: arruda®@e-mail.
chop.edu, reamirc@mail.med.upenn.edu.

POSTDOCTORAL POSITIONS arc open 1o
stisdy  biochemical mechanism of ubiguitylation in
regulating genomic inegrity and umongenesis, Can-
didates with strong background in bioche mistry,
genomic integrity, and tumor mouse model are en-
couraged 1o send curriculum vitae and three references
to: Dr. Yong Wan, Ph.D., University of Pitsburgh
Cancer Institute, Hillman Cancer Center, 5117
Centre Avenue, Room 2.6C, Pittsburgh, PA
15213, E-mail: yowd@pitt.edu. Laboratory web-
site: hittps/ Swww chp, pitt.edu Sfaculty /yong, wan,
The Univeraty ;_i' Dby &5 an .'!!li'l'.uujm:f Aation, Fpwal
Clppartunity S itninim,

702

3 AUGUST 2007

POSITIONS OPEN

POSTDOCTORAL POSITION available im-
mediately on a West Virginia- Experimental Program
to Stmulate Comperetive Rescarch-funded grant in
the Cell Differenriation and Development Center ar
Marshall University, Qur Laboratory is interested in
the epigenctic/molecular mechanisms which influ-
ence cell differentation and in cancer rescarch. The
successful candidate will be highly morivated, have
Ph.D., and for MDD, a strong background in maolee-
ular biology and immunology, and exceprional oral
and wrtten communication skills. Applhcants with
demaonstrated expenence in the latest rechniques to
analyze chromatin structure and gene regulation will
be given preference. Experience with anmimal models
is highly desirable, The candidate will be expected 1o
present rescarch findings ac sciennific conferences,
Prepane manuscripts, assist in experimental design,
and apply for exsternal postdoctoral funding (NIH,
NSE, American Association for Cancer Research, o
cerera ). Salary is natonally competitive and will be com-
mensurate with expericnce. Please e-mail comiculum
vitae and a boef desaription of career goals, along with
names and contact nformation of three references to:

Philippe Georgel, I'h.D.

Byrd Biotechnology Center, Room 241-1
One John Marshall Drive
Huntingron, WV 25755 UL5.A.

E-mail: georgel@marshall.edu

Murrshall Ureiversity @5 an Eipuad II)Iljl:lrrmnrj'r'.'!_!'JFnrl.Hn'r
.'Il:]l.".ll .r:‘ﬂf{‘lll.'rl'r.

POSTDOCTORAL RESEARCH SCIENTIST
Department of Neurological Surgery
Columbia University

Sceking applicants for Postdoctoral position o
work in neurovascular laboratory, Successful appli-
cant will have M.D. or P'h.D. and expenence with
rodent surgical models, preferably those for strokes.
Candidate will interace with multidisciplinary inves-
tigators in a collaborative rescarch environment and
will be responsible for the stroke model and immu-
nohistoechemical procedures, Must speak and wnire
fluent English with strong verbal and written com-
munication skills, Interested applicants should ¢-mail
a lemer of interest, curriculum vitae, and list of ref-
crenees o e-mail: sol4@columbiaedu. Colionbia
Ulniversity tates Afinmative Adion to enaoe Eqral Enploy-
ment Clpportiniry

MOLECULAR TUMOR BIOLOGY and
DEVELOPMENTAL THERAPEUTICS

A POSTDOCTORAL POSITION is available
to study genes and proteins involved in cancer cell
signal transduction pathways and 1o develop target-
ing strategics in animal models of cancer. Recent
Fh.D. with backpround and training in molecular
biology and biochemistry is desimble. Please send
curnculum vitae and names of three references to:
Usha Kasid, Ph.D., Professor, Room E208, The
Research Building, Georgetown University Med-
ical Center, 3970 Reservoir Road N.W., Wash-
ington, DC 20057, No c-mails please. An Epial
Cymportmity L Affimrative Achion Employer.

FOSTDOCTORAL POSITION. HIV recom-
bination creares viral diversity that obstruces therapy.
We are defining the mechanisms of DNA-RNA strand
interactions and viral protein activities that promote
recombination within the co-packaged HIV genomes.
Strong, backpground in biochemistry and maolecolar
biology required. Send curriculum vitac and three
recommendations to: Dr. Robert Bambara, Bio-
chemistry and Biophysics, P.O. Box 712, Univer-
sity of Rochester, Rochester, NY 14642, (Website:
htp:/ Swww.urme.rochester.edu /smd /bebp. )

POSITIONS OPEN

POSTDOCTORAL FELLOW POSITIONS
available to study the role of membranc-anchored
metalloproteinases in development and cancer (c.g.,
Cell 125:577, 2006 and 114:33, 2003; Genes Dev,
20:2673, 2006). Srrong background in cell or mo-
lecular biclogy required. U8, ertizens and readent
afiens only, Send curriculum vitase and lerrers of ref-
erence to; Stephen J. Weiss, MLD., Upjohn Pro-
fessor of Medicine, Chief, Molecular Medicine
and Genetics, University of Michigan, 5000 LSI,
210 Washtenaw, Ann Arbor, MI 48109-0640.

POSTDOCTORAL POSITIONS ar Texas A&M
University to exploit veast models of human bone
marrow failure and leukemia, and to discover drugs
ta treat same. High-gquality publications in yeast
cell biology and /or genetics required. These NIH-
funded positions come with excellent benefits and
a salary that is commensurate with experence, To
apply, please visit website: hmp:/ greatjobs. amu.
edu and click on job code NOWY 02707 or job code
NOWV 02705, Texas ASM University is an Equal Cippor-
fenity Lmployer.

BIOINFORMATICS. We are secking a POST-
DOCTORAL FELLOW to work jointly with the
Jacobsen and Pellegrini Laboratones i the De-
panment of Molecular, Cell, and Developmental Bi-
ology at UCLA (website: http: /A www.modb.ucla.
edu) in the analvsis whole genome chromatin pro-
filing data using wlera high throughput sequencing,
Candidate will conduct sophisticated data analyses
using Martlab, Mathemartica, R, C, and C++, and
paricipate in database construction. Please apply o
e-mail: mingh@ucda.edu.

Help employers find
you. Post your
resume/cv.

Science Careers

Rl anas

From the journal Sclemce

www.ScienceCareers.org

MARKETPLACE

Free shipping for 204 reactions.
High throughput, Direct sequenc-
ing from bacteria, phage, genomic
DNA, PCR products, hairpin, ete.

1-8:86-meclab-88, www.mclab.com

Immunochemical Reagents
% Hapten Reporter Groups and Conjugates

* Wide Selection of Conjugates:
‘Proteins/Sepharose/Fluors/FICOLL

BIOSEARCH  4+1.800.GENOME.1
TECHNOLNGIE:  www.btiimmuno.com
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Mew Thermo Scientific Pierce SILAC (stable isotope labeling using
amino acids in cell culture) Kits identify and quantify relative differ-
ential changes in protein samples. These kits and Thermo Scientific
MS Instruments provide a complete and validated workflow, making
protein guantitation easier, faster and more reproducible.

SILAC Applications:
= Quantitative analysis of protein changes and proteins for
which there are no antibodies available

* Proteomic profiling in normal and diseased cells

* Quantitative identification of 100s to 1,000s of proteins

Thermo Scientific Pierce SILAC

in one experiment Quantitation Kits. Ideal for quantitative
analysis of differential protein expression
Learn more. Visit www.thermo.com/silac or call 800-874-3723 in mammalian cells.

to request your free copy of our SILAC technical brochure.

Part of Thermo Fisher Scientific CECIENTIFIE



Looking for miRNAs? Look no further.
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IDT introduces the miRCat™ Cloning Kit for small RNA discovery

miRCat™ small RNA cloning is based on the pre-activated, adenylated linkering method that has been
successfully used in many labs since its development in 2001'. miRCat™ permits cloning from any RNA source
in any species.

Material sufficient for ten cloning experiments is provided in the miRCat™ Small RNA Cloning Kit, and a
detailed technical manual provides instructions for cloning and sequencing small RNAs either as individual
clones or as concatamers.

www.idtdna.com for more miRCat™ information

References
1. Lau NC, LF Lim, EG Wienstein, and DF Bartel 2001 An abundant class of tiny RNAs with probable regulatory roles in Caenorhabditis elegans, Sdence 254: B58-862.

1 ﬂ F mI“ INNOVATION AND PRECISION IN NUCLEIC ACID SYNTHESIS
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