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CLIMATE CHANGE

Covariant Glacial-Interglacial Dust Fluxes in the Equatorial Pacific and

Antarctica

G. Winckler, R. F. Anderson, M. Q. Fleisher, D. McGee, N. Mahowald

A 500,000-year record shows that mare dust, which provides iron and other nutrients,

was blown inta the equatorial Pacific during glacial periods than during warm periods.
10,112 &/science. 1150595

GEQCHEMISTRY

Graphite Whiskers in CV3 Meteorites

M. Fries and A, Steele

Graphite whiskers, a naturally occurring allotrope of carbon, have been found in

primitive grains in several meteorites and may explain spectral features of supernovae,
10.1126/science. 1153578

MEDICINE

TDP-43 Mutations in Familial and Sporadic Amyotrophic Lateral Sclerosis

I. Sreedharan et al.

Mutations in a gene that encodes a protein that aggregates in several neurodegenerative

disorders are linked to amyotrophic lateral sderosis {Lou Gehrig's disease).
10.1126/5cience. 1154584

NEUROSCIENCE

Protein Synthesis and Neurotrophin-Dependent Structural Plasticity of

Single Dendritic Spines

). Tanaka et al.

Pairing of stimuli in hippecampal cells induces secretion of the growth factor BDNF,

causing enlargement of individual spines and strengthening of synapses.
10.112605c0ence. 1152864
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Ubiquity of Biological lce Nucleatars in Snowfall
B. C. Christner et al.

Biogenic aerpsols are ubigquitous in nuclei of ice particles that grow
and form snowflakes, and thus may influence the precipitation cycle.

RESEARCH ARTICLE

GENETICS

Complete Chemical Synthesis, Assembly, and
Cloning of a Mycoplasma genitalium Genome

D. . Gibson et al.

A complete bacterial genome is synthesized, assembled, and
cloned, providing a method that will be wseful for generatmg
large DNA molecules de nova, == Perspective p, 115¢
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ASTROPHYSICS

Asphericity in Supernova Explosions from
Late-Time Spectroscopy

K. Maeda et al.

Spectroscopic signatures show that supernova explosions of stars
that have lost their hydrogen envelopes are strongly aspherical
and may be jetlike.
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PHYSICS

Proton Radiography of Inertial Fusion Implosions 1223
I R. Rygg et al.

Beams of protons used to map laser fusion targets as they implode
reveal the generation of long plasma filaments and a strong radial
electric field, ==Perspective p. 1193

PHYSICS

Long-Range Order in Electronic Transport Through 1224
Disordered Metal Films

S. Aigner et al.

At ultracold temperatures, magnetometry suggests that defects

in a gold wire produce organized, long-range electron dellections
oriented at 45° to the direction of current flow.

MATERIALS SCIENCE

Chemically Derived, Ultrasmooth Graphene 1229
Nanoribbon Semiconductors

X Li, X. Wang, L. Zhang, 5. Lee, H. Dai

Unlike nanotubes, 10-nanometer-wide graphene nanoribbons

hawve smooth edges and can act as semiconductars.

CHEMISTRY

Deeply Inverted Electron-Hole Recombination ina 1232
Luminescent Antibody-5tilbene Complex

E. W. Debler et al.

The bright blue emission from a stilbene-antibody complex,

a versatile biosensor, 15 not fluorescence, but arises from charge
recombination between a stilbene anion and a cationic side chain.
=>Ferspeciive g, 1195

CLIMATE CHANGE
Land Clearing and the Biofuel Carbon Debt 1235
1. Fargione, J. Hill, D. Tilman, 5. Polasky, P. Howthorne

Use of U.S. Croplands for Biofuels Increases 1238
Greenhouse Gases Through Emissions from Land-Use
Change

I. Searchinger et al.

Converting forests and grasslands to biofuels crop production

results in a net carbon fHux to the atmosphere for decades despite
any displacement of fossil fuel use.

CELL BIOLOGY

Local Positive Feedback Regulation Determines 1241
Cell Shape in Root Hair Cells

5. Takeda, C. Gopper, H. Kaya, E. Bell, K. Kuchitsu, L. Dolan
Accumulation of an oxidase enzyme at one end of Arobidopsis oot
hair cells generates reactive oxygen species, which in turn trigger
calcium entry and directional growth.

CELL BIOLOGY

Ceramide Triggers Budding of Exosome Vesicles 1244
into Multivesicular Endosomes

K. Trajkowic et al.

Endosomes, membrane-bound vesicles later released from cells,

are filled by a lipid-controlled budding of certain membrane regions
into the lumen. == Perspective p. 1191

1193 & 1223

CELL BIOLOGY

Membrane Proteins of the Endoplasmic Reticulum 1247
Induce High-Curvature Tubules

J. Hu et al.

Integral membrane proteins from the endoplasmic reticulum induce

the development of tubular structures in vitro by forming oligomers

in the plane of the membrane.

PHYSIOLOGY

Leading-Edge Vortex Improves Lift in Slow-Flying Bats 1250
F. T Muijres et al.

Flying bats generate high lift forces similar to those used by

insects, creating a vortex of air that stays attached to the wing

on the downward stroke.

NEUROSCIENCE

Synaptic Protein Degradation Underlies 1253
Destabilization of Retrieved Fear Memory

5.-H. Lee et al.

Upon recollection, mouse memories of fearful situations become
labile, as postsynaptic proteins are degraded by proteosomes and
are then reconsolidated via protein synthesis.

NEUROSCIENCE

Hybrid Neurons in a MicroRNA Mutant Are Putative 1254
Evolutionary Intermediates in Insect CO, Sensory

Systems

P Cayirlioglu el al,

Loss of a micraRNA in Drosophila leads to misexpression of
CO,-sensing neurons in the mouthparts, creating a possible
evolutionary hybrid between the fruit fly and mosquito.

MEUROSCIENCE

Transgenic Inhibition of Synaptic Transmission 1260
Reveals Role of CA3 Output in Hippocampal Learning

T. Nakashiba et al.

Blockade of neural activity in the CA3 region of the hippocampus
with a reversible, inducible transgenic method inhibits rapid learning
but spares certain spatial tasks,

PSYCHOLOGY

BOLD Responses Reflecting Dopaminergic Signals 12644
in the Human Ventral Tegmental Area

K. D'Ardenne, 5. M. McClure, L. E. Nystrom, J. D. Cohen

In humans, activity measurements in a small midbrain region show
that resident dopamine-containing newrons accurately predict
rewards in a learning task.
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Bigger amygdalas in aggressive teens,

SCIENCENOW

wWWw.sClencenow.org

Teen Aggressiveness in the Brain
Tough-to-handle adolescents share bigger amygdala,

New Map for Malaria
Disease prevalence lower than thought.

Giving Earth an Umbrella

Computer models show how releasing clouds of fine particles

could cool the planet.

cGMP is a therapeutic target.

SCIENCE SIGNALING

wwwstke.org THE SIGN I KN

MEETING REPORT: ¢cGMP Matters

B. Kemp-Harper and R. Feil

Emerging therapies for treating cardiovascular disorders target the
cGMP signaling system.

TEACHING RESOURCE: Using Web-Based Discussion Forums as
a Model of the Peer-Review Process and a Tool for Assessment
5. L. Jenkins, R. lyengar, M. A. Diverse-Pierluissi, A. M. Chan,

L A Devi, E. A. Sobie, A. T. Ting, D. C. Weinstein

Asynchronous discussion forums have several advantages over
in-class journal club discussions.

ONLIN

WWW.sciencemag.org

Jetting to one more faculty interview.

SCIENCE CAREERS

WWW. sCiencecareers. org

Research in Translation: Getting Published

5. Carpenter

Careful planning and choosing the right journal are key in
publishing translational research.

In Person: Frequent Flyer

A McNeil

Faculty interviews come with tight scheduling, awkward questions,
and jet lag.

Educated Woman, Postdoc Edition, Chapter 13:

Fake It Until You Make It?

M. P Del¥hyse

Can Micella regain confidence in her abilities for her interview?

From the Archives: Disasters of the Famous

K. Arney

Prominent scientists’ stories of lab errors remind us that everyone
makes mistakes,

SCIENCEPODCAST

Download the 29 February
Science Podcast to hear about
ice-nucleating bacteria in
snow, how bats generate lift
at slow speeds, future prospects
for Mars research, and more.
www,sciencemaq org/about/podcast.dil

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

The intense explosions known as “gamma-ray
bursts” (GRBs} may be associated with super-
nova explosions after the death and collapse of a
star. Some GRB events could be explained if
these explosions are asymmetric, with strong jets
emerging from the fireball, and if the jets are in
our line of sight. Maeda et al. (p. 1220, pub-
lished online 31 January) have looked at the
spectra of several such events at times late in the
evolution of the emission, when expansion low
ers the density of the ejected matter and allows
optical photons to escape. This approach permits
a glimpse of the far side of the explosion. Analy
sis of these results indicates that explosions are
aspherical for many GRBs.

Incurring Carbon Debts in
Biofuel Production

Although biofuels have the potential to reduce
€O, emissions, secondary effects of biofuel pro
duction must also be considered, such as how
much €0, is released by the conversion of land
to the production of biofuel stock. Fargione et al.
{p. 1235, published online 7 February) analyze
the carbon balance of the conversion of a variety
of carbon-rich land types lo food-based biofuel
croplands and find that the carbon debt incurred
by the conversion process can be as much as 420
times that of the annual greenhouse gas emis-
sion reductions that result from the displace
ment of fossil fuels from the energy generation
process. Biofuels made from waste biomass, or
grown on abandoned agricultural lands, can
avoid most, or even all, of that carbon debt,
however. Searchinger et al. (p. 1238; published
online 7 February) have modeled greenhouse

h..

| gas emissions in the production of corn-based
| ethanol. Instead of generating a roughly 20%

reduction in greenhouse gases, as typically is
claimed, emissions would approximately double
during the first 30 years of implementation and
create an emission increase that would take
maore than 160 years to recoup.

An Atomic View of
Current Flow

The magnetic properties of ultracold atom clouds
can be used as minute compass needles for the
detection of small changes in magnetic field. As
current flows through a wire, scattering of the
electrons is usually con
== fined to short length
scales, and long-range
ordering would not nec-
essarily be expected.
— | However, Aigner et al.
(p. 1226) report a sur-
prising finding using
cold atom magnetome-
try to study the flow of
current in polycrys-
talline gold wires.
Ordered current fluctua-
tions occur along the
length of the wire
angled at 457 to the current flow. They interpret
and model the observed patterns as arising from
scattering of the electrons around defects.

"
e

Imaging a Tight Squeeze
One form of controlled nuclear fusion uses high-
energy lasers to compress small capsules of

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

() 5 L1y

<< A Blue-Emission Special

The fluorescence of trans-stilbene can be used as a
probe of its surrounding environment. In solution, it
fluoresces only weakly because the excitation energy
drives a rapid isomerization to the cis form; in confined
environments that inhibit isomernization, fluorescence
can be seen more readily. Debler et al. (p. 1232; see the
Perspective by Armitage and Berget) have reexamined the
intense blue luminescence from a stilbene-antibody complex
that was initially described as fluorescence from a complex
that formed between the excited state of stilbene and a trypto-
phan (Trp) residue. The excited-state complex forms via charge
transfer to form an anionic stilbene and a cationic Trp. Charge
recombination is the source of the intense blue emission.

hydrogen to densities and temperatures where
fusion reactions can occur. Achieving optimum
compression will require measurements of the
shape and distribution of matter during the
implosion, as well as an understanding of how
local electromagnetic Felds might affect the
fusion plasma. Rygg et al. (p. 1223; see the Per-
spective by Norreys) used proton beams to create
images of imploding fusion targets that map out
the density and field distribution as a function of
time during compression. The maps show unusual
structures in the plasma that consist of filaments
and strong radial electric fields that have a clear
influence on the implosion dynamics.

Exosome Assembly Pathway

Exosomes are vesicles of endocytic origin thal
are released into the extracellular environment
after fusion of multivesicular endosomes with
the plasma membrane. Trajkovic et al (p. 1244;
see the Perspective by Marsh and van Meer)
found that the exosomal cargo segregates
together with lipid-raft components into distinct
microdomains on the endosomal membrane, The
transfer of these microdomains into the lumen of
the endosome did not depend on the function of
the known intravesicular budding ESCRT (endo-
somal sorting complex required for transport)
involved in the degradative pathway, but
required ceramide. Exosomes were enriched in
ceramide, and exosome formation was sensitive
to the inhibition of neutral sphingomyelinases.
In giant unilamellar liposomes, addition of
sphingomyelinase was sufficient lo induce the
inward budding of lipid rafts into a liposome,
Thus, lipid rafts may act as collecting devices for

Continued on page 1159
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CREDIT: MULIRES ET AL

This Week in Science

Continued from page 1157

the lateral segregation of cargo in the limiting membrane of endosomes, and the formation of
ceramide from sphingomyelin within these microdomains could trigger membrane budding into the
multivesicular endosome,

Synthetic Bacterial Chromosomes

The synthesis of genomes de novo will provide a powerful tool for understanding the basic biology of
living organisms and designing genomes for medical and environmental applications. Gibson et al.
(p. 1215, published online 24 January; see the Perspective by Endy) have assembled the complete
580,076-base pair genome of Mycoplasma genitalivm, starting from cassettes of 5 to 7 kilobases in
size. The synthetic genome contained short "watermark” sequences at intergenic locations. Although
it was possible to do some of the assembly in vitro, the larger fragments were assembled (that is,
quarter genomes assembled into halves and wholes} by recombination in yeast.

Explaining Polarized Growth Patterns

The ability of certain cells to grow in a polarized fashion has been studied for many years, but the
mechanisms involved in the process, particularly in plant cell systems, remain unclear. Takeda et al.
(p. 1241} report the discovery of a positive feedback mechanism that regulates the development of
a polarized cell shape in the commonly studied model plamt, Arabidopsis thaliana. The positive
feedback system is generated by the local interaction of Ca* and reactive oxygen species in root
hair cells and is central to the maintenance of active growth at spatially restricted sites during polar-
ized cell elongaltion.

Bat Flight Plan

Recent work has found that bal wings generate very
high liflt coefficients at low flight velocities. However,
the aerodynamic mechanism responsible for this
excess lift has remained obscure, Muijres et al,

{p. 1250) have visualized and measured the air flow
above the wing surface of actively flying bats. The
main lift-enhancing mechanism observed is a leading-
edge vortex, which stays attached to the wing throughout the downstroke, The same unsteady mech-
anism is also responsible for high lift generation in insects,

Memory Breakdown

The phenomenon of memory reconsolidation has made people guestion the traditional view that
long-term memories become more stable and resistant to perturbation with time. Reconsolidation
indicates that memory change is a continuous process and that change is initiated by retrieval experi
ences themselves, However, the cellular events and mechanisms underlying this phenomenon have
not been clear. Lee et al. (p. 1253, published online 7 February) provide evidence for degradation of
postsynaptic proteins in hippocampal synapses thought to participate in the formation of conextual
fear memories. Blockade of this degradation is accompanied by blockade of the retrieval-induced
reorganization of the original memories, Thus, reconsolidation is like a breakdown of original memo-
ries while new elements are incorporated by new protein synthesis,

The phenomenon of memory reconsolidation has made people guestion the traditional view that
long-term memories become more stable and resistant to perturbation with time. Reconsolidation
indicates that memory change is a continuous process and that change is initiated by retrieval experi-
ences themselves. However, the cellular events and mechanisms underlying this phenomenon have
not been clear. Lee et al. (p. 1253, published online 7 February) provide evidence for degradation of
postsynaptic proteins in hippocampal synapses thought to participate in the formation of contextual
fear memories, Blockade of this degradation is accompanied by blockade of the retrieval-induced
reorganization of the original memories. Thus, reconsolidation is like a breakdown of original memeo-
ries while new elements are incorporated by new protein synthesis.

Dissecting Function in the Living Brain

Because the brain is composed of many interconnected cell types in close proximily, it is not easy lo
determine the precise function of any one class. Existing methods such as lesions or pharmacological
inhibition are relatively crude, and their effects cannot reliably be wsed to eliminate the contribution
of one cell lype. Even genetic approaches, which can be targeled to certain cells, have only been used
to inhibit one receplor sublype, and the delicits are often present throughout development, con-
founding interpretation. Nakashiba et al. (p. 1260, published online 24 January} constructed a
tetanus-toxin-based, triple-transgenic mouse that allows reversible inhibition of all the synaptic
activity of one type of cell in the hippocampus, the CA3 pyramidal cell. When the CA3 hippocampal
cells were silenced, the mice could still learn a spatial task but could not recall certain memories or
perform rapid learning tasks.
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CREDIT CORAISHLULTON ARCHIVE

Donald Kennedy is the
Editor-in-Chief of Science.

On the Way Out

AS | WRITE, | HAVE JUST A WEEK OR 50 LEFT AS EDITOR-IN-CHIEF OF SC/ENCE. IT IS ONE OF
those mixed-emotions moments, 'm leaving some wonderful colleagues, which is
painful. but on the other hand. my friend Bruce Alberts gets the opportunity to work with
them. He deserves the splendid help they will give him, and they will have a leader who
understands science, enjovs the deep respect of the community, and led it brilliantly as
president of the National Academy of Sciences for a dozen years. So Science and the
American Association for the Advancement of Science (AAAS) are the beneficianes of
a fine appointment. A profile of Bruce (p. 1 199) explains why we are
in such good hands. Meanwhile, | need to hurry and clean up any
loose ends before he asks about them.

I had thought of celebrating this transition by designating some
parting gifts to leave Bruce and my colleagues in science. Before get-
ting 1o problem solutions, enemies lists, and the like, my first gift o
Bruce is of Tiffany quality: the Editorial and Mews stafts he will
inherit. Colin Norman in News and Monica Bradford as the Execu-
tive Editor are superb professionals, and the stafis they lead are as
able and commitied as their equivalents in any place I've ever been.
Alan Leshner has been a great colleague and friend, and Beth Rosner
and her staft have held off the recession. | hope to stay in contact with
many of them.

In return for that, I want to beg Bruce to let me write the occasional editonial. His own
passions for science, education, and public policy will fill that space elegantly, but | wanta
chance to poach a little whenever some outrage exceeds my tolerance level. He understands
this need of mine, and I am grateful. At the same time. | must bequeath him some volun-
teers—including distinguished public servants—who will send him editorials they hope
Science will publish. Some of these will be good, but he should be wary. It's always wise to
ask 1t the proposed prece will be wniten by the Secretary of Whatever or by some statfer.

The world 15 full of questions about peer review. A few of our authors have occasion-
ally believed that some reviewer has deliberately stalled a paper or even appropriated an
idea. I would like to present the scientific community with some encouragement about
this process. We have seen few supportable instances of bad behavior by reviewers,

despite occasional claims. Of course peer review i1s not perfect. It has missed a couple of

spectacular frauds, and in a few cases, has approved papers that later turned out to be
wrong. But | know of no better process. Neither am | convinced that we should establish
a system to press authors for authentication so intensely that it threatens the trust that has
characterized our community.

| hope Bruce will not have to deal with an environment in which scientists who work
for the U.S. government are controlled by public relations “minders™ or by Assistant
Secretaries appointed to ensure that science follows policy instead of the other way
around. The Union of Concerned Scientists, having fought against this practice for years,
has now produced a Bill of Rights for government scientists, designed to liberate federal
researchers from pracuices that had become routine over the two terms of the Bush
Administration. This won’t be a gift but a duty, because Science will have to be alert w
identify new cases that the Bill ol Rights i1s designed to prevent.

Finally, I wish [ could give my successor some release from the obligations of hearing
appeals at Seience. That requires deciding. negotiating, or rejecting differences that arise
between authors and editors: or authors and peer reviewers: or authors contending about
priority, or the correctness of another’s finding, or delivering material reported in a Science
paper to another author. Here s the best | can do, Bruce. Be as fair as you can, sympathize
with anger. confess nstitutional error when appropriate. and be firm. And when the
disappointed complain to members of the AAAS Board, remember to smile!

- Donald Kennedy

101126/ science. 1156805
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EDITED BY GILBERT CHIN AND JAKE YESTON

BIOMEDICINE

GATA Differentiate!

Because most cancer deaths are due to metastatic disease, there is great interest in developing therapies that ol
prevent cells in a primary tumor from undergoing the changes that confer the capacity to disseminate, or that would
reverse such changes. Tumors that are destined to disseminate and metastasize display molecular markers that distin-
guish them from less aggressive cells, but it is not clear if these molecules play a causal role in tumor metastasis, and
hence would be suitable drug targets.

Kouros-Mehr et al. have explored the role of one intriguing predictive marker in human breast cancer, a transcrip-
tion factor called GATA-3 that is required for the differentiation and proper function of normal mammary tissue. Breast
tumors with low expression levels of GATA-3 typically are poorly differentiated, have a higher metastatic potential, and
are associated with a worse clinical outcome than are tumors with high levels of GATA-3, Studying a mouse model of
breast cancer, the authors found that GATA-3 expression and markers of differentiated epithelial cells (red-yellow) were
lost very early in tumor progression and that this loss was likely due to the expanded growth of GATA-3-negative mam-
mary stem cells (blue). Importantly, when they reintroduced GATA-3—positive cells into later-stage breast tumors, the
tumors became more differentiated and showed a reduced capacity to disseminate. These results indicate that GATA-3
is not only a marker but also a causal factor in tumor metastasis, and that drugs activating GATA-3 itself or the mole-

1162

cules that requlate it could form the basis of differentiation therapy for breast cancer. — PAK

PLANT SCIENCE

Constructing a Scaffold

Plant cells partition at cytokinesis by forming a
new cell wall. These walls are composed of inter
penetrating networks of the polysaccharides cellu-
lose and pectin and of (hydroxy)proline-rich glyco-
proteins, notably the extensins, Cannon ef al, show
by electron microscopy that the Arabidopsis
mutant rsh is defective in cell wall assembly and
that the defect is likely due
to the absence of the rsh-
encoded extensin protein,
ALEXT3. This protein con-
tains 11 identical amphi-
philic motils that, besides
being rich in hydroxyproline,
contain an isodityrosine (Idt}
cross-link motif (YXY) and

an HYS motil. In vitro,
extensin peroxidase cal-
alyzed tyrosine cross-linking between purified
ALEXT3 monomers and led to the inference that
the monomers were offsel such that intermolecular
cross-linking occurred between ldt and HYS, rather
than between two Idt motifs. Atomic force micro-
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AtEXT3 network, -~ =

scopy imaging shows that AtEXT3 forms a dendritic
network displaying both end-on and lateral adhe
sion. The alternating hydrophilic and hydrophobic
modules of AEXT3 may induce like-1o-like sell-
association with cross-linking stabilizing the net-
work and favoring a staggered alignment that
would permit two-dimensional growth. The authors
suggest that such a positively charged extensin
network may serve as a template for the orderly
depaosition of negatively charged pectin during cell
wall assembly, — WV

Proc. Natl. Acod, 5ci. U.SA. 105, 2226

(2008).

APPLIED PHYSICS
Glimpsing Tiny Live Wires

The realization of molecular electronics
requires reproducible methods for cre-
ating devices inwhich conduction
occurs through individual molecules,
Current methods rely on the fabrication of many
devices to prove statistically that a single-molecule
junction has been realized, but knowledge of the
specific chemical environment of the conducting
molecules tends to be limited, complicating the

Concer Cell 13, 141 (2008),

interpretation of the data. Ward et of present a
method for simultaneous electron transport meas-
urements and single-molecule sensing using sur-
face-enhanced Raman spectroscopy (SERS) on
nanometer-scale structures (nanogaps) bridged by
individual molecules, The metal electrodes that are
used as comacts to the molecules also function as
plasmonic antennae, resulting in an enormously
enhanced vibrational signal. In about 1in 10 junc-
tions, changes in conductance with time correlate
closely with changes in the SERS signal, supporting
a link between electron transport and single-
molecule conformational changes., The relation
between conductance and SERS spectra remains
complex, but steadily improving theoretical analyses
paired with such measurements should shed light
on the fundamental mechanisms at play. — JFU
Neao Cetl. 8, 10,102 1/ni0733460 (2008).

MOLECULAR BIOLDGY

Motoring Inside the Nucleus

The highly conserved protein actin not anly func-
tions as a critical cytoplasmic actor in cell shape
and movement, but also, as shown recently, has a
nuclear role in regulating gene expression. The

WwWW.sCiencemag.org
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CREDIT KIM ET AL, ADV MATER. 20, 307 (2008}

frequent companion of cytoplasmic actin is the
motor protein myosin; therefore, it is nol surpris-
ing that a myosin isoform (NM1) can be found in
the nucleus. Ye ef al. have examined the contri-
butions of nuclear actin and myosin to ranscrip-
tion and find that NM1 and oligemeric (possibly
filamentows) actin cooperate in the transcription
of ribosomal RNA genes by RNA polymerase 1. A
series of experiments demonsirated that NM1
adenosine triphosphatase aclivity was necessary
and that the cyclic actin-myosin interaction
observed in skeletal muscle was likely to occurin
the nucleus as well. The authors suggest that
actin and myosin may collaborate in driving RNA
polymerase and its target genes together, — BAP
Genes Dev. 22, 322 (2008).

MATERIALS SCIENCE
A Graded Improvement

Refractive index is a key parameter to consider

in selecting materials for optics and photonics
applications, as it determines the extent of reflec-
tion and refraction
when light impinges
on an interface.
Unfortunately, opti- N
mal choice of this L <
parameter often
necessilates com-
promising other
material properties.
Kim et al. show that
they can conveniently @ilor the refractive index
of a single material—the transparent conductor
indium tin oxide (ITO)—for device applications.
Using obligue angle deposition, they are able to
grow porous films consisting of arrays of oriented
rods. The porosity can be controlled by changing

ITO gradient

Science Signaling

Alaans

EDITORS'CHOICE

the angle of the ITO vapor flux, thus tuning the
refractive index from a bulk value of 2.19 to
below 1.3. The authors exploit this tunability
lo grow a six-layer gradient coating on a light-
emitting diode (LED), in which the ITO acts as both
a coating and a conducting layer. By gradually
reducing the refractive index, they eliminate
almast all Fresnel reflection and thereby improve
the output of the LED by 24% compared to a
device made with a bulk 17O layer. — MSL

Adv. Mater. 20, 801 (2008).

CHEMISTRY

Picking O over N

In general, amines react more rapidly with
carbonyl electrophiles than do alcohols. Lipase
enzymes manage to invert this tendency and effi-
ciently calalyze ester formation even in the face of
a nearby nitrogen group striving o form an amide,
Artificial catalysts have been less successiul for

this purpose though, and laboratory amino ester
syntheses therefore often require wasteful N pro-

tection and deprotection steps, Ohshima
et al. have now prepared a tetranuclear
zing cluster that bucks this trend and
alfords selectivity along the same lines as
the enzymes. Al loadings as low as 1.25
mole percent, the oxophilic catalyst gives
B2 10 99% yields of the ester in reactions
of methyl benzoate with a range of termi-
nal alkyl amino alcohols. Similarly, ester
selectivities higher than 90:1 are
observed when equal concentrations of various
amines and alcohols compete intermolecularly.

The authors posit a mechanism that entails dual
activation of the alcohol and electrophile by coop-
erative Zn centers. — JSY

-

o

J. Am_ Chem. Soc. 130, 10.10214a073578i (2008),

<< A Receptor for Neurotrophins

Integrins are dimeric cell surface receptors composed of
o and [} subunits and interact with the extracellular

matrix (ECM) to promote cell adhesion and survival. There are 18 o and 8 § subunits in mammals,
and at least 24 heterodimers have been described. Given this complexity, it is not surprising that
integrins have been observed to interact with molecules other than those in the ECM. For example,
i3, 2 widely distributed integrin, interacts with several classes of ligands, including ECM con-
stituents (tenascin, thrombospondin 1, and osteopontin), metalloproteases (ADAM12 and 15), and
vascular endothelial growth factor. Staniszewska et al. report that integrin o3, also binds to the
neurotrophins NGF, NT3, and BDNF. They found that an a3, —transfected colon cancer cell line
adhered to mouse NGF, human recombinant NGF, BDNF, or NT3 with the same efficiency as lo
VCAMI, a known g3, ligand. Adherence was blocked by an o53,-specific antibody and by a snake
venom protein that selectively antagonizes agf}y. Human recombinant NGF bound to o3, with a K
of about 5 nM, which is similar to the strength of the interaction between NGF and the low-affinity
receptor p75"™, The responses of the transfected cells to NGF included proliferation (involving
extracellular signal-regulated kinases 1 and 2) and migration (involving paxillin). — NRG

). Cell 5ei. 121, 504 (2008).

Who’s helping bring
the gift of science to
everyone?
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As a child | got very interested in

space travel. When | was six my
father gave me some books on rockets
and stars. And my universe suddenly
exploded in size because | realized
those lights in the sky | was looking at
were actually places.

I wanted to go there. And | discovered
that science and technology

was a gift that made this
possible. The thrill of
most Christmas presents
can quickly wear off. But ;
I've found that physics is a
gift that is ALWAYS exciting.

I've been a member of AAAS for a
number of years. | think it's important
to join because AAAS represents
scientists in government, to the
corporate sector, and to the public.
This is very vital because so much
of today's science is not widely
understood.

| also appreciate getting Science
because ofthe breadth of topics ”
it covers.

Jim Gates is a theoretical physicist
and professar at the University
of Maryland. He's also a member
of AAAS.
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FLYING HIGH

Paper-folding enthusiasts in Japan want to push the envelope by launching 100 small paper
planes from the International Space Station.

The Japan Origami Plane Association came up with the idea in the late 1990s. Their plan got its
first scientific test last month, when a team demonstrated that a 7-cm-long, 5-cm-wide model of the
space shuttle made from heal-resistant paper could survive Mach 7 (about 8500 kmv/h) wind speeds
and 200°C temperatures in the Hypersonic and High-Enthalpy Wind Tunnel at the University of Tokyo.

Shinji Suzuki, an aerospace scientist at the university who conducted the tests, hopes the project
will help designers of lightweight aircraft and inspire schoolchildren to study science and engineering.
Suzuki figures that he'll need a few years to convince NASA that the project meets its safiety standards.
If the agency approves, astronauts will launch 20-cm-long planes carrying multilingual messages with
instructions to return any that reach Earth safely and are recovered, Suzuki acknowledges that many

may perish after landing in the ocean, but he says one safe return would constitute a success.

Bumpy Bandage

Taking cues from the toes of geckos is proving
a strategy worth sticking to. The lizards, which
can run upside down and hang by a single toe,
have inspired intense study of the physiologi-
cal and physical properties that keep them
from falling, as well as the development of a
dry adhesive.

Now a team of engineers, chemists, and
physicians has fashioned a waterproof,
biodegradable tape made with an elastic polymer
they invented and shaped to mimic the nano-
topography of the gecko’s foot pads. The polymer
gets its "cling” from rows of tiny pillars on ils
surface, which is coated with a sugar-based glue,

Manx Monitors

Microsoft has a new target audi-
ence: Manx shearwaters. The soft-
ware giant's research arm is
teaming up with the University of
Oxford, U.K., and Freie Universi-
Lt in Berlin, Germany, to monitor
these nocturnal sea birds with
wireless sensors, work that may
yield new information about cli-
male change.

Manx shearwaters, burrow-

CREDITS [TOP TO BOTTOM: COURTESY OF SHIRI STV HILARY BYRMES: ROBIN FREEMAN

dwelling birds that resemble minia-
ture albatrosses, breed on small
islands off the coasts of Britain

and Ireland. They spend most of
their lives at sea, migrating

to South America in the

winter and traveling hun-

dreds of miles o least on herring
and other small fish. Past studies
of the elusive birds required ecolo-
gists to trek over slippery terrain

-
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The researchers hope to make internal band-
ages to help repair gut ulcers, for example, or to
deliver time-released drugs. By varying the
shape, size, and angle of the pillars, they can tai-
lor the tape’s adhesive properties to suit the tar-
get tissue, says chemical engineer Jeffrey Karp of
Harvard Medical School in Boston. Karp and col-
leagues described the new bandage online 18
February in the Proceedings of the National
Academy of Sciences,

The polymer’s pillars are no match for a
gecka's, says gecko-toe expert Kellar Autumn of
Lewis and Clark College in Portland, Oregon.
But he adds that the work "is very exciting
because it suggests that gecko adhesives will
have broad application in medicine.”

for kilometers in the dark.

But researchers at Microsoft
Research Cambridge plan to
change all that by placing

wireless sensors oulside
50 burrows on Skomer
Island off the coast of
Wales, Scientisis will mon-
itor the birds’ burrows and
keep tabs on their whereabouts
off the island with global posi-
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Hang Gliders

Colugos have gliding down o a fine arl, soaring
from tree to tree like furry kites. Because they
are nocturnal and elusive, however, nobody
knew much about how they do it—until a group
of researchers sneaked up on a few of them in
Singapore and glued small sensor-filled packs to
their backs.

The tree-dwelling mammals—thought to
be the closest living relatives of primates—are
about the size of small cats and live in the rain
forests of Soulheast Asia. To see how gliding
works, biologists from the University of
California, Berkeley, and the National
University of Singapore cap-
tured colugos in the wild and
outfitted them with backpacks
weighing less than 30 grams each
that continuously recorded the
animals’ movements,

Five colugos wore the packs
for about a week, logging 200
glides of distances ranging from
2.5 meters to 150 meters belore
the glue gave oul. The data
showed that colugos leap most
forcefully to launch the longest
glides and alight softly. The
longer the glide, the softer the
landing, the team reported
online this month in the Pro-
ceedings of the Royal Sociely B.

Biologist John Scheibe of
Southeast Missouri State
University in Cape Girardeau says
the study is exciting because of its
natural setting. Although there is
much to learn about the evolu-
tion of gliding, Scheibe says the
colugo research “puls an
impartant piece of the jigsaw
puzzle into place.”

lioning system tracking devices.
The Manx shearwater's depend-
ence on distinct but diverse habi-
tats makes it an ideal study
species for environmental
changes that affect its habitat.

Marine ecologist John Croxall
of Birdlife International says the
team has “opened new avenues
that inform us about the threats
these birds face.”
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PIONEERS

BRIDGING THE GAP. Growing up in
Washington state, Erin Fletcher frequently
crossed the infamous Tacoma Narrows Bridge,
which was rebuilt after a wind-induced col-
lapse that occurred in 1940. Watching a film
clip of the disaster inspired her to become a
civil engineer. Now she designs highway
sound barriers and bridges for a company.

Fletcher is one of a dozen female engineers
featured on engineeryourlife.org, a new Web
site hosted by the U.S. National Academy of
Engineering. Its goal is to interest more college-
bound girls in becoming engineers and to
narrow the gender imbalance—roughly 4 to 1
in favor of men—in undergraduate enroll-
ments. “The site shows that engineers are real
people, that we have a good time in our jobs,”
Fletcher says. “We're doing important work,
but we're not goofy and dorky and weird.”
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<<Two Cultures

NANOREALISM. Most artists labor for a lifetime without seeing their work hang
in the Museum of Modern Art (MoMA) in New York City. But Keith Schwab

(left), a physicist at Cornell University, has made it into MoMA without trying

with an image in a current exhibition, “Design and the Elastic Mind,”

The exhibition grew out of a series of salons starting in late 2006 for artists,
designers, and scientists organized by Paola Antonelli, a senior curator at

the gatherings,

NONPROFIT WORLD
MONOPOLIZING MALARIA. Arata Kochi, the
outspoken and at times undiplomatic head of
the malaria program at the World Health
Organization (WHO), is getting worried about
the increasing clout of the biggest philan-
thropy in the world.

In a November 2007 memao to WHO
Director-General Margaret Chan that was
recently leaked to The New York Times, Kochi
complains that the $39 billion Bill and
Melinda Gates Foundation is effectively
locking up malaria scientists in a “cartel”
that stifles dissenting views. Moreover, the
foundation is usurping WHQ's policy-setting
role, Kochi warns. The memo was recently
circulated to other department heads at WHO,
the newspaper reported.

Others too, are grumbling about the foun-
dation’s growing influence. Its new plan to

MoMA, and Adam Bly, founder of Seed magazine. Antonelli says she was
struck by the aesthetic combination of form and function in a micro-
graph of a clover-shaped nanodevice that Schwab presented at one of

Schwab, who with Michael Roukes of the Califorma Institute of
s Technology used the device to probe the quantum limit of heat flow,
isn’t taking his moment at the top of the art world too seriously. “It's not
like the artists are sitting there thinking. "This is the best nanodevice
I've ever seen!”™ ™ he says, The exhibit runs through 12 May,

eradicate malaria (Science, ¥ December
2007, p. 1544) is “worrisome” because it
preempted the authority of the World Health
Assembly (comprised of WHO member coun-
tries), says an official at
another global health
organization who asked
not to be identified.

But some Gates
grantees disagree.
Entomologist
Willem Takken of
Wageningen
University in the
Netherlands says Kochi's memo seems to be
born out of “frustration” that a maore action-
oriented player with much deeper pockets
has arrived on the scene,

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

Three Q’s

BEIJING—The budget of the
National Natural Science
Foundation of China (NSFC)
has doubled w 5617 million in

the past 5 years under the presi-
dency of biologist Chen Yiyu.
Last month, Chen was
appointed to a second S-yvear
term at the agency, which funds
research that has been peer-
reviewed by outside scientists.
NSFC's budget is expected to
climb to $747 million this vear.

Q: Is there enough good
research in China to justify
such large increases?
Owerall, the level of science is
still bow. Last vear, we receved
approximately 73,800 propos-
als and approved 14.700. But

even among the approved proj-
ects. relatively few are of high
quality, My priority is not to
improve the success rate but to

spend more on the best projects.

0: NSFC recently set up joint
funds with Sinopec, China's
main oil company, and Baosteel.
This is a radical departure from
the old model.

S0 1s our peer-review evalua-
tion system. and that’s our
biggest success! Until about

3 vears ago m China, we did
not appreciate the connection
between basic research and

www.sciencemag.org SCIENCE VOL 317 29 FEBRUARY 2008

industrial development. Now
we do, but industry thinks all
the intellectual property should
belong to them. We are negoti-
ating with the companies now.

Q: China has recently been
plagued by misconduct cases.
How vigilant is NSFC?

We will openly eriticize those
who mishehave, and we send
staff to investigate misconduct
allegations. On one hand, we
try to crack down on miscon-
duct. But on the other hand, we
try to create a healthy atmos-
phere for good science.
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SCIENCE EDUCATION

Eves on the
lunar prize

Florida Standards Support
Evolution—With a Twist

Florida scientists declared victory last
week alter the state Board of Education
approved science standards that for the first

time explicitly embrace the teaching of

evolution. But antievolution activists are
claiming that the vote bolsters their posi-
tion that evolution is a “just a theory™ and
therefore unproven, Such is life on the from
lines of the continuing battle over teaching
evolution in U.S. schools.

The basis for the dueling claims 15 a lasi-
minute change by state school officials o a
document drafted by an advisory commii-
tee made up of scientists, educators, and the
public. In lieu of evolution, the standards
now refer to “the scientific theory ofevolu-
tion.” State education officials say the new
wording was intended to appease conserva-
tives without compromising on accuracy.
To be consistent, officials applied the same
wording to every other scientific concept
mentioned in the standards, for example,
changing “photosynthesis” to “the scien-
tific theory of photosynthesis.”

The changes were made after state
Representative Marti Coley phoned in dur-
ing a 4 February conference call to the
board and asked that the word “theory™ be
added to the dratt standards. Mary Jane
Tappen, director of the education depart-
ment’s Office of Mathematics and Science,
then talked with members of the standards
writing commitiee and other scientists. The
additonal words may make the document

“cumbersome.” she admits. “but some of

us felt the document got better.”

On 19 February. the board voted 4 10 3 1o
approve the revised version. Two members
who voted with the majority—Linda Taylor
and Kathleen Shanahan—had asked that the
word “theory™ be included. But two who
voted against adopting the standards
Roberto Martinez and Akshay Desa
they were angered by the last-minute
rewording. “What’s going on here 1s an effort
by people who are opposed to evolution to
water down our standards.” Martinez said
before casting his vote.

sand
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MNobelist Harold Kroto, a chemistry pro-
fessor at Flonda State University (FSU) in
Tallahassee who helped rally public support
tor the standards, believes the new language
allows scientists and teachers to make a clear
distinction between scientific and unscientific
theories. “The original standards were fine,
but this might actually be better in the long
run.” he says. “The phrase “scienufic theory”
oives us leverage to differentiate between
theories that are supported by evidence and

those that aren’t.” The simple addition of

“theory™ would have been disastrous, he adds.

e | JA F -

Different standards. Mobelist Harold Kroto and
Florida legislator Marti Coley disagree on what new
science standards say about evolution,

Q&A with

German
sclence minister

That's not how some conservatives see it,
however. Coley issued a press release soon
after the board’s vote “applauding™ the deci-
sion “to teach evolution as a scientific theory,
not o scientific fact as had been earlier pro-
posed.” Coley savs the standards now are
“imnclusive of a variety of viewpoints.”

Some of the 23 individuals on the stan-
dards writing committee who had expressed
concerns about last-minute changes seem sat-
isfied with the final wording. *"Our hackles
went up when we heard of the request o add
‘theory™ ™ just to the references o evolution,
says Sherry Southerland, a science education
professor at FSUL “But we felt that putting the
language throughout the standards would
take care of that concern.”

Tappen believes that the new standards
leave no room for the teaching of alternative
ideas about how life came to be. at least not in
a science class. *Theories that are not scien-
tific may be discussed in a humanities or a
comparative religion course.” she says, But
the difference may not be clear to everyone,
concedes FSU evolutionary biologist Joseph
Travis. “If somebody wants to say a particular
religious idea is a scientfic theory, that's
another issue.”

The change failed w appease board mems-
ber Donna Callaway. who had been pushing

for an amendment 1o allow the teaching of

alternatives to evolution. And the Seattle,
Washington-based Discovery Institute,
which advocates eaching students to ques-

tion evolution, called the new wording “an
impotent change.” An analysis of the new
standards posted on its blog carried this head-
line: “Florida State Board Tricked Into Mean-
ingless *Compromise” o Retain Dogmatism.™
Hard-liners unhappy with the standards
don’t intend to let the matter rest. Ina 21 Feb-
ruary interview published in the Florida
Bapeist Witness, anorgan of the Florida Baptist
State Convention, the speaker of the state
House of Representatives, Republican Marco
Rubio, said he and other House leaders are
considering introducing legislation to allow

teachers o each crticisms of evolunion,
Callaway says she would support such an
effort, “People have asked me why [ don™t
question math concepts or grammar,” she
explained to Seience. “1 tell them, “Those
things have nothing to do with life. Evolution

is personal, and it affects our beliefs." ™
-YUDHIJIT BHATTACHAR]EE
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NIH Urged to Focus on New Ideas, New Applicants

Advisers to the US. National Institutes of
Health in Bethesda, Maryland, outlined a
near=final plan to rescue the overburdened
NIH peer-review system last week. They
want NIH to go for a sweeping overhaul
one that would speed reviews, make the sys-
tem more inviting, and nudge it to favor new
ideas. One way to do this, they say, is to
streamline a process that now encourages
scientists o keep revising gramt applications
until they wear down resistance, Researchers
seem to like the proposed changes, although
some say NIH ought to test them first,

This analysis began last summer when
NIH Director Elias Zerhoum asked for ideas
to help NIH cope with system overload and
reviewer burnout. The agency is receiving a

“new.” A study section now devoted to rebut-
tals of reviews would be eliminated; instead,
the grant writer would simply incorporate
any responses into a fresh application,

In addition, the panel recommends spe-
cific tweaks of review criteria and proce-
dures. NIH should shorten its 25-page appli-

cation, the advisers say, and focus more on
impact and mnovation and de-emphasize
methods and preliminary data, Study sec-

grants to mechanisms such as the Pioneer
Award, which is based on an investgator’s
track record rather than a specific research
project. That could mean 300 to 400 awards
per vear for these risk takers, more than five
times the current number, Yamamoto says.
Some ideas did not make it into the final
report, such as whether to set a maximum
length for applications. This was “hotly dis-
cussed and debated.” said Lawrence Tabak.

resubmission.”

omitting rebuttals of criticism.

SIX NIH PEER-REVIEW RECOMMENDATIONS

Mark some applications "not recommended for

v Amended applications considered as "new"—

v Rate all applications by specific criteria and rank
to reduce ambiguity.

Shorter application with focus on impact and
innovation, less on methods and preliminary data.

Require at least 20% of effort go to grant, to limit
principal investigators with multiple grants.

record number of applications—about
80000 are expected in 2008—at a time when 7
its budget 1s stagnant. Zerhoun formed two
advisory committees, one internal at NIH /
and the other external. and asked them 1w

Figure out how to fund “the best science ...
with the least administrative burden.” he said
last week at a eleconference meeting of his
Advisory Committee to the Director (ACD).
Manv of the ideas adopted by the two groups
were described in a preliminary report last
vear (Scivitce, 14 December 2007, p. 1708),
One of the combined panel’s fundamental
recommendations 1s to avoud having propos-
als routinely revised and resubmitted as many
as two times, These “amended applications™
tend to be put in the queue in front of new
applications, and there is a sense that “last
chance™ applications may be favored, the
panel found. “Its a system that awards per-
sistence over brilliance sometimes.” Zerhouni
sand, “We really want to change that.”
Instead. the panel says study sections
should stamp some applications “not recom-
mended for resubmission™ during the first
review. These quick rejections might run
about 20%. external group co-chair Keith
Yamamoto of the University of California,
San Francisco, told Science. Proposals that
make it past this First barrier but are not
ranked among the best could also face
tougher scrutiny, The panel would do away
with the category of “amended™ applications
and have all submissions considered as

WWW.SCIENCEMag.0rg

v Consider separate review for new investigators.

—-

New order. Two working groups proposed changes that would streamline NIH peer review,

tions should rate all proposals, even rejected
ones, on five criteria such as impact so that
people will know where they stand. The
panel also suggests another way to reduce
ambiguity: In addition to giving scores, study
sections should rank all applications lrom

first 1o last. For better quality, the number of

reviewers for cach proposal should be dou-
bled from two o four or more.

The panel’s charges included helping NIH
spend its money more effectively, Noting that
a small fraction of investigators hold multiple
grants. the panel says NIH should “ensure
optimal use of NIH resources™ by requiring
investigators to devote at least 20% of their
effort to each grant. This might limit most
researchers to three or four grants,

Zerhouni has said that a top objective is to
give more help to new investgators. The
panel suggests that NIH consider putting
First-timers on a separate track. using gener-
alists rather than specialists to review their
proposals. To encourage more high-risk sci-
ence, the panel suggests that NIH devore at
least 1% of its basic investigator research

director of the Matonal Institute of Dental
and Craniofacial Research, who co-chaired
both the internal and external working
groups: the panel decided to let NIH Figure it
out. The panel also scrapped some ideas for
motivating reviewers, such as extending the
length of their grants, which could have led to
a “stampede.” Yamamoto savs, Instead, the
aim is to attract reviewers by “making the
process better”

These ideas drew mostly positive reac-
tions from the full ACD during last week's
telephone call. although panel member
Mary Beckerle of the University of Utah,
Salt Lake City, cautioned that NIH needs to
try some experiments first. The panel has
“come up with lots and lots of good ideas.”
agrees Yale University cell biologist
Thomas Pollard. who was not part ol the
meetng. “The question 15 which will work
in practice.” The panel planned w submit its
tinal report this week, and Zerhouni savs he
will form an NIH implementation team
within 4 to 6 weeks.

=]OCELYN KAISER
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SPACE EXPLORATION

New Prize Sends Old Hands
On Flights of Lunar Discovery

As a legendary designer of communications
satellives, Harold Rosen doesn™t need to spend
his ninth decade figuring out how to land a
cheap probe that can maneuver and send back
pictures from the moon’s surface. But when
Gioogle announced last vear that it was joining
with the nonprofit X Prnize Foundation to
sponsor the $30 million Google Lunar X Prize,
the Nanonal Medal of Technology winner
decided o dust off an idea for a wbular, spin-
ning payload that had been “in the back of my
head™ for decades. “We think we have the team
to win it, and were ranng to go.” says the spry
aerospace engineer, who at 82 stays inshape by
swinging on metal rings at the beach outside
his home in southern Calitornia.

So far, Rosen’s crew consists of volun-
teers—his wife. Deborah Castleman. a for-
mer satellite svstems engineer; a brother
and a grandson: and a handful of col-
leagues from the aerospace industry who
Jointly hold 130 patents. But Rosen hopes
that the contest’s publicity will attract com-

SCIENTIFIC MISCONDUCT

panies willing to bankroll the entire effort,
from design to delivery, And he thinks he
can do it for the price of the winner’s pot of
520 million.

Nine other teams have also stepped to
the starting line in what Google’s Tiffany
Montague characterizes as "a new commer-
cial moon race” for lunar industries and sci-
ence. Competition orgamizer Peter Diamandis
says that the S10 mallion awarded in 2004 as
part of the Ansan X Prize to send a privately
built, crewed spacecraft o the edge of the
atmosphere leveraged nearly S100 million in
related spending. He also hopes that the contest
will “inspire a new generation™ of students,
who then translate their excitement about
space into science and technology careers,

The Soviet Luna 24 mission in 1976 was
the last robotic mission to the moon, The cost
of following up on that feat has been prohibi-
tively expensive: NASAS recently announced
lunar orbital, called GRAIL. is priced at
5375 million. Although the cash prize is far

less, Montague says it is “an incentive, not
meant o cover dL"\'L'][‘JI'!I'I"H.'I'Il L‘llﬁt!i-."

Some of the contestants are hoping that
their lunar missions will lead to deals with the
media or with companies hoping to extract
minerals or other resources. “For me, it’s a
business plan contest.” says space entreprencur
Robert Richards of team Odyssey Moon,
which is based in the United Kingdom’s 1sle of
Man. Richards sees the race as just one siep
toward selling “small-scale robotic missions to
deliver scientific and technology missions.™

Even the recognized front-runner in the
competition has a long way to go. The princi-
pals in Astrobaotics, a collaboration between
Raytheon (rocketry, navigation). Carnegie
Mellon University (roboties), and the Uni-
versity of Arizona (space cameras, vehicle
testing), have raised $1.5 million toward
what the group esimates will be %100 mil-
lion that it needs for its four-wheeled,
pillbox-shaped rover mission. A focus on
television and other media dollars has led to
SOME UNIQUE engineering requirements, siays
University of Arizona planetary scientist
Dante Lauretta, “Our media people are say-
ing yvou can't have the rover look that boxy.”
he says only half-jokingly. Engineers will
also need to make sure that the rover will »

Chemist Found Responsible for Ethical Breaches

This time it's chemistry’s turn. After a series
of high-profile scientific misconduct cases in
stem cell biology and physics. an Indian
chemistry professor has been punished by his
university for committing unethical practices
involving what appear to be dozens

of recent papers, including plagia- e Flectrochemical Oxidation « ol Ft;:"i: ﬂ::p.wmn

rizing data in an article submitted ,[,:'-i-.,uu'rh,w Flaw Injection= e

last year to an analytical CREMISITY | enr o s - ST 855000

journal. In the wake of the investiga- | 5=V et s (e

tion, four Elsevier journals have ...I'.L,r'r::..:-'r'.r*‘:‘.‘:"I.'T"T'.:",'.l:”'_ T

retracted 13 papers written by Pattium | _ e O T e e SERERT L e

Chiranjeevi, a professor of chemistry 250 Owetine Wiectrochrenical Onidation of Au(IT) fur the dotermination of tatsl As
at Sr Venkateswara University (SVU) N o Vs e

in Tirupati, India, and at least one et P ey, B Mk Ve 8. Syeenf el P-Qbeef

other publication is reviewing pend-
ing submissions from Chiranjeevi or
published articles he has written.
India’s University Grants Commis-
sion is weighing a ban on any research
granis: a university official says that, to date,
Chiranjeevi has not received funding from
any government agency. The university has
decreed that he cannot hold an administrative
position or mentor students. Although he has
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not been fired. he has been denied some
pay raises. The investigation was completed
last summer. but the case only came to light
last week inanarticle in Chemical & Engi-
neering News.
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In an interview with Science. Chiranjeevi
said that the charges against him are “baseless
and not correct.” He blames colleagues and
journal editors for creating “this nuisance™
and says that he plans to take action in an
“international court of justice.”

The university began its investigation after
a peer reviewer discovered that a Chiranjeevi
paper submitted w Analviica Chimica Acta
{ACA) was nearly identical to a 2006 paper
published by other authors in a different jour-
nal. Purnendu K. Dasgupta, an ACA
editor and chemist at the University of
Texas. Arlington, notified Duvvuru
CGiunasekar, then the chair of SWU's
chemustry department.

In a summary of its findings, an
mternal three-member university panel
coneluded that Chiranjeevi *followed
unethical and fraud practices in pub-
lishing research papers. Some parts of

wiled phass sprowepssomery (F5P5) ming dighesy ibsowrhanle (T = &

e Nis research work were found to be

Doublespeak. A reviewer of a paper (above) spotted its
similarity to one already in the literature (fop), setting offi the
investigation. Chiranjeevi denies submitting the paper.

fake.” The summary, a copy of which
has been obtained by Science, also
notes that Chiranjeevi cited the use of
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Topping it off.
Aerospace pioneer
Harold Rosen hopes
a spinning design
will spell victory for
his lunar lander.

be able 1o snap a “self~portrait with the [cor-
porate] logos in focus.” he says, one of the
contest’s media-savvy rules.

It’s not just glamour shots they're after,
*Science isn't a level-one requirement.” says
Lauretta. “But you know us. we're scientists.
Onee we have a spacecraft on the moon, we are
aoine o want o do science.” New regolith for-
mations and boulder distributions are among
the features he's hoping to explore.

Although the 55 million bonus for photo-
graphing humanmade remnants of previous
lunar missions may be a publicity gimmick, it
also promises to focus attention on the impor-

equipment that does not exist at SV, copied
material from other articles, and included
“unjustified” co-authors.

“It’s just amazing what this guy did” savs
Gary Christian, a professor emeritus of
chemistry at the University of Washington,
Seattle. and one of two editors-in-chief of
Talanta, an analytical chemistry journal pub-
lished by Elsevier. “This one is unprece-
dented in scope.”” Christian led an investiga-
tion that has prompted the journal to retract
five papers from Chiranjeevi that it pub-
lished between 2003 and 2007,

None of Chiranjeevi’s recent work is
thought to have broken much new scien-
tific ground. “This is real low-profile stuff,
z specialized analytical techniques.” says
(5. Bruce Wiersma. an ecologist at the Uni-
g versity of Maine, Orono, and an editor for
3 Environmental Monitoring and Assess-
= ment, which recently published several
3 articles by Chiranjeevi. Springer. the jour-
& nal’s publisher, “is sull in the process of
& dealing with” those articles, Wiersma says.
E Six other articles in press have since been
2 “suspended,” Wiersma adds,

B The full scope of the falsified papers may
€ never be known, Although the university has
8 not said how many papers it examined, the

tant technological problem of
carrying out precision landing.
MASA's Mars rovers, Spirit
and Opportunity, lacked such
guidance svstems. Instead,
they bounce-landed on the Red
Planet using giant air bags. To
land near the historic Apollo
11 site on the Sea of Tranguil-
ity. for example. will require
new technology.
Astrobotics will use
Raytheons adapted missile-
guidance technology. “We
don’t want to land on the flag or
the boot prints,” says Lauretta. Mastering such
landing skills “could revolutionize planetary
science” for future missions, he predicts. (Sci-
entists often have to avoid geologically exciing
landing sites because they're oo small: precise
navigation could allow landing in tight areas.)
Rosen is taking another approach. He
thinks the inherent stability of his spinning
design, which he has modeled with a skate
wheel and bobby pins, will obviate the need for
expensive hardware, And he hopes that chas-
ing the prize will be good for his health, wo. “1
thrve on it [It] keeps me mentally alert.”
—-ELI KINTISCH

summary concludes that *a large number of
publications (66) in a short span of time,
20042007, without proper equipment, lead o
the suspicion about the genuineness of the
work” 1t cast further doubt on many of them,
stating that the majority included co-authors
whose involvement raised quesions.

Nandula Raghuram, secretary of the
Society for Scientific Values in Delhi, a non-
governmental organization that investigates
cases of scientific misconduct in India, praises
SVUS response, calling it *a breath of fresh
air” He says Indian administrators too often
look the other way to avoid bringing embar-
rassment to their schools, Raghuram says it's
crtical that the country set up and fund an
ndependent watchdog group to monitor and
investigate scientific misconduct cases.

But Rajagopala Chidambaram, chief sci-
entific adviser to the Indian government,
believes that there are too few scientific mis-
conduct cases to warrant a full-time oversight
body. Any alleged misconduct. he says, 15 best
resolved by the universities and journals them-
selves. Varada Reddy. current chair of SWU's
chemistry department, says, “No further
action is envisaged against Chiranjeevi.”

—-ROBERT F. SERVICE
With repocting by Pallava Bagla in New Delhi, India.

(\ O)x

NIH Grants: How Low Can You Go

A closely watched sign of health in U.S. bio-
medical science funding may hit a new low this
year. The success rate for researchers seeking
grants from the U.5. National Institutes of
Health (NIH} is expected to drop from 21% in
2007 to 19% in 2008 (see graph), according
to data in this month's 2009 presidential
budget request, The falling numbers are the
result of a one-two punch: NIH's budget has
been held flat since 2003 while applications for
grants have increased. The 2007 success rate,
calculated by dividing the number of new
awards by the number of reviewed applica:
tions, was already the lowest since 1970.
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But dropping below the 20%: mark is "a
big deal,” says Howard Garrison, public affairs
director for the Federation of American Soci-
eties for Experimental Biology in Bethesda,
Maryland. "It's scary for lots of established
investigators. It's devastating for younger
investigators.” Next year could be even worse,
The projected success rate is 18% il Congress
follows the president’s request for no raise
for NIH. —JOCELYN KAISER

Thai Drug Rule Under Review

Thailand's new health minister has ordered a
review of a controversial government decision
that broke patents on several medicines,
allowing the country to make or import
generic versions of the drugs. Health activists
had welcomed the policy, adopled last year by
Mongkol Na Songkhla, health minister in the
government installed after the September
2006 coup. He ordered compulsory licenses
on two AIDS drugs—efavirenz and
lopinavir/ritomavir—and clopidogrel, a heart
medication (Science, 8 June 2007, p. 1408).
Just before the elected government took
power earlier this month, Mongkol also issued
licenses for four anticancer drugs: docetaxel,
erlotinib, imanitib, and letrozole,

New health minister Chiya Sasomsub said
last week that the review will examine the
legal basis for compulsory licensing. Health
activists are up in arms and have vowed Lo
take the government to court if licenses
are suspended. ~RICHARD STONE
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AMMETTE SCHAVAN INTERVIEW

German Science Takes an International View

BERUN—DMany scientists were skeptical when
Annette Schavan was named Germany's
research and education minister in 2006,
Her scientific credentials were limited:
With a Ph,D. in theology, she directed the
Roman Catholic Church’s university schol-
arship program before serving as education
and culture minister in the state of Baden-
Wiirttemberg. Since taking office,
however, Schavan has presided
over increasing research budgets
and resolved the decade-long
quarrel over a German National
Academy of Sciences. She dis-
cussed Germanys latest science
policy developments with Science.
Her comments have been edited
for length.

—GRETCHEN VOGEL

Q: This month, the Bundestag
debated changing Germany's
stem cell law. You worked for
the Catholic Church for much of
your career. You surprised some
observers when you supported expanding
the number of human embryonic stem (ES)
cell lines,
A.5.: For me, the decisive argument was that
it is exactly those researchers who are work-
ing on alternatives [to embrvo-derived stem
cells] who need to use the knowledge gained
from human ES cells.

For me personally, it was a long road and
a difficult decision. I believe that for the long
term, we need regenerative medicine without
the use of embryos. Otherwise, the more sue-
cessful the development of treatments, the
more embryos researchers will need. And for
me, that is difficult to reconcile, because the
ethics of healing and the ethics of protecting

life are not alternatives but are two sides of

the same coin,

Q: What do you think will happen in the vote
next month?

A.5.: [t is a vote of conscience, and many
members of parliament are struggling with
their position. So I don't want to predict how
it will turn out. But no matter what. in recent
weeks, science and politics have had a very
positive dialogue with each other. Politics has
taken science seriously, and scientists have
taken politics seriously.

Q: German stem cell scientists have com-
plained that the current law makes it difficult
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for them to cooperate in international projects,
because they are not allowed to work with new
cell lines even outside Germany. What do you
say to them?

A.5.: The bills under consideration include
the clarification of the legal situation that
should fit the needs of international collabo-
rations. The point is not controversial except

for those who want to ban all research. | The
bill Schavan cosponsors stipulates that
any restrictions apply only to work within
Germany—Ed. Note]

Q: You also surprised many ohservers with your
announcement last year that the Leopoldina
should be Germany's National Academy. What
prompted that decision?

A.5.: Most importantly, [ believe Germany
needs to seize the chance it has to play a
larger role in the international research
agenda. We have excellent research facilities
and excellent researchers. At the moment,
there 1s broad polincal support here for
increased investment in research. In climate
change questions, for example, we want 1o
be very active internationally. For that, we
need a single contact for the academies in
other countries.

Second, [ want the discussion between sci-
ence and politics to be intensified. More and
more, scientific knowledge is absolutely nee-
essary for responsible decision-making.
Therefore, [ find it important to have one insti-
tution that is the contact for political leaders
and that can also bring issues to the attention
of politcians that they haven’t vet considered.

Q: Germany's new law regulating genetically
modified (GM) crops disappointed many
scientists, especially because it mandates a

public database of locations of all transgenic
crops and still leaves researchers potentially
liable for any escaped pollen. Yet you praised
it as a step forward for German research. What
does it improve?

A.5.: The question for the GM law 15 whether
the glass 1s halt=full or half~empty. 1 can cer-
tainly understand the eriticism. The public
discussion is stll very concerned
with the possible risks—as was
once the case with recombinant
wene technology, We from the side
ol research speak more about the
opportunities. And the goal of the
law was to achieve an advance for
research—for example, we have
simplified the application process
for experimental plantings—
while at the same time ensuring a
high measure of safety for the
public and the environment.

We need to bring along those
who have worries. That'’s why 1
said it was an improve ment
even when | would have wished
for more. For example, vou have to under-
stand that if yvou call the [GM crop] data-
base into question, you give the impres-
sion of trying to hide something. ... I think
it 1s a good compromise.

Q: Last week, the government announced a
new strategy for “internationalizing” German
science, including setting up "German Science
Centers” around the world. What do you hope
to accomplish?

AS5.: We want to intensity the relationships
between German scientists and the inter-
national science community, ... and we want
to send the message that science policy 1s an
important part of our foreign policy. For
example. Iwas in Africa a few weeks ago, and
there 15 a real need to sirengthen the role of
science in international development work,
We need to figure out with people in develop-
ing countries how to develop local excellence
in research that also contmbutes to develop-
ment. [ always have in the back of my head the
sentence: “The new word for peace is devel-
opment.” And science and research are keys
for development.

It's also about making sure Germany has a
big enough piece of the global brain circula-
tion, Germany will be especially affected by
demographic developments, We are an aging
society that should have an interest in attract-
ing voung talent from all over the world,
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RESEARCH FUNDING

Philip Morris Pulls the Plug on
Controversial Research Program

Philip Morns has ended a controversial
B-vear-old program that supported research
at dozens of U.S. universities. The tobacco
company s decision removes a major factor
behind a recent decision by the University

of California (UC) to monitor the flow of

such support into the 10-campus system.
“It’s a big shift.” savs K. Michael
Cummings, head of the Tobacco Control
Program at the Roswell Park Cancer Insti-
tute in Buffalo, New York, He accuses
Philip Morris—the largest tobacco-industry

sponsor of LS, academic studies—of

having supported “bogus™ research, Now,
he says. the company is retreating from a
public relations fiasco. UC and other uni-
versities have been Highting internal battles
for years about whether to ban tobacco-
industry money. leading to “unseemly™
coverage in the news, he savs. Philip Morns
spokesperson William Phelps. who con-
firmed last week that the company has
ended its external research program,
defended the quality of the research. He
says that future support will be aimed at
studies on “reducing the harm of smok-
ing.” He declined to say how much would
be spent at universities,

Launched in 2000, the Philip Morris
External Research Program (PMERP) has
funded 470 research proposals at about
60 LS. medical schools, according to the

The ashes remain.
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company. Studies have included examining
the molecular basis of atherosclerosis and
gene expression in lung tumors. But critics
have charged that PMERP was no different
from earlier. discredited Philip Morns pro-
grams—and had the same goal of confus-
ing the public about the dangers of smok-
ing (Science, 26 April 1996, p. 488).

The company notified grantees last
sSeptember that it would no longer fund
new research through PMERP. But the
news only spread to the larger academic
community after UC President Robert
Dynes, ina 5 February letter, reminded UC
chancellors o stringently review tobacco-
sponsored research funding, as per a reso-
lution adopted by UCs governing body in
September. In an aside, he also noted that
Philip Morris, “the only known current
tobacco idustry sponsor of University of
California research.” has shut down its
external research program.

The effect of the decision on aca-
demic science remains unclear, At UC
alone, 23 grants were funded by Philip
Morris as of fiscal year 2006-2007, for a
total of $16 million. James Enstrom, an
epidemiologist at UC Los Angeles
(UCLA) who uses Philip Morris money,
says it means a change in the way things
are done in his lab. “It’s just something 1
have to deal with,” he says.

But bioengineer and anti-
tobacco crusader Stanton
Glantz of UC San Francisco
says not to count Philip
Morns out of the academic
game just vet, He cites a
56 million Philip Morris
grant recently obtained by
UCLA researcher Edythe
London to study addiction,
which Glantz says was not
funded through PMERP. In
Philip Morris’s new strat-
egy. funding may also go to
studies of “reduced harm”
products. such as spitless
tobacco, at least some of
which will be done m-house,
Cummings doesn’t buy the
efficacy of such products.
but he says ending PMERP
15 a “positive move,”

-DAVID GRIMM
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A Good Death

At 17, Ulysses is ancient in spacecraft years,
s0 the announcement last week that the
£1.15 billion joint NASA-European Space
Agency mission will end within weeks was not
too surprising. Neither was the cause: freezing
to death as the spacecrafl’s radioisolope elec
trical generator inevitably winds down.
“Ulysses is a terrific old workhorse,” says proj
ect scientist and mission manager Richard
Marsden, himsell a 30-year veteran of the
solar system—probe project. In its 6-year loop-
ing orbit, Ulysses has studied everything from
the solar wind blowing from the sun’s poles to
interstellar dust and gas crossing Jupiter’s
orbit. Now the space agencies can starl

saving the $8 million per year in Ulysses
operations costs and consider their next
billion-dollar mission.  —RICHARD A. KERR

DNA Database for Indian Tigers

MEW DELHI—With India’s tigers on the ropes,
the Department of Biotechnology plans to cre
ate a national DNA database to better ascertain
the number of individuals left in the wild. Last
week, the Indian government pegged the tiger
population at 1411—Iess than half the num
ber estimated in 2002 (Science, 22 February,
p. 1027). Experts attribute the decline to
poaching, human encroachment, and habital
lass. Under the $250,000, 2-year project, indi
vidual tigers will be identified from variations
in mitochondrial and nuclear DNA collected
from scat and hair samples, “Due to the tiger's
cryptic and secretive behavior, it is not possible
to enumerate and monitor its populations
through direct observations,” says the project’s
lead investigator, Lalji Singh, a molecular biol
ogist at the Centre for Cellular and Molecular
Bialogy in Hyderabad.

In addition to making population esti-
mates more credible, he says, DNA could help
law enforcement officials crack down on
poaching. Qamar Qureshi, a wildlife biologist
at the Wildlife Institute of India in Dehradun,
says that although the technigque "sounds
promising,” the cost of analyzing each sam-
ple—about U.5. 565—could be prohibitive
over the long run, -PALLAVA BAGLA
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ITWOULD BE THE MOST AMBITIOUS AND
expensive planetary science effort ever
undertaken. with the promise of spectacular
resulis. Yet when NASA science chiel Alan
Stern last month announced that the space
agency is backing a mission to collect rocks
and so1l from Mars and bring them back o
Earth, many planetary researchers reacied
with dismay rather than jov. “This could
destroy the short-term exploration pro-
gram,” warns planetary scientist James
Head 11 of Brown University.

Make no mistake—Head and nearly
every other Mars researcher dearly want to
get their hands on martian samples. But they
also noticed that the plan laid out in NASAS
2009 budget request {Science, 8 February,
p. 714) would cut projected spending on
Mars by half over the next 5 years, Asa
result, many scientists fear that NASA 1s
abandoning a carefully ploted and extraor-
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War of the Worlds?

Despite the prospect of a sample-return
mission, some researchers worry that the
golden age of Mars science may be on the
wane as NASA shifts its focus to Earth and
Jupiter or Saturn

dinarily successful research endeavor on the
Red Planet in exchange for promises of an
expensive mission far i the future,

An expert panel assembled at the request
of White House budget officials to vet the
plan concludes that it doesn’t hold water.,
“You have to come clean,” savs planetary
scientist Philip Christensen of Arizona
State University, Tempe, who chaired the
panel. “Either you fund the program, or vou
accept the fact that it will be significantly
reduced for the next decade.”

Christensen laid out the panel’s conelu-
stons at a 20 February meeting of the Mars
Exploration Program Analysis Group in
Monrovia, California, with Stern sitting in
the front row, The agency’s science chief
insists that the new plan 1s sound and that
the community is needlessly worked up
about the proposed changes. “No missions
have been canceled—none, zero, zip,

nada.” he told Science. “The Mars pro-
gram is really healthy,” he adds. noting
that NASA might even hold a competiion
soon for a new Discovery mission that
could be devoted to Mars,

Stern’s assurances at the gathering, how-
ever, did not quell the anxiety among Mars
researchers in the room. 1 don’t think
many people accept this budget.” said
astrobiologist Bruce Jakosky of the Univer-
sity of Colorado (UC), Boulder.

That skepticism is the latest signofacri-
sis afflicting the $4.6 billion science pro-
gram that Stern inherited last spring. He
intends to increase spending on earth sci-
ence, start a 53 bilhon project to send a
probe to the Jupiter or Saturn system, and
begin building a series of lunar robots, The
carth science effort addresses appeals from
Congress and the ULS, National Academies
IO put more resources into monitoring

WWWLSCIENCEm aq.org
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Mars mirage? Researchers fear that an international
mission to collect samples and return them to Earth is
unlikely to happen by 2020.

global climate change. The second follows
another recommendation from the National
Academies. And the third is part of a White
House—backed push to focus on the moon in
preparation for human landings.

Stern is trying to cater to all these con-
stituencies without any growth in his overall
budget. which encompasses earth and plan-
etary sciences. astrophysics. and helio-
physics, the study of the sun and its effects
(see graph, p. 1176). And he’s doing 1t at an
ageney with a 17,3 billion budget that is
dominated by a costly effort to replace the
space shuttle. In addition, Stern must cope
with the unpleasant news of a $165 million
overrun in the $1.6 billion Mars Science
Laboratory (MSL) scheduled for launch
next year. “Alan is trying to do the right
thing by offering something to keep every-
one happy.” says UC Boulder planetary sci-
entist Frances Bagenal, who 1s co-investigator
on the New Horizons mission to Pluto,
which Stern leads. “But it’s impossible.”

The robotic Mars effort has lived a
charmed life ever since a group of scientists
suggested 1n a 1996 research paper that a
martian meteorite found in Antarctica con-
tained signs of past life (Seience, 16 August
1996, p. 924). That claim, although it has
garnered little scientific support, generated
strong political backing tor a Mars explo-
ration program. As a result, NASA has
launched a mission every 26 months. when
Mars and Earth are Favorably aligned.

The effort has included some spectacular
fatlures, such as the loss of an orbiter and a
lander in 1999, But their rover successors,
Spirit and Opportunity, continue to return
data after 4 yvears on the surface, and Mars
Odyssey has been in orbit since 2001, In
May, the small Phoenix Scout spacecraft is
scheduled to land on Mars’s northern plains
and begin a search for complex organic mol-
ecules in the ice-rich region.

“We've produced wonderful science on a
reasonable budget.” savs Head. “And there
is remendously synergistic science going
on, from atmospheric to mineralogy stud-
ies.” Adds Jakosky, who heads one of the
two competing efforts for the next Scout
mission: “Scientists, NASA, Congress, the
OMB [Office of Management and Budget],
and the public all agreed this was a frst-rate
program.” Researchers say it’s a mistake to
put the program in a lower gear just as they
are on the verge of answering fundamental
questions about the planet.

“Suck it up”

Impressive science 15 no guaraniee of future
support from a cash-strapped NASA, how-
ever. Microgravity researchers, earth scien-
tists, and astrophysicists have been living
for the past several years with lowered
expectations. NASA's 2009 budget request
to Congress diverts money from three of the
four space science areas to the earth sci-
ences, reflecting growing worries about
global warming and sharp criticism of
NASA'S earth science program in a report
last year from the National Academies’
National Research Council (NRC). But
more money for science as a whole s not in
the cards, “You're only going to get so
much.” NASA Administrator Michael
Griffin warned scientists in characteristi-
cally blunt fashion at an 11 February brief-
ing at the National Science Foundation,
“Suck it up and live with it.”

Within planetary science, outer-planets
researchers are itching for a mission of their
own. “It's time to take a break from Mars
and work on other things.” savs Bagenal,
who also chairs NASAS outer-planets advi-
sory group. A mission to Jupiter’s moon

ROAD TO THE RED PLANET

2009
+ Mars Science Laboratory >>
2011

« No mission scheduled

2013

» Scout mission (MAVEN or TGE)

2016
« Astrobiology field lab

= Two midsize rovers

2018

= Mars sample return
{Rover to collect samples)

2020

= Mars sample return
orbiter to retrieve samples >>

2022

= Sample-receiving facility opens

Countdown. NASA's exploration schedule for Mars
makes use of a 26-month launch opportunity.
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Europa has been put off twice in recent
vears because of its cost. Given the high pri-
ority assigned to such a mission in an influ-
ential 2003 NRC report, Stern is backing a
53 billion spacecraft destined either for
the jovian system or for Saturn’s moons
Titan and Enceladus with a launch by 2017,
A decision on the destination is slated for
later this year.

In order to bolster earth sciences and fly
an outer-planets mission, however, MASA
will have to divert funds from Mars. As
recently as last fall. the agency planned to
spend about $600 million annually through
2013 on the Mars program, with a slow rise
to nearly ST00 million by 2020, That was to
pay for construction and launch of an astro-
biology field lab that would land on the mar-
tian surface or two midsize rovers in 2016,
as well as other as-yet-undefined efforts,

Under the new plan. spending on Mars
would nosedive to 5300 million in 2010,
then inch upward w0 5414 million by 201 3,
Stern maintains that the dip in the next few
vears mostly reflects completion of MSL
and moving back the launch of the next
Scout mission from 2011 o 2013, The Mars
budget would not grow significantly until at
least 2016, according to a 13 February
briefing by Doug McCuistion, director of
the Mars Exploration Program. Only later
in the next decade does projected funding
shoot up 10 S1 billion by 2020 as work
begins in earnest on the sample-

return mission.
Christensen’s panel says that
fiscal plan won’t fly. “The phas-
ing is justwrong,” sayvs Christensen.
*Our assessment 1s that it just
won't work.” Preparing to launch a
sample return by the end of the

decade would require a big boost in
spending earlier in the decade. The group
determined that NASA would have to can-
cel everything after MSL—including the
2013 Scout and the 2016 missions—to fly a
sample return by the second halfof the next
decade. Stern, meanwhile, has slapped
an $800 million cost cap on the 2016
mission, which he acknowledges
would rule out the complex astrobi-
ology field lab, Several scientists
say that cap might also eliminate
the rovers.

An alternative scenario would pre-
serve the Scout mission and move the
sample return back to 2022, But that would
require using a poor orbital trajectory and
create a dozen-year gap in US, landings on
Mars, notes planetary scientist Lars Borg of
Lawrence Livermore National Laboratory
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in California. “Everything is on the table.”
says Borg, calling the new plan a radical
change in direction by NASA,

The Mars program’s most daunting prob-
lems, however, are in the short term. The
5165 million overrun in MSL. a car-sized
roving suite of instruments designed to
gather extensive data on martian soil and
racks, is due to increased manufacturing
costs for the technologically complex lab
and the need for double shifts to meet the
scheduled launch window, say agency offi-
cials. To save money. project managers have
already pruned MSL of a spare radioisotope
power system. replaced a surface removal
tool with a simpler brush, and reduced the
zoom capability of one of the cameras.
Stern says he has no plans to cancel M5SL
but that NASA could postpone the fall 2009
launch date unuil 2010 or 2011 if technical
problems are not resolved by this summer.

No free sample

Stern concedes that anything bevond 2013
1s “notional” and adds that the disagreement
represents “normal scientific community
debate.” But he is eager to begin planning a
sample-return mission, an idea that has been
proposed periodically since the early 1980s.
It would be extraordinarily complex. involy-
ing launch vehicles, a Mars landing system,
an Earth return vehicle, a Mars lander, a
Mars ascent vehicle, a rover, an Earth-
reentry svstem, and a sample-receiving and
-curation facility on Earth. It is also likely to
rank high when planetary scientists put
together their next long-term plan.

Tight Space
5_

Billions of dollars
1

2007

2008

2009 2010
{requested)  (projected) —=

Tight space. An essentially flat budget through 2012 will mean stiff
compelition among the four pieces of NASA's science directorate,
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Early estimates put the overall cost of
such an ambitious mission at 55 billion to
56 billion. Stern says that
MASA can contribute no
more than $3 billion, and he
hopes to attract another
51 billion or so from Europe
which is eager to partici-
pate—and possibly Japan.
The cost would be lowerifthe
mission brought back rocks
collected by previous lan-
ders, such as MSL or the
2013 European ExoMars.

Toward that end, Stern has
pushed to add a sample cache
to MSL, with money from his
own office’s reserves. A
pricier approach would mvolve
a rover equipped with a drill
that could range over the mar-
tian landscape for 2 vears
until an orbiter arrived to
carry the samples back to
Earth. The rover could pick
up individual samples as
small as 5 grams and gather
as much as 500 grams to be
returned to Earth.

A quick grab, however,
lacks appeal for many
researchers, who have been able to study
meteorites ejected from Earth’s neighbor.
“We already have Mars samples: it's not
really worth it to scoop up a couple of
rocks.” says Brown Unmiversity planetary
scienust John Mustard, who chairs the advi-
sory group that met with
Stern last week. “If we make
the investment to do such an
extraordinarily ambitious
project, yvou should have a
big seience payolt”

Mustard says the Mars
community is enthusiastic
about conducting the current
planned missions followed
by the more ambitious ver-
sion of sample return: “That'’s
the right program: it’s excit-
ing and scientifically justi-
fied.” But he wonders if
Stern’s plan is realistic, “We
Just don’t see how you con-
nect the dots.” To do a sample
return by 2018 and 2020, he
notes, NASA would have to
spend large sums to tackle
the stickiest technological
challenges early, at a time
when the 53 billion outer-

“No missions have
been canceled—
none, zero, zip,
nada. ... The Mars
program is really

healthy."”
—ALAN STERN, NASA

planets mission will be absorbing the lion's
share of the planetary science budget.

With their eve on that
long-delayed mission. some
researchers say that reducing
the near-term Mars budget
wouldn’t be such a tragedy.
The Mars community, notes
Bagenal. “has a huge flag-
ship in MSL” and “is already
swamped with data they've
not had the time or money
to analyze.”

The tension over how to
spend planetary science’s
limited pot could spill over
onto Capitol Hill this year.
Last year, astrophysicists
persuaded lawmakers to
ignore NASA's vehement
objections and reinstate
funding for the Space Inter-
ferometry Mission (SIM)—
an effort to find Earth-sized
planets in other star systems.
Griffin and Stern sharply
warned astrophysicists that
their other projects will suf-

fer as a result of the cost of

restoring SIM.

Mars advocates possess
even more political muscle, as well as grass-
roots backing throughout the country. The
2008 NASA spending hill pointedly notes
that the appropriations commiitees
“strongly support a robust Mars exploration
program with a rate of at least one mission
at every [26-month] opportunity.” But lead-
ers in the community so far are treading
carefully. “It’'s important to step back and
look at the big picture.” says planetary sci-
entist Richard Binzel of the Massachusetts
Institute of Technology in Cambridge, who
also chairs the Division of Planetary Sci-
ences at the American Astronomical Soci-
ety. “We have to look at the health of the
overall program.” Bagenal pledges to work
to “get the community behind a unified
solar system program,” whereas Mustard
insists that “we don’t want to turn this into a
tomato-throwing contest.”

Stern says that his primary goal “is to
have a balanced program.” For now, that
means rejiggering the Mars effort to survive
the current budget crunch. “Whether Alan
has hit the right balance 15 something we
will see going forward.” says Stephen
Mackwell of the Lunar and Planetary Insti-
tute in Houston, Texas. “But there is no
question there will be winners and losers.™
—ANDREW LAWLER
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Are Epigeneticists Ready

For Big Science?

NIH's hefty boost of U.S. epigenomics efforts has Europe wondering where it fits in

For Peter Jones, this next week is critical. He

and his colleagues at the University of

Southern California in Los Angeles are put-
ting the finishing touches on their plan to
map epigenomes, the myriad of chemical
modifications of human DNA and 1ts asso-
ciated proteins that influence gene activity,
Jones hopes his team will become part of a
newly announced 5190 million. 5-vear
National Institutes of Health (NIH)
epigenomics initiative. And he views NIHS
funding as a way to jJump-start an ambitious
international epigenome project that he
has championed since 2005, “The [inter-
national] project 1s huge, as huge as the
Human Genome Project.” says Margaret
Fou. CEO of the American Association for
Cancer Research (AACR).

Yet some who study epigenetics question
NIH’ strategy and whether the science is
ready for a large-scale international project.
*Some of us biochemists think we need 1o
know mare about [epigenetic marks| before
we spend all this time mapping.” says Jerry
Workman, a molecular biologist at the
Stowers lnstitute for Medical Research in
Kansas City. Missouri.

Twenty years ago. most geneticisis
paid little mind to epigenetics. But cancer
and stem cell research have gradually
focused attention on these genome modi-
fications. In a still-obscure manner,
enzymes, transcription factors, and snip-
pets of RNA converge on particular DNA
sequences, They customize the expression
of nearby genes. often by adding methyl,
acetyl, or phosphorous groups to the DNA
or the histone proteins surrounding the
DNA. Methylation, for example, can
silence a nearby gene and seems to be
involved in some cancers. Increasingly,
researchers are unearthing links between
epigenetics and other diseases.

Until now, researchers have tackled
epigenomics piecemeal, with different
groups cataloging where on the genomes
of particular cells certain epigenetic mod-
ifications occur. European researchers
took the lead, for instance. setting up a
Human Epigenome Consortium in 1999,
In 2003, the Wellcome Trust Sanger Insti-
tute and a Berlin-based company called

Epigenomics teamed up to identify the
location of every methyl group bound to a
human gene in an assortment of tissues
(Science. 17 October 2003, p. 387). After
going through three chromosomes, the

project “fizzled,” says Stephen Beck of

Ilmperial College London, who headed the
Sanger effort.

Recently, laster, cheaper
technologies that can better
pinpoint sites of epigenetic
activity have emerged.
encouraging a more
comprehensive attack on
the epigenome ( Science.
25 May 2007, p. 1120).
When Jones became AACR
president in 20035, he made
eplgenomics a priority, assems-
bling an international task force
that proposed a worldwide Alliance
for the Human Epigenome and Disease,
AHEAD would finally bring vanious
epigenetics projects under one
umbrella and help standardize the
bioinformatics and the research.
AHEAD called for a pilot phase. but
no international funding materialized.

However, epigenomics has been
selected as one of NIH s two new
Roadmap Initiatives for 2008, By year-
end, NIH plans to award $50 million to
three to live epigenome mapping cen-
ters in the United States and allocate
%7.5 million for a bioinformatics center.
Other grants will go toward the identifi-
cation of new epigenetic “marks™ along
the genome and new technologies for
mapping them.

Mapping all epigenetic modifications
is more daunting than sequencing the
human genome. as there is no single
epigenome. Each cell type has its own
array of epigenetic marks. NIHs new ini-
tiative will likely characterize stem cells,
progenitor cells, and differentiated cells
from a variety of tissues. The effort “will
have to make a tradeolt between how
many epigenomes are analyzed and to
what detail.” says Kazu Ushijima of the
National Cancer Center Research Insti-
tute in Tokyo.
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Those who advocate a slower approach
note that so many epigenetic marks
exist—in some places, there ean be many
on each histone—that it's difficult to
know which meaningfully influence gene
expression, In addition, “there’s a lot of
unknown modifications on histones that
have not been characterized. and for all
we know, they might be the most impor-
tant,” says Workman. Kevin Struhl, a
molecular biologist at Harvard Medical
School in Boston. is also critical of the
NIH initiative, arguing that more atten-
tion needs to be paid to the regulatory pro-
teins that home in on target DNA and
enable these chemical modifications. A
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Turnoffs and

turn-ons. Chemical
modifications of
DMA or histone
prateins (H),
particularly their
Lails, affect nearby
gene activity.

focus on simply mapping histone modif’i-
cations and DNA methylation “doesn’t
strike me as a good expenditure.” he says.
Nor is it clear that the NIH effort will
draw in the international community,
Henk Stunnenberg of Radboud Univer-
sity in Niymegen, the Netherlands, com-
plains that Europeans are being left out.
as there was little time for them to team
up with U.S. groups to apply for the NIH
money. Even Jones admits that he’s been
s0 busy preparing his grant that his global
emphasis has fallen by the wayside, tem-
porarily. But many agree in principle that
an international epigenome project 1s still
worth pursuing. “1 think it would be won-
derful.” says Rolf Ohlsson, a molecular
biologist at the University of Uppsala,
Sweden. “It will be extremely counter-
productive to do the same thing on both

sides of the ocean”
=ELIZABETH PENNISI
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AVIAN INFLUENZA

Flu Virus Research Yields Results
But No Magic Bullet for Pandemic

As concerns wane that the bird flu strain H5N1 will spark a global pandemic,
scientists are warning that the virus, perhaps less of a threat, is here to stay

BANGKOK—Just a couple of years ago, sci-
entists, public health officials, and journal-
ists were nervously tracking every move of
the deadly H3N1 avian influenza virus,
fearing that a few simple mutations might
give it the ability to spread readily among
humans. sparking a global pandemic that
could kill tens of millions. But since alarms
were sounded when the virus started
spreading in earnest among birds in late
2003, the dreaded pandemic hasn’t come.
“I'm less worried about this virus than |
wils 3 years ago,” says virologist Robert
Webster of St, Jude Children’s Research
Hospital in Memphis, Tennessee.

But HA3NI hasn't gone away
increasingly, say scientists, the virus
appears o be here to stay. “H3N| is going o
be with us fora long time,” says Les Sims. a
veterinary consultant based in Palm Cove,
Australia, continuing to devastate poultry
flocks and posing an ongoing threat to
human health,

In 2007, the virus surfaced in poultry
flocks in eight new countries as widely sep-
arated as Bangladesh, Poland, and Ghana.
Outbreaks returned in 23 countries stretch-
ing from Japan to the United Kingdom: in
Indonesia and MNigeria, in particular, they
are now more or less continuous. Although
the number of human cases and deaths

and
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declined by 25% compared with 2006,
Nigeria. Laos, and Pakistan had their first
human cases last year, and Indonesia, the
hardest-hit country. reported 42 cases and
32 deaths. As long as the virus is circulating
in bairds. experts warn. there will continue to
be sporadic human cases, and most of them
will be fatal.

Research 1s providing msights into how
the virus spreads and the viral mutations that
might be needed for H5NI to infect humans
more easily, as was evident at a recent meet-
ing here.” “The spinoff 15 a better under-
standing of flu viruses in general,” says
microbiologist Peter Palese of Mount Sinai
School of Medicine in New York City,

But David Fedson, a vaccine expert and
former executive at Aventis Pasteur now
based in Sergy Haut, France, worries that
these advances. although valuable, are not
doing much to help prepare for an
influenza pandemic. He and others believe
a pandemic is inevitable, whether it is
caused by H5MN1 or another flu strain that
has vet to emerge. “Nobody has a clue
[how] to take some of these Findings [rom
the lab and wrn them imo something that
addresses public health,” laments Fedson.

* “Bangkok International Conference on Avian
Influenza 2008, 23-25 January, Bangkok, Thailand.

Nowhere to hide. Lightweight transmitters enable
satellite tracking of migratory birds and the flu
viruses they carry.

Out of the wild

One continuimg uncertainty 15 whether wild
birds are “victims or vectors™ of HSN 1, says
wildlife health specialist Scott Newman of
the Food and Agriculture Organization
(FAD) of the United Nations in New York
City. Poultry trading is the primary means of
spreading the virus. But the role wild birds
play in long-distance spread is still unclear,
savs Newman, Several groups are studving
the question both in the lab and in nature,
taking advamage of new lightweight rans-
mitters that enable satellite tracking of
migratory species.

Micolas Gaidet of the French Agncultural
Research Centre for International Develop-
ment in Montpellier, France, described one of
the most ambitious effort=. The group, which
includes researchers from FAQ, the LS. Geo-
logical Survey, Italy’s Istituto Zooprofilattico
Sperimentale delle Venezie, and others, col-
lected cloacal. tracheal, and fecal samples
from more than 11.000 birds in 19 countries
in eastern Europe, the Middle East, and
Adrica in 2006 and 2007. The researchers fit-
ted some of the migratory birds with transmit-
ters, Owverall. 2% of the birds were carrying

influenia viruses. says Gaidet, and that num-
ber rose o [4% in cenain species.

The group did not find any living wild
birds infected with H5N I, which is in line
with other surveys. That suggests that
H3MN 1, which is lethal to many types of wild
birds, may kill its vicums before they travel
far. The team did, however, find four birds in
Nigeria carrying an HAN2 virus that genetic
analysis indicates would be highly patho-
genic to chickens. One, a white-Taced
whistling duck. subsequently flew 650 kilo-
meters and is stll apparently healthy, “This
15 the first time anyone has found a bird car-
rying a highly pathogenic virus over a great
distance.” Gaidet savs,

Al the meeting, researchers also described
progress in understanding how avian mfluenza
viruses mutate into human pandemic strains,
Previous work had shown that the viruses’
hemagglutinin protein, a surface protein that
comes in 16 subtypes, preferentially binds to a
host cell receptor known as alpha 2.3; human
viruses prefer alpha 2.6, Evidence suggests
that a mutation affecting hemagglutinin bind-
ing is necessary for an avian influenz virus 1o
switch to a human virus. Whether addinonal
mutations are needed is not known,

Mikhail Matrosovich of the Insutute of
Virology at Philipps University in Marburg,

WwWW.sCiencemag.org
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Giermany, is trying to answer that question by
working with the 1968 H3N2 pandemic virus.
The hemagglutinin protein ofthat virus differs
from its putative avian ancestor by seven
amino acid substitutions. Two of these had
been linked to the receptor-binding preference

of the hemagglutinin. To find out the role of

the other five substitutions, Matrosovich's
aroup is creating viruses with various combi-
nitions of the mutations and testing how well
they bind and replicate in cultures of human
airway epithelium cells. The team took the
pandemic virus and switched the two muta-
tions associated with binding preference back
to their avian version. As expected. this engi-
neered virus replicated far less efficiently in
human cells than the pandemic virus did.

The biggest surprise, says Matrosovich, is
that the virus with the avianlike binding pro-
tein grew at all in human cells. “These [find-
ings] do not support the quite-common the-
ory that there are no receptors for avian
viruses in the human airway,” Matrosovich
says. Another virus construct, with the two
binding mutations of the pandemic strain left
intact but the remaining five substitutions
reworked to their avian state, replicated
much less efficiently than the pandemic
strain as well, suggesting that these substitu-
tions might also be needed for conversion to
a pandemic virus, a finding likely to apply to
all avian viruses.

Preliminary results from similar studies of
changes in the neuraminidase protein com-
mon to the 1918, 1958, and 1967 pandemic
viruses suggest that mutations in that protein
also play a role in giving a virus pandemic
capabilities, Matrosovich says.

Evidence that viruses need multiple
mutations to adapt to human hosts might
seem reassuring. But Prasert Auewarakul. a
virologist and physician at Mahidol Univer-
sity in Bangkok. warned that viruses can
adapt quickly. His group sequenced viruses
retrieved from three fatal human H3N|
cases and found that genomic domains
associated with hemagglutinin binding
specificity were mutating far more fre-
quently than other areas, indicating evolu-
tionary pressure for the avian virus to adapt
to its new host species. Another site with
evidence ol rapid change was associated
with a protein involved in enabling avian
influenza viruses, which thrive at the 40°C
temperatures found within birds, to rephi-
cate efficiently at the lower 33°C tempera-
ture of the human body. Auewarakul notes
that all three patients died 1 to 3 weeks after
the onset of illness, “This tells us that the
virus is evolving very quickly inside the
human body,”” he concludes.

An ounce of prevention

Public health authorities hope an effective
vaceing will prevent human H3N1 infections
altogether. Numerous groups have reported
advances in vaccines, including, for instance,
novel ways of making one vaccine protect
against several different flu strains and using
adjuvants to stretch precious vaceine supplies.
But Fedson notes that these advances might

ameliorate but don’t solve the bottleneck of

current vaccine production, which requires
incubating the virus in an enomious number
of chicken eggs. a time-consuming and
expensive process that requires biosecure
facilines. a highly trained work force. and
long lead times. Fedson caleulates that with

. A . :
5till on the move. Although not headline news, in 2007 the H5NI virus spread to poultry flocks in eight

new countries and returned in 23 others stretching from Japan to the United Kingdom while human cases
continued to mount.

existing vacemne production capacity and the
use of an adjuvant, 9 months after a pandemic
virus appears there is likely to be only enough
vaceine for 700 million people. “Pandemic
vaceination is not going to be a realistic possi-

bility in the near future for more than 85% of

the world’s people who live in countries that
don’t have vaccine companies.” he adds,

Responding to that challenge. Linda
Lua of the Australian Institute for Bioengi-
neering and Nanotechnology at the Uni-
versity of Queensland in Brisbane pre-
sented "a radically different vaccine
process” that doesn’t use eggs. Instead of
working with the entire virus, they selecta
part of a viral structural protein recognized
by the human immune system. They then
build these protein bits into virushke parti-
cles for use as vaccines, “There is no
genetic material.” says Lua. which means
that the particles are noninfectious; this in
turn avoids the need for high-level
biosafety production facilities.
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“It%s a pretty simple process,” Lua savs. The
protein is produced in a bacterial-fermentation
process. purified. and then chemically
processed into viruslike particles, Lua says
they deliberately developed a manufaciuring
process within the capabiliies of some of the
more advanced developing countries, such as
Thailand and Vietnam, It is an Asian solution
for an Asian problem,” Lua says. Anton
Middelberg. a chemical engineer at the insti-
tute, says that once a pandemic strain appears,
whether 1t is H3N | or another flu subtype,
they could identify target proteins and start
production in 1 w 2 weeks. A plant small
enough to load into a cargo plane and take to
an airport near an outbreak site would be

Human Toll (2003-2008)

Cases Deaths
Indonesia 129 105
Vietlnam 104 50
« Egypt 43 19
China 28 18
- Thailand 25 17
Turkey 12 ]
Azetbaijan 8 5
Cambodia 7 7
Irag 3 2
Laos 2 2
Pakistan 1 1
N 1 1
Diboti 1 0
Myanmar 1 0

Total Total

cases  deaths

365 231

capable of producing about 500,000 doses of
vaccine a week. "We can have a rapid
response for pandemic influenza using this
technology.” Lua says, Fedson called the work
“extraordinanly exciting,”

Middelberg says they “tackled the manu-
facturing issues first™ and are now seeking
pariners to move into animal testing. He adds
that viruslike particle vaccines for hepatitis
and human papillomavirus are already on the
market and that other groups have gotten
promising results with a viruslike particle vac-
cine against flu in mice. Provided they find a
partner and funding. it would take “a few
vears'™ to have the process ready to go.

That is cold comfort to Michael
Osterholm, a public health specialist at the
University of Minnesota, Minneapolis, who
warns that every day brings the world closer
to the next pandemic. “We don’t know if it's
coing o be HANI, but there will be another
pandemic.” he savs.

~DENNIS NORMILE
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ATOMIC PHYSICS

Insights Flow From Ultracold Atoms

That Mimic Superconductors

They're the technological progeny of famed Bose-Einstein condensates. But chilly

gases called Fermi condensates are proving even richer in new physics

In 19935, experimenters unveiled the coolest
thing ever seen in atomic physics. Using
lasers and electromagnetic fields, they
chilled gases of certain atoms, known collec-
tively as bosons, to within a millionth of a
degree of absolute zero 1o coax them o a
single quantum wave, giving the gas bizarre  “superfluid.” By tuning the tugs between
new properties. Known as a Bose-Einstein
condensate (BEC), that atomic tsunami had
been predicted TO years earlier; its discover-
ers won a Nobel Prize in 2001,

Then in 2004, physicists pulled off a
tougher trick by making other atoms, known

as fermions. behave like the electrons ina  tcle colliders.

superconductor, which pair and waltz along
without resistance. Merely producing such a
“Fermi condensate™ was a more impressive
feat, many researchers argued. But was it as
important as the discovery of BECs? All
agreed that that depended on what grew out of
it. Fermi condensates could open new realms

of research—or prove a conceptual dead end,
Now. only 4 vears after they first were  Atoms, social and otherwise

made, Fermi condensates are exceeding
expectations. BECs have been used o make
atom lasers and stop hght dead, but Fermi con-
densates may be more fruitful, physicists say.
“One of the biggest impacts of BECs is that
they provided the technology and tools to do
fermions,” says Woltzang Ketterle, an expen-

Bosons

- Trap—_

— Quantum

— slates

Bose-Einstein Spin-up
condensate atoms

-

menter at the Massachusetts Institute of Tech-
nology (MIT) in Cambridge and co-winner of
the Nobel Prize for BECs. “1 see a lot of
deeper concepiual issues”™ with fermions.
Like the electrons in a superconductor, the
paired atoms low without resistance to forma

atoms, researchers are mapping a new land-
scape of superfluidity. The gases are also pro-
viding insights into other forms of matter,
such as the soup of fundamental particles
called quark-gluon plasma that filled the
mfant universe and has been recreated at par-

Experiments with ultracold fermions
might even crack the mystery of high-
temperature superconductivity, says Randall
Hulet, an experimenter at Rice University in
Houston, Texas. “The promise is still enor-
mous,” he says. “There'’s much more to be
done than has been done already.”

Atoms are either joiners or loners, depending
on how they spin. And that depends on how
many protons, neutrons, and electrons they
contain. Ifan atom has an even number of parts,
as rubidium-87 does, its spin s a muluple of an
1ota known as Planck’s constant. That makes it
a boson, and any number of identical bosons

Fermions

can sueCsC j]“.U one L|LI1L[]11II'I.'I wiave. 5o ".-'-']'IL'I'I
phvsicists chill rubidium-27 cas w below amil-
lionth ofa kelvin. the atoms pile into the lowest
energy wave to make a superfluid BEC,

Atoms with an odd number of protons,
neutrons, and electrons are far less gregarious.
Known as fermions, they have an extra halt-
serving of spin, and a law of nature says that
two identical fermions cannot occupy the
same quantum state, So when fermions get
cold, they stack one each into the lowesi
energy waves like so many plates in a cup-
board (see Ngure, below).

Fermions can still form a superfluid, how-
ever. For example. in a superconductor, elec-
trons (also fermions) fill two energy stacks:
one For electrons spinning one way and
another for electrons spinning the opposite
wary, as particles with opposite spins are indif-
ferent states. Vibrations in the material then
attract the electrons to one another, allowing
opposite-spinning electrons to form loose,
overlapping “Cooper pairs.” At low tempera-
ture, there isn’t enough energy about to break
up the pairs, so they flow without hindrance,

Physicists aimed to mimic that effect in
pases contaming atoms spinning two different
ways, to make them flow without resistance
and show other weird quantum effeets. To
draw the atoms together. they apply a mag-
netic field, The field then produces a
“Feshbach resonance” that greatly increases
the interactions between the atoms,

Progress came in quick steps. In Novem-
ber 2003, Rudolf Grimm of the University of
Innsbruck, Austria, and colleagues formed
diatomic molecules of lithium=6 and
produced a molecular BEC (Science, 14 Nov-
ember 2003, p. 1129). Three months later,
Deborah Jin and her team at JILA, a labora-
tory run by the U.S. National
Institute of Standards and Tech-
nology and the University of
Colorado, Boulder, adjusted the
magnetic field to create looser
Cooper pairs of potassium-410)
atoms and achieve a Fermi con-
densate (Science, 6 February
2004, p. 741 ). In 2005, Ketterle
proved that a Fermi condensate is
a superfluid by spinning one and
observing a telltale pattern of
tiny whirlpools called vortices
{(Science, 24 June 2005, p, 1848),

Fermi condensates don't

atoms behave exactly as expected, Jin

says, “The superfluid didn™t turn
out to be hke an ordinary super-
conductor,” she says. “It"s more

La différence. Bosons crowd into a single spatially extended quantum wave to flow without resistance, Fermions stack into  like a high-temperature supercon-
the waves but then can pair to flow freely.
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ductor, but it's not really that,
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either.” That'’s because the atoms anract one
another so strongly. I the electrons in a metal
pulled as hard superconductivity would set in
at thousands of degrees.

Charting new territory

Ultracold atoms can be manipulated far more
easily than electrons in a superconductor, So
like kids playing with a radio, physicists are
turning every knob on their experiments to see
what happens.

For example, researchers have varied the
ratio of atoms spinning in the two directions.
Such experiments could lend insight into the
hearts of neutrons stars, which contain differ-
ent numbers of differem kinds of quarks
(which are also fermions). The imbalance
throws standard theory out of kilter and could
result in new types of superfluid such as the
so-called FFLOY state that is patterned like
striped cloth,

In December 2003, Ketterle and his team
reported that in Lithium=6, superfluidity van-
i1shed when the ratio of up spins to down
spins exceeded 85:15, In contrast. Hulet and
colleagues found that superfluidity endured
to a ratio of 93:7, the highest they could
measure. For ratios above 55:45, it appeared
that an evenly paired superfluid core forced
the excess spins to the edges of the gas pulfl,
like unpaired dancers squeezed off a
crowded dance floor (Seience, 23 December
2005, p. 1892). Hulet’s results for nearly
equal ratios even seemed to leave room for an
exotic superfluid.

The experiments sparked a heated debate,
however. Ketterle argued that, in theory, super-
Tuidity had wo disappear if the ratio got oo lop-
sided. He questioned the claim of a sharp
“phase separation” between an evenly paired
superfluid and the excess spins. But theorist
Henk Stoofof Utrecht University in the Nether-
lands suggested that the MIT team simply
didn't get their atoms cold enough to see the
separation, which sets in below a so-called “iri-
critical point” (see figure).

That cloudy situation is clearing, Ketterle
and team have used laser light to trace the
three-dimensional distribution of spins in
their gas pufis. At the lowest temperatures,
they observed a sharp boundary between core
and periphery. they reported in the 7 February
issue of Natwre. That suggests that the MIT
group had reached very low temperatures all
along. But it also shows that the atoms phase-
separate, as the Rice group claimed.

Meanwhile, Stoof and others have caleu-
lated that the tricritical point should lie
pretty much at the temperature and spin ratio
that the MIT group says it does. “It looks
kind of settled.” Stoof says. All agree that

Normal gas

Polarized
superfluid

Tricritical point
®) p

Phase separated

Ratio of up and down spins

Terra nova. Al lowest lemperatures, a Fermi condensate
separates into an evenly paired core and a shell of
excess spins.

the Rice experiments must be taken seri-
ously, however. Hulet’s team traps their
atoms in a very long, thin trap, Stoof notes,
and the trap’s shape may play a role and even
stabilize the superfluid core in some way.

Quintessential fermions

Experimenters have also found extraordi-
nary similarities between different types
of cold atoms. In February 2007, John
Thomas and colleagues at Duke University
in Durham, North Carolina. traced how
entropy vares with the energy i a lithium-6
gas. In April. theorist Peter Drummond of the
University of Queensland in Brisbane, Aus-
tralia, and colleagues showed that data for
potassium-40, collected by JILAS Jin, lay
along precisely the same curve.

Such “universal” thermodynamics anses
because the atoms pull on one another so
strongly that the details of their interactions
cease to matter. But that means exactly the
same relations should hold for hard-tugging
quarks in a quark-gluon plasma or electrons
in a high-T_superconductor. “The big picture
15 that el strongly interacting fermions have
to behave this way,” Thomas says,

Universality has piqued the interest of
nuclear physicists. They have created a quark-
gluon plasma by smashing nuclei together at
the Relativistic Heavy lon Collider at
Brookhaven National Laboratory in Upton,
New York. A collision typically produces a
cigar-shaped droplet of the 2-trillion-degree
plasma. which expands oddly—much faster
widthwise than lengthwise. Measuring that
“elliptic flow.” researchers have shown that
the plasma is a nearly perfect liguid with
almost no viscosity.

A cloud of fermionic atoms expands in
the same strange way. Setting a puff of
lithium=6 jizgling, Thomas found that s
viscosity was nearly as low as the plasma’s.
The precise origins of that similarity remain
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to be determined, savs nuclear theorist
Krishna Rajagopal of MIT. “Nature is trv-
ing to tell us something.” he says. “There is
clearly some universality between these two
very different liguids.™

Some researchers hope to make connec-
tions to the ultracold ultradense nuelear mat-
ter within a neutron star, There, different types
of quarks may pair like the atoms in an imbal-
anced Fermi condensate. But there are key dif-
ferences. Rajagopal says. The atoms sponia-
neously form a paired core surrounded by
unpaired atoms. Such phase separation isn’t
possible with electrically charged quarks, he
says, because it would cauvse a massive
buildup of charge, Instead, a neutron star may
contain the theonzed FFLO superfluid, says
Rajagopal, who hopes experimenters can
prove that it does exist, perhaps in extremely
elongated atom clouds,

The ultimate superconductor

Perhaps the grandest goal is to explain high-T,
superconductors, which carry electricity with-
oul resistance at temperatures as high as
164 K and have defied explanation for 20 vears.

The superconducting compounds con-
tain planes of copper and oxygen atoms
arranged in a square pattern. Electrons hop
from copper to copper, avolding each other
because their charges repel but somehow
pairing by interacting through their spins
and magnetic Fields. The mathematical
formulation of this scheme, known as
the Fermi-Hubbard model, is simple to
describe but too complex to solve even with
the best computers.

So physicists hope to simply simulate the
thing with cold atoms. The idea 15 to load
ultracold fermions into a corrugated pattern
ol laser light. The atoms would hop from
bright spot to bright spot like the electrons
hopping from copper to copper. “If you're
given one goal you want to accomplish in
the next 5 years, it’s to produce in the lab a
Hubbard model™ that mimics high-7,, super-
conductivity, Ketterle says.

Several groups around the world are
pushing to do just that. But it may not be as
easy as some expect, says Tin-Lun “Jason™
Ho. a theonist at Ohio State University in
Columbus, To form a Fermi condensate,
researchers chilled their atoms 1o a few hil-
lionths of a kelvin. To probe the Hubbard
model. Ho says, they may have to reach a few
trillionths of a degree.

Sull, in just a few years, Fermi conden-
sates have opened new vistas and forged
connections between distant fields. Likely,
important results will continue to flow.

—ADRIAN CHO
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PALEOANTHROPOLOGY

Rocking the Cradle of Humanity

The nation of Ethiopia is seeking to leverage its past—including its most famous
daughter, the hominid called Lucy—to help secure its future

ADDIS ABABA, ETHIOPIA—AL the National
Museum here, Stephanie Melillo sits within
arm’s reach of almost 3 million years of
human evolution—literally. Crammed nto a
corner in a temporary lab, transfernng notes
penned in a batered yellow notebook o her
computer. this Stanford University graduate
student must move out of the way so
researcher Timothy White can unlock the fil-
ing cabinet that houses the reconstructed teeth
of the famed 4.4-million-vear-old homind,
Ardipithecus ramidus. A second cabinet
nearby contains the cranium called Herto,
whichat 160,000 years old is one of the oldest
known modern humans, plus skulls of Hone
erectis and Howmo rlhodesiensis. 1 million and
500,000 vears old, respectively,

White, of the University of California,
Berkeley, co-leader of a team that discovered
many of these fossils, eagerly explains the
bones” significance to visiting government
officials while Melillo and other researchers
from three continents jostle elbow to elbow,
desperately trying to finish their work before
their visit here ends. IU's clear that the group
needs more space and that these priceless fossils
need a better home, “Were coiled up here like
a spring ready to explode.” White complains.

In a few months, however, White and
other researchers should each have their own
office during their stays in Ethiopia, while
the hominids rest in cushioned vaults. Even

Ardipithecus

el
Ardipithecus Australopithecus
ramidus kadabba anamensis
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as Melillo works and White talks, hammer-
ing and other construction noises outside
their windows herald the impending opening
of the museum’s new research center. Built
with 5100 mullion from the Ethiopian treas-
ury. it is symbolic of a burst of scientific
enterprise from a country besieged with
ALDS, pernodic famine, and, occasionally,
armed conflict,

Kenyva once held the world’s attention
for its contributions to understanding
human evolution. But Ethiopia has its own
cache of ancient treasures, and its leaders
hope to use them to advance both the coun-
try's image and the science within its bor-
ders. *“We want to catch up with the rest of
the world,” sayvs Mohammoud Dirrir, minis-
ter of culture and tourism.

Mot just the national museum but also uni-
versities and outreach efforts are expanding,
in hopes of building Ethiopia’s internal scien-
tific capacity. encouraging research. and
developing tourism. As part of its millennium
celebration (Ethiopia follows the Egyptian
Coptic calendar, in which this is the year
2000), the government hosted an inter-
national meeting® last month to foster links
between research and development. For
researchers, “evervthing i1s more positive,

Australopithecus

welcoming.” savs paleoanthropologist and
native Ethiopian Sileshi Semaw of Indiana
University, Bloomington. “Evervone is real-
izing our work is important,”

Many obstacles exist. Ethiopia still lacks
the funds and skilled teachers needed to real-
ize its vision ol being a scientific leader in
Adrica. And tourism and outreach sometimes
conflict with research. Despite protests from
scientists, the Lucy skeleton is now on tour in
the United States. But there 1s optimism as
well. The government and scientists “are now
working together very well” savs White, *We
need to build on this collaboration as we move
forward together”

Move to modernize

Working in Ethiopia hasn’t always been so
amicable. When Emperor Haile Selassie
was overthrown in the 1970s, researchers
were kicked out and the search for fossils
suspended for several years. Even after
White and others were allowed back in, the
government paid little mind to their discov-
eries. Bur woday, Lucy’s discoverer, Donald
Johanson of Arizona State University in
Tempe, calls Ethiopia “Africa’s most prom-
1sing country to expanding our knowledge
of the past.”” His project in Hadar in the Afar
region ol eastern Ethiopia 1s one of about
25 active paleontological or archacological
field sites in the country (see map, p. 1183).
All fossils and artifacts unearthed stay in
the country: once researchers leave the

* “International Conference on Translorming the Might
of a Century-Long Research Output into Development,”
12-15 January, Addis Ababa, Ethiopia.

- Homo Homo sapiens
Ausiraraﬁr'mefﬂﬂmm;: : u:“;"] Australopithecus rhodesiensis idaitu EHﬁriull
afarensis (Dikika) o ST OT boisei (Konso) (Bodo)
Australopithecus Homo erectus Home sapiens
garhi iDaka) {0ma)

Step by step. Ethiopia is home to fossils representing many stages of hominid evolution from Ardipithecus to Homo sapiens.
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field, they must go directly o the museum
to drop off their finds. even 1f’ it means a
late-night rendezvous with caretakers.

50 it 1s no surprise that the museum is
bursting. For decades, researchers squeezed
into the former governor’s residence: a small
lab building was added in 1982 with funds
from the US, National Science Foundation,
But space remained tight. Some decades-old
specimens are still wrapped in the newspaper
or even the dried grass they were delivered in,
waiting to be processed. “IF two or three teams
showed up at the same time, it was very hard
to work.” Johanson recalls.

Then in 2003, that lab was razed o make
way for a six-story, modern structure that
includes a two-floor library, a 500-person
auditorium, and 200 rent-free offices, plus
storage and study space for more than a mil-
lion specimens, The three wings are devoted
to paleontology and archaeology: art and his-
tory: and administrative, conservation, and
educational spaces,

Although scheduled to open in the next
few months, the building is sull a dusty shell
of concrete and glass, with unfimished wiring
poking out of walls. ceilings missing tiles. and
a gaping hole on the ground floor where 2
giant elevator is to go. The museum needs
more than 55 million to outfit the new facil-
ity—there are almost no books for the library,
for example—and less than $200,000 has
been raised so far.

Foreign aid 1s helping: France 1s supplying
furniwre, and Japan may outfit the hominid
spaces. Everyone involved is thnlled and not
Just with the prospect of more space. “ltshows
how much emphasis has been given [to
research].” says Ethiopian native and paleo-
anthropologist Yohannes Haile-Selassie of the
Cleveland Museum of Natural History in
Ohio. “In a country that has a lot of needs, the
government could have easily used that
maoney for something else.”

Beyond concrete and glass
But a six-story building that serves prima-
rily as a second home to researchers from
abroad is just the first step. “We must train
more Ethiopians,” says Berhane Astaw, an
Addis Ababa-based paleoanthropologist
who often works with foreign teams. Toward
that end. the Ethiopian government has
about tripled the number of universities in
the past 3 years and promised S10 million
toward educating 10,000 master's students
and 2000 Ph.D.s in the next 5 vears. Addis
Ababa University will shift its focus from
undergraduate o graduate education,
Matural as well as applied sciences will get
a boost, with new graduate programs sprou-

Digging in. Many af
Ethiopia’s current fossil
and artifact excavation
sites are located along
the Rift Valley.

ing up. including interdisciplinary ones key to
fields such as paleontology. In the works are a
botanical garden and a new natural history
museum o promote research that is focused
more on biology and earth sciences than is the
national museum. And the goal for the next
generation—unlike that of Haile-Selassie,
Berhane Asfaw, and about a dozen other
prominent Ethiopian researchers. all educated
abroad ( Science, 29 August 2003, p. 1178)

is to have “most of the training done in-
house.” says Araya Asfaw, dean of science at
Addis Ababa University. The hope is 1o foster
permanent research programs within Ethiopia
that depend less on foreigners,

At the same time. “one of the most impor-
tant things that needs w happen is the nte-
gration of wurism and science,” says White.
And that. wo. 15 happening. National Geo-
graphic has pledged support for an educa-
tional center at the village nearest to Hadar,
home of the 3.2-million-year-old Lucy. With
better roads under construction, “it could
casily be a destination spot for tourists,”
Johanson predicts. Exhibit plans are still tak-

ing shape, but there likely will be casts of

Lucy and other fossil hominids, as well as
photographs from the site.

Steven Brandt of the University of Florida,
Gainesville, has similar visions for Moche
Borago, an excavated cave an B-hour drive
southwest of Addis Ababa. Here, Brandt’ team
has dug up stone tools and other artifacts that
help reveal the transition to complex societies
about 50,000 years ago. Brandt hopes to set up
a small research center at a local university, and
he talks enthusiastically about the cave s poten-
tial as a stop-off. complete with displays and
craft shops, for wourists heading to see native
tribes farther south. “If he is committed [to that
project].” says Yonas Beyene, research director

= Excavation site

NEWSFOCUS

at Ethiopia’s Authority for
Research and Conservanon
of Cultural Heritage, “itwould
be very much appreciated.”

Researchers hope also
to build another museum
in or ¢close to Addis Ababa
devated o human evolu-
tion, with an expected
€10 million from the
European Union, says
Berhane Astaw. The new
museum will boost public
outreach about hominids in
away the Nanonal Museum,
with its limited exhibit
space. cannot, he adds.

Are these goals a pipe
dream? Mavbe. Ethiopia
Faces an acute shortage of
professors to teach graduate courses and at the
moment can support hittle research by local
scienusts, “They have no money,” savs geolo-
wist Maurice Taieb of the Centre Europeen de
Recherche et d”Enseignement des Géo-
sciences de I’Environnement in Aix-en-
Provence, France,

Already. the government’s decision to
send Luey abroad has raised the ire of some.
Many Ethiopian and Western scientists
argued that the skeleton was too fragile to
travel (Science, 27 October 2006, p. 574).
“(bviously. the Ethiopian government has
made its own decisions on how to use Lucy
in terms of tourism and economic gains,”
savs Haile-Selassie, as the priceless bones
are now on display in Houston, Texas. Lucy
15 scheduled w stay in the United States for
several years, although no additional exhibi-
tions are vet confirmed. Money earned by
Lucy’s travels will help improve the
Mational Museum, says muscum director
Mamitu Yilma.

And even if, as Ethiopian officials hope,
Lucy sparks a run of tourists visiting
Ethiopia. Brandt worries about the fate of
sites those tourists might want to see. Many
sites are already vulnerable, he says. and bet-
ter roads may destroy them or make them too
accessible. “By opening up [to tourism]. we
can lose everything we have.” agrees
Berhane Asfaw.

Yet Sevoum Bereded. director of the
Ethiopian Millennium National Festival
Council Secretariat, is unfazed by these
challenges. saying that science and
tourism can be a compatible, and prof-
itable. match. He's ready to push Ethiopian
science into the 2 1st century. “If we have
peace, we can do anything.”

—ELIZABETH PENNISI
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The Need to Cut China’s lllegal Timber Imports

IN THE POLICY FORUM "CHINA'S FORESTRY REFORMS” (7 DECEMBER 2007, P. 1556), G.
Wang and colleagues describe laudable steps to improve forest management and increase
wiood production in China. However, they fail to even mention China’s burgeoning consump-
tion of imported timber—much of 1t illegally harvested—and its profound implhications for
Chinese forestry and the global environment,

How has China managed o double its forested area while meeting its escalating domestic
demands and becoming the world’s largest exporter of nmber products? The answer is that it
relies massively on tmber imports, Chinese impors quadrupled over the past decade from an
estimated 12.5 w 43 million m? (/). Half of all traded timber in the world is now destined for
China (2}, Cluna’s tmber supplies come from developing countries around the world, and 1t is
overwhelmingly the biggest consumer of southeast Asian and Russian timber( 3, 4).

Unfortunately. the timber-ex porting nations reap only modest benefits. Nearly all of the
growth in Chinese timber imports has been in unprocessed logs, which provide few opportuni-
ties for local employment in timber-exporting nations (/). Moreover, most logs imported into
China are effectively stolen, with no payment of government rovalties 1o exporting nations or
environmental control over harvest operations, At least 80% of Chinese timber imports from
Brazil, Cambodia, Cameroon, Congo-Brazzaville, Equatorial Guinea, Gabon, Indonesia,
Myanmar, Papua New Guinea, and the Selomon Islands are illegal, according to recent esti-
mates, with somewhat lower values (50 to 60%) tor Malavsia and Russia (2, 7). Unprocessed
logs are easv o acquire and smuggle. and cormuption in the log trade 1s far more prevalent than
that for processed forest products (1),

The rampant trade in illegal timber 1s promoting large-scale forest destruction, especially in
the tropics. Poorly regulated timber operations degrade forests and provide a key economic
impetus for road building (5), which greatly increases access to forests for slash-and-burn
Farmers, hunters, and land speculators that in turn destroy or severely degrade forests and their
wildhite (6). This problem 1s especially severe in Indonesia, a biodiversity-rich nation that 15
currently losing ~2 million hectares of forest cach year (6),

Of course, China is far from solely culpable for its insatiable appetite for imported timber ( 7).
Its enormously profitable wood-products industry is largely driven by exports. which have

Timber imports. Logging trucks ferry timber from Myanmar to China.

PERSPECTIVES

erown 3.5-fold in the past decade (2). Exports
to the United States and Europe have nsen
even Faster over this period—by eight- and
fivefold, respectively (2)y—with the United
States alone importing about $3.5 billion in
illegal imber products (mostly furniture ) from
China annually (3. Such illegal impors will
increase further if pending free-trade agree-
ments are finalized between the United States
and Asian countries (8). Chinese wood-
products corporations will have little incentive
to alter their predatory behavior so longas con-
sumers in wealthy nations blithely continue
buying their products,

WILLIAM F. LAURANCE

Smithsonian Tropical Research Institute, Apartado 0843-
03092, Balboa, Ancdn, Panama. E-mail: laurancew@si.edu
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Response

LAURANCE CHARGES THAT CHINA—AS A
major timber importer—should play a role in
mitizating the global problem of illegal
logging. [llegal logging is widespread and
extends far bevond the capabilities or respon-
sibilities ol asingle country to resolve. For this
reason, 2 number of international Forest Law
Enforcement and Governance processes
have been established. China is participating
actively in these initiatives and is also working
bilaterally with several coumtries (such as
Indonesia) to help strengthen their forest law
enforcement and governance,

The Chinese government recogmzes that
international wood smuggzling 15 a major issue
and has responded in a variety of ways,
both nationally and internationally, As we
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mentioned in our Policy Forum, the commer-
cial plantation program 1s one measure
intended to reduce China’s heavy reliance on
wood imports by supplying 200 million m?* of
logs annually by 20013 (/). However, imple-
mentation of this program has been slow,
plagued by inconsistent application of land-
use laws and local corruption,

China is developing a national Forest
Certification Standard and Chain of Custody
process, This system should help ensure that
those wishing to purchase wood products
from China will be able to trace the origins
of the wood, In 2007, the State Forestry
Administration intensified its enforcement of
national forest laws, fiming or dismantling
3277 tumber processing and trading venues
involved in illegal activites (2).

Internationally, the Chinese government
has worked jointly with its main trading part-
ners to combat illegal logging and trade, sign-
ing several multi- and bilateral agreements in
this area (3). China has also taken steps 1o
reduce the smuggling of logs: It has banned
direct imports of wood across the Myanmar
border; issued Guidelines for Sustainable
Forestry Management by Chinese Enterprises
Operating Overseas (4): proposed an Asia-
Pacific Network on Forest Rehabilitation and
Sustainable Management () and imposed
high taxes on solid wood products (such as a
5% tax on solid floor panels) to discourage the
overconsumption of hardwood resources. On-
the-ground action 15 also ocourring at customs
points. For example, in March 2006, Taiping
Customs in Guangdong Province launched
the “Woodpecker Action™ against wood
smuggling, which netted 53,592 m® of illegal
wood and led to the arrest of 24 people in a
simngle month (6),

Arzuably, major responsibility rests with
those nations exporting to China to regulate
and monitor their own forests. These export-
ing countries are also developing countries,
with local corruption. poor forest monitor-
ing. and the need to raise export revenue,
Hlegal logging is most prevalent in develop-
ing countries, but even in more developed
couniries with stronger laws and monitor-
ing, regulating for illegally imported logs is
relatively new and difficult. Some sources
estimate that as much as 10% of US. log

www.sciencemag.org

imports are from illegal sources (7)., and 1t
was only in 2007 that the United States
passed the Legal Timber Protection Act to
regulate the importation of illegal logs (&),
The illegal wood trade 15 a global problem
and requires coordinated regional and global
responses, Continued expertise, funding, and
constructive criticism are necessary to keep
the pressure on China and other countries to
make progress on environmental benchmarks,
But vilifying China for its “predatory™ behay-
ior fails to recognize that the Chinese wood-
products industry 1s only one part of a chan
that extends from producer to consumer. [t
wolld be more constructive o recognize that
as a developing country trying simultaneously
o raise its people’s living standards and
improve its natural resources, China needs all
the help it can get.
GUANGYU WANG,” JOHN L. INNES,™
SARA W. WU,2 SHUANYOU DAL,* JIAFU LEI®

IFaculty of Forestry, University of British Columbia,
Vancouver, BC V6T 124, Canada. "Warld Farest Institute,
Portland, OR 97221, USA. *State Forestry Administration,
Beijing 100714, China.
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Minding Controls in
Curriculum Study

THE EDUCATION FORUM ON EARLY CHILD-
hood executive functions by A. Diamond e
al. (“Preschool program improves cognitive
control,” 30 November 2007, p, 1387) re-
ported an educational intervention congru-
ent with the views of ¢linicians who believe
that intellectual ability emerges from carly
emotional growth (/). Unforwunately, the
conclusions draown by Diamond er al. suffer
from evidentiary weaknesses.

A study of this type must reduce differ-
ences between groups to those essential w
the experimental intervention. Diamond e
al. reported that teachers trained to use the
executive function techniques (EFs) needed
almost a year of work before they were pro-
Ficient: it was not stated how long the
comparison teachers ook to achieve their
criterion. Anxiety about an unfamiliar cur-
riculum might have motivational effects,
causing the EF weachers w be more attentive
to children’s behavior than a less anxious
group, as the long-established inverted
U-shaped motivational function predicts (2).

The evidence is also weakened by a vague
description of the comparison intervention. It
is possible that more frequent adult-child
interactions occurred in the EF condition
than in the other group. More frequent inter-
actions could foster the attachment relation-
ships within which young children are
thought to do their best learnmg. This possi-
bility 1s reminiscent of the “common factors™
concept in the study of psychosocial inter-
ventions: some researchers have suggested
that common factors influence efficacy
more than specific technigues do (3). In the
Diamond study. the common factors might
be aduli-child interactions, and such factors
might be the effective causes of changes the
report attributes to specific EF techniques.

JEAN MERCER
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Response

IN HER LETTER, MERCER OFFERS TWO ALTER-
native explanations, couched as criticisms,
for the findings we reported in our Education
Forum (30 November 2007, p, 1387).
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Mercer proposed that unul teachers
became proficient at the Tools of the Mind
{Tools) curriculum. anxiety about an unfa-
mibiar curriculum might have caused them
to be more attentive to children’s behavior
than teachers in the companson program.
Our data do not support that hypothesis. By
Year 2, teachers in both curricula were profi-
cient, and we found virtually no differences
between children who were with these pro-
grams in both'Years | and 2 oronly inYear 2.
If teacher anxiety accounted for any of the
differences, one would have expected a dif-
ference in performance between children in
Tools who were exposed to anxious teachers
{in Year 1) and children in Tools who were
not (children who only attended Year 2). but
such differences were minor.

Teacher anxiety would likely have in-
creased classroom stress levels, impairing
children’s ability to master executive func-
tion skills or academic content (/). Research
on the “long-established inverted U-shaped
motivational function™ referred o by
Mercer has consistently shown that although
increased anxiety makes individuals more
vigilant and attentive to danger signs, it

MNational Institutes of Health
Rapid Access to Interventional Development

FREE Drug Development Resources for the
Academic/Not-for-Profit Investigator

On a competitive basis, the NIH offers certain critical
resources needed for the development of new small
molecule therapeutic agents. The NIH-RAID Pilot is
not a grant program. Successful projects will gain
access to the government’s contract resources. Services
mnclude: Synthesis in bulk of small molecules:
Synthesis of oligonucleotides: Chemical synthesis of
peptides: Scale-up production; Development of
analytical methods; Isolation and puritication of natural
products: Pharmacokinetic/ ADME studies including
bioanalvtical method development: Development of

impairs thinking, problem-solving, and
interpersonal sensitivity (2, ).

Mercer also speculated that perhaps
maore frequent adult-child interactions oc-
curred in Tools classrooms, which could
have fostered attachment relationships,
There is no evidence, however, that Tools
increased the frequency of adult-child inter-
actions, although it did improve their
quality, possibly promoting close positive
teacher-student relationships as Mercer sug-
vests, We do not consider that a weakness
of our study. Indeed, in supporting online
materials (S0M), we said that such interme-
diate varables might mediate, or contribute
to, the observed elfects,

Mercer’s second suggestion somewhat
contradicts her first, for if teachers’ anxiety
were heightened. that would impair the
development of positive relationships with
students, A stressed or anxious teacher 1s
less hikely to be emotionally present for the
children and more Likely to snap at children
for small transgressions.

I would also like wo correct a possible

misconcepiion left by the first paragraph of

Mercer's letter. As we stated in the SOM,

pages 14 wo 13, the beneficial effect of
Tools on academic performance might be
mediated by its beneflicial effects on emo-
tional growth. but we did not imvestigate,
and have no evidence on, its effect on emo-
tional development.

ADELE DIAMOND
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EVOLUTION

Happening Now, Outdoors

Hanna Kokko

ceording to popular legend, the 1dea

of evolution hit Darwin while he was

watching I, blackish-brown
finches on the Galapagos lslands, much like
Mewton suddenly understood gravity when an
apple fell on his head. Neither story is histori-
cally accurate—Darwin did not even care to
label the birds he collected according to
island—but the finches carry Darwin’s name
to this day. They also continue to contribute to
our understanding of evolution and specia-
ton. In his 1994 book The Beak of the Finch
(/). Jonathan Weiner popularized what we
then knew about these dull-plumaged vet fas-
cinating birds, Much ofhis account was based
on work by Peter and Rosemary Grant (2).
Fourteen vears on, this Princeton-based
couple presents their own accessible sums-

sImil

mary of their life's research in How and Wine

Species Multipiyv,

Darwin had the power to visualize how
natural selection operates day after day,
minute after minute. but he thought that its
effects would only become evident over time
spans too long to observe directly. How he
would enjoy reading what the Grants have o
offer us. Basic techniques. such as banding
all individuals, locating their nests, and
measuring ther beaks (and of course other
body parts), vield considerable insight into
the processes that create biodiversity. Simply
put. large beaks crush big seeds more effi-
ciently, but large-beaked finches are at disad-
vantage when their food is restricted to small
seeds. The Galapagos regularly experience
large fluctuations in climate. largely con-
trolled by El Nifo events, and the vegetation
changes accordingly. Prolonged droughts
(times when seeds are large and tough) can
be followed by rampant rain (which leads o
the dominance of plants with small seeds),
and the finches dutifully follow. After more
than 30 years of swdy, the finches” mor-
phologies differ from those of their ances-
tors. Each climate change has shifted beak
shapes and body sizes as predicted.

Such morphological changes demonstrate
adaptation through natural selection, but the
book’s focus is on speciation and adaptive

The reviewer is al the Department of Biological and
Environmental Saence, Division of Ecology and Evolution,
University of Helsinki, 00014 Helsinki, Finland. E-mail:
hanna. kokkoghelsinki.fi
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rachation. The Grants divide that process into
three steps: initial colonization, divergence,
and formation of a barrer to interbreeding at
secondary contact. Repetitions of this
SCUCNCE ON VArious I:il:!['ld!i I]LI\'L‘ SIVEn risc Lo
the 14 or so current finch species. (The exact
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Large cactus finch, Espanola

Large cactus finch, Genovesa

Cactus finch

Shifting to coexist. Large cactus finch (Geospiza
conirastris} is intermediate in beak form and body
size between large graund finch (6. magnirastris)
and cactus finch (6. scandens) where both are
absent {on Espanola) and more like cactus finch
where large ground finch is present {on Genovesa),
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number 1s open to debate, which in itsellnis a
sign ol ongoing speciation.) The authors
explain the scienufic hypotheses involved in
cach step with admirable clarity, and | found
only a few occasions where they perhaps erred
on the side of oversimplifying theoretical pre-
dictions, (For example,
competitive exclusion
doesn't necessanly pre-
dict that of two near-
idenical species the
first to arrive in an area
will always resist inva-
sion by the latter.) Yet
the books real strength
15 not theory but data,

The authors deliver
tests of theory at a pace
that nearly deceives the
reader into believing
that data collection was
smooth and effortless,
Want to know what happens to genetic diver-
sity when a new population s founded? Just
look at data files from 1982, Three males
and two females of the large ground finch
(| Geospiza magnirostris) started a breeding
population on Daphne Major, an island
already inhabited by medium ground finches
(G forriv) and cactus finches (G scandens).
A genetic bottleneck (predicted by theory)
wis observed, but then, throughout the 19905,
new immigrants kept armving. Instead of sim-
ply passing through, as before, they now
staved to breed on the island. Moreover, they
were not a random sample of populations
elsewhere, but significantly more heterozy-
zous. This helped to swamp the effects of the
bottleneck. So. the data suggested a modifi-
cation of the onginal theory.

Interested in what happens when finches
themselves are uncertain which species they
belong to? Again, the Grants have relevam
data: the fate of birds who accidentally learn
the wrong species’s song ( which happens, for
example, to those nestlings whose father dies
during the nesiling stage while the nearest
singer 15 a different species). Imprinting
indeed then leads to hybridization in the next
generation, which allows detailed inferences
about the murky phase of speciation before
species identities have erystallized.

The Grants” account makes exciting and
lucid reading., Among those who should
take note are doubters of “old-fashioned”
research methods who marvel at the pros-
pects of genomics in the lab and wonder what
use bird bands have in modern science, The

How and Why
Species Multiply
The Radiation of
Darwin's Finches
by Peter R. Gramt and
B. Rosemary Grant

Prnceton University
Pranceton, NJ,
2008. 272 pp. £35,£19.95
ISBN 9780691133607,
Princeton Senesin
Evolutionary Biology.

authors consider evo-devo, to: the signaling
molecules involved in beak development are
known, as are differences in gene expression
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between species of small- and large-beaked
finches. But surely this would only count as
trivia if not put in the context of evolution on
the Galapagos: voleanie activity, followed by
the arrival of a small flock of unremarkable-

looking birds, and subsequently a plethora of

interactions involving climate, vegetation,
competition, song, mate choice, hybridiza-
tion, et¢. That context is where we start to

understand what all the details mean, If

doing so requires 30 vears of bird banding.
one hopes funding agencies recognize that.

Howand Wiy Species Multiplyends with a
sobering thought: “These are exciting times
to be a geneticist: the world of genetics is
expanding. At the same time the worlds
undisturbed environments are shrinking. [fwe
are to take full advanage of genetie discover-
ies made inside organisms, we need to con-
serve the environments outside them.” Does
anything need to be added? Perhaps the book's
penulimate sentence: “MNothing in evolution-
ary biology makes sense except in the light
of ecology.”
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HISTORY OFTECHNOLOGY

Tilting at a Myth

David L Morton Jr.

ost of us remember Alexander

Graham Bell for just one thing,

although he had a vaned and suc-
cessful career studyving human speech,
experimenting with aviation, and even help-
ing to found Science. Yet Bell's claim to
have invented the telephone has been
repeatedly challenged since the day he
patented 1t in 1876, Historians have gath-
ered around one or another of these compet-
ing claimants over the vears, hoping 1o “set
the record stranght.” But among the various
“fathers” of the telephone, none has
attracted more disciples than Elisha Gray,
once a well-known invenior and the founder
of the company that would become Western
Electric but today largely forgotten. After a
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long hiatus in revisionist works on the
telephone’s birth, science journalist Seth
Shulman has produced a new rendition, and
he brings to it some tantalizing bits of fresh
evidence and his considerable talemt for
writing engaging prose.

Gray and Bell Filed documents at the TS,
Patent Office for nearly identical inventions
on the very same day in 1876, When Gray,
under advisement, abandoned
his claim. Bell was given the
patent and went on o glory,
On subsequent review, it was
revealed that Bells initial
patent specification covered
only an improvement to the
telegraph, but this document
was hastily edited at the last
minute to include voice com-
munication. Gray'’s invention,
on the other hand, was cen-
tered on the idea of transmitting the human
voice by wire, Bell had indeed given thought
{as many had before him) to voice telegra-
phy, but allezations emerzed that a patent
examiner had given Bell confidential infor-
mation about the Gray invention. Indeed, the
Bell patent’s description of a telephone
“transmitter” was strikingly similar to Gray's
still-unpatented device. Subsequent legal
proceedings against Bell carried on well into
the 18805 before finally being settled in
Bell’s favor, but those bent on “exposing”
Bell’s crime have never given up. Shulman’s
contribution to the debate, besides reviving
i, 15 to add some suggestive bits of evidence
that do seem to reinforce one’s suspicion that
Bell's patented ideas were not his own,

Shulman blames historians for not cor-
recting the persistent myth that Bell invented
the telephone in his Boston lab with the
assistance of Thomas Watson, However, it is
clear from Shulman’s own footnotes that his-
torians have done a more than thorough job
of investigating this matter. Although Bell's
leading biographer, the late Robert V. Bruce,
decided not to support Gray's position (/).
perhaps that is understandable given the lack
of decisive evidence in Gray’s favor. Even
Shulman must admit in the end that he can-
not uncquivocally prove Bell's guilt.

To those who already know how this story
unfolds and to those involved in researching
the history of technology. the more fascinat-
ing aspects ol The Telephone Gambit have
more to do with the author than either Bell or
Gray, Shulman’s book is part history, part
personal narrative. He tells the story of the
way he discovered this historical episode and
what he thought about as he researched it
Shulman worked on his book as a guest of the

The Telephone Gambit

prestigious Dibner Institute, a library devoted
to the history of science and technology. and
he recounts how he sought the advice of
colleagues and tested his ideas all along
the way.

Yet one wishes the company of profes-
stonal historians would have helped him
avoid falling into a classic trap. The book
provides a detailed account of how one
researcher lost his objectivity
and adopted a partisan posi-
tion in inter preting ambiguous
historical data. Equally inter-
esting, in a wincing sort of
way, 15 Shulman’s account of
the progress of his research
program. which resembles
nothing so much as an enthu-
stastic graduate student in-
vestigating a potential thesis
topic. One anticipates the in-
evitable discovery that the story has been
done already, but Shulman never reaches that
point. To anyvone who has ever been in his
situation (or advised someone doing histori-
cal research), it a fascinating thing to read.
Morbidly fascinating perhaps.

Ultimately, Shulman misinterprets histo-
rians as his enemy, when it is popular culture
that perpetuates the myth of Bell as the tele-
phone’s sole inventor. But if demonstrating
that Bell probably stole Gray’s idea were
going 1o change cultural memory, it would
have already done so. Further. the belief that
finding the true pomt of ongin of an inven-
ton explains much about the subsequent
history of a technology is outmoded. Todays
historians of technology seek to place inven-
tions and the process of invention within the
broader sweep of history. Establishing who
arrived at the telephone first does not help us
understand the vast importance of the com-
mercially successful elephone system. This
constellation of many  inventions  was
devised neither by Bell nor Gray, but by an
army of others who will likely never receive
much recognition. The strong public fasci-
nation with certain inventors is not likely 1o
oo away, however, and many will be
delighted with Shulman’s lively account of
the Bell-Gray scandal. But it is equally
unlikely that The Telephone Gambir will
accomplish its mission to alter the iconic
memaory of the tinkering, bearded Aleck
Bell, shouting “Watson...!”™ in a half-
fictitious garret laboratory.
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INGUIRY LEARNING

Integrating Content Detail and
Critical Reasoning by Peer Review
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Devi,! Eric A. Sabie, Adrian T. Ting,* Daniel C. Weinstein'

tudents working oward Ph.Ds develop

deep expertise in their areas of research

through thesis work and mteractions
with advisers. Students must also develop
broad knowledge i related areas to formulate
research questions and w identify appropriate
technologies in areas not encountered during
their thesis research. Breadth of training will
become increasingly critical for long-term
success as biomedical research becomes ever
more interdisciplinary and multidisciplinary.
Graduate students also need to learn how o
participate in and respond to peer review to
become effective professionals. Learning the
balance between breadth and depth and par-
ticipating effectively in peer review are inter-
related educational issues,

Breadth of training is obtained during the
didactic part of the graduate program in
advanced courses and journal clubs that use
the primary literature. Typically, these for-
mats use svnchronous teaching-learning
methods (/) that are valuable because they
enable direct interactions and immediate
feedback between the teachers and students.
However. a time-limited session greatly
reduces the possibility for students to criti-
cally evaluate and integrate information.
Ofien the discussion i1s between the student
and the teacher with limited. if any, sustamed
interactions between the students. In addi-
tion, there is little opportunity for the stu-
dents to reflect on and respond to comments
from the teacher or their peers, Technology-
based approaches can be used o address
these issues in inguiry learning (2). Web
technologies such as threaded discussion
forums are asynchronous formats that over-
come the limitations of synchronous ses-
sions. Because asyvnchronous discussions
allow students to respond to a topic at any
time, this feature encourages more thought-
ful and in-depth responses (3, 4). Moreover,
as the peer-review process for publications
and grants uses a similar asynchronous for-
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‘Department of Oncological Sciences, and the fimmunalogy
Institute, Mount Sinai 5chool of Medidne, New York, NY
10029, LSA,

*Author for correspondence. E-mail: ravi.iyengar @mssm. edu

mat, we felt this format would be useful for
providing studems with peer-review experi-
ence. Teaching effective peer-review skills is
challenging ( 3, 6) because of the many sub-
tleties that must be considered (see table
below, right), We felt that making evaluation
of peer review an integral part of an
advanced course could enable students to
learn an essential professional skill,
Assessing students for breadth of knowl-
edge and peer-review skills also poses
challenges. Typical exams n advanced
courses ask students to evaluate and desizn
experiments. These exams, how-
ever, do not assess key aspects of
graduate training. including the
student’s ability to apply ideas
from one field to another, to
choose among multiple tech-
nologies to answer a specific
question, to comment effectively
on a peer’s approach., or to
respond to criticisms of one’s
own thinking. These deficiencies
arise for two reasons: (i) Lack of feedback and
responses: Once the exam is handed in. the
teacher grades the exams. However, the stu-
dent cannot respond to the teacher’s com-
ments, and the teacher does not evaluate the
student for her or his ability to understand and

respond to constructive eriicisms. (i) Lack of

peer interactions: In the typical exam format,
each student deals individually with the
teacher and has no knowledge of how his or
her peers are thinking, much less the opporiu-
nity to comment on and respond to answers by
peers, Yet scientists learn from peer inter=
actions and are evaluated by their peers
throughout their research careers.

We organize and teach an advanced course
on cell signaling systems for second-year
graduate students. The course. which began in
1988, originally focused on cell surface sig-
naling molecules (heterotrimeric guanine
nucleotide—binding proteins or G proteins).
Over the years, as our knowledge of signaling
pathways and biological processes has grown,

the course has mereasingly reflected facets of

neuroscience, microbiology, immunology,
pharmacology, and cell and developmental
biology. This breadth has presented us with

Classroom lectures by experts in combination
with journal clubs and Web-based discussion
forums help graduate students develop critical
reasoning skills.

challenges and opportunities. Specifically, the
breadth of student interests is valuable in peer
interactions. because the comments made by
the other students can provide useful perspec-
tives that complement and enhance those of
the instructors,

Advanced Course in Cell Signaling

Lectures. which cover the major signaling
pathways in mammalian cells, are taught by
researchers with expertise in the area and are
developed from primary literature (7). Four
discussion forums, in which journal articles

EFFECTIVE PEER-REVIEW SKILLS

= |dentify and evaluate what is new.

s Make criticism constructive and respectful.
= Distinguish between content and style.

* Define terminology: avoid jargon.

= Justily statements with references and logical arguments.

are discussed in depth, are interspersed
among the lectures. A persistent 1ssue has
been evaluating students” understanding of
the journal club articles. In 2003, we intro-
duced a format that used classroom presenta-
tion and discussion followed by written stu-
dent responses to questions posted by the lec-
turer (&), Although this format evaluated how
gach student had understood the papers, the
lack of teacher-student feedback and peer
interactions in the asynchronous mode pre-
cluded prolonged and potentially thought ful
discussions, To address this deficiency, for
the final exam we wsed a Web-based forum
that was designed to elicit peer interactions
9. In response o the eacher’s questions,
each student selected a primary publication
and described in 200 to 500 words how the
experiments in the paper answered the ques-
tion. The first set of answers was posted on
the Web using Science’s Signal Transduction
Knowledge Environment { STKE) Discussion
Forum, identifying students by numbers 1o
mantain anonymity, Each student then wrote
brief (less than 250 words), anonymous coms-
mentaries on two other students” answers. The
original answer and the two commentaries
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were evaluated o determine each swident’s
final grade. Although the peer commentary
feature worked well. this format did not allow
students to reply to the eritiques and to mod-
ify their responses accordingly.

Integrating Journal Clubs, Web Discussion
Forums, and Exams

When the course was offered in 2007 ( f7),
we integrated the journal clubs. discussion
torums, and exams. Each of the four journal
clubs was led by two faculty mem-
bers. Recent primary publications rel-
evant to lectures in the previous sec-
tion were selected by the faculty and
posted on the Web, Students were
required to answer several questions
related to the papers before the discus-
sion forum, During the classroom ses-
sion, the teachers called on the stu-
dents to explain the figures and tables
in the papers. This was followed by an

Students

open discussion of the papers and the 2

posted questions. The teachers then

provided individual written critiques 0

of students” written answers., and stu-
dents revised their answers to respond
to the entiques. The revised answers
were posted on the Web with
anonymity maintained. The students
then posted briel comments on two of their
peers’ answers using their student number as
an identifier. For each of the four discussion
forums each student received grades for the
original answer, the revised answer, and the
peer cnitiques ().

The technology needed tor this integra-
tive project is relatively modest. In 2005, we
had used the discussion forum in STKE. In
2007 we used the WebCT software platform
from Blackboard Learning System {//). This
program allows us to post the course con-
tents. to run the discussion forums, and to set
up Web links,

Web technologies were useful in assessing
the depth and breadth of student knowledge,
Because answers were relatively brief, stu-
dents cited the appropriate literature to justify
assumptions and specific experimental ap-
proaches. With hyperlinks o the cited refer-
ences, the teachers could easily evaluate
whether the students had understood the
papers and used them appropriately, Addition
and justification of referencing for the revised
version of the answers became a useful wol w
assess both integration of breadth and depth
and ability 1o respond to peer review.

Outcomes
We had several major objectives from the stu-
dent leaming perspective: (i) to comvey a histor-
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ical perspective of the key experiments that
established canonical signal transduction
mechanisms, (1i) to engage the students sub-
stantively in a structured dialogue regarding
current ideas and experiments, (1ii) to enable
the students to develop novel approaches to
help integrate information, and (iv ) to teach and
evaluate participation in peer review. The use of
team teaching, although challenging from a
scheduling perspective. provides the students
with a broad, vet personal, perspective of the

|-Jm.|uu

Unsolicited comments

B Male students
0 Female students

Distribution of the number of unsolicited comments made in
classroom discussion forums by male and female students.

development of research on the various signal-
ing pathways, Integrating the lectures with
classroom-based journal clubs and Web-based
discussion forums has allowed us to achieve
these goals. An unexpected benetit of the ques-
tion-and-answer format was making the
students aware of Web-based databases and
bioinformatics wols useful for organizing
information and designing expeniments, re-
sources often used by researchers.

A valuable outcome of this integrative
project was the ability to document and assess
how students integrated breadth of knowl-
edge with depth of reasoning. This was
achieved by comparnng the onginal and
revised answers, as well as the references
used in both answers. The commentaries on
answers from their peers were also very use-
ful in assessing the student’s integrated leam-
ing capability. All of the faculty observed a
difference between the classroom discussion,
where students mostly did not challenge each
others” comments, and the written Web post-
ings where students were respectiul but often
quite critical of answers from their peers.
Anonymity of the Web format and the time
provided to think about the Web postings
appear to contribute to this critical feedback
between peers. We had a nearly even distribu-
tion of male and female students in a class
of 25, but the female students on average

made fewer unsolicited comments in class
(P = 0.03; see graph. left). We observed only
a weak correlation between the number of
unsolicited comments made by a student in
classroom discussion and the student’s grade
on the assignment (R? = 0.15; see SOM).
These data gathered over the four discussion
forums support our original concern that
some of the top students do not speak up in
class. The gender divide in voluntary journal
club participation in an advanced course is
disconcerting and ments further study.

We also examined the students” evalua-
tions of the course, assessed using the school's
standard survey instrument. We compared the
overall course rating, exam format, and effec-
tiveness of readings for this course to ratings
for two other courses with similar formats
except for the lack of asynchronous interac-
tions, The cell signaling course ranked better
in all three categories [table 51 (/6)]. This
integration project has appeared o work well
both from the teachers” and studenis’ per-
spectives and has struck a practical balance
between student-teacher and student-student
interactions. In the future, we feel a compari-
son between instructor eritiques and peer cri-
tiques would be useful.
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CELL BIOLOGY

No ESCRTSs for Exosomes

Mark Marsh' and Gerrit van Meer

xosomes are small (30 wo 100 nm in

diameter) membrane-bound vesicles

released by a varety of cells. Origin-
ally proposed to discard excess transferrin
receptor from reticulocytes during red blood
cell formation (/). exosomes are now thought
to play key roles in cell-to-cell communica-
tion. antigen presentation. and in the patho-
penesis of retroviral infections (including
HIV) and prion diseases (2-4). However. how
exosomes are formed has not been clear.
On page 1244 in this issue,
Trajkovic er al, (5) provide
intriguing insights into exo-
some formation, making
these microvesicles a bit
less mysterious but raising
IMany new l..]l.ll.‘!-illl]-l'.l.‘i uhﬂl..ll
their biogenesis.

An early view was that
exosomes are formed by
imvagination of the mem-
brane of endosomes (see
the figure) to produce
intraluminal vesicles, thus
rendering these organelles
multivesicular bodies (6, 7).
Exosomes are then se-
creted when these muln-
vesicular bodies fuse with
the plasma membrane and
release thewr content {6). A
maore recent 'i'it!'“.' I'I.I:'lldh'- [I'Ill'l. SXOs0Mmes can
also form at the plasma membrane in some
cell types (8). The link between exosomes and
multivesicular bodies was strengthened by the
discovery of the ESCRT (endosomal sorting
complex required for transport) machinery
{¥). This highly conserved set of protein com-
plexes recognizes membrane proteins that are
modified with ubiquitin molecules and thus
marked for sorting to lysosomes (either as
functional components of lysosomes or as
substrates for lysosomal proteolysis). ESCRT
complexes sort these cargoes to specific
domains of endosomes and regulate both the
inward invagination of these membrane
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EGF receptor degraded

regions and the scission of imvaginated mem-
brane buds to form intraluminal vesicles.
Cells that lack components of the ESCRT
machinery ofien have fewer multivesicular
bodies or fewer intraluminal vesicles in multi-
vesicular bodies. and tail w deliver cargo 1o
lysosomes ( 7). The ESCRT machinery is also
required to complete the topologically related
{ budding of membrane vesicles away from the
cytoplasm) assembly of various enveloped
RNA wiruses (/1. including HIV, and to

Sorting it out. Proteolipid protein—containing exosomes are formed by inward invagination of
endosomal membranes. This requires ceramide generation on the cytosolic side by neutral sphin-
gomyelinase 2 (nSMaseZ) (15). Other membrane proteins, such as the epidermal growth factor
(EGF) receptor, that are sorted to intraluminal vesicles depend on ESCRT proteins instead.

mediate the abscission reactions that complete
mammalian cell division (/).

It was thus not unreasonable to conjec-
ture that the ESCRT machmery would also
be involved in the similar process of exo-
some formation, Indeed. an ESCRT-associ-
ated protein (AIPI/Alix) interacts with
transferrin receptors during exosome forma-
tion in reticulocytes (/2). ESCRT proteins
are also recruited o proposed sites of exo-
some formation in lvmphocytes (§) and are
found in exosomes (3. 5). A rezulatory role
in intraluminal vesicle formation was also
suggested based on the inhibition of inward
budding in liposomes by the ESCRT protein
Alix (13). Nevertheless, the role of the
ESCRT machinery in exosome formation
has remained unclear.

Trajkovic er af. used an ohgodendrocyte
cell line (myelinating cells of the central
nervous system) to study the formation and
release of exosomes containing proteolipid

Two pathways within endosomes use specific
protein complexes ar membrane domains to
direct cargo for degradation or secretion
from cells.

protein, Proteolipid protein is a major com-
ponent of myelin, the lipid-rich membrane
that oligodendrocytes use to enwrap and
insulate axons. They find that formation of
proteolipid protein—containing exosomes
does not require ESCRT machmery. By con-
trast, sorting of the epidermal growth factor
receptor to lyvsosomes in these cells 1s inhib-
ited by depletion of ESCRT components or
expression of a dominant-negative form of
an ESCRT protein ( Vps4).

5 ESCRT machinery LS
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proteolipid protein~ ©

S
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Morphological analysis of the oligoden-
drocyte endosomes shows that proteolipid
protein segregates into membrane domains
that are distunct from domains containing
cargo destined tor ESCRT-mediated sort-
ing to lysosomes. Trajkovic er al. show
through mass spectrometric analysis that
secreted proteolipid protein—containing
exosomes purified from cell culiure
medium are enriched in ceramide, a lipid
produced from the membrane lipid
sphingomyelin by sphingomyvelinases.
Disrupting the expression of neutral sphin-
somyelinase 2 (nSMase2) by RNA interfer-
ence or the use of specific inhibitors
reduced secretion of proteolipid protein
containing  exosomes, Moreover, when
Trajkovic er al. added a bacterial sphin-
gomyelinase to lippsomes containing do-
mains with different degrees ol fluidity,
budding occurred specifically from the
“raft”-like lipid phase. This led them to
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suggest that ceramide-induced ageregation
of lipid microdomains leads to domain-
induced inward budding of intraluminal vesi-
cles. perhaps promoted by the cone-shaped
structure of ceramide (see the figure).

The observations of Trajkovie ef al. raise
several questions. Morphological experi-
ments indicate that both prateclipid protein-
containing exosomes and epidermal growth
factor receptor-containing intraluminal vesi-
cles can be formed within the same endo-
some. [s this the case, or are there function-
ally distunct populations of endosomes that
generate different intraluminal vesicles ( 14)7
Also. 1f both types of vesicles are present in
the same multivesicular body, they must
somehow be sorted to ensure that only the
exosomes are secreted. It is also not clear
whether all exosomes are formed through the
same molecular mechanism. or if different

mechanisms are used for different tvpes of

exosome cargo. The Trajkovic et al. study
shows that secretion of the tetraspanin CDO3,
another exosome-associated membrane pro-
tein, is also blocked by a sphingomyelinase
inhibitor, but not by a dominani-negative

ESCRT component. If the ceramide-based
process 15 the primary mechanism for exo-
some formation, 1t would seem that ESCRT-
dependent enveloped viruses have usurped
the lysosomal sorting and abscission machin-
ery for assembly, though the idea that the bud-
ding of some viruses involves raft domains
could also indicate that a combination of the
two processes is used.

The presence of ceramide in exosomes
may imply its direct role in the lipid-phase
organization of the endosomal membrane,
whereby the ceramide-enriched phase ends
up in the budding vesicle. This is supported
by the presence of proteolipid protein—a
wpical membrane raft component—in exo-
somes, However, without knowing the lipid
composition of the endosomal membrane,
one cannot conclude that exosomes origi-
nate from a specilic membrane domain,
Also, without knowing the transhilayer
organization or ceramide concentration in
the endosomal membrane, the extrapolation
of model membrane experiments remains
problematic. Whatever the molecular mech-
anism by which a change in lipid composi-

ton drives vesicle budding, the process is
likely to be regulated. The present work sug-
gests that a better understanding of lipid
metabolism may provide new vistas in exo-
some research.
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MATERIALS SCIENCE

New Materials at a Glance

Michael J. Brett™ and Matthew M. Hawkeye'

hrough precise engineering of struc-

ture on the nanoscale. researchers can

endow a material with remarkably dif-
ferent properties from those of the bulk. A
majoreffort in nanotechnology research is the
development of a toolbox of processing
technigques for nanostructure fabrication.
Recently, matenals scientists have looked at
glancing angle deposition (GLAD) as an
impartant tool for this task. In this technique,
materials are deposited on surfaces at a highly
oblique angle, resulting in a flexible and
straightforward method of producing nano-
structured and porous thin-film materials in
unusual configurations.

GLAD is a combination of traditional thin-
film vacuum deposition and carefully con-
trolled substrate motion (/). During standard
film deposition. a stream of vapor-phase
atoms strikes a perpendicular substrate. In
GLAD. the substrate is tlted far from perpen-

1Department of Electrical and Computer Engineering,
Liniversity of Alberta, Edmanton, Alberta TeG 24, Canada.
E-mail: breti@ece. ualbera.ca *National Research Council of
Canada, National Institute for Nanotechnology, Edmanion,
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dicular. such that the atoms arnve obliquely.
As the atoms condense on the substrate, they
agelomerate into microscopic clumps or
nucleation sites. Line-of-sight shadowing pre-
vents atoms from condensing in the region
immediately behind each nucleus (see the fig-
ure, top panel): thus, atoms depositonly on the
tops of nuclei (2). As deposition continues, the
nuclei develop into columnar structures that
are oriented toward the vapor source.
Increasing the substrate tilt leads to greater
separation between columns and a more
porous structure.

We can add a new degree of control by
rotating the substrate, which changes the
apparent location of the vapor source from the
perspective of the growing columns. Because
the columns grow toward the vapor source, the
erowth direction of the columns can be con-
trolled. Using the appropriate substrate move-
ments, we can sculpt the columns into different
geometries such as chevrons (abrupt 180°
rotations), helices (slow continuous rotation),
and vertical posts (rapid continuous rotation ).

The ability to control the column onenta-
tion throughout the thickness leads 1w a partic-

Depositing materials on a substrate at
a glancing angle can create new and
unusual structures.,

ularly interesting application of GLAD. A
tilted column will exhibit optical birefrin-
gence: Incident light will experience a differ-
ent refractive index depending on whether the
light is polarized parallel or perpendicular to
the column axis (3, 4). Because the optical
properties are linked to the orientation of the
columns. sculpting the columns into helical
shapes will cause the optical properties o vary
periodically throughout the thickness of the
film. Light will therefore see a periodic
medium. creating a polanzation-dependent
optical diffraction effect analogous o that
seen in some liquid erystals (3. 6). Circularly
polarized light of the same handedness as the
structure will be reflected, whereas the other
circular polanzation state will pass through.
This polarization discrimination acts as a cir-
cular polarization filter and could be imple-
mented in display technologies. For such tech-
nology to be adopted. efficient polarizers must
be developed. Toward this goal, Hodgkinson
ef al. have worked to maximize the birefrin-
zenee of colummar structures and improve the
optical performance of helical films (7. §).
The ability to create separated columnar
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Shadowed region

microstructures with GLAD also leads o
novel devices. For instance. there 15 an obvi-
ous visual similarity between a film of heli-
cal columns and a bed of springs. The
microstructured helices also exhibit the
mechanical spring behavior of their macro-
scopic counterparts (Y). Electrically con-
trolled squeezing of microhelices has been
elegantly demonstrated. By passing a cur-
rent through cobalt-coated silicon helices,
Singh et al. induced an attractive force
between adjacent coils and compressed the
structure (). Dice er af. sandwiched
helices between aluminum lavers in a paral-
lel-plate  capacitor arrangement ([//).
Charging the plates creates an electrostatic
force and squeezes the microsprings. The
ability to actuate such small structures could
find use as stand-alone resonant devices or
when integrated into microelectromechani-
cal systems (MEMS),

The GLAD process allows the fabrication
of submicrometer columnar structures over a
macroscopic area in a single processing step.
Because the nucleation process is stochastie,
the columns grow randomly over the surface.
For the majority of applications. it is not
detrimental to have randomly arranged
columns, Certain devices, however, have
stringent requirements on column location
and uniformity. In the three-dimensional
photonic erystal architecture proposed by
Toader and John (/). identical square spiral
columns must be arranged in a tetragonal lat-
tice. To defear the randomness inherent in the
nucleation process, the substrate is patterned
{via lithographic techniques) with a seed
nuclei template before deposition. Properly
spaced, these seeds imtate the shadowing

for photonic crystal devices.

process and columns grow at the
seed site only (/3. /4). Control

columns is therefore achieved. as
is greater uniformity among the
columnar structures (see the fig-
ure, bottom panel). Following

us (M.IB.) demonstrated the
existence of a three-dimensional
photonic band gap in the impor-
tant telecommunications window
near the infrared 1.6-pum wave-
length (15). With GLAD. we can
precisely fabnicate complex
structures over large areas, making it coms-
petitive with other photonic crystal fabrica-
tion techniques.

A major advantage of the GLAD process
is its compatibility with many materials.
Dielectrics, metals, semiconductors, and or-
ganic materials capable of fabrication by
physical vapor deposition are suited to the
GLAD process for engineering microstruc-
ture. However, applications requiring high

over the planar arrangement of

this procedure, Jensen and one of

PERSPECTIVES

. Obligue strategies. (Top) A conceplual view of column growth. Incident vapor atoms are
blocked from the shadowed regions by the developing columns. As a result, deposition is
restricted to the tops of the nuclei, which grow toward the vapor source, (Bottom) Scanning
electron microscope image of a microstructured surface. By rotating the substrate, silicon
columns have been sculpted into a square spiral configuration. Such an arrangement is useful

surface area and porosity can make use of the
many materials generated by simpler chemi-
cal means. GLAD will find its niche in
devices requiring both a porous material and a
precisely engineered microscale architecture.
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PHYSICS

Complexity in Fusion Plasmas

Peter A. Norreys

Images of imploding fusion plasmas reveal complex electric and magnetic field structures.

he November 2007 report by the

United Nations Intergovernmental

Panel on Climate Change con-
cluded that the changes in climate world-
wide were most likely due to rising green-
house gas emissions. Strategies are
urgently needed to reduce these emis-
sions, and there 15 a clear need for nonpol-
luting, environmentally safe alternatives
to the burning of fossil fuels for electricity
generation. One possibility is fusion
energy. where the by-products of the ther-
monuclear reaction are helium and neu-

Cenfral Laser Facility, Rutherford Appleton Laboratory,
Chilten, Oxfordshire 0X11 00X UK. E-mail: p.a.norreys@
rLac.uk

trons. Among the proposals for Tusion
energy, reactions in laser-compressed
plasmas have garnered substantial atten-
tion and resources. The plasma produced
this way, however, can be complex and
unstable. On page 1223, Rygg er al. have

found a way to make detailed images of

the density and electric field structures in
these extreme environments (). informa-

tion that 1s necessary for better control of

the reactions.

Research over the past 30 years has
shown that achieving energy gain from
fusion reactions (that is. more energy out
than in) 15 a lot more difficult than was
originally envisaged. The principal reason
15 that the fusion fuel has to be heated 1o
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temperatures of a hundred

million degrees centigrade

so that the ions have suffi-

cient Kinetic energy to

overcome the repulsive #
electrostatic  barrier and
their nuclei can fuse, The
combined mass of the
fusion products is lower
than that of original fuel,
and the difference 1s given
out as kinetic energy of the
fusion products.

Clearly, no vessel can
withstand these tempera-
tures, so the fuel has w be
confined in some manner
to prevent contact with the
reactor walls, One method
is to confine the fusion
fuel at relatively low densi-
ties by means of sirong
magnetic felds for a long
time—the magnetic con-
finement fusion approach
(2). An alternative, inertial
confinement fusion, relies
on the compression of a
hollow, millimeter-sized /
shell contaimng the fusion -
fuel to ultrahigh densities,
either directly with a sym-
metrical array of nanosec-
ond-duration laser pulses
(3) or indirectly by placing
the shell inside a radiation
cavity. converting the laser
energy to soft x-rays, and
using that radiation to drive
the implosion (4). One can
think of these two alterna-
tive approaches to fusion
energy as being analogous
to the conventional furnace
and the internal combus-
tion engine.

At the start of the laser
pulse in direct drive. the
electric field strength at the
surface of the pellet is
enormous—many millions
of volts per centimeter. The
material is ionized within
one or two oscillations of
the laser electric field.
The ionized electrons and
ions—or plasma—are heated to millions of
degrees centigrade. and pressures of mil-
lions of atmospheres are gencrated, The
plasma then rapidly expands into the vac-
uum. and momentum conservation

f‘

y

Fast ignition. In the fast ignition approach to inertial confinement fusion {from top to
bottom), symmetrically arranged lasers first compress the spherical fuel target to high
density. Then another laser focused on the tip of a gold cone generates energetic elec-
trons that heat the hot spot in the compressed fuel to ignition temperatures.

demands that the shell
starts  to implode—the
rocket effect. Eventually,
the internal pressure pre-
vents further compression
of the fuel (at the stagna-
tion point) and a fusion
burn ignites and propa-
gates through the com-
pressed fuel.

The direct- and indi-
rect-drive approaches rely
on ignition by a central
spark generated by the col-
lapse of a number of accu-
rately timed shock waves at
the center of the fuel at
stagnation. Matter is heated
to  higher temperatures
behind the shock front, and
thus a considerable amount
of energy is needed to com-
press the material to the
ultrahigh densities needed
for fusion energy gain.

“Fast ignition™ is a less
mature approach but has
received considerable world-
wide interest since it was
first proposed by Tabak er
al. (5). The scheme allows
the separation of fuel com-
pression and the heating of
the spark region to ignition
temperatures (see the fig-
ure). It relies on the gener-
ation of a large number of
MeV electrons when a
petawatt  laser pulse is
focused into the tip of a
cone placed very close (o
the stagnation point (6, 7).
The fast electrons do not
have far to propagate, and
they heat the matter w the
iznition temperature 5o
quickly that the plasma does
not have time to respond.

The real beauty of the
idea is that the symmetry
requirements are relaxed
and higher gain can be obtained for less

drive energy. However. the exact degree of

uniformity needed for the compression of
the fuel for direct-drive fast ignition
remains an issue. In their remarkable new

observations. Rygg ef al. have compressed
cone-attached hollow shell targets. They
used 36 beams of the OMEGA laser facil-
ity at the University of Rochester to drive
the implosions. Radiographs were made
using monoenergetic proton fusion prod-
ucts generated in a second implosion tar-
get. placed | em away. They unequivocally
show that magnetic field structures of 60T
are generated between the ablation front
{where the material is evaporated) and the
critical density surface (where the laser
energy is either absorbed or reflected).
with a modulation pertod of ~150 um.
They also show for the first time that there
is an electric Field generated as a result ofa
pressure gradient near the ablation front.
The authors attribute the magnetic field
structures to a hydrodynamic instability that
15 seeded during the early stages of the
implosion (caused by plasma density varia-
tions) or w the development of instabilities
caused by heat flow. It is not clear at this
stage which is the answer: more experi-
ments are needed to clanify the generation
mechanism. If the magnetic field is due to
the early stage hydrodynamic instability,
then the new method of “adiabat pulse-
shaping”™ may be able to mitigate the effects
(&), This new method has recently been
shown o work for fully symmetncally irm-
diated targets. The idea 1s to irradiate the
pellet with a short, intense laser pulse that
creates a shock that propagates through the
outer shell but whose strength decreases as
it progresses. It has the effect of lowering
the ablation front density while increasing
the ablation velocity and shell thickness.
thereby reducing the growth of the hydrody-
namic instability, If the heat-flow instabili-
ties are the cause. then other solutions must
be considered. Whatever the outcome,
Rygg et af. have developed a powerful new
tool to study the growth and structure of
these felds and strategies to reduce them.
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CHEMISTRY

An Enlightening Structure-
Function Relationship

Bruce A. Armitage' and Peter B. Berget?

mall-molecule cofac-

tors are widely used in

biological systems to
augment or alter the function
of a biomolecular pariner.
For example. cofactors par-
ticipate in electron-transfer
reactions catalvzed by redox
enzymes. [n 2000, Simeonov
¢t al, inverted this paradigm,
reporting a system in which
proteins (specifically. mono-
clonal antibodies) acted as
cofactors for activating the
Nuorescence of a small mole-
cule (a pans-stilbene deriva-
tive) (/). The resulting com-
plexes have since been used
o make fluorescent bio-
sensors for various analytes,
On page 1232 of this 1ssue,
Debler er al (2) reveal a fas-
cinating relation between the structure of the
antibody-stilbene complex and the mecha-
nism by which emission is enhanced.

The original paper (/) and a subsequent
report from the same group (3) vielded a cata-
log of antibody-stilbene complexes emitting
blue, purple, or green wavelengths of light. In
most cases. the monoclonal antibody simply
provided a constrained environment to inhibit
photoisomerization of the stilbene (4). leading
to strong Huorescence. The exception was the
blue-emitting complex. Here, steady-state and
time-resolved experiments indicated that
enhanced emission resulted not only from
constraining the dve, but also from the forma-
tion of an excited-state complex. A crystal
structure suggesied that this “exciplex™ forms
between the stilbene and a m-stacked trypto-
phan residue ( Trp"'™) located at the deepest
point in the binding pocket.

Debler er af have now mutated residues in
the stilbene-binding pocket and analyvzed the
impact on the emission properties. Asexpected,
mutation of TrpH1%? 1o phenylalanine (TrpH103

‘Department of Chemistry and Molecular Biosensor and
Imaging Center (MBIC), Carnegie Mellon University,
Pittsburgh, PA 15213, USA E-mail: army@cmu.edu
*Department of Biological Sciences and MBIC, Carnegie
Mellon University, Pittsburgh, PA 15213, USA. E-mail:
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Fluorescence

Stilbene

EP2-25C10

Structure and function. The same fluorogenic dye molecule is bound by two antibodies in
different ways, leading to different emission mechanisms and colors. {Left) The EP2-25C10
antibody binds the dye in a shallow pocket, and purple fluorescence is enhanced due to the
conformational constraints, (Right) The EP2-19G2 antibody binds the dye in a much deeper
pockel that allows r stacking with a tryptophan residue. An exciplex is formed after excitation,
and charge recombination leads to blue luminescence.

= Phe) eliminated exciplex emission without
reducing the affinity of the protein for stilbene,
In contrast, a Tvr* — Phe mutant retained
exciplex emission, albeit with lower intensity,
In the crystal structure of the complex, Ty
lies perpendicular to the salbene and evidently
helps to hold it in place stacked against TrpH%,
Presumably. replacing the tvrosing OH with an
H in phenylalanine sufficiently alters the strue-
ture to weaken exciplex formation.

In an exciplex. some charge transter takes
place between the two components: in the
extreme case, complete transter of an electron
yvields a contact radical ion pair ( 5), This prop-
erty of exciplexes introduces a subtle but
important point: Because the ion pair is an
excited-state species, emission resulis from
charge recombination, as opposed to simple
relaxation of a locally excited state.

To elucidate the mechanisms by which stil-
bene luminescence is activated by the two types
of antibodies, the authors tumed to high-resolu-
tion structural analysis of antibody-stilbene
cocrystals. In the exciplex-forming antibody,
EP2-19G2, the hydrophobic stilbene-binding
pocket is deep within the antibody, between the
Vy and V. domains (see the figure. right
panel). The Trp"'® that forms the exciplex is
highly conserved and normally participates in
contacts between two domains that sabilize the

Exciplex emission

Partal

EP2-19G2

PERSPECTIVES

Mutation and structural data elucidate distinct
mechanisms by which dilferent antibodies bind
and induce luminescence of dye molecules.

antibody fold. For this amino
acid 1o form an exciplex with
the stilbene, the interface be-
tween the two domains must
rearrange. This interdomain
distortion generates a surface
depression that creates a por-
tal to the deep binding pocket
[see figure 2B in(2)).

the green and purple anti-
body-stilbene  complexes,
which do not show exciplex
emission, reveal a binding
pocket that 1s also quite
hydrophobic but at least 0.6
nm shallower. There is no
distortionof the V'V inter-
face and no surface depres-
ston or portal to the stilbene-
binding pocket [see the fig-
ure, left panel, and figure 2A
i 2)]. With no long portal in the green and pur-
ple antibodies, stilbene is unable o approach
the Trp""™, and no exciplex emission occurs.
EP2-19G2 has been used in several bio-
sensor applications, including fluorescent
labeling of DNA that was modified with sul-

bene dyes (6), high-throughput screening of

chiral catalysts (7). diserimination of small-

molecule stereotsomers (), and detection of

mercury (Y). These sensors exploit the unigue
structural features of the antibody. i.e. the
depth and shape of the portal leading to the
stilbene-binding pocket,

Other biomolecules such as nucleic acid
aptamers (/0) and single-chain variable-frag-
ment antibodies (scFvs) (/1) can selectively
bind fluorogenic dyes and enhance their luo-
rescence by a factor of more than 1000,
Because there is no evidence for exciplex for-
mation, these cases are analogous to the green
and purple anubody-stilbene complexes. In the
case of the scFvs that bind thiazole orange and
malachite green, considerable spectral tuning
and improved binding affinity was generated
through directed evolution { { f). This approach
could be used 1o generate stilbene-binding
scFvs with improved affimity, higher fluores-
cenee quantum yields, or more diverse colors,
Such modified biomolecules could find appli-
catons in fluorescence imaging and sensing,
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The discovery of the exciplex-forming anti-
body was fortuitous in that immunization and
in vivo selection were based solely on binding
to the stilbene antigen, not on activation of
emission. Methods that allow direct selection
of luminescent scFvs—for example, by flow
eyvtometry {//}—would be more efficient and
might even allow discrimination between nor-
mal fluorogenic and exciplex-forming scFvs as

a result of the different emission propertics
expected for such protein-dve complexes.
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GENOMICS

Reconstruction of the Genomes

Drew Endy

live on, projecting trait and trace

through time to times anon. and
leaping from place to place over oblivion” So
starts the poem Heredine by Thomas Hardy,
whose protagonist personifies the observa-
tion that all life exists through a process of
direct descent from one generation to the
next. Scientifically, the replication and prop-
agation of genetic material, as DNA or RNA,
is the primary mechanism by which cach gen-
eration transmits the instructions underlying
the traits and traces of their offspring, On
page 1215 of this issue, Gibson er al. (1)
bypass nature s constraint of direct descent by
combining information and raw chemicals to
construct the entire set of genetic material, or
genome, encoding a bacterium (see the
figure). This first construction of a genome
encoding a self-reproducing organism her-
alds important opportunities in both genetics
and biotechnology, highlights the need for
improved DNA construction technology, and
reinforees the value of ongoing public discus-
sion of the impacts of making organisms eas-
ier to engineer,

Gibson er af. used a multistage process to
construct the genome of Mveoplasima gen-
italimm. First, information defining the
582.970-base pair (bp) DNA sequence of the
genome to be synthesized was obtained from
a computer database and divided inmo shorter
sections, or cassettes of DNA up to ~7000 bp
long. Commercial DNA suppliers then con-
structed these cassettes, Raw chemicals
derived from sugar cane were combined to
svnthesize specific oligonucleotides, short
fragments of DNA up to several hundred base
pairs long (2). The suppliers then combined

¢ ‘Izlm the famuly face: flesh perishes, |

Biological Engineering Depariment, Massachusetts Instifute
of Technology, Cambridge, MA 02139, USA. E-mail:
endy@mil. edu

1196

ATCG...

Advances in DNA sequencing and synthesis
technologies are making it possible to read
and write entire genomes.
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Genome construction. DNA sequencing technology decodes the genome of an organism. DNA synthesis
and genome construction technologies enable the opposite process. Bacterial genomes can be built from

DMNA sequence infarmation and raw chemicals,

subsets of oligonucleotides to produce the
requested cassettes (3). Gibson ef af, used a
hierarchical scheme to assemble, check, and,
as needed. repair ever-longer DNA fragments,
eventually producing the full-length genome.

Given that all life is encoded by genetic
material, ongoing and future advances in
DNA synthesis and genome construction
technology will be important. For example,
the LLS. National Institutes of Health is esti-
mited to spend ~S1.5 billion annually sup-
porting the manual manipulation of DNA ().
Such work consumes most of the experimen-
tal effort for many biologists and biological
engineers, a hidden opportunity cost that is
harder to quantify. Moreover. the required
slavish mastery ofad hoc methods and wedious
tools for DNA manipulation discourages most
students and researchers in fields such as
physics. electrical engineering. and computer
science from exploning biomedical and bio-

technology research. Thus, an improved abil-
ity to provide any DNA molecule quickly. reli-
ably. and economically would enhance and
expand life sciences and engineering rescarch
(5). and might well become the goal of well-
coordinated public research programs, Un-
fortunately, no such programs exist today,
Meanwhile, consider that most early dis-
coveries of genetically encoded functions
depended on analysis of the linkage between
natural or randomly generated mutations and
phenotypes (6). a powerful approach akin to
blindly smashing many cars with a hammer
and then determining which broken parts
matter by attempting to drive each machine.
Over the past 30 years, the invention ( 7) and
development (§) of DNA sequencing tech-
nology have provided a complementary
approach for discovering genetic functions,
By companng DNA sequence mformation
from different organisms. researchers can
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now identfy sequences that have remained
relatively constant throughout millions of
yvears of evolution (¥). The presence of a
DNA sequence across distantly related organ-
isms implies that disruption of the sequence
via an evolutionary “hammer™ would have
produced a deleterious effect on the organ-
ism, and thus the conserved sequence likely
encodes an important function.

However, two additional approaches are
needed to confirm and exhaustively identify
all functions encoded by a natural DNA
sequence. Specific DNA sequences thought
to affect phenotypes must be purposefully
changed and the expected effect confirmed.
Also, seemingly irrelevant DNA sequences
must be removed, disrupted, or otherwise
maodified and shown to be unnecessary. To
date. the application of these additional
approaches has been limited to short DNA
sequences (/0) or well-studied organisms
( 11). Indeveloping their genome construction
methods, Gibson er af. are hoping to more
readily explore whether genes that can be indi-
vidually disrupted (/2 might also be dis-

rupted in combination, Going forward, the
ability to implement many simultanecus and
directed changes to natural DNA sequences
(/.3) and to build and test synthetic systems
(£4) will give researchers a powerful new
“hammer™ for constructing how life works.
The 582.970-bp “synthetic™ genome pro-
duced by Gibson et al. also unequivocally
demonstrates that it is now possible o
construct the genomes for all known human
viruses, including strictly regulated patho-
gens (such as smallpox), from publicly avail-
able DNA sequence data. methods. and
materials. For now, the process of genome
construction, as well as the production of an
infectious agent given a newly synthesized
but inert genome, requires highly skilled
experts and considerable resources (Gibson
ef al. must stilll demonstrate that their synthe-
sized genome will encode a living bac-
terium). In the meantime, recent interna-
tional eftorts to establish and coordinate best
satety and security practices among compet-
ing DNA suppliers can be celebrated and
improved (/3). And, new efforts might focus

PERSPECTIVES

on developing professional societies and
improved standards of practice among bio-
logical engineers.
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CHEMISTRY

Getting Specific About Specific

lon Effects

Douglas J. Tebias and John C. Hemminger

ave you noticed that “lite™ salt,

which is a mixture of KCland NaCl,

tastes slightly different from ordi-
nary table salt, which is essentially pure
MNaCl? If so, then vou have experienced a
specific ion effect. Such etfects are ubigqui-
tous in chemical and biochemical processes
involving salt solutions and have tradition-
ally been attributed to the influence of the
salt ions on the structure of water, Yet, a surge
of recent research has provided compelling
evidence that we should instead think about
these phenomena in terms of specific ion
interactions with surfaces and influences on
hydrophobic interactions (/-3).

In the 18805, Holmeister and co-workers
investigated the relative ability of different
salts o precipitate protems from blood
serum and egg whites (6). The work resulted
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in the following ranking for anions: S{)f‘ >
F->HPO > CH,CO0™>Cl~> Br >NO;

> [ > ClO,; > SCN, lons on the left side of

this Hofmeister series salt out (precipitate)
solutes. whereas ions on the right salt in (dis-
solve or denature) solutes. An analogous
series can be constructed for cations. Similar
trends have been found in many solution
properties ( 7. 8). including surface tensions,
chromatographic selectivity, colloid stabil-
ity, and protein denaturation temperatures. [t
15 widely held that Hotmeister senes reflect
specific ion effects on the long-range struc-
ture of water: lons on the left are structure
makers, ions on the right structure breakers.

Two recent studies ([, 2) mount a strong
case against this structure maker/breaker
concept. Smith e al (1) analyzed Raman
spectra of water OH vibrations in potassium
halide solutions, The position of the band
centers and the line shapes of OH vibrational
spectra are sensitive to details of the hydro-
zen-bonding network. Spectra of fluoride
solutions are slightly blue-shifted compared
with neat water, whereas solutions of the

Recent studies are shedding light on the
mechanisms that drive the properties of
salt solutions.

heavier halides are red-shifted. These effects
were previously explained in terms of the

structure-making and -breaking abilities of

these ions. Using Monte Carlo simulations,
Smith ¢r af. show that the different halide
ions do produce spectroscopically distinet
changes to water hydrogen bonding. but
these perturbations are largely confined to
the first solvation shell. This result is consis-
tent with an earlier spectroscopic study of the
dynamics of halide 1on solvation shells (¥,

Mancinelli ¢t af. found contradictions in
the structure maker/breaker concept in a neu-
tron diffraction study of NaCl and KCl solu-
tions (2). According to the conventional
Hotmeister senies tor cations, both Na® and
K' are water-structure breakers. Yet. the
analysis of the diffraction data suggested
that, whereas water molecules are more on-
entationally disordered around the K* ion,
Ma' is more tightly solvated and more dis-
ruptive to water-water correlations.

Clues to more accurate explanations for
specific ion effects are emerging from stud-
ies of the behavior of ions near nterfaces,
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For example, molecular dvnamics
simulations have predicted that the
propensity for anions o adsorb to the
air-water interface follows an inverse
Hofmeister series (SO, <NO ;<17
{see the first figure) and 15 correlated
with specific ion effects on surface
tensions and surface potentials ( /1)),
These predictions have been con-
firmed by spectroscopic measure-
ments { / /-14). The results suggest
that specific ion effects could reflect
differences in the hydration of ions
near surfaces ( for example, the air-
water interface or bloomolecular sur-
faces) compared to the bulk solution.

This hypothesis was supported by
recent studies. In a thermodynamic
surface-bulk  partitioning  model,
Pegram and Record (3) have found a
good correlation between the propen-
sity of ions to adsorb to the air-water
interface and the effect of these ons
on processes that involve protein sur-
face hydration, Consistent with this
analysis, Chen er af. have provided
experimental evidence for changes in
the hvdration of ions when they inter-
act with protein-like polvmers at the

air-water interface (4). In the case of

cations, Pegram and Record did not
find a similar correlation, probably
because cations do not adsorb to the
bare air-water interface (3). Inorganic
cations are generally excluded from
the air-water interface (/0) and sit
below the surface even in the pres-
ence of strongly adsorbing anions,
such as I7 (see the [irst figure, bottom
panel). However, recent x-ray pho-
toemission experiments and molecu-
lar dynamics simulations have shown
that surfactants containing polar
groups can draw cations into the inter-
facial layer ( /5) (see the second figure).

About 10 years ago, Baldwin
argued that specific 1on effects on
protein stability could be described in
terms of the ability of 1ons to salt in
the polar peptide group and salt out
the nonpolar side chains { /6). At first
glance, 1t seems plausible that salt-
ing-out ions strengthen hydrophobic
interactions, whereas salting-in ions
decrease them. Yet, a recent study
suggests that specific 1on effects on
hydrophobic interactions are more

complicated (5). In simulations of

hydrophobic solutes in salt solutions,
the propensity of the solutes to aggre-
mate (salt out) increased with increas-

* Aqueous -'l.;.‘:,';:[},_

\._“J,-wa.j o '8

E

Specific fon effects at the air-water interface. In
snapshots from malecular dynamics simulations of
air-solution interfaces of agueous solutions (10, 11,
18), some ions accumulate near the interface,
whereas others avoid the interface. Atom colors:
Water O, blue; Na, green; S, magenta; sulfate O,
orange; N, cyan; nitrate O, pink; |, purple.

Butanol on Nal

tants (15). The large enhancement of anions over
cations al the interface in neat aqueous Mal (see the
first figure, bottom panel) is suppressed when the
surfactant butanol is present (this figure). Coloring
as in the first figure, except butanol C, black;
butanol O, red.

ing ion charge density, as expected. However,
ions of low charge density could induce salt-
ing out or salting in, depending on concen-
tration. Low-charge-density ions can form
complexes with the hydrophobic species,
forming mucelle-hke aggeregates at low on
concentration and soluble, surfactant-like
complexes at high ion concentration, Thus,
salt effects on hydrophobic interactions
result froma subtle balance of ion-solute and
lon-water interactions.

The existence and widespread applicabil-
ity of Hofmeister series suggest an underly-
ing simplicity. Yet, specific ion effects con-
tnue to defy all-encompassing theories.
Fruitful directions for further research
include the exploration of salt effects on
hydrophobie interactions and the characteri-
zation of specific 1on interactions with polar
groups. For complex solutes such as proteins
in salt solutions, hydrophobic and electrose-
lective interactions appear to be intertwined
(4 7). Techmigues are available for inerface-
specific experiments that directly probe spe-
cific ion interactions, coupled with appropr-
ate theory and simulations. It looks like
scientists will remain immersed in salt water
for some time.
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Bruce Alberts, Science’'s New Editor

Marc Kirschner

n March, the editorship of Scicnee passesto

Bruce Alberts, professor of biochemistry

and biophysics at the University of
California, San Francisco (UCSF). He will
make the 3000-mile round trip 1o Science at
least once a month and oversee the weekly pub-
lication of the most prominent journal in sci-
ence worldwide. It is a position with immense
influence on the conduct of science,

The expectations are high for the new editor
to set the highest intellectual and ethical stan-
dards for publication, and at the same tme pro-
duce a journal that makes science exciting for
the public. Science is expected to publish mean-
ingful original work that stands the test of
time—as well as analyses and commentaries
that influence the polincal process, expose mis-
deeds and misunderstandings, represent the
profession of science. foster education. advo-
cate for science. and represent science as a
source of enlightenment and hope for all peo-
ple—and to be so fascinating that geologists
will order another cup of coffee to read about
microRMNA and molecular biologists will skip a
meeting to catch the newest article on planctary
evolution. No one is fully prepared for such a
Job. Yet Bruce Albens has made contributions
of such vanety and quality that we can be reas-
sured that this position is i the best of hands.

Bruces stellar career of public service may
have obscured the brilliance of his scienufic
accomplishments. He received his Ph.D, in
1965 from Harvard University, studying DMNA
structure with Paul Doty During postdoctoral
training with Alfred Tissiéres in Geneva, he
developed DNA affinity chromatography and
was the first to 1solate a single strand-specific
DNA binding protein, As a voung faculty mem-
ber at Princeton University, he went on to punify
all seven proteins required for DNA synthesis
in bacteniophage T4 and reconstitute the
process—an extraordinary accomplishment.
His experiments on DNA replication are a
model of physical ngor and biological insight.
Though a renowned professor, Bruce main-
tained an unassuming office, which doubled as
a hallway. in the basement of the chemistry
building. This would forever be his style, mod-
est and self-deprecating. The department he
helped build at Princeton University believed
that evervthing in science was open 10 new
understanding. and that chemistry. physics, and

Harvard Medical School, Boston, MA 02215, USA. E-mail:
marchms. harvard.edu

biology could come together in
new ways. For the beleaguered
young faculty, Bruce was a
friend and a stern askmaster. He
invited interesting people to visit
and talk, offering the young
taculty chances to learn. [ re-
member Bruce inviting Barbara
MeClintock to lecture on cyvitoge-
netics, understood litle of what
she said: vet the impact of her
enthusiasm and tireless intellect
is still with me.

The Princeton department
imploded in the mid-70s and
Bruce was lured to UCSFE. His
leadership helped establish the instimtion as a
great research center known also for its human-
ity, collegiality, concem for education, and
broad appreciation of science. To those who
thought that humanity and excellence in sci-
ence were. I not mutually exclusive, at least
mildly incompatible, Bruce proved them
wrong. He infused his values into the high-
octane world of academic science, and UCSF
wats the richer for i,

Although Bruce refocused his research in
new directions, it was apparent that no labora-
tory or department could contain his commii-
ment to public service centered on science
policy and education. In the 1980s, Bruce and
colleagues produced a radically new cell biol-
ogy textbook that ransformed the teaching of
that subject. “Alberts.” as the book is generally
called, emphasized biophysical understanding,
current expenments, and bold graphics. He has
continued the leadership of that remarkable
volume through five editions,

Bruce developed a deep commitment o ele-
mentary and high-school science education.
He had empathy for teachers who struggled
with difficult working conditions and he fumed
about curricula that stressed rote memory and
failed to convey the excitement of discovery.
He launched the Science and Health Education
Partnership, which pairs UCSF students, post-
doctoral fellows. and Faculty with public-
school teachers. After two decades, many hun-
dreds of UCSF volunteers and 80 o 90% of
San Francisco’s public schools are involved.

Bruce began participating at the national
level through the National Academy of
Sciences (NAS) as chair of the Board on
Biology. He chaired the NAS committee that
strongly endorsed a human genome project. a
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Highlights from Alberts’s life as a
citizen-scientist make it clear that he is
well prepared to lead the journal.

task that seemed impossible to
some and undesirable to others,
This, among other important
roles. eventually led to his nomi-
nation for NAS president in
1993, It was hard for Bruce to
leave his laboratory and students
and embark on a career that
would end his role as an expen-
mental scientist.

Bruce's nme at the NAS was
multifaceted but can be charac-
terized by two foci: education
and international cooperation.
Both are difficult to influence,
but there were substantial male-
stones, such as forzing the first natonal sci-
ence curriculum standards for K-12 educa-
tion and establishing the InterAcademy
Council to bring impartial and informed sci-
entific opinion to less developed countries,
Bruce has traveled throughout the world to
promote science and science education. He
learned to embrace small victones and o lead
by example, no matter what the effort.

Two years ago, Bruce finished his second
and final term as NAS president and, with his
wife Betty. returned home to San Francisco,
surrounded by friends, children. and grandchil-
dren—a nice picture for the sunset of a great
career. But Bruce, with his limitless energy and
commitment to important causes, plunged into
teaching and revising the UCSF graduate pro-
gram. He continued chairing the InterAcademy
Council and became president of the American
Society for Cell Biology. And at the urging
of fellow scientists, he now has taken on the
editorship of Science.

I know that when Bruce reads this profile,
he will feel uncomfortable that I've excluded
the contributions of so many others, But I think
Imay have omitted Bruce s greatest talent—his
ability to inspire people to devote time for pub-
lic causes and adopt them as their own. That is
wly there are so many people to acknowledge,
and why. even after stepping down from the
NAS presidency, Bruce keeps traveling so
much. He told me that he wants to pay back
many people for their services while he was
NAS president, This time around it’s our urn to
wive our services enthusiastically to help Bruce
Alberts maintain and expand Sciences wleasa
resource for science and a ol 1o promote the
highest values of the profession,
10.1126/science. 1155869
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SCIENCE POLICY

Scientists “Uniquely Positioned”
to Assist Climate Policy-Makers

As povernments around the world search for
ways Lo address rising greenhouse gas emis-
sions, researchers should be ready to offer
expert advice to lawmakers secking a broad
view of global climate change and its potential
consequences, according to a distinguished
panel of science policy advisers al a recent Capi-
tol Hill briefing.

The panel, convened by AAAS and three
other scientific societies on 11 January, drew
more than 130 congressional staffers, think wnk
representatives, university faculty, and journal-
ists spilling out of the briefing room in the
Ravburn House Oflice Building. In front of a
crowd cager lor answers, the speakers discussed
how scientists can assist policy-makers in their
analysis of climate change proposals awaiting
congressional debate.

“Funding scientists and their rescarch 1s
going 1o help answer questions like how much
are humans responsible for global warming
and what are the poiential effects on our lives,”

said David Goldston. former stall director of

the House Science Committee and a lecturer at
Princeton University, “These are very impor-
tant l.-]U'i.‘ﬂiUﬂﬁ. and we need answers as we
move forward.”

“Scientists are uniquely positioned o help
the public undersiand the dangers and help
lawmakers make informed decisions about
addressing climate change.” agreed Michael
Oppenheimer, the Albert G, Milbank Professor
of Gieosciences and International AfTairs at
Princeton University.

But Oppenheimer, Goldston, and the other
panchsts acknowledged the limits of scientific
advice in crafting climate change policy, which
will have w incorporate a wide set of political,
ceonomic, and social considerations beyvond the
scientific data, they said.,

“Climate goals involve more than science,
50 in the end. policv-makers, not scientific
institutions, should choose them,” Oppenheimer
said, although he also noted that 1t “may even
be part of the scientist’s professional obhigation™

to comment publicly on the implications ol

their research,

“Scientists do not hang up their citizenship
when they enter a briefing room,” agreed
Stephen Schneider, a senior climatologist and
professor at Stanford University. He stressed
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(Left to right) Michael Oppenheimer, Stephen
Schneider, David Goldston, and Ralph Cicerone

the need for scientists w support their public
arguments by “clearly identifying which opin-
ions are personal values and which are based on
professional judgmenis.”

Although nearly all rescarchers agree that
the Earth is in the midst ol a human-caused
warming period, no scientist can deflinitely
state how hot it will get or predict exactly how
the Eanth will respond, Schneider cautioned.
He compared the Earth’s rate of warming to a
carnival pinwheel—"the great greenhouse
gamble,” he quipped—with different-sized
sections representing different average global
lemperature mereases,

The largest section on the pinwheel chart,
created by researchers at the Massachusetis
Institute of Technology, represents the most
likely outcome (22.5% likelihood) of a 2 1o
2.5°C increase intemperature. The smallest slice
of the pinwheel (a 3.8% likelihood) predicts an
merease of more than 5°C,

Oppenheimer said policv-makers will have
1o respond o the consequences ol higher temper-
atures in four main arcas: access to water and
food; human health in extreme climate condi-
tions; consysiems and species; and sea-level rise
from ice sheet mehing,

The exact nature of these challenges remains
uncertain, however, and several panel speakers
urged the U.S, Congress to support sharp
mereases in climate science rescarch funding o
(11l in the detals. Goldston singled out
rescarchers at NASA Earth Science programs
“the biggest people in Earth observation and
monitoring”™ —as a group that deserved an
immediate budgat increase.

By measuring climate changes in fragile
regions, developing more powerful computer

programs o improve climate predictions, and
increasing satellite observation budgets,
rescarchers can “accelerate scientific rescarch
to deliver more useful results,” said Ralph
Cicerone, president of the National Academy of
Sciences, who also suggested that the sciemtific
community evaluate a diverse portfolio of
carbon mitigamion simtegics,

“There arc also some really big bioengincer-
ing ideas that are not guite developed, nor fully
articulated or peer-reviewed, so they are far from
ready for implementation.” Cieerone noted.
“But we would be foolish not 1o look into them.
The stakes are wo hagh”

The American Geophysical Union, the
Amencan Meteorological Society, and the Pew
Center for Global Climate Change cosponsored
the bricfing with AAAS,

—Benjamin Somers and Becky Ham

SCIENCE AND SOCIETY
Neureiter Receives

Public Welfare Medal

Norman P. Newreiter. director of the AAAS
Center for Science, Technology and Security
Policy, has been awarded the 2008 Public
Welfare Medal by the ULS. National Academy
of Sciences for his lifelong ¢fforts to encour-
age international cooperation in science
and technology.

Established in 1914, the medal honors
“extraordinary usce of science for public
good.” The Academy commended Neureiter’s
work as the first science and technology
adviser to the US. Secrctary of State, at the
White House's Office of Science and Tech-
nology Policy, and in the Foreign Service.

Newreiter is “clated™ by the Academy s deci-
sion 1o recognize the importance of science and
technology cooperation as a posiiive instrument
of a constructive ULS. forcign policy,

“This kind of engagement can be one of the
nation’s most effective “sofl power’ sirategics
for both addressing problems of global con-
cern—such as food, energy, and climate
change-—and For building bridges of under-
standing to other countries,” he said, It is the
ultimite win=win strategy.”

Meurerter 1s the second current AAAS senior
manager 1o receive the Public Welfare Medal;
Shirley Malcom, dircctor of Education and
Human Resources al AAAS, was honored in
2003 for her lifclong efforts 1o make science
available 1o those normally underrepresented
in science carcers.
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INTRODUCTION

Quantum Wonderland

LIKE ALICE AND HER WONDERLAND, PHYSICISTS ALSO HAVE ACCESS TO TWO
worlds: the classical and the quantum, Although both worlds are inhabited by the
same two species, bosons and fermions, their behavior in either world can be
remarkably different. The macroscopic or classical world is filled with the familiar
and modeled with classical laws. Lowening the temperature sufficiently to enter the
quantum world reveals that these species can interact in cooperative ways, giving
rise to exotic phases of matter—quantum matter—not seen in the classical world.
Here. things get interesting (and weird); solids, liquids, and electrons can flow
without dissipation: exotic phases can emerge: Nuctuations can be critical: and
objects can be entangled and be in multiple places at once.

Many experimentalists and theorists have been exploring this quantum regime
tor some time now, studying how individual particles and ensembles of particles
behave, in attempts to unravel the underlving physics producing these exotic prop-
erties and phases. Some others are heading straight to applications. The six Per-
spectives in this special section provide ataste of some of the topics that occupy the
world of quantum matter,

With atoms trapped ina lattice of optical microtraps, Bloch (p. 1202) discusses
how the ability to manipulate the magnitude and sign of the mteraction between the
atoms can provide a mode] system in which to explore the formation of the exotic
phases seen in quantum gases. hquids, solids, and electronic and magnetic systems.
Leggen (p. 1203) sets out the theoretical basics of such quantum svstems, explain-
ing how their behavior depends on which family of statistics ( Bose-Einstein or
Fermi-Dirac) the atoms belong to. Choosing the example of quantum eriticality in
fermionic systems, Zaanen (p. 1205) points out that the fermions and their statisti-
cal family are troublemakers, Tryving to explain the complexity emerging from what
are simple constituents, he tells us that our present mathematical wolbox is inca-
pable of describing how these exotic electronic phases emerge and that new math-
ematical tools need to be developed. Another recent example of an observation in
need of an explanation is the supersolid effect found in helium-4, where a solid
crystal seems to move like a superfluid. Chan (p. 1207) presents the latest on this
new phase and argues that imperfections in the erystal appear to be necessary for
the effect wo be seen. Communication is a vital technology in the classical world,
and Walmsley (p. 1211) describes how developments made in the quantum world
are carrying over to applications through the use of quantum optics in arcas such as

secure communication and cryptography. Lloyd (p. 1209) expands on the topic of

communication and information, describing how quantum information can be con-
sidered as matter, as concrete as any of the matter we are familiar with in our clas-
sical world and how theoretical ideas in quantum error correction will lend them-
selves to the realization of an operational quantum computer,

Outside the special section, Adrian Cho's story in News Focus (p. 1180)
describes research in Fermi condensates, gases composed of fermionic atoms,
which may help researchers model materials as diverse as high-temperature
superconductors and the interiors of neutron stars,

So, armed with an Alice-like cuniosity, let’s take a short walk in this quantum
landscape.

- |AN OSBORNE AND ROBERT COONTZ
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PERSPECTIVE

Quantum Gases

Immanuel Bloch

Ultracold quantum gases are proving to be a powerful model system for strongly interacting
electronic many-body systems. This Perspective explores how such atomic ensembles can help to
unravel some of the outstanding open questions in the field.

en matter 15 cooled down close w

ero temperature, panicles can in-

teract in a coopermtive way and fomm
novel states ol matter with stiking propertics
superconductors, superlluids, or fractional quan-
tum Hall liquids. Similar phenomena can now
be observed inoa dilue gas of atoms, five o six
orders of magnitude less dense than the air
surrounding us. Here, degenemite bosonic and
fenmionmie quantum gases rapped in magnetic or
oplical traps are gencraled at lemperatures in the
nanokelvin regime (/). Whercas initial rescarch
concentrated  on weakly inleracting  quantum
states [for example, on clucidating the coherent
matter wave feaures of Bose-Einstein conden-
sates (BECs) and their superfluid propertics,
research has now tumed toward strongly inter-
acting bosonic and fermionic systems (2, J). In
these systems, the interactions between the
paticles dominate over their Kinctic encrzy,
making them difficult o wmckle theoretically
but also opening the path to povel ground states
with collective propertics of the  many-body
system. This has given rise 1o the hope of using
the highly controllable quantum pases as model
systems for condensed-manter physics, along
the lines of a quantum simulator, as onginally
sugpested by Feynman ().

Two prominent examples have dominaied the
research e this respect: (i) the tansition from a
superluid o a Mot insulator of bosonic atoms
trapped in an optical lattice potemial (3-7) and
(i) the BEC Bardeen-Cooper-Schrieller (BCS)
crossover of a two-component Fermi gas across
a Feshbach resonance through which the mag-
nitwde and sign of the intcractions between
pairs of atoms can be wned (8- £1). In the first,
a weakly iteracting and superfluid gas of quan-
tum degenerate bosons can be tumed into an
incompressible and insulating gas in a three-
dimensional lattice of optical microtraps. The
Mot insulator can be visualized as a many-body
system i which strong repulsive inleractions
between the particles sort them mio a perfectly
ondered army and each lattice site is occupied by

a single atom. In the second example, pairs of

fenmionic atoms can form bosonic composile
panticles when their interactions are tuned by

Johannes-Gutenberg Universitat, 55118 Mainz, Germany.
E-mail: bloch@uni-mainz.de

Feshbach resonances, Such bosonic composites
can themselves underzo Bose-Einstein conden-
sation, thus findamentally altering the propertics
of the many-body system. When a rue two-
body bound state exisis between the particles,
the composite bosonic particle is simply a mol-
ccule, albeit very large, whercas in the case of
attractive interactions without a two-body bound
state the composite pair can be seen 1o be re-
lated w0 a BOS-type Cooper pair, which can
then undergo condensation. It is the possibility
of changing almost all the underlying param-

A

observe exotic forms of superconductivity such
as the Fulde-Ferrell-Larkin-Ohwvehinnikov super-
conducting phase (/3, /4), where particles con-
dense o pairs with nomzero momentum. Early
expenments have produced degenerate mix-
tures of two fermionic atomic species (/5) and
two fenmionic specics with an additional third
bosonie component (£46), and both are progress-
ing quickly toward exploiting Feshbach reso-
nances to control the imemctions between the
fermionic aloms,

For lattice-based systems, eflons are under
way 1o explore the feasibility of using ultracold
atoms as quantum simulators tor strongly inter-
acting many-body systems, For example, in the
Famous class of high-Te superconductors, aus:h
as the Cul) compounds, one observes tha thes
Form antiferromagnetically ordered ground :-l.llu-
when undoped, Upon doping, and thereby
changing the effective filling in the system,
the antiferromagnetic order 1s destroved and a
superconducting phase with d-wave symmetry
of the order parameter emerges (7)) (Fig. 2).
What exactly happens during the transition

and how it can be described

theoretncally 15 curmently 2

¥
v
e 3t

A

~y  subject of heated debates
and one of the fundamental
unsolved problems in the
o lield of condensed-matter
physics. Cold-atom researchers
, are currently trying 1o deter-
mine whether they can help
- ‘) to resolve some of these is-
] sues(18). As a starting point,

Fig. 1. Three-species fermionic atoms (red, green, and blue spheres)
im an optical lattice can form two distinct phases when the interactions
between the atoms are tuned. In the first case of strong attractive
interactions between the atoms, they join as “trions” (A), whereas in
the second case of weaker interactions, a color superfluid is formed
(B}, in which atoms pair up between only two species. The two phases
have strong analogies to the baryonic phase (A} and the color
superfluid phase (B} in quantum chromodynamics [see (12)].

clers dynamically and the ability 1o model] the
complex many-body quantum svsiems by first
principles that have led o a surge in experi-
mental and theoretical research.

What is next on the agenda? For fermionic
svsiems with and without a lattice, rescarchers
are trving to sec whether they can pair up par-
tickes with very different nass mitios, such as lith-
im and potassium, or possibly even three

different fenmionic atomic specics. This line of

work is [ucled by a theoretical prediction that such
fermionic mixtures could show phases in which
three fermions join to forma “tdon”™ analogous 1o
quarks fomming barvonic matter or, allematively,
only two of the fermionic components pair 1o fonm
a “color” superfluid (/2) as in quanium chromo-
dynamics (Fig. 1) For the case of two particles
with highly differemt mass ratios, one hopes 10

several groups are preparing
to observe antiferromagnet-
ically ordered states in two-
component Fami mixiures n
an optcal latice. To achieve
this, however, one needs o
cool the many-body svsiem
to challenging iemperatures
I below the superexchange
interaction energy ... which
characierizes the coupling strength beiween
the spins of atoms on neighboring lattice sites.
I the temperature is not low enough, thermal
fluctuations would simply destroy the fragile
magnetic order present in the ground state.
Superexchange interactions  form the basis of
quantum magnetism in strongly  comelated  elec-
tronic media and can be desenbed as an eflective
spin=spin interaction between the neighboring
particles on a latice (1%, They are a result of
virtwal “hopping”™ events of particles 0 neigh-
boring lattice sites, in which a particle wnnels
to an adjacent site and then the same panticle

or its neighbor— retums 1o the onginal lattice
position. For two spin-poladzad fenmions, such
hopping is suppressed by the Pauli principle,
whereas for two fermions with opposing spin
directions, the hopping is allowed and leads 1o

29 FEBRUARY 2008 WOL 319 SCIENCE www.sciencemaqg.org




Fig. 2. For two-component Fermi gases (blue and green spheres) in
an optical lattice, an antiferromagnetic ground state is expected at
half-filling (A). Upon doping (red spheres), such an antiferromagnetic
order is expected to be destroyed and, in some theories, a spin-liquid
state emerges (B), which can form the basis for a high-Tc super-
conducting phase [see (17, 29)]. Researchers with ultracold atoms are
currently trying to establish both phases in the experiment.

a decrease ol the wial enerzy of the particles. For
fermionic atoms, an antifermomagnetic orienta-
tion of the atoms with altemating spins s thus
favomble over a ferromagnetic one. Exchange
and superexchange interactions between ultra-
cold atoms have been observed, showing that
they can be controlled 1o a high degree and that
their coupling strengths can be in the klz
range (20, 20). The temperatures of the Fermi
gases produced in the expernments so far also
seem 1o be initially low enough to enter an
antiferromagnetically ondered phase, such that
one can expect 10 observe these phases inoup-
coming experiments (22). Whether the tem-
peratures one needs are, however, already also
low enough to observe a d-wave superconduct-
g phase 15 unclear, especially as current theones
do not permit a precise cstimate ol the entical
temperature for entenng the superconducting
phase. By comparing to critical temperatures
observed with wpical high-Te superconduc-
tors, one can estimate the required femperaiures
to be a [raction of the superexchange coupling.
Progress in this direction might therefore be
crucially linked to novel approaches for cooling
the Quanium gascs 0 even lower lemperatures
in the lattice (23),

Control over the eflective spin-spin inter-
actions between neighboring atoms could also
open up a new avenue for the simulation of
quantum magnetism with cold atoms or mole-
cules. Both atoms and molecules offer the abil-
ity to implement arbitrary spin Hamilonians on
a lamice (24). For atoms, the spin-spin inlcrac-
tions are generated by superexchange couplings
(23, 26), whereas for uliracold molecules the
electric dipole-dipole interaction can mediate
even stronger spin coupling between individu-
al molecules on neighboring sites (27). Hetero-
nuclear Feshbach molecules have recently
already been formed in optical lattices; however,

in order for them o possess
a strong eleciric dipole mo-
ment, the molecules that are
up o now created in highly
excited vibrational states will
have to be brought to the
ground state in a controlled
wiy. Laser spectroscopy in
molecules could do exactly
this: by using a single pulse
or a sequence of two-photon
Raman transitions, the high
excitation energy could be
removed and the molecules
could be brought 1o the ground
state. IF all this can sill be
done in such a gentle fashion
that does not heat the atoms
and molecules o much, and
whether one will be able 10
ultimately oblain a degener-
ate gas of heweronuelear mol-
ecules stable enough to carry oul experiments,
remain to be seen.

Fimally, several rescarch teams are curvently
trving 1o find ways o address and observe smgle
atoms on single lattice sites (28). In the optical
regime, ths roquires a demanding optical micro-
scope, as the atons in the lattice are only spaced
by hall a micrometer or less. However, il sucoess-
ful. one not only would be able to observe but also
could control a spin system in two dimensions
with 10,000 paricles sinultancously in view, all
with single-site and single-atom  resolution.
Observing dvnamical evolutions in these systens,
probing their spatial correlations, and finally im-
plementing quantum information processing in
such a truly large-scale svstem would offer ex-
citing prospects for future rescarch.
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PERSPECTIVE

Quantum Liquids

A. ]. Leggett

Quantum liquids are systems in which not only the effects of quantum mechanics but also those
of the characteristic indistinguishability of elementary particles are important. The most
spectacular of these are the systems of bosons (liquid *He, the Bose alkali gases), which undergo
the phenomenon of Bose condensation, and the fermion systems (liquid *He, the electrons in
some metals), which display the related phenomenon of Cooper pairing. | discuss these phenomena

and the relation between them.

quantum  liquid may be defined as a
many-particle system that shows  not

only the effects of quanum mechanics
but also those of quantum statistics, As is well
known, general considerations concerning the
rotation group limit the possible values of total
angular momentum that can be possessed by

any “elementary™ particle, or any compound sys-
tem such as an atom made up of clementary
particles, 10 nft'2 where a is an integer (includ-
ing wcro), 16 m s even, the particle or system in

Department of Physics, University of llinois at Urbana-
Champaign, Urbana, IL 61801, USA
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question is called a boson; if odd, a fermion. A
famous theorem of quantum field theory, the
spin-statistics theorem (/). then states that the
total wave function of any many-particle system
must be even under the interchange of all the
coordinates of any two bosons of identical type,
and odd under imerchange of those of any two
identical femmons. Formally, il i and § label two
particles of the same species, and roy, ele., their
space and spin (or other internaly coordinates,
then we must have

Wiryey, raoa., 1o, 1@ Py Oy) =

S W DT TP Y oF PR O o S B R B

with the = sign applying to bosons (fermions ),
In the special case of free panticles that can oc-
cupy plane wave states with momentum &, spin
projection o, and eneregy £ig, the condition (Eq,
1) leads, for a collection of dentical particles
of a single specics in thermal equilibrium at
temperature 7= Likgl (where kg is Boltzmann’s
constant), o a single-panticle distribution ng, of
the fom

gl T2 i) = JexpPie, — W F 1)1 (2)

where y s the chemical potential and the F sign
now relers to bosons (fermions). The distrbu-
tion (Eq. 2} with the minus sign is known as
the Bose-Einstein distribution and that with the
plus sign as the Fermi-Dimc distribution: hence,
hosons (fermions) are ollen said 10 satisfy Bose
{Fermi) statistics. However, it needs 1o be em-
phasized that the “statistics™ of Eq. 2 apply only
to a very special case, whereas the requirement
of Eg. | of symmetry or antisymmetry ol the
many-particle wave function s much more
gencral. Twill follow the insccure but conven-
tional practice of refemwing 1o the consequences
of Eg. | as those of (quantum) statistics.

A necessary condition 1o see nontrivial ef-
fects of Eg. 1 is that the sysiem should show
appreciable effiecis of quantum mechanics in the
first place, i.c., should deviate appreciably from
the behavior predicted by a purely classical de-
scription. Crudely speaking, this is likely o hap-
pen when the thermal energy kg7 falls below a
ivpical single-particle excitation encrgy. For
example, if we describe an insulating crvstalline
solid by the Einstein model, in which cach atom
vibrates in the potential ficld of s neighbors
with a fregquency w,,, then the condition is about
kT < hm,: 2 more sophisticated (Debye) model
confimns this result, in the sese that (for ex-
ample) the specific heat of a crvstalline solid
falls below the classical “equipanition” value
of 3k, per atom when kgl < hop, where the
Debye frequency, o, is of the same order as o,
More generally, a very rough order of magnitude
for the wemperature Ty at which quantum-
mechanical elects begin o show up in an

importamt way may be obtained by imagining
cach particle of mass s w0 move in a cage of side
a ~n " (n = panicle density) formed by its
neighbors: because the tyvpical single-panicle
excitation energy is then of order Ima’, the
critenion Is

.’I:Hz"rj

(3)

ik

This criterion is approximately comreet for liquids
and gases (in the later case, the temperature 7,
which can be estimated more rigorously from an
analysis of Eq. 2, is ofien called the degencracy
temperaturc); it underestimates Ty somewhat for
solids because there the effective sive of the
“cage” tends w0 be substantially less than the
inleratomic spacing. In any case, on pulting in
the values of n and m, it is clear that the
condition < Ty is satisfied for electrons in any
liquid or solid below the vaporization tem-
perature and for atoms in any liquid or solid at
eryogenic, but nowadays relatively easily attain-
able. temperatures: it can also be satishied for
ultracold atomic gases. as in these svstoms, al-
though the density is many orders of magnitude
smaller than that in a typical solid or liquid. the
temperature is also much less.

However, although the erterion < Ty is cer-
tainly a necessary condition to see the effects of
quantum statistics (i.e., the constraint Eq. 1), itis
by no means suflicient. In fact, i we compare
the behavior of a carbon ervstal made of the
“common™ isotope 'C (a boson) with that of
one composed of the rare isolope C (a fermion),
the only difference is a trivial one associated
with the slightly different masses. In order for
the statistics to have an eflect, it 1s essential that
identical particles are able o change places. A
nice example of this principle (2) is scen in the
structure of the vibrational and rotational levels
ol dimomic molecules composed of chemically
identical atoms, such as Cs: il we consider a
heteronuclear molecule such as *C- C, then,
because there 15 no question ol exchange of
“identical” particles, the constraint (Eg. 1) has
no cffeet and all levels are allowed. I now we
replace (for example) the 'C atom by a sec-
ond "2C, we find that the vibrational levels are
unaffected (except trivially, via the difference
in reduced mass) but that the odd-angular-
momentum rotational levels are missing! This
underlines spectacularly the difference between
a process such as rotation, in which the wen-
tical moms physically change places, and one
such as vibration where they do not. Note that
for the “statistics™ to have an eflect 11 s not
necessary that the two wentical atoms ever oc-
cupy the same position at the same time, |For a
more detailed discussion, see for example (2),
section 1.1.]

Thus, a quantum liguid is a many-particle
svstem in which (i) the temperature is less than

or of the order of the Ty defined by Eq. 2 and
(i) the panicles can change places relatively
casily. As s0 defined, the category of quantum
liquids includes the ulimcold dilute atomic gases
as a special case; however, because they are the
subject of another essay in this issue (3), 1 will
confine mysell here 1o systems occurmng at typ-
wal hquid or sold densities. The category then
includes the clectrons i metals, the two stable
isotopes of helium (the only element that re-
mains liquid under its own vapor pressure in the
limit 7 — 0}, and i we are willing 1o leave the
temrestnal sphere, the neutrons in neutron stars
and possibly more exotic forms of matter such
as quark stars,

Rather generally, the propertics of any quan-
wim liquid are likely o be quantilaively and
even qualitatively different from those of the cor-
responding classical system; this has Jong been
known in, for example, the case of the clec-
trons in metals at temperatures of the order of
oom emperature (T << Ty), which are ac-
twally ofien described surprisingly well by the
simple (Sommerfeld) model of noninteracting
fermions, which leads w0 Eq. 2. However, the
most spectacular manifestations of the effiects of
quantum statistics are associated with the phe-
nomenon of Bose-Einstein condensation { BEC)
and the related phenomenon of Cooper pairing
oceurding in Fermi systems. For a noninteract-
ing gas of bosons descnbed by the distribution
of Eg. 2, a strmightforward analysis originally
carricd out by Einstein () shows that below a
temperture Ty of the order of Ty a nonzero frac-
tion of all the N particles, that s, a macroscopic
number Nyl T) ~ N, occupies the lowest single-
particle state (in free space, this is the zen-
momentum state). It has long been believed
that a similar phepomenon occurs, in thermal
cquilibrium, in a system ol mieracting bosons,
provided that the imteraction is overall positive
(repulsive) and that it is just this that is hap-
pening in the “superfluid™ (He-I1} phase ol the
bosonic liquid “He. In recent vears, direat
evidence for BEC has been obtained in dilute
ultracold atomic gases such as ¥ Rb and *Na:
these gases are actually confined in a harmonic
trap, and in the absence of interactions BEC
would show up as a much-enhanced (N ~ N)
population of the harmonic ground siaie, leading
to o shap spike in the density distnbution around
the origin. In neal lite, this spike is somewhat
broadened by the repulsive intermtomic mterac-
tions, but it can sull be clearly seen in the ex-
penments (51 An mteresting feature of BEC n
the atomic pases is that theory suggests, and cx-
perment confirms, that it can occur even when
the system is far out of thermal equilibrium and
the macroscopically occupied state & thus strongly
time-dependent,

In qualitative tenms, the BEC stite s charac-
teriaed by the fact that a macroscopic number A
of particles are forced 10 occupy the same single-
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particle state and thus 1o behave in exactly the
same way [compare with (6)]. This property leads
o a varety of spectacular effects, including the
complex of phenomena known as superiluidity,
which is observed 10 occur in the Hell plase of
liquid *He, and a variety of interference phenome-
na, which it has become possible to observe
the ultmeold atomme gases |(2) scction 2.5].
Tuming now 1o Fermi systems, we sec¢ from
Eq. 2 that in this case the value of {me) can
never exceed 1 (the Pauli principle), so that the
dircet analog of BEC cenainly cannot oceur,
However, there s no reason why a complex
made up of an even number of femmions (a
boson) cannot undergo BEC (indeed, this is
exactly what is happening in, for example, * Rb
at ulimlow temperatures), and in particular there
is every reason o believe (compare below) that
il two spin-12 lermions are coupled by an
attractive intermction sulliciently strong o bind
them nto a spin-0 bosonic molecule, these mol-
coules will indeed underzo BEC; such a scenario
might be imagined to describe, for example,
liquid Dy, i we could exclude crystalliztion,
Imagme now that we gradually weaken the
mierfermion attraction 0 the poam where (im the
two-body problem) the molecule is no longer
stable and even bevond. Can a sort of BEC still
persist under these conditions? In their epoch-
making work { 7) in 1957, Bardeen, Cooper, and
Schrieffer (BCS) showed that the answer is yes:
A degenerale syslem of fenmions with an ar-
bitrarily weak attraction will, at sufficiently low
temperatures (exponentially  low compared 1o
Iy, form “Cooper pairs,” a sort of giant di-

atomic (or more accuralely dielectronic, because
BCS were dealing explicitly with the clectrons
i a metal ), spin- molecules, and the latter will
then in effect automatically undergo the phe-
nomenon of BEC. In contrast 1o the case of
{hypaothetical) liquid D, however, the size of the
“molecules™ 15 now lange comparcd with their
average separation, so that the theory of Cooper
pairing is quantitatively and even qualitatively
quite different rom that of BEC of tightly bound
diatomic molecules,

When Cooper paidng occurs in an clectri-
cally neutral system of fermions such as liquid
*He, the consequences are qualitatively similar
to those of BEC in a bosonic svstem such as
*He. Indecd, it is almost universally believed
that the anomalous phases of liquid *He that oc-
cur below 3 mK (note this is <<¥3 ~ | K), which
show many of the manifestations of superfluidity,
are indead charcterized by the onsot of Cooper
pairing. When the latter occurs in the electneally
charged system of electrons in metals, the ef-
fects are even more spectacular: In particular,
the metal in question will exhibit the two major
elleets characterizing superconductivity, namely,
persistent flow of currents in a ring and the ex-
clusion of magnetic lux (Meissner effect), which
leads 1o the possibility, mter alia, of static mag-
netie levitation. Superconductivity, orginally
thought to be an intrinsically low-lemperature
effeet, has in the past 20 yvears been observed o
occur in a class of cuprate materials up o around
hall of oom temperatune; although the detailed
explanation of this high-temperature supercon-
ductivity is still furiously debated, there seems

SPECIALSECTION

litle doubt that its fundamemal origin lies in the
phenomenon of Cooper pairing.

As explained above, it is somewhat natural
tr think of the phenomenon of Cooper pairing
in a system of fermions with weak attraction on
the one hand and BEC in the system of diatomic
molecules formed from them on the other as op-
posie ends of the same spectrum, and 1t has long

been speculated that by “tuning™ the strength of

the attraction one might be able o realize a con-
tinuous transition between the two siluations; this
i known as the “BEC-BCS crossover™ In the past
4 years, by wsing the phanomanon of Fashbach
resonanee, it has become possible to study the
BEC-BCS crossover experimentally in ultracold
atomic gases, and it indeed appears to be con-
tinuous as tentatively predicted by theory: See
the article by 1. Bloch in this issue (3), Thus, we
now lave a very satisfyving unification of the con-
cepts of BEC in a bosonic system and Cooper
pairing m a lermionic one.
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PERSPECTIVE

Quantum Critical Electron Systems:
The Uncharted Sign Worlds

]. Zaanen

Phases of classical matter, such as solids and liquids, are ruled by emergence principles that are
well understood. Although the same principles govern forms of quantum matter that have no
secrets for physicists, such as the superfluids, having to deal with fermions and the associated
Fermi sign problem shatters this analogy. This Perspective addresses the Fermion sign problem and
describes experiments on metals undergoing quantum phase transitions exhibiting scale-invariant
electronic behavior, a description of which is at odds with established quantum theory.

ce is different from water, and water is differ-
ent rom steam, although these phases of mat-
terare all made from the same waier molocules,
Countless numbers of moelecules are required w0
miake this work, and the various phases of matler
are said 10 “emergze,” Emergence is at its best

Instituut-Lorentz for Theoretical Physics, Leiden University,
Leiden 2333 CA, Metherlands. E-mail: jan@lorentz.
|eidenuniv.nl

when the transition betwoen such phises 1s con-
tinuous and the system no longer has any sense of
preference for one or the other phase. This lack of
“executive power” has the consequence that the
systam spontancously adopis the powerlul sym-
matry of scale invariance, In this “critical stawe”™ the
svstam Jooks on average the same, regardiess of
the amplification Getor that is used 1o observe it (4).

The concept of emergence is so powerlul that
it ranscends the classical-quantum divide, and

this apparently includes the generation of scale
invanance: Quantum critical states where quantum
Muetuations dave a phase transition ot sero emper-
ature are pow routinely observed (2-6). However,
dealing with emergence in quantum physics nc-
quires one to consider the organizational principles
of quanium siatistics, as discussed by Leggen (7).
whereby quantum particles are either bosons or
fermions, Despite its underlying quantum proper-
tics, bosonic maner is ruled by the same emer-
gence principles as classical matter (2). In stark
contrst, Fermi statistics wreck this analogy, and the
emergence principles goveming fermionic matier
arc among the great mysierics of modem phvsics.
Fortunately, experimentation can help: Electrons in
solids are relatively casy 10 probe, and they fonm
systens of countless numbers of strongly interact-
mg fermions, The recently observed quantum phase
ransitions in a vanety of meils (3-6) reveal tha
fermionic quantum matier can exhibit unexpected
behavior: Panicles wnd 1o acquire an infinite mass,
and the scale-invariant fermionic phases that take

over apper o be the birthplace of new forms of

stable quantum matter.
Regular maner is formed from a laree num-
ber of quantum panicles, electrons, quarks, and
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s0 forth. To arswer the question
of where classical integrity comes
froem, we look 1o Feynman’s path
integral formalism (2), a mther
pictorial view of the quanium
world but one that does re-
prodduce accumtely all the Known
lacts about quantum systems m
cquilibrium. Within this formal-
Isim, quantum systems resemble
classical matter living i a higher-
dimensional “Euchdean space-
time” (Fig. 1) having an exira
axis, “imaginary time” (our time Y
times the square root of 1), The
miximal duration of this imagi-
nary time is the mtio of Planck™s
constant divided by temperature;
When tenperature s lowened,
“more time s available™ o see
quantum behavior. The strength
of the guantum fluctuations 1s
analogos 10 lemperature in clas-
sical physics, having the elleet
of “heating up” the “stufl™
mside space-time. When 1em-
perature s lowered and the
quantum  fucluations are suf-
ficiently vigorous, this frozen quantum matler
might melt. The resulting space-time liquid will
appear 1o our eyes as, [or instance, a supercon-
ductor. When this melting transition taking place
in space-lime at zero temperalure gencrates
scale invariance, the quantum critical state is
realized,

These quantum eritical states have
in fact become quite ubiquitous in
the labortory, One vanety is fomed
by the “designer quantum entical
states,” where the theonsts have so
much understanding that they can
now puide the expenmentaliss 1o
where 1o look. Prominent examples
are the cold atoms and the spin
systems, a5 highlighted by Bloch (8)
and Llovd (9. For bosons and some
spin svsiems, the sl filling up the
space-time of the path imegral is
similar 1o classical matter. but this is
not at all the case for fenmions, The
culpmt for this deviation is the in-
famous “fermion sign problem.”™ When
fenmions come nto play, 1 lums out
that m the stanstics undalying the
descnption of matter, one must deal
with “negative probabilities.” and this
detaches the many-fermion problem
from any classical analog. We have
in fact no understanding at all of what
i5 going on in space-time, bocase we
need mathematics 1o look around and
the sign problem is “NP hard™ (/0),
meaning that the problem is mathe-

"

E;_;;.

Imaginary time
by

Space

Fig. 1. lllustrating the Feynman path integral, the mathematical tool
of choice to address emergence phenomena in many-particle quantum
systems (2). Near a quantum phase transition, the world inside space-
time turns scale-variant at shorter scales, like the Julia set of this
cartoon, whereas at larger scales a stable form of quantum matter
takes over. Dealing with fermions, the devilish minus signs obscure,
however, any detailed understanding of these space-time worlds. The
duration of imaginary time is determined by # (Planck’s constant
divided by 2r) and the product of Boltzmann's constant kg and
absolute temperature T.

matically unsolvable. The only fermionic substance
that we can handle mathematically is the Fermi
liquid, the state of cectrons in nomual metals,
Although differemt from any form of classical
muatter, this state is at fiest sight deceptively simple:
The electrons wm cooperatively into noninter-
acting “guasi-clectrons™ that only communicate

w
]
(o]
E
2
-
=
g
e
L

Pressure / magnetic field —»

Fig. 2. Typical phase diagram observed in the heavy-fermion
metals in the proximity of a quantum phase transition (3-6).
The thermal phase transition to a magnetic state is driven to
zero temperature by varying a magnetic field or pressure, and
this is the anchor point of a regime of finite-temperature
quantum critical Huid behavior fanning out for increasing
temperature. The fermionic weirdness manifests itself through
the effective mass of the quasi-electrons in the Fermi liquids
on both sides, which increases without bound approaching the
quantum phase transition. Invariably one finds that at a low
temperature, an exotic superconductor (or even a quantum
liquid crystal state) takes over at the last minute.

via the Pauli exclusion principle. This pushes
them imo states of high quanium  zero-poim
encrgy (7), and their average “Fermi energy™ is
typically on the order ol 10,000 K in standard
metals. This Fermi ligquid is in fact a purely
cmpinical construction. Although it is observed in
expenments, theoretical physics has failed 1o
explain its existence in general terms, despite
countless attempts,

But clectrons are also known 1o form “non
Fermi liquid”™ states, as can be found in metals
containing rare carth, actinide, and transition metal
ions (36, Atambicnt conditions, these show a
phase transition © some magnetic state at a low
temperature, and by applying pressure or magnetic
fickds, this transition can be driven 1o ero tem-
perure, For example, in the diagrim ol pressure’
magnetic field versus temperature (Fig. 2), one
finds a V-shaped region anchored where the mag-
netic transiion approaches zero temperature, and
the regime inside the V shows the telhale signs of
the quantum critical Muid, Actually, this anning
oul of the quantum eritical region for increasing
temperature is just mapping out the “scale in-
vammee geography™ in space-time. When the
system is close but not at the phase trnsition, 1
will show the physics of the stable phase at lage
scales (Fig. 1), However, upon #ooming in. the
svstem will lorget its preferred state, and at a
characteristic scale the system will reenter the
scale-invariant regime. The increase of temper-
ture is like the magnilication factor ol a micro-
scope, and the V reveals that the scale where the
system takes the decision o become a stable
phase shifis o shorter times when one moves
away from the quantum critical point.

But now the fermion signs hit hard: The ex-
penments give away the workings of quantum
scale invariance in space-time, but we have no
clue whatever about the nature of the stull
creating the scale invariance! The stable states
that are found outside the V in the proximity of
the quantum phase transition are Fermi liquids,
and becavse we have a phenomenological under-
standing of these states, they el us something.
When interactions arc weak, one can do controlled
calculations, and these reveal a peculiar Fenmi
liquid rule: The interactions between real elec-
trons have the effect of increasing the mass of the
quasi-clecirons. This mass enhancement effect is
quite modest when the calculations can be trusted,
but in the approach 1o the metallic quantum phase
trnsition, one finds that the effective mass of
these quasi=clectrons casily exceeds 1000 tmes
the clectron mass, o ncrease indelimitcly upon
getting closer and closer o the quantum crtical
point (F, 4). Again the only hold we have is
quantum scale invariance: The Fermi cnergy is a
scale, but because the quantum crtical state forbids
any scale, it has o disappear. The Fenmi energy is
the average zero-point motion enenzy, and the only
wary 1o ramove it is by naking the mass of the
quasi-electrons infinie!
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Somehow there s something badly wrong
with these finiicly heavy quasi-clectrons. Nature
seens 0 share this concem: Without exception,
one observes that eventually some other stable
quantum matter state takes over (Fig. 2) These
phenomena are curmently under inferse investiga-
tion, and it is clear that they can be quite strange,
Recently a quantum version of a hgquid crystal was
discovered (5) but genencally strange forms of
superconductivity were found (3, ), including a
superconductor that appears o be indestructible by
magnetic liclds (6),

These observations beg for an explanation in
termmes of a tumphant mathematical theory, but the
efforts of the theorists have gotten stuck in nmning
vadations on the established themes of bosonic
matter and the Fermi liguid (43 One finds the
lermion signs, m one or the other disguise, as the
proverbial brick wall blocking any progress. The
“heavy formion”™ quantum enticaliny Tighlighted

here is quite instumental in foreing us 1o fbee the
fact that there is sill a vast quanium emiory lving
behind our intellectual horieon that awaits further
explomation. The 20-vear-long struggle of the
phvsics community with superconductivity at high
temperamncs, & found in copper oxides, might well
be rootod in the sign problem: Although the
empincal siation is kss clear, there are indications
that this high-T, superconductivity is bom from a
quantum crtical state (/1) But the femion signs
infist all of physics, In high-cnergy phyvsics this is
well recognized in the context of quark matter, but it
might even be consequential in the most fundann-
tal realnes (121 The modem way of thinking about
the ultimate ongin of space-time (and everything
else) his quantum emenzence as a common denom-
inator, but cven string theory rests in this regand on
intuitions originating in the carthly realims, There are
plenty of fermions in such theories, but they are
mstinctively taken o be of the Fermi-liquid kind,

SPECIALSECTION

and there & plenty of moom for big surprises caused
by the fermion signs at the very bottom.
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PERSPECTIVE

Supersolidity

M. H. W. Chan

The observation of nonclassical rotational inertia (NCRI) by the torsional oscillator in 2004 gave
rise to a renaissance in the study of solid helium-4. Recent theoretical and experimental studies
found evidence that disorder in the solid plays a key role in enabling superfluidity. A recent
experiment found a marked increase in the shear modulus that shares the same temperature and
helium-3 impurity concentration dependence as that of NCRI. This correlation indicates that the
onset of superfluidity requires the pinning and stiffening of the dislocation network by helium-3.

hortly after the discovery of superfluidity
in liquid *He (7, 2), the possibility of the
s phenomenon accuming in solid helium
was maised by Wollke (3), Carelil theoretical con-
sideration of the problem (4 7) sugeested that the
possible presence of quantum mechanically in-
duced or zero-point kitice vacancies could feiliate
such a “supersolid.” In this scenano the superfluid
fraction, which reaches 100% in liquid helivm,
miay be immeasurably small. Neventheless, the sug-
gestion spumed considerable experimenial effon
in search of evidence for the supersolid phase,
Other than some interesting anomalies in the
ulirasound experiments (8), these effons were
unsuccessiul (99, The sitwation changed in 2004
when we reported (10, 17y superfluid-like be-
havior of solid helium samples housed within a
torsional oscillaor ( TO),
In an ideal TO the resonant penod is given by
20 /GY"?, where @ is the torsional spring con-
stant of the worsion rod and £ the rowaional iner-
tia of the torsion bob. We observed that below
200 mK., the resonant period of such an oscillator
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piu.edu

drops mther abruptly. A number of control exper-
iments led us o conclude that the penod drop
was due 1o the solid *He confined inside the tor-
sion bob oscillating with an eflective moment of
inertia £ that is smaller than the high-temperature,
classical value. This is known as nonclassical
rotational mertian (NCRI), where 8T) = fpgeal |

f Ty and fU Ty is the superfuid fraction (7).
f5 becomes distinguishable from noise at an onset
temperature, To ~ 200 mK, and grows a [irst
gradually and then more rapidly with decreasing
temperature before saturating below -50 mK
(Fig. 1), We found £, ~ 1% in the low-1emperature
limit for solid samples grown inside an annulus
of 1 mm in width, as well as for those confined
within porous structures having charmacteristic
lengils from nanometers (J0) 1o halla micrometer
(/2. The measured value of / is attenuated when
the oscillanon speed excecds a value comespond-
ing 1o several quanta of circulation, suggesting that
the imponant excitations in the sysiem ae vortices,
The phenomenon is immensely sensitive o He
impuritics, even down to a concentration of 13 in
the | part per billion (pph) level. The emperature
at which f reaches half its saturated value, Ty,
increases smoothly from 30 mK atxs = 1 ppb o
S00 mk at vy = 85 parts permillion (ppim) (0, 13).

A phenomenological model that captures a
great deal of the experimental findings is the
vortex liquid model proposed by Anderson
(/4. The attenuation of f with oscillation
speed is attributed to the nonlinear susceptibility
of the entangled collection of many thermally
activated vontices. The ability of the vordices to
move counter w the time-dependent superflow
(relative 1o the cell’s oscillation) results in the
screening of the supercumrents. As the temper-

ature is lowered, the motion and number of

vortices are reduced so that f; bocomes finite.
One prediction of the model is an increase in
To with increasing measurement  frequency,
and it was confimed for the same sample (v =
0.3 ppm) that T = 160 mK at 496 He and T, -
240 mK at 1173 He (£5).

The observation of NCRI has now been rep-
licaed in o least throe other laboratories (f6-19).
Although the wemperature dependence of f(T)
is entirely reproducible, its magniwde vanes sub-
stantiallyv. The low-temperature supersolid frac-
tion mnges from as lidle as (LO13% 10 as much
as 20%, the later of which was reported by
Ritmer and Reppy in their siudies of extremely
namow annuli (0,15 mm width) of solid helium
(/7). They also found £ 1o be substantially re-
duced by themmally amnnealing the sample (/).
The large variation in /., the effects ol anncaling,
and the lack of evidence for zcro-point vacancies
(200 in the T= 0 limit support the theorctical
consensus that superfluidity docs not exist in a
perfoct crystal (20, 21),

Three types of disorder bave been con-
sidered w0 be responsible for the phenomenon:
glassy regions, grain boundaries, and dislocation
lines. Gilassy regions have been proposed pri-
marily because they lack crysialline order, thus
making them mone amenable for superfTuidity.
Indeed, a quanwm Monte Carlo simulation (22)
found that when disorder is quenched imo the
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contrast, solid helivm confined
in porous Vycor glass (having a
typical pore size of 7 nm) has a
surface area per unit volume that
is roughly 10* times as large,
and yet f5 is on the same order
{~1%0) as that of many bulk solid
samples.

Dislocation lines in solid *He
form a three-dimensional  net-
work consisting of a vast num-
ber of dislocation scgments and
nodes, the later of which arc
essentially immobile, Ultrasound
measurements  indicated that
when an oscillating stress field
is imposed, the dislocation seg-

1.1 ments vibre with linke or no
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Fig. 1. (A} The period shift {left scale, filled symbols) and the
relative oscillation amplitude (right scale, open symbols) of the TO
for different maximum oscillation speeds as measured by Kim and
Chan (11). The introduction of solid “He into the annular open
space in the torsion cell increased the resonant period by 3012 ns.
(B) The period shift was greatly reduced when measurements were
carried out in a cell with a barrier inserted in the annulus. [Figure

reproduced from (11}]

solid phase of *He it exhibits superfluid charac-
teristics, indieating that NCRI may be the con-
sequence of percolating “supergliss™ regions.
The major ditliculty with this idea is that such a
plass phase has never been detected in x-ray or
other diffraction studies, past or present. Results
from a recent high-precision specific-heat study
are ako inconsisient with glassy behavior (23).
Instead ol the expected linear dependence on T
for glasses, a peak with a maximum height of
~20 plmol-K (2.5 = 107® kg per *He atom,
where kg is Bolzmann's constant) is found. The
peak is centered near 75 mK (T of NCRI in
1 ppb *He) in all solid samples studied. This
peak suggests that there is indeed a genuine
themmodynamic phase tansition sepamting the
nommal and the supersolid phases,

In the gram boundary model, 1t is proposed
than liguid superfluid filmes low along the nter-
faces of small erysialline grains and give nse w
NORI(24-26). This indicates that f; scales with
the wial arca of the grain boundaries. It is known
thit samples grown by the blocked capillary meth-
od, the method used in all but one TO experiment
to date, commonly result in crvstal grains with
lincar dimensions larger than 0.1 mm (27). In

damping below | K (28). The
network s chamcterieed by the
total dislocation line length per
umt volume, &, and network
loop length, Ly, between nodes,
In single crystals it was found
that 0.1 < 2*L* < 0.3, where
A=1=10°cm2and L - 5 pm.
1 The dislocation lines can also
be pinned by *He impuritics
that condense onto them (29),
The average distance, L, be-
tween the “He atoms on a dis-
location line is determined by
the binding energy, kg~ 035 K
(713, 29, 30, and the temper-
alure. At a fixed x5, there is a
specilic crossover from network
pinning o inpurity piming when
Ly becomes shorer than Ly The chamcteristic

0.9

temperatures, such as Ty and T2, of samples of

different a3y are found 10 wack the crossover

iemperiure when impurity pinning  dominaies
(/3). implying that the appearance of NCRI is
related 1o the stilfening of the dislocation net-
work. A direct measurement of the shear modu-
lus has recently confirmed this interpretation.
Day and Beamish (37) found a marked increase
ihetween 5 and 20F40) of the shear modulus, p, of
sohid heliwm (with va = 0.3 ppm) below 250 mE.
The emperature dependence of g resembles than
of £ found in TO measurements. When the
mcsurements wene repeated with just 1 ppb of
*He impunitics, the increase in p shified 10 a lower
temperiture, consistent with the TO results (Fig. 2).

The stiffening of the dislocation network and
the onset of NCRI are cleary related. However,
there is as vetl no understanding of how these
phenomena are correlated. It has been suggesied
that the long-range phase coherence inherent in
supersolidity requires a nigid dislocation net-
work that is pinned by “He impuritics (13, 37).
It has also been suggested that superflow takes
place along the dislocation hnes (32, 33) and
that supersolidity appears when these dislocation
lines are cross-linked into a three-dimensional
network, The problem with this latest adea s
that typical densities ol dislocations are three
orders of magnitude too low to support f, ~ 1%,
let alone 2004,

There is also the possibility of a more mun-
dane connection between the two phenomena
without invoking supemsolidity, In a real TO, the
resonant penod depends on the exact dimensions,
densities, and elastic moduli of all its constituent
parts (34). The stiffening of solid helium inside
the torsion cell will lead to an enhancement of
the overall rigidity of the system and therefore
lower the resonant period, mimicking mass de-
coupling, A careful simulation study by means
of the fnite element method of the annular TO
usad by us (/1) indicates that the reduction in
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Fig. 2. Shear modulus anomaly in solid *He with 1 ppb, 0.3 ppm, and 85 ppm of *He impurities as
measured by Day and Beamish (31). Changes in shear modulus, Au, have been scaled by the values
at 18 mK in order to compare temperature dependence. Open circles with lines are similarly scaled
NCRI data from TO measurements on 1 ppb (27) and 0.3 ppm (11) samples.
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the resonam period (~10° ns) due 0 a 109 in-
crease in pof solid helivm is less than 0.5 ppm
or 0.5 ns (35). This decrease is a factor of 100
less than the period drop observed experimen-
tally (Fig. 1). In addition, i is dilficult to correlate
dislocation stiffening o NCRI for solid helium
confined m porous gold (12) and particulady in
Viyeor glass (), because the dimensions of solid
helium are much smaller than the micrometer-
sized dislocation segments,

An importam test that should clanfy the
relation and the possible causality of the two
phenomena would be repeating both the shear
modulus and TO experiments with the same
sample of ulrahigh-purity *He. Ulirasound mea-
surciients indicate that the dislocation network
in ultrahigh-purity “He, particularly in the high-
pressure, hexagonal-close-packed (hepy phase
(P > 107 Pa), responds to isotopic impuritics in
much the same way as does hep *He (36), the
solid helinm phase of cumrent mterest, A likely
outcome would be the appearance of a similar
increase in the shear modulus without any {or a
greatly reduced) concomitant drop in the penod
of the TO because *He is a fermion. However,

given the istory of the Jlast 3.5 vears, there may
well be other unforescen surprises.
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PERSPECTIVE

Quantum Information Matters

5eth Lloyd

This Perspective discusses the role that quantum information plays in determining the quantum-
mechanical aspects of matter. Beginning with the entwined concepts of information and entropy,
the article discusses how quantum information theory can supply us with novel concepts and
techniques for understanding how matter behaves at the most microscopic of levels.

U first glance, the relationship between
Aquumum information and quantum mat-

ter seenns tenuous. Information is not very
miaterial: 11 is more concept than thing. Quanium
information is even more ethereal than classical
information. Matter, by contrst, is solid swfl,
reliable and down to canh. The word for matter
comes from the Latin smateria: “wood for building,
consiruction materials.” Cuantum matter is par-
ticularly solid: Quantum mechanics guarumecs the
stability of the clemeniary particles and atons that
make up the building blocks of mature. (A hvdrogen
atom constructed according to the ks of classical
clectromagnetism would explode in a burst of
racdiation in less than a willionth of & sccond. A
hydrogen atom constructed according 1o the laws
of guantum mechanics can last the age of the
universe.) Matier seems 1o be about energy and
stability: when it comes to discussing its proper-
ties, why should quantum information matter?

Department of Mechanical Engineering, Massachusetts In-
stitute of Technology, MIT 3-160, Cambridge, MA 02139, USA.

E-mail: shloyd@mit.edu

In fact, when it comes 1o matter, quantum in-
formation matters a lot First of all, information is

not as immaterial as it might seem. By the end of

the 19th century, the greal statistical mecha-
nicians  Maxwell, Bolzmann, and Gibbs  had
linmly established that the physical quantity called
entropy, which limits the efficiency of heat engines,
was in fact a form of information-— information
about the microscopic motions of atoms and mol-
ceules. The very lirst paper aboul quanium nater,
Planck’s 1901 paper on black-body radiation, was
also fundamentally about information and quantum
mechanics (/). In that paper, Planck not only in-
troduced his famous constant o cstablish the rela-
tionship between energy and requency (£ = hv), he
also csablished the constant of proportionality
between information (defined statistically) and en-
tropy. This constant, now called Bolizmann's con-

stant, kg = 1.3806303 < 107 JK, can be thought of

as eatablishing the relationship between informa-
tion and emropy: One bit comesponds o an amount
of entropy equal to &g times the loganthm of 2.
Planck’s paper established that the universe was,
at bottom, digital,

Quantum information theory studies the con-
sequences of the digital nature of the universe.
Quantum computers are devices that store infor-
mation at the level of individual quanta (photons,
clectrons, atoms, ele.) and process that informa-
tion in a way that preserves quantum coherence
). Quantum communication systems transmit
imformation at the ulimate mies allowed by the
lvws of quantum mechanies. Although, as noted
above, information has plaved an imponant role
in quantum mechanics since the very beginning,
quantum information theory as a distinet disci-
pline 15 a voung field. Before Shor's 1994 dis-
covery that quantum computers could in principle
factor large numbers and so break commonly wsed
codes (7). quantum information matiered 1o only
a handful of scientists.

During the 194605 and 19705, Richard Feynman
was involved in atlempis to use classical digital
compuiers o evaluaie the consequences of quan-
tum ficld theory. He observed that quantum me-
chanics was hard 1o program on a classical digital
computer. The reason for this difficulty was
straightforward: Quantum mechanics possesses
a vancty of strnge and counterintuitive features,
and features that are hard for human beings o
comprehend are also hard for classical computers (o
represent at the level of mdividual classical bis,
Consider that a relatvely small quantum system
consisting of a collection of 300 ¢lecron spins

i g 90 4 ;
lives™ in 277 = 107 dimensional space. As a

result, merely writing down the quantum state of

the spins in a classical form as a sequence of bits
would require a computer the size of the universe,
and 1o compute the evolution of that state in time
would require a computer much larger than that.
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Fig. 1. This figure shows, in an impressionistic fashion, the state of a spin system performing an adiabatic
quantum computation. The first panel shows the initial state of the spins. They are all aligned along the x axis
by a strong magnetic field. The magnetic field is gradually turned off, and, at the same time, a "problem”
Hamiltonian whose ground state encodes the answer to some hard problem is gradually turned on. In the center
panel, both the magnetic field and the problem Hamiltonian are of equal strength, and the spins are in a fully
entangled state. In the final panel, the magnetic field has gone to zero and the spins are in the ground state of
the problem Hamiltonian. The answer to the problem can now be obtained by reading off the states of the spins

than rying o reach the ground sae
of the sysicm by cooling, one uscs a
purcly quanium-mechanical tech-
nique for finding the state (Y). One
starts the system with a Hamilionian,

-~ or energy functional, whose ground

state 15 simple toprepare (for example,
“all spins are sideways™k Then one
gradually deforms the Hamilonian
from the simple dynamics o the mone
complex  dynamics, whose ground
state encodes the amswer 1o the prob-

with the convention that spin up = 0 and spin down = 1.

In 1982, Feynman noted that ifone has access
to a quantum-mechanical device for representing
the state of the spins and lor transforming that
state, rather than a classical device, then the com-
putation of the tme evolution of such a syslem
can be much more cconomical {(3), Consider a
collection of 300 two-level quantum systems, or
qubits, one for cach electron spin. Suppose that
one sets up or programs the interactions between
those qubits to mimic the dynamics of the
collection of spins. The resulting device, which
Feynman called a universal quantum simulator,
will then behave as a quantum analog computer,
whose dynamics form an analog of the spin
dynamics. Since Fevnman's proposal, research-
ors in quantum information have created detailed
protocols for programming quanium analog com-
puters, including reproducing the behavior of for-
mions (4, 3) and gauge Helds. Large-scale quantum
simulators have actually been constructed out of
crysials of caleium Huonde (6). Each crystal con-
tains a billion billion spins, which can be pro-
grammed using echniques ol nuclear magnetic
resonance o simulate the belavior of a wide van-
oty of solid-state systems. These solid-state quan-
tum simulators have already revealed a variety of
previously unknown quantum phenomena, includ-
ing spin tmnsporn rates that are startling ly higher
than the rates predicied by semiclassical theory.

The chameleon-like ability of quantum compu-
ters o change their behavior not only allows them
to simulate other guantum systems but also gives
rise 1o novel methods for solving computational
problemes Many classically hard problems take the
form of optimization problems—for example, the
trveling salesman problem, i which one aims to
find the shortest roule connecting a st of ctics,
Such optimization problems can be mapped onto a
physical system, in which the [unction to be opti-
mized 15 mapped onto the energy function of the
system. The ground stae of the physical system
then represents a solution o the optimizition prob-
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lem. A common classical technique for solving
such problems is simulated anncaling: One simu-
lates the process of gradually cooling the system in

order 1o find 115 ground state (7). However, simu-

lated annealing s bedeviled by the problem of

local minima, states of the system that are close to
the optimal states in terms of energy but very far
away in tenms of the particular confliguration of the
degrees of freedom of the state. To avoid getling
stuck in such local minima, one must slow the
cooling process o a glacial pace in order 1o ensure
that the true pround state is reached in the end.
Cuantum computing provides a method lor
getting around the problem of local minima. Rather

lem in question. I the deformation is
sulliciently gradual, then the adiabatic
theorem of quantum mechanics guar-
antees that the system remains in its
ground state throughout the defor-
mation process. When the adiabatic
defomuation s complete, then the
state of the system can be measured
o reveal the answer.

Adiabatic quantum computation {also called
quantum anncaling) represents a purcly quantum
way to find the answer o hard problems (Fig. 1),
How powerful 15 adiabatic quantum computation?
The answer 1s nobody knows for sure. The key
question is what is sulticently gradual deforma-
tion? That is, how slow docs the deformation
have 1o be 10 guarantee that the ransformation is
adiabatic? The answer 1o this question lics deep
in the heart of quantum matter. As one performs
the: transformation from simple w complex. dynam-
ics, the adiabatic quantum computer gocs through
a quantum phase tmnsition. The maxinum speed
at which the computation can be performied is gov-
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Fig. 2. The figure shows the 12 lowest energy levels of a 16-qubit quantum computer undergoing
an adiabatic quantum computation. Over the course of the computation, the system's Hamiltonian
goes from a simple form to a complex form whose ground state encodes an instance of a hard
computational problem. The parameter 5 tells how simple or complex the Hamiltonian is. For 5 =
0.05, the Hamiltonian is relatively simple. At the point s = 0.8, the Hamiltonian is complex and its
ground state encodes the answer to the problem. At the intermediate point 5 = 0.66, the
Hamiltonian undergoes a phase transition between its simple and complex forms. At this point, the
gap between the ground-state energy and the first excited-state energy reaches its minimum value
and the state of the system is maximally entangled. The time it takes to perform the computation is
inversely proportional to the size of this gap. Just how the gap scales with the size of the system is
an open guestion in both gquantum computation and the theory of quantum phase transitions.
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erned by the siee of the minimum energy gap of
this quantum phase transition (Fig. 2). The smaller
the gap, the slower the compuiation must be. The
scaling of gaps during phase transitions (gapology )
15 one of the key disciplines in the study of quan-
tum matter (Y. Although scaling of the gap has
breen caleulated for many familiar quantum sys-
tems, such as Ismg spin glisses, caleulating the
gap for adiabatic quantum computers that are
solving hard optimization problems scems 1o be
Just about as hard as solving the problem isclf

Few quantum computer scientists believe
that adiabatic quantum computation can solve
the traveling salesman problem. Nonctheless,
there is good reason 1o believe that adiabatic
quanium compulation can outperform simulated
annealing on a wide varety of hard optimization
problems,

How do vou build an adiabatic quamum
computer? You need a quantum system that can
be programmed to enact differemt Hamilionims
whose ground states instantiate the solutions 1o
hard problems. The dynamics of the system must
e sullicienly Nexible o be adiabatically deformed
from simple to complex Hamiltonians, Finally,
vou have o be able to measure the final state of
the system to read out the answer 1o the problem.

Quantum systems found in nalure are typi-
cally too inflexible or too uncontrollable to meet
the requirements for adiabatic quantum compu-
tation. Human-made quantum systems, in con-
trast, can be designed 1o meet those specifications,
The soluion arises from one of quantum infor-
mation processing’s most significant contributions
to the study of quantum matier: the demonstration
of macroscopic quantum coherence. Macroscopic
quanium coherence anses when a relatively mac-
roscopac system, such as a supercument containing
billions of clectrons, s able 1o exhibit collective
quanum behavior. In 2000, for example, two
wroups were able o put superconducting loops in
4 MAcroscopic quantum superposition of super-
cument lowing clockwise and counterclockwise
simultancously (70, 1) (Don't iy 1o visvalize
this phenomenon; it is one of those quanium
effects mentioned above that resist all imwitive
explanation.) In 2003, my colleagues and | de-
signed superconducting circuiis that used macro-
scopic quantum coherence o implement adiabatic
quanium compuiation ({2). Although 16-qubit
and 28-qubit devices based on this design have
been construcied, claims that adiabatic quanium
computers can solve all sons ol hard problems in
a complately quantume-mechamcal fashion have
vet o be bome out (43, /4). Even if adiabanc
quantum compuiers fail o solve hard problems,
such devices still constiwne artificial systems that,
as Feyvnman envisaged, can simulate the behavior
of strange computational quantum mater.

Quantum infornwtion oflers a wide vanety of
techniques for understanding quantum  matter.
One of the primary contributions of the field is a
detailed picture of the weird form of quanum

correlation known as entanglement (2). Entan-
glement initially made iis way inio quanium
mechanics as a panicularly egregious example of
a counterintuitive quantum phenomenon, (Einstein
referred to it as “spukhafic Fermwirkung,” or
“spooky action at a distance.”™) Quantum infor-
mation theory has shown that, far lrom being
exote, entang lement 15 ubiquitous. Entang lement
underlics the stability of the covalemt bond; en-
tanglement is a key feture of ground states of
solid-state systems (135); even the vacuum of
space s cntangled (16)! In fact, the Hawking
radiation emerging from black holes can be thought
ol'as a particulardy exotic Torm of vacuwm entan-
glement (17),

Over the past few decades, quantum infor-
mation theory has trnscended its carlier wole as
an esoteric study of the foundations of quanium
mechanics, to bocome an integral part of the sci-
ence of quantum matter in all ns forms, As its
relationship with the theory of quantum matter
becomes more claborate and more  imtimate,
quanium information theory has the potential 10
unravel some of the deep mystenes of physics.
For example, the connection of entanglement
with Hawkmg mdiation suggests that guantum
information may have a key role 1o play in
understanding quantum gravity. Meanwhile, quan-
tum information theory has suggested a wide
variety of [undamental experiments in quantum
matter. such as the demonstration of macroscopic
quantum coherence mentioned above (f0, 1),
Unexpected connections have arisen between
trpsporn ﬂ!l.‘ﬂl.'}' in Uty matter and Guianiuim
information theory: Hopping electrons might be
able o discern winning strategies for chess or Gio
more cfficiently than classical chess or Go
masters (/4), or the efficiency of photosynthesis
might arise because excitons moving through
photocenters ellectively implement a quanium
computer algorithm (/9). Finally, if we can

SPECIALSECTION

continue 1o realize Feynman's vision of quantum
simulation, we may someday be able to simulaie
the behavior not only of electrons and elementary
particles but of the universe itsell (200, The fact
that simulating the entire universe requires a
quantum computer as hig as the universe should
not stand inour way!
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PERSPECTIVE

Looking to the Future of Quantum Optics

lan A. Walmsley

Light has provided both fundamental phenomenology and enabling technology for scientific
discovery for many years, and today it continues to play a central role in fundamental explorations
and innovative applications. The ability to manipulate light beams and pulses with the quantum
degrees of freedom of optical radiation will add to those advances. The future of quantum
optics, which encompasses both the generation and manipulation of nonclassical radiation, as well
as its interaction with matter, lies in the rich variety of quantum states that is now becoming
feasible to prepare, together with the numerous applications in sensing, imaging, metrology,
communications, and information processing that such states enable,

he main attributes of quantum light that
distinguish it from classical light are the

nawre of is Mucwations and of i1s cor-

relations. These distinguishing features have bacn
known for many years, and precise fonmulations
of what constitutes nonclassical light were devel-
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oped in the 1960s. However, the past decade has
seen marked advances in our ability 10 prepare
specific quanium states of light that clucidaie these
distinctions and make vse of them. Developing
this ability further—to increase the distance over
which quantum comrelations (or entanglement) may
be distributed, to increase the number of light
quanta (photons) that cccupy these entangled
states, and to understand how o charactenize,
store, and exploit those states—is the dircetion of
future rescarch,

Classical light has a centain degnee of mndom-
ness 1o it even though the intensity and phase of
a classical light beam or pulse may both be very
precisely defined, This is not so for a quantum
light beam, the photon number and phase of
which cannot both be specified simulancously,
One consequence is that the number of photons
in a classical light pulse Quctumes, whereas, for a
quantum pulse, 11 may not. Simalarly, the ampli-
tudes of a quantum light beam may be less noisy
than those of 1s classical counterpan.

Classical light is also restricted in the types of
comelations that separate beams may have, For
example, two light beams may be lighly cor-
related 1o their wavelength or direction, though
cach beam individually may not have a well-
defined wavelength or direction, respectively.
Similarly. the beams may be comelated in the
conjugate variables ol time or position, or in two
orthogonal polarizations. The difference for quan-
tum light is that there may be strong correlations
in both pairs of conjugate degrees of freedom at
the same time, That is, two light beams in a pure
quantum state may be highly comelated in both
their dircction and their position or in both
wavelength and time, This is an example of quan-
lum l;.!l'l'l.'.lllg]l,:lﬂl.,“i.

There are imponant consequences steniming
from the fact that only the joim propentics of the
two (or more) beams can be said 1o have definie
values. A well-known example of this is in scoure
communications, for which entanglement is a
kev propeny that allows the presence of an
cavesdropper o be detected (. 7). Entanglement
among many photons in many different modes is
now becoming possible, and oplics provides a
means 1o explore the rch structure and dynamics
of these complex quantum staics.

Today, it is possible o create a broad range of
quanmum states of light that have no classical
analog. There are two main routes to achieve this,
The first 1s to wse single cmitters, such as in-
dividual atoms or excitons (an electron-hole pair),
to cmit single photons (3-3) (Fig. 1, A and B). It
15 possible w use this approach to cotangle two
emitter atoms by detecting one or more photons
from each, provided the apparatus is armanged so
that it is impossible o tell from which atom the
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detected photon has come (6-8). [t will be pos-
sible to “daisy chain™ this procedure; thus, 1o ar-
range that large numbers of atoms, cach of which
are remote from the others, evenually become
entangled, which leads to a highly nonclassical
state of many atoms that is mediated by photons.

The mtegration of quantum optics with tech-
nologies such as won and atom waps, and indecd
photonic microstructured cavities and waveguides,
provides a detenministic way o swap entangle-
ment between light and matter, One important
avenue will be the implementation of quantum
memorics for photons, which can store informa-
tion coded in these “lying qubits™ in bong-lived
matter states or “stationary qubits™ (9-£2), This is
a key technology for quantum communications
and computational networks (Fig. 2), Reading
out quantum correlations from matter provides a
creative approach to sensing and measurement:
It may be used to probe the dyvnamics of com-
plex entangled states of matter with minimal

back-action on the atoms. A recent example of

this shows how the extrordinarily strong cou-
pling between mdividual atoms imjected into an

optical cavity and the microwave ficld inside
the cavity may be used 10 implement a true
quantum nondemolition detector for photons,
one that does not absorb the photon in order 1o
measure it S 3L

A different avenue is that of quantum opto-
mechanics, Recent work has shown that it s
passible to cool mimrors in optical cavities with
the light force associated with the beams con-
tained in the cavity; effectively, the momentum
fluctuations of the mirror are modified by its
collisions with the photons (14, /3), In princi-
ple, it is possible 1o produce nonclassical states
of the mirror motion in this way; perhaps this
will eventually enable us to understand how 1o
entangle a light beam with a truly macroscopic
object,

The second route to generating quantum light
is by means of nonlinear optics, such as pam-
metric downconversion (Fig, 1, C and D), in
which a light beam at one (requency generates
two new light beams (the signal and idler), cach
near hall the frequency of the pump. The
“splisting™ of the pump photon into two siblings

Fig. 1. Approaches to the generation of quantum light. (A} A single atom (or single semiconductor
quantum dot or other quantum system containing a single electronic excitation), indicated by the
sphere, is held in isolation. When it is excited by a laser (red arrow), it emits a single photon into
the whole of space. Infrequently, the photon is emitted in the direction of a small photodector
{hemispherical bucket). (B) A refinement of this approach, which determines the direction of photon
emission, places the atom in an optical cavity, consisting of a pair of mirrors (discs). This approach to
“shaping” the photons (so that they can be used with conventional optics and detectors) is called
cavity quantum electrodynamics and is currently one of the most promising avenues to building
multiatom and multiphoton menclassical states. (C) The nonlinear optical process of parametric
downconversion, in which a blue photon is split into a pair of red photons in the nonlinear optical
microstructure (shaded cube). The signal and idler beams are quantum correlated (or entangled, as
indicated by the black lasso) in their in-phase and in-quadrature amplitudes, in their time of
generation and frequency, and in their position and direction, providing for the preparation of
nonclassical states based on the detection of photons from one of the beams, such as “heralding” a
single photon. (D) Conditional-state preparation may also increase the entanglement between signal
and idler, if (for example) photons are subtracted from one of the beams. This is a component of
entanglement distillation and enables Schrodinger cat—like states to be generated.
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means that the signal and idler are highly en-
tangled in photon number, in their amplitudes, in
time-energy, and in position-dinection. This pro-
vides several differem capabilitics. For example,
itis possible to prepare new Kinds ol nonclassical
states by means of conditional detection, such
as one- and two-photon states (fo) as well as
“Schrodinger Kitten™ states—that s, states
whose amplitudes have two distinet values at
the same time—named for the famous “cat”™ that
is simultmeously dead and alive (7 7). In tenms
of applications, fields that are specilied by
continuous variables such as amplitudes (as
opposed o discrete vadables such as photon
number) have a very large information capacity,
Further, even simple optical elements such as a
beamsplitier (for example, a hal Fsilvered mirror
that combines two beams of light) can be used 1o
emangle and disenangle the signal and idler
beams, and photodetectors for amplitude may
be very eflicient. A goal for the near future is 1o

demonstrate that the approach can be used 10
combine a large number of weakly entangled
beams into a smaller number of highly entan-
gled beams, o process known as entanglement
“distillation™ { /&),

Conditional-state preparation based on de-
tection, when combined with feedforward con-
trol, also forms the hasis of an optical quanium
computer (/%). Here, future measurcment se-
quences are determined by the outcomes of past
measurcments, enabling information process-
ing with the use of complex entangled states
prepared  beforchand (20) (Fig. 2). Indecd,
certain metrology can be brought to a precision
ol the tightest known quantum bound by this
means (21). How far this can be pushed re-
mains an open question,

A task for the immediate fure is 10 make
quantum states robust against the loss of pho-
tons, which is inevitable in propagating light
over distainee through optical systems (22). This

Fig. 2. A quantum network, as shown in (A), enables the generation of large-scale entanglement
among many photons by means of feedforward. Sources of nonclassical light are distributed between
the nodes of the network. The photons’ quantum states generated by these sources are stored in
quantum memories until required, illustrated in (B). The light is released into the network, and
separate nodes are entangled by means of measurements on subsets of the photons, shown in (C),
which herald the production of entangled quantum states among the other nodes. Classical commu-
nications are used to signal the network preparation and to control the operations that are then
enacted on the output quantum states. This provides a possible scenario for building up many-photon
entangled states over large distances. Aside from elucidating fundamental issues such as the
robustness of scalability of entanglement, these networks will have applications in quantum commu-

nications, computation, and imaging.
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would enable the distribution of entanglement
over longer distances and address imponant
questions regarding how entanglement scales
in the presence of decoherence. 1s it possible o
find s1ates of many photons or large amplitudes
that do not decohere rapidly or that can be pro-
tected against noise by experimentally leasible
control schemes?

In quantum optics, there is a symbiosis be-
tween innovative technology and science, Cur-
rent exciting developments in optical wechnologics
(such as maternals, daectors, and lasers) and
structures (such as waveguides, libers, and pho-
tonic crystal microcavitics) will play an increas-
ingly imponant role in enabling the exploration
of fundamental quantum phenomena and their

applications in new technologies, The future of

the field lies in the development of robust ap-
proaches for creating clean, pure-state quantum
light beams and the precise control of their
interaction with matier, both at the level of in-
dividual atoms and with macroscopic objects.
Pushing this frontier will lead both o scientilic
discovencs, unraveling the enigmatic chamcter
of quantum correlations, and o mnovative guan-
tum technologies, many of which ane vet to be
envisioned.
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Ubiquity of Biological Ice
Nucleators in Snowfall

Brent C. Christner,’* Cindy E. Marris,? Christine M. Foreman,® Rongman Cai,! David €. Sands®

erosols play an inegrml role in climate by
Adirmly scattering or absorbing solar
radiation, and indirectly these panticles
serve as condensation and ice nucler in clouds. lee
fommation in troposphene clouds s required for
snow and most rminfall. Avtemperatures = -40°C,
e formation s not spontancous, and diverse
substrates can act as catalysts of ice nucleation (/).
Biological ice nucleators (IN) ane the most active
IN i nature, and some bactenal plant pathogens
can catalyze ice formation al lemperatures near
2°C, Although biological particles ane important
components of acrosols (2, existing technologics
are unable 1o detect IN active al temperatures =
LO°C (3), and the impact ol biological IN on
atmospheric processes remains ambiguous (),
W examinad the concentration and nature of TN
active at temperatures = - 10°C in 19 fiesh snow falls
collected @t mid- and high-latinude locations from
October 2005 1o June 2006 (5) and found the bwest
cumulative concentrtion of IN @ -9°C in Antarctic
soowlall {four IN por liter of snow mclt) and highest
i samples from Montana and France (110 and
1 200 TN per liter, respectively). DNA-contaming cells
betweent 0.3 and 15 pm in diameter (1.5 = 10 10

5.4 % 10° cells per liter) accounted for <1% of the
total panicles in the snow samples (1.1 107 1o
19« 10° particles per liter), and the concentration
of biological IN was independent of the panticle and
cell concentration (Fig. 1), The data presented m
Fig. 1B are for the wanmest emperature for which
concentmtions of IN could be caleulated for all
samples (-7°C) thercby facilitating companison.
The activity of most known biological IN is
mediated by prolens or prolemaccous compounds
{(4). Theretore, we nesoned that IN ol biological

origin would be inactivated by heat, whereas IN of

mineral ongin would not. Heat treatment inacti-
valed 69 to 100% of the IN active at tem-
peratures = - 7°C and < -4°C (Fig. 1B}, In bacteria,
ice-nuckeation activity depends on an intact cell
wall and is confomed by a 120- 10 1R0-KD protcin
embedded in the outer membrane (6). Disruption
of the cell wall reduces ice-nuelcation activity in
bactena (7). Hence, we postulated tha lysoeyme
would deerease the ice-nuckeation activity i bacteria
were involved and found that 0 1o 83% of the TN
wire sisceptible to bysozyme (Fig 1B) Incomplete
hydrolysis and resistance o ysoeyme could allow
some bacterial cells 1o remain mact in the pres-
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Fig. 1. Particle, cell, and freeze immersion IN concentrations in fresh snowfall collected from Montana,
France, the Yukon, and Antarctica. (A) Quantity of partices and DNA-containing cells between 0.3 and 15 pm
in diameter. (B} The cumulative concentration of IN (>0.2 pm) per liter of snow melt that were active at
=7°C and sensitive to lysozyme and heat denaturation. From left to right, samples were ranked on the
basis of increasing cumulative concentrations of IN. Samples 2, 5to 8, 10 to 12, 17, and 18 were collected
in the vicinity of Bozeman, Montana; samples 3, 9, 13 to 16, and 19 from the French Alps and Pyrenees in
southern France, and samples 1 and 4 from Ross Island, Antarctica and the Wheaton Glacier, Yukon,
respectively. See table 51 for numerical data and detail on sampling dates and site locations.

ence of lysoeyme, and, therefore, our results are
probably underestimating the concentration of
bactenal IN m snow fall.

The samples analvzed were collected duning
scasons and in locations (e.g., Antarctica) devoid
of deciduous plants, making ot likely that the
biological IN we observed wore transported from
long distances and maintained their ice-nucleating
activity in the amosphere. Assuming that all biolog-
ical IN in the snow samples wene DNA-containing
cells, we estimate that about 0.4% of the cells in
mid-Etitude snowlalls were ice-nuckeating active al
emperatures between - 7°C and -4°C. Although
extrapolating the absolute composition and quantity
of biological IN m clouds on the basis of concen-
rations m precipitation & difficult, our realts indi-
cate that these pamicles are widely dispersed m the
atmosphere, and, iFpresent in clowds, they may have
an important role in the initiation of ice fomaton,
especially when minimum cloud temperatures ane
relatively wanm

Biological IN were lint desaibed neady 40
years ago (1) however, there ane no stimakes for
the biological component of IN in the atmosphere.
Our results reveal that biological [N active at wanm
remperaturcs are abundant in fresh snow samples
and are ubiquitous in precipitation rom worldwide
bocations. Unearthing 2 role for biological IN in the
precipitation eycle has implications for deciphering
feedbacks between the biosphere and clinate, im-
proving climate forecast models, and understanding
atmosphenc dissemination strategics of plamt patl-
oers () and other microorgnisms.
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Complete Chemical Synthesis, Assembly,
and Cloning of a Mycoplasma

genitalium Genome

Daniel G. Gibson, Gwynedd A. Benders, Cynthia Andrews-Pfannkoch, Evgeniya A. Denisova,
Holly Baden-Tillson, Jayshree Zaveri, Timothy B. Stockwell, Anushka Brownley, David W. Thomas,
Mikkel A. Algire, Chuck Merryman, Lei Young, Vladimir N. Noskov, Jehn 1. Glass, ]. Craig Venter,

Clyde A. Hutchison lll, Hamilton 0. Smith*

We have synthesized a 582, 970-base pair Mycoplasma genitalivm genome. This synthetic genome,
named M. genitalium JCVI-1.0, contains all the genes of wild-type M. genftalium G37 except
MG408, which was disrupted by an antibiotic marker to black pathegenicity and to allow for
selection. To identify the genome as synthetic, we inserted “watermarks” at intergenic sites known
to tolerate transposon insertions. Overlapping “cassettes” of 5 to 7 kilobases (kb), assembled from
chemically synthesized oligonucleotides, were joined by in vitro recombination to produce
intermediate assemblies of approximately 24 kb, 72 kb ("1/8 genome”), and 144 kb ("1/4
genome”), which were all cloned as bacterial artificial chromosomes in Escherichia coli. Most of
these intermediate clones were sequenced, and clones of all four 1/4 genomes with the correct
sequence were identified. The complete synthetic genome was assembled by transformation-
associated recombination cloning in the yeast Saccharomyces cerevisiae, then isolated and
sequenced. A clone with the correct sequence was identified. The methods described here will be
generally useful for constructing large DNA molecules from chemically synthesized pieces and also
from combinations of natural and synthetic DNA segments.

veeglasnra genitalinm 15 2 bacterium
with the smallest genome of any inde-
pendently replicating cell that has been

growvn in pure culture (F, 7). Approximately 100
of its 4585 protein-coding penes are nonessential
under optimal laboraory conditions when indi-
vidually disrupied (3, ). However, it is not known
which of these 100 genes are simuliancously dis-
pensable. We proposed that one approach 1o this
question would be o produce reduced genomes
by chemical syrihesis and imtroduce them into cells
to st their capacity o provide the essemial genetic

functions for life 4, 5). This paper describes a
necessary step toward these goals—the complele
chemical synthesis of a myeoplasma genome.
The acwal synthesis and assembly of this
genome presented a formudable wechmieal chal-
lenge. Although chemical synthesis of genes has
become routing, the only completely synthetic
genomes so far reporied have been viral (6-4).
The largest previously published synthetic DNA
that we are aware of is a 32-kb polvketide gene
cluster (¥). To accomplish asscmbly of the
582.970-basc pair (bp) M. genitalivm JCVI-1.0

=
AR

genome, we needed to establish convenient and

reliable methods for the assembly and cloning of

much larger synthetic DNA molecules.

Strategy for synthesis and assembly. The na-
tive 380,076-bp M, penitalitm genome scquence
(Mveoplasma genitalivm G37 ATCC 33530
genomic sequence; accession no. L43967) ()
was partitioned into 101 casscttes of approxi-
mately 5 to 7 kb in length (Fig. 1) that were
individually synthesized, venfiad by sequencing.
and then joined wgether in stages. In general,
cassette boundaries were placed between genes
so that cach cassette contained one or severl
complete genes, This will simplify the future
deletion or manipulation of the genes in mdivid-
wal cassettes, Most casscues overlapped  ther
adjacent neighbors by 20 bp: however, some
segments overdapped by as much as 360 bp.
Cassette 101 ovedapped cassette 1, thus come-
pleting the circle.

Short “watermark”™ sequences were insered
i cassettes 14, 29, 39, 55 and 61, Watermarks are
inserted or substituted sequences used 1o identify
or encode information into DNAL This information
can be either in noncoding or coding sequences
(1012}, Most commonly, watermarking has been
used to encrypl information within coding se-
quences without altering the amino acid sequences
0, 1) We opted o insent watermiark sequenecs at
intergenic sites because synonymous codon changes
mery have substantial biclogical effects. Our water-
murks are located at sites known 1o tolemie rns-
poson insertions, so we expect mininal biologeal
cfleets. They allow us o casily dilferentiate the
synthetic genome from the native genome (2, 13).

In addition to the watermarks, a 25 14-bp in-
sertion in gene MGHOR (msrd), which includes
an aminoglycoside resistance gene, was placed in

The ]. Craig Venter Institute, Rockville, MD 20850, USA.

*To whom correspondence should be addressed. E-mail:
hsmith@jcvi.org
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Fig. 1. Linear GenomBench (invitrogen) representation of the circular 582,970-bp
M. genitalium JCVI-1.0 genome. Features shown include locations of watermarks
and the aminoglycoside resistance marker, viable Tn4001 transposon insertions
determined in our 1999 and 2006 studies (3, 4), overlapping synthetic DNA
cassettes that comprise the whole genome sequence, 485 M geritalium protein-

coding genes, 43 M. genitalivm rRNA, tRNA, and structural RNA genes, and B-
series assemblies (Fig. 2). The red dagger on the genome coordinates line shows
the location of the yeastiE. coli shuttle vector insertion. Table S1 lists cassette
coordinates; table 52 has FASTA files for all 101 cassettes; table 53 lists watermark
coordinates; table 54 lists the sequences of the watermarks.
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cassciic 8%, It has been shown that a strain with
this specific defect in this vinulence factor cannot
adhere to mammalian cclls, thus climinating path-
ogenicity m the best available model systems (/4).
The synthetic genome with all of the above in-
sertions is 582,970 bp in length. Figure | is a map
of the M. genitaliven JCVI-1.0 genome showing
varous features such as gencs, nbosomal and
IRNAS, ransposon insertions (3, 4}, watermark
locations, and cassctte positions,

Synthesis of DNA the size of our casseties has
become a commadity, 50 we opled 10 oulsource
their production, principally to Blue Heron Tech-
nology, butalso o DNA2O and GENEART. The
main challenges i this project were the assembly
and cloning of synthetic DNA molecules larger
than those previously reponted. We planned a five-
stage assembly as diagrmmed in Fig. 2. In the
limst stage, sets of four peighboring casseties
were assembled by in vitro recombination and
Joined to a bacterial artilicial chromosome (BAC)
vector DNA 1o form circularized  recombinant
plasmids with ~24-kb insens. For example, cas-
settes | to 4 were joined together 1o form the Al-4
assembly, casseltes 5 to 8 were assembled to
form AS-8, and so forth. In the second slage, the
25 A-series assemblics were taken three at a time
to o B-series assemblics, For example, B1-12
was construcied from Al AS-8, md AY-12,
This reduced the 25 A-assemblics o only 8 B-
assemblics, cach about 1/8 ol a genome in size
(=72 kb). In the third stage, the 1/8-genome B-
assemblics were taken two at a time 1o make four
C-gssemblics, each approximately  d-genome
(=144 kb) in size. These first three stages of
assembly were done by in vitro recombination
and cloned into £. caff. We encountered difficul-
tics in carmrying out the planned assembly and
cloning of the hall and whole synthetic genomes
in £ cofi. For this reason, the linal assemblies
were camied oul in 5 cereviviae by irmnsformation-
associated recombination [ TAR) cloning,

Assembly of synthetic cassettes by in vitro
recombination. Figure 3 illustrates the reaction
used for the Nirst stage of assembly of the over-
lapping casseties. Recombinant plasmids bearing
the individual cassettie DNA inserts were cleaved
with the appropriate type [1S restnction cnzyines,
which cleave outside of their recogmition site o
one side. o relese the msert DNAC Adier phenol-
chloroform extraction and ethanol precipitnion,
the casscttes were used without removing vector
DNAL The essential steps of the reaction are (1)
the overapping DNA molecules are digesied
with a 3" exonuclease to expose the overlaps, (i)
the complementary overlaps are annealed, and
(i) the joints are repaired. Polymerase chain
reaction (PCR) amplification wis used 1o produce
a unigque BAC vector for the cloning of each as-
sembly, with wemminal overdaps o the ends of the
assembly. Each PCR primer includes an overap
with one end of the BAC, a Not | restriction site,
and an overlap with one end of the cassctie as-
sembly, Cassettes were assembled, four at a time,
in the presence of the appropriate BAC vector,

1216

Because the M gemitaliomn JCVI-1.0 genome
docs not contam a Not [ site, all of the assemblics
can be released intact from the BAC.

For example, the assembly AG6-68 was con-
structed by mixing together equimolar amounts of
the four cassette DNAs and the lincar PCR
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Fig. 2. A plan for the five-stage assembly of the M. genitalium chromosome. In the first stage of
assembly, four cassettes are joined to make an A-series assembly approximately 24 kb in length (assembly
37-41 contained five cassettes). In the next stage, three A-assemblies are joined together to make a total
of eight ~72-kb B-series assemblies (assembly B62-77 contained four A-series assemblies). The eighth-
genome B-assemblies are taken two at a time to make quarter-genome C-series assemblies. These
assemblies were all made by in vitro recombination (see Fig. 3) and cloned into E coli using BAC vectors.
Half-genome and whole-genome assemblies were made by in vivo yeast recombination. Assemblies in
bold boxes were sequenced to verify their correctness. For the final molecule, the D-series half molecules
were not employed. Rather, we assembled the whole molecule from the four C-series quarter molecules.

A B
i &7 oa B9 First 40 nucleotides 20bp BAC
_— —— of casselie 66 sequence
P pCC1BAC
Fexcnuclease Primer 66 Mol {8.2kb)
chew-back
Primer 89 Mot
20bp BAC Last 40 nuclectides — —
SBqUENCE of cassetle 89 | BAC 66-69 |
‘ Anneal at 80°C
Cc
O L o
| Baces6s |

Repair with Tag pol
and Taq ligase +

[ 66 || 67 || 68 || 69 |

. q . :

Fig. 3. Assembly of cassettes by in vitro recombination. (A} Diagram of steps in the in vitro
recombination reaction, using the assembly of cassettes 66 to 69 as an example. (B) BAC vector is
prepared for the assembly reaction by PCR amplification using primers as illustrated. The linear
amplification product, after gel purification, is included in the assembly reaction of (A), such that the
desired assembly is circular DNA containing the four cassettes and the BAC DNA as depicted in (C).
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amplified BAC vector specific for this assembly,
BAC 66-69, as described above (Fig, 33(/3). The
3" ends of the mixiure of duplex vector and cassette
DMAs were then digested 1o expose the overlap
regions using T4 polymerse in the absence of
Y-deoxyribonucleoside-3-niphosphates (dNTPs),
The T4 polymerase was mactivated by incubation
at 73°C, followed by slow cooling 10 anneal the
complementary overap regions, The anncaled
joints were repaired wsing Tag polymerase and Tag
ligase at 43°C in the presence of all four dNTPs
and nicotinamide adenine dinucleotide (NAD).
[See the supporting online material for details of
the assembly reaction (/3.

Samples of the assembly reactions were sub-
Jected w field inversion gel electrophoresis (FIGE)
to evaluate the success ol the assembly (Fig. 4)
i £.3). Addimonal samples were electroporated into
E. coli EPLIO0 { Epicentre) or DHTOB {Invitrogen)
cells and plated on LB agar plaes containing
12.5 pe/ml chlommphenicol. Colonies appeaned
alter 24 1o 48 hours. A-series assembly reactions
generally vielded several thowsand colomies. B- and
Cseries assembly reactions generally vielded sev-
eral hundred colonies. Colonies were picked and
BAC DNA was prepared from culures using
an alkaling lysis procedure. The DNA was then
cleaved with Not [ and analveed by FIGE 1o venify
the commect sizcs of the mssemblies. Typically, moe
than WG of the A-senies and 307% ol the B- and C-
series clones contained a BAC with the comect in-
sert sive. Clones with the comeat size were preservad
as froeen glveerol stocks, Some of the cloned as-
semblics wiere soquencad 1o ascatain the sccurcy
of the synthesis s indicated by bold boxes in Fig. 2.

The 25 A-senes assemblics and all the larger
assemblics were cloned in the pCCIBAC vector
from Epicentre (Fig. 3). The pCCIBAC clones
could be propagated at the single-copy level in
EP1300 cells and then induced w10 copics per
cell according to the Epicentre protocol. Induced
[00-ml cultures vielded up o 200 pg of BAC
DNA. The assembly insens in the BACs were
immediately lanked on cach side by a Not [ sile
such that cleavage efficiently vielded the insen
DNA with pan of the Mot | site attached at cach
end (the AL genitafiven genome has no Mot | sites),
When the Not I-lanked assemblics were used in
higher assemblies, the 37 portion of the Not [ site
{2 nucleotides) was removed by the chew-back
reaction. The 3" portion of the Not | site produced
a f=pucleotide overhang afier annealing, bt the
overhang was removed during repair by the Tag
polymerase 3" exonuclease activity (Fig. 5).

B-serics assemblies were constructed [rom
Mot I-digested A-scries clones, and C-serics as-
semblies were constructed from Not [-digested
B-serics assemblics. 1 was generally not neces-
sary o gel-purify the inserts from the cleaved
vector DNA because, without complementary
overhangs, they were mactive i subsequent re-
actions, FIGE analyses of the assembly reactions
for AGe-69, B50-61, and C2549 arc shown in
Fig. 4, A 1w C. Figure 4D shows a FIGE analysis
of the sizes of these cloned inserts.
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Fig. 4. Gel electrophoretic analyses of selected examples of A=, B-, and C-series assembly reactions and
their cloned products. (A to €} A 10-ul sample of the chew-back assembly reactions for A66-69 (A), BSO-
61 (B), and C25-49 (C) was loaded onto a 0.8% Invitrogen E-gel (A and B) or onto a 1% BioRad Ready
Agarose Mini Gel (C), then subjected to FIGE using the U-5 program (A and B) or the U-9 program (13) (C).
See (13) for FIGE parameters, (D) Sizes of the Not |—cleaved assemblies were determined by FIGE analysis
as in (C). The DNA size standards were the 1-kb extension ladder (M; Invitrogen) and the low-range PFG
marker (LR PFG; NEB). Bands were visualized with a BioRad Gel Doc (A and B) or using an Amersham
Typhoon 9410 Fluorescence Imager (C and D). Unreacted cassette, A-series, B-series, and BAC DNA,
incomplete assembly products, and full-length assembly products are indicated.

5 GG-2' 5-GGOCGC 3
¥ CGCCGG-5 3-CG 5
¥ exonucleases
chew-back
S:GGQC
5 S ¥
¥ QOCCQ;- 5
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Fill in gap using Taq pol, releasa

overhang by Taq pol S-exonuclease,
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5 T 3
3 -~ 5

3"CGCCGG-5.

Fig. 5. Repair of annealed junctions contaiming nonhomologous 3" and 5° Not | sequences. The 3 GC
nuclectides are removed during the chew-back reaction. In the repair reaction the 5-GGCCGC Not |
overhangs are removed by the 5'-exonuclease activity contained in the Taq polymerase.
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Assembly by in vivo recombination in yeast.
We were unable 1o obtain half~genome clones in
E. coli by the m vitro recombination procedure
deseribed above, We suspected that Larger as-
semblics were simply not stable in £ coli. We
had alrcady expencenced ditTiculty in maintaining
the C78-101 clone except in Sthld £ coli cells
(Invitrogen ), Thus, we turned 10 S, corevistae as a

cloning host. Yeast will support at least 2 Mb of

DNA ina lincar centromerie yeast antilicial chro-
mosome (YAC) (15) and has been used 1o clone
sequences that are unstable in £, coli (16).
Linear YAC clones are usually constructed by
ligation of an insent into a restriction engyme
cloning site (/7). An improvement on this meth-
od uses cotranslormation of overlapping insert

and vector DNAs into veast spheroplasts, where
they are joined by homologous recombination
(Fig. 6A) This produces cucular clones and 15
known as TAR cloning (/8) A TAR clone, like a
Imcar YAC, contains a centromere and thus is
maintained al cromosomal copy number along
with the native yeast genome, However, unlike
lmcar YACs, circular TAR clones can be readily
separated from the lincar yeast chromosomes,
To assemble quaner genomes into halves and
wholes in yeast, we used the pTARBACS vedtor
(/M. This vector contains both YAC and BAC
sequences (Fig. 6B). The vector was prepared
using a strategy similar o the one described
above for BAC vectors, but longer, 60 bp, over-
laps were generated a the wrmni (209, In TAR
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Fig. 6. Yeast TAR cloning of the complete synthetic genome.
(A) The vector used for TAR cloning contains both BAC (showniin
blue} and YAC (shown in red) sequences (shown to scale).
Recombination of vector with insert occurs at “hooks” (shown in
green) added to the TARBAC by PCR amplification. A yeast
replication origin (ARS) allows for propagation of clones be-
cause no ARS-like sequences (31) exist in the M. genitalium
genome. Selection in yeast is by complementation of histidine
auxotrophy in the host strain, BAC sequences allow for potential
electroporation into £, colf of clones purified from yeast. (B}

M. genitalivm JCVI-1.0 quarter genomes were purified from E coli, Not |-digested, and mixed with a
TARBAC vector for cotranslormation into 5. cerevisiae, where recombination at overlaps from 60 to 264
bp combined the six fragments into a single clone. The TARBAC was inserted into the BsmB | site in C50-
77. (C) CHEF gel analysis of the complete synthetic geneme clone sMgTARBAC37. Size markers are the
low-range pulsed field gel marker (NEB), the host yeast strain VL6-48N (32), undigested, and the native
M. genitalium MSS (14) genome, which contains an insertion disrupting the MG408 gene. Purified
sMgTARBAC37 from the preparation used for sequencing is shown both undigested and Not | digested.
The Mot | digest releases the 583-kb synthetic M. genitalium genome from the vector, The undigested
sample confirms the circularity of the clone, because a 592-kb circle was too large to electrophorese into the
gel. A small fraction of the clone was broken, and these linear molecules were detected by a faint signal.

cloning. recombination is stimulated by a factor
of about 200at double-stranded breaks (27}, Thus,
we integrated the veetor ot the cleaved intergenic
BsmB 1 site n C530-77. This resulted in the
cimination of the four bases of the BsmB 1 5
overhang, The DNA w0 be translommed consisted
of six pleces (one vector, two fragments of
quanter 3, and quarters 1, 2, and 4). To obtain a
full-stzed genome as an insert in pTARBACS, a
single veast cell must take up all six picee and
assemble them by homologous recombination,

Transformation of the yeast cells was per-
lormed using a published method (22}, Vector
and inserts were translormed at approximately
cquimolar amouns, Transformants were screened
first by PCR and then by Southem blot with
myvcoplasma-specilic probes (13). Positive clones
were tested for stability by Southem blotting of
subclones. Based on these assays, at least 17 out
of 94 transformants screencd carried a com-
plete synthetic genome. One of these clones,
sMgTARBACIT, was selected for sequencing.

TAR cloning was also pedormead with cach of
the four sets of two adjacent quaner genomes, as
well as with a mixture of C1-24, C2549, and
C50-77. DNAs from transformants of these vari-
ous expenments were isolated and electroporated
ino £, colf (230 In this way, we obtained BAC
clones of the sizcs expected for D1-449, DS0-101,
and assemblics 25-77 and 1-77. OF these, D149
was chosen for sequencing, and it was comeel.
Our lack of success in oblaining these clones
directly by in vitro recombination may have been
due to inellicient circularization ol large DINA
maolecules or to breakage dunng the handling of
the DNA belore transfoming £ colf.

Recovery of the synthetic M. genitalium
genome from yeast and confirmation of its
sequence. A 600-kb YAC is about 5% of the total
DNACin a veast cell. Toenrich sMgTARBACST for
sequencing. we used a staiegy of wial DNA isola-
tion in agarose, selective restniction digestion of
yeast host chromosomes, and clectrophoretic sepa-
rtion of these lincar fragmems from the large,
melatively clectrophoretically immobile circular mol-
ecules (£3) Figure 6 shows the size and punty of
the sMgTARBAC3T DNA that was used to pre-
pare a library for sequencing. The sMgTARBACST
DNA was sogquenced by the mndom shotgun mcth-
od 1o ~TX coverage. The sequence exactly nmatched
our designed genome and can be acecssed m
CienBank accession number CPOOOS2S.

Error management. Our objective was 1o
produce a cloned synthetic genome 382,970 bp
in length with exactly the sequence we designed.
This was not rvial, because dilferences (ermors)
between the actual and designed sequence can
arise i several ways, An emor could be present in
the sequence that was supplied 1o the contractors.
The comtractors could produce cassettes with
errors, Errors could occur during repair of the
assembly junctions, Propagation of assemblics in
E. coli or yeast could lead w0 emors, In the later
two instances, crmors could occur at a late stage of
the assembly, At varous points during the ge-
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nome assembly, clones were sequenced (Fig, 2).
Most of the assemblics were exactly correct;
however, in our £, cofi clones, we encountered at
lcast one example of cach of the emor types
deseribed above, Several errors were nepaired by
rebuilding assemblics, but in some cases other
methods were used,

During scquence verilication of the C50-77
quarter moleeule, two single-bp deletions were
detected, One was traced back 1o a synthesis error
in cassette 63, and a corrected version was sup-
plied by the contmctor, An emor in cassctie 53
resulted from an incomect sequence transmitted
to the contractor, This cassetle was cormected by
replacing a restnction fragment containing the
error with a newly synthesized fragment. C50-77
was then reassembled and sequenced. The two
ermors woere comrected, but two new single-base
substitution errors appeared. Tag polymerase
misincorporation in a joint region likely caused
one of these errors. The other ramains unex-
plained but could have ansen during propagation
in £, coli. One final reassembly yielded the cor-
rect quarter molecule that was used 1o assemble
the whole chromosome.

Concluding remarks. \We designed. chemically
synthesized, and assambled the entire M. genitalitnm
JCVI-1.0 chromosome, which is based on M
genitalium G337, and cloned it in veast, This
construct is more than an order of magnitude
larger than previously reported chemically svn-
thesized DNA products (9), The final product is
built from =107 synthetic oligonucleatides, cach
=50 nuecleotides in length, and is the largest chem-
wcally synthesized molecule of defined structure
of which we are aware,

Very large nonsyntletic constructs have pre-
viously been produced from bacienal genomic
DNA using in vivo methods. Ttaya er af. (24)
developed a method or cloning megabase-sized
sepments of DNA into the Baciflus subwifis ge-
nome using the natural ransformation system
of this bacterium, They cloned almost all of the
Swechoovsis PCCOR03 genome a8 a set of four
separate —H00- 1o HWO0-kb fragments into the
B. sulvilis chromosome by a reiterated “inch
WO Process (o generie a composite genome,
Using a similar approach, this group recently re-
ported the assembly and cloning of PCR products
mto an extrchromosomal vector (25). Holt ef al.
{26) have desenbed how one might reassemble
a fragmenied donor genome from Haemopdlnifies
influenzae piccewise into £ oodf using, lor exam-
ple, lambda Red recombination. All these methods
used sequential siepwise addition of segments o
reconstruct a donor genome within a recipient
bacterium. The sequenmial mure of these construc-
tions makes such methods slower than the purely
hicrarchical scheme that we employed (Fig. 2).
Other approaches have been proposed that could
use hicrmrchical assembly strategics (27),

The Iaya (24) and Holt (26) groups found
that the bacterial recipient strains were unable w
tolerate some portions of the donor genome o be
cloned, for example, ribosomal RNA (rRNA)

operons, In contrast, we found that the M.
genitalivn TRNA genes could be stably cloned
mn £ coli BACs. We were able to clone the entire
M. genitalivm genome, and also 10 assemble the
four quaner-genomes ina single step, using yeast
as arecipient host. However, we do not yet know
how generally useful yeast will be as a necipient
for bactenal genome sequences.

For the assembly of our synthetic genome, we
used both in vitro and in vivo recombination
methods, The elliciency of our in vitro procedure
declined as the assemblics became larger. We
were able 10 oblain quaner-genome, but not hal -
genome, clones using the in vitro methods de-
seribed above, Some of the larger products in the
hallgenome reactions appearcd to be concatame s
that formed in preference 1o circles, In addition,
large BACs (=100 kb) tansform £, coli less
elliciemly. Sheng of al. (28) found that a 240-kb
BAC trnsformed  less efliciently by a factor of
30 than an 80-kb BAC in the same necipient
strain of £ coli.

To complete the assembly. we tumed to in
vivo veast recombination. Previous work had es-
tablished that relatively large segments (=100 kb)
of the human genome can be cloned in a circu-
lar yeast vector il the vector carrics terminal
homologies (“hooks™) that lank the human ge-
nome segment (/8). 11 veast is cotransformed
with a mixture of veetor and high molecular
weight human DNA, clones containing the hu-
man DMNA seement are obtained. Recombination
is stimulated by breaks at the pomt of homology.
We surmised that our overapping picees, each
of which has terminal 80-bp homologies to ad-
Jacent picees, might be efficiently assembled and
then joined o overlapping vector DNA by the
trans formation-associated recombination mecha-
nism in yeast (20). We found that two quaners
could be efficiently cloned to produce hall’ ge-
nomes in the yeast vector. More surprisinglv, four
quanters, one of which had been cleaved at the
vector insertion point, could be recombined and
cloned to vield whole genomes. This implies that
some of the competent yeast cells are capable of
taking up as many as six separatc DNA mole-
cules and recombining them into a circular DNA
molecule, This raises the question: How many
preces can be assembled in veast inoa single step?
The ability to assemble many picees of DNA ma
single reaction could be very useiul for gencration
of combinatorial genome librnes. In the luture,
it may be advantageous 1o make greater use of
yeast recombination to assemble chromosomes,

We are currently using a TARBAC vecior 10
propagate the synthetic chromosome in yeast. We
do not know whether this vector might imerfere
with the production of viable cells by transplan-
tation (5}, nor do we know whether the genomic
location of the vector could aftect viabiliny. It
may be necessary 1o alter the vector sequences or
even to excise the vector before tmnsplantation,

The methods desenbed here have advantages
compared with those previously described for
constructing large DNA molecules, either chem-
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ically synthesized or natural. Large in vitro DNA
assemblies (=30 kb) have used type IS restric-
ton ensymes o generite unigue siicky ends on
the components of the assembly, which are then
oined by hgation [for example, sec (9, 29)]. As the
preces 10 be assembled grow Jarger, 1t bocomes
mercasingly dithicult to find a type 115 cnizyime that
docs nol cleavie within the picce, Our mcthod s not
limited 1o tvpe 1S engymes, We can use crzymes
that cleave infrequently, for example type 1l -
aymes with eight base recognition sites (e.g., Not I;
see Figs. 3 and 3) or eneymes with even greater
specilicity [eg. homing endonucleses; see New
England Biolabs (NEB) catalog). Instead of type
IS sticky end ligmion, our method uses in vitro
recombinztion of overlaps batween the ends of the
frgments o be assembled. A chew-back and an-
neal method (Fig. 3) similar to the Gist step of the
assembly reaction desenbad hene was used o simul-
tncously asscmble and clone up o npine small
overlapping DNA fragments (275 10 980 bp ) intoa
plasmid vector {30). The scoond-step repair reaction
mcluded in our method (/3) greatly increases the
efliciency of cloning of lape assemblies (=50 kb),

Nothing in our methodology restricts its use
to chemically synthesized DNA. I should be
possible to assemble any combination of syn-
thetic and natural DNA segments in any desined
order by designing PCR primers 1o generate
appropriate overlaps between them,

In closing, we wonder whether use of the
UGA codon to code for trvplophan in myco-
plasmas, rmther than for termination as 0 the
“universal”™ code, comnbuted o our success n
cloning the svnthetic M. genitalinm JCVI-1.0
genome. This may make cloning in £ eofi and
other organisms less toxic because most M.
genitadivem proicins will be truncated. 11 so, then
it should be possible 1o synthesize other genome
constructions using this same code. The genome
would then need to be installed, for example,
bv transplantation (5), in a cytoplasm that can
properly ranslate the UGA 1o iryptophan. To
generalize on this phenomenon, it might be
possible o use other codon changes as long as
there is a receptive eytoplasm with appropriate
codon usage.

Note added in prool; While this paper was
in press, we realized that the TARBAC vector in
our sMeTARBACAT clone miermupts the gene
for the RNA subunit of RNase P (mpB). This
confinms our speculation that the vector might
not be at a suitable sie for subscquent trans-
plamation expenments.
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Asphericity in Supernova Explosions
from Late-Time Spectroscopy
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stefan Taubenberger,” Masanori lye,® Thomas Matheson,™ Alexei V. Filippenko,**

Kentaro Aoki,™® George Kosugi,™ Youichi Ohyama,® Toshiyuki Sasaki,™ Tadafumi Takata'’

Core-collapse supernovae {CC-5Ne) are the explosions that announce the death of massive stars.
Some CC-SNe are linked to long-duration gamma-ray bursts (GRBs) and are highly aspherical.
One important question is to what extent asphericity is common to all CC-5Ne. Here we

present late-time spectra for a number of CC-5Ne from stripped-envelope stars and use them to
explore any asphericity generated in the inner part of the exploding star, near the site of
collapse. A range of oxygen emission-line profiles is observed, including a high incidence of
double-peaked profiles, a distinct signature of an aspherical explosion. Our results suggest

that all CC-SNe from stripped-envelope stars are aspherical explosions and that SNe accompanied

by GRBs exhibit the highest degree of asphericity.

assive stars (210 solar masses) end
their lives when the puclear fuel in
their innermost region is consumed;

lacking sulliciem imemal pressure support, they
can no longer withstand the pull of graviy,
Their core then collapses 10 a neutron star or a
black hole. Grvitational cnergy from the col-
lapse produces an explosion that expels the
rest of the star in what is observed as a super-
nova (SN).

CC-SNe are classified (/) by how much of

the stellar envelope is present at the time of the
explosion (2). Stars thal retain their H enve-
lope produce SNe with a H-rich spectrum,
classified as type 11 On the other hand, stars
that have lost all or most of the H envelope
produce CCO-SNe that are known as stripped-
envelope (or stripped) SNe. These include, moa
soquence of increasing  degrees of envelope
stopping, type [b (He-rich but still showing

some H) tvpe Ib (He-rich, no H), and tvpe Ic
{deprived of both H and He) Some type lc
SNe (hercafier broad-lined SNe Ie) show very
broad absorption features in optical spectra ob-
tained within a few wecks atter the explosion;
these features are produced by material mov-
ing at a velocity = 0.1 ¢ (¢ s the spead of light),
probably as the result of an explosion char-
acterized by a kinetic encrgy (£g) larger than
the canonical value of =107 erg (2). The most
energetic broad-lined SNe e can reach Ex 2
107 eng [hereafier hypemovae (HNe) or gamma-
ray burst HNe (GRB-HNe)| (+) and can be
associated with GRBs (5). Figure 1 summa-

rizes the relation between Ex and the mass of

%Ni that powers the optical light of stripped
CC-SNe (6).

An important unsolved guestion concerns
how the gravitational energy of the collapse is
twrned into the outward motion of the SN explo-

sion. Most recently proposed scenarios involve
aspherical explosions ( 7-/1). Therefore, mapping
the explosion geometry can be illuminating. It is
cspecially crtical 1o establish whether the ex-
plosion geometry is similar for all CC-5Ne or s
least for different subelasses (GRB-HNe, broad-
lined SMe le, nommal-cnergy SNe, or sipped ver-
sus Lype 1 SNe).

Some evidence [or asyvmmelric explosions
wis obtained from the polanzation detected in
several SNe 11 (/2) and SNe Ibie (13) and in the
broad-lined SN e 2002ap (/4-16). However,
because there are stll few such delections, no
syslematic study exists.
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The best way 1o investigate a SN's inner
cjecta geometry is through late-time spectrosco-
py. At = 200 days after the explosion, ex-
pansion makes the density of the ¢jecta so low
that optical photons produced anywhere in the
cjecta escape without interacting with the gas,
At these epochs, the SN spectrum s nebular,
showing cmission lines mostly ol forbidden
transitions, Because the expansion velocity is
proportional to the radius of any point in the
ejecta, the Doppler shift indicates where the
photon was emitted. A photon emitted from the
near side of the ejecta is detected at a shorter
(blueshifted) wavelength, and a photon emitted
from the far side of the gecta is detected a1 a
longer (redshified) wavelength. The late-time neb-
ular emission profiles thus probe the distri-
bution of the emitting gas within the SN cjecta,
This strategy is particularly effective for stripped
CC-8Ne, because we can look directly o the
OXYECN COre,

Analysis of the late-time spectra of the GRB-
HXN SN e 1998bw (/7) and of the broad-lined
SN le 2003jd (£8) provided evidence that these
objects shared a similar, bipolar explosion. How-
ever, we viewed SN |998bw on-axis, and SN
2003jd sideways. This seems consistent with
the fact that SN 1998bw was associated with a
GRB, whoereas SN 2003§d was not, and suggests
that it SN 2003jd also produced a GRB, this
was missed because of s orenation [(/8),
see (9 for concemns).

We obiained late-time spectra of strippod
CC-SNe to study their morphology and guantity
their propertics. Our data were obtained mostly
with the Faint Object Camera and Spectrograph
(21 on the 8.2-m Subaru telescope and with the
Focal Reducer and Low-Dispersion  Spectro-
graph 2 on the European Southem Observatory
(ESO) Very Large Telescope (VLT). Additional
data are from (2/). The strongest emission line in

stripped CO-SNg s [O 1] Aa6300), 6363, Despite
being a doublet, it behaves like a single tran-
sition 16 the lines are sufliciently broad (20,01 ¢),
because the rad component is weaker than the
blue one by a factor of 3 [supporting online ma-
terial (SOM) 1ext].

Because at epochs more than 200 days afler
the explosion the ejecta are transparent o line
cmission and radiation transfer s unimportant
(SOM text), we selected spoectm obtained at least
200 days after discovery o build an unbiased
data set. Additionally, we did not include HNe
discovered through an associated GRB, o avoid
bias in the viewing angle. The selection pro-
cedure and possible biases are discussed in (22).
Our sample (mble 513 is the largest published
data set to date of stripped CC-SNe at such late
epochs. Figure 2 shows the spectra of the 18 SNe
in our sample. Among them, 13 are presented
here for the first time,

The observed [O 1] 36300, 6363 cmission
profiles can be compared with the prodiction
ol various explosion models. We used three
representative models from (23): one extremely
aspherical (BPB). one mildly aspherical (BP2),
and onc spherical (BP1 )

In the spherical model, **Ni is confined in a
central high-density region with an inner hole
and is surounded by a low-density O-rich re-
gion (24). This results in a single-peaked but
Mat-lopped [O 1] profile. independent of the
orientation.

On the other hand, the bipolar model (24-26)
is chareterized by a low-density **Ni-rich region
located near the jet axis, where the jets conven
stellar material (mostly O into Fe-peak clements,
and by a high-density disklike stucture com-
posed of unburned O-rich naienial, because the
jot expands laterally only weakly (17, 24) (g
S0 The [O 1] profile in a bipolar model de-
pends on both the degree of asphericity and the

Fig. 1. Relation between
Ey and the mass of ejected
S5Ni [MC®Ni)] of stripped
CC-5Ne (SOM text). Colors in-
dicate the ejecta mass (My).
For SN IIb 1993] and 5N Ib
2005bf, the ejecta mass after
subtraction of the He enve-
lope mass is shown as Mg, to
compare with SNe I, which
lack the He envelope. SNe
associated with GRBs or an
x-ray flash (XRF) are indi-
cated by stars, and broad-
lined SMe lc without GRBs or
XRFs by open circles. Other
(normal) stripped CC-SNe are
shown as dots.
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viewing angle (23, 27) (SOM text and fhig. S1).
It a bipolar SN explosion is viewed from a di-
rection close 1o the jet axis, the O-nch material
in the equatorial region expands in a direction
pempendicular o the line of sight, and the [O 1]
emission profile is observed 1w be sharp and
single-peaked. On the other hand, for a near-
equatorial view, the profile is broader and double-
peaked. The best fit to the light curve and the
spectra of the GRB-HN SN 1998bw was ob-
tained with model BPR (23, 27).

For the degree of asphericity of this model,
the [O 1] profile should switch rom single- 10
double-peaked near a viewing angle 8 = 30°
measured from the jet direction (fig. 82). The
predicted [requency of double-peaked [O 1] 15
thus -64%, in the absence of bias m the onen-
tation. For a less asphercal model. the fraction
ol double peaks is reduced: Model BP2 shows
double peaks only lor 8 = 70F and has a double-
paak fraction of <34%. With this vanety of [ 1]
profiles, statistics (Table 1) can be used w0 con-
strain the degree of asphericity and remove the
uncertainty in the viewing angle.

Figure 3 shows the |0 1] amission profiles for
our sample. Oul of I8 SNe, 5 (SNe 2003jd.

LBy BLE
18 4

E IL...-\-LI-——-—I-:Q|M
516 | m——0y el
c q97ef
8 14 L~ ——{0zap
+ - o 403jd
=1 "= D4alk
12 H—"\—s¥ |0t
510 | meia .

£ Oaghn
=

E

=]

=

8000
Rest Wavelength (A)

Fig. 2. Nebular spectra of the SNe in the sample
used in this study. Narrow lines (such as Ha at
6563 A) originate from a diffuse superposed H I
region, not from a SN. The spectra of SNe 1991N,
1997dq, and 1997ef are from (21). The other
spectra were obtained with the Subaru telescope,
except for SN 2006F, which was taken by the VLT
(22). Spectra were de-redshifted by means of the
redshift obtained from the observed wavelength
of the narrow Ho emission if possible; otherwise,
the redshift of the nucleus of the host galaxy was
adopted. For presentation, the flux is arbitrarily
scaled and shifted vertically. The strongest emis-
sion line (dashed line) is [0 1] 446300, 6363. The
feature at ~7300 A is [Ca W] 217291, 7324 con-
taminated by several emission lines: [0 I1], [Fe 11],
and [Ni ll].
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2004 te, 2005a), 2005k, and 2006T) clearly show
double-peaked [O 1] profiles. Four others (SNe
1997dq, 2004 gn, 2005ke, and 2005nb) are ap-
parcntly tansitional objects with flat-topped or
mildly peaked O 1] profiles, and there is a mar-
ginal detection of double peaks In some cases,
The wemaining nine SNe exhibit single-peaked
profiles, For illustrative purposes, the observed
profiles are comparcd with model predictions in
Fig. 3.

The line profiles are well reproduced by the
hipolar explosion model, assuming different view-
ing angles, Although detailed fts are not unique
for individual objects, this uncenainty does nol
affect the bulk statistics (single- versus double-
peaked): The presence of double-peaked [O 1]
profiles s not predicted m spherical models, and
their frction vields a sccure estimate of the
mumber of aspherical SNe viewed sidewavs, as
suming that the sample is unbiasad in oientation,
The high incidence of double-peaked profiles s
an important discovery: Double-peaked [O 1)
wis previously reported only for SN Ie 2003jd
(48 and SN Ib 200dao (28). The observed

Table 1. Fraction of double-peaked [O 1] SNe.

Model Dividing angle® Fraction
Spherical - 0%
BP2 ~70° ~34%
BPS ~50° ~64%
Observed - 39 £ 11%

*The viewing angle {8y measured from the jet direction)
which divides the [0 1] profile; i.e., single-peaked if 8 < 8,
and double-peaked if 6y < 8 < §0°, fFraction of SNe
showing double-peaked [0 1],

fraction of double-peaked profiles, (3 1o 918 =
28 10 50%, modian ~39%, 15 consistent with all
stipped CC-SNe bemg muldly aspherical. hke
maedel BP2.

On the other hand, the observed fraction docs
not support the possibility that all stripped CC-
SNe are extremely aspherical explosions like
SN 1998w (model BPE), as then we would ex-
pect an even langer fraction of double-peaked |0 1]
profiles: According o our Monme Carlo simula-
tions with randomly orented viewing directions,

the observed number should be 7w 16 owt of

I8 SNe with 99% confidence level and 1010 13
with 70% conlidence level, Aliematively, about
half of all sripped CC-SNe may have aspher-
icity o large as that of GRB-HNe, with a
double-peak merdence of —64% (model BPE),
with the remaining hall’ being approximately
spherical and vielding the bulk of the single-
peaked profiles. With a lager SN sample, we
could look m more detl at [O 1] profils as
functions of the degree of asphercity and orien-
tation and more fully explore these scenarios.
Adthough ouwr sample is still small, we can look
for statistical differences between GRB-HNe,
broad-lined SNe le, and other stripped CC-SNe.
In our sample, six SMNe are broad-lined (non-GRB)
SNe e (SMNe 1997, 1997dg, 2002ap, 2003,
2005kz, and 2005nb), and the rest arc probably
nomual stripped CC-SMe. The observed fraction
of double-peaked [O 1] is 33% (1 out of 3 SNej
for broad-lined SNe Ic and 36% (4 out of 11)
lor the others, iF SNe with transitional [O 1] pro-
Mles (Fig. 3) are excluded. Within the statistical
uncertainty, caused especially by the small sam-
ple of broad-lined SNe le, there is no difference

Fig. 3. Observed [0 ] ..6300, 6363 i o o ™~
emission-line profiles (black curves), 088 /™ ;g_n S ,-"‘".;_ ggu S AN ?g
classified into characteristic profiles: 0.4 \ . “‘:.‘ "«
single-peaked (denoted by S, top - { S Y AT y
nine SNe), transition (T, middle four 0. /199N 199?# - ZDUEEP
SNe), and double-peaked (D, bottom o gl§ /. 30°S 07 a\ 1u
five SMe). For presentation, model P}/ 3 20° \
predictions of the bipolar model (23} 04 W \
with different viewing directions are 0.0k=2 2004dk - 20049k 2004
shown for model BPS (red curves, with W™ = s 40° § T 4-D° A mo
the direction denoted by the red tet T 08/ A\ 30° % 3048 ,-r %
and for the less aspherical model BP2 5 .4 \Y /1' 4 N\
(blue), The models shown here have L ; ATV e,
smaller exparsion velodties (come- © D,D-:—‘:i-gpgﬂﬂ?:;-—— _2006F ! “-; Eﬂﬂﬁd{ .
sponding to £ = a few x 10™ e)  { 0gT o4 50T ST A 553"
Ihan the one applied to SN 1998bw "T; / 40 rd \"L 50 N,
= 10* erg) (23). The separation E 0.4 7 \ _/ Ny [; \,
bemleen the two peaks in the double- & | ,/1997dq |/ 2004gn" | _/2005nb
peaked cases 5 ~001 c to 002 ¢, 2 T : ‘D _ gﬂun 4 90
which &5 much larger than the wave- 0.8 N\ 50° “.90° 4 90°
length resolution in the obsenvations 4 / \_\ ™ W
(104 orepondng 0000159, | | /2005k2\].// 2003/d\ /20046
N 80° 70°) f 707
0.8 D //J\anw At gum D JI' || u
0.4 \\ "
0.0l 2005aj ! 2005kl * zgu&f‘*

-0.02 0.00 0.02 -0.02 0.00 0.02 —ﬂﬂE 0.00 0.02

vic

between the two groups. Both are consistent
with the prediciions of model BP2 and show oo
fow double-peaked profiles for model BPS. This
suggests that on average. broad-lined, non-GRB
SNe e are less aspherical than GRB-HNe and
are momphologically closer 1o nomal stnpped
CC-8Ne,

Broad-lined, non-GRE SNe le typically have
smaller £ than GRB-HNe (Fig. 1), There has
been speculation that broad-lined, non-GRB SNe
lc might be intinsically similar w0 GRB-HNe b
viewed oll=axis. leading 1o apparently smaller
Eyx. Although this may still be true for a small
subsat of them, the moderate asphencity infemed
for this group suggests that broad-lined, non-
GRB SNe e are probably intrmsically differemt
from GRB-HNe,

On the other hand. asphencity is nol a spe-
cial featwre of GRB-HNe but rather a genenic
property of stripped CC-SNe. Both broad-lined
and normal stnpped CC-SNe have a moderate
degree of asphericity. All stpped CC-SNe prob-
ably share to some extent a common explosion
mechanism that genertes the same kind of
asphericity, with GRB-HNe probably the most
aspherical.

Our result offers an important insight into the
theory of SN explosions. The most popular
models for high- and low-energy CC-SNe are
in faet different: black hole formation and the
production of a jet in HNe and perhaps broad-
lined SNe le (29 and delaved neutring heating
from the proto-neutron star for normal SNe (30),
In the fommer case, the explosion s probably
initiated along the axis of rotation and'or mag-
netie field (70, 11, 29), whereas in the latter case,
some asphericity may be genermed by hydro-
dynamic instabilities (7-9). The result supports
recent theoretical scenarios of the SN explosion,
which suggest that an imporant role in the
collapse 15 played by hydrodynamic instability,
rolation, or magnetic Tields.

Recemly, Modjaz er af. (3/) showed another
sample of late-time specta of stipped CC-5Ne.
Their conclusions are similar to ours, One SN in
their sample (SN 2(0dao with double-peaked
[ 1]} could be added to our sample according
to our selection critena, It increases the frequen-
oy of double-peaked events, but it does no
changze our conclusions within the uncenaintics.
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Proton Radiography of Inertial

Fusion Implosions

). R. Rygg,** F. H. Séguin,® C. K. Li, ). A. Frenje,” M. ].-E. Manuel, R. D. Petrasso,’t
R. Betti,” ). A. DEIEHIEZ,I 0. V. Gutchw,z ]. P. Mnaum’,2 D. D. Meyrerhufer,z

F. . Marshall,? C. Stoeckl,” W. Theobald®

A distinctive way of quantitatively imaging inertial fusion implosions has resulted in the
characterization of two different types of electromagnetic configurations and in the measurement
of the temporal evolution of capsule size and areal density. Radiography with a pulsed,
monoenergetic, isotropic proton source reveals field structures through deflection of proton

trajectories, and areal densities are quantified through the energy lost by protons while traversing
the plasma. The two field structures consist of (i} many radial filaments with complex striations and
bifurcations, permeating the entire field of view, of magnetic field magnitude 60 tesla and (i) a
coherent, centrally directed electric field of order 10 volts per meter, seen in proximity to the

capsule surface. Although the mechanism for generating these fields is unclear, their effect on

implosion dynamics is potentially consequential.

ical phenomena associated with dynamic,

sieme states of matter—such as those of
high-encrgy-density physics (7, 2} found in iner-
tial fusion (3, 4), laboratory astrophysics (2, 5),
and laser-plasma interaction physics (6)—ane of
fundamental scienufic imponance. A novel meth-
od ol dingnosing ineral fusion implosions has
resulied in the chamctenzation of two disting
eleciromagnetic field configurations that have
potentially consequential effecs on implosion
dynamics. This method also makes possible the
quantitative study of the wempoal evolution of
capsule size and arcal density,

The method involves mdiography with a
pulsed (L] ns), monoenergetic (150 MeV),
quasi-isotropic proton source (7, &) Ficlds are
revealed m mdiographs through deflection of

Idumiliu.'niun and charactenization of the phys-

'Plasma Science and Fusion Center, Massachusetts Institute
of Technology, Cambridge, MA 02139, USA. *Laboratory
for Laser Energetics, University of Rochester, Rochester, NY
14623, USA.

*Present address: Lawrence Livermore National Laboratory,
Livermore, CA 94551, USA

1To whom comespondence should be addressed. E-mail:
petrasso@psfe.mit.edu

proton trajectonies, and arcal densities are quan-
tilied through the energy lost by protons while
traversing the plasma. The imaged samples are
inential confinement fusion (ICF) capsules of the
Fast-ignition (FI) varety (%, 10, initially 430 pm
in mdivs, imploded by 36 laser beams that
deposit 14 k1 of encrgy i a L-ns pulse (8).

For clectricity generation (3, 4) and for
studics of extremely high-energy-density phys-
ics in the Jabomtory (1, 2), ICF secks o release
copious energy by igniting a compressed pellet

Backlighter

Fig. 1. Schematic of the
Capsule

experimental setup. A short
(130-ps), monoenergetic
(energy linewidth AEE <
3%), quasi-isotropic pulse
of 15.0-MeV D*He fusion
protons is generated by laser
implesion of a backlighter
capsule filled with D; and

of fusion [uel. Fuel compression to densities of

300 g/em® or higher will be achieved by ener-
gy deposition onto the surface of a fucl capsule
over nanosecond time scales, either by laser
light (direct drive) or by x-rays generated in a
cavity by laser light (indirect drive). lgnition
and energy gain will occur in a centrmal hot spot,
or, in the FI scheme, by the extremely mpid
{picosecond-scale) deposition of additional en-
ergy, either directly onto the compressed pella
{9 or along the axis of a cone that keeps the
path clear of plasma ablated from the pellet
surface (/).

The 153-MeV (lig. S1), momoenergetic prolon
radiography applicd herein was recently used by
Li e ad. in a different context to investigate ficlds
generated by laser-foil interactions (/f, f2).
Mackinnon ¢ al. (13) used a broad-band, non-
isotropic proton source 1o study six-beam implo-
sioms. though they did not observe cither striated
or coherent field siructures, In addition, carlier
workers, using optical techniques largely sensi-
tive to density perturbations, observed very-
finc-scale radial Nlamems and jets (M4, 15) in
targets driven by one o four laser beams.
However, the chamcter of these structures is
qualitatively different in several ways from the
sinations deseribed i this report [see supporting
online material (SOM) wexi].

In the reponted experimems (Fig. 1), conc-in-
shell FI targets were radiographed before and
during implosion, 1.56 ns afier the stan of the

Target
Capsule (CR-39)

sar drive

Nomgder v ]

doy=1cm

F

*He gas. The ~3 x 10° pro-

W

tons emitted from the 45-um full width at half maximum source region interact with matter and elec-
tromagnetic fields in a cone-in-shell capsule implosion. The position and energy of every proton reaching the
detector are individually recorded on CR-39, encoding the details of the matter and field distributions

surrounding the target capsule.
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laser drive (Fig. 2), shortly afier the end of the
acceleration phase (4). The radiographs were
taken perpendicular o the Au cone axis. Figure 3
shows the expenmental results (which are also
characteristic of many implosions without cones ),
Because the detector records proton fluence and
energy, Fig, 3 shows images illustmting the
spatial distributions of both proton {luence and
I 'FJTIJIUI'I I.."l!ll..'l"l_ﬂ}'.

Five important features are apparent in these
images. First, the character ol the isotropic and
moneenergelic proton source is reflectad in the
uniform background of Fig. 3, A and €. Second,
a complex filamentary structure is seen in the
Tuence image of Fig. 3B. The uniform energy
seen omside the capsule in Fig. 3D demonstrates
that the fluence stnanons are due o cleciro-
magnetic dellection mther than o scattering
through plasma density Hlaments. Third, sub-
stantial plasma blowoll from the cone casts a
much wider shadow as the capsule 15 mmploded.
Fourth, a signiticant enhancement of the proton
Nuence at the center of the imploded tarzet (Fig.
3B) suggests the presence of a radially directed,
focusing clectric field. Finally, radial compres-
sion of the capsule by a factor of two is seen in
Fig. 3D. The basic repeatability o' the feld struc-
ture and capsule compression was demonstrated
by radiogrmphs taken at the same relative time but
on different implosions,

In the radiographic images, Neld structure is
studied by means of the spatial distribution of
proton Muence. The proton-path - integrated clec-
e (£) or magnetic (8) field can be cstimated
from the angular dellection 8 of protons of
energy £y passing through the field region:

JE.dl = 2(Ey fetan @ (1)
1B > dl = (myv, fe)sin @ (2)

tan B = ME/(taq ~ dosj) (3)

mulralnpu uf hlghiuhall dlanslty

1.5

t(ns)
Fig. 2. Cone-in-shell capsule drive pulse (blue
line), simulated {17) shell trajectory (black lines),
and experimental backlighter proton arrival time t
tred line), Simulations predict that the shell has
compressed from its original radius by about a
factor of two, and the pR has doubled to 5 mg/em?
when the backlighter protons arrive at 1.56 ns
(OMEGA shot 46529). a.u., arbitrary units.

25

where mr, B the proton mass, v, 15 the proton
speed, ¢ is the fundamental unit charge, the mag-
nification M = 25, and dyy and dey are the dis-
tances from the backlighter capsule to the detector
and to the tareget capsule, respectively (Fig. 1),
The deflection angle is determined by measur-
ing the apparent displacement § of protons in
the target plane via Eq. 3,

Arcal density at different positions in the
target capsule is studied through the downshill in
proton energy relative 1o the incident amengy of
15.0 MeV. It is proportional to the amount of
matter traversed between the source and detector
(16, quantificd by pl (= fpdt).

Radial lincows of the images in Fig. 3 are
shown in Fig. 4. In the fluence lincout for the
imploded tarzet (Fig. 4B), the value near radius
r =0 pm is markedly enhanced relative to the
values at large mdin (by a factor of three) and at
r= 200 pm (by a factor of six). To explain this

Fig. 3. Images of a 430-um-radius
spherical plastic capsule with attached
Au cone, before and during implo-
sion. (A and €} The unimploded cap-
sule used in OMEGA shot 46531,
(B and D) A capsule at 1.56 ns after
the onset of the laser drive (OMEGA
shot 46529). The dark areas corre-
spond to regions of higher proton
fluence [in (A) and (B)] and regions
of lower proton energy [in (C) and
{D)]. The energy image values in
the region shadowed by the cone
are mostly noise because very few
protons were detected in that re-
gion. See lineouts in Figs. 4 and 5
far image values.

A

result, we found that a radial clectric ficld of
about 1.5 * 10" V/m is necessary to “focus™
15.0-MeV prodons, to the extent observed, pass-
ing near = 200 pwm toward the center, Scattering
15 insuflicient to explain this result (g, S4).

We conjecture that this coherent ficld is a
conscquence of a large, ouward-directed elec-
tron pressure gradient that exists in the vicinity of
the fucl-shell interface. Such a ficld might be
expected 10 occur during, and shonly afier, the
acceleration phase of the implosion in which
substantial shell mass s rapidly assembled and
compressed. Such an electric field-—given by

VI ene, where Pl and n, are the electron pres-
sure and density—his been observed e the
context of other recent laser plasma experiments
(11). If this conjecture 15 comect, luture mca-
surements of the evolution of this coheram £ icld
might effectively map capsule pressure dynam-
ics throughout the implosion. Such information

Unimploded Imploded

2400 pm

cluding the region of the cone

Fig. 4. Experimental (exp.) Unimploded capsu Capsule at 1.56 ns
radial lineouts (red lines) of [Trrnro 'AJ R
proton fluence and pl from F - : ]
Fig. 3. All lineouts are aver- _ capsule. 11 :“?:1::,:‘:: h! m" |
aged over the azimuth, ex- | surface, | :

|

shadow. (A and C) Unim-
ploded capsule of OMEGA
shot 46531. (B and D) Cap-

2
(]

T

proton fluence (um?)
o o

sule of OMEGA shot 46529,

1.56 ns after start of laser
drive. The fluence lineout (A)
shows the effects of angular
scattering through the imb of
the capsule shell. In (B}, an- E
gular scattering effects alone
are insufficient to explain the
peak at r = 0. A radial electric

114.2

(now) < 3>

414.6

field of ~10” V/m is necessary
to focus the protons to the
extent observed. In (C) and

r (um)

bl L1450
1000

r{pm)

(D}, radial lineouts of the mean energy images in Fig. 3 were converted to pL. Also displayed are the actual
pL (C) and simulated pl (D), assuming no angular scattering (black line). pR is given by pLi2 at r = 0.
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would be invaluable in assessing implosion
performance.

Lineouts of the mwan energy images of Fig. 3,
C and D, can be used to infer the mean path ancal
density pL, shown in Fig. 4, C and D. The pl
lincout of the unimploded tarzet (Fig, 4C) gives
an initial radial arcal density (pR) of 2.5 mg/em?,

which is very close w the actual initial pR of

2.4 mgem®. Scattering of protons smears out
measured pl valucs near the limb of the shell at e =
410 wm. Both measurement and simulation (/7)
indicate a lactor of two reduction in capsule
radius m 156 ns. However, the pd. lineout of the
imploded capsule at 1,36 ns (Fig. 4D) implies
that the capsule pR has increased w0 10 mgiem®,
which is twice the 5 mg/em” predicted by numer-
ical simulation. This high apparent expenmental
pR s due in pan o scattening and in part o E-
field tocusing of the lower-enenzy prolons pass-
ing through the limb of the capsule shell,
Returning 1o the filamentary Bields, we note
how the outer edge of the coherent field merges,
at a boundary just outside the imploding capsule,
into the striated fields. As illustrated in Fig. 5C
and fig. 53, the stnated fields orginate inside the
critical surface. which is extremely close 10 the
capsule surface. Azimuthal lincouts of the proton
Muenee image of Fig, 3B o radii 430 and S60 pm
show the amplitude and scale of proton Muence
vanations (Fig. 5) due o strimtions. Peak-wo-valley
Nuence modulations ofa factor of four are seen at
both mdii. The typical angular oscillation period
15 207 and 10° for the inner and outer radii, respec-
tively, comesponding to the same spatial distanee
between stnations of 130 g This distance implics
a detlection angle of 0.45°%, which gives a path-
imegrated magnetic ficld J8 > o of 4000 T-pm.
Assuming an integration path length equal 1o the
typical width of siriotions (75 pm) results in a
magnetic field strength of ~60 T, I the Muence
variations are instead due 1o £ lields, the field
strength required is -3 = 10* Vim, although quasi-
neutrality of the coronal plasma with no laser
energy source makes this imterpretation unlikely.
The occurrence ol such strong inhomogene-
itics inside the critical surface ~0.5 ns after the
laser drive ends suggests that substantially
larger ficlds are likely present just before laser

shutofl (48, /9). This situation would be
reflected in a Hall parameter (wrt) of order | or
larger, the inverse square of which reduces the
classical electron heat transport (18, 19), This
situation would result in the inhomogencous
inhibition of thermal trnspont over the capsule
surtace, altering even the zeroth-order hydrody-
namics (19, 20), Whether the source of these
inhomogeneitics is Rayleigh-Taylor (RT) (21},
clectrothermal (2409, collisional Weibel (14, 18),
or another instability, they could provide seeds
for RT growth, which, il wo substantial, could
degrade capsule compression and quench igni-
tion dunng final stagnation phase (#, 18, [9),
These issues are being actively investigated,

It seems plausible that enher the cleciro-
thermal or RT mstability could be the relevant
source. Ongoing planar experiments, in which

RT was purposely sceded, measured 8 ficlds of

order 100 T with the use of the monoenergetic
particle methods deseribed here (soe SOM text).
Furthermore, estimates [based on (19)] of the
RT-generated B lield under similar conditions
give ficlds of the same magnitude (see SOM
text). Radiography of driven solid plastic cap-
sules, which undergo no acceleration to drive
RT growth, could be used to detenmine whether
RT is a comributing mechanism,

Finally, the vast spatial exiemt of these
stnated fields likely rellects their outward
convection resulting from the plasma Mow,
because the Nelds are tied o the outllowing
plasma resulting from high plasma electrical
conductivity. We conjecture that  these  madio-
graphic images thus provide snapshots of fila-
mentary structures onginally produced inside
the critical surfice a1 various times during the
implosion.

Twao distincily different, simuhancously oc-
curring electromagnetic field structures, with
important implications for implosion dynamics,
have been chamcterized in imploding ICF cap-
sules, First, a complex flamemary field wpology
permeates the entive 2400-um ficld of view with
striations corresponding o 60-T magnetic ficlds.
This field. through the inhomogencous inhi-
bition of heat Mux in the vicinity of the ablation
surface, could gencrate sceds for RT growth,

Fig. 5. Circular lineouts of proton r.En_s ~—r T
fluence obtained from OMEGA = :A
shot 46529 at radii of 430 um §ga-

=

(A) and 860 pm (B). The filamen-
tary structures represent a 2D
projection of a 30 field structure
that originates inside the critical
density surface (C).
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thereby affecting the overall implosion dynam-
ics (4, 6, 19 2% Second, a coherent, radial
clectrie ficld of magnitude 10" V/im exists in
the immediate vicinity of the capsule, dramat-
ically focusing protons toward the center (22).
This hitherto-unobserved licld is conjectured
o originate from the gradienm of electron pres-
sure, I verified, a window for analyzing the
evolution of the imtemal pressure dynamics is
opened; this would be of immense value for crit-
ically assessing the entire implosion process,
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Long-Range Order in Electronic
Transport Through Disordered

Metal Films

S. Aigner,™® L. Della Pietra, Y. Japha,® 0. Entin-Wohlman,? T. David,’

R. Salem,? R. Folman,? ]. Schmiedmayer™*

Ultracold atom magnetic field microscopy enables the probing of current flow patterns in

planar structures with unprecedented sensitivity. In polycrystalline metal (gold) films, we
observed long-range correlations forming organized patterns oriented at £45° relative to the
mean current flow, even at room temperature and at length scales larger than the diffusion length
or the grain size by several orders of magnitude. The preference to form patterns at these angles
is a direct consequence of universal scattering properties at defects. The observed amplitude

of the current direction fluctuations scales inversely to that expected from the relative thickness
variations, the grain size, and the defect concentration, all determined independently by standard
methods. Ultracold atom magnetometry thus enables new insight into the interplay between

disorder and transport,

hin metal films are the classic environ-
I ment for studying the effeet of geometric
constraints (£, 2) and erystal defeets (3. 4)
on the transport of electrons. In a perfectly straight
long wire that is lree from structural defects, a
dircet current strictly follows the wire direction
and creates a magnetic ficld in the plane per-
pendicular to the wire, An obstacle may locally
change the direction ol the current and conse-
quently locally rotate the magnetic field close o
the wire by an angle [ in a plane pamlle] o the
plane of the thin-film wire.

Ultracold atom magnetometry (5, 6) on
atom chips (7-9) allows for the sensitive prob-
g of this angle [ {and its spatal vanation ) with
mictorad (mictometer) resolution.  Relative 1o
scanning probes having micrometer-scale spatial
resolution and 107 T sensitivity, or superconduct-
ing quanium interference devices (SQUIDs) hav-

. = e . - .
ing 10777 T sensitivity but a resolution of tens of

micrometers, ultracold awm magnetometry has
both high sensitivity (107" T) and high resolu-
tion (several micrometers) (6). In addition, ultra-
cold atoms enable high resolution over a large
length scale (millimetersy in a single shot (J0),
This emables the simultancous observation of mi-
croscopic and macroscopic phenomeni, as de-
scribed below,

Using cold atoms just above the transition
to Bosc-Einstein condensation (BEC), we ap-
plicd uliracold atom magnetometry 1o siudy the
cument deflection in three different precision-
fabricated polyerystalline gold wires with a
rectangular cross section of 200 pm and dif-
ferem thicknesses and crystalline grain sizes
{Table 1) (£1). Choosing the wire length along

'Physikalisches Imstitut, Universitdt Heidelberg, Philoso-
phenweg 12, 69120 Heidelberg, Germany. “Atominstitut der
Osterreichischen Universitdten, Technische Universitat Wien,
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a. its width along v, and its thickness along =,
Fig. 1 shows the maps of the angular vanations
B, v za) = 8B4, 1. z0)B, of the magnetic field
created by a current of 180 mA Towing along
the wire, measured at =y = 3.5 um above ils
center (far from the edges).

Even though scattering by lattice vibrations
{phonons) quickly diffuses the electronic motion
al ambient temperature, long-range correlations
{tens ol micrometers) in the current flow pat-
tems can be seen. This is swprising, as the ef-
lects ol static defects ane usually observed only
on a length seale of severl nanometers (12, 13).
We observed elear pattermns of elongated regions
of maximal curent flow deviations [ inclined
by about +45% 1o the mean current flow diree-
tion. This angular preference was present in all
the measurements, independent of wire thick-
ness or grain size. This preference can be quan-
tified by the nommalized angular power spectra
pi) = [dik Pk, 87 of the magnetic ficld pat-
tems, where K is the wave vector of the Fourier
transtorm of the measured Bix, vd (Fig. 1).

We observed considerable diflerences in the
magnitude and spectral composition of the mag-

netic ficld vanations above wires with different
thicknesses, Table | summariecs the main obscr-
vations and wire propertics. The magnitude of
B scales contrary to the surtace cormugations when
comparcd to the thickness: the thinner films (£ =
250 nm) have the largest relative thickness var-
iations but show the smallest cumment directional
variations. Moreover, the thin wire with the lage
griins (grain size 150 w0 170 nm) shows the
smallest variations (B = 39 prad), much oo
small 10 be explained by the measured top sur-
face roughness &™%H = 1.7 = 107 of the
zold [ilm,

The observad magnetic ficld vanatons caused
by the cumment direction variations are orders of
magnitude smaller than those reponied n studies
of “fmgmentation” of cold atom clouds on atom
chips [for a review sece (9] These previously
reporfed  fragmentation  measurements can be
fully explaned by comugations in the wire cdges
(14, 15} In the present study, the effects caused
by the wie edge roughness are strongly sup-
pressed by the much-improved fabrication ({1, [6)
and the flat, wide wire geometry (where the ratio
between the distance 1o the wire surface and the
distance o the wire edge is very high) (/7).

To analyee the underying mechanism lor
the current direction deviations, we consider a
thin flm {conductivity agb in the -y plane with
a regular current JupX = g E™_ where the elec-
tric field E™ is in the & direction. We consider
the effect of small Muctuations in the conduc-
tivity Saix) on the current Now (/). The current
flow around a cireular defeet (Fig, 2, A and B)
generates a dipole field with a tramsverse com-
ponent EI‘_" w s 20 (M, causing the current
licld o be repelled from the defieet (for 8o < 0)
or attracted 1o the defect (for 6o > 0), and a 45°
pattern in the transverse cument flow formes.

A second illustration is a conductivity siep
(o) inclined by an angle @ o the cumemt flow
direction (Fig. 2C). The resulting current density
Nuctuation is

: BG , L 2. oy S
ad = .0y — (sin® 0% ~ cos @ sin i) (1)
8'j]

Table 1. Properties of the wires under investigation [see text and (10) for definitions]. All measurements
were done on the chip used for the cold atom experiment except for the low-temperature resistivity, which
was measured on a duplicate chip made with an identical {simultaneous} fabrication process (10},

Wire A B C
Thickness H (um) 2.08 0.28 0.28
Grain size (nm) 60 to 80 30 to 50 150 to 170
Resistivity at 296 K {pohm-cm) 2.73 31 2.77
Resistivity at 4.2 K (pohm«cm) 0.094 0.316 0.351
Atom temperature (nK) 286 £ 15 173 £2 w27
Measurement height (um) 3504 3403 3.7+04
&2™ (atomic force microscope) (nm) 9.4 15 31
62™ (white-light interferometer) (nm) 1.31 0,42 0.48
52"™/H (white-light interferometer) {(x10"% 0.629 1.500 1.714
Bems (mrad) 0.168 0.0715 0.0388
ﬂpp {mrad) 0.4 0.2 0.1

Ap (um) 77 46 48
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(/. The transverse cument component Jf, s
again proportional o sin 28, which 15 maximal
tor conductivity steps inclined by B = =457,

In a metal film, we expect to find a random
pattern of conductivity Nuetuations daix). It can
be constructed from a random spatial distribu-
tion of the above basic clements: microscopic
circular defiects or macroscopic conductivity sieps
of differemt angles. The relation between the mi-
croscopic and macroscopic phenomena for cach
of these models is described in (/40).

For a gencral quantitative analysis, we ex-
pand an arbivary distabution $o(x) in a Fourier
series of plane waves of the fornm 8a(x) = By
sinfkx + @) where K = (ke &) = Keos Oy, sin

Fig. 1. (A to €} Mag-
netic field angle fluctua-
tions [} (color scale bars,
mrad) above the three
different polycrystalline
gold films described in
Table L These fluctua-
tions are due to varia-
tions in the direction of
the current flow and are
thus sensitive to &J,. The
appearance of £45" pat-
terns is clearly observable
and reflects a correlated
scattering of the elec-
trons. (D) Quantification
of the angular pattern
by the normalized angu-
lar power spectral density
plo¥maxip). The red bars
indicate the uncertainties
given by different proce-
dures to account for the
finite size of the sample.

% (um)

Gy} and o is an arbitrary phase. Each plane wave
contributes to the cument Muctuation angle o =
if/dy according to Eq. |, giving alk) = —sn
20 (Bog20p) and resulting in the observed 45°
pattern.

The resulting magnetic fickd angle Muctua-
tions at height = above the wire s dircetly re-
lated to the current uctuations by

Blk. z) = expl —kz)a(k)

dok
exp( Az} —sin 2 (2)
exp = sin 2k

bd| =

which exhibits the same angular dependence,
The exponential term expl-&2) represents 2

Fig. 2. (A) Current scattering by drcularly symmetric (disk) local conductivity variations éa < 0. (B) The
transverse { ¥ ) component of the current is proportional to sin 2. (C) Direction change of a current
flow due to a conductivity step defect inclined by an angle © relative to the current flow direction x. The
conductivity is o everywhere except in the shaded area, where it & oy + do (6o > 0 in this example).
Again, the electron scattering amplitude is proportional to sin 20. For details see (10).
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resolution limit, such that the cifects of curment
changes on a lengih scale smaller than 2nz are
suppressed m the spectum of the magnetic ficld
Muctuations, Starting from random conductivity
Muctuations with a nonwhite spatial frequency
distribution, the angular dependence sin 20 will
cmerge, giving risc 1o the observed +43° pref-
erence, We have simulated such mandom mod-
els, and the observable B fomms two-dimensional
(2D) maps similar to those in Fig. 1 (/). The
vanations éa(x) in the conductivity o in a thin
metal film are caused by contributions from two
physical origins: (i) bulk conductivity vanations
in the metal, and (ii) vadations in the bounda-
rics, namely variations in the thickness #H of the
lilm 8Hix) leading to a change in the conduc-
tvity per unit arca 8o = apdff A,

To investigate whether the observed curment
florw deviations are related 1o comugations in the
top surface of the wire, we measured the surface
topogrmphy of the wires with a white-light inter-
lerometer. No angular preference inherent in the
structure of the wires was found. Consequently,
the angular pattem in the magnetic feld varia-
tions presented in Fig. 1 must be a pure propenty
of the scattering mechanism of the current flow
by the wire delects, as outlined above. More-
over, when we calculated the 2D magnetic ficld
at 3.5 pm above the sudace, using the white-
light interferometry measurements and the as-
sumption &fx) = dz.(x), we could not find a
reasonable it between the latter and the mag-
netic mapping done by the atoms (Fig. 1) A
detailed analysis of the top surface cormiga-
ions 8z, (Fig. 3) shows that they are signif-
icantly larger for the thick film than for the wo
thin films, cspecially at shon length scales,

To quantify our findings, we compared the
power specira of the measured magnetic fickd
varations to those cleulated from several mod-
cls on the basis of the measured top surface
varations, an assumed bottom surfice mough-
ness, and possible inhomogeneitics in the bulk
conductivity (Fig. 4). For the two thin wires B
and C, the measured power spectra of the mag-

netic field variations are lower (by two arders of

nugnitude for large wavelengths) than predic-
tions based on a model with a (i botom surface
(6H = 6z.) 1IN we assume that the top surface
exactly follows the botiom surface (62, = dz), a
lower bound on the mfluence of the surface on
magnetic fickd fluciuations can be obtained, as
this conliguration produces vertical currents
whose contnbution 1o the longitudinal magnetic
field, 1o which our expeniment is sensitive, is very
amall. The measured data are in between these
WO G,

A Tair it of the measured spectrum for the
thin wires is obtainad i we assume that the wop
surface partially  ollows the lrge-wavelength
Nuctuations of the bottom surface, whercas in-
dependent NMuctuations of the op surface exist in
the shorter scale. For such a model (), we as-
sume 8z.(&) = dzulk) exp| {k-".kuj:j. Note that
the resulting avermge thickness variations are
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extremely smalk 6™ < 1 A (with 84 = 6™
5=™), This value of 84™ refers to length
scales lenger than | pm, whereas atomie foree
microscope measurements showed much larger
surface variations on the scale of the grains
{Table 1),

The situation is dilferent for the thick wire
AH =2 um)y, Models assuming a flat bottom
surface (64 = 8z,) underestimate the measured
magnetic licld vadations, as do models assum-
ing a cormugated bottom surface 62 with a spec-
trum similar w that of wine B and no comelations
with the wop surface, The difference between the
surface models and the measured data of wire A
can be atnbuted 0 Muctuations in the bulk con-
ductivity. A model taking the maximal contnbu-

tion of surface roughness (uncomelated op and
bottom surfaces) o account gives the minimal
required contnbution of the bulk conductivity
Muctuations (/M I we apply the same minimal
bulk conductivity fuctuations as obtained from
wire A 1o the two thin wires B and C, they
overestimate the measured magnetic ficld Nuctua-
tions substantially for both wires and give a
differemt spectral shape, This indicates that the
bulk conductivity of the thinner wires should be
more homogeneous than that of the thick wire,

A more homogencous bulk conductivity in
the thin wires, however, appears 1o be contr-
dictory 1o the fact thm the low-temperature
resistivity s smaller for the thick wire than for
the thin wires (Table 1) Nonctheless, we note

Fig. 3. Radial spectrum of the top surface 0.2 ™ r I =
corrugations 5z, )l = [(2=)) bz, bk, 0N
for the three wires measured with a white- Bl
light interferometer. Note the considerable 0.05
difference between wire A and wires B and C.
Measurement noise level was calculated by E
averaging over many partly overlapping £ 902
images (10), = oo
H+
0.005
0.002
0.001 . . :
005 0.1 0.2 0.5 1 2
k (2 mfum)
A B [
107 ¢
10° |
f [ ]
ICI_!I r
e
T 107%
107"}
1072}
il R R
0.m 0.1 1 0.0 o1 1 0.01 01 1
k, (2rfum) k, (2n/um) k, (2rn/um)

Fig. 4. Comparison of surface and bulk model calculations (lines) with the measured power spec-
trum Plk,) = i, | P(ks ky)|® of the magnetic field angle | along the x direction above the three wires
(points). Blue: Top surface dz, as in Fig. 3 with flat bottom surface 6z_ = 0. Red: Top surface follows
bottom surface 6 z, = dz_ (i.e., no thickness variations). Green: Partially correlated top and bottom
surfaces for wires B and C. For the thick wire A, we assume Gz_{k} as in wire B, which is correlated
(purple} or uncorrelated (light blue) with the top surface. The latter gives the closest estimate for the
experimental data but gives a [ value that is only about half of the measured value. Black: Afit to a
model assuming bulk conductivity fluctuations, The shaded area represents a 1-SD range obtained by
varying the relative phases of different spectral components Solky, k). See (10).

that this resistivity is mainly determined by the
small-scale propertics of the wire (on the order
of the gran stee or less) and by surface scatter-
ing, whereas the magnetic ficld variations probe
the conductivity inhomogencitics at a larger scale
and provide complementary  information  that
would not be available by stindard methods.

Our analysis furthermore suggests (10} that
the differences in the length scale &y of the var-
iation in B, s scen in Fig, | and quantified in
Table 1, may orginae from the fact that con-
ductivity variations in the thin wires (a result of
thickness vanations) are suppressed at long length
scales because of op and bottom surface cor-
relations, In contrast, conductivity vanations in
the thick wire origimate at all scales from a com-
bination of thickness vanauons due 1w uncome-
lated top and bottom surfaces and a dominant
coniribution of bulk conductivity inhomogeneity.

Our study constitutes a direet application of
ultracold atoms as a probe for sold-stae sci-
ence. The exceptional sensitivity of the ultracold
atom magnetic field microscope (3, 6) allowed
us 1o observe long-range pattems of the current
flow in a disordered metal film. The prefer-
ence of features with angles around =45° in the
measured angular spectrum of the current Tow
fluctuations is due to the universal scattering
proportics at defects. A detailed quantitative anal-
yais reveals that the observed cument dinectional
Nuctuations at different wires exhibit diverse
and unexpected properties due o differem
phvsical ongins. Our resulis clearly demonstrte
the power of the ultracold atom magnetic feld
microscope 0 study details of the current ow
in conductors, as well as is ability o neveal
previously inaccessible information. This 1ech-
nigue may be expecied o stimulate new studies
of the merplay between disorder and coherem
transport in a varety of systiems manging from
high-T; superconductors (/5) 10 2D electron
gases (fY) and nanowires (20,
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Ultrasmooth

Graphene Nanoribbon Semiconductors

Xiaolin Li,* Xinran Wang,* Li Zhang, Sangwon Lee, Hongjie Dait

We developed a chemical route to produce graphene nanoribbons (GNR) with width below

10 nanometers, as well as single ribbons with varying widths along their lengths or containing
lattice-defined graphene junctions for potential molecular electronics. The GNRs were solution-
phase~derived, stably suspended in solvents with noncovalent polymer functionalization, and
exhibited ultrasmooth edges with possibly well-defined zigzag or armchair-edge structures.
Electrical transport experiments showed that, unlike single-walled carbon nanotubes, all of

the sub—10-nanometer GNRs produced were semiconductors and afforded graphene field
effect transistors with on-off ratios of about 107 at room temperature.

raphene (single-laver graphite) has
emerged as a material with imeresting
low-dimensional physics and potential

applications in electronics (/-6), Graphene
nanoribbons (GNRs), if made into gquasi-one-
dimensional structures with namow  widths
(==10 nm) and momically smooth edges, are
predicted 1o exhibit band gaps useful for oom-
temperature tmansistor operations with exeel-
lent switchng speed and high carmer mobaliy
ipotentially even ballistic transport) (7-43).
Recent theoretical work predicted that quan-
tum confinement and edge effects make narrow
GNRs (width w < ~10 nm) into semiconduc-
tors, which differs from single-walled carbon
nanotubes (SWNTs) that contain ~1/3 metallic
species.,

Lithographic pancming ol graphene sheets
has fabricated GNRs down 1o widths of ~20
nm thus far (/2, 1.3), but there are difficultics in
obtaining smooth odaes (Tor example, with rough-
ness < =5 nm) and reaching true nanometer-scale
ribbon width. Chemical approaches (J4-17) and
self-assembly processes may produce graphene
structures with desined shape and dimensions lor
[undamental and practical applications.

We report that, by using a widely available and
abundant graphite material, we can develop simple
chemical methods o produce GNRs, We exfoli-
ated commercial expandable graphite { Grafzuand
160-30N, Grafieeh Incorporated, Cleveland, OH)
by briel (60 ) heating o 1000°C in forming gas
(3% hydrogen in argon). The resulting exfoliated
graphite was dispersed in a1 2-dichlorocthane
(DCE) solution of polvim-phenvicneyinyicne-co-
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Materials, Stanford University, Stanford, CA 94305, USA,
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2. 5-dioctoxy-p-phenyvlenevinylene) (PmPV) by
sonication for 30 min o fonm a homogencous sus-
pension, Centrifugation then removed large picces
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of materials from the supernatnt (Fig. 1A and
fig S1)(18%)

We used atomic force microscopy (AFM) 1o
charcierize the materials deposited on substrates
fromm the supematant and observed numernous GNRs
with various widths ranging from w -~ 50 nm
down o sub=10 nm (Fig. 1, B o F). Topographic
heights of the GNRs (average length ~ 1 pm)
were mostly between | and L8 nm, which cor-
respond 1o a single layer (e.g., Fig. 1B, lefl image)
ora few layers (mostly =3 layers) Smooth edges
were observed for the GNRs, with edge rough-
ness well below dbbon width even forw = 10 nm.
Accurate measurements of GNE width were dif-
Ficult because of the finite AFM tip adius (- 10 1o
20 nmy), especially for ultranarow dbbons, To
circumvent the problem, we used the same tips
measure the apparent widths of Hipeo (Carbon
Nanotechnologics  Incompormted, Houston, TX)

Fig. 1. Chemically derived graphene nanoribbons down to sub-10-nm width. (A) (Left) Photograph of a
polymer PmPWDCE solution with GNRs stably suspended in the solution. (Right) Schematic drawing of a
graphene nanoribbon with two units of a PmPY polymer chain adsorbed on top of the graphene via =
stacking. (B to F) AFM images of selected GNRs with widths in the 50-nm, 30-nm, 20-nm, 10 nm and sub-
10-nm regions, respectively. A substrate (300-nm-thick Si0/p™"5i) was soaked in a GNR suspension for 20
min for deposition, rinsed, blow-dried, and caldned at 400°C to remove PmPY before AFM. Some of the
GNRs narrow down to a sharp point near the ends. In (B), left ribbon height ~ 1.0 nm, one layer; middle
ribbon height ~ 1.5 nm, two layers; right ribbon height ~ 1.5 nm, two layers. In (C), the three GNRs are two
to three layers thick. In (D), ribbons are one (right image) to three layers. Two GNRs crossing in the left image
are observed. In (E), ribbons are two- to three-layered. In the middle image, a single ribbon exhibits varying
width along its length with mechanical bends (bright regions) between segments. In (F), the heights of the
ultranarrow ribbons are ~1.5, 1.4, and 1.5 nm, respectively. All scale bars indicate 100 nm.
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SWNTs in a diameter-separated sample and
deduced up size (181 All GNR widths reported
m this work have ther basis in AFM mcasure-
ments after correctmg Tor the tp-size elleet.
Transmission electron microscopy (TEM,
fig. S5) (/8), clectron dilfraction (fig. S5) (15),
and Raman spectroscopy ( lig. 56) (/8) (graphene
G-band) were wsed 10 chamctenze the GNRs,
Because of their topogrphical resemblance 1o
SWNTs, we carnied out extensive control experi-
ments 1o ensure that the sub-10-nm GNEs in our
samples were not SWNTS present from contami-
nation or other causes, For example, we per-
formed surface-enhanced Raman measurements
on many GNR samples deposited on Au sub-
strmtes and never observed any radial breathing
modes mirimsic o SWNTs (fig. S6) { f8). Funther,
all of our w =< 10 nm GNRs were semiconductors
{see below), unlike SWNTs, which form as mix-
tures in which one-third of nanotubes are metallic,
The formation of our GNRS constitules sev-
eral Key steps. First, =350pum-seale praphute flakes
were made into expandable graphite by chemical
intercalation of oxidizing sulluric acid and nitde
acid, with oxidation of carbon atoms likely oc-

curring at the edge, step, and defect sites of

graphite (/9, 20), Sccond, rapid heating of the
expandable graphite w 1000°C caused violent
formiation of volatile gascous species from the
intercalant and exfolimes graphite o a loose
stack of few-layered graphene sheets. This ther-
mal exfoliation step is critical and responsible for
the fommation of one- to few-laver graphene and

Fig. 2. Graphene nanorib-
bors with interesting morphol-
ogies and graphene-junctions.
(A and B} AFM images of
GNRs with junctions formed
by different graphene struc-
tures at the two sides of the
junctions. In (A), a w ~ 25 nm
ribbon {two layers) forming
a junction with a wedgelike
graphene. In (B), a single-
layer (height ~ 1.0 nm)
graphene structure with three
graphene segments of dif-
ferent widths forming two
junctions. The well-defined
120° angle of the top junction
suggests that the graphene
segments near the kink Likely
have zigzag edges, as shown
in the schematic drawing of
the inset. (C and D) AFM im-
ages of knifelike graphene
ribbons with width changing
narrowing down from tens of
nanometers to ultra sharp
points. In (C, the ribbon is

wis evidenced by a visible, dramatic volume ex-
pansion of graphite by =100/ to 200 times afier
extolanon (fig. S1) (/&) The 1000°C wreatment
can also reverse oxudanon and functionalization
ol graphite by thermally desorbing covalently at-
tached species and repair defects (21),

Solutton-phase sonication and functionaliza-
tion by PmPV of few-layered graphene sheets
formed by 1000°C exfoliation led 1o stably sus-
pending graphene in DCE, The PmPY conju-
gated polymers (Fig. 1A), known 1o adsorb onto
SWNT sidewalls via = stacking, noncovalently
functionalized the exfoliated graphene 1o aflord a
homogeneous black suspension during sonica-
tion (fg. S1Y (18, 22, 23). We were not able 10
form homogencous suspension by the same pro-
cess without using PmPV, We suggest that
sonication s responsible for chemomechanical
breaking ol the stably suspended graphene sheets
into smaller preces, including nanonbbons., Sono-
chemistry and ulirahot gas bubbles mvolved m
sonication cause graphene 1o break mto various
structures, with an appreciable yvield of GNRs.
The supernatant alier centrifugation contains
micrometer-sized grphene sheets and GNRs
(albeit at lower yield than sheels) in various
sizes, shapes, and momphologics,

Besides regularly shaped ribhons, we observed
graphene structures that were shaped irregulardy,
such as wedges (Fig. 2). GNRs with bends and
kinks (Fig. 2, A, B, and E), and nbbons coming
ofl larger picoes of graphene with varving widths
along the ribbon length [Fig. 1E, middle image,

monolayer graphene with height ~ 1.0 nm. Inset of (C) A schematic drawing to illustrate the sharp tip. In
(D}, the ribbon is three-layer graphene with height ~ 1.9 nm. (E} AFM image of a GNR with several bends
and folds involving mechanical deformations. It is a monolayer graphene ribbon with height ~ 1.1 nm.,
Inset of (E) A schematic drawing of the ribbon. All scale bars are 100 nm.
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and tig. 55, TEM data (/8)]. These results sug-
gest that GNEs could be formed by breaking ol
namow picees of graphene from larger sheds
during somication. However, we found that con-
tinuous senication docs not lead w higher yield of
CGNRs and that the degree of sonication necds o
be controlled for optimal vield of GNRs. lmaging
with AFM indicated that almost no sub-10-nm
ribbons were obtained il sonication were excessive
{ for hours ) because of continued cutting and break-
ing of Abbons into small particle-like structures,

The observed graphene nanoribbons namow-
ing down o diminishing widih and 1o a poim
(Fig. 2, C and D) indicate that GNRs reaching
true nanometer dimensions with polentially stomic-
scale smoothness can form. GNRs comprised of
segments of varying widths (Fig. 1E, muddle
mage, and 2B) could be used for graphene mo-
lecular electronics with varying band gaps along
the ribbon. Interestingly, GNR junctions with
sharp kinks at 120° angle were observed (Fig.
2B} apparently through the jommg of two GNRs
with edges along well-defined atomic lattice of
graphane (such as zigeag edges). Single-layered
GNRs displayed remarkably mechanical flexibil-
ity and resilience, with mechanical bending and
folding without obvious breakage (Fig. 2E).

Next, we fabricated feld-effect transistor
(FET)-like devices with our GNRs (w ~ sub-
10 nm 1o ~55 nm). The deviees had palladium
(Pd) as source/drain (S/13) metal contacts (chan-
nel length £~ 200 nm), a p™ =51 backgate, and
J00-nm S0, as gate dielectrics (J8). We ob-
served that the room-temperature on-ofl” curment
switching (Ll induced by the gate volage
merensed exponentially as the GNR width de-
creased, with £/ g =1, =5, ~100, and 10% for
wo= 30 nm [fig. $7 (/8)], w ~ 20 nm |fig. 87
(/&) w = 10 nm (Fig. 3A), and w - sub-10-nm
(Fig. 3C) GNRs, respectively. This wend was
consistent with lithographically fabricated GNRs
with w = 20 nm (/2). Importantly, all of the w
sub-10-nm GNRs characierized in our experi-
ments (more than 30, with no exceptions) exhib-
ited £/ Ly = !Hf‘qf-‘ig. 4A) evenunder a S/ bias
Vg up to =1 V. This suggesis that the GNRs are
semiconducting and have substantial band gaps.
This result is i stark contrast (o0 SWNTs (with
circumierence - sub- 10 mn, or diameter < <3 nm)
that contaim 1/ 3 metallic species. Thus, our chem-
ically denved GNRs allord graphene transistors
with onders of magnitude onolt switching at
FOCHT Lemperatune,

We could estimate the band gaps (£) of our
GNRs by Joo/forr oo explEy/Ani) (where Ay is
the Boltamann's constant and 7is temperature) in
our p-type uni-polar GNR FETs because the off
current of the device was thermally activated
through a body-Schouky barrier (SB) 10 the
conduction band on the order of £, [the SB 1o
holes in our GNR FETs was small, as is the case
for Pd-comacted SWNT FETs, because of the
high work function of Pd (24}]. The band gaps
extracted this way were [it into an empinical form
of EgleV) LE_ (Fig. 4B), which was con-
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sistent with the exponential increase in fonVor of
our GNR FETs as ribbon width decreased. Pos-
sible arrors in our £, versus woanalysis include
uncertaintics i w based on AFM and in the
assumption of negligible 5B tor holes in ultra-
namow (e.g., w= -3 nm) GNR FETs,

First-principles calculations have suggested
that GNERs open up band gaps through quanium
confinement and edge effects and that £, ~ 1/ w®,
where o 15 near unity (7, ) In armchar-edged
GNRs, band gaps arise from quantum confine-
ment and increased hopping integral of the n

£ L =300 1 1 1 1L
m-zu -10 0 10 20 05 04 03 02 01 00
Vgy(V)
D 0.0
-0.2
-04
g-ﬂ.ﬁ
S-08
-1.0
1.2
14
10°®
-20 0 20 40 05 04 03 02 0.1 00
V,(V) Vg(V)

Fig. 3. Room-temperature graphene nanoribbon FETs with high on-off ratios. (A) Transfer characteristics (cur-
rent versus gate voltage la Vg for aw= 9 nm (thickness ~ 1.5 nm, ~two layers) and channel length £ ~ 130 nm
GNR with Pd contacts and Si backgate. (Inset) AFM image of this device. Scale bar is 100 nm. (B) Current-voltage
(4 V) curves recorded under various U, for the device in (A). (O Transfer characteristics for a w = 5 nm
(thickness ~ 1.5 nm, ~two layers) and channel length L ~ 210 nm GNR with Pd contacts. (Inset) The AFM image of
this device. Scale bar is 100 nm. (D) /4y characteristics recorded under various Vi for the device in (C).
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Fig. 4. Electrical properties of graphene nanaribbon FETs. (A) I/, ratios (under Vy, = 0.5 V) for GNRs
of variaus ribbon widths measured in this work. Error bars for the x axis have their bases in uncertainties in
ribbon width based from AFM measurements. Error bars for the y axis have their bases in the fluctuations
in off state current (as shown in Fig. 3). (B) Eg extracted from experimental data (symbols) for various
GNRs versus ribbon width. The black dashed line is a fit of our experimental data into an empirical form of
EgleV) = 0.8/[winm)]. The purple, blue, and orange solid lines are first-principle calculations [Egs. 1, 2,
and 3 in (18)] for three types of armchair-edged GNRs respectively, and the green solid line is calculations
for zigzag-edged GNRs [Eq. 4 of (18)], all based on (7).
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orbitals of the edge atoms caused by slight
changes n atomic bonding lengths. In mgeag-
odged GMNEs, band gaps result from a staggered
sublattice potential from magnetic ordering (7).
The all-semiconductor nature found for our sub-
10-nm GNRs is consistent with the band gap
opening in GNRs with various cdge structures
sugpeested theoretically (7, &) Band gap values
extrcted from our experimental data fall in be-
tween the limits of theoretical caleulations (7) for
Ageag- and armechair-cdeed GNRs with various
widths (Fig. 4B). More quantitsive comparizons
of our extracted band gaps with theory are dilli-
cult at the present time because the precise edge
structures of the GNRs in our FETs are unknown
and are hikely o vary between ribbons in various
deviees with either gz, ammchar, or mixed odges.

Our w =~ sub-10-nm GNR deviees deliver up to
=200 pApm on-current at Vg, = 0.5V for L - 200
tor 300 nm nbbon channel length, which is lower
than the projected performance (1000 pAjum)
for ballistic GNR trnsistors with simular widths
(10, 25). It may be possible that by further opti-
mizing contact and reducing channel length to
the L ~ 20 nim region (25). higher on-current near-
ballistic graphene FETs could be obtainad. Assess-
ment of carrier mobility requires more accumle
aale capacitances (26, 27) than are currently avail-
able. Analvsis based on clectrosttic simulations
of gate capacitanees led w an estimated hole mobil-
ity in the w < 10 nm ribbons of ~ 100 10 200 eV s.

This high mobility suggesis that the GNRs are of

high quality, nearly pristing, and free of excessive
covalent functionalization, which 1s comsistent with
spectroscopic data [Nz, 52 (/8)]. More precise
mobility analysis will require accurate data on
pale capacitances, GNR width and edge struc-
tures (2X), and ensunng ohmic contacts 1o the
ribbons. At the present time, the experimentally
observed allsemiconducting nature of narmow
GNRs appears to be a key advantage over SWNTs
as candidates for future nanoelectronics,
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Deeply Inverted Electron-Hole
Recombination in a Luminescent
Antibody-Stilbene Complex

Erik W. Debler,?* Gunnar F. Kaufmann,?** Michael M. Meijler,®*+ Andreas Heine,'t
Jenny M. Mee,z‘a Goran PlieualeiE,i Angel ). Di Eilil:n,’5 Peter G. S{hult:f" David P. I'|.I'I|ill.=1r,'1
Kim D. ]anda,z""‘“‘ lan A. '.|'||'ils«:|n,1'z Harry B. Eray,"{a Richard A. Lerner??s

The blue-emissive antibody EP2-19G2 that has been elicited against trans-stilbene has
unprecedented ability to produce bright luminescence and has been used as a biosensor in
various applications. We show that the prolonged luminescence is not stilbene fluorescence.
Instead, the emissive species is a charge-transfer excited complex of an anionic stilbene and a
cationic, parallel n-stacked tryptophan. Upon charge recombination, this complex generates
exceptionally bright blue light. Complex formation is enabled by a deeply penetrating ligand-
binding pocket, which in tumn results from a noncanonical interface between the two variable

domains of the antibody.

nexcitod-state complex fexciplex) formod
At:y the imeracuon of an clectronically

wcited molecule with a pround-state
parner feawres charge ransfer w0 a various
exient and typically exhibits structureless cmis-
sion that is red-shified lrom the emissive features
of its individual componems (/. 7). Among the
rare examples ol exciplex-like behavior in
proteins (3) is the conjugate of monoclonal
amibody EP2-19G2 with the frans-stilbene
hapten 1 (Scheme 1), which cmits intense bluc
light upon ultraviolet (UV) excitation (movie
S1) .

In striking contrast W this highly lumimescent
complex, cleciromcally excited rrans-stulbene 1s
only weakly fMuorescent in solution, owing 1o
efficient nonradiative decay via cis-trans isomer-
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tzation (3}, Unlike other antbody-stlbene come
plexes (4, 6), the radinive Bfctime of EP2-19G2-1 is
increased by more than two orders of magni-
wde with respect 10 free 1, which substantially
exceeds those of stilbene exciplexes formed with
small organic molecules (7). From exiensive
examimnation of the structures and photophysical
propertics of several antibody-1 conjugates, we
have concluded that the bright bluc-emissive
species 15 a tnvptophan:stilbene charge-transfer
excited complex that undergoes deeply mverted
clectron-hole recombination i a rigid protein
matnx,

Ciuided by the arystal structure of EP2-1902-
1 i) we denufied seven antibody residues m
van der Waals' contact with the stilbene aronmatic
system. These seven residues were then consery-
atively mutated and the corresponding proteins
were expressed as single-chain vardable amibody
fragments (scFv) (8, 9). Spectiroscopic mesure-
ments indicated that mutation of Trp™™ 10 Phe
(T Phe) and Tve™ 10 Phe (Tyr*Phe)
markedly reduced antibody-1 emissions when
comparcd o scFy wild-type (wi-1 [Fig, 1B and
fig. 51 (9)]. As observed in the crystal structure

D

Scheme 1.

of the EP2-19G2-1 complex, the indole ning of
Tp™™ is m-stacked parallel 1o the deeply buricd

phenyl ring of the stilbene ligand at an inter-

=
b

(AU)

— acFv wi-1
— sCFv Trp{H103)Phe-1
scFv Tyr{L34)Phe-1
scFv Tyr{L38)Phe-1
0 i i —
300 Wavelength (nm) 360
1
B
st
15

10
60

1] Time (na)
Fig. 1. (A} Steady-state absorption spectra of
1 (10 pM) and antibody-1 complexes (10 uM) in
PBS containing 3% DMF at room temperature, (B}
Steady-state emission spectra of 1 (20 nM) and
antibody-1 complexes (20 nM) in PBS containing
3% DMF at room temperature. Antibody was used
in large excess to ensure that the dye was com-
pletely bound by protein. (O Time-resolved emis-
sion decay profiles of antibody-1 complexes (3 M}
obtained with picosecond excitation at 303 nm.
Decays were measured by time-correlated single-
photon counting. Decays were recorded in 4096
channels with a time increment of 22 ps/channel
and were normalized relative to the number of
counts recorded in the peak channel.
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planar distance of 3.5 A, whereas the Ty
phenoxyl group is roughly perpendicular 1o the
stilbene molecule, pointing toward s central
double bond. Thus, we locused on these two
residucs, with the wild-type and T}'r"mf"hc
mutant sefv fmgments acting as controls, To ex-
clude the possibility that the much weaker cmis-
sion is the result of vastly diminished binding,

we confimed that mutant seFv constucts still
bind tghtly 10 hapten 1 (Table 1) (%),

The absorption spectra of Trp"'ml"hu:-l and
T}-]J‘"'E’Iu:-l closely resemble that of wi-1, lea-
turing well-resolved, vibronic features (Fig. 1A),
By contrast, the comesponding absorption sys-
tem of Tyr**Phe-1 is kess structured and similar
to that of firee 1 in solution, The highly struc-

Table 1. Spectral data and affinities of antibody-1 complexes and hapten 1. All measurements
were made in phosphate-buffered saline (PBS) [10 mM sodium phosphate, 150 mM NaCl (pH 7.4)]
and 3% dimethyl formamide (DMF) coselvent, at 20°C (9). Quinine bisulfate in 0.5 M H;50, was
used as a quantum yield reference with &y = 0.546 (29). The anisotropy r is defined as
r= Al —1 Wy + 21,), where Iy and [» are the emission intensities measured parallel and
perpendicular to the vertical excitation polarization plane. The total emission intensity after pulsed
excitation was fit by the multi-exponential function NH = 5% wexpl-tiy), convoluted with the
instrument response function, where 5, oy, and 1, are the overall scaling factor, decay amplitude,
and decay time of component 1 (9). The long component 1 of the emission decay (=20 ns) is
essentially abolished (amplitude «4 of less than 0.1%) in the Trp"*®*Phe mutant, and the relatively
high anisotropy of free 1 reflects the limited depolarization that can occur during the very short
lifetime of the excited state. A, and Aem. wavelength of absorption and emission maxima,
respectively; K, dissociation constant; NA, not applicable.
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tured absorption system suggests that stilbene is
in a constramed environment within the binding
pockets of the Trp"'ml"‘hc and Ty **Phe
mutants, whereas it appears o be less restricted
in the Tyi'™Phe protein, consistent with its
decreased allinity and fluorescence anisotropy
{Table 1)

The Tvr™Phe-1 complex exhibits less in-
tense, red-shifted emission compared with that
of wi-1 (Fig. 1B). By contrast, the emission
spectrum of TP Phe-1 differs markedly from
that of wi-1, with a karge blue-shift (A . at 366 nm)
and even lower intensity (0,12 quanium yield)
than observed for the Tyr™ *Phe-1 (0.23), with a
vibronically structured shoulder on the low-enenzy
side. For comparison, both wi-1 and Tyr™*Phe-1
crmit much more mensely, with quantum vields
ol (.57 and 055, respectively (Table 1), Notably,
the scFv wi-1 emission quantum vield is lower
than that of Fab {fmagment antigen binding ) wi-1
(0.71) and 15 most likely atiributable o a less
rigid binding pocket in the single-cham construct,
an interpretation that also s consistent with its

5 lower allinity for the hapten ( Table 1),

Complex ::; {:.'.:} Iy r oty 7y (ns) {:;:“ Our steady-state emission measurements

show clearly that the Tip™"™ mutation greatly
by Wil 324 Mg i 020 0.173 23 L7 enhances nonmdiative decay of electronically ex-
scFy Tyr *'Phe-1 . . . .. 43 39 Gited EP2-19G2-1. By using picosecond, time-
scFy T]"tlﬂl:::he-l 323 416 0.55 0.19 0.247 30.3 20 eolied wrission spectroscopy. we found that
schv Trp™ Phe-1 328 ELT 0.12 0.21 0.0009 15.6 20 e long component (>20 ns) of the multi-
:ri""’ wt-1 ::3 :g: g;: g:i 9'3:':' Dzﬂzégz EIJ".I:. exponential luminescence decay is essentially

abolished (amplitude <0.1%) in Tp™""*Phe-1

Fig. 2. Electrostatic and
shape complementarity
of the hapten 1 in (A)
the EP2-25C10 and (B)
the EP2-19G2 antibody-
combining site. Slices
through the center of the
binding sites are shown.
The heawy and light chains
are colored in blue and
green, respectively. The
electrostatic potential was
calulated in APBS (30
and mapped onto the
surface with the color code
ranging from —30 kTfe
{bright red) to +30 kT/e
(dark blue). Both bind-
ing pockets are highly
apolar, but strongly dif-
fer in their depth and
penetration of the vari-
able antibody domain.
(€) Crystal structure of
purple-fluorescent an-
tibody EP2-25C10 in
complex with 1 (yeliow).
The 2F, — F, electron den-
sity map around hapten
1 is contoured at 1.5a.

EP2-19G2 &g

(D) Crystal structure of the blue-emissive antibody EP2-19G2 in complex with 1 (yellow) (4). Trp"1%
undergoes parallel z-stacking with 1 and forms a charge-transfer complex in the excited state. In contrast,
stilbene 1 in EP2-25C10 does not engage in any n-stacking interactions with tryptephan.

{Fig. 1C and wable S1) this component, which is
a major feature in the radiative deeay of both
wi-1 (17%) and Tyr®Phe-1 (27%), is also
reduced substantially in Tve™*Phe-1 (2%)
{Table 1) Because of the presence of a long de-
cay ime, greatly exceeding the radiative lifetime
of 1 isell, we suggest that a Trpestilbene charge-
transfer excited complex is responsible for the
slow emissive decay compaonent.

'I'n'-”m'J is a highly conserved framework
residue of the immunoglobulin fold and, owing
o its decp burial within the variable domain,
rarcly interacts with antigens. However, the
Trp™™ indole closely associates with the “distal™
phenyl ring of 1 in the EP2-190G2-1 complex. [IF
this Trp:stilbene constellation were, indeed.,
unique 1o the blue-luminescent antibody EP2-
19G2-1, we would expect a ditferent ligand
interaction with Trp™™ in purple- and blue-
purple-fluorescent antibodies obtained  from
the same immunizations with hapten 1 ().

To test this hypothesis, we determined the orys-
tal structure of the purple-fluorescent complex
of Fab EP2-25C10 with 1 10 2.5 A resolution
(tablke 523 EP2-25C10-1 has an emission max-
imum at 380 nm with a quantum vield of 0.27
and an average lifctime of 4.9 ns (4 The high
quantum yield with respect o free stilbene most
likely means that excited-state cis-trans isomer-
tzation is dislavored in the complex because the
crystal structure shows that the stilbene mole-
cule is bound in a cavity of high shape com-
plementanty (Fig. 2A)
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The binding pocket of pumle-fluorescent
EP2-25C10 (Fig. 2A) is as highly hydrophobic
as that of blue-luminescent EP2-19G2 (Fig. 2B),
suggesting that polarity effects do not account for
the 30-nm bluc shift in its emission maximum,
However, the overall position of the stilbene
ligand within the vanahle pan of the antubody 15
appreciably different in these two antibodies; in
EP2-25C10, the stilbene s translated by 6 A
toward the protein surface and does not penctmte
the antibody-combining site as deeply as in the
EP2-1%G2 complex (Fig. 2, A and B),

Consequently, the deep-seated T inter-
acts minimally with stilbene in the purple-
Nuorescent antibody, consistent with the relaively
high emission energy. Funhermore, no EP2-
25C10 tryprophan residue 15 mvolved e face-to-
face or face-to-edge m-stacking interactions with
stilbene (Fig. 2C). The erystal structure ol the
green-Muorescent antibody  11G10 in complex
with a donor-acceptor- substituted stilbene reveals
a binding mode similar to that in EP2-25C10 (6),
providing strong evidence that the parallel n-
stacking interaction of 1 with Tep™"? is attrib-
utable 1o the unusually deep bural of stilbene
in the EP2-19G2 binding cavity.

Further structural analysis revealed that the
side-chain conformation of Tip'™™ is unusual in
EP2-19G2, whercas Trp™"'™ of EP2-25C10 cor-
responds to the canonical rotamer that is
prevalent in most antibody structures at this
position (Fig. 3B). However, superimposition of
the variable domains of EP2-19G2, based on the
conserved framewaork regions, with more than 20
other antibodies, including EP2-25C10 and
IGO0, yielded large root-mean-square devia-
tions (greater than 2.0 A) (Fig. 3A) and revealed

L]

a relatively rmre disposition of heavy- and light-
chain vanable (Vi and Vi ) domains with respect
to cach other n this antibody (Fig. 3C). In
contrast, the individual EP2-19G2 Vi and Vi
domains supenmpose well onto their counter-
parts in other antibodies.

The geometry of the V'V interface in
antibodics is generally highly conserved through
invariance of ~135 side chains (10, /1) Examina-
tion of the Vy'Vy interface of EP2-19(G2
uncovered seveml notable deviations from the
canonical interface and revealed factors that may
synergistically contribute 10 the unusual relative
configuration of Vi and V. Large deviations in
the backbone conformations of the complemen-
tanty determining regions (CDRs) H3 and L3 are
mtroduced by Pro™ and Pro™, respectively
(Fig. 3C). Pro"® lcads 1o a considerable displace-
ment of conserved framework residue Tp'™7
which, in wm, propagates this perturbation 1o
ncighbonng residues and strands in Vi (Fig. 30).
The base of Vi and Vi also undergoes sub-
stantial reamangements that include Ser™ and
GIn™M®. The latter residue now points toward
Vi, unlike that in all other superimposed anti-
body structures. Bulky side chains at the base of
CDR LI and at the ih.‘ginn'tr!;j- of the subscequent
framework region (¢.g.. Tyr'™" and Tyi"*) also
rearange considerbly, Thus, substantial varia-
tions at the conserved V'V interface provide a
structural framework for the unusual mode of
ligand recognition in EP2-19G2 that is respon-
sible for the Trp:stilbene photophysics in the
amibady-1 complex,

Why, then, 15 the lumineseence of EP2-
19G2-1 s0 mtense? Consider steps | o 3 in the
lollowing scheme (see also Fig. 4), where Trpll

-

Fig. 3. (A) Superimposition of the EP2-19G2 variable chains (Vy + V| domains) (red) onto other 20
catalytic antibodies (gray) based on framework regions. Only the V,, domains are shown. Trp"%3 of
EP2-19G2 is represented as a red stick. The [5 strands of one [} sheet are labeled according to
convention and clearly deviate from the corresponding strands in other antibodies. (B) The highly
conserved Trp"®® features an unusual rotamer in antibody EP2-19G2 with respect to the indole
side chains in the other antibodies. (C) Key residues at the Vy/V, interface of EP2-19G2 (blue and
green) and of a representative canonical antibody (in this case, Diels-Alder catalytic antibody
13G5, PDB ID code 1A3L, gray). Considerable structural displacements and reorientations occur
over the entire interface. For clarity, some regions of EP2-19G2, as well as the backbone of 13G5,
were omitted and not all conserved contacts, such as the bidentate hydrogen bond between Gln"***
and GIn"*®, are displayed. The CDRs H3 and L3 are labeled.

HIO3% . - -
represents the Trp indale side chain carry-

ing the N-H ring proton and /v is the photon
CNCTEY:

L [V TrpH] + v — [1*/TrpH]

2 1%/ TepH] — [17/ TrpH™ )*

3007/ TpH™* — [1/TrpH] + '

In the first step, 1 absorbs a photon upon ultra-
violet (UV) illumination, Because the singla
excited state of stilbene 15 a strong clectron ac-
ceptor (J2-14), an electron s transfmed very
rapidly from Tip™™ 10 1* 1o form a charge-
transfer excited complex (step 23, Conversion off
singlet-excited stilbene 10 the charge-transfer
sate does not occur at low lemperatures, as only
stilbene fluorescence is seen below 240 K ().
Owing to their close parallel interaction, the two
aromatic mngs in this charge-tmnsfer stae ane
tightly bound, which greatly disfavors nonradia-
tive decay, because coupling of this deep and
namrow excited well 1o the ground-state potential
energy surlace would be very weak (Fig. 4). As a
resull, radiationless deactivation would be cx-
pected 1o be much slower than radiative decay,
hence giving fse o the exceptionally bright blue
emission (step 3). Because the dnving foree for
charge recombination is much greater than a
reasonable estimate of the reorganization energy.
and i1s rate s orders of magnitude lower than
predicted for coupling-limited electron tunneling
over a shon distance in a folded polypeptide, we
conclude that the intense luminescence is attrib-
utable to deeply invened electron transfer (13, 16).

1%TipH

IV TpHT"

Q(1~Trp)

Fig. 4. Ground- and excited-state potential
surfaces for EP2-19G2-1. After UV excitation of
1 '[steg 1), the stilbene excited singlet oxidizes
e to produce the charge-transfer complex
(step 2); the interplanar distance  between the
cation radical Trp"% and the stilbene anion 1 is
shorter than in the ground state, owing to strong
electrostatic binding in the hydrophobic protein
cavity. In step 3, the excited charge-transfer
complex retums to the ground state via electron-
hole recombination that generates bright blue
light in the rigid site. Radiative decay in the
purple-fluorescent antibody EP2-25C10 occurs
from the stilbene singlet excited state.
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In view of this light-generating mechanism, the
“blue-luorescent antibody™ EP2-190G2 should
really be called a “bluc-cmissive”™ or “bluc-
luminescent” antibody.

Because roughly 3 ¢V of photon energy s
stored in the charge-trnsfor excited state, 1t is
predicied 1o be both a powerful reductant and
oxidant. We examined the redox activity of the
charge-transfor state in expenments in which
imadiation of EP2-19G2-1 was followed by
Nash-freezing, vielding a weak electron para-
magnetic resonance signal that is anributable
to a neutral tyrosyl radical having a small dihe-
dral angle [fig. 52 (93] (/7). We suggest that a
relatively small population of charge-tmnsfor
states decays by electron transfer from a tyrosine
to the wyptophan radical cation, a proposal that
is supported by our finding that the addition of
an electron acceptor, namely [ColNH;)CI,
greatly enhances the radical signal (J7). It is
likely that the sulbene anmion radical in the
charge-tmnsler state would be oxadeeed rapidly
by Co(lll), leaving the Trp cation radical with-
out its elecron-transfer partner. The flash-
quench-generated [VTmpH™| cation would then
have time 10 oxidize any nearby protein residue,
and our experiments show that tyrosine is the main
electron donor,

Charge separmtion and recombination be-
tween a chromophore and trvptophan or tvrosine
have been investigated previously in other sys-
tems (f8-21), Very eflicient Muorescence quench-
ing is observed in most cases. Notably, the loss of
(Tuorescence s due to very rapid charge recombi-
nation following  femtosecond electron transfer
between nbollavin and a parallel, m-stacked
tryptophan afier electronic excitation ol the
riboflavin-binding protein (/8) Similarly, the
strong (luorcscence of luorescein is quenched
upon binding 1o antibody 4-4-20 via electron
transfer from a parallel, n-siacked tyrosine in the
antibody-combining siie (/9. 200 funther, the
NMuorescence of an anticalin-1luorescein complex
is efficiently quenched by rapid electron transfer
from either a coplanar tryptophan or tyrosine o
singlet excited fluorescein (27, We conclude that
the very bright blue luminescence of EP2-19(2-1
15 attributable 1o clectron-hole recombination
of the Trpestilbene charge-transler exeited state
held in the ngid EP2-19G2 matnx that dis-
favors nonradiative decay,

Protein Juminescence (27 only mrely f
ever) occurs by electron-hole recombination in
a charge-transier excited state embedded in a
polypeptide matrix. The distinctive photoplyys-
ical propertics of the antibody-stilbene complex
have already been exploited in chiral sensing
for high-throughput screening for the evalua-
tion of catalysts in asymmetric svithesis (23, 24),
sensing mercury (25) DNA hyvbridization assavs
(26, 27y, and for analysis of accessible cyvsteine
residucs on viral surtaces (28), The programmed
genermtion of antbodics against other chromo-
phores may yield novel proten-ligand systems
with similar charge recombination-induced lumi-

nescence phenomena and further biosensor
applications,
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Land Clearing and the
Biofuel Carbon Debt

Joseph Fargione,* Jason Hill,%? David Tilman,?* Stephen Polasky,”® Peter Hawthorne®

Increasing energy use, climate change, and carbon dioxide {CO3} emissions from fossil fuels make
switching to low-carbon fuels a high priority. Biofuels are a potential low-carbon energy source,
but whether biofuels offer carbon savings depends on how they are produced. Converting
rainforests, peatlands, savannas, or grasslands to produce food crop—based biofuels in Brazil,
Southeast Asia, and the United States creates a “biofuel carbon debt” by releasing 17 to 420
times more CO, than the annual greenhouse gas (GHG) reductions that these biofuels would
provide by displacing fossil fuels. In contrast, biofuels made from waste biomass or from
biomass grown on degraded and abandoned agricultural lands planted with perennials incur little
or no carbon debt and can offer immediate and sustained GHG advantages.

cmand for altematives o petroleum s
mercasing the production of biofuels
from food crops such as com, sugar-

cane, soybeans, and palms, As a resull, land in
undisturbed ceosystems, especially in the Amer-

icas and Southeast Asia, s being converted o
biofue! production as well as w0 crop production
when existing agriculural land is divented 1o
biofuel production. Such land cleanng may be
further accclerated by lignocellulosic biofucls,
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which will add to the agncultumal land base
needed for biofuels, unless those biofuels are
produced from crops grown on abandoned ag-
ricultural lands or from waste biomass,

Soils and plam biomass are the two largest
biologically active stores of temestnal carbon,
together containing ~2.7 times more carbon than
the atmosphere (/) Converting native habitats
to cropland releases CO5 as a result of buming
or microbial decomposition of organic carbon
stored in plant biomass and soils. After a rapid
release from fire used 1o clear land or from the
decomposition of leaves and line roots, there is
a prolonged period of GHG release as coarse
roots and branches decay and a5 wood products
decay or bum (2-4),

We call the amount of COs released during
the first 50 vears of this process the “carbon

The Nature Conservancy, 1101 West River Parkway, Suite
200, Minneapolis, MN 55415, USA. anparlment of
Ecology, Evolution, and Behavior, University of Minnesota,
St Paul, MN 55108, USA. “Department of Applied
Economics, University of Minnesota, 5t. Paul, MN 55108,
U5A,

*To whom correspondence should be addressed. E-mail:
tilman@umn.adu

Fig. 1. Carbon debt, biofuel car-
bon debt allacation, annual carbon
repayment rate, and years to repay
biofuel carbon debt for nine sce-
narios of biofuel production. Means
and 5Ds are from Monte Carlo
analyses of literature-based esti-
mates of carbon pools and fluxes
(5). (M) Carbon debt, including CO;
emissions from soils and above-
ground and belowground biomass
resulting from habitat conversion.
(B) Proportion of total carbon debt B

Carbon dabt
Mg CO, ha™")

debt”™ of land conversion. Over time, biolucls
trom converted land can repay this carbon debt
if ther production and combustion  have net
GHG enuissions that are less than the life-cyele
cmissions of the fossil fuels they displace. Until
the carbon debt s repaid, biofuels from con-
verted lands have greater GHG impacts than
those of the fossil fucls they displace. For crops
with nonbiofuel coproducts (e.g., palm kemel
oil and meal, soybean meal, or distillers” dry
grains), we partition the carbon debt ino a “bio-
fuel carbon debt™ and a “coproduct carbon debt™
based on the market values of the biofuel and
its coproducts (5).

We calculme how large biofuel carbon debus
are, and how many years are required 0 repay
them, for six different cases of native habitat
comversion: Braahan Amazon to sovbean bio-
diesel, Brazilian Cermdo 10 soybean biodiesel,
Brazilian Cermado 1o sugarcane ethanol, Indone-
stan or Malaysian lowland tropical minforest 1o
palm biodiesel, Indonesian or Malaysian peat-
land tropical rainforest to palm biodiesel, and
LS. central grassland 1o com ethanol (5) (able

S1) These cases illustrate cumrent impacts of

biofucls on habital conversion. Indonesia and

Malaysia account for 6% of global palm oil
production (6). Accelerating demand for palm oil
15 conributing 1o the 1L53% annual e of de-
forestation of tropical rinforests n these nations
(7). An estimated 27% ol concessions for new
palm oil plantations are on peatland wopical rain-
forests, wotaling 28 = 10° ha in Indonesia (7).
Braalian Cemado s being converted 1o sugar-
canc and soybeans, and the Brazilian Amazon
is being converted to sovbeans (8- 10), Grass-
land in the United States, primarily rangeland
or former cropland currently retired in conser-
vation progrms, is being converted 10 com
production. Rising prices lor com, wheat, and
soybeans could cause a substantial porion of the
1.5 = 107 ha of land currently in the LS, Con-
serviation Reserve Program o be convernted o
cropland (/).

We estimated carbon debis by calculating the
amount of CO5 released from ccosystem bio-
mass and soils, Our analyses account for the
amount of plant carbon released as 0, through
decomposition and combustion, the amount con-
vered 1o charcoal (charcoal is not pant of the
carbon debt because it is recaleitrant to decom-
position), and the amount incomporated into

Belowground biomass
and soil carbon loss

Abovaground blomass
carbon loss

Conversion of degraded cropland
to bicfuel production

Comversion of native ecosystems
o biofuel production
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merchamable timber and other long-lived lor-
estry products, which have a halt-life of about
30 years (3, 12) Changes in carbon stores causad
by land conversion and biofucl production, main-
Iy from acceleaated decomposition, were based
on evaluation and synthesis of published studics
in the relevant coosystems (5), Our cstimate of
the carbon debt s conscrvative because timber
products continue 1o decay alier 30 years, bul
this time frame capturcs most of the carbon debt
in systems with mineral soils,

Our resulis show that converting native eco-
systems 10 biofuel production resulis in Jarge
carbon debts (Fig. 1A) We attribue 13, 61, and
1 7% of this carbon debt o coproducts for palm,
sovbeans, and com, mespectively (Fiz, 1B) (5).
The carbon debts attnbuted 1o biofucls (quan-
tities of Fig. | A muliplied by the proportions of
Fig. 1B) would not be repaid by the annual car-
bon repayments from biotuel production (Fig.
1C and table 82) for decades or centunes (Fig.
1D). Converting lowland tropical minforest in
Indonesia and Malaysia to palm biodiese] would
result in a biofuel carbon debt of 610 Mg of
CO, ha ' that would take ~86 years 10 repay
(Fig. 1D). Until then, producing and using palim
biodicsel from this land would cause greater
GHG release than would refining and using an
encrzy-cquivalent amount of petroleum diesel,
Converting tropical peatland rainforest w palm
production meurs a similar biofuel carbon debt
from vepetation, but the required drainage of
peatland causes an additional sustained emis-
sion of ~55 Mg of COs ha™' vr! from oxida-
tive peal decomposition () (87% attnbuted o
iofuel; 13% 1o palm kemnel oil and meal). Afier
50 wears, the resuliing bioluel carbon debt of
= 3000 Mg of (O ha ' would requine ~<420 years
to repay. However, peatland of average depth
(3 m) could release peat-derived COz Tor about
120 years (7, £3). Total net carbon relensed would
be ~ 6000 Mg of COs ha ' over this longer time
horizon, which would take over 840 yvears 1o
repay. Sovbean biodiese]l produced on converted
Amazonian rainforest with a biofuel carbon debt
of =280 Mg of €O, ha™' would require - 320
years o repay as comparcd with GHG emissions
from petroleum diesel. The biotuel carbon debt
from biolucls produced on converted Cemado 1s
repaid m the least amount of time of the sce-
nanios that we examined. Sugarcane cthanol pro-
duced on Carmado sensu sincto (including Cenado
aberto, Cemado densu, and Cermraddo), which is the
wetter and more productive end of this woodland-
savanna biome, would take ~17 vears o repay
the biofuel carbon debt. Sovbean biodiesel from
the drier, less productive grass-dominated end of
the Cerrado biome (Campo limpo and Campo
sujo) would take 37 years. Ethanol from com
produced on newly converted LLS, contral grass-
lands results ina biofuel carbon debt repavment
time of ~93 yewrs,

Our analyses suggest that biofuck, i produced
on convered land, could, for long penods of
time, be much greater net emitiers of green-

house gases than the fossil fucls that they typ-
cally displace. All but two—sugarcane ethanol
and sovbean biodicsel on Cemado—would
generte greater GHG emissions for at least half
a century, with several forms of biofuel produc-
tion from land conversion doing so for cen-
turies, At least lor cumrent or developing biofuel
technologics, any strategy to reduce GHG emis-
sions that causes land conversion from native
ceosystems o cropland is likely 10 be counter-
productive,

We also evaluated the possibility that U.S.
cropland that has been retired from annual
crop production and planmed with perennial
grasses may lave a short pavback time when
converied to corn ethanol production, because
these svstems have already lost o substannal
portion of their carbon stores. However, afier
abandonment from cropping, perenmal sys-
tems gradually recover their carbon stores, For
LS. centmal grassland on cropland that has been
cnrolled in the ULS, Conservation Rescerve
Program for 15 years, we found that conventing
it 1o corn cthanol production creates a biofuel
carbon debt that would take ~ 48 years o repay
(Fig. 1D}

I biofuels are to belp mitigate global climate
change, our results suggest that they need to be
produced with linle reduction ol the storchouses
ol organic carbon in the soils and vegetation of
natural and managed ecosystems. Degraded and
abandoned agriculural lands could be used w
grow native perennials for biofuel production
(14, 13), which could spare the destruction of
native ecosystems and reduce GHG emissions
(Fig. 1). Diverse mixtures of native grassland pe-
rennials growing on degraded soils, panticularly
mixiures containing both warm-season grasses
and legumes, have yield advanages over mono-
cultures (£4, [6-18). provide GHG advantages
from high rates of carbon storage in degraded
soils (/4. /9, and offer wildlile benefits (20).
Monoculures of perennial grasses and woody
species also can offer GHG advaniages over
food-based crops, especially if they are sufli-
ciently productive on degraded soils (2/), as can
slash and thinnings {rom sustainable  forestry,
animal and municipal wastes, and crop residue
(22).

Additonal factors may influence biofuel im-
pacts on GHG cmissions, First, biofuel produc-
tion can displace crops or pasture from current
agriculural lands, indircetlly causing GHG re-
lease via conversion of native habitat 10 cropland
elsewhere (23), Second, improvements in bioluel
production could reduce pavback times (24, 23).
Third, if Jand cleared for biofuel production had
been accruing carbon (we assumed lands were a
steady state), the debt would be increased by the
loss of this fulure storage, Fourth, greater biotuel
production might decrease overall encrgy prices,
which could increase encrgy consumplion and
GHOG release (26, 27).

Biofuel production that causes Jand clearing
and GHG release may be favored by land-
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owners who receive payments for biotucls bt
not for carbon management. Our results suggest
that, in order 1o incorpomte the costs of carbon
cimissions accurately, policy approaches to GHG
emission reductions must be extended to include
the net GHG emission or sequestration from
land-use change. Indeed, the recemly enacted

LLS. Encrgy Independence and Scourity Act of

2007 specifics reductions in life-cyele GHG emis-
stons, including land-use change. relative to a
lossil fuel baseline. Morcover, il is important
that international policy negotiations to extend
the Kyoto Protocol bevond 2002 address emis-
sions (rom land-use change due 1o increased
demand for biofuels (28, 29).

Our resulis demonsirate that the net effeat
of biofuel production via clearing of carbon-
nch habitms 15 to mercase C0: cmissions for
decades or centuries relative 1o the emissions
caused by fossil fuel use. Conversely, biolucls
from perenmals grown on degmded  cropland
and from waste biomass would mmimize habitat
destruction, competition with fbod production,
and carbon debis, all of which are associated
with direct and indirect land clearing for biofucl
production.
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Use of U.S. Croplands for Biofuels
Increases Greenhouse Gases Through
Emissions from Land-Use Change

Timothy Searchinger, Ralph Heimlich,” R. A. Houghton,? Fengxia Dong,® Amani Elobeid,*
Jacinto Fabiosa,” Simla Tokgoz,® Dermot Hayes,* Tun-Hsiang Yu®

Most prior studies have found that substituting biofuels for gasoline will reduce greenhouse
gases because biofuels sequester carbon through the growth of the feedstock. These analyses
have failed to count the carbon emissions that occur as farmers worldwide respond to higher
prices and convert forest and grassland to new cropland to replace the grain (or cropland)
diverted to biofuels. By using a worldwide agricultural model to estimate emissions from
land-use change, we found that corn-based ethanel, instead of producing a 20% savings, nearly
doubles greenhouse emissions over 30 years and increases greenhouse gases for 167 years.
Biofuels from switchgrass, if grown on U.5. corn lands, increase emissions by 50%. This

result raises concerns about large biofuel mandates and highlights the value of using

waste products,

ost life-cyele studies have found that
replacing gasoline with ethanol maod-
estly reduces greenhouse pases (GHGS)

ifmade from corn and substantially ifmade from
cellulose or sugarcane (F-7). These swdics com-
pare emissions from the separate sicps of grow-
ing or mining the feedsiocks (such as corn or
crude oil), refining them into fuel, and buming
the fuel in the vehicle. In these stages alone
(Table 1), corn and cellulosic ethanol emissions
execed or maitch those from fossil fuels and there-
fore produce no greenhouse benefits, But because
growing biofuel feedstocks removes carbon di-
oxide from the atmosphere, biofucls can in theory
reduce GHGs relative 1o fossil fucls, Studics as-
sign bioluels a cradit for this sequestration eilect,
which we call the feedstock carbon uptake credit,
Iu1s typically large enough that overall GHG emis-
sions from biofucls are lower than those from
fossil fuels, which do not receive such a credit
because they take their carbon from the ground.
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For most biofuels, growing the feedstock re-
quires land, so the credit represents the carbon
benefit of devoting land 1o biotuels. Unforunane-
Iy, by excluding emissions from land-use change,
most previous accountings were one-sided be-
cause they counted the carbon benelits of using
land for biofuels but not the carbon costs, the
carbon stormge and sequesiration sacrificed by
diverting land from its existing uses. Without
biofuels, the extent of cropland reflects the de-
mand for food and fiber. To produce biofuels,
tarmers can directly plow up more forest or grass-
land, which releases o the atmosphere much of
the carbon previously stored in planis and soils
through decomposition or fire. The loss of matur-
ing forests and grasslands also foregoes ongoing
carbon scquestration as plants grow cach year,
and this foregone sequestration is the cquivalent
of additional emmissions, Alicmatively, fumers can
divert exisung crops or croplands imo biofuels,
which causcs similar emissions indirectly. The
diversion triggers higher crop prices, and famers
around the world respond by clearing mone forest
and grassland 1o replace crops Tor [eed and food.
Studies have confimmed that higher sovbean prices
aceelerate clearing of Brazilian rainforest (8), Pro-

jected com ethanol in 2016 would use 43% of the

LS, com land harvested for grain in 2004 ([},
overwhelmingly for livestock (9), requiring big
land-use changes 1o replace that grain.

Because cxisting land uses already provide
carbon benefits in stomge and sequestration (or,

in the case of cropland, carbohy diates, proteins,
and fas), dedicating land to biofuels can poten-
tially reduce GHGs only i doing so increases the
carbon benefit of land. Proper accountings must
reflect the net mmpact on the carbon benefit of
land, not merely count the gross benefit of using
land for Wiofuels. Technically, 1o gencrate green-
house benefits, the carbon generated on land 1o
displace lossil fucls (the carbon uptake credit) must
exceed the carbon stomge and sequestration given
up dircetly or indirectly by changing land uses
(the emissions from land-use change) (Table 1)

Many prior studics have acknowledged but
failed 1o count emissions from land-use change be-
cause they are dilficult 1o quantily (/) One prior
quantification lacked formal agricultural mod-
eling and other feaures of our analysis (1, f0) To
estimate land-use changes, we used a worldwide
mioddel to project increases in cropland in all ma-
jor temperate and sugar crops by country or ne-
gion (as well as changes in dairy and livestock
production) in response to a possible increase in
LLS. corn cthano] of 56 billion liters above pro-
Jected levels for 2006 (1, 12). The model’s his-
torical supply and demand elasticities were updated
to reflect the higher price regime of the past 3 years
and o capiure expected long-run equilibrium be-
havior (/). The analvsis identifics key Rctors that
detemmine the change in cropland.

11 Mew crops do not have 1o replace all com
diveried 1o ethanol because the ethanol by-product,
dry distillers” grains, replaces roughly one-third
ol the animal feed otherwise divened.

2) As fuel demand for com increases and
sovbean and wheat lands switch o com, prices
increase by 0%, 20%, and 17% for com, sov-
beans, and wheat, respectively. These increases
modestly depress demand  for meat and other
grain products beside cthanol, so a small percent-
aze of divered grin is never replaced.

3) As more American croplands suppon
ethanol, LS. agriculiural exports decline shamply
{compared 10 what they would otherwise be at
the time) {corn by 62%, wheat by 31%, sovbeans
by 28%, pork by 1 8%, and chicken by 12%).

4) When other countries replace ULS. expons,
Farmers must generally cultivate more land per
ton of crop because of lower yields,

Farmers would also try 1o boost yvields through
improved imigation, drsnage, and ferilizer{which
have theirown environmental effeets), bot reduced
crop rotations and greater reliance on marginal
lands would depress vields, Our analysis assumes
that present growth trends in yields continue bun
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that positive and negative effects on vields rom
biotuels balance out.

We calculated that an ethanol increase of 56
billion liters, diverting com from 12,8 million ha
ol ULS, aropland, would in tum bring 10,8 million
ha of additional land mto cultivation, Locations
would include 2.8 million ha in Brazil, 2.3 million
ha in China and India, and 2.2 million ha in the
United States.

Greenhouse conissions will depend on the type
of lands convened. We assigned the new crop-
land in cach region 1o differem types of forest,
savannah, or grassland on the basis of the pro-
portion of each ecosystem converted o cultiva-
tion in the 1990 and assumed that conversion
emits 25% of the carbon i soils (13, J4) and all
carbon in plants, which must be eleared for cul-
tivation, For mature lorests in carbon equilibri-
um, we only calculated emissions from the imitial
conversion. For growing forests, we attributed
emissions 10 biofuels equal 1o the carbon those
lost forests would no longer sequester over 30
years (adjusted for disturbances like fire). Our
estimates of the carbon content of ccosystems
compare roughly to lgures cited by the Inter-
governmental Panel on Climate Change (IPCC)
(15}, Our analysis does not reflect the full oppor-
ity costs of using lands for biofucls, which
include the additional carbon lands could store if
managed optimally (c.g., through reforestation),
but only the carbon lands would otherwise store
in their existing use. Our method vickded an aver-
age GHG emission ol 351 metric tons per con-
vered hectare (CO5 equivalent),

We allocated the wial enissions for all con-
veried land into emissions per M ol fuel and
tactored them into the GREET model (Table 1).

GREET provides a commaonly used lifecyele anal-
vais of GHOG emissions from the different stages
of ioluel and gasoline production (3-5), and its de-
fault wsumptions calcukate that replacing gasoline
with com ¢thanol reduces GHGs by 2006 in the
2005 scenanio excluding land-use change (3, [6).
As land generates more cthanol over vears, the
reduced cmissions from s use will cvenually
offset the carbon debt from land-use change,
which mostly occurs quickly and is limited in our
analysis to emissions within 30 vears, We caleu-
lated that GHG savings from com ethanol would
equalize and therefore “pay back™ carbon emis-
sions from land-use change in 167 vears, mean-
ing GHGs increase until the end of that period,
Overa 30-vear penod, counting laind-use change,
GHG emissions from com athanol nearly double
those from gasoline for cach km doven (Table 1),
[ W chose 30 vears because reductions ol green-
house gases in that penod will be both difficult 1o
achieve and mponant o avord imeversible ad-
verse elfeets from climate change (17) and be-
cause cthanol is typically viewed as a bridge 10
mone transformative energy technologics. |

As part of our sensitivity analysis, we found
that, even il corn ethanol caused no cmissions
except those from land-use change, overall GHGs
would still increase over a 30-year period (/). We
also hypothesized a scenario in which (1) in-
creased ethanol and higher prices spur enough
vield increases beyond current trends to supply
20% of the replacement grain; (i) emissions per
ha of converted land are only halll of our ¢sti-
mates, and (11 ) improved technology allows com
ethanaol o reduce GHGs compared with gasoline
by 4% excluding land-use change. In that sce-
nario, the payback period would last 34 vears,
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which means emissions modestly incrcase over a
Jt-year penod (/)

By the workings of our model, the emissions
from land-use change per unit of cthanol would be
similar regardless of the ethanol increase analyecd.
For example, a smaller ethanol increase of 3006
billion liers had only modestly different results,

with emissions (rom land-use change per M of

ethanol 1074 lower (). Far larger biofucl incnciscs
could change the magnitude of resulls in unclear
warys that would require modification 1o the model.

Although these estimates face several uncer-
tainties, the general finding Mows from three re-
liable projections. First, fanmers will replace most
of the grain divened from food and foed by
ethanol because the demand for overall food and
feed, as opposed to any particular grain, is in-
clastic (/8). Second, increases in cropland will
provide most replacement grain because they are
cost-cliective and fast, the vield eftects of ofuel
demands are both posiive and negative, and the
world has many convertible acres: up o 170
million ha in Brazil alone (19, 20) and perhaps
2.8 billion ha worldwide {27}, Most significantly,
the potential emissions per hectare of land con-
version greatly exceed the annual greenhouse re-
ductions per ha ol bioluels. According 1o GREET
and at 20015 yields, a ha ol com for ethanol
reduces GHGs by 1.8 metrie tons ha™' vear™
(C0; equivalent), but each ha of forest con-
verted has up-front emissions of 604 1w 1146
metric tons (varying by type and maturity), and
cach hectare of grassland or savannah from 75
to 305 mictric tons (J). 17 new cropland replaces
any substantial fraction of divened cropland, the
payback period for these up-front cmissions will
be Jong (even withoutl counting foregone annual

Table 1. Comparison of corn ethanol and gasoline greenhouse gasses with and without land-use change by stage of production and use {grams of
GHGs CO; equivalents per M] of energy in fuel) (28). Figures in total column may not sum perfectly because of rounding in each row. Land-use change
was amortized over 30 years. Dash entries indicate “not included.”

Net land-use effects

Vehicle Feedstock carbon % Change in
aperation uptake from Land- net GHGs
Source of Making Refining (burning atmosphere use Total versus
fuel feedstock fuel fuel) (GREET) change GHGs gasoline
Gasoline +i +15 72 0 - +92 -
+74 —20%
Corn +135 +8 7%
ethanol without without
(GREET) e +40 71 Fat - feedstock feedstock
credit credit
Caorn
ethanol
plus land
use change +24 +40 +71 =6 +104 +177 +93%
Biomass
ethanol
{GREET) +10 +9 +71 —-62 - +27 =T70%
Biomass
ethanol
plus land
use change +10 +9 +71 —62 +111 +138 +50%
www.sciencemag.org  SCIENCE WVOL 319 29 FEBRUARY 2008
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sequestration), This result makes intuitive sensc
brecause potential biofucl benelits onginate in the
annual carbon uptake from growing a feedstock,
bt growing that teedstock will typically require
up-front release of carbon previously sequestered
on land over decades,

This analysis has implications for other bio-
fucls, Cellulosic cthanol could use wastes that do
not trigger land-use change. But if Amencan com
ficlds of average yield were convened 1o switch-
grass for ethanol, replacing that com would still
trigger emissions from land-use change that would
take 32 years 1o pay back and increase emissions
over 30 vears by 3006 (),

Ethanol from Brazilian sugarcane, based on
estimated GHG reductions ol 86% excluding
land-use changes (6), could pay back the up-front
carbon anissions in 4 years if sugarcane only
converts tropical grazing land, However, i’ dis-
placed ranchers convent rminforest to graeing land,
the pay back penod could nse 10 43 years (7). The
extmondinary productivity of Brazilian sugarcane
merits special future analysis

Even if excess croplands in the United States
or Europe became available because of dramatic
vicld improvements beyond existing trends (22
or the release ol agricultural reserve lands (7).
biofuels would still not avoid emissions from
land-use change. Truly excess croplands would
revert cither to forest or grasshand and sequester
carbon. Use of those lands instead for biotucls
sacrifices this carbon benefit, which could exceed
the carbon saved by using the same land for bio-
fuels (24). In addition, even as cropland declined
in Europe in recent years, changing echnology
and economics led cropland to expand into
forest and grassland in Latin America (24).
Higher prices triggered by biofuels will accel-
crate forest and grassland conversion there
even if surplus croplands exisi elsewhere. Most
problematically, even with large increases in
yields. cropland must probably consume hun-
dreds of millions more ha of grassland and forest
to feed a rising world population and meat con-
sumption (27, 253, and biofuels will only add to
the demand for land.

This stucdy highlights the value of biofucls
from waste products (20) because they can avoid
land-use change and its emissions, To avoid land-
use change aliogether, biofuels must use carbon
that would reenter the atmosphere without doing
uscful work that needs w be replaced, for exams-
ple, municipal waste, crop waste, and [all zrss
harvesis from reserve lands. Algae grown in the
desen or feedsiocks produced on lands that gen-
erate linle carbon today (27) might also keep
land-use change emissions low, but the ability 1o
produce biofuel eedstocks abundamly on un-
productive lands remains questionable,

Because emissions from land-use change are
likely 1w occur indirectly, proposed awironmental
critenia that focus only on direet land-use change (7)
would have litle effect. Baming biofuels produced
directly on forest or grssland would cncourage
biolud processors 10 rely on existing croplands,

but farmers would replace crops by plowing up
new lands. An elfective system would have o
guarantee that biotuels use a feadsiock, such as a
waste product, or carbon-poor lands that will no
trigger large emissions from land-use change,
Counteracting mcreases in biofucls with con-
trols or disincentives against kand conversion would
not only {ace great practical challkenges but also
have harsh social consequences. In our analysis,
a diversion of 12.8 million ha, otherwise gen-
erating 107% of the world's feed grain by weight,
would reduce world consumption of mem 0.9%
by weight and dairy products 0.6% (Tuid milk

equivalents) (/). This effect, of which around half

reflects poorer dicts in developing countries, de-
presses enussions and has a GHG “benelit”™ but
probably not a desimble one. Effective contmols
on land conversion would constrn the major
source of new supply 10 meet mcreased biolucl
demands, resulting in less addinonal cropland and
higher prices as markets seck equilibrium. In that
evenl, more greenhouse benelits would stem in
reality from reduced food consumption.

Use of good cropland to expand biofuels will
probably exacerbate global warming in a manner
similar to directly converting forest and grass-
lands (29). As a corollary, when farmers use
today s good cropland to produce food. they help
to avert GHGs from land-use change,
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Local Positive Feedback Regulation
Determines Cell Shape in Root Hair Cells

Seiji Takeda,! Catherine Gapper,! Hidetaka Kaya,>® Elizabeth Bell,!

Kazuyuki Kuchitsu,®? Liam Dolan™

The specification and maintenance of growth sites are tightly regulated during cell morphogenesis
in all organisms. ROOT HAIR DEFECTIVE 2 reduced nicotinamide adenine dinucleotide phosphate
(RHD2 NADPH) oxidase—derived reactive oxygen species (ROS) stimulate a Ca®* influx into the
cytoplasm that is required for root hair growth in Arabidopsis thaliana. We found that Ca®*,

in turn, activated the RHD2 NADPH oxidase to produce ROS at the growing point in the root hair.
Together, these components could establish a means of positive feedback regulation that
maintains an active growth site in expanding root hair cells. Because the location and stability of
growth sites predict the ultimate form of a plant cell, our findings demonstrate how a positive
feedback mechanism involving RHD2, ROS, and Ca®* can determine cell shape.

ells develop polarized shapes by gener-
ating and mamtaining localized sites of

growth. Although many proteins and
physiological processes that are required for
tip growth have been identified, the manner by

which they interact in the stable maintenance of

local growth sites is unknown in plants. Impor-
tant among these processes in growing rool
hair cells of A thaliana is the elevation of the
concentration of evtoplasmic Ca®* and the local-
ized production of ROS by the RHD2 NADPH
oxidase (f-+). We hypothesized thm RHD2
protein would be located at the sites of growth
and ROS accumulation and therefore determined

'pepartment of Cell and Developmental Biology, John
innes Centre, Nomwich NRS 7UH, UK, *Genome and Drug
Research Center, Tokyo Uniwrsirzunl Science, 2641 Yamazaki,
Noda, Chiba 278-8510, Japan. “Department of Applied Bio-
logical Science, Tokyo University of Science, 2641 Yamazaki,
Moda, Chiba 278-8510, Japan.

*To whom correspendence showld be addressed. E-mail:
liam.dolan@bbsrc.ac. uk

Fig. 1. RHD2 is located
at the growing tip of root
hair cells. GFP.RHD2 ac-
cumulation in initiating
hairs (A and B} and grow-
ing hairs (C to F). (G and
H} GFP:RHDZ i located
at the plasma membrane
tarrows), which & pulled
back from cell wall (armow-
heads) in a root treated
with 450 mM mannitol
to cause plasmolysis. (I
and L} FM4-64 labeling
tred}. (] and M) GFP:RHD2
{green). (K and N) merged
channels (yellow). Before
BFA treatment, [{) to

(K)]; after treatment of 25 uM BFA for 30 min, [(L) to (N)]. (O and P) GFP:
RHDZ2 in the ectopic hair bulges of scnl-1 mutant. (Q and R) GFP:RHD2
accumulated in cytosolic clumps of der1-2 root hairs. (S and T) GFP:RHD2
localization was not affected by dimethyl sulfoxide (DMSO) control (S),
whereas treatment of 10 .M cytD for 2 hours caused GFP:RHD2 to locate to
clumps inside the cell (T). (U to X) GFP:RHDZ is localized at the tip of

www.sciencemag.org

the distribution of RHD2 protein using trans-
genie plants expressing RHD2 fused with green
Nuoreseent protem (GFP junder the control of the
RHD2 promoter and terminator. The GFP:RHD2
(N-teminal fusion) complemented the Rhd2
phenotype (fig. S1) RHD2 was presemt in all
epidermal cells of the elongation zone but be-
came restricled 1o the wichoblasts (specialized
cells that form root hairs) in the zone just before
hair outgrowth occurred (fig. 52), where it ac-
cumulated at finure sites of hair outgrowth (Fig.
1, A and B). RHD2 remained atthe site of growih
during hair clongation and disappeared when
growth stopped (Fig. 1, C 1o F) These data
suggest that the localization of RHD2 resincts
ROS production to the growth pomits of the cell.

Criven that RHD2 camics six putative Lrins-
membrane domains (3-7), we prediced that

RHD2 would be located in the plsma mem-
brane. Indeed, RHD2 colocalized with the plas-
ma membrane when separated from the cell wall
after plasmolysis (Fig. 1. G and H). This local-

REPORTS

zation depended on vesicle ratlicking because
treatment with brefeldin A (BFA) resulted in
the colocalization of RHD2 and the endocytic
vesiele marker FM4-64 in small ageregates
within cells (Fig. 1. 1w N} (&) Thus, the de-
crease in oot hair length observed upon BFA
treatment is due at least in part 10 RHD2 delo-
calization (%), and endocyiotic wmover is likely
to be an imporant process maintaining RHD2
in the plasma membrane,

ROS accumulate ectopically in suparcentipede!
(scrd) mutant trichoblasts, sugeesting that the
Rho guanosine tnphosphate dissociation inhibi-
tor (RhoGiDD—SCN-restricts ROS produc-

tion 1o a single sile (7). Because these foci of

cetopic ROS production result {from RHD2 activ-
ity, we predicted that SCN1 controls the spatial
accumulation of RHD2, We tfound that RHD2
accumulated in several distinet foct in the sen/
mutant as compared with the wild type. where it
accumulated ata single location (Fig. 1. O and P).
Thus, SCN1 RhoGDI restricts the accurnulation
of RHD2 to a single site within the trichoblast.
Because atarget of SCN1 RhoGDI regulation
[ROP2 guanosine triphosphatase (GTPase), which
is located to the hair tip (2, J0)] regulates actin
microfilament dynamics in root hair cells (1),
we predicted that microfilaments would spatially
conmrol the distribution of RHD2 within the cell.
RHD2 accumulated in eytoplasmic clumps in the
eleformed root herivs 1 (derd y mutant, which lacks
the ACTINZ protein (f2) (Fig. 1. Q and R).
Furthermore, RHD2 accumulated in clumps in
the evtoplasm upon teatment of wild type with
the microfilament-disrupting drug  eyvtochalasin
D {eviDy(Fig. 1. 5 and Tyatthe concentration that
did not change the polar localizaion of ROP GTPase
in the trichoblast (73). To test whether micro-
twbules were also required, RHD2 localization
was determined in the ectopic roor hair 3 (erhd)
mutant in which microtubules are disorganized

deformed hairs after treatment with 5 uM taxol [(U) and (V)] or 5 pM oryzalin
[(W} and (X)]. (¥ and Z) GFP:RHDZ located at the growth sites in erh3-3
trichoblast. (A), {C), (E), (G, (O), (Q), (U), (W), and (Y}, bright-field images;
(B), (D), (F), (H), (P), (R}, (V), (X}, and (Z), GFP images from charge-coupled
device camera; (1) to (N), (S), and (T), fluorescent images from confocal
microscopy. Scale bars, 10 um.
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and in wild tvpe treated with the microtubule-
disrupting drugs orvealin or taxol ( /4, 1 5). RHD2
was located at the growing tips inall cases (Fig. 1,
U to Z), indicating that microfilaments but not

microtubules are required for the Tocalization of

RHD2 1o the growing tip,

Ciiven that RHD2 camies two conserved EF-
hand motifs near its N terminus where Ca®
binds (Fig. 2A)(3, Ty and that ROS produced by
RHD2 activate hyperpolarization-activated Ca™
channels, causing Ca®* influx into cells (/). we
hypothesized that Ca™ could activme RHD2,
forming a positive feadback network, To test this
hypothesis, we determined the role of Ca®' in
regulating ROS production by the RID2 in hu-
man embryonic kidney (HEK) 293T cells in which
NADPH oxidase acuvity 1s abolished (/6. [7).
HEK293T cells were tmnsfected with a full-
length RHD2 cDNA fused with FLAG 1ag that
allowed us 1o confirm the production of RHD2
protein by immune blotting (Fig. 2B} To determine
whether Ca®' stimulates RHD2 NADPH oxidase
activity, we treated the tansfected HEK293T cells
with ionomyein, an ionophore that causes Ca®’
influx imo cells, thereby raising the concen-
trations of cytoplasmic Ca®* (/8). Tonomycin
treatment transiently activated RHD2 ROS
production as compared with that in the cmpty
veetor transfection control (Fig, 2C), indicating
that Ca™" stimulated RHD2 NADPH oxidase
activity. lonomyein-induced ROS production in
the RED2-transfocted cells was inhibited by
treatment with diphenylene iodonium (DPLY, a
general inhibitor of Mavin-containing ox idases, in
4 dose-dependent manner without changing RHD2
protein evels (fig. S3A), Thus, the elevation in
evtoplasmic Ca®* concentrations stimulates ROS
production m the wanstected cells through the
activation ol RI1D2.

To investigate whether Ca®-dependent acti-
vation is medinted by EF-lhand motifs in the
RHD2 protein, we changed the last glutamic acid
residue of the Ca**-binding loop in the first hand
motil to an alanine E(ih.l"”_.,—u;.ﬁ“ (E250A)
(/9] (Fig. 2A) This glutamic acid is conserved
among EF-hand motifs and is required for Ca®
binding (2. lonomycin-induced ROS produc-
tion in cells ransfected with RHD2 harboring the
E250A substitution was 50 o 60 lower than
that m cells tansfected with wild-type (WT)
RHD2 (Fig. 20), despie the levels of RHD2
protein in cach transfected cell wpe being the
same (Fig. 2B). Similarly, other substitutions in
conserved amino acid residues within the EF-
hand motils (D239A or G244E in the first hand;
D283A or G2RSE in the second hand; Fig. 2A)
decreased ROS production as compared with
WT controls, without affecting the protein levels
(fig. S3B). Thus, Ca®* binding to the EF-hand
motifs 15 required for the activation of ROS
production by RHD2,

Because Ca® may control microfilament
dynamics (3, 2/}, we determined whether Ca®’
binding through the EF hand regulated the
subcellular localization of RHD2. The sub-

A incoming hal wiiting heilx B % %
Ga2*-binding loop 8 8
XY *RGITA**-1 E &
1st hand LETFFDMV gmgurm& VREIISLS sl FLAG p—
Znd hand ADEYAALIMEEL grnm&rm:: LETLLLOA al-ACTIN
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Fig. 2. Ca®* activates RHD2. (A) The Ca*-binding amino acid residues (X, ¥, Z, =X, =Y, and —Z) in RHD2
EF-hand motifs. Asterisks indicate nonconserved amino acids. (B) Protein levels in HEK293T cells shown
by immune blotting with actin as a loading control. (€} lonomycin treatment induced ROS production.
Arrow indicates the time point when ionomycin was added. RLU, relative luminescence units, Error bars
indicate 5E. (D} Subcellular localization of GFP:RHD2 carrying the E250A substitution in a trichoblast.
Scale bars, 10 um. (E} Rescue of rhd2 root hair defects by GFP:RHD2 fusion genes. Scale bars, 500 um. (F)
Elongating hairs located within 2.5 mm from initiation were measured in different backgrounds and

represented by percentage of hair length.

cellular localization of GFP:RHD2gs0s was
identical 1o that of the WT GFP:RHD2 proicin
(Fig. 2D). indicating that although Ca®™ activates
RHD2 NADPH oxidase actvity through the EF

hand, it does not regulate the distribution of

RHD2 protein within the cell.
Given the imponance of the EF hand in Ca™ -
regulated activation of RHDZ, we predicted that

the RHD2 protein with a mutated EF-hand motif

would not promote oot hair clongation, To test
this hyvpothesis, we expressed a GFP:RHD2 gene
camying a E230A substitution (GFP:RHD2 g 2504 )
in the sl 2 mutant background. GFP:RHD2g2504
did not complement defects of the rlhd2 mu-
tant, whereas plants transtformed with the WT

GFP:RHD2 construct developed WT root hairs
(Fig. 2. E and F). This suggests that Ca®* binding
to the RHD2 EF-hand monl’ is required for ROS
production and root hair tip growth,

We identified possible sites of phosphoryl-
ation on RHD2 by comparing the amino acid
sequence of RHD2 with other members of the
family (Fig. 3A) (22) and predicied that RHD2
would be regulated by phosphory lation. To 1est
whether these residues were phosphorylated di-
rectly, we performed in vitro Kinase assays using a
recombinant peptide comesponding o ammo acids
36w 351 of RHD2 (RHD 25163511 RHD2 306351
was dircctly phosphorylated in a Ca® -dependent
manner (Fig. 3B), The peptide in which both serine

29 FEBRUARY 2008 VOL 319 SCIENCE www.sciencemag.org




A Cc

600
food ;
AtrbohC/RHDZ 316 NLSHMMSQR B a2 a0 |
AtrbohD 341 ILSOMLSQK E E ﬁ
AtrbohF 352 YTSQALSQN E Ei E‘ a0 |
E E £
MBFLAG @ - g
B At ACTIN ——— 200 |
[ ! e
1] 1

Fig. 3. Ca®*-dependent phosphorylation activates RHDZ. (A) Alignment of
region containing putative phosphorylation residues of RHD2, AtrbohD,
and AtrbohF. Arrows highlight conserved phosphorylation serine residues.
(B} In vitro kinase assays of RHD2334 351 'S" indicates WT protein, and
“A" indicates protein in which 318 and 322 serine residues are converted to

10 pm.

Fig. 4. Synergistic activation
of RHD2 by Ca** and Ca**-
dependent phosphonyation.
Arrows indicate the time
points when CA or fonomycin
was added. Error bars indicate
5E.
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residucs were changed to alanine (RHD244 34)-
S318/322A) was not phosphorviated (Fig. 3B).

To determine whether the phosphoryvlation of

RHD2 enhanced NADPH oxidase activity, we
determined the effect of calveulin A (CA)—a
phosphatase inhibitor that causes proteins 0
remain phosphorvlated (23)y—on ROS produc-
tion by RHD2, We expressed a full-length RED2
cDNA (RHD2-WT) in HEK293T cells (Fig. 3C).
ROS production of RHD2-WT was activated
upon addition of CA (Fig. 3D), indicating that
phosphorvlation stimulates ROS production by
RHD2, CA-mduced ROS production was sup-
pressed by DPLin a dosc-dependent manner (fig,
S30), indicaung that the ROS production results
from the stimulation of the NADPH oxidasce
activity of RHD2.

To test whether this CA-stimulated ROS pro-
duction is mediated by conserved serine residucs,
we determined the levels of ROS produced by
full-length RHD2 ¢DNA camying the S318322A
substitution (RIHD2-5318/322A). The mutant
proteins produced less ROS than WT proeins
in response to CA weamtmem, withow changing
the protein levels (Fig. 3, ¢ and D). Funther-
more, these substiutions did not change the
subcellular localization of RHD2 (Fig, 3E).
Taken together, these data indicate that Ca®'-

lonomycin  —e— RHD2-WT

—a— RHD2-S318/3224
—o0—RHD2-E2504

—i— AHD2-E250A 531873224

=0\ &Clor control

Time (min)

dependem phosphorylation is required for the
activation ol RHD2.

We investigated if' Ca®" binding 1o the EF
hand and Ca*'-dependent phosphorylation act
together 1o control ROS production by RHD2.
When cells were pretreated with CA. the ransient
ROS production in response 10 ionmmnycin treat-
ment was increased as compared with that in cells
treated only with CA or ionomycin (Fig. 4). This
suggests that RHD2-catalyvzed ROS production
is synergistically activated by cytosolic Ca® and
('uz'-du.:[n:rldum phosphorylation. The amino acid
substiiutions i the EF-hand motifs or phospho-
rylation sites cavsed a greater than 30% reduction
in ROS production as compared with that in

RHD2-WT (Fig. 4 and fig. S3D), and versions of

the RHD2 protein carrying amino acid substitu-
tions in both the phosphorylation sites and EF
hand produced even less ROS (Fig. 4). Thus, these
differemt domains of the RHD2 NADPH oxidase
serve as targets for Ca®-mediated activation.
Our data provide evidence for a two-part
mechanism that determines the shape of root hair
cells (fig. 540 A prerequisite is the apical local-
tzation of RHD2 protein at the hair cell up, Onee
located at the tip, a positive feedback loop mvolving
RHD2 15 mitiated. ROS denved from the RHD2
NADPH oxidase may activate hypempolarization-

REPORTS

=il OWT

S318M322A

alanines. (C) Protein levels in HEK293T cells confirmed by immune blotting.
(D) CA enhanced ROS production in WT RHD2 and RHD2-5318/322A. Arrow
indicates the time point when CA was added. Error bars indicate SE. (E)
Subcellular localization of GFP:RHD2 with $318/32 2A substitution. Scale bars,

activated Ca** channcls that transport Ca®” into
the cells that in wm acivates RHD2 NADPH
oxidase activity through its EF hand and a Ca®'-
dependent protein kinase activity. Such a system
of positive feadback, in concert with an indepen-
dent mechanism For locating RHD2 protein to the
tip of the cell, provides a robust mechanism that
explains how cells such as root hairs maintain
polarity during morphogenesis.
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Ceramide Triggers Budding of Exosome
Vesicles into Multivesicular Endosomes

Katarina Trajkovic,™** Chieh Hsu,™** Salvatore Chiantia,® Lawrence Rajendran,® Dirk Wenzel,?
Felix Wieland,* Petra Schwille,® Britta Briigger,* Mikael Simons™*7"t

Intraluminal vesicles of multivesicular endosomes are either sorted for cargo degradation into
lysosomes or secreted as exosomes into the extracellular miliew, The mechanisms underlying the
sorting of membrane into the different populations of intraluminal vesicles are unknown, Here, we
find that cargo is segregated into distinct subdomains on the endosomal membrane and that the
transfer of exosome-associated domains into the lumen of the endosome did not depend on the
function of the ESCRT {endosomal sorting complex required for transport) machinery, but required
the sphingolipid ceramide. Purified exosomes were enriched in ceramide, and the release of
exosomes was reduced after the inhibition of neutral sphingomyelinases. These results

establish a pathway in intraendosomal membrane transport and exosome formation.,

ficr endocyiosis, proteins and lipids that
A:m: destined for lysosomal degradation

are lirst incomporated into intrluminal
vesicles (ILVs) of multivesicular endosomes
(MVEs)and delivered w lvsosomes for digestion
(£, 20 Alematively, MVEs can direetly luse with
the plasma membrane, which leads to release ol
the ILVs w0 the extrmcellular environment as
exosomes, where they function in a multitude of
mtercellular signaling processes (3-3). How pro-
teins and lipeds are sorted 1o these subsets ol ILVs
direeted cither for lysosomal degradmion or for
SCCTCLION 45 CXOSOMEes s unknown.

To address this issue, we swdied the mem-
brane wallicking of the proteolipid prowein (PLP)
in Oli-neu cells, a mouse oligodendroglial cell
line that comains a large number of MVEs (6). To
analyze whether PLP was released in association
with exosomes, we subjected the edl culwre
medium of transiently tmnsfected Oli-neu cells wo
sequential centnfugation steps with increasing
centrifugal forces o obiain, finally, a 100,000
peliet, which mamly comtained small membranc
vesicles with a diameter of about 50 1o 100 nm
(Fig. 1B}, similar to previously described exo-
somes (3-5), Relatvely large amounts of PLP
were found in the 100,000z pellet (Fig. 1A), and
immunoclectron microscopy  analvsis revealed
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the presence of PLP on the vesicles (Fig. 1B). In
contrast, PLP containing the cyloloxic, missense

(AZ42VY msd-PLP] that keads to misfolding of
the protin and to retention in the endoplasmic
reticulum (ER ) was not detectad in the 100,000
pellet (Fig. 1AY this linding excluded cell lvsis as
amajor contributing factor, In addition, ER, Golgi.
and carly endosomal proteins and severl exog-
enously expressed membrane proteins were n
detected in the 1OO,000g pellet, which did con-
tain the wo exosomal protems, Alix and foullin
(hig. STH7, &) In a continuous sucrose density
erdient, the majorty of PLP was ennched in the
same fraction as the exosomal protein Alix (Fig.
1C). To explore whether PLP requires transpon
through the endosomal system o be released
with exosomes, we cotransfected PLP with the
carly-cndosomal guanosine triphosphatase

deficient Rab5 (Rab39™in which Leu replaces
Gln at position 79) 10 impair intracndosomal
traflicking (¥). Electron microscopy analysis of
these endosomes revealed that they were lilled

mutation |[Val replaces Ala at position 242

CL P3 P4 P4 P10 P100

with [LVs (g, 820 A large fraction of PLP was

D i

RabS
wi araL

A
wi PLP

CL

mad PLP — — P10

5 CL P100
oot RabS Rab5 RabS RabS
wl OQTeL wi OTBL

Gag-YFP

Gag PLP
RabSOTOL

i ﬂﬁhﬂ ; S e e i = | PLP-EGFP
_ wie  Fig. 1. ldentification and characterization of
exosomes, (A) Oli-neu cells were transiently
transfected with Myc-tagged, wild-type (wtPLF)
or mutant {msd-PLP} PLP; the medium was collected and submitted to sequential centrifugation steps as
indicated. The resulting pellets of each centrifugation step were analyzed by Western blotting for PLP. (B) Cells
were transiently transfected with PLP-Myc; 100,000g pellets were prepared and negatively stained with 1%
uranyl acetate and immunolabeled with antibodies against PLP {right). Scale bar, 200 nm. (O A025to 25 M
sucrose gradient was loaded on top of the 100,000 pellet, and the resulting fractions were analyzed for PLP
from transiently (PLP-Myc) or stably transfected (PLP-EGFP) cells and for the exosomal protein Alix, (D and E)
Cells were cotransfected with either GFP-Rab5”" ™ or wild-type GFP-RabS (wt) and PLP-Myc or Gag-YFP; the
amount of PLP and Gag in the cell lysates and 100,000g pellets was determined and quantified. Results are
expressed as the mean < 5D of five experiments (P < 0.01; one-sample f test against 100%).
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entrpped in these enlarged endosomes, and the
release of PLP with exosomes was signi ficantly
reducaed (Fig. 1. D and E). The release from the
plasma membrane of Moloney murne keukenna
virus Gag lused 1o vellow Huorescent protem
(Cag-YFP) with virus-like panicles was not
affected by Rab3?™%, which demonstrated the
specilicity of the effect (Fig. 1, Dand E).

Thus, PLP-containing exosomes are derived
from the endosomal system. How then is exo-
somal cargo segregated from nonexosomal cargo
in endosomes” To study the possible segregation

Fig. 2. Endosomal subdomain
structure, Oli-neu cells were co-
transfected with Rabs®"™ and
PLP-Myc, EGFR, hemagglutinin
(HA} epitope—tagged Hrs (HA-
Hrs), GPI-CFP, or flotillin-2 fused
with red fluorescent protein
(flotillin-2—RFP) as indicated.
Cells transfected with EGFR were
incubated for 15 min with
rhodamine-labeled EGF. Cells
were then processed and ana-
lyzed for immunofluorescence
microscopy. The white box indi-
cates the (inset) region reim-
aged in higher resolution and
contrast to resolve the subdo-
main structure. Quantification
of colocalization of the different
proteins on endosome membranes
is shown (n = ~25 endosomes).
Scale bar, 10 pm.
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Fig. 3. Lipid analysis of exosomes. Analysis of (A) phospholipid classes, (B)
PC composition, and (C} ratios of individual lipid classes from total cellular
membranes (CM) and the exosome fractions (P100). The data are from three
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of cargo within distinet endosomal  microdo-
mains, we transfected cells with Rabs®™ 1
enlarge carly endosomes and o facilitate domain
mspection by confocal mmmunofluonescence
analysis (/). Clathnn-coated microdomams on
carly endosomes contain the ubiguitin-binding
protein Hrs, which sons ubiquitinated proteins
into these domains 1o mediate degradative pro-
tein sonng (/7). To analyee whether PLP local-
ized 1o these microdomains, we analveed the
localization of PLP in Rab3¥™" enlarged endo-
somes. Linle PLP colocalized with either Hrs or

phosphatidylserine.

epidermal growth factor receptor (EGFR) (Fig.
2}, whercas Hrs colocalized 1o a large extent with
EGFR (fig. 53). The PLP-cnnched domains co-
localized with loulling a membrane scallolding
prodemn of hped-ralt mecrodomains, and with gly-
cosy Iphosphatidylinositol fused to eyvan (Tuores-
cent protein (GPI-CFP), which suggested that
segregation of PLP from EGFR involves rafl-
bascd microdomains (Fig. 2),

We next addressed whether EGFR or PLP uses
distinct pathways of inward budding into endo-
somes, Sorting of EGFR imo ILVs requires the
sequential action of different components of the
ESCRT (endosomal sorting complex required for
transpon) machinery (/2, /3), To interfere with
the function of the ESCRT machinery, we used
cither RNA imterference (RNAL or domimani-
negative mutants aganst Hres, TsglOl, Alx, or
Vpsd, Depletion ol cither Hrs or TsglO1 signili-
cantly reduced the intraluminal transport of EGF
into enlarged endosomes, whereas Alix depletion

only had a mmor effect i ig. 54). The reduction of

EGF m the endosomal lumen correlated wath a
defeet in EGF degradation (lig. 553 (/7). We also
analyzed the effect of the Tsg 101 depletion (knock-
down) on imracndosomal transpon o vesicular
soimatitis virus G IVSVAG) o investizate ligand-
independent ransport. Depletion of Tse 101 ne-

duced the amount of VSV-Gowithin the lumen of

the endosomes (fig. S6).
In contrast, knockdown of Hrs, TsglOl, or

Alix had no influence on the inward budding of

PLP (fig. 54). In addition, the lunctional inhibi-
tion of the ESCRT machinery did not change the
colocalization of PLP with Lamp-1 (lig. S7).
Thus, the pathway for intraendosomal transpon
of PLP may be ESCRT-independent. Further-
miore, neither knockdown of Tsgl 01 and Alx nor
cxpression of a dominant-negative Vps4 impaired
the secretion of PLP with exosomes (lig. S8).
Likewise. the release of CD63 (with enhanced
GFP fusion, EGFP-CD63) was not affected by
coexprassion with dominant-negative Vpsd (fie
S, Secrction of Gag-YFP with virus-like par-

ticles was strongly reduced by the expression of

dominant-negative Vps4 (fig. ST) (/4). In addi-
tion, overexpression of TsglOl, which inhibits
HIV=l budding (/5). did not affect exosome ne-
lease of PLP (fig. S10). Thas, PLP 15 transforred
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independent experiments; values are means + 5D. Chol, cholesterol; HC,
hexosylceramide; Cer, ceramide; PE, phosphatidylethanolamine; and PS5,
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o the lumen of endosomies and released with
exosomes inan ESCRT-independent fishion,
To get insight inte the ESCRT-mdependent
budding machmery, we used nano-clectrospray
1onization tandem mass spectrometry 1o examine
the molecular composition of exosomes. The
lipid composition was remarkably similar to that
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of lipid ralis (16, [7). Exosomes not only were
enniched in cholesterol but also contained higher
amounts of sphingolipids [sphingomyelin (SM)
and hexosylecramide | and lower amounts of phos-
phatidylcholine (PC) than total cellular membrane

(Fig. 3A). In addiion, quantitative analysis of

lipid molecular specics revealed an increase in
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Fig. 4. Ceramide in the formation of intravesicular membrane and exosome release. (A} Oli-neu cells
stably expressing PLP-EGFP were treated with 5 pM GW4869, 5 uM spiroepoxide, or 5 mM glutathione or
with the respective vehicle. nSMase2 small interfering RNA (siRNA) was delivered by nudeofection into
the cells. The amount of PLP-EGFP and Gag-YFP was determined in the cell lysates (CL) and in the exosome
fractions (P100). (B} Results are expressed as means + 5D of three to six experiments (*P < 0.05; **P <
0.01; ***P < 0.001; one-sa nj;fle t test against 100%). (€} Cells were treated as indicated and

cotransfected with GFP-Rab5?

and PLP-Myc or VSV-G and then processed and analyzed by immuno-

fluorescence microscopy. (D) The amount of PLP or WSV-G in the endosomal lumen was quantified (fluo-
rescence intensity in the lumen versus the l[imiting membrane; normalized to 1 for the controls). Values
represent means = SE (n > 40 endosomes; =P < 0.01, **F < 0.001; f test). Scale bar, 5 um. (E} GUVs were
prepared with a mixture of DOPC, 5M, and cholesterol. DiD-C18 (red) and Bodipy-cholesterol (green) were
used to mark the two lipid phases. GUVs were incubated with SMase from Staphylococcus aureus, Confocal
pictures are shown before and at two different time points after the addition of SMase, as indicated.
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saturated PC, at the expense of polyunsaturated
species inexosemes (Fig, 3B and lig. ST Most
important, we found a marked ennchment of
ceramade i exosomes (Fig, 30, Cernmide 15
formed after the hydmlyue removal of the phos-
phocholine moicty of SM by sphingomyelinascs
(SMascs) (/85). Exogenous SMase treatment or
application of Cg-ceramide can mduce the fomma-
ton of vesicles (J9-2/1) To analyze the role of
ceramide in exosome biogenesis and release, we
treated Oli-neu cells with the neural sphingo-
rvelinase (nSMase ) inhibitor, GW486Y, Exosome
release was markedly reduced after treatmem
with GW4RM (Fig. 4. A and B, and fig. S9), The
effect was also observed after wemment with the
two structurally  unrelated nSMase inlubitors,
spirocpoxide and glutathione (Fig. 4, A and B).
Furthermore, depletion of neutral splungomyeli-
nase 2 (nSMase2) with RNAG reducad the release
of PLP but not Gag with exosomes. Next, we
studied the effect of nSMase imhubition i ntra-
endosomal ransport of PLP. Adter treatment with
GWAR69, a significant reduction of the amount of
PLP within the endosomal lumen was observed
(Fig. 4B). This was not due to an unspecific de-
rangement of the endosomal svstem, because the
amount of intracndosomal VSV-Goremained un-
changed (Fig. 4, C and D) and because the deg-
rmdation of EGF was not impaired (fig. S12).
Furthemmore, a reduction of PLP within the endo-
somal lumen was also observed after depletion of
nSMase2 using RNAG (Fig. 4. C and D).

To further explore the role of ceramide in
the formation ol intravesicular membrane, we
performed experiments using giant unilamel-
lar vesicles (GUVsL We used a mixiure of
disleoylphosphaudyleholine (DOPC), SM. and
cholesicrol w0 generate vesicles with two
different lipid phases. 1.1%-Diociadeevl-3,3,3° 3
tetramethviindodicarbocvanine perchlorate (IiD-
C18) and cholesterol with dipyrmomethene boron
dilluonde (Bodipv-cholesierol) were used 1o
mark the liquid-disordered and  liquid-ordered
(ralilike) lipid phases, respectively. We added
SMase exogenously o these GUVS o analvee
whether intravesicular membranes were fonmed
from one of these lipid phases. Shortly afier the
addition of the SMase, small vesicles stared o
bud from the hguid-ordered lipid phase and 1o
accumulate in the lumen of the GUWYs (Fig. 4E).
The mtmvesicular membrane was predominantly
labeled by Bodipy-cholesterol and comained only
small amounts of DiD-C 18 (Fig. 4E)

logether, these data provide evidence for an
alternative pathway for soting cargo imo MV Es,
which is independent of the ESCRT machinery
but seems o depend on rafti-based miacrodo-
mains lor the lateral seereeation of cargo within
the endosomal membrane, These microdomains
may contain high concentrations of sphingolip-
ids from which ceramides are fomed, Ceramide
can induce the coalescence of small microdo-
mains into larger domains, which promotes
domain-induced budding (22}, In addition, the
cone-shaped structure of coramide might nduce

WWW.SCIencemadg.org



spontancous negative curvature by creating an
arca difference between the membrne leaflets,
Another cone-shaped hipad, Ivsobisphosphatidic
acid, induces the formation of intemal vesicles in
liposomes (23), This lipid, which is absem from
exosomes (JA), may regulate biogenesis and
dynamics of ILVs along the degradative pathway
(24), Ceramide, in contrmst, seems 1o be used for
the gencration of another population of ILVs that
are not destined for transpont 1o the lysosomes but
are secreted as one class of exosomes,
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Membrane Proteins of the
Endoplasmic Reticulum Induce
High-Curvature Tubules

Junjie Hu,* Yoko Shibata,® Christiane Voss,” Tom Shemesh,? Zongli Li,* Margaret Coughlin,®
Michael M. Kozlov,* Tom A. Rapoport,™ William A. Prinz®*

The tubular structure of the endoplasmic reticulum (ER} appears to be generated by integral membrane
proteins, the reticulons and a protein family consisting of DP1 in mammals and Yoplp in yeast Here,
individual members of these families were found to be sufficient to generate membrane tubules.
When we purified yeast Yoplp and incorporated it into protecliposomes, narrow tubules (~15 to

17 nanometers in diameter) were generated. Tubule formation occurred with different lipids; required
essentially only the central portion of the protein, including its two long hydrophobic segments; and
was prevented by mutations that affected tubule formation in vivo. Tubules were also formed by
reconstituted purified yeast Rtnlp. Tubules made in vitro were narrower than normal ER tubules, due to
a higher concentration of tubule-inducing proteins. The shape and oligomerization of the
“morphogenic” proteins could explain the formation of the tubular ER.

ow the characteristic shape of an organ-
Hc]lq: 15 generated and maintained s

largely unknown. The endoplasmic ne-
ticulum (ER), for example, consists of continu-
ous membrane sheets and wbules (., 23, but it 15
unclear how these domains are made and kept
morphologically distinct. The wbules are inter-
comnmected i a polveonal network and have di-
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ameters ranging from =30 nm in Seccharonmmces
cerevisige (3) o =30 nm in mammals (). The
most plausible models for shaping ER wibules are
based on mechanisms that generate or stabilize
the high membrane curvature scen in cross scc-
tions, A curvaturc-stabilizing role has been sug-
gested for a class of integral membrane proteins,
the reticulons and a proten family that includes
DP1 in mammals and Yoplp in yeast (3), These
proteins are found in most, if not all, cukarvotic
cells. They form homo- and heterooligomers and
localize exclusively 10 ER wbules, Their over-
expression generates long, unbranched tubules,

and their deletion in veast leads o the loss of

tubular ER. The reticulon and Yoplp (DP1) fam-
ilics are not related in sequence, but they each
contain a conserved domain of 200 amino acids
that includes two hydmophobic scgments, which
scem o form a haimin in the membrane, It re-
mains unclear whether the reticulons or Yoplp
{DP1) are sulficient for whule tormation and how
they might deform the membrane.

We first tested whether the retieulon and
Yoplp (DP1) proteins would cach generate
membrane wbules when reconstituted with lipids
ino proteoliposomes. Yoplp was punfied from
5. cerevisiae with a cleavable N-terminal histidine
i His) tag in the deterzent lurvldimethy lamine-N-
oxide (LDAOY Fig. 1A (6) After cleavage ofthe
His tag, Escherichia coli polar lipids were added,
and the detergent was removed with Biobeads o
penente proteoliposomes. AL carly ume pomnts
durmg the reconstitution reaction, small vesicles
and short whbules were seen by negative-stain
clectron microscopy (EM), both with a diameter
ol =17 nm (Fig. 1B} Over the course of a day, the
vesicles disappeared and the wbules grew in
length, reaching several hundred nanometers, but
their diameter remained the same (Fig. 1C). The
twbules occasionally had branch poinis (Fig. 10),
which indicated ithat the lipid bilavers could
branch or fuse during reconstitution. Mo tubules
wiere seen when the lipids were omined (Fig, 1D).
In the absence of protein, round liposomes with
heterogencous size were generated (Fig, 1E)L
Yoplp fomed wbules of identical diameter when
reconstituted with other Lipids (g, S0 which
suggested that the protein wis pomarily responsi-
ble for the shape of the proteoliposomes,

Next, we tested whether veast reticulon Rinlp
could also induce wbules m v, Tubules were
indeed seen in negativesstain EM when purified
Rmlp (Fig. 1F) was mixed with £ eolff polar lip-
ids and the detergent was removed by dialysis
(Fig. 1G). The diameter of these wibules was about
the same as with Yopp, but bulges wene froquently
observed, When the deterzent was iemoved by Bio-
beads, Rinlp wibules were not generated, wheneas,
with Yoplp, both Biobeads and dialysis resulied in
wibule fommation. Becuse Rinlp was less eflicien
than Yoplp in forming wbules, most of the sub-
sequent expeniments were perfommed with Yoplp.

Increasing the lipid concentration or de-
creasing the protein concentration in the recon-
stitution reaction resulted in fewer Yoplp tubules
and an increased number of large vesicles (able
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F Q:?@ Fig. 1. Tubule formation with reconstituted
& & purified Yoplp or Rtnlp and lipids. (A) His-
212 W Yopl-HA (themagglutinin tagged) was puri-
fied from 5. cerevisiae and analyzed by 505
‘x 2 polyacrylamide gel electrophoresis (SDS-
k PAGE) and staining with Coomassie blue
54 - before and after cleavage of the His tag
a & (Yopl-HA). M, molecular weight markers.
: (B) Yopl-HA was mixed with E. coli polar
7 lipids in LDAQ, and the detergent was

removed with Biobeads over 4 hours. The
proteoliposomes were analyzed by negative-stain EM. Arrows indicate small vesicles. (C) As in (B),
but after one day. The arrow indicates a branch point. {D} As in (B), but with protein anly. (E) As in
(B}, but with lipid only. (F) Rtn1-His was purified from 5 cerevisioe and analyzed by SDS-PAGE and
Coomassie staining. (G) Rtn1-His was reconstituted with E. coli polar lipids in Fos-choline-12. The
detergent was removed by dialysis for 1 week. Scale bars, 100 nm.

Fig. 2. Correlation between tubule formation in A
vitro and in vivo. (A} Yopl-HA, His-Yopl-HA, or
Yopl ACI were reconstituted as in Fig. 1B. Scale
bars, 100 nm. (B} His-tagged Rtnlp wild type or
M91 mutant [mutations: HTY, K481, T127I,
1137P, and N277Y (26)] were reconstituted as
in Fig. 1G. Scale bars, 100 nm. (C) The ER was
visualized in yeast cells lacking Rtnlp, Rtnép,
and Yoplp by expressing a green fluorescent
protein (GFP} fusion to Secé3p. The cells also
contained either an empty vector, or centromere
(CEN) plasmids expressing Yopl-HA, His-Yopl-
HA, Yopl AC1, Rtnl-His, or M91-His under the
endogenous promoters. The microscope was
focused at either the center or periphery of the

cells. Scale bars, 1 pm.

Yop1-HA

C vector

II!IIIIIIIIIIIIIIIIIIIIII

Yop1-HA

Periphery

Center

His-Yop1-HA

His-Yop1-HA Yopi_AC1-HA  Rin-His

S1) The segregation of excess lipid from the
tubules suggests that Yoplp self-associates dur-
ing detergent removal and cannot casily be di-
luted in the plane of the membrane, Both Rinlp
and Yoplp indeed have the propensity 1o form
oligomers, Up 1o five molecules could be cross-
linked using a bifunctional eross-linker (g 52,
A and B). Ladders of Yoplp oligomers were
lormed both with tubules generated in vito and
with native membranes (lig. S2A) Also, Yoplp
solubilized from yeast membranes by digitonin
migrated in sucrose gradients as oligomers con-
taining about eight molecules (fig. S2C). The
oligomers dissociated in LDAO but were resist-
ant 1o high salt, which suggested that they are
formed mamly through hydrophobic interactions,

Reconstituted Yoplp tubules sedimented
rpidly in sucrosc-gradient centrifugation experi-
menis; the peak fractions contained almost all the
Yoplp protein added 1o the reconstitution ( lig.
53). In comtrast, as expected, pure lipids or Yoplp
in detergent stayed close 1o the wp of the gm-
dient. The gradient-purified wbules contain a
lipid-to-protein molar ratio of —10:1 (). Al-
though the protein molecules must be densely
packed in the wbules, they did not show a regular
arangement in negative-stain EM.

Yop1_ AC1

M31-His
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To determine the whule-forming donain of
Yoplp, the whules were treated with increasing
concentrations of trvpsin. Both tenmini of recon-
stiwted Yoplp were readily cleaved (g 54),
which was consistent with their proposed local-
zation in the cytosol, A stable fragment protected
by the lipid bilayver comesponded 10 amino acids
2410 165, When purificd as a recombinant protein
from yeast, this frgment (Yopl AC2) was even
more efficient in whbule formation than the full-
length protein (g, 55) However, a Yoplp fg-
ment lacking an additional 28 residucs at the C
terminus (Yopl ACH) was inactive (Fig. 2A).
Thus, the whule-inducing domain of Yoplp com-
priscs the two hiydrophobic segmems and the inter-
verng dommin, as well as a fow Danking residucs,

Purificd His-tagged Yoplp did not imduce
tubules in vitro (Fig. 2A), even though it was able
to form snall vesicles similar o those formed by
the nomagged protein (compare Fig. 1B and fig,
S6C) when the deterzent was diluted. 'We thus
tested whether His-Yoplp and Yopl ACL, both
defective in wbule formation in vitro (Fig. 2A),
wene also nonfunctional in vivo. Indeed, although
Yoplp without a His tag restored the wbular ER
in 8 cerevisiae cells lacking Yoplp, Rmlip, and
Rin2p. neither His-Yoplp nor Yopl ACI was
active (Fig. 20, In addition, the His tag prevented
the formation of long tubules seen with over-
expression of Yoplpin wild-type cells (fig. SH6A),
His-YopIp sull formed ladders in cross-linking
experiments and migrated a1 higher molecular
weight in sucrose-gradient  centrifugation (fig.
S20C), which indicated that oligomerization alone
15 insullicient for wbule fomation. We also wen-
tified an Ranlp moutant (49 1) that carmied multple
amino acid changes and was unable w0 com-
plement the triple knockout mutant in vivo (Fig.
20 the purified His-tagged M91 proicin did not
fiorm wibules in vitro, but wild-type Rinl-His did
(Fig. 2B). Thus, there is a zood correlation be-
tween bule fonmation in vitro and in vivo,

The namow diameter of the wbuales eencrated
by reconstituted Yoplp was confirmed by crvo-
EM analvsis (Fig. 3A). The diameter was
~15 nm, somewhat smaller than the width of
the Natiened tubules scen by negative-stain EM
(=17 nm). In vitreous ice, the ouler odge of the
tubules appeared much darker than their intenor,
verlying that the observed structures consist of a
bilayer enclosing a lumen, A tubule diameter of
~13 nm was also determined in thin-section EM
(Fig. 3B). Given that cach lipid bilaver has a thick-
ness of about 3 to 4 nm (7). the whules have an
extreme curvature, perhaps the highest achievable.

We reasoned that the in vitro wbules are
namower than those nommally found in cells be-
cause they have a higher concentration of tubule-
inducing protein in the lipid bilaver (by a factor
of =200, Indeed, whereas endogenous Rind co-
localized with the luminal protein calreticulin in
mammalian cells, overexpressed Rinda, DPI,
Rindc, or YopIp squeceed calieticulin out of the
tubules (Fig, 3C and fig, S7). The ovenexpression
of reticulon in yeast or plant cells also displaced

luminal proteins from the whbular ER [Fig. 3D
and (8)]. The diameter of ER wbules n COS
cells overexpressing Rinda was determuned 1o be
~20 nm (Fig. 3E), sigmificantly smaller than that
ol nommal ER tubules (50 nm) [(+) and g, S7].

Thus, individual members of the reticulon
and Yopl piDP1) families are suflicient 1o induce
membrange wbules. Rinlp and Yopp arc integral
membrane proteins, whereas previously identi-
ficd tubube-forming proteins, such as those con-
taining a BAR domain (9-12), are soluble. The
reticulons and Yoplp (DP1} could shape the
phospholipid bilaver by two mechanisms. First,
the wo hwdrophobic haimpin scgmems could

A

ce-Fitnd

D

s5-RAFP-HDEL

Rin1-GFP

+gal
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cause Jocal spontancous curvature by forming a
woedge in the lipid bilaver. Second, oligomeriza-
tion of these protemns could generate arcs whose
shape may deform the bilayer into wibules, These
mechanisms might cooperate with one another,
To illustrate the clfeet of arc-like protein
oligomers on membmne wbule formation, we
have developed a simple model. It assumes than
the membrane shape is deermined by the op-
posing eifcets of the protein arcs to bend the lipid
bilaver and the bilayer resisting such bending (6).
I the arcs are ordered inlo rings encircling a w-
bule, which comresponds w0 a maximal localiza-
tion of the constraints imposed by them on the

kerge

Fig. 3. Determining the diameter of tubules. (Al Yoplp tubules generated in vitro were analyzed by cryo-EM.
Scale bar, 200 nm. {B) Yoplp tubules were analyzed by thin-section EM. Arrows indicate cross sections. Scale
bar, 100 nm. (© Nontransfected COS cells {top row) or COS cells overexpressing Myc-Rinda were
immunostained for endogenous Rind or the Myc tag (green), co-immunostained for endogenous calreticulin
(red), and analyzed by confocal fluorescence microscopy. The right panels show merged images. Scale bars,
10 pm. (D) Yeast cells expressing a fusion of a signal sequence with the red fluorescent protein and HDEL
(26) (s5-RFP-HDEL) and Rtn1-GFP were imaged with or without overexpression of Rin1-HA (+gal), Scale bars,
1 um. (E} Ultrathin frozen sections of COS cells expressing Rinda-GFP were labeled with antibodies to GFP
followed by protein A—conjugated 10-nm gold. The lower panel shows a magnified image. Scale bars, 100 nm.
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Fig. 4. Calculated shapes of membrane tubules constricted by protein rings. The barrel-shaped
structures were calculated for different distances L, between the rings. D, is the minimal diameter
at a ring. Bulging between rings is defined as BULGE = (D, = DD i, With Dy, being the
maximal diameter between rings. The bending rigidity of protein and lipid were assumed to be 800

kgl - nm and 20 kg, respectively (where kgT = 0.6 kcal/mol is the thermal energy). The

ontaneous

curvature of the protein and the thickness of the protein ring were taken to be 0.13 nm™ and 4 nm,
respectively. The color maps represent local mean curvature of the membrane in nm ™,

bilaver. a change ol the distance between rings
from 2 10 30 nm can cxplain the increase of
tubule diameter from 17 nm in the in vitro ex-
periments 1o ~30 nm in vivo (Fig. 4). The bulging
between nngs is neghgible, even for relatively
large distances. Almost perfect eylindrical tu-
bules can thus be genemted with the wbule-
forming proteins occupying a small fraction of
the total membrane surface (g S8) We cstimate
that m et =10% of the total wbular ER surface
i 8 cerevisiae could be occupied by the wbale-
forming proteins. In reality, the arc-shaped oligo-
mers may be distibuied randomly along the
tubule, and they may be disassembled actively,
which would allow other ER proteins 1o diffuse
in the plane of the membrne,

We hypothesize that the reticulons and Yoplp
(DP1y use both their wedgelike shapes and their
oligomerization inio arcs or fings 0 generate the
tubular ER with minimal surface coverage. Some
membrane-shaping proteins, such as synapiotag-
min and epsin, use only the wedging mechanism
and msert hydrophobic amine acids into the outer
leaflen of the bilaver (13, £4), but they nead to
occupy a lanee percentage of the membrme sur-
face w induce curvature (£ 3). Other proteins, such
as the F-BAR prowins and dynamins, primarily
fomm ring- or spiml-shaped scallolds 10 generate
tubules (/320 A combination of the wedzing
and scaffolding mechanisms, as proposed for
the reticulons and Yoplp (DP1), is employed by
endophilin and amphiphysin (9-£2, 27} A com-
hination of the two mechanisms also may be used
by other integrml membrane proteins that shape
organclles. For example, caveolin, which shapes
Nasklike invagimations of the plasma membmane,
called caveoli, has a single hairpin membranc
anchor and forms filaments or spirals on the cyto-
plasmic face of the organclle (22). The dynamin-
like protein Feolp in yeast (Min in mammals) in

the outer mitochondrial mambrane (23), which is
required for the maintenance ol proper mitochon-
drial whbules, has a hairpin-shaped membrane an-
chor and olizomenzation domains that are essential
for its function (24, 25). The proposed mecha-
nisms might thus be generlly used to generate
organclles with high membrane curvature,
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Leading-Edge Vortex Improves Lift in

Slow-Flying Bats

F. T. Muijres,* L. C. Johansson,* R. Barfield,® M. Wolf,® G. R. Spedding,” A. Hedenstrém®*

Staying aloft when hovering and flying slowly is demanding. According to quasi—steady-state
aerodynamic theory, slow-flying vertebrates should not be able to generate enough lift to remain
aloft, Therefare, unsteady aerodynamic mechanisms to enhance lift production have been
proposed. Using digital particle image velocimetry, we showed that a small nectar-feeding bat is
able to increase lift by as much as 40% using attached leading-edge vortices (LEVs) during slow
forward flight, resulting in a maximum lift coefficient of 4.8, The airflow passing over the LEV
reattaches behind the LEV smoothly to the wing, despite the exceptionally large local angles of
attack and wing camber. Our results show that the use of unsteady aerodynamic mechanisms in
flapping flight is not limited to insects but is also used by larger and heavier animals.

cnerating enough W during hovering
G:Lud slow forward light is problematic
according 1o traditional  quasi-steady-
state wing theory (1, 2). Yet severl species of

small lying vertebrates are adapted 1o foraging
using this flight mode. Insects are able 1w hover
by using a range of possible unsteady high-lif
mechanisms, including rotational circulation (3),
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clap-and-Nling (4, 5). wake capture (J, 6), and
added mass (7, &), However, arguably the most
mportant mechamsm s a leading-edge vortex
{LEV) (5, 9-12), which may gencrate up 1o two-
thirds of the wial i in nscct gt (73, 14).
Although unsteady it mechanisms have been
studied extensively in insects or scaled modeds of
their lapping wings (5, &, [1-17), vencbrates
have only been studied indircaly. Such mea-
suraments derved from Kinematics or wakes sug-
gest that some binds (/&) and bats (/%) mequire
additional lilt for weight suppon, other than quasi
steady-state il alone (2). A recent study of hover-
ing hummingbirds found trces of previously
shed LEVs in their wakes ( 20}, and shamp-cdged
mode] wings of ghding swilis with lugh sweep
(60°) developed stable LEVs (21),

We quantitatively measured the airflow,
using digital panticle image velocimetry (DPIV),
around the wings of three individuals of Pallas’
long-tongued bat, (Hlassopiaga sewicing (lable
S1L Nying freely in front of a feeder in a Jow-
turbulence wind tunnel at a forward Might speed
LU, = 1 mv's (22). At this Dight speed, the average
local Reynolds number of the bat wing is fe =
5 = 10% (23) and the Strouhal number Sr =
L.36 (24),

The DPIV image plane was orientated
verically in the freestrean low direction, and
measurements were made at differem span-wise
locations along the wing, when the wing was
positioned  horizontally, At this wing position,
the wing docs not block the DPIV image, the
wingspan s at its maximum, and the wing is
two-thirds into the downstroke (22). Cross-
stream DPIV measurements were also per-
formed closely behind the bais (a distance of
-3 mean wing chord lengths at U, = 1.35 m/s).
From the DPIV data. we determined the two in-
plane velocity components of the airflow, resuli-
ing in a planar velocity field. Spatial gradients of
this planar velocity field also vield the diver-
gence, which is a measure of the varation in oul-
ol-plane velocity (25). and the vonticity, which
is a measure of the local angular velocity,

From the streamwise DPIV data, the wing
profile and its motion (Fig. 1, A to D) were also
determined by tracking the part of the wing
profile illuminated by the laser sheet (220, The
velocity of the wing profile was used as a no-
ship boundary condition in the DPIV caleula-
tions (22). The average wing camber is 18« 3%
{mean + 5D, n = 68 observations) of the wing
chord (fig. 5513), and the average cifective angle
of attack is 51° = 19° (i = 68 obscrvations) (fig.
S5F) (22). Both arc high values for sicady-state
wing theory: A fixed wing at similar Be with
such high camber and angle of amack would
stall and lose lifi (26).

"Department of Theoretical Ecology, Lund University, SE-223
62 Lund, Sweden. “Department of Aercspace and Mechanical
Engineering, University of Southern California, Los Angeles,
CA 90089-1191, USA,

*To whom correspondence showld be addressed. E-mail:
anders.hedenstrom@teonekollu.se

The vorticity ficld and velocity vectors around
the bat wing (Fig. 1) show that the flow sep-
arates at the leading edge, generating a patch of
high negative vorticity (clockwise spin). But,
rermarkably, behind this patch of vorticity the air-
Now reattaches, resulting in attached and laminar
flow at the tmiling edge. The voricity patch at
the kading edge of the wing was present at all
measured span-wise locations but was stronger
near the wingtip (Fig. 1C) than towand the wing
root (Fig. 1A). Indantancous sircamlines com-
puted from the measured streamwise ow (Fig,
1D} form a recirculming region at the vorticity
patch, which also spirals inward at the core. All
these facts are consistent with the presence of an
attached LEV (/0). In the neighborhood of the
LEV, the divergence of the flow m the mage

REPORTS

planc is on averge positive (source flow) (25)
and small compared to the vorticity magnitude
(g, 543 Both sign and magnitude differ from
theoretical expectations for LEV  stabilization
(70, which could inmply that no LEV stabilizing
mechanism is needed (27),

In some of the images (mainly distally on
the wing), an arca of high negative vorticity is
also found near the railing edge but without
recirculation (Fig. 100, The presence of negative
vorticity near the trailing edge is associated with
the outer wing making a strong rotional {pitch-
up) movement belore the end of the downstiroke
i{Fig. 1D). Therefore this paich of high vorticity
could be a result of rotational circulation (3),
which is an aliemative acrodynamic mechanism
for enhanced lift generation.

Fig. 1. Velocity and vorticity
fields around a bat wing in

slow forward flight (1 mis),
when the wing is positioned
horizontally in the down-
stroke. The wvectors show the
disturbance caused by the
wing with the uniform mean
flow {of 1 m/s) removed. (A to
) show streamwise measure-
ments at different positions
along the span. The span lo-
cations are 33, 50, and 65%
of the semi-wingspan for (A},
(B), and (O, respectively, as
indicated on the bat silhou-
ettes to the left The flight
direction is from right to left.
Instantaneous two-dimensional
streamlines of part of (O) are
shown in (D). In (4} to (D),
The bat wing and its shadow
in the DPIV laser sheet are
visible; the local wing profile
and its relative motion are
shown with a red curve and
arrows. (E) Data derived from
cross-stream  measurements,
with the position of the bat
indicated by the bat silhou-
ette. The vorticity field is
scaled according to the color
bar; it ranges from <1750 to
+1750 5, for (A) to (D) and
from —700 to +700 s~ for
(E). The velocity vectors are
scaled to the reference vector
at the left of the color bar for
(A} to (D) and at left of (E).
Space scale bars are located
at left of (A) for (A to (O, at
left of (D), and at left of (E).
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To investigate the contribution of the LEY to
the total lift, the circulation of the LEV was
determined at different span locations (Fig, 2).
The average chord length and average effective
wing velocity (¢ = 0.042 m and Ugg = 4.0 m's)
were used 1o nondimensionalizge the circula-
tion (I'/ Ugre ) (22). The results show that the
LEV circulation increases toward the wingtip
(Fig. 23, which is consistent with LEV structures
found for some insects (/) When assuming that
a LEV enhances lilt by adding its own circu-
lation 1o the bound circulation of a wing (/),
the nondimensional circulation of the LEV is
related 1o its associated Nift cocllicient by
Crev=2-Tiev/Uarc (22, 28). The average
nondimensional LEV circulation is about 1 (Fig, 3,
which comesponds 1o a Crgy = 2.

During the downstroke of a flapping wing,
positive vorticity is generated at the trailing edge
and is shed into the wake. This vorticity can be
generated throughout the downstroke, and we
will label it tmiling-cdge vorticity (TEV). Ac-
cording 1o Kelvin's theorem (29), the circulation
of the TEV (Fygy) is related 10 the bound circu-
lation on the wing and thus o the total lift co-
efficient by Cp =2- ey /Usre (22). The shed
TEV is cleardy visible in Fig. 1, Ao C, as a
distinet patch ol positive vorticity (counter-
clockwise spin) 1o the right of the wing, called
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Fig. 2. Circulation I'yey (top) and I'rey (bottom)
at different wing positions for three bats. The
circulation was nondimensionalized using ¢ and
(4 of the measured points {fig. 55). Dimonds rep-
resent bat 1, squares represent bat 2, and triangles
represent bat 3.

the stan vortex, and a tmil of positive vorticity
between this stan vortex and the tmiling edge.
Because the tip of the wing travels a langer
distance durng the downstroke than does the
wing root, the stan vortex s located funher
behind the wing near the wingtip (Fig, 1C) than
near the wing root (Fig, 1A), This patiern of
vorticily shedding is stakingly similar to that of
a hawkmoth (200, Tyey was determined at dif
ferent span locations (Fig. 23, bul no systematic
varation was found, The average nondimensional
Uy s 2.4 (Fig. 3} for an effective lill coeflicient
of 4.8 (22}, which is beyond that considered 10
be the maximum possible for quasi-steady-state
wings () at the same Re and aspect ratio (246),
but s stmilar o results from previous studies of
bats (/%) and within the possible range of
pitching and heaving plates (37).

As mentioned above, the nondimensional
Uigy = 1, which means that the LEV contributes
o more than 40f% of the wial M (U ey Trey =
0.42) (22, This value is similar to LEV con-
tributions reported for inseets [hawkmoth, up 10
65% (13, 14), and fruit fly = 45% (3)] but is
considerably higher than the 15% estimated from

0T ev Tev Tp  Root

Fig. 3. Mean + SD for circulations in different
parts of the wake structure during the downstroke
when the wing is horizontal, at a forward speed of
1 mis, The circulation was nondimensionalized
using € and Uy ( fig. 55). For the LEV and TEV, n =
119 observations; for the tip and root vortex, n =
98 observations (22).

Fig. 4. Cartoon of the
primary vortex structure
for a bat during the down-
stroke when the wing is
horizontal, at a forward
speed of 1 m/s. The struc-
ture consists of two closed
loops, one for each wing,
consisting of a LEV on top
of the wing, connected to
a start vortex shed in the
wake via a tip vortex (Tip)

the wake of hovering hummingbirds (200, The
TEV minus the LEV nondimensional circulation
15 LA, resuling n a non-LEV Il coetlicient of
2.8 (22 This value is also higher than conven-
tional quast-steady-state wing models at similar
conditions (26}, suggesting that other unsteady il
mechanisms may also be involved, such as ota-
tional circulation (3) and delayed stall ( 15), result-
ing in high lift due to a high angle of anack,

To obtain an image of the three-dimensional
wake structure, near-wake cross-stream DPIV
measurements were performed for two bats (Fig.
LE). The vorticity field and velocity vectors
show the presence of a tip vonex with negative
vorticity (clockwise spin) and a weaker voriex
near the wing oo (root vortex) with positive
vorticity (counterclockwise spm). The average
tip- and root-vorex circulation were nondimen-
sionalized using the mean wing chord length ( T)
and the average effective wing velocity ( Ugy)
determuned rom Kinematic measurcments (22),
The avermge tip-vortex circulation has a similar
strength as Tygys and the average Uppy is 65%
of the rot-vortex circulation (Fig. 3).

Based on the qualitative and quantitative
data, we suggest a cartoon model of the vonex
system around the bat wing during the down-
sroke (Fig. 4). At the beginning of the down-
sroke, a stan vorex is formed a the trmailing
edge of the wing. Dunng the downstroke, this
vorex trvels downward and backward because
of sell-convection, creating a wail of vorticity be-
tween the start vortex and the trailing odge of the
wing. In inviscid vortex dynamics, a line vortex
miust lemunate either as a closed loop or at a solid
surface, and so the stat vorlex connects 1o two tp
and two oot vonices, which grow in length
during the downsiroke. The tip and root vortices
are connecied 1o the wing and to the LEV. The
start vortices of each wing are probably con-
necied 1o cach other behind the body (/9). Be-
cause the LEV circulation strength is similar to
the root-vortex circulation, these are probably
connected, hence the absence of a LEV across
the body. The near wake of slow-flving bats did
nol show a separaicly shed LEV (/¥), suggesi-
ing that the LEV stays attached throughout the
downstroke and merges with the stop vorex.

For hovering and slow-{lying mseats, three dil=
feremt types of LEV systeams have been proposed

and a root vortex (Root). The color coding indicates the absolute value of local drculation; yellow is low

circulation and red is high circulation,

29 FEBRUARY 2008 VOL 319 SCIENCE www.sciencemag.org




({4} a helical-shaped LEV starting a the inner
wing. increasing in size along the wingspan, and
finally connccting to the up vories (%, 27 a
cylndncal-shaped LEV that expands across the
thorax and is connected to the two tip vortices
(6, 14 and a LEV that s connected 10 a small
root vorex and a large up vortex (51 The vortex
system proposed here (Fig, 4) is most similar 1o
the later case.

The sharp leading cdge of the bat wing
probably facilitates the generation of the LEV
(24}, whereas the ability 1o actively change the
wing shape and camber (32) could contribute 1o
the control and stability of the LEV,

LEVs have now been observed in active
unrestricted bat light, with a strength that 1=
important 1o the overll acrodynamics, Unsteady
acrodynamic mechanisms for enhanced lift are
therefore not unique 1o insect ight, and larger
aninals adapled for slow and hovermg ight, such
as these nectr-foeding bats, can (and  perhaps
must) use LEVs o enhance Might performance.
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Synaptic Protein Degradation
Underlies Destabilization of Retrieved

Fear Memory

Sue-Hyun Lee, Jun-Hyeok Choi, Nuribalhae Lee, Hye-Ryeon Lee, Jae-Ick Kim, Nam-Kyung Yu,
Sun-Lim Choi, Seung-Hee Lee, Hyoung Kim, Bong-Kiun Kaang*

Reactivated memory undergoes a rebuilding process that depends on de novo protein synthesis. This
suggests that retrieval is dynamic and serves to incorporate new information into preexisting memories.
However, little is known about whether or not protein degradation is invelved in the recrganization
of retrieved memory. We found that postsynaptic proteins were degraded in the hippocampus by
polyubiquitination after retrieval of contextual fear memory. Moreover, the infusion of proteasome
inhibitor into the CAL region immediately after retrieval prevented anisomycin-induced memory
impairment, as well as the extinction of fear memory. This suggests that ubiquitin- and proteasome-
dependent protein degradation underlies destabilization processes after fear memory retrieval. It also
provides strong evidence for the existence of reorganization processes whereby preexisting memory is
disrupted by protein degradation, and updated memory is reconsolidated by protein synthesis.

ermory retrieval is a process of recalling
Mu previously stored memory, Recently,

memory retrieval has aitacted much
atlention because it has been found that inhibition
of protein synthesis before or immediately afier
memory retrieval impairs the previously consol-
idated memory (-4, Retnieval of a consolidated
memory thus etums the memory storage sie w
a labile state, alier which new protein synthesis

is required for stabilizing or reconsolidating the

memory (1 9) This suggests that the retrieval of

the consolidated memory is a dynamic and active

process in which remodeling or reorganization of

the already-formed memorics ocours o INcorpo-
rate new information (2, 3, 6),

Although it has attmcted less attention than
the gene tanscription and protein synthesis mod-
¢l tor long-lasting synaptic changes and memory

stabilization, protein degradation s also entical
for long-term memory (J0-16). A major cellular
mechanism controlling protein wimover is the
ubigquitin and proteasome svstem, in which poly-
ubigquitinmed proteins are degraded by the muli-
subunit proteasome complex (/1. 1 7). A subunit
of the 265 proteasome, S3a, which selectively
binds 1o polvubiquitinated proteins, plays a cnt-
ical role in proicin degrmdation (/5, 19).

If" retrieval stimuli trigger new protein syn-
thesis for the remodeling of consolidaied mem-
ory., proicin degradation via the ubigquitin and
prodeasome system might be necessary because
remodeling of synapses, which encode the meme-
ory, would be mediated by removal of existing
protems and by incorporation of new  prolcins
(/1) However, linle is known abouwt the protein
degradation mechanism during the reorgaization
process afier memory retrieval in vivo., W there-
fore investigated the involvement of the ubiquitin
and proteasome system and the mles of protein
degradation dunng the deswbilization and restabi-
lization process alier ar memory retrieval,

We first performed a 1otal protein poly-
ubiguitination assay afler fear memory retrieval
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(2. Polyubiquitinated prodeins were punficd
by immobilized Tusion proteins of 55a (/7)) from
the crude synaptosomal membrang of the hip-
pocamp, which were 1solated alter contextual
fear memory retdeval (Fig. 1A) The poly-
ubiquitinated prowein expression levels found in
the 15-min group and the 60-min group whose
hippocampi were solated 15 min and 60 min
after the beginning time point of retdeval, re-
spectively, increased remarkably, whercas the
polyubiquitination level was linle changed in
the absence of retrieval (No R group) com-
pared with “naive” mice, which received only
handling (Fig. 1B) Reconsolidmion i not al-
fected by a protein synthesis inhibitor when the

retrieval durtion 1s very short (up to | mim of
recxposure) (2 Thus, we examined the effect of

retrieval duration on protein polyubiguitination,
Anisomycin treatment afier a l-min reexposure
did not allea the instances of conditioned roceng
behavior afier 24 hours (lig. 51, A and B). The
amount of polyubiquitinated protein found in the
| -miin reexposure group was comparable to that in
the No R group and was signilicanly lower than
that of the 5-min reexposure group ( lig. S1, Cand
D). These findings indicate that protein poly-
ubiquitination is increased specilically in re-
sponse o a retrieval signal that induces protein
synthesis- dependent reconsolidation,

We next asked which proteins are poly-
ubiquitinated and degraded after fear memory
retrieval in the hippocampus, It has been shown
that neuronal activity induces the tumover and
remodeling of several postsynaptic density
(PSD) protens that are entical for long-tenm
podentiation (77, 21). To examine whether pro-
teins in PSD may be possible argets for degra-
dation during retrieval, we performed immunoblot
analyses with antibodies against theee dilferent
PSD proteins: Shank, gunylbaie kinase- wssociaiod
protein (GKAP), and PSD93, by using glua-
thione S-ransfermse (GST) in complex with S3a
(GST-53a) in a pull-down assay. Polyubiguitinaied
Shank and GKAP. but not PSD-935, increased
remarkably | hour afier retrieval (Fig. 2, A and
By In the mouse hippocimpus, multiple Shank
hands, which indicate the products of altema-
tive splicing with diverse sizes ranging from
1200 kD 1o 240 kD, were observed as previous-
lv described in the rat cortex (22) (Nig. 52). It
wits nodeworthy that the amount of 130 kD and
160 kD endogenous Shank was decreased 1 1o
2 hours after retrieval in the synaptic region
(Fig. 2, C to E). This decrease may reflect the
ubiguitin- and protcasome-dependent degrada-

tion process, i the tme course of the increase of

Shank polyubkuitination almost coincided with

the time course of the reduction of the amount of

endogenows Shank (Fig. 2). To clucidme this point
maore clearly, we infused either the proteasome
inhibitor clasto-lactacystin-f-lactone (flac) or
vehicle imo arca CAL We found that flac mfu-

sion blocked the decrease ol the amount of

Shank at 2 hours after remreval and kept the
Shank level up to the basal amount in control

animals without retnieval (fig. 53). Thus, the dy-
namic change in the expression level of specific
PSD proteins such as Shank (Fig. 2, C to E) im-
plics the possibility that synaptic destabilizing
and restabilizing states are triggered after the
memory retrieval process, as previowsly suggested
(-3, 6). Funhermore, the protein synthesis dur-
ing the reconsolidation may be a compensatory
mechanism for protein degradation induced by
the retrieval.

The increase in polyubiguitinated proteins at
the synapses during fear memory retrieval raises

a question: What is the physiological function of
prodein degradation afler memory retneval? We
bilaterally adnumistered Plac or the protein syn-
thesis blocker anisomycin into the CAL region
immediately after the 1st retrieval (Fig, 3, A and
B; retrieval 1), The parcentage of freczing behav-
ior was not significantly different among groups
on retieval | before the drug infusion (fig. S4A).
Then, we retested the far level (reczing behavior)
24 hours afier the infusion (Fig. 3B8; retrieval 2).
We did not observe any dilference between the
vehicle control and the flac group, whereas we
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Fig. 1. Fear memory A B
retrieval increases poly- [ Pre-cxposure | oar e gt
ubiquitination in the hip- §1 day "Wy N N R 15emin 80min Ny No R 18mn 80w
pocampal synaptosomal  [Contextual fear condition [ T VIR
membrane fraction. (A) ! oy
The schematic experi- 1 day [ Retrieval |
mental procedure used 15 min

or B0 min

for examining the level
of polyubiquitination af-
ter retrieval. One day
after contextual fear con-
ditioning, mice were re-
exposed to the context to retrieve the fear memory. Then, 15 min or 60 min after retrieval, we isolated
hippocampi and performed a polyubiquitination assay. (B) Representative data from the polyubiquitination
assay show the total polyubiquitinated proteins that were pulled down by GS5T-55a and detected by ubiquitin-
specific antibody (o-Ub). The amount of polyubiquitination is increased 15 min and 60 min after retrieval
when it is compared with the level in Nv (naive, the mice group that received only handling) or No R (no
retrieval, the mice from which hippocampi were isolated without retrieval). Polyubiquitinated proteins were
not bound to GST alone. Input indicates an aliquot of tetal ubiquitinated proteins in each extract.

| Hippocampus isclation |

| Poly-ublquitination assay |

1B: a-lb

A

GST GST-55 st

L Mv Mo R 15min 50 min  Nv

MoR 185 min &0 min

1B: u-Shank

=10

B a-P50-08 W Wil M minIn A8 Jdi HomilminBOminIh BN Jdn

Fig. 2. Retrieval stimuli requlate the degradation of specific postsynaptic proteins. (A and B)
Polyubiguitinated Shank and GKAP, but not PSD-95, are significantly increased 1 hour after retrieval.
(A) Representative data show the level of Shank (top), GKAP (middle), and PSD-95 (bottom) in the
isolated polyubiquitinated proteins from the hippocampal synaptosomal fraction. Polyubiquitinated pro-
teins were isolated by the same experimental protocol as in Fig. 1. (B) Bars represent the means £ SEM of
the percent change of polyubiquitinated Shank and GKAP proteins (*P < 0.05; unpaired f test; n = 3 for
each group). (C to E) Dynamics of endogenous Shank protein after retrieval. (C) The protein expression
level of Shank isoforms (160 kD, upper band; 130 kD, lower band} in the hippocampal synaptosomal
membrane fraction was decreased up to 2 hours after retrieval, but it was restored to the basal level at
& hours, (D and E) Bars represent the means + SEM of the quantified level of Shank Boforms, Both Shank
isoforms were significantly reduced at 2 hours after retrieval (*P < 0,05, **P < 0.01; unpaired t test; n = 4
for each group).

www.sciencemag.org




could observe fear memory Impainment at reineval
2 of the anisomycin group as reported previously

(/. 2y (Fig 3, C and D). However, comfusion of

flac with amsomycm prevented the memory im-
painment caused by the single infusion of aniso-
myyein at retrieval 2 (Fig, 3, C and D) The increase
in prodein degradation may contnbute 1 both the
destabilization of preexisting fear memory and
the restabilization of reorganized fear memony
(41-15). Our data suppont the idea that protein
degradation after memory retrieval is important
For the destabilization of preexisting fear memaory,
rather than for the restabilization process, 11 the
major function of protein degradation afier retmeval
was removal of imhibitory proteins for the memo-
ry restabilizanon, flac infusion should have im-
paired the fear memory at retneval 2 (46, 23, 24),
Howvever, the mtusion of Blac alone did not atlect

A C
o
" reill ﬂ\‘ . &
O p——
iU SN £ 7ol
oo line [ Rotrioval1 ] %‘
— 1 24 h infusion B+
KA ) <somm -
) I i - vah  plac ani

the fear level. If the ubiquitin-protcasome path-
way was involved in forgetting the preexisting
fear memony, blocking the ubiquitin-protcasome
pathway would have suppressed the amsomy cin-
induced impainment of fear memory retrieval by
inhibiting the destruction of the preexisting fear
memaory (&), Consistent with this idea, we found
that the coinfusion of Blac with anisomyein was
able 10 prevent memory impainment caused by
anisomycin after etneval (Fig. 3, C and D). This
indicates that Blac may inhibit the destruction
process of the previously formed fear memory
and may maintain the frecang behavior even
when the reconsolidation is inhibited without
new protein synthesis,

To further suppornt this idea, we examined
the effect of Blac infusion dunng fear memory
acquisition (Fiz. 4A). Because there s no pre-

ani+flac

REPORTS

existing fear memory ot the initial phase of fear
memory consolidation, the Blac infusion omime-
diately after tmning may not bnng about re-
covery from the amsomycim-induced amnesia.
Consistent with this idea, we found that the in-
fusion of flac did not affect either anisomycin-
induced memory impairment dunng  memory
acquisition or the memory acquisition itsell {Fig.
4B}, even though the polyubiquitinated protein
level inereased afier fear conditioning (fig. 85).
Combined with the data in Fig. 3, these resulis
support the idea that the infusion of Blac mainly
suppresses the destabilizing process of the pre-
existing fear memory and that protein synthesis
in the hippocampus is requined for the associa-
tion of shock and context, The incrcase n poly-
ubiquitinauon alier conditoning may reflect the
destabilzaton of preexisting synapses that were

D

S 3

Relative freezing (%)
$

veh plac ani ani+plac

Fig. 3. Proteasome inhibitor blocks the anisomydin-induced memory im-
pairment after retrieval. (A} Schematic illustration showing the cannula lo-
cations in the hippocampus at three different rostral-caudal planes. Numbers
indicate the posterior direction from the bregma. Yellow drcles, green squares,
blue squares, and red dircles indicate the infusion areas of vehicle, anisomycin,
plac, and anisomycin with Plac, respectively. (B) Schematic view of the ex-
perimental procedure used for evaluating the effect of [Slac on the retrieval.
(C) Bars represent the means + SEM of the percentage of freezing behavior
with respect to total number of scorings per mouse at retrieval 2. Compared
with the vehicle-infused control group {veh, n = 11), plac infusion {[}lac, n =

Fig. 4. Protein degradation is A
not required for memory con-
solidation, whereas it is critical
for memory extinction. (A)
Schematic view showing the
protocol of behavioral experi-
ments to examine the effect of
[ilac on acquiring fear mem-
ory. (B} Bars represent the
means = SEM of the freezing
level at the retrieval day.
Single infusion of plac (n =
12} had no effect on the for-
mation of fear memory com-
pared with the vehicle-infused
control group (n = 11), where-
as the anisomycin-infused
group (1 = 14) showed signif-
icant impairment of the fear memory. Coinfusion of [ilac with anisomycin
(n = 12) also had no effect on the anisomycin-induced amnesia during
memory acquisition (*f < 0.05; one-way ANOVA and Newman-Keuls
multiple comparison test), (€} Schematic view of the behavioral
experiments performed to examine the effect of flac on the fear memaory

2

Freezing (%)
S

B0

veh flac ani

www.sciencemag.org

ani+filac

10) alone had no effect on the fear memory retrieval, whereas the anisomycin-
infused group (ani, n = 14} showed impaired fear memory retrieval. However,
concurrent infusion of plac with anisomycin (ani+ilac, n = 10} prevented the
impairment of fear memory retrieval induced by anisomycin [*P < 0.05; one-
way analysis of variance (ANOVA} and Newman-Keuls multiple comparison
test]. (D) Bars represent the means + SEM of the relative freezing level of
retrieval 2 [(Ry/Ry) » 100 (%)]. Dotted line indicates the freezing level of
retrieval 1. Significant reduction in the freezing level at the anisomycin-
infused group was reversed by the coinfusion of [ilac (***P < 0.001; one-way
ANOVA and Newman-Keuls multiple comparison test).

Cc D

l Pre-exposure J
§ 24h
| Conditioning |
+ 24h
Retrieval 1 = Retrieval 2
18 min

- drug
v Hh h'lfl.ll ion

Retrieval afl "'thtrhul 4

Extinction Test

Freezing (%)

8 &8 &8 8 8 & 8

a— drug
pdh infusion

| Test R1
Day 1

Rz R3_ R4
Day 2

X

Day 3

-veh -d&-plac O conirol
extinction. (D} Fear memory extinction is impaired in the [lac-infused
group {n = 7) compared with the vehicle-infused group (veh, n = 7).
Control group {n = B8) indicates the vehicle-infused animals without
extinction training (*P <= 0.05; one-way ANOVA and Newman-Keuls
multiple comparison test).
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related o the context or shock but did not en-
code the contextual fear memory,

It the retricval induces the destabilization of
the preexisting memory, it would also occur in
the extinction, which is produced by repetitive
retrievals in the absence of unconditioned stimuli,
To test this 1dea, we performed the extinction
trining for 2 days, with two spaced retricvals per
day (25). Either vehicle or Blac was infused
immediately after the retricvals, and the fieczing
level was tested on the third day (Fig. 4C). Iuis
noteworthy that PBlac infusions into area CA|
suppressed the extinction ol contextal  fear
memory (Fig, 4D and g, S4B) The freceing
behavior was significanmtly reduced by the extine-
tion in the animals reexposed o the context with
vehicle infusions, whereas control animals with-
oul context reexposure showed no extinction
(Fig. 4D and fig. S4B} Thus, our data suggest
that ubiquitin- and proteasome-dependent protein
degradation 15 required for the memory extine-
tiont, Tlas supports the idea that extinetion B nol
only “inhibitory new leaming”™ of a context-no
shock association, but also involves at least some
“unleaming” (or forgetting) of the preexisting
context-shock association (26, 27). Furthenmore,
extinction has been suggested o involve a memory-
updating process (27 Combined, our resulis suppost
the idea that memory retrieval makes proexisting
memory labile via ubiquitin- and  proteasome-
dependent protein degradation in order o update
or reorganize the memory with new information.

Our data also showed that infusion of plac
alone immediately  alter conditioning did not
mmpenir the acquisition of fear memory. This result
disagrees with previous studics in some aspects
(14, 28) In these studics, the consolidation of
inhibitory avoidance or contextual fear memory
is impaired by disturbance of the ubiguitin and
proteasome pathway. These discrepancies may
reflect the differences in the experimental sysiem,
amimal specics, or brain regions involved (2¥), It
i5 known that the circuits involved in the process-
ing of an inhibitory avoidance 1ask are somewhat
different from the circuits of classical fear con-
ditioning (30). Marcover, in contextual fzar con-
ditioning, three vanables—reexposure duration,
the age of the memory, and the stiength of the
memony—iflucnce the memony  processes acti-
vatod during retneval (2),

NMDA neceptor activation tnggers the de-
stabilization of the consolidated fear memory
(40 In culwred neurons, glutamaiergic transmis-
sion activates the ubiquitin and prolcasome
system (34, 320 It would be interesting o spee-
ulate that ubiguitin- and proteasome-dependent
protein degradation is increased by downstrem
signaling of NMDA receptor activation and de-
stabilizes the retrieved fear memory,

W have shown that ubiquitin- and proteasome-
dependent degradation of preexisting postsy naplic
profeins s involved in memory  reorganiztion
afler retneval. Our results suppont the idea tha
memory reonzanization occurs via both degrada-

tion of preexisting synapses and  synthesis of

updated synapses. Preexisting memory may be
rebuilt in conjunction with new inlommation via
the protein degradation and concurrent synthesis
espacially in the synaplic region,
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Hybrid Neurons in a MicroRNA Mutant
Are Putative Evolutionary Intermediates
in Insect CO, Sensory Systems

Pelin Cayirlioglu,™* llona Grunwald Kadow,™t Xiaoli Zhan," Katsutomo Okamura,’
Greg S. B. Suh,*t Dorian Gunning,! Eric C. Lai,? S. Lawrence Zipursky's

Carbon dioxide (COy) elicits different olfactory behaviors across species. In Drosophifa, neurons that
detect CO; are located in the antenna, form connections in a ventral glomerulus in the antennal lobe,
and mediate avoidance. By contrast, in the mosquito these neurons are in the maxillary palps (MPs),
connect to medial sites, and promote attraction. We found in Orosophila that loss of a microRNA,
miR-279, leads to formation of CO; neurons in the MPs. miR-279 acts through down-regulation of
the transcription factor Nerfin-1. The ectopic neurons are hybrid cells. They express CO; receptors
and form connections characteristic of CO; neurons, while exhibiting wiring and receptor
characteristics of MP olfactory receptor neurons (ORNs). We propose that this hybrid ORN reveals a
cellular intermediate in the evolution of species-specific behaviors elicited by CO,.

and the behavior elicited by CO; differ among

[I insecis, both the position of COy neurons

species. For example, olfactory detection of

COs through newrons positionad in or around the
mouthparts of an insect, such as maxillary palps
(MPs) and labial palps. comelaes with feeding-
related behaviors, Indeed, in some blood-feeding
insects such as mosquitocs and setse Mies, these
neurons are harbored in the MPs and are im-
portant in locating hosts via plumes of CO5 tha
they emit (/-3 The hawkmoth, Mandvea sevia,
monitors nectar profitability of newly opened
Datera wrighii Qowers through CO» receplor

neurons located in their labial palps (4, ). In these
cxamples, C05 acts as an attreetant. Conversely,
in Drosophila CO5 is a component of a stress-
induced odor that tiggers avoidance behavior (6).
This repellent response is driven by antennal
neurons expressing the CO; receplor complex
Gr2la-Groda (7, &) How did these diverse
behavioral responses o OOy arise during insect
evolution? We propose that this diversity amenged
through multiple steps, including changes in cel-
lular position (arising from climination of CO5
neurons inone appendage and generation of these
neurons in another) and changes in circuitry.
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In the course of a genetic screen for mutants
disrupting the organization of the olfacton
systern, we solated a mutam (S962-07) that
resulted m the lormation ol ectopre Gr2la-
cxpressing nearons n the MPs (Fig. 1A) Some
22+ 1.5 (mean + SEM) green uorescent protein
(GFPy positive cells were observed in the mutant
MP, whereas the number of antennal Gr2la
olfactory  receptor neurons (ORNs) was un-
alfected (Fig, 1B In the wild tvpe, Gr2la cell
bodics were restricted 1o the antenna (Fig. 1A
The ectopic MP cells expressed both €Oy re-
ceptors (Gr21a and Groda) (Fig, 1), Consistent
with this finding, mutant cells conferred OO,
sensitivity o the MP (Fig. 1), Saining the MP
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Fig. 1. Ectopic CO; neurons are formed in the MPs of 50962-07 mutants. (A} Gr21a
expression in wild-type and mutant olfactory appendages. (B) Quantification of Gr21a-
positive cells in the MP and antenna. (C) Gré3a (magenta, RNA antisense probe) and
Gr2la (green, Gr21a-GAL4) are coexpressed in the MP. (D} Electropalpograms com-

Time (sec)

with an antibody to the pan-newronal marker Elay
revealed an increase of 21+ 3.4 peurons in the
mutant, which suggests that all ectopic neurons
expressed Gr2la (hg. S1.

In wild-type MPs, cach sensillum contins
two ORNs, By contrast, in the mutant MP sensil-
la, addinonal neurons expressing Elay and the
generl receptor Or3b were observed (Fig. 1E
and fig. 51). This was also apparent when a MP
ORN marker (MPS-GALY) expressed ina subset
of MP ORNs was used (Fig. TE) (9, This marker
labels single cells within a subset of wild-type
MP sensilla (Fig. 1E, arows) however, inomu-
tant MPs, two addional neurons were observed

(Fig. 1E, amowheads), bringing the toial number

of newrons within these sensilla to four, Thus, the
generation of cotopie Gr2 La<Cint3a neurons is due
to an merease mn the number of neurons within
sensilla mather than tansformation of MP ORNs
(lig. S1}.

In the wild tvpe, cach class of adult ORNs
sends projections from both antennae or MPs
o the antennal lobe (ALY ORNs expressing
same odorant receptors (ORs) typically form
synapses in the same glomerulus within the AL
(g, S2) 10y, CO2 neurons in the antenna
targel the Veglomernilus (Fig. 1F). To specifically
assess the argeting of ectopic MP CO; neurons,
we examined flies where the antennae were
surgicallv removed (Fig. 1F). We found that

E

= == RS
o m o
— .L—E!h,i Acetain

Amplitude (mV)

o= oo

Time (sec)

paring the response to ethyl acetate, air, and CO; in control and mutant flies. Contrary
to lack of response from the control palps, 5 of 12 mutant MPs responded to CO3 (9). MPs recorded: n = 12 (control), n = 12 {mutant), P = 0.016. (E)
Single confocal sections of MPs labeled with antibody to Elav (magenta) at 60 to B0 hours APF or with MP5-GAL4 and UAS-mCDBGFFP (green) at 80
hours APF. Two neurons (Elav) or single ORNs (MPS-GAL4) are labeled in wild-type MP sensilla {arrows). Two additional neurons are observed in a
subset of mutant sensilla (arrowheads and inset). {F) Mutant meurons in the MP target the V and medial glomeruli. Mutant flies without MP {(upper
right} and without antenna (lower right). Magenta, anti-NC82. In (A) and (E), dashed lines outline MPs.

Control

ectopic 0y neurons largeted the Veglomenilus
and other medial sites inthe AL (Fig. IF; scealso
below)., The winng specilicity of antennal OO
neurons i the mutants was identical 1o that m the
wild type (Fig. 1F). Thus, the cctopie OO
neurons in the MP owrget, at Jeast in pan, the
same glomerulus imnervated by the wild-type
(0 neurons in the antennae.

We mapped S0U62-17 w0 a P-clement mser-
tion some | kb upstream ol a nucroRNA, o fi-
279 (fig. 83 MicroRNAs imiRNAs) are small
noncoding BNAs of abowt 22 nucleotides that
bind to specific soquences of the 3-untransked
region ('UTR) of wrget genes and thereby re-
press gene expression postmnscriptionally, In
recent yvears, miBNAs wene implicd in a variety
of functions in the nervous system of differem
organisms (A1), To assess whether miR-279 15
responsible for the observed phenotype, we gen-
crated three small deletions that uncovered the
mifR-279 pepomic region (g, S3). These deletion
mutants exhibited plenotypes indistinguishable
from S0962-07 (hig. S3). The cetopic CO; phe-
notype was rescued by a 3-kb frmgment of pe-
nomic DNA encoding only miR-279( fig. S3 1Y)
Thus, mifl-279 is the gene disrupled in SO062-07
and must repress targets in the MP w inhibit
ectopic 03 neuron development,

3

To assess whether miR-279 i u.k]‘ll'n.'.-.w.xi in

the developing MPs, we generated trnsgenic

Mutant
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Fig. 2. miR-279 is expressed in
precursor cells in the develop-
ing MP. Expression of miR-279
was visualized with miR-279-
GAL4 and UAS-CDEGFP (green),
The arrowhead and arrow in
both the schematic and the
image panels point to a big cell
and a cluster of small cells, re-
spectively. The open arrow in
the schematic points to a nerve
fiber from one of the cell clus-
ters. Nuclear counterstain TOTO-3
is used in the bottom panels.
Dashed lines outline the devel-
oping MPs.
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Fig. 3. Nerfin-1 is a target of miR-279. (A to C) Expression pattern of Nerfin-1 (magenta) and miR-
279 (green, see Fig. 2) in developing MPs at early (A) and later [(B) and (C)] stages. (D) Nerfin-1
imagenta) is expressed in ectopic CO; neurons (green} in the mutant MPs (arrows). (E) Quan-
tification of Nerfin-1=positive nuclei in wild-type and mutant MPs at 60 to 80 hours APF. MPs
scored: wild type, n = 7; mutant n = 9; **P < 0.001. (F) miR-279 inhibits nerfin-1 expression in
cultured Drosophila 52 cell lines (**P < 0.001). (G) nerfin-1 is a dominant suppressor of miR-279

(P < 0.001).
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flies carrving a transcnptional reponter construct
(miR-279-0GAL4). Expression was monitored
in thes carryving this GAL4 construct and the
reporter UAS-mCDSGFP (Fig. 2 and nLig. 54).
Around 40 1o 30 hours alter pupanum [omation
(APF), large cells rominiscent of sensory organ
precursors in other cpitheha expressed mift-279
(Fig. 2 and fig. 54). At later stages, miR-279
expressing cells were found in clusters with
smaller cells, some of which expressed neuronal
markers (g, 545 As ORNs matured, mi8-279
expression was lost (g S4).

We next sought o identify the target gene(s)
tt,'h]\nlln.ﬂ‘lll.' for the sR-279 mutant |'|!||,":[u|j.i'n:.
About 205 potential target mRNAs of miR-279
were previously predicred (12, 13). One of the
strongest candidates for miR-279 regulation 1s
MNerfin-1, The Nerfin-1 3°UTR contains muli-
ple miR-2 79 binding sites (Fig. 3F) and encodes a
trnscription {actor expressed in newronal pre-
cursors and transiently in nascent neurons n
the embryonic central nervous system (44),
Nerlin-1 protein appeared in miR-279-positive
cells between 50 and 60 hours APF (Fig. 3A).
Nerfin-1 and wiifl-2 79 gradually redistributed, gen-
erating complementany expression patierns, Cells
with high levels of Nerfin-1 expressed low levels
ol mi-279 and vice versa (Fig, 3, Band C, and
fig. S5).

To test whether Nerlin-1 is up-regulmed in
i R-270 mutants, we stained mutant MPs with
antibodics to Nerfin-1. We found 22 + 4.8 ad-
ditional Nerfin-1-expressing cells in miR-279
mutant MPs relative 1o controls ( Fig. 3E). This is
similar to the number ol ectopic C0O; neurons in
the MP (Fig. 1B). The vast majonty of 0,
ORNs in the MP expressed Nerfin-l (Fig. 3D
and lig. 55). Thus, the expression pattern of
Nerfin=1 protein m the wild tvpe and in mutam
MPs is consistemt with nevfin-{ mRNA being a
target for miR-279 in vivo,

To determine wiether sift-2749 directly binds
to mrerfin-4 3'UTR and inhibits its expression, we
used a lucilerase reponer assay in cultured cells.
he luciterase-coding region was fused o the
full-length nerfin-f 3UTR. which contains four
conserved S-nuckeotide oligomer target sites for
miR-279 (15), as well as to a subregion contain-
ing three of these sites (Fig. 3F). Luciferase
activity ol both merfin-] sensor constructs was
strongly repressed when eells were cotransiected
with mifl=279 (Fig. 3F). By contrast, the activity
of cither mevfin-{ sensor was unaffocted by non-
cognate mif-315. Antisense oligomers directed
against the mif-279 core sequence specilically
relieved merfin-1 reporter repression (fig. S6).
Thus, we conclude that merfin-f is a direct tanget
of miR-279.

We next assessed whether Nerfin-1 down-
regulation by miR-279 mhibits the developmem
of COs peurons i the MPs, To do this, we
reduced the level of nerfin-1 by hall’ genctically
in i R-279 mutant background. This deereased
the number of COs neurens i the MP relative o
mif-27% mutants (Fig. 3G), providing strong in
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Fig. 4. Ectopic neurons exhibit mixed

MP Odorant Recaptor

CO, Receptor

Coexpression

sensory identity. (A} MPs of mutant
flies labeled with RNA antisense probes
{magenta) and with Gr2la-GAL4 and
UAS-mCDBGFP (green). Or59¢ and
Ord2a transcript (magenta) overlaps
partly with Gr2la-expressing cells
(green, solid arrowhead). Cells only
positive for Or59¢ or Ord2a are labeled
only in magenta (open arrowhead).
(B and C) MPs of mutant flies contain
more OrdZa- and Or59c-expressing
cells. (B) Labeling of MP ORNs with
GALY reporter constructs (Ord2a-GALY
and MPS-GAL4} or OrS9c or Ord2a
RMA probe. (C) Quantification of the
data from (B). Total increase in the
number of cells in mutants using MP5-
GALY driver corresponds to the number
of ectopic CO; neurons (see Fig. 1B).

merge

vive evidence that mifR-279 15 necessary 1o
down-regulate Nerfin-1 in MPs during normal
development. Nerfin-1 up-regulation alone was
nol suflicient 1o generate a miR-279-like pheno-
tvpe (fig. ST Taken together, these Mindings sug-
gest that miR-279 down-regulates Nerfin-1 and
other targets o prevent OO, neuron development
in the MPs

When analyzing the axonal projections of the
C'O5 neurons in the MPs, we observed that these
neurons trgeted one or more medial glomeruli in
addimion o the Veglomerulus, the target of an-
tennal €Oy newrons (Fig, 1F and fig. 52), These
medial glomenuli are nommally mnervated by MP
Or42a and Or39¢ ORNs, Double-labeling exper-
iments revealed that mutant newrons also co-
expressed Ord2a and Or3%¢, but not other MP
ORs (Fig. 4A). Analvsis of subsets of MPORNs
also revealed that Or42a and Or39¢ classes cach
showed an approximate increase of 10 cells in the
MPs, whereas others were unallected (Fig. 4. B
and Ch These results indicate that the ectopic
U0y newrons are formed as additional cells
within Or42a and Or39¢ sensilla and are hybrid
in identity, They express ORs and exhibit wiring
chamcteristics of two classes of neurons,

It 15 interesting that the loss of wmiR-279
gencerates a COz neuron within a sensillum

harborng four neurons in the MP (Fig. 1E and
fig. S1) given tha the aniennal COy sensilla
in vosophife are the only sensilla in the
olfactory system to harbor four ORNs ([/6).
Because miR-279 acis within the precursor
cells in the MP 1o prevent Nerfin-dependent
formation of olfactory neurons, this observa-
tion raises the intriguing possibility that posi-
tioning of COy neurons on different olfactory
appendages might have evolved through changes
at the level of precursor cell development. Thus,
the evolutionary climination of COy peurons from
MP sensilla mught have required decrcasing the
number of cells with neuronal identinies through
down-regulation of Merfin-1 by mifR-279,
Adithough we hypothesize that relocation of
0y ORNs 1o differemt appendages was impor-
tamt in the evolution of differences in COs sensing,
additional mechanisms must have evolved 10
modily the neural circuitry 1o alter specics-specilic
behaviors in response w0 COb, The ectopic €O,
neurons are hvbrid cells, which express additional
receptors (Or3%¢ or Ord2a) and also wrgel medial
glomenuli, typically mnervated by wild-type
ORNMs expressing these ORs, This is particularly
interesting given that OO neurons in maosquitocs
cormect o medial glomeruli, doving an attractive
response (/7-19). We speculate that this hybnd
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cell represents an evolutionary intermediate on a
path leading 1o specics-specilic C0s behavior
(210, Pethaps suppressing  the expression of
Or59¢ or Ord2a ORs could convert this hybrid
cell vo one dedicated only 10 CO5 reception. The
nature of the behaviorl output 1w COs (ie.
attraction versus repulsion) by this cell, howev-
er, may be dictated by altering the wiring
specilicity 1o one site or the other (medial versus
ventral, respectively ). More generally, we pro-
pose that natural selection can work on such an
cvolutionary inmtermediate o generate differem
combinations of OR, winng, and cellular posi-
tional specificines, depending on the insects’
cenvironmental needs, This may in wm lead 1o
novel olfactory esponses 1o different odorants,
or to the same odorant in different species.
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Transgenic Inhibition of Synaptic
Transmission Reveals Role of CA3
Output in Hippocampal Learning

Toshiaki Nakashiba, Jennie Z. Young, Thomas ]. McHugh, Derek L. Buhl, Susumu Tonegawa*

The hippocampus is an area of the brain involved in learning and memory. It contains parallel
excitatory pathways referred to as the trisynaptic pathway (which carries information as fallows:
entorhinal cortex — dentate gyrus — CA3 — CAL1 — entorhinal cortex) and the monosynaptic pathway
(entorhinal cortex — CAL — entorhinal cortex). We developed a generally applicable tetanus toxin—based
method for transgenic mice that permits inducible and reversible inhibition of synaptic transmission
and applied it to the trisynaptic pathway while preserving transmission in the monosynaptic pathway.
We found that synaptic output from CA3 in the trisynaptic pathway is dispensable and the short
monosynaptic pathway is sufficient for incremental spatial learning. In contrast, the full trisynaptic
pathway containing CA3 is required for rapid one-trial contextual learning, for pattern completion—
based memery recall, and for spatial tuning of CA1 cells.

he medial wemporal lobes ol the brain, n-

I cluding the hippocampus, are crucial for

leaming and memory of events and space
across species (/7). The hippocampus receives
input from virually all associative arcas of the
neocortex via the entorhinal conex (EC). In the
main excitatory hippocampal network (Fig. 1A),
information  flows from the superficial layer
{laver 1y of the EC 1w the dentate gyrus (DG)
to CA3 1o CAL and finally to the decp lavers of
EC dircctly or indirectly through the subiculum,
This loop is refemed to as the tnsyvnaptic path-
way (TSP). The hippocampus also contains a
paralle]l excnatory monosynaplic pathway (MSP)
[EC (layer H1) — CAl — EC (layer V) as well
as other excitatory and inhibitory circuiis,

The prevailing view of the contribution of
these circuits o hippocampal function (4-7) is
that synaptic transmission and plasticity in the
feed-forward pathway from EC — DG — CA3,
a part of the TSP, are primarily responsible for
pattern separation, whereas those in o recurrent

The Pcower Institute for Leaming and Memory, Howard
Hughes Medical Institute, RIKEN-MIT Neuroscience Re-
search Center, Depaniment of Biclogy and Depariment of
Brain and Cognitive Sciences, Massachusetts Institute of
Technology, Cambridge, MA 02139, USA,

“To whom correspondence should be addressed. E-mail:
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network within CA3 are erucial tor the mpid as-
sociation of diverse sets ol information and
paticrn completion. Furthermore, CA1 may be
instrumental in recognizing the novelly of an
event or context (4, Y).

Some of these ideas have been tested by
lesioning (/7)) porions of the hippocampus or
EC, although it is difficult 1o resirict damage 1o
specific subregions and cell tvpes in a quantita-
tive and reproducible manner (/f, 12) These dif-
ficultics have in part been addressod by deleting
the Nemethyl-p=spantate (NMDA) receplor gene
NRT inspecilic hippocampal subregions with Cre-
loxP  recombination  wehnology, These studics
found that NMDA receptor-dependem synaptic
plasticity in postnatal exciatory newrons of cach
of several hippocampal subregions is requined
for specific aspects of hippocampal leaming and
memory (f3-16). In onder 1o completely analyze
hippocampal function, we developed a method
to block neural timsmission mther than synaptic
plasticity and used i 1o assess the differential
role of CA3 and EC omputs o area CAL in
hippocampus-dependent learning and memory,

We generated a iniple transgenic mouse (Fig.
1B) by doxveyeline (Dox - inhibited circuit exo-
cytosis knockdown (DICE-K), i which synaptic
trnsmission 1+ blocked by cell type resincted
and temporally controlled expression of the tet-

anus toxm (TeTX) light cham (/7). TeTX is an
endopeptidase speaific for VAMP2 (/&) which s
cssential for activity-dependent neurolmnsmitter
release from presynaptic terminals (J9), The m-
tonale for this general method is desenbed fully
in the supporting online matenal (SOM).

We used the KALD promoter (/4) and a-
CaMKI promoter (20) for the transgenicl (Tgl)
and transgenic2 (Te2) mice, respectively, to
block CA3 output in the TSP while keeping EC
output in the MSP imact (Fig. 1B). Before gen-
crating the wiple trnsgenic TeTX mouse line, we
investigated several parameters of the DICE-K
mcthod by crossing the Tel=Tg2 double trans-
genic mouse with a Te3-green uorescent pro-
tein (GFP) reporter line (CA3-GFP) (Fig. 1B).
Immunohistology (Fig, 1, C o H)y indicated tha
GFP expression was restricted o CAZ and DG
in mice mainained on a Dox-free diet (Fig. 1, C
to E). There was no expression of GFP i the
CAL payramidal cell layer [stratum (s ) pyrumadale|
or temporoammonic (TAY pathway (s, lacuno-
sum moleculare) but abundant expression in the
Schatter collateral (SC) pathway (5. radisum and
s orens) (Fig. 1E). In the Tgl=Tg2 mouse, the
spatial restriction was much greater than in the
Tel mouse (fig. S1) GFP expression was ne-
pressed in the Dox-on staie (Fig 1F), de-repressed
in the Dox-or-off state ( Fig. 1G), and re-repressed
in the Dox-on-ofl-on state (Fig, 1H).

We crossed Tel=Te2 double transgenic mice
with Te3-TeTX mice to produce a wiple trans-
genic mouse, CA3TeTX, In hippocampal slices
from control double trnsgenic mice (Tgl=Tg3-
TeTX) VAMP2 mmunorcactivity (IR} was ob-
served where avonal werminals are known o exis
(Fig. 1. 1 and M). Hippocampal VAMP2 IR pat-
terns were indistinguishable between repressed
CA3-TeTX and control mice (Fig. 1)) In hippo-
campal slices from CA3-TeTX mice that had
been on Dox followed by 4 weeks of Dox with-
drawal, there was a strking reduction of VAMP2
IR in the s. radinum and s, oriens of CAl and
CAS3 and in the immer one-thind of the molecular
laver (ML) of DG, but not in other straa (Fig.
K} Similar patterns of VAMP2 IR were ob-
served in hippocampal slices  throughow the
domsoventral axis. The CA3-SC mnervates CAl
in the s, radiatum and s, orens, whereas CA3-
recurrent collateral (RC) innervates CA3 in these

29 FEBRUARY 2008 VOL 319 SCIENCE www.sciencemag.org




strata, The inner one-third of ML is where mossy
cells (MOs) imnervate DG granule cells (27).
Although the miple transgenic GFP nitee showad
miderate GFP IR m DG grimule cells (Fig. 16),
there was no significant reduction of VAMP2 IR
in the s, lcidum of CA3TeTX mice whene mossy
fibers (MFs) from DG ogmnule cells innervate

CAl svmapses, at the CA3-RC synapses, and
possibly ot MO-DOG - granule cell synapses, but
not al MF-CA3 synapses. There was no indica-
tion of VAMP2 [R reduction n the s, lacunosum
moleculare where the TA axons synapse onto
CAl nourons, suggesting that TA synaptic trans-
mission remained mtact (Fig. 1K) In CA3-TeTX

mice that underwent 3 weeks of Dox withdrwal
followed by 7 weeks of Dox rendmimistration, the
VAMP2 IR distnbution was similar to that in re-

CA3 (Fig. IK). These results indicate that i the
hippocampus of de-repressed CAS-TeTX mice,
synaplic tansmission should be impaired o SC-

A EC B

Tol | KA1 promater | Cra |

Tg2 feCamiil promoter] lox | STOP] leaP | 1TA |

Tga -TeTX | Tat operator | TeTX |

Tgd -GFP | Tet operaior | GFP |
.

5.0. sirnfum onens
s r. sirabum radubum

s 1L.m. stratum lacunosum-mokeculan:
8.1 strabum luckdum

&.p. stratum pyramédalo
ML molecular layer

Po. polymorphic layer

Fig. 1. Excitatory hippocampal-EC pathways and the DICE-K method applied to the TSP, (A} Excitatory
pathways in the hippocampal formation and EC. Green and red arrows designate the TSP and MSP,
respectively. Sub, subiculum; MC, mossy cells; PP, perforant pathway. (B) Tgl, a Cre transgenic line under
control of the transcriptional regulator from the kafnate receptor 1 (KA-1) gene. Tg2, a tTA transgenic line
under control of the «CaMKIl promoter and Cre-loxP recombination. Tg3-TeTX and Tg3-GFP are TeTX and
GFP transgenic lines, respectively, under control of the tetragycline (Tet) operator. (€ and D) Double
immunofluorescence staining of coronal sections from a TglxTg3-GFP control mouse (C) and chronically
de-repressed CA3-GFP mouse (D} with antibodies specific for GFP (green) and for a cell nuclei marker,
DAPI (blue). (E} Triple immunofluorescence staining of a hippocampal sagittal section from a chronically
de-repressed CA3-GFP mouse with antibodies specific for GFP (green), DAPI (blue), and netrin-G1 (red, a
marker for TA and lateral perforant axons) (34). The outer one-third of DG dendrites stain yellow because
they are positive for both netrin-G1 (red) and GFP {green). (F to H) DAPI and GFP double staining of a
hippocampal section from a chronically repressed CA3-GFP mouse (F), followed by 2 weeks of Dox
withdrawal (G), followed by 2 weeks of Dox readministration (H). (I to L Immunoflucrescence staining
with VAMPZ2 antibodies of a hippocampal section from control mice that have been on Dox diet (1)
VAMP2 staining of a section from a CA3-TeTX littermate raised an a Dox diet (]} and after 4 weeks of Dox
withdrawal (K} is shown, (L} A CA3-TeTX mouse having undergone 3 weeks of Dox withdrawal followed by
7 weeks of Dox readministration. (M) Locations of various hippocampal strata.
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pressed CA3-TeTX mice (Fig. 1)), indicating
that TeTX-mediated blockade of synaptic trans-
mission 15 reversible (Fig. 1L).

We charmctenaed the input-output relationship
o SC and TA mputs 1o a common population
of postsynaptic CAl neurons using extracellular
fickd recordmgs. We found no significant genotype-
specilic effect on SC or TA mputs m repressed
mice kept chronically on Dox (Fig. 2A). CA3-
ofl for 1, 2, 3, 4, or 6 weeks showed a sham
dropoll in synaplic trmnsmission at SC inputs
between 2 and 3 weeks after Dox withdrawal
(fig. 523 A 4 weeks afier Dox withdmwal,
svnaplic transmission was impaired a1 SC inputs
but remained mtact at TA inputs (Fig, 2B), Re-
sidual synaptie trmsmission ot SC mputs m these
muce fmled 10 chieit population spikes m the field
excitatory postsynaptic polential (TEPSP) at any
stiimulation mtensity (Fig. 2, B and C mscts, and
table 52) or in response o high-frequency stime-
ulation. Synaplic mnsmission Al SC mpuls was
restored by a readmmustation of Dox lor 6
weeks (Fig, 2C), conlirming the reversibility of
the DICE-K. method. Based on these resulis, we
uscd 4 weeks of Dox withdmwal (de-repressad
mice) in most behavioml and in vive electo-
phvsiological studies, De-ropressad CA3-TeTX
mice ¢xhibited no detectable abnormalitics in
the hippocampal eytoarchitecure (fig, 53) (22)
or in locomotor activity, anxicty. motor coordi-
nation, or pain sensitivity (ligs. S4 and 55),

We subjected de-repressed CA3-TeTX mice
tor the Morris water mucee (MWM) wsk (16). The
Itency curves of these and control mice were
mditinguishable (Fig. 3A) (see SOM for stans-
tics of this and following experiments). Memory
recall was tested by probe inals on days 6 and
1. On day 6, there was only a slight preference
for the target quadramt (Fig. 3B) and the tarpat
platfonm location (Fig. 3. C and 1) in both CA3-
TeTX and conwol animals, and there was no dif-
ference between the two genotypes. On dav 11,
the preference was robust in both genotypes Tor
both criteria (Fig. 3. B to D), but again there
was no robust dilference between genoty pes.

To test a possible role of CAS output in mp-
idly forming representation of a novel context in
the hippocampus, we subjected CA3-TeTX mice
to a contextual fear conditioning (CFC) task using
a novel context. De-reprissed CAS-TeTX nuce
cxhibited less freczing than control litermates
(Fig. 3, E and F). The context specificity of con-
dineming was comparable between genoty pes
(fig. S6A), as was the level of tone fear condi-
tioning (fig. S6B). The frecsing deficit observed
while the mice were in the Dox-on-ofT state (g,
87, C and [3) was absent when the same mice
were reconditioned in another chamber and esied
after & weeks of Dox re-administration (Fig. 3,
G oand H, demonstratng the reversibility of the
DICE-K method at the behavioral level, When
the de-repressed CA3-TETX mice were habitsted
to the chamber before receiving a oot shock, they
still tended 1o frecae kess than the control Bttermates,
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but the difference between the two genotypes was
nod significant (Fig. 3, 1 and J ),

Owr earlier study impheated NMDA reeeptor
dependent synaptic plasticity in CA3 pyramidal
cells in pattern completion-based recall (14),
To examine whether CA3 output in the TSP s
crucial for this form of recall, we subjected CA3-
TeTX mice to the pre-exposure mediated contex-
twal fear conditioning (PECFC) paradigm (23, 24),
De-repressed CAS-TETX mice exhibited ks froce-
ing than control linermates, unlike repressed CA3-
TeTX mice (fig. S8). To st whether de-repressed
mice are defective in the recall phase, we habit-
uated CA3-TeTX mice w the chamber under
Dox-on conditions 1o ensure the ormation of a
contextual representation and then switched them
o Dox-ofl condmions. Four weeks later, the am-
mals were retumed 0 the chamber for a 10-5
exposure lollowed by a oot shock. CA3-TeTX
mice displayed a defient in freczing when tested
on the following dav (Fig. 3K), indicating that
CA3 output in the TSP is crucial lor patiem
completion-based recall.

To investigate a possible role of CA3 outpul
in the TSP in the detection and encoding of novel
space. we recorded CAL ensemble activity using
multi-tetrode recordings (25) as freely moving
mice completed 10 laps on a novel linear track
{day 1) Durning this first experience, we observad

a signilicant incregse in the average liring e of

CAl pyramidal cells in de-repressed CA3-TeTX
mice, which accompanied a significant decrease
in spatial wning of these colls and spatial infor-
mation (Fig. 4, A o E, and table 51). There were
no differences in peak finng mate, bursting prop-
cnties of these cells, or spike width (able 513, No
differences were found in average finng rates
ol inhibitory intemeurons recorded  from CAG-
TeTX and control linermaies (table S1), suggesi-

ing that coding deficits are not due 10 a loss of

leed-forward  inhibition from CA3. The mice
were then retumed to the same linear tack 24
(day 2) and 4% (day 3) hours afier the initial
exposure. Place fields remained larger and
spatial information was less in CA3-TeTX mice
than in controls (Fig. 4, A 1o E), indicating that
CA3 output is crucial for spatial wning not only
on a novel but also a familiar track. Earlier work
with CA3=lesioned mits reported a much milder
impairment, i any, 0 a fmiliar environment
{42). We found a deerease in place ficld size and
average linng mie along with an increase in spatial
information between days | and 2 in CA3-TeTX
mice, whereas no difference was found between
days in control mice (Fig. 4, A to E).

The spatial restiriction and temporal control
over the expression of the ransgenic TeTX gene
ol the DICE-K method permit a greater degree
of specificity in silencing neural pathways than
is possible with waditional lesion or pharmaco-
logical methods., Several new genetic methods
allow the inactivation or activation ol specific
neurons by manipulation of ligand- or light-
activated  cell-surfice receptors or channels 10
permit rapid inactivation or activation of cells on

the subsecond-to-minute time scale. Hence, these
arc uselul for studying relatively fast processes
such as perception and short-term memory
(26-30). In contrast, the kinctics of the DICE-K
system are too slow for studying fast cognitive
processes. Instead, this method can dissect the
contribution of speeific synaplic mpuls 10 pro-
Cosses ooouming over imes from hours to woeks,
such as intermediate- 1o long-tenm explicit mem-
orics and skill and habit lkeaming. Because Dox
can cross the blood-bmin barder, the DICE-K
method can be used withowt complications from

direct continuous injections of impenmeable lig-
ands into the brain or invasive deep brain light
delivery.

Our data show that CA3 output in the TSP is
dispensable for both acquisition and recall of
incremental spatial leaming and memory recall
in the MWM sk, The nearly identical latency
curves and probe tal behaviors of CA3-TeTX
and control mice, along with the lack of thigmo-
tactic behavior, indicate that CA3-TeTX mice
indeed used an allocentric spatial strategy 1o
locate the platform (Fig. 3D). Thus, it is likely
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Fig. 3. MWM and CFC. (A to D) Performance in MWM of
CA3-TeTX (TG) and double transgenic (TglxTg3-TeTX)
control littermates (CT) having undergone 4 weeks of Dox
withdrawal. (A} Averaged latencies. (B) Probe trials by
relative quadrant occupancy time. (C) Numbers of platform
crossings. Quadrant designations: TA, target; OP, opposite;
LR, leftiright to target. (D) Heat maps of average search
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repressed mice (3 weeks off Dox followed by & weeks of
Dox re-administration). (G) Kinetics of freezing, (H) Freez- o
ing averaged over the first 3-min test session. (I and ]} s
CFC in de-repressed mice (4 weeks off Doxb after 3-day
familiarization (10 min/day} with the conditioning cham-
ber. () Kinetics of freezing. () Freezing averaged over the g " G
first 3-min session. (K) PECFC of mice having undergone - < CT -ﬂ L Hw
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the imegrity of CA3 or CA3 outpul was crucial
for acquisition and'or recall in the MWM ask
(/1. 120 Although this contradiction may be due
o species or protocol differences, it is more
likely a result of the greater specificity of our
DICE-K method. Tuned spatial and naviga-
tional information is present i the superficial
lavers of EC, which may provide CAl the nec-
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conveyed o the amygdala via CAl and/or the
subiculum o be associated with the fooshock
representation (33), Evidently, the MSP cannot

www.sciencemag.org  SCIENCE WVOL 319 29 FEBRUARY 2008




REP

1264

ORTS

prowvide these functions. The CFC deficit is re-
duced when animals are habituated 1o the context
belore the foot shock 15 delivered. Thus, with
sufficient experience, the MSP secm to be able
to fulfill a representation-forming and -conveying
function,

Our in vivo recordings also illustrate a di-
chotomy between the ability of the TSP and
MSP 1o suppont leaming in novel and familiar
space. The grauly reduced spatial tuning of CA
pyramidal cells in CA3-TeTX mice on a novel
track suggests that information contained in CA3
outpul is critical for rapid formation of a high-
quality spatial representation and  is consistent
with the CFC deficit in a novel comtext. Further,
the unexpeciedly higher firing mies in CA3-
TeTX muce under novel conditions suggests
that in addition to providing spatial informa-
tion, CA3 output may also help maintain ap-
propriate levels of network excitability during
novelty. On the other hand, the reduced defien
of spatial wnmg durng visits 0 the same
track on days 2 and 3 indicates that the MSP
alone can improve CAl spatial wning by ¢x-
perience, which is consistent with the reduced
CFC deficit in a familiar context (Fig. 3. | and
1y and the normal MWM performance (Fig. 3,
A to D),

Thus, application of the DICE-K method w
CA3 pyramidal cells demonstrates that the MSP
(which bypasses CA3) can suppon slow incre-

mental leaming in familiar environments but
that the CA3 owput of the TSP is needed for
rapid acquisition of memoncs in novel environ-
ments and tor pattern completon-based recall.
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BOLD Responses Reflecting
Dopaminergic Signals in the Human
Ventral Tegmental Area

Kimberlee D'Ardenne,™** Samuel M. McClure,®? Leigh E. Nystrom,*? Jonathan D. Cohen®**

Current theories hypothesize that dopamine neuronal firing encodes reward prediction errors.
Although studies in nonhuman species provide direct support for this theory, functional magnetic
resonance imaging (fMRD studies in humans have focused on brain areas targeted by dopamine
neurons [ventral striatum (V5tr)] rather than on brainstem dopaminergic nuclei [ventral tegmental
area (VTA) and substantia nigra). We used MR tailored to directly image the brainstem. When
primary rewards were used in an experiment, the VTA blood oxygen level-dependent (BOLD)
response reflected a positive reward prediction error, whereas the V5tr encoded positive and
negative reward prediction errors. When monetary gains and losses were used, VTA BEOLD responses
reflected positive reward prediction errors modulated by the probability of winning. We detected
no significant VTA BOLD response to nonrewarding events,

unctional magnelic resonance imaging
F[!HI’.I] has become a prominent method

for imaging brain activity in humans,
Commonly used IMRI protocols acquire Tune-
tional data with a spatial resolution on the order
of several millimeters, These protocols are ade-
quante for measuring blood oxyvgen level dependent
(BOLD) responses from relatively large neuml
structures such as the conex and basal ganglia,
However, they are not suitable for imaging brain-

stem structures that are ol long-standing interest
1o neuroscientists, In panicular, the brainstan nu-
clei of the dopamine, norepinephrine, and sero-
tonin systems have long been known o play a
critical role in the regulation of brain function,
and disurbances of these systems have been
implicated in most major psychiatric disonders,
Recem theorctical advanees have begun 1o
identify specilic functions for these brainstem
systems, In panticular, the reward prediction crror

theory of dopamine function (J, 2) proposes a
role for this neuromodulator in reimforcement
leaming. This theory makes specific predictions
that have been tested in dincet neuronal record-
ings from brainstiem dopaminergic nuclel in non-
human species. However, imaging studics in
humans have been restricted 10 measurements
from projection arcas of the dopamine system
[such as the ventral stnatum (VSr) and medial
prefromal cortex| that are larger and therefore
more casily imaged with IMRIL Here, we repon
the use of a combination of recently developed
neuroimaging technigues that address the diffi-
cultics inherent to brainstem imaging in order to
directly image the VTA.

There are several methodological challenges
o imaging brainstem nuclei. First among them is
the small size of the nuclei. The VTA is ~60 mm?®
in volume (), or roughly the size of 2 voxels ot
the resolution common in IMRI studics (4 /8).
To address this issue, we acquired high-resolution
echo planar images that have been shown 1o be
sufficient o discem individual subcortical nucle
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and reduce partial volume effects [e.g. (/9. 20)].
Second, brainstem structures are near large
pulsatile blood vessels that create physiological
movement arifacts and consequent  magnetic
ficld inhomogencities. We therelore acquired
functional data synchronized with the panici-
pants” cardiac cycles so that these effects were
minimized (27). Third, image contrsts common-
Iy wsed for anmomical localization (such as T1-
weighted images) are poorly suited to brainstem
studics because they do not provide contrast
between different brainstem nuclei. For the mid-
birain, several aliemate pulse sequences have been
shown o produce desired contrast (22, 23). We
used proton-density weighted images 1o visualize
the substantia nigra (SN ) and then used the SN
as a landmark to locate the VTA (22) (Fig. 1)
Finally, it has been shown that the brainstem docs
not reliably align o standard brain templates used

for spatial normalization in the group aalysis of

data. We used a new nomalization algonthm that
significantly improves registmtion of the bram-
stem across participants (24).

We used these methods in two experiments
modeled on previous nonhuman primate studies
(25, 26) and motivated directly by the reward pre-
diction error theory of dopamine function (/. 7).
According to this theory, the firing mite of dopa-
mine neurons directly encodes the difference be-
tween expected and received rewarnd. This assumes
that inputs 1o dopaminergic midbrain structures
relay both the reward experienced at a given time
and the reward expected at that time (27). Dopa-
mine neurons are thought to caleulate the dif-
ference between these two mmputs o produce a
reward prediction ermor signal (7, 2). Becawse the
BOLD response is thought 1o correlate most
strongly with synaptic cument (28, 24), and
therefore is likely to reflect afferent input, the
BOLD response in midbrain dopaminergic struc-
tures could reflea several quantities: (i) cumrent
reward, (ii ) expected reward, or (iii) a sum of the
inputs equal to the reward prediction emor (30),
We hypothesized that BOLD responses mea-
sured in midbrain dopaminergic structures woulbd
reflect a reward prediction aror, We positioned our
slices to incorporate the VTA and as much of the
SN2 3/, 32y and VS (33-37) as possible ( 35).

In our Nirst experiment, we used a classical
conditiomng procedure known to clicit responses
to unpredictable rewards and cues predicting re-
wards in the nonhuman primate dopamine sys-
temn (). Thirsty human participants were trained
to expect a liquid reward at a fixed interval alier
the display of a visual cue (35, 39, 40). After
trining, delivery of the liquid reward was de-
laved ina subset ol trials. This design allowed for
investigation of signals related 10 both positive
and negative reward prediction emors. Previous
studies indicate that the omission of reward at the
expecied ume generates a negative reward pre-
diction emor ([, 23}, Subsequently, when rewand
15 delivered at the umrained, delayed, ume, s
delivery produces a positive reward prediction

]

crror (1, 2, 25). We estimated a goneral lincar

www.sciencemag.org

model (GLMpto look for deviations in the BOLD
response at tmes when positive and negative re-
ward prediction emors were expected (47).

The BOLD response m VTA was signilicantly
refated to positive (P = 0LO3, two=sample £ st cor-
rected for multiple comparisons) but not negative
reward prediction emor signals (Fig, 23, The BOLD
response in the VSIr was signilficantly related 10
negative reward prediction ermor signals (P < 0,05,
two=sample £ test corrected for multiple compar-
sons) and also showed a nonsignificant trend
toward a relation with positive reward prediction

A ventral legmenial area
[

| cerebral peduncle

red nucleuws
substantia nigra - substantia nigra
{pars compacta) {pars recticulata)

* periagqueductal grey
carebral aguaduct

Fig. 1. Localization of midbrain dopamine nuclei with MRI,
(A} The SN are located in the lateral portions of the mid-
brain, between the red nucleus and the cerebral peduncle.
The VTA flanks the midline, medial to the SN (3, 50). (B)
Midbrain dopamine nuclei are clearly visible on proton-
density weighted images; the midbrain is outlined in the box
and expanded in the rightmost image. An axial slice is
shown. The SN are the hyperintense areas adjacent to the
hypointense red nucleus and cerebral peduncle (22). The SN
are outlined with a dashed line and the VTA with a solid line
in the expanded view. (C) Slice placement for one partici-
pant. The midbrain was identified in the central sagittal slice
of the T1-weighted structural image. An oblique slab com-
prising axial/coronal slices (each slice 1.9 mm thick) was

REPORTS

crmor signals (Fig. 31280, Post hoc analyses of the
mean event-related time courses in the VSir indi-
cated that BOLD responses were significamtly en-
hanced by positive rewand prodiction emors (g, 54).

11" the BOLD response 1o positive reward pre-
diction ermors in the stiatum resulied o lemst in
part from activity in the VTA, then the responses
in the two structures should correlate with one
another, To test this prediction, we comelated the
BOLD response in these two regions alter the
delivery of delayed, unexpected rewands. VTA
and VSir BOLD responses wene positively

centered on the YTA and tilted to include as much of the SN

and VStr as possible (38). The number of slices used was determined by the participant’s heart rate. (See

supporting online material for details of image acquisition.)

Z=-6 mm"* X=1mm"

¥

%,

'..IJ’F‘

* brainstem normalized space

Fig. 2. The YTA BOLD response encoded positive reward pre-
diction errors from delivery of primary rewards. (A) A random
effects GLM analysis showed that VTA BOLD responses encoded
positive reward prediction error signals (n = 18; P < 0.05, two-
sample t test corrected for multiple comparisons). The cluster

i L]
10 0.008 -
0.004 -
10 0 1

B unexpecied
renward

m expected
rénward

m reward expected,
nol recaived

Effect Size

-0.004 1

NS

volume is 39 mm®. Statistical maps are displayed on “brainstem-normalized” images (24): a proton-
density weighted image in the axial view (left) and a T1-weighted image in the sagittal view (right).
Coordinates shown are in brainstem-normalized space. (B) Plot of contrast estimates. Bars are average of
regression coefficdients (beta-weights from the GLM) for all voxels shown in (A). The VTA BOLD response to
an unexpected reward was significantly larger than the BOLD response to an expected reward (*P < 0.05,
two-sample t test corrected for multiple comparisons). The VTA BOLD response to a negative reward
prediction error was not significant (N5; P = 0.2671, two-sample £ test).
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Fig. 3. The striatal BOLD response to positive and
negative reward prediction errors from delivery of
primary rewards. (A) A random effects GLM anal-
ysis revealed regions in the bilateral VStr [left: (14,
2, =7); right: (-18, 3, 8)] with BOLD responses
reflecting negative reward prediction errors (n =

18; P < 0.05, two-sample ¢ test corrected for multiple com parisons), Statistical
maps are displayed on a T1-weighted image in Talairach space. The region of
the V5tr that we recorded from is delineated with blue lines (38). (B) Plot of
contrast estimates. Bars are average of regression coeffidents (beta-weights
from the GLM} for all voxels shown in (A). VStr BOLD response reflects a
negative reward prediction error (reward expected but not received; *P < 0.05,

‘bralnstem normalizsd space

B iquidc [ money [l overiap

Effect Size

C r=0.51
0.008 4 0.150
0,004 o o
= 0.050 s
=
o] - . b
@ 00— 0.0%0 0.100
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0.004{ g expected &
reward .
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&

B 00164 "
10
0.0124
a
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10 0.004 <
|:| =
m win ® loss

Fig. 4. VTA BOLD response to monetary
gains and losses, (A} A random effects GLM
analysis revealed that the VTA BOLD response
was significantly increased for rewarding trial
outcomes (gain 51) and was modulated by
the probability of winning (n = 21; P < 0.05,
two-sample ¢ test corrected for multiple com-
parisons). The cluster volume is 59 mm®. Sta-
tistical maps are overlaid on a proton density—

weighted image (left) and T1-weighted image (right) in brainstem-normalized space (24), (B) Plot of
contrast estimates for trial outcome. VTA BOLD responses reflected a positive reward prediction error
(*P < 0.05, two-sample f test corrected for multiple comparisons). Because no brainstem regions were
found to respond to negative reward prediction error signals (trial outcome when participant lost $1),
the same voxels shown in (A) were used to generate this contrast estimate. (C) The VTA regions

identified in both experiments overlap.

comelated (7= 0.51; Fig. 300, suggesting a fung-
tional connection between the two areas (42,
We conducted a second experiment 1o verily
that the BOLD response in the VTA encoded
positive bul not negative reward prediction errors,
The expeniment was also designed o assess the
generality of these signals, by testing whether
secondary (monctary) rewards were effective in
producing BOLD responses in the VTA, Finally,
we tested whether BOLD responses © newand
prediction errors scale with reward probability, as
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pradicted by theory. Participants were shown a
nummber and indicated by button-press their guess
as 1o whather a second number would be greater
or less than the first number. Both numbers were
randomly selected from the range of 0 10 10 and
were never equal, Thus, the probability of gucssing
correctly wis greatest when the first number was

toward the extremes of the mnge, The outcome of

the tnal was displayed aller a variable delay; par-
ticipants won 51 for comreet guesses and lost 51
for ncomeat guesses. According o reinforcement

two-sample f test corrected for multiple comparisons). To determine if the VStr
region shown in (A} also responded to positive reward prediction errors, we
examined the contrast estimates for unexpected and expected reward receipt,
The V5t region in (A showed a trend toward a stronger BOLD response to
unexpected than expected rewards. (C) Comelation analysis between BOLD
responses to a positive reward prediction error measured from VStr and the VTA.

leaming models, the positive reward  prediction
error signal should decrease with mereasing prob-
ability of winning ([, 43). Conversely, negative
reward prediction eror signals (resulting from
losses) should increase in magnitude with the
probability of winning ([, 43).

We estimated a model that included separte
regressors [or outcomes in which the participam
wion and lost. For outcomes in which the parnti-
cipant won, we found that BOLD responses in
the VTA signilicantly scaled with the probability
of winning (P = 0,05, two=sample ¢ test corrected
for multiple comparnsons; Fig. 4} This replicated
the finding from the first experiment that the VTA
BOLD response reflects a positive reward  pre-
diction error. Though the two experiments used
different reward modalities, the VTA regions we
adertified in both expemments overlaipped (Fig. 4C).

We found no midbrain regions showing
BOLD responses that correlated with negative
reward prediction emors, In the first experiment.
negative reward prediction errors resulted from
the omission of an expected reward, whereas in
the second expenment they were clicited by the
loss of money. Although theory predicts that the
dopamine system should report a negative reward
prediction emor (£, 2), the underdying physiology
of such a response remams unclear. Dopamine
neurons have been shown, as predicted, to exhibit
phasic decreases in firing for negative reward
prediction emors (7). However, such reductions
in dopamine firing rate are subtle (32) and their
signilicance remains controversial (44). Funther-
more, negative reward prediction emors resulting
from aversive events (such as losses, as opposed
to the omission of a reward) may produce no
response at all in dopamine neurons (415, 46),

Megative reward prediction errors migh
also have been expected o elicit an increase
in activity within the VTA, among a subpop-

www.sciencemag.org



ulation of neurons that are known to respond
to aversive stumuli (“tertiary cells™) (44, 471
However, temiary colls constitute less than 307
of the neurons in the VTA (47). Therctore,
while it is possible that teriary cells did re-
spond o monetary losses in our second ¢x-
periment, it is likely that the cormesponding
positive BOLD response was oo small w be
resolved with the imaging protocols used. The
absence of such BOLD responses suggests that
the ones we did observe were sensitive selec-
tively to dopamine-related signals,

We have shown that BOLD responses can be
measured i the brainstem at a spatial resolution
sufficient for mvestigating ndividual nucled, Our
findings are consistent with the reward prediction
crror theory of dopamine function in the human
bram. Mot only does this work add precision and
accuracy 1o the study of dopamine function in hu-
mins, 1t also opens the door o the carelul study
of the role of dopamime in cognition at large (for
example, 1ts hypothesieed role in updating work-
ing memory representations in prefrontal corex)
(48). It should now be possible to carry out simi-
lar investigations of other brainstem nucled, such
as norepinephrine and serotonin, that have been
related 10 human cognition in recent theoretical
work (49, 44),

References and Notes
L P. R Mentague, P. Dayan, T. ). Sejnowslkd, | Mewrasci, 16,
1936 (1996).
2. W. Schultz, P. Dayan, P. R. Mentaguee, Science 278, 1593
(1997).
3, G, Paminos, X. Huang, Atlos of the Human Brainstem
(Academic Press, San Diego, CA, 1995).
4, Several recent studies (5-18) repart findings from the SN
and VTA with spatial resaluthon not better than 21 mm’,
which is inadequate for imaging fram the VTA and only
gives a small number of measurements in the SN,
B. Seymour et al., Nature 429, 664 (2004),
B. H. Schott ef al., Learn. Mem, 11, 383 (2004).
B. C. Wittmann ef al., Neuron 45, 459 (2005).
. P. Dunckley ef al., J. Neurssci, 28, 7333 (2005)
. V. Menon, D ] Levitin, NMewroimage 28, 175 (2005).
I P. O°Deherty, T. W, Buchanan, B. Seymour, R. |. Dolan,
Newron 49, 157 (2006).
1L B. H. Schott & ol., ). Newroscl, 26, 1407 (2006).
12. ). C. Dreher, P. Kohn, K. F. Berman, Cereb. Cortex 16,
561 (2006).
13. M. Bunzeck, E. Duzel, Newron 51, 369 (2006).
14, M. Fairhurst, K. Wiech, P. Dunckley, 1. Tracey, Poin 128,
101 (2007).
15. P. N. Tobler, P. C. Fletcher, E. T. Bullmore, W. Schultz,
Newran 54, 167 (2007).
16. B. H. Schott ef ol., Brain 130, 2412 (2007).
17. B. C. Wittmann, N. Bunzeck, R. ]. Dolan, E. Duzel,
Newroimage 38, 194 (2007).
18. N. Bunreck er ol., Cereb. Cortex 17, 2940 (2007).
1%, K. A Schneider, M. . Ridhter, 5. Kastner, /. Meurescl 24,
8975 (2004).

Swmaen

=

www.sciencemag.org  SCIENCE WVOL 319 29 FEBRUARY 2008

20. K. A Schreider, 5. Kasiner, |, Nevrophysiol, 94, 2491 (20051,

21 A R Guimaraes et ol., Hum. Broin Mapp. &, 33 {1998).

22. H. Oikawa, M. Sasaki, Y. Tamakawa, 5. Ehara, K. Tohyama,
AINE Am. ). Newroradiel, 23, 1747 (2002).

23. T. Eckert ef al., Meuroimoge 21, 229 (2004},

24, V. Napadow, R. Dhond, D. Kennedy, K. K. Hui, N, Makris,
Newroimage 32, 1113 (2006),

25. | R Holterman, W. Schultz, Mot Meurosci 1, 304
(1998},

26. €. D. Fiorillo, P. N. Tobler, W. Schultz, Science 299, 1898
(2003},

27. The reward prediction ermor term depends on time
throwgh a value function, WIE), that gives the reward
expected into the infinite future, 1t &5 the time dertvative
of W, dWirldt, that gives the reward expected at time ¢
and s hypothesized to be communicated to midbrain
dopamine nuclet (1),

28. N. K. Logothetis, ]. Pauls, M. Augath, T. Trinath,

A, Oeltermann, Noture 412, 150 (20010

29. A Viswanathan, R. D. Freeman, Noil. Neurosci. 10, 1308
{20071,

30, The reward prediction error signal could alsa be
generated by recurrent collaterals in the VTA.

31. H. M. Bayer, P. W. Glimcher, Neuron 47, 129 (2005).

32, H. M, Bayer, B Lau, F. W, Glimcher, J. Neuraphysiol. 98,
1428 (2007).

33. G. Pagnoni, C. F. Zink, P. R. Montague, G. 5. Bems, Nai.
Newrosci. 5, 97 (2002).

34. B, Knutson, A, Westdorp, E. Kaiser, D. Hommer,
Newrsimage 12, 20 (2000).

35. 5 M. McClure, G. 5. Berns, P. R Montague, Newron 38,
339 (2003).

36, ). P. O"Doherty, P. Dayan, K. Fristan, H. Critchley,

R. . Dolan, Neuron 38, 329 (2003),

37. | O'Doherty ef al,, Science 304, 452 (2004).

38. The VTA and SN include a variety of neuron types, not
just dopaminergic neurons, and the BOLD response
measured from these nuclei presumably reflects the
compasite activity of these neurons. Mevertheless, as
discussed further en, cur findings suggest that the BOLD
responses we observed reflected a dominant, if not
exclusive, influence of dopamine neuron activity. In
addition, the methods we used were not eptimized for
detecting responses in the SN or VStr. Because of the
cardiac gated lunctional data acquisition, image acqui-
sition time was necessarily less than the time between
heartbeats, which limited the number of slices we were
able to acquire (see supporting online material for
details). Slices were placed so as to optimize our coverage
of the VTA. The VTA is small and thus, even with the
number of dices we were limited 1o by the participant’s
heart rate, we wene able to record from the entire region,
However, we were only able to record from portions of
the striatum (Fig. 3A) and SN. Given this lirmited coverage
of the striatum and SN, our mexsurements from these
structuras are likely to have been underpowersd.

39. A recent study reports an equal BOLD-TMRBI response
in the VSir to delivery of juice and water (0}, Conse-
quently, we included both juice and water trials in our
study 1o keep participants as interested as possible. Juice
and water trials were randomized acros all scanning
runs, and results are collapsed across both rial types.

40, 5. M. MeClure, K. M. Ericson, D | Lalbson, G. Loewenstein,
I D. Colver, | Meprosci, 27, 5796 (2007),

41 In addition to regressors for reward prediction emors, we
alsa included regressars for the display of the visual coe
and for gt Mo brain regions showed a significant
respanse to the display of the cue during and after

42,

43,

45.
. M. A Ungless, P. |. Magill, ]. P. Bolam, Science 303,

47,

48.

49,

51

REPORTS

training [compare to (37)]; however, the visual corlex was
nat imaged in this experiment due fo slice positioning
{Fig. 1C). Additionally, no brain regions showed a
significant response io gV

Mean event-related BOLD responses were calculated for
the receipt of expected and unexpected rewards (see
supporting onling material for detzils on impulse
response function generation and for plots of time course
datal, The areas under the response curves were
caleuated from time ¢ = 3 s 1o 7 5 after reward receipt
and oprrelated across subjects in the VTA and Vir. This
sgment of the respoase cumves was selected because it
commesponds fo the time paints of the peak in the BOLD
response,

In temparal difference reinforcement learning,

the reward prediction ermar is given by

(1) =rit) + E{rit+ 13|51} = E{r(t)]S ). 600 is the
reward prediction error, rif) is the reward value at time ¢,
and E{r(#)]5 Jis the expecied value of reward given the
histary of stimuli up 1o time £, which is termed 5, (1, 2).
When the stemulus is shown, the BOLD response should

be proportional o S(E) = E{r(l + 1)|5,,, } because we
assume that the expected value 15 corstant or zero between
events. We represented the BOLD response 1o the display of
the first number as not varying in magnitude because the
probability of winning & unknown until participants press a
button wdicating thelr decidon. It is impoitant to nate that
when reward, rif}, is less than 1 (ie., when the participant
loses 1), predictiors for adverse oulcomes can be made.
Rewriting the prediction ermor equation in terms of reward
value and probability of reward gives 84 = rifl + 1 x plrifl
S h=1x(l —plaf 15, ) =rl) = 2 plith] 5. ) + L For
wins, 6t} = 2(1 = plrn} | 5, }) and decreases linearly with
the probability of winning, For Tosses, 8(r) = 2p(r{e}|5;)
and ncreases linearly with the probability of winning.

. M. [, Daw, 5. Kakade, P. Dayan, Newnal Netw, 15, 603

(2002},
]. Mirenowicz, W. Schultz, Nature 379, 449 (1994).

2040 (2004),

D. L Cameron, M. W. Wessendard, |. T. Williams,
Neuroscience 77, 155 (1997},

1. 5. Braver, ). D. Cohen, in Confrof of Cognitive
Processes: Altention and Performance XVill, S, Monsell,
] Driver, Eds. (MIT Press, Cambridge, MA, 2000)

pp. 713737,

G. Aston-Jones, |. D. Cohen, Aanw. Rev. Newroscr. 28,
403 {2005},

. H. M. Duvernay, The Human Brain Stem and Cerebelium;

Surface, Structure, Voscwlarization, Three Dimensionol
Sectional Anatomy, and MRI (Springer, New York, 1995).
We thank V. Napadow for access to the brainstem
normalization algorithm ahead of its publication and for
guidance with data acquisition. We thank C. L, Buck,

K. lowenberg, and E. Barkley-Levenson for help with
participant recruitment and scanning. We also thank

R. Tengi for helping manage the large amount of disk
space necessary to accomplish data analysis. This work
was supporied by NIH grants P50 MHDG2196 ().D.C),
T32 MHDES214 ().0.C.), and F32 MHO72141 (S.MALDY,

Supporting Online Material
waw.sCiencemag.ang/ogicontentfull3 195867/ 1264001
Matenials and Methods

Figs. 51 to 55

Rederences

17 September 2007; accepted 11 January 2008
10.1126/science. 1150605

1267



[\ HNOL O

New Products

Integral Water Purification System
The Milli-Q Integral water purification system uses tap water to
supply constant-quality Type Il (pure) and Type | (ultrapure) water
from a single water production unit. The system produces pure and/
or ultrapure water for needs ranging from 60 to 300 liters per day. The
flow rate is adjustable from drop-by-drop to 2 liters per minute. The
dispensers can be adapted with a choice of final polishers to remove
specific contaminants, including pyrogens, nucleases, bacteria,
particulates, and organics. The dispensers accommaodate a complete
range of laboratory glassware and provide automatic and manual

dispensing options.

Millipare
For information 800-548-7853
www.millipore.com

Oncomine Software

Oncomine Research Premium Edition software is designed for
laboratories engaged in advanced cancer genomics research. It
includes custom gene Flters, integration with Ingenuity Pathway
Analysis software, and full support for Oncomine Concepts
Map, including the ability to upload custom and proprietary
concepts in a secure environment. The premium edition is an
extension of Oncomine Research Edition; the more basic edition
is available under a free license for academic and nonprofit users.
Compendia Bioscience

For information 734-330-2259

www.compendiabio.com

Stem-Cell Tested Products

Millipore has launched a new initiative to validate many of its filter
products for use on stem cells. The Stericup with Express Plus
membrane is the first product available under this initiative. After
filtering media through a Stericup with Express Plus membrane with
a 0.22 m pore size, stem cells are passed five times and tested for
pluripotency with no negative effect, Stericup filter cups combine a
filter unit with a receiver flask and cap for processing and storage.
Stericups are supplied sterile and ready to use, and offer fast flow with
high throughput and low protein binding to ensure that key growth
factors and proteins are not absorbed. When used with Express
Plus membranes and media, Stericups offer an optimized and cost-
effective system for stem cell culture thal eliminates concern owver
whether filtering complete media will remove valuable factors or add
deleterious components to the growth media.

Millipore

For information 800-548-7853

www.millipore.com

Fruit Fluorescent Proteins

Clontech is distributing vectors encoding several fruit fluorescent
proteins. mCherry is available in four different vector formats to
not-for-profit entities and academic labs. All four mCherry vectors,
plus source vectors for five additional fruit fluorescent proteins, are
available to for-profit entities through Clontech's licensing program.
The fruit Aucrescent proteins have a wide emission range and
perform successfully in many fusion applications. These proteins can
all be detected with Clontech Living Colars DsRed monoclonal and
palyclonal antibodies.

Clontech

For information 650-919-7382

www._clontech.com
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Dispenser

The Pipetboy Acu Pipettor is a lightweight, single-channel dispenser
for safe, accurate, and reproducible filling and dispensing of plastic
and glass pipettes, 1-100 ml. The unit is ergonomically designed,
with aspirating and dispensing speed continuously adjustable using
the thumbwheel dial. Touch-sensitive buttons enable precise one-
handed operation, which is important when manipulating liquids in
a confined laminar flow hood,

Integra Biosciences

For information +41 81 286 9530

www.integra-biosciences.com

Inverted Microscope for Live Cell Imaging

The Leica DMI300D0 B inverted microscope is designed for live cell
research applications. A new, integrated incident light fluorescence
axis produces brilliant images for all fluorescence techniques. The
instrument also offers integrated modulation and phase contrast
methods that do not require the use of special objectives. It is
suitable for all manual fluorescence techniques. It features a five-
position fluorescence turret for the fuorescence flter cubes. A
Fluorescence Intensity Manager regulates the illumination as
well as the aperture and field diaphragm and their centering. The
fluorescence cubes feature light traps far background light reduction
to produce a perfectly black background. The DMI3000 B also offers
a variety of illumination options for transmitted light applications. It
offers five different condensers with different working distances (1,
23, 28, 40, and 70 mm). The special 540 condenser, with a working
distance of 40 mm for micromanipulation, is suitable for integrated
phase contrast and integrated modulation contrast. Leica has
improved its integrated modulation contrast to increase the depth
of field, which increases the spatial visibility of thicker specimens.
Leica

For information 800-248-0123

www.leica-microsystems.com

Electronically submit your new product description or product literature
information! Go to www.sciencemag.org/products/newproducts.dtl for
mare information.

Wewly offered instrumentation, apparatus, and laboratory materials of
interest to researchers in all disciplines in academic, industrial, and gov-
ernmental organizations are featured in this space. Emphasis is given to
purpose, chief characteristics, and availabilty of products and materials.
Endorsement by Science or AAAS of any products or materials mentioned
is not implied. Additional information may be obtained from the manufac-
turer or supplier.
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