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SCIENCE EXPRESS

WinWLS CIeNCaXpress. by

MOLECULAR BIOLOGY

Selective Blockade of MicroRNA Processing by Lin-28

5. R. Viswanathan, G. . Daley, R. I. Gregory

A protein necessary for reprogramming skin fibroblasts to pluripotent stem cells is an

RN A-binding protein that normally inhibits microRNA processing in embryonic cells.
10.1126/cience, 1154040

CELL BIOLOGY

Video-Rate Far-Field Optical Namoscopy Dissects Synaptic Vesicle Movement

V¥ Westphal et al.

Sequential subdifiraction resolution images of fluorescently labeled synaptic

vesicles in live cells reveal that they exhibit several distinct movement patterns.
10.112&/science. 1154228

CONTENTS I

ASTROPHYSICS

Magnetar-like Emission from the Young Pulsar in Kes 75

F. P. Gavriil et al.

A pulsar exhibits x-ray bursts like that seen only in magnetars, which have ultrahigh

magnetic fields, implying that neutron stars exhibit a continuum of magnetic activity.
10.11266cence. 1153465

PHYSICS

Energy Gaps and Kohn Anomalies in Elemental Superconductors

P. Aynajian et al,

High-reselution neutron scattering experiments reveal behavior in pure lead
and nmiobium superconductors beyond that described by the standard theoretical

f k.
Sl 10.1126/science. 1154115
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Delivers Benefits for Birds in Europe”

R. Rodriguez-Munpz, A. E Ojanguren, T. Tregenz
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CHEMISTRY

Nuclear Coupling and Polarization in Molecular
Transport Junctions: Beyond Tunneling to Function
M. Galperin, M. A. Ratner, A, Nitzan, A, Trofsi
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DEVELOPMENTAL BIOLOGY

Juvenile Hormone Regulates Butterfly Larval
Pattern Switches

R. Futahashi and H. Fujiwara

In swallowtail butterflies, a hormane regulates a dramatic
developmental shift as the young caterpillars, which mimic
bird droppings, grow into the green cryptic larva.

REPORTS

PHYSICS

A Photon Turnstile Dynamically Regulated by
One Atam

8. Dayan et al.

A single atom interacting with an optical microresonator can convert
an influx of photons into a regular output of single photons,
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MATERIALS SCIENCE

The Force Needed to Move an Atom on a Surface
M. Ternes et al.

An atomic force microscope can be tuned to measure the lateral

and vertical forces required to move atoms or molecules on a surface,
thus probing the band strengths. == Perspective p. 1051

MATERIALS SCIENCE

Bioinspired Design and Assembly of
Platelet Reinforced Polymer Films

L. J. Bonderer, A. R. Studart, L. . Gauckler
In a design barrowed from biomaterials, ceramic plates less than

1 millimeter thick are sequentially deposited between flexible arganic
layers to yield strang, flexible films. == Perspective p. 1053

MATERIALS SCIENCE

Atomic-Scale Chemical Imaging of Composition
and Bonding by Aberration-Corrected Microscopy
D. A Muller et al.

Correcting electron optical aberrations to filth order increases the
beam current of an electron microscope enough for atamic-scale
mapping of chemical species and bonds.
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REPORTS CONTINUED...

GEOPHYSICS

Extending Earthquakes’ Reach Through Cascading 1074
0. Marsan and O. Lengling

Amodel of earthguake connectivity implies that small quakes may
collectively trigger more quakes than larger ones and that cascades
of triggered quakes are common.

CLIMATE CHANGE

Human-Induced Changes in the Hydrology of the 1080
Western United States

I. P Barnett et al.

Combining a regional hydrologic and global climate model implies
that human-caused O, emissions have already greatly changed
river flows and snow pack in the western United States.

BIODCHEMISTRY

Atomic-Level Models of the Bacterial 1083
Carboxysome Shell

5. Tanaka et al.

Pentameric proteins around the carboxysome, an organelle involved
in carbon fixation, fit together with hexagonally packed proteins to
form the organelle s icosahedral shell,

CELL BIOLOGY

Differential Regulation of Dynein and Kinesin 1086
Motor Proteins by Tau

R. Dixit, . L. Ross, Y. E. Galdman, E. L. F. Holzbaur

When molecular motars mave along microtubules, they encounter
the bound protein tau; the dynein motor then reverses direction,
whereas the kinesin motor detaches.

MOLECULAR BIOLOGY

NADP Reqgulates the Yeast GAL Induction System 1090
F R. Kumar et al.

The structure of a repressor-activator complex for galactose
metabolism shows that its assembly s controlled by the ratio

of two cofactors that reflect the cell’s metabolism.

MOLECULAR BIOLOGY

A Shared Docking Motif in TRF1 and TRFZ Used for 1052
Differential Recruitment of Telomeric Proteins

¥, Chen et al.

Two similar members of the protein complex that protects the free
ends of chromosomes have distinct binding sites for other complex
members and accessory proteins,

MEDICINE

Clonal Integration of a Polyomavirus in Human 10946
Merkel Cell Carcinoma

H. Feng, M. Shuda, Y. Chang, P. S. Moore

Arare, but highly aggressive, form of human skin cancer may be
caused by a previously uncharacterized human polyomavirus.

> Peripective p. 1049

GENETICS

Worldwide Human Relationships Inferred from 1100
Genome-Wide Patterns of Variation

1 Z bietal

Analysis of variation in 51 human populations reveals details

of European subpopulations and confirms that humans formed

a chain of colonies as they radiated out from Africa.

NEUROSCIENCE

Spine-Type=Specific Recruitment of Newly Synthesized 1104
AMPA Receptors with Learning

N. Matsuo, L. Reijmers, M. Mayford

Mushroom-shaped synaptic spines activated during learning
preferentially capture newly synthesized glutamate receptors,

which may contribute to memary starage.

MEUROSCIENCE

Rapid Neural Coding in the Retina with Relative 1108
Spike Latencies

T. Gollisch and M., Meister

In salamanders, ganglion cells, which project from the retina to the
brain, use the relative timing of single spikes in each cell to quickly
encode a visual scene.

PSYCHOLOGY

Predicting Human Interactive Learning by 1111
Regret-Driven Neural Networks

D. Marchiori and M. Warglien

An unexpectedly simple neural network model that includes feedback
driven by regret predicts human behavior in strategic games and out-
performs existing models of learning. == Perspective p. 1052
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ONLIN

WWW.sciencemag.org

The purple sea urchin is headed for trouble.

SCIENCENOW

WWW.SCIENCENOW.Org

Warm Sea Urchins on Acid
Rising temperatures and acidity in the ocean cause deformities

and death. Benefiting from life's setbacks.

A Grand Diversion in Louisiana

Model predicts how much wetlands would benefit from shunting SCIENCE CAREERS

Mississippi River. WWW.SCIEncecareers.ong CAREER K

Anticipation Fires the Imagination L .

New research helps explain why finding new love—and other Opportunities: Master of Disaster

experiences—don't always meet expectations. P. Fiske
Personal and professional setbacks can open the door
to new opportunities.

Mastering Your Ph.D.: Preparing for Your Post-Ph.D. Career
B. Noordam and P. Gosling
Find out how to find a job that suits you, inside or outside academia.

Alone in the Field

a E. Pain
Spain’s science funding agency rejected Eduardo Moreno's idea,
but it still wan him a grant from the Eurapean Research Council.

Science Careers Blog
Science Careers Staff
Kremen regulates Wnt signaling. - ’ E;; ;:m lalesll caregr ne-.-.-sa including reports from the
annual meeting in Boston.

SCIENCE SIGNALING

waww.slke.arg A

PERSPECTIVE: Context-Dependent Activation or Inhibition
of Wnt—[3-Catenin Signaling by Kremen

C. 5. Cselenyi and E. Lee

The effect of Kremen 2 on Wnt signaling depends on the presence or
absence of the Wnt antagonist Dickkopf1.

PERSPECTIVE: A Cytoskeletal Platform for Local Translation
in Axons

E P G Van Horck and C. E. Holl

Mutual interactions between the cytoskeleton and local translation
may mediate growth cone steering response.

PODCAST
N. R. Gough and |. F. Foley

Listen to a discussion about the signals that generate fat cells.

SCIENCEPODCAST

Download the 22 February Science
Podcast to hear about insights into
human genetic diversity, corporate
support of math and science
education, the force required
to move an atom, and more,
woww,sciencemaq oog/about/podcast.dil

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

Mature has found routes to take weak or brittle
starling materials and make stronger or lougher
composites, such as incorporating biopolymers
and caldum carbonate to form nacre, Although
scientists have been able to use better starling
materials, they have not been able to achieve the
same level of improvement or sophistication.
Bonderer et al. (p. 1069; see the Perspective by
Ortiz and Boyce) fabricate a composite from sub-
micrometer-thick alumina embedded in a polymer
matrix (chitosan} that has a high tensile strength.
By controlling the thickness of the ceramic films,
they can determine the mode of fracture and
ensure that the compaosites remain ductile.

Photon Turnstile

High-quality optical microresonators can influ
ence or delay the propagation of the light in
coupled optical fibers. Dayan ef al. (p. 1062}
now show that coupling of an atom to the
evanescent field of the resonator can have a
more dramatic effect on the propagating light in
the fiber. When the atom is coupled, the input
stream of photons is regularized into an output
of single photons. Such an optical turnstile
should prove useful as a light source for gquan
tum information processing,

Whither Weather Out West

Recently, more winter rain and less snow has fallen
in the western United States than previously, and
more snow has melted earlier in the year. These
changes have increased river flows in the spring
and decreased them in the summer. Barnett &t al.

www.sciencemag.org SCIENCE VOL 319 22 FEBRUARY 2008

EDITED BY STELLA HURTLEY AND FHIL SZUROMI

Carboxysome Building Blocks

The carboxysome is a bacterial microcompartment, roughly 100

nanometers in diameter that sequesters enzymes invo
i s outer shell is icosohedral, a g

fixation. The proteina

proteins from two k

mers. Now Tanaka et al. (p. 1
eins that form pentamer:

carbon

xameric and pentam

| dnn i

2 ways to pack the hexamers

pentamers to build a complete carboxysome shell.

{p. 1080, published online 31 January) conducted a
multivariate climate change detection and attribu-
tion study of the western United States from 1950
to 1999 and found that up to 60% of the trends of
river flow, winter air temperature, and snow pack
reflect anthropogenic climate change despite high
variability throughout the records. These results
suggest thal a crisis in water supply for the western
United States, which relies heavily on a late spring
snow melt for agriculture, may be looming,

A Little Nudge

Scanning probe microscopes have been used to
manipulate individual atoms and create structures
at the atomic scale, but despite their widespread
use, it has been difficult to determine the forces
needed to move each atom. Ternes et al. (p. 1066;
see the Perspective by Cus-
tance and Morita) report
on simultaneous measure
ments of the vertical and
lateral forces exerted on an
adsorbate, either Co
atoms or CO molecules,
during lateral manipula-
tion wsing an atomic force
microscope AFM). They simultaneously detected
the tunneling current between the oscillating AFM
lip and the sample surface, which recorded varia-
tions of the tunneling gap conductance with the
fl;lrf.ﬁ' ITII.",‘H‘.:LJIEI'I'IE'HH.

Social Quakes

Earthquakes constantly color Earth’s plate bound
aries, but how and to what extent are any two
guakes connected, let alone a series of quakes?
Clear aftershocks cover only a small number of

quakes and primarily series that are successively
weaker. Overall, the question is partly statistical,
and partly mechanistic in determining how one
guake affects stress on another fault. Marsan et al.
(p. 1076) develop a model of triggering based on
two simple assumptions without the need for fit-
ting a large number of parameters for each fault.
Their model, applied to southern California
guakes, implies that small earthquakes have a
disproportionate effect on triggering and that
cascading events are common,

Tau and Microtubule
Motors

The microtubule-associated protein tau is impli-
cated in neurodegenerative diseases, including
Alzheimer’s disease, but neither its
normal nor pathological role are well
understood. Microtubules in cells are
densely coated with microtubule-
associated prateins, including tau,
and Dixit et al. (p. 1086} wanted
to learn how motor proteins navi-
gate on coated microtubules. The
authors incorporated several isoforms
and truncations of tau in a cell free assay to
build a complex system mimicking the cell envi
roanment. Encounters between individual motor
proteins and tau on microtubules were observed
directly, which revealed dramatic differences
between the effects of tau on the motility of two
microtubule-based motors, dynein versus
kinesin. It appears likely that tau can spatially
regulate the balance of microtubule-de pendent
axonal transport in neurons.

Continued on page 1007
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Donald Kennedy is the
Editor-in-Chief of Science,

Confidential Review—or Not?

AT SC/ENCE, WE EDITORS LOVE OUR REVIEWERS AND KNOW THAT OUR EDITORIAL
colleagues elsewhere do o, After all. the process of scientific publication depends on the
volunteer services of thousands of experts all over the world who willingly provide. without
compensation, confidential and candid evaluations of the work of others. Because all of us in
scientific publishing depend on reviewers, we'd better try to keep them at it, happy. and
secure. But the following case, involving a lawsuit. a drug company. and the company’s
assault on the confidenual files of a journal. is a bad news story.

The drug company Phizer is being sued in various junisdictions on product liability grounds.
Plaintiffs are claiming that its products Celebrex and Bextra cause cardiovascular and other
injuries. Plizer asserts that in some cases plaintifts are making use of published papers from the
New England Jowrnal of Medicine (NEJM). So it wants 1o dig though the confidential reviews
of those papers in search of something to strengthen its defense. The
company served NESW with a series of subpoenas to which the journal -
replied. claiming several privileges in support of its refusal to comply.

MNow Plizers lawyers have filed a motion to compel NEM o produce

the files, which will be heard by a U5, Disimct Court in Massachusetts, \ .
(Full disclosure: 1 have filed an affidavit with the court supporting
NEJM.) The motion is interesting in terms of its revelations about what % \

Plizer knows about the process of scientific publication and what it

regards as the “public interest.” For example, the motion states: “The
public has no interest in protecting the editorial process of a scientific o
Journal . . " Say what? Doesn't the public want access to credible bio-

medical science? If not, what was the open-access movement all about”

Do medical advocacy groups really have no use for knowledge that might help their members?

Does conldentiality count for anything to the scientists who serve the journal? Well. if
confidentiality is compromised, Pfizer’s attormeys state with breezy assurance, that won't be a
problem for authors: It i1s unreasonable to conclude.” they say in their motion to compel. “that
scienusts and academics will stop submitting manuscripts to NEJA i it complies with this
subpoena” Perhaps. But what about reviewers. who are explicitly promised confidentiality?
And what about other journals? If this motion succeeds, what journal will not then become an
attractive target for a similar assauli?

Viewed in the larger context, this is really a conflict between competing interests, One is the
public’s interest in a fair system of evaluating and publishing scientific work—one that offers
high confidence in, though not an absolute guarantee of, the quality of the product. Plizer dis-
misses this with a wave of the hand, a strangely inconsistent position given the enthusiasm with
which it and other drug companies seek to have their own research validated by the very system
of scientific publication that Plizer’s motion decries and would undermine. On the other side,
there is a private interest in gaiming information that might protect a corporate defendant against
a plamudts attack. Without questioning the legitimacy of the latter, it is surely fair to ask
whether fulfilling that need should trump the public interest.

An approach often taken in such cases would examine the prospective weight of what
defendant Pfizer hopes to find: in other words. is it worth it? What Pfizer’s motion says on
that score is: “Scientific journals such as NE/M may have received manuscripts that contain
exonerating data for Celebrex and Bextra which would be relevamt for Pfizer’s causation
defense.” That's a pretty frank admission that this is a fishing expedition in which Plizer
hopes it “may” find something to help its defense by exposing a reviewer’s comment, |5 that
an adequate basis for justifying prospective damage to the public interest”? We don"t think so,
and we suspect our prospective reviewers won't think so, either. But if efforts of this kind
were to succeed, the sad day might come when Science would have to add a firm cavea
emptor to its instructions for peer reviewers,

- Donald Kennedy

10.7126/science. 1156250
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EDITED BY GILBERT CHIN AND JAKE YESTON

Under Strict Control

In many species of animals, males and females are strik-

ingly {and visibly) different. Three evolutionary genetic

pathways can produce such sexual dimorphism. From the
outset, the expression of the alleles for dimorphic traits
could be limited to one sex. Or the alleles could be
expressed initially in both sexes but subsequently pro-
moted only in one sex or repressed only in the other. Dar-
win believed that the bright colors and ornaments of males
were male-limited from their first appearance, whereas Fisher
held that they had been lost from females through the accumula-
tion of suppressors. Coyne et al. weigh these alternatives by examin-
ing female hybrids between bird species [such as Costa's (left) and black-
chinned (right) hummingbirds] whose males show distinct omamental traits (for example, plumage patterns
and the presence or absence of elongated feathers). Unless the suppressors are completely dominant, these
females should show some expression of the male traits. In none of the 13 hybrid cases (from four orders and
eight families) that met their search criteria did the females express a male-limited trait. This suggests that
male ornaments were sex-limited at their first appearance (perhaps by hormonal or physiological differences
between the sexes) or are now controlled by completely dominant modifier alleles or regulatory elements. —5]5
Evolution 62, 214 (200B).

ANETARY SCIENCE difference, and ultimately the other young PLANT SCIENCH
Telling Time on Mars 4pés, & Inchcating ater afteration that s Resisting Resistance
re-initialized mineral-based isochrons. — BH
Earth Planet. Sci. Lett. 266, 105 (2008). | Bacillus thuringiensis (BI) toxins are bacterial pro-
teins that kill some insects and are widely used in
crops for pest control. Plants expressing the Bt
toxins CrylAc and CrylAb make up the majority of
insect-resistant transgenic corn and cotion,
respectively. A major concern has been that the
pests will develop resist-
ance; refuges, where non-
transgenic plants grow next
to transgenic plants, have
been hypothesized to delay
the evolution of resistance
because resistant individu-
als will mate with suscepti-
ble individuals from the
refuge and hence not confer
resistance (if inheritance is
recessive) Lo their offspring.
Tabashnik et af. have
analyzed field studies from
around the world to determine the effectiveness
of the refuge strateqy. They found thal resistance
has evolved in populations of the com eamrvorm at
same U5, locations, but not elsewhere nor in five
other pests. Furthermaore they conclude that the

Our primary information on the surface age
and geologic history of Mars comes from crater
densities on different parts of the planet and APPLIED PHYSI!

from dating of Martian meteorites (though their Plasmons on a Wire
source region on Mars is not known with cer-
tainty). Crater ages imply that most of the crust
is over 2 billion years old. In contrast, dating of
one distinct group of Martian meteorites, by a
variely of isolopic systems, has generally indi-
cated young ages, from a few hundred thou-
sand to about 1 billion years. These numbers
imply that Mars had enough recent magmatic
activity to be sampled by a significant fraction
of the available Martian meteorites. A problem,
however, is that all of these rocks show evidence
of alteration and impact events (required for
but not limited to their excavation from Mars),
as well as hints of the very early geochemical
history of Mars, so interpreting their agesis nol
generally straightforward. Bouvier ef al. present
additional analyses of two of the purportedly
young meleoriles using several isolopic systems
and evaluate the ages of all of the Martian
meteorites, In general, the Sm-Nd and Lu-HI
ages derived from minerals were young, but

The miniaturization of optical elements such as
waveguides is limited by the wave-
length of light, typically from a few
hundred nanometers up to the
micrometer scale. By comparison,
electrical circuits can be patterned
down o a few tens of nanometers. A
promising route for integrating these
two scales is direct conversion of an
optical signal into an electrical one via
surface plasmons created at the sur-
face of metal dielectric interfaces.
Schmidt ef al. use a photonic crystal
fiber as the optical carrier and show
that they can fill in the air holes that
run Lhe length of the iber with gold or silver,
introduced in molten form, to create an array of
metal nanowires embedded within the silica
matrix. Characterization of the hybrid structure
shows that plasmon resonances are excited in

the Pb-Pb whole-rock ages were much older
(~4 billion years). In contrast to some other
recent analyses, the authors interpret this

CREDITS(TOP LEFT AMND RIGHT): RICK & NORA BOWERSSALAMY. (BOTTOME SCOTT BAUER/USDA

www.sciencemag.org SCIENCE VOL 319 22 FEBRUARY 2008

the nanowires, thereby demonstrating the direct
integration of optics and nanoelectronics. — 150
Phys. Rev. B 77, 33417 (2008).

refuge strategy has been successiul in slowing the
evolution of resistance and that expressing multi-
Continued on page 1013
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Special Issue: Templated Materials

Templating is one of the most versatile
methods for the creation of structured
materials, resulting in structure sizes
typically between nanometers and
micrometers, but even extending into
the macroscopic world. Structures can

be one-dimensional, such as in the case
of nanotubes, two-dimensional, such as
patterned surfaces, or three-dimensional,
as found in zeolites, ordered mesoporous

_Edi tors: _

T

materials, or colloidal crystals. This SR

Mietek Jaroniec

. f fi . Ferdi Schiith
Vaedy 0 templi_lted strictves Jnds fts Max-Planck-Institut fiir Kent State University
correspondence in the types of templates Kohlenforschung

used, which range from molecules over
supramolecular arrays to polymer latices and others. Applications of templated materials are manifold:
zeolites, as one of the most important class of technical catalysts, are an example of a well-
established technology, while colloidal crystals are possible key elements in emerging applications in
photonic devices.

This Special Issue on “Templated Materials” provides a survey of the current topics and major lines of
development in this rapidly growing research area. It covers a broad spectrum of templated materials
with a variety of possible applications. Due to the high current interest in this field and the exciting
developments of the last decade, such a Special Issue is very timely indeed.
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ple Bt toxins in single plants may further slow the
appearance of resistance. — LMZ
Nat, Bistechnol 26, 199 (2008).

Air to the Rescue

Chemists generally take pains to ensure the
purity of their reagents, lest a highly reactive
contaminant doom the anticipated outcome.
Once in a while, though, an adventitious impu-
rity proves more help than hindrance. The
reparted synthesis of quinine by Woodward and
Doering in 1944 was a landmark achievement
in the history of organic chemistry, but in the
ensuing years, controversy swelled over Lhe
report’s reliance on a final reduction step pub-
lished 26 years earlier by Rabe and Kindler, Was
the chemistry in this last step really viable? Had
Woodward taken his synthesis all the way to
fruition, or actually stopped at the penultimate
step? In a
meticulous
effort to repro-
duce the Rabe
study, Smith
and Williams
now find that
modern con-
cerns probably
argse on
account of
excessively pure
materials. They
show that the reduction proceeds most effi-
ciently when the aluminum powder called for
in the published procedure has been partially
oxidized by exposure to air, a reasonably likely
circumstance in 1918, — ]5Y

Angew. Chem. Int. Ed. 47, 1736 (2008).

Al powder.

IMMUNDLOD GY

Exceptional Acceptance

In 1960, Medawar and Burnet were awarded the
Mobel Prize for Physiology or Medicine for showing
that immunological tolerance to foreign grafts can
be acquired. What this and many studies in animal
models have shown since is that it is possible to
"re-educate” the immune system of the recipient
to the foreign antigens carried by the donor cells
and grafts. The induction of full immune tolerance
to transplanted organs has also been pursued in
the dinic because this would dispense with the
need for extensive immunosuppressive regimes
currently used Lo prevent organ rejection.
Scandling et al. and Kawai et al. report cases
of human kidney transplantation in which
hematopoietic cells from the donor were co-trans-
planted with the organ, followed by distinct proto-

EDITORS CHOICE

cols of conditioning involving depletion of host
cells. In the first study, this resulted in ongoing
mixed chimerism; meaning that there were com-
parable proportions of donor and recipient
hematopoietic cells circulating in the body. In the
second study, the extent of chimerism was consid-
erably less and was also transient, Nevertheless, in
both clinical settings it was possible to discontinue
immunosuppressive drugs without significant
adverse responses to the grafted organs; further-
more, cellular evidence of immunological toler-
ance was detected. In a third study, Alexander ef
gl. describe a female liver transplant patient in
which a spontaneous switch occurred in the blood
group and—because the donor was male—the
sex of the circulating leukocytes. Impressively, the
removal of immunosu ppressive drugs, which was
undertaken to resolve hemolytic anemia in the
patient, resulted in complete chimerism (meaning
that all hematopoietic cells were of donor arigin)
and long-term acceptance of the grafted liver.
These three studies reveal that immunological
acceplance of transplanted organs is a realistic
goal worthy of further exploration. — 5)5

N. Engi. | Med. 358, 362; 353; 369 (2008).

I¥SI0LOGY

We're Never Alone

Each of us carries a community of microorgan-
isms in our intestinal tract that is necessary for
optimal health but varies in composition from
person to person. To learn which gut microbes
most influence human physiology, Li et al. sur-
veyed these symbionts in seven members of a
four-generation Chinese family. By sequencing
rRNA genes, they assembled a phylogenetic
picture of the resident microbes—mainly
Bacteroidetes and Firmicutes spp. The Chinese
microbiomes showed individual and male/ffemale
differences in their composition, although all
differed markedly from those seen in Americans.
A parallel analysis of urine samples from the
same family allowed the authors to correlate
variations in resident microbes with variations

in excreted metabolites, which served as a proxy
for the individuals’ metabolic state, They found
several microbial species that appeared to signif-
icantly affect their hosts: for instance, Faecali-
bacterium prausnitzii was associated with the
presence of dimethylamine, suggested to be an
indicator of metabolic syndrome and diabetes.
This functional metagenomics approach can be
extended by combining full genomic sequencing
of the microbes with measurements of metabolic
or climical features of interest, Ultimately, the
hope is to identify which gut inhabitants are
associated with disease states and which with
human well-being. — KK

Proc. Natl, Aced. Sci. U.5.A 105, 2117 (2008).
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Shiny, Plastic People

You may already be a part of Ken and Barbie's
plastic family. & new U.S, government study sug-
gests that the bodies of most Americans are laced
with bisphenol A (BPA), the primary component
of one of the most widely used plastics,

BPA is an ingredient in polycarbonate plastics,

used in everything from baby bottles to compos-
ite dental fillings to toy dolls. Frequent use and
heating can cause the plastic to break down,

mals, little is known about humans and BPA.

To measure BPA exposure, chemist Antonia
Calafat and colleagues at the U.S. Centers for
Disease Control and Prevention in Atlanta,
Georgia, examined urine samples from 2517 par
ticipants in the ongoing National Health and
Nutrition Examination Survey. Significant levels of
BPA were present in 92% of the samples. Those
with the highest levels were children and adoles-
cents, women, and low-income participants.

The body metabolizes BPA in only a few hours,

leaching BPA into whatever the plastic touches,
including food. Although recent studies have
linked BPA Lo reproductive problems in lab ani

MOLECULAR NITPICKING

Christopher Columbus may not have brought the epidemic typhus that ravaged the New World
after his arrival. In fact, the parasites may predate him by tens of thousands of years, according to
a new study.

Typhus, a potentially deadly flulike disease, is spread by body lice. David Reed, an evolutionary
biologist at the Florida Museum of Natural History in Gainesville, and Didier Raoult of the University
of the Mediterranean in Marseille, France, sequenced DMNA from ancient lice preserved in the scalps
and braids of 1000-year-old Peruvian mummies. To their surprise, the researchers discovered that
the lice belong to a subtype found all over the world,

Although this subtype typically infests the head, it also
includes body lice, which thrive in clothing and spread dis
eases such as epidemic typhus, Thus, "it's reasonable to
believe that body lice were in the New World” well before
Columbus, says Dale Clayton, an evolutionary biologist at the
University of Utah, Salt Lake City.

Deciphering ancient DMNA isn’t new; researchers have
sequenced DNA from extinct mammoths and Neandertals. But
DA in lice tends to degrade quickly, and the oldest lice genetic
material sequenced to date comes from Napoleon's soldiers
bodies buried 200 years ago. With this new study, "it's as
though a parasitologist or epidemiclogist traveled 1000 years
back in time to sample a parasite from a human patient,” says
Mark Hafner of Louisiana State University in Baton Rouge.

suggesting thal exposure to BPA is conlinuous,
says epidemiclogist Russ Hauser of Harvard
School of Public Health in Boston. Although the
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Naming Rights
MNASA’s Gamma-ray Large Area Space Telescope (GLAST) may be scientists’
best hope for studying gamma-ray bursts throughout the universe. But the
name doesn’t exactly roll off the tongue. So NASA is asking the pub-
lic to come up with something better,

The $690 million observatory will aid researchers studying
gamma-ray bursts—briel, intense flashes of light as bright as a mil
lion trillion suns. The bursts are thought to be linked to many celes-
tial phenomena, including supemovae and black holes.

GLAST, scheduled for a May launch, is a follow-up to NASA's Compton
Gamma Ray Observatory, which was operational from 1991 to 2000. NASA
officials say the new observatory possesses a stronger sensitivity to gamma
rays and a wider view of the universe than its predecessor.

The deadline to submit names is 31 March, and the winning name will be
announced once the observatory is in orbit and all systems are tested. To sug
gest a name, visit the NASA Web site at glas!

jury’s still out on what high exposures mean for
human health, Hauser says industry should con-
sider alternatives that aren’t biologically active,

Virtual Dissection

Dissecting a formalin-soaked frog isn't part of
most middle-school science curricula anymore.
But a new software program promises lo keep
the sense of discovery—and the frog—alive.
The virtual-reality program, called V-Frog, allows
students to dissect
internal organs,
explore tissues using
an endoscope, and
even observe a beat
ing heart—all with
the click of a mouse.

Computer-based
multimedia dissec
tions aren’t new, as schools seek to avoid the use
of chemicals and sharp objects as well as the con-
troversy over the use of animals. But most pro
grams are not interactive and offer only a few
predetermined oplions.

The new program was developed by computer
scientist Kevin Chugh at Tactus Technologies near
Buffalo, New York. Based on photographs and
artistic renderings, V-Frog runs on a standard
Windows-based personal computer. Using inter-
active and 3D technology, students can manipu
late tissues so that each dissection is different,
“It's intuitive for them,” he says. “It's the teachers
who need the manual.”

Jayne Mackla, president of the Mew Jersey
Association for Biomedical Research in Union,
says that virtual frogs enhance the learning expe-
rience but don 't duplicate traditional dissections.
“Do they completely eliminate the need for a

B

| real-model organism? |'d like to think no,”

1019



Three Q's

As a clincian-researcher studying
autism at the University of
Washington, Seattle, Geraldine
Dawson, 56, spent many years
helping parents cope with
aflicted children. Last month,
Dawson became the first science

adviser for Autism Speaks, whose
83 3-million-g-year research
budget makes it the largest funder
of autism research in the world.

0Q: What's hot in

autism research?

There's so much in genetics,
And we're startung to translate

EDITED BY YUDHIJIT BHATTACHAR]EE

some of the Nindings into ani-
mal models. We're understand-
ing brain pathology better.
There’s strong interest in trying
to attract pharma companies,
and we're trying o facilitate
that by starting a clinical-trials
network that will allow us to
be nimble.

Q: What can you offer parents
in the near-term?

Many of these kids sutfer from
anxiety, selzures, gastroiniesti-
nal problems. The clinical-trial
network will try to develop
drugs for core symptoms. And
ifwe discover more genes and
biomarkers, these are going to
allow us to pick up kids at nsk
very early. We still hope that by

beginning [behavioral] inter-
ventions before age 1, because
of brain plasticity. the outcomes
will be more positive,

0: Many studies have ruled out
vaccines as a cause of autism,
but some parents demand more
research. Do you fund any?
There are questions that
haven't been addressed. such as
the impact of having so many
vaceines in such a short tme
for a genetically vulnerable
child. We don’t see this as the
primary focus [for our organi-
zation] but one area among
many that are important. My
role is to histen to all the voices
and ultimately design studies
Lo Ccome up 'I.‘I.'HE'I ANSWET S,

| _NEWsMAKERS

INSIDE GOVERNMENT
SAGGING S5TOCK. The U.5. National Institutes
of Health (NIH) has lost favor among the

U.S. public in the past 2 years, according to a
new public opinion survey that asked 2000
adults how they felt about 22 federal agencies.
Among the five science agencies included in the
survey, NIH showed the biggest decline: 63% of
those surveyed held a favorable opinion of the
agency, down 6 percentage points since 2005.

Percent favorable rating among adults surveyed

104
= 2005 m 2007
B0

Institute of Science in Rehovot, Israel, before
joining Salk in 1974, is being recognized for
his contributions to understanding the genetic
alterations that cause cancer and develaping
techniques for gene therapy.

A geneticist at the University of Pittsburgh has
been sentenced to 1 year of unsupervised pro-
bation and a $500 fine for shipping microbes
to a Bufialo, New York, artist (Science, 9 July
2004, p. 159). Robert Ferrell, 64, pleaded

Movers >>

guilty to a misdemeanor in October after
sending Steven Kurtz the microbes—Serratio
marcescens and Bacillus atrophaeus—ior
use in an art exhibit. Many scientists were
outraged that the U.S. government prosecuted
Ferrell, especially because the arganisms are
normally harmless. “We're very pleased” that
the case is over, says Efrem Grail, Ferrell's
lawyer. The case against Kurtz is ongaing.

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

BRIEF TERM. David Schwartz has resigned as director of
the National Institute of Environmental Health Sciences
(NIEHS), ending a stormy 3-year tenure. The 54-year-
old pulmonologist drew criticism for attempting to
privatize the institute’s journal and shift funds from
disease prevention to clinical studies. But a bigger blow
came from an inquiry by Congress last year suggesting
that he ran afoul of ethics rules when he consulted for
law firms and built up a large personal lab. Schwartz

60 . - i .
a0 - L
20 | !

Despite public concerns about the safety of cer-
tain medications on the market, the Food and
5 Drug Administration’s rating rose 6 percentage
E' points, to 63%. NIH spokesperson John Burklow
E says that NIH will continue efforts to educate the

g public about the value of biomedical research.

claimed that any errors were the result of misunderstandings, but he temporarily stepped down
as director in August and took up an advisory role at the U.5. National Institutes of Health (MIH)

while the agency reviewed NIEHS management (Science, 24 August 2007, p. 1021).
His 8 February resignation brings the chapter to a close from his perspective, although

Colorado, where he will head a new genetics research center and direct the pulmonary and
critical-care division.

honor foreign-born Americans. Verma, who
was born in India and studied at both the
University of Lucknow and the Weizmann

| ade

E IN BRIEF NIH's review, which has yet to be completed, is expected to touch on his controversial actions.
< Cancer biologist Inder Verma of the Salk In an e-mail to his staff, Schwartz explained that NIEHS “would be more successful with new
E: Institute for Biological Studies in San Diego, leadership.” In addition, Schwartz wrote that he had “inadvertently disenfranchised segments
2 California, has won a $50,000 prize from the of our community,” for which "l sincerely apologize.”

g Mew York City—based Vilcek Foundation to Schwartz will join the National Jewish Medical and Research Center in Denver,
5

B
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Once Shunned, Test for Alzheimer's
Risk Headed to Market

A Pennsylvania company is preparing to mar-
ket a genetic test that will tell healthy people
whether they are at increased risk for develop-
ing Alzhemmer’s disease. The move comes
more than 15 years after the cnitical gene,
APOE, was linked 1o Alzheimer’s, and it is get-
ting a mixed response from researchers. Some
of them point out that the test could upset peo-
ple without giving any therapeutic benefit. On
the other hand, as the company says, the infor-
mation has 1ts uses, and research has shown
that receiving a bad result is not as devastating
as once feared.

The test will be offered by Smart Genetics
in Philadelphia, likely starting next month, For
53949, healthy people will give a saliva sample

and learn whether they have a nisk of

Alzheimer’s that’s 3 to 15 umes higher than
normal. The analysis is based on variations in
the A POE gene, which 1s widely agreed to play
a role in Alzheimer’s fsk and heart disease,
The test differs from many other gene
tests for common adult diseases. For one,
the science behind it 1s solid. And the psy-
chological ramifications are under study;
REVEAL. a large climical tnial funded by
the U.S. National Institutes of Health in
Bethesda. Maryland, has been examining
how healthy people react o learning their
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Counting down
India’s tigers

APOE genotype and how best 1o communi-
cate this potentially explosive information.
Smart Genetics executives say that they're
building on the findings. They plan to
screen out those who seem emotionally
unstable and provide a genetic counseling
session by telephone before giving out
APOE results,

Still. researchers express reservations aboul
making the gene test widely available. They

worry about the mental health consequences of

“It isn't helpful if
there’s nothing you

can do about it.”

—ALLEN ROSES,
DUKE UNIVERSITY

telling people they may geta dis-
ease that’s neither preventable
nor treatable and is invariably
fatal. “I think the benefits |[of
knowing vour genotype] are
trivial” and don't justify the
emotional risks, savs law profes-
sor Henry Greely of Stanford
University in Palo Alto, California, who in
1997 co-chaired a working group on
Alzheimer’s genetic testing. The group con-
cluded that genetic testing for Alzheimer’s “is
not appropriate for most people.”

Greely says his views have shifted only
shightly in tavor of testing. He thinks
knowing the results might help the roughly
2% of the population with the worst APOE
combination: two copies of the deleterious

Fresh from the
AAAS meeting

No treatment. Elderly Chinese patients suifering

from dementia play chess to keep mentally active.

4 allele. which together confer a roughly
15 times increased risk of the disease. For
them, Greely says, the risk is so great that
the information may be useful in planning
health care needs or retirement.

But amuch larger portion of the population,
about 23%, carries one copy of A POEL; their
risk of Alzheimer’s is roughly three times
higher than normal. Greely doesn’t think these
people need o know thewr APOLE status, and
Allen Roses of Duke University in Durham,
North Carolina, who found the APOE-
Alzheimer’s link, agrees: “It 1sn’t helpful 1if
there’s nothing vou can do about it™ medically,

But Richard Watson, chief technical otfi-
cer of Smart Genetics, argues that knowing
one is at higher risk can trigger practical
responses. Watson says these might include
regular memory screenings or making certain
financial decisions such as buying long-term
CAre INSUrance.

Until now, the only company offering an
APOE gene test has been Athena Diagnostics
in Worcester, Massachusetts, and the only
patients who qualify for testing have been
those with dementia. Athena licensed rights o
the gene patent from Duke University, where
Roses made the APOE discovery in 1992,
Smart Genetics has in turn licensed rights w
the test from Athena,

Some felt thatan APOE test could be usetul
to people without symptoms, In 1999, neurol-
oeist Robert Green of Boston University and
his colleagues launched a study to examine
how healthy people with a
family history of Alzheimer'’s
responded to learning their
APOE penotype. The news
wasn't harmful for the 500 or
s0 who've received the infor-
mation, Green’s group found.
But at this point. “we don’t
tully know if disclosing APOE 15 safe psycho-
logically.” says Green, who has offered unpaid
advice to Smart Genetics.

Of course, wider use of the APOE gene
test might turn up adverse effects. But the
REVEAL swdy has provided some reassur-
ances to those who worned that people get-
ting APOE genotypes would “freak out,
they'd go commut swicide, something really
bad would happen.” says Robert Cook-
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Deegan of the Duke Institute for Genome
Sciences and Policy in Durham. The data
from REVEAL, he says. suggesi that “people
who don’t get tested at all and people who get
bad news stay in more or less the same trajec-
tory,” Nonetheless, a person’s APOE status
may be considered particularly sensitive
information, Cook-Deegan savs. [1s the only

U.5. BUDGET

The r:al::ulu_s _n[
corporate giving

genetic information that James Watson, the
DNA discoverer who recently had his entire
genome sequenced, kept secret.

Smart Genetics says it has hired enough
genetic counselors o handle a large volume of
tests, { The company dechnes to say how many. )
“We saw there was a big growth™ in genetic
testing and believed “there was something

The evolution of
Stephen Godfrey

there for adding value to what people wanted”
says Julian Awad, the company’s CEO, Smart
Gienetics. he says, 15 also pondering whether to
tell clients about how APOE4 can raise their
risk of hean disease.

Back in the 1990s, says Awad, “the test
itsell was before its tme.” Now. he believes,
people are ready. ~JENNIFER COUZIN

House Panel Berates Science Adviser on 2009 ‘Shortfall’

Congressional Democrats and Republicans
don’t agree on much. But last week, members
of the House Committee on Science and Tech-
nology complained in one voice that President
Cieonce W, Bush has fallen shon on his prom-
ise to bolster LS. innovation in his 20049
budget request | Science, 8 February, p. 714),

“You've proposed more of the same in sci-
ence education and in energy research,”
Representative Bart Gordon (D-TN), chair
of the committee, scolded John Marburger,
the president’s science adviser and sole wit-
ness at the Valentines Day hearing. “And
what you've heard today from both sides of
the aisle is that more of the same is not getiing
the job done”

At issue was how the 2009 budget request
stacks up against the America COMPETES
Act. asetof goals for science funding that was
passed overwhelmingly by Congress last
summer and signed by the president (Science,
L0 August 2007, p. 736). It authorizes spend-
ing of 543 bilhon over 3 vears to increase the
country s pool of scientific talent and boost
research spending. These are also the top two
recommendations of the LS, National Acad-
emies’ influential 2005 report, Rising Above
the Cathering Storm.

The Bush Administration has embraced
the repon’s second priority witha 10-vear plan
to double the budeets of the Nanonal Science

Foundation (N5SF). the Department of

Energy's { DOES) Office of Science. and the
Mational Institute of Standards and Technol-
ogy (NIST) in a package it calls the American
Compettiveness Initiative (ACT). But science
committee members say ACH falls short onaid
tor precollege math and science education.
They also criticize the Administration for Fail-
ing to request funding for a DOE ennty, the
Advanced Research Projects Agency—Energy

WWW.SCIENCEMag.0rg

(ARPA-E), created by the new law.

Adding to their unhappiness was the last-
minute loss of large increases slated for the
three ACIH agencies in 2008—a step reluctantly
taken by Democratic leaders after Bush
insisted on cuts in overall domestic spending
(Science. 4 January. p. 18). Science lobbyisis
are hoping Congress will make a
53500 million apology as part of an
upecoming supplemental spending
bill to finance the Irag war. But the NIST
chances appear slim,

In the meantime, commitiee
members were not l"‘U}lI'I:.'
Marburger's arguments that the
Admimistrations new budget 15 a
good-faith effont wo approach the
2000 spending levels inthe COM-
PETES Act. Although the budget
proposes spending 54% of the
authorized level for DOL science,
03% for NSF_ and 71% for NIST, it
talls short of the overall target by
$2.1 billion {see graphic).

Some of the harshest criticism
came from Republicans. “I'm

DOE

Education

NSF

wondering 1f vou're fizhing hard enough for
your share of the pie,” asked Representative
Phil Gangrey (R-GA). betore hastening to
add, “although as a fiscal conservative, |
want to keep that pie as small as possible”
Representative Vern Ehlers (R-MI)
demanded to know “why didn’t the Adminis-
tration propose funding the ACT agencies at
the "08 authorization levels? And Represen-
tatve Roscoe Bartlett (R-MD) dismissed the
Administration’s proposed DOE research
porttolio, claimmg that “nothing vou have
mentioned in energy research is cutting-
edge.”

Marburger loyvally defended Bush’s

budget. He told Ehlers that the proposed
20% boost for DOLE science and NSF research
“represents a huge increase,” especially when
overall domestic spending is essentially held
flat, “Increased funding for critical basic
research in the physical sciences is my highest
budget priority.” he said. “And 1 think our pri-

B COMPETES Act
President's request |

1 Z 3 4 5 6 7 8
& in Billions

Promises, promises. The authorized spending levels in the America
COMPETES Act far exceed what the president has requested for 2009,

orities are correct.”

But Gordon saw things differently. Giving
the Department of Education the lead role over
NSF for improving math and science educa-
tion “ensures that we'll continue our mediocre
performance on international tests,” he said,
and refusing to fund ARPA-E makes it less
likely that the type of advances needed to
develop new energy sources will occur.
Ciordon says he'll fight hard for changes in
the 2009 budget. But his best shot may come
atter a new president takes office i January.
“This is not a partisan 1ssue. And [ know that
Dr. Marburger is only the messenger.”

-JEFFREY MERVIS
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SCHOLARLY PUBLISHING

Harvard Faculty Votes to Make
Open Access Its Default Mode

Harvard University has jumped into the
contentious debate on open-access pub-
lishing with a plan to make research
papers freely accessible online. The 12 Feb-
ruary vote by its 730-member arts and
sciences faculty marks the first time that
a major U.S. university has directly chal-
lenged the authority of aca-
demic journals to control
access to research resulis, “This
15 a large and very important
step for scholars throughout
the country.” said Harvard
computer scientist Stuart
Shieber. who championed the
plan. But the decision does not
apply to the rest of the univer-
sity, including its medical,
public health, and business
schools, and publishers sav
they doubt it will significantly
affect their business,

The resolution authorizes Harvard to
place a faculty member’s work in a repos-
itory that will be available to all at no
cost. The researcher would retain the
copyright, as in the past, but the univer-
sity would have a license to release it.
Papers would be posted on the Internet
upon receipt or following a requested
delay. Any author may choose not to

participate but
would need a
waiver from the
dean in order to
opt out of the
system. “What's new is that this is not
imposed by the university or by funders,”

says John Wilbanks. vice president of

Science Commons, a Cambridge, Massa-
chuseits, organization supporting open
access, “This is the faculty stepping up
and saying 1t has a stake.”

The vote comes | month after the
U.5. National Institutes of Health required
all grantees o place peer-reviewed papers

“Publishers may not be
quite as excited to take

articles from Harvard.”

—PATRICIA SCHROEDER,
ASSOCIATION OF AMERICAN
PUBLISHERS

in the agency’s free archive, PubMed Cen-
tral, within a yvear of publication. The Har-
vard decision, by contrast. “is not manda-
tory.” notes Patricia Schroeder, president
of the Association of American Publishers
in Washington, D.C. *I don’t think anyone
is quaking in their boots.” Alan Leshner.

This is the university's
“first step in the
creation of an open-

access environment.”

—STEVEN HYMAN, HARVARD
UNIVERSITY

the American Association

Science {which publishes
Science), savs that the new
policy won’t affect publishing criteria,
although it could pose “a bureaucratic
problem for Faculty members.”

Shieber sees the new archive as a way
to combat rising subscription costs and
give authors greater control over their
own published work. Provost Steven
Hyman, who supports the change. sces it
as the university’s “first step in the cre-
ation of an open-access environment for
current research.” Other pri-
vate organizations—including
the Howard Hughes Medical
Institute in Chevy Chase,
Maryland, and the Wellcome
Trust in London—have taken
similar steps (Science, 7 July
2006, p. 29).

Publishers maintain that the
cost of peer review, printing, and distri-
bution require them to charge subscrip-
tion fees. And they note that small non-
profit organizations, as well as large cor-
porations, profit from the scholarly pub-
lishing svstem and depend on journal
subscriptions to stay in business,

Schroeder says it 1s too early to meas-
ure the impact of the new policy and
warns that “publishers may not be quite
as excited to ke articles from Harvard.”
Shieber agrees that the expeniment 15 just
beginning but adds that “journals will
always try to get the best papers.”

-ANDREW LAWLER |

chief executive officer of

for the Advancement of

(\ O)x

Candidates Invited to Debate

The first-ever U.5. presidential science debate
will take place 18 April in Philadelphia—if
any of the four major candidates still in the
race agree to come. The organizers, which
include Nobelists, university presidents,
the LI.5, National Academies, and AAAS (the
publisher of Science), hope the event
(wwnwv.sciencedebate 2008.0rg) will highlight
the role that science plays in a range of
national policy issues, from health care and
energy independence to education and cli-
mate change. The campaigns have yet to
respond to the invitations, which went out last
week, but Barack Obama is giving it “serious
consideration” says an adviser.

=ELI KINTISCH

Kernel of Truth

Corn growers are about to have their decade-
lang dream of a deciphered maize genome
come true. Just in time for the 50th annual
Maize Genetics meeting in Washington, D.C.,
next week, Richard Wilson of Washington Uni-
versity in S Louis, Missouri, and his colleagues
have pieced together a rough draft of com’s
2.3 billion bases, almost a year ahead of sched-
ule. Corn jump-started the National Scence
Foundation's (NSF's) Plant Genome Initiative,
abetted by Senator Christopher “Kit" Bond
(R-M0O), who formerly chaired the panel that
oversees NSF's budgel. Already, researchers are
experimenting with using the genome to
improve crop yields and harness com'’s poten-
tial as a biofuel, says conference organizer
Thomas Brutnell of Cornell University.
—ELIZABETH PENNISI

Censorship Rules Slow to Come

In the wake of several cases of apparent scien-
tific censorship by U.5. government officials,
Congress last summer ordered President
George W. Bush to adopt government-wide
rules ensuring that federal scientists are free
to disseminate their research results without
“suppression or distortion.” Last week, presi-
dential science adviser John Marburger said at
a hearing of the House Science and Technol-
ogy Committee that a draft document will
soon be crculated among the relevant agen-
cies. There will be no opportunity for public
comment, Marburger acknowledged under
questioning. The White House is running
late—the policy was supposed to be in place
by 9 February. "Better late than never” was
the reaction of committee chairman, Repre-
sentative Bart Gordon (D-TN). "This has never
been a prionty for them.”  =]EFFREY MERVIS
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ENVIROMMENTAL HEALTH

Lawmakers Claim Great Lakes Report Was “Suppressed’

Lawmakers are again assert-
ing that the Bush Admimstra-
tion is meddling in science.
House Science Committee
Democrats charge that fed-
eral officials have suppressed
a report on potential health
threats from pollution in the
Great Lakes. They also say
officials at the LLS. Centers
for Disease Control and Pre-
vention (CDC) in Atlanta,
Georgia, may have punished a
career federal scientist who
oversaw it. CDC says the
report had genuine scientific flaws,

The controversy ivolves Christopher
De Rosa. who from 1992 until last fall headed
the oxicology division of CDC’s Agency for
Toxic Substances and Disease Registry
{ ATSDR.). His roubles began after the lnter-
national Joint Commission. a U.S.~Canadian
orzanization that oversees issues involving
the countries” boundary waters, asked
ATSDR in 2001 1o examine the human health
threat from Great Lakes pollution. The region
has 26 well-known “areas of concern™ with
high levels of PCBs, mercury. dioxins, and
other contaminants.

Under De Rosa’s direction, ATSDR. sci-
entists gathered publicly available census
and health data for the polluted areas. After
peer review by three academics and scores of
sovernment scientists, the Final draft was
completed last February. A copy leaked to
the nonprofit Center for Public Integrity in

']
S0 Louks River

AIDS RESEARCH

Washington, D.C., concludes that more than
9 million people reside in the areas of con-
cern. and many live in counties that have ele-
vated rates of cancer, low birth weight, and
other health problems. Although the report
“makes no causal inferences or associa-
tions.” it says risks in these counties “merit
further atention.™

When De Rosa planned to release the
report in July. ATSDR Director Howard
Frumkin and his deputy objected, canceling a
press conference. Instead, they sent copies o
past peer reviewers, noting among other “con-
cerns” that the report relied on health statis-
tics from before 1998 and limited exposure
data. ATSDR asked reviewers whether the
report should even be released.

Two outside peer reviewers told the
agency it should be. “These criticisms [by
Frumkin] are valid,” says Peter Orris, an
occupational health researcher at the Univer-

Microbicide Fails to Protect Against HIV

HIV prevention research suffered another
setback this week with the failure of the
largest trial yet of a microbicide used by
women 1o prevent sexual ransmission of the
virus. The microbicide, a gel called Carra-
guard that women insert before having inter-
COourse, l..'{'l].'“.-'lil'iﬁ CHF!‘HEL‘L‘I'IHI'I. i | :\'UH‘L\'EUIJ
derivative that thwarts HIV in test-tube stud-
1es. More than 6000 women at three sites in
South Africa participated in the $40 mullion,
placebo-controlled trial, which was funded
by the Bill and Melinda Gates Foundation
and the US. Agency for Intemational Devel-
opment. “Carraguard was shown to be safe
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but not effective against HIV," said principal
investigator Khatija Ahmed a microbiologist
at the University of Limpopo in South Africa.

In a 14 February teleconference, Ahmed
reported a statistically insignificant differ-
ence in infection rates: 151 women in the
placebo group versus | 34 who received
Carraguard. Women said they used the gel
only 44.1% of the time, and just 10% said
they always used it before sex. “That overall
number is low, and it could have had an
impact on our final study results.” said
Barbara Friedland, a project manager for
the study at the nonprofit Population Coun-

At risk. A controversial
analysis examined health

sity of Illinois, Chicago. But
however flawed, he says, the

Lake Superior information “would allow people
®Torch Lake data for 26 polluted areas. to say, “Maybe there'’s a relation-
i Lake ship here’ and set a research
Simistipe N b agenda.” Like Orris, environ-
Menomiines Rives &' TIAEP Loke Lake mental health researcher David
: Michigan Huron OHario. o cowego River . . : :
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revised draft to the Institute of
Medicine or another group for
review within a few weeks.

Meanwhile. the House Science Com-
mittee has rushed to De Rosa’s defense. In
a 6 February letter to CDC Director Julie
Gerberding. chair Bart Gordon (D-TN)
and other Democrats say CDC “may have
retaliated against™ De Rosa. Last fall. afier
De Rosa sent Frumkin a letter protesting
that he had “opposed the release of infor-
mation to the public on several important
health 1ssues.” including the cancer risks
of formaldehyde in trailers issued to
Hurricane Katrina refugees, De Rosa
received a poor performance review. He
was reassigned to a special assistant posi-
tion, Nowak declined to comment, saving
it’s a personnel matter, The latest example
of the suppression of science by the Bush
Administration? De Rosa says that “is for
others to decide.”

~JOCELYN KAISER

af

Didn't gel. Carraguard failed to live up toits name,
providing women no protection against HIV.

cil in New York City. which developed the
product. But the low usage reflects a real-
world scenario, she noted.

Several researchers who study anti-HIV
microbicides were disappointed but not sur-
prised by the results. Last vear, a large study
of a similar product, cellulose sulfate, ended
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SPECIES CONSERVATION

Tigers in Decline, Indian Survey Finds

NEW DELHI, INDIA—The use of new sam-
pling techniques has cut by half the esti-
mated number of wild tigers in India. A new
report this week from the Indian govern-
ment puts the number at 1411, compared
with 3642 in 2002, Experts say the decline
reflects more than just a change in method-
ology: Poaching, human encroachment. and
habitar loss take a heavy toll.

“The tiger is in a state of crisis; there 15 no
denying that fact.” says Rajesh Gopal, mem-
ber secretary for the
Mational Tiger Con-
servation Authority
of the Ministry of
Environment and
Forests in New Delhi.
Gopal dismissed as
“complete trash™ the
previous estimaies,
based primarily on
tallving tiger “pug-
marks,” or footprints,

Officials at the
Wildlife Institute of
India in Dehradun, which conducted the
new study, adopted the new sampling meth-
ods 4 years ago after heavy criticism of the
reliability of pugmarks (Science, 30 May
2003, p. 1355). The present survey deployed
85000 observers across India, matching their
findings with satellite imagery to estimate
tiger densities in each of India’s 28 states, The
“unprecedented effort™ cost $2 million, says
lead author Yadvendradev V. Jhala. and will
be repeated every 4 years,

when an interim analysis showed more
infections in treated women than in the
placebo group. (Both cellulose sulfate and
Carraguard do not attack HIV directly but
have negative charges that interfere with its
binding to immune cells.) An earlier trial of
nonoxynol-9, which also has nonspecific
activity against HIV, actually increased a
woman’s chance of becoming infected. For
AIDS researcher Kenneth Mayer of Brown
University, these results mean “the field
should now focus on microbicides that are
specific against HIV"

A dozen microbicides in human studies
contain various anti-HIV drugs, “We'll
need the force of several different protocols
looking at different products to really
answer the questions.” says Sharon Hillier

Predator’s predator. A police raid in Ghaziabad
highlighted the toll poaching takes on India’s tigers.

The new approach used camera-trap sur-
veys. line-transect sampling, and occu-
pancy modeling. says ecologist Melvin
Sunquist of the Department of Wildlife
Ecology and Conservation at the University
of Florida, Gainesville. However, it omitted
a vast marshy area known as the Sundar-
bans forest for which researchers had not
developed a sampling method. The margin
of error was 1 7%.

Mot evervone endorses the Nndings. The
chief minister of the
eastern Indian state of
Orissa disputes the
survey’s estimate of
435 wild tigers in his
state. which claimed
173, But Gopal stands
by the report, saying,
“There 15 just no prey
base to support such
large numbers as
[Orissa] has claimed.”

John Sewdensucker.
a large-mammal spe-
ciahist and head of the Conservation Ecology
Center at the Smithsonian Institution’s
National Zoological Park in Washington,
D.C.. says. “India should be applauded for
moving to a science-based framework moni-
toring their tiger populations.” And Sunquist
thinks these animals can stll be conserved in
the wild provided the Indian government
makes “a major renewed commitment to the
protection of tiger habitat. tiger prey, and the
tiger itself.” -PALLAVA BAGLA

of the University of Pittsburgh School of
Medicine, who heads the Microbicide Tri-
als Network funded by the U.S. National
Institutes of Health. She adds that the need
for women to insert a microbicide right
before sex contributes to low use. This fall,
Hillier plans to compare whether daily use
of an anti-HIV drug works better in a
microbicide or as an oral pill. “From con-
traceptives we've learned that women
would rather take a pill every day. even if
they're only having sex four times a
month,” she says.

Mayer says Carraguard’s failure should-
n’t be “the death knell” of microbicides.
“We just have to be humble and move for-
ward” he says. “The stakes are too high to
do anything else” ~]ON COHEN

(\ O)x

Ocean Carbon Scheme Sunk

Citing financial woes, a U.S. firm that wanted
to sell carbon credits for ocean iron fertiliza-
tion has said it will “indefinitely postpone”
its efforts.

Last manth, Planktos, a company based in
Foster City, California, began an Atlantic cruise
with its Weatherbird Il vessel to study using
iron Lo catalyze the growth of plankton. Plank-
tos hoped such algal blooms would take in
carbon dioxide and fall to the deep ocean,
sequestering the carbon for centuries (Science,
30 November 2007, p. 1368). Bul some
prominent scientists questioned whether
Planktos could properly monitor the experi-
menl, and Greenpeace and a number of ocean
groups concermed about ecological side effects
petitioned international bodies to shut down
the group. Planktos kept secret details of the
cruise, citing violent threats to its ship. Last
week, company officials said "a highly effective
disinformation campaign ... has caused the
company lo encounter serious difficulty in rais-
ing the capital needed.” "On top of the very
legitimate scientific and technological con-
cerns, the added secrecy didn't help their
case at all,” says marine biologist David
Santillo of Greenpeace. ~ELI KINTISCH

No Plans for British Astronauts

LONDON, U.K.—Britain will not be getting its
DWN Space agency or training astronauls any
time soon, the government said last week. Its
new civil space strategy for 2008-2012
explains that more study is needed before com-
mitting to the huge expense of sending people
into space.

Various U.K. agencies already spend
roughly 5430 million per year on projects
coordinated by the British National Space
Centre (BNSC). Last year, the Royal Sociely
and others urged the government to trans-
form BNSC into a space agency with a budget
to fund space missions (Science, 27 April
2007, p. 531}, arguing that such a step would
give il a higher profile and more clout in
international collaborations. The new strategy
has no boost in funds for new scientific mis-
sions and promises only that BNSC will review
its own structure. Science minister lan Pearson
says that now is not a good time politically to
pitch for a space agency. A BNSC review of
exploration, including human space flight, is
due out within a year,

The strategy "is strong on its vision, ... yel
there are few signs of the action required lo
deliver,” says Martin Rees, Astronomer Royal
and president of the Royal Society.

=DANIEL CLERY
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14-18 FEERUARY | BOSTON, MASSACHUSETTS

How Human Intelligence Evolved—
Is It Science or ‘Paleofantasy’?

BOSTON, MASSACHUSETTS—Richard Lewontin
knows how to grab an audience’s attention.
Lewontin, an evolutionary biologist at
Harvard University. led off a session titled
“The Mind of a Tool-
maker” by announc-
ing that scientists
know next to nothing
about how humans
got so smart. “We
are missing the fossil
record of human cognition.” Lewontin said
at the meeting. “So we make up stories.”
Mot s0, responded other human evolution
experts on the interdisciplinary panel,
“Thanks to continuing research in compara-
tive psychologzy, genctics, neuroimaging, and
palevanthropology, we know plenty about the
evolution of human cognition,” said anthro-
pologist Dean Falk of Florida State Univer-
sity in Tallahassee. In rebuttal 1o Lewontin’s
complaints about a meager fossil record and
the dangers of inferring cognitive capacity
from indicators such as skull size, they cited

research that they say provides important—if

indirect—insights into unigquely human men-
tal capacities.

Geneticist Christopher Walsh of Harvard
Medical School thinks some answers to the
mystery of human cognition lie in genes that
govern bramn development in modern human
beings, Ongoing work in his and other labo-

22 FEBRUARY 2008 VOL 319 SCIENCE

. FINDINGS

For more coverage of the AAAS meeting,
see blogs.sciencemag.org/newsblog

ratories has shown that mutations in a
number of these genes lead to microcephaly,
characterized by a very small brain and
mild to severe retardation, and other brain
malformations. Tests
for “signs of selec-
tion™ have shown that
some of these genes
were tareets of natu-
ral selection during
human evolution,
Walsh described recent research suggest-
ing that a well-studied gene called ASPM
controls the Fate of embryomie nerve cells in
the multilavered cerebral cortex. The cells
must divide in the correct orientation and at
the right time as each cortical layer takes
form. Selection for changes in ASPM, Walsh
said, “may provide an evolutionary mecha-
nism that can enlarge the cortex™ and help
explain the dramatic expansion of hominid
brains that began about 2 million years ago.

The S0 Magarne News Blog

Anthropologist Leslie Aiello, president of

the Wenner-Gren Foundation for Anthropo-
logical Research in New York City. agreed
that current research can “get us beyond the
paleofantasy that Richard Lewontin is talking
about.” Aiello argued that the fossil and
archaeological records are strong enough to
show several “major phases in human evolu-
tion.” including the split between the chim-
panzee and the human lines about & million

Not like us. Even smart animals are “whoppingly
different” from humans, a researcher asserts.

vears ago and the mvention of stone tools
beginning about 2.5 million years ago, More-
over. Aiello said, sophisticated reconstrue-
tions of ancient climates have matched evolu-
tionary evenis with environmental changes.

“Dur evolution has played out against some of

the largest climatic changes i the Earth’s his-
tory,” she said, including a major shifi 1o drier
and more vanable conditions in Afnca nght
about the time that the first wols appeared,
Harvard psvchologist Marc Hauser
underscored the cognitive gap between
humans and other “smart species”™ such as
chimps, elephants, and dolphins—a gap that
he described as being “greater than that
between those animals and worms.” Recent
findingzs in his own lab and others, Hauser
said. show that nonhuman animals can solve
specific problems in often sophisticated
ways | for example, the nectar-mapping
dances of honeybees and the ability of some
bird species to hide food and retnieve it much
later). but they cannot apply those talents to
other situations. In contrast to such “laser-
beam intelligence,” Hauser said, humans
have evolved “floodlight intelligence™ capa-
ble of adapting one solution o many new
problems. Even tool use by animals—such as
chimpanzees using sticks to fish for ter-
mites—is “whoppimgly different™ from what
humans do. Hauser insisted. He hopes that
the manifold human differences summanzed
in his “humanigueness hvpothesis™ will vield
clues about how our species evolved.,
=MICHAEL BALTER

Tracking and Tackling
Deprivation’s Toll

Children raised in poverty generally do worse
in school and in their careers than do children
from wealthier backgrounds. But why exactly
does poverty affect them that way. and what
can be done to break the cvele?!

At the meeting, a University of Pennsylva-
nia ( Penn) psychologist deseribed how the
lack of environmental stimulation and
parental nuriuring in poor households might
adversely affect language development and
memory. Another researcher from the Uni-
versity of Oregon (UO), Eugene, explained

how bolstering the child-rearing skills of

low=-income parents might help improve their

WWW.SCIENCemag.org
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children’s mental abilities, “The more we
learn about the pathways through which
poverty affects kids, the more effective our
interventions can be.” says psychologist
Jeanne Brooks-Gunn of Columbia University,
who was not involved in either study.

Penn researchers have been following
110 African-American children born to
mothers on welfare. Approximately half the
maothers used cocaine and other drugs while
pregnant. Visiting the children at home for an
hour each at ages 4 and 8. the researchers rated
the households on environmental stimulation
{such as the child’s access to books and musi-
cal mstruments) and parental nurturance
{emotional care such as praise). Between
2001 and 2004, when the children were
between the ages of 11 and 13, the group gave
them cognitive tests,

The researchers found that prenatal sub-
stance abuse had a negligible impact on either
language or memory. But there was a sirong
positive correlation between environmental
stimulation and language ability—that 15, chil-
dren raised in more stmulating environments
did betier at language tasks. More surprising,
children who received better nunuring scored
higher on memory tasks. Environmental stim-
ulation seemed to have little or no effect on
memory. and parental nurturance seemed to
have no effect on the children’s language abili-
ties. “Our results show that poverty affects dif-
ferent neurocognitive systems in different
ways.” says Penn psychologist Martha Farah,
lead author and presenter of the study, which is
in press at Developmental Science.

In a more recent study not vet published,
Farah and her colleagues analvzed magnetic
resonance imaging scans ol 47 children from

the group when they were between the ages of

12 and 15. Children who had received less
parental nurturing tended to have a larger
hippocampus. Farah notes anmimal studies
showing that rat pups that receive less groom-
ing and licking from their mothers develop
abnormal hippocampi and poor memory later
in life. She speculates that babies who don’t
get enough nurturing and emotional warmith
have difficulty coping with stress, which hurts
brain development.

Hoping to blunt the impact of poverty,
Jessica Fanning, a doctoral student at UO
developed a program to teach parents ways
to stimulate and nurture thewr toddlers. For
2 hours a week over 2 months, Fanning and
colleagues taught 14 low-income parents
enrolled in a Head Start program to reinforce
positive behaviors and accomplishments in
their children with specific praise, maintain
consistent discipline at home. and use lan-
guage in creative ways such as responding o

something the child might say
“Here goes the ship”

NEWS OF THE WEEK

OCEAN CO, STUDIES LOOK BEYOND CORAL

One million tons of atmospheric carbon dioxide (CO,) are dissolved into the oceans every hour, a
process that helps maintain the Earth’s delicate carbon balance. But CO, also makes seawater
more acidic, and too much of it can wreak havoc on a marine species. Three sessions al the meet-
ing described how marine scientists are trying Lo assess the effects of acidification.

The ocean’s average pH worldwide, now roughly 8.4, has dropped about 0.1 since preindus-
trial times. Scientists estimate that it could fall another 0.4 by 2100 if carbon emissions continue
on their current trajectories. That could put nearly two-thirds of known cold water corals into cor-
rosive waters, UIf Riebesell of the Leibniz Institute of Marine Sciences in Germany told one collo-
quium. But although the risks to corals are well-known (Science, 4 May 2007, p. 678), the effects
on other marine life are just beginning lo be characterized.

Gretchen Hofmann of the University of California (UC), Santa Barbara, reported that a one-two
punch of lower pH and higher temperature can be fatal for the purple sea urchin, Strongocentro-
tus purpuratus. Hofmann's lab stud-
ied urchins in tanks of seawater at
normal pH and at the stronger acid-
ity expected by 2100 under two
possible atmospheres described by
the Intergovernmental Panel on Cli-
male Change. As the pH fell from
8.1 to 7.8, sea urchin larvae strug-
gled to build their skeletons. DNA
microarrays showed that genes
involved in biomineralization raised
their activity threefold. "The larva is
desperately trying to make ils
body,” Hofmann said. Unpublished
results from the lab showed that lar-
vae in the most acidic water grew
“short and stumpy” skeletons. If  Threatened. Purple sea urchins are among many marine
the deformities carry over lo  organisms likely to suffer as oceans acidify.
adults, they could affect the valu-
able fishery for urchins, which are harvested for their eggs.

When Hofmann and colleagues warmed the acidified waters, mortality among the larvae sky-
rocketed. “Gretchen has the story dead on with the urchins,” comments Andrew Baker of the Uni-
versity of Miami in Florida, who is studying the effects of temperature and acidity on corals.
"Clearly, the effects are worse together than separate.”

Hofmann and Victoria Fabry of California State University, San Marcos, are now studying how
acidity and temperature affect the pleropod Limacing helicing, a peppercorn-sized swimming
snail that forms a key part of the food web in the Southern Ocean. In their evolutionary history,
Riebesell says, many species of pteropods “have never seen an ocean as acidic as the one they're
going lo see in the next 100 years.”

Paleoclimate researchers are also beginning to study how high CO, levels might have
impacted species in ancient seas. A team led by James Zachos of UC Santa Cruz is focusing on a
150,000-year period, 55 million years ago, when the amount of carbon released into the atmos-
phere—nearly 4 gigatons—is similar to the pulse researchers expect from current human emis-
sions, Estimating ocean pH for this extreme event is tricky, Zachos said, because most of the stan-
dard indicators—calcium carbonate shells in sea-bottom cores—dissolved away. But he hopes
computer modeling and isotope analysis of other shell samples will give his team a handle on the
past—and possibly on our torrid future, —ELI KINTISCH AND ERIK STOKSTAD

such as,
with a more descrip-

tasks: children of a control group did not, “The
changes i parenting seem (o have had a posi-

tive sentence such as “The ship goes fast”

In tests conducted within a month after the
course, the researchers found that the children
whose parents had received the training
showed gains on attentional and memory

tive trickle-down effect on the children, at least
in the short term.” savs psychologist Courtney
Stevens, who worked on the study and pre-
sented the findings at the meenng.

=YUDHIJIT BHATTACHAR]EE
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New Bottom Line
or School Science

Companies are pursuing an array of
projects that they hope will improve

math and science education in
U.S. schools. Can such corporate
philanthropy succeed?

CHICAGO, ILLINDI5—A new math and science
charter high school opened this fall on this
city’s west side, Its named tor Exelon CEQ
John Rowe, who gave 52 million, and Frank
Clark. chair and CEO of ComEd, a major
Exelon subsidiary that lights the city, who
chipped in $200,000., Their gifts, plus 52 mil-
lion from the Chicago-based utility nself. cre-
ated the Rowe-Clark Math and Sewence Acad-
emy, which currently shares space with a com-
munity health clinic in a squat. two-story
building on a tred street in a mostly Afncan-
American community, “Math and science is
what we do. and we hope to interest kids in
carcers that will eventually lead them to
Exelon.” explains Peggy Davis, a lawyer who
oversees Exelon’s philanthropic efforts as iis
vice president for diversity,

Big companies have long been involved in
helping local schools. But Rowe went a step
further by not only specifying the focus of the
new school but also selecting the organization,
the Noble Network of Charter Schools, to run
it. It’s a fresh challenge, admits Michael
Milkie, a former Chicago math teacher who
started the first school in 1999, Noble runs
severil college-preparatory schools, but none
is focused on the sciences.

Much ot the burden of devising and imple-
menting a new curriculum has fallen on
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Vanessa Galarza, the schools math and science
department chair and sole science teacher for
the 145 minth graders who constitute the
schools inaugural class. “Most of the studems
have never done a lab report or taken data from
an experiment.” says Galarza, a former doc-
toral student in astronomy at New Mexico
State University in Las Cruces. And although
she is grateful for the well-equipped labs that
the Exelon gift made possible, Galarza knows
they won't make up for the impoverished aca-
demic backgrounds of most ol her students,
“They ve never kept a lab notebook. And [ had
to teach the X and Y axes.” she says. “Also, |
don’t use a textbook or assign written home-
work because so0 many of them wouldn’t be
able to read iL”

Davis, a member of the Chicago Board of

Education and a former chief of stall to the
current superintendent. understands how far
the smdents at Rowe-Clark need to travel aca-
demically before they will be capable of land-
ing a technical job at the utility company. *lde-
ally)” she savs, “we'd have loved to do a board-
ing school starting in first grade. That would
have leveled the playing feld by letting us deal
with all the 1ssues that students bring from
home. But we have to be realistic about what
we can afford.”

Exelon’s paternalistic attitude toward the

new school is characteristic of the latest wave
of corporate philanthropy aimed at improving
precollese STEM (science. technology, engl-
neering, and mathematics) education in the
United States. Corporate philanthropy 15 a
514 billion enterprise. and education is the
biggest recipient of that largess. Although no
accurate figures are available, a sizable slice
of that pre 15 devoted to pre-K-12 (prekinder-
garten through high school) activities in
STEM education,

For decades, most companies supporting
STEM education were content to stay in the
background. The Intel (formerly Westing-
house) Science Talent Search that awards col-
leze scholarships o high school students may
be the most prestigious example of such corpo-
rate altruism. Other companies have given
grants o nonprofit organizations devoted to
improving the skills of teachers or strengthen-
ing the math and science curmculum.

That's still happening. But Exelon and a
growing list of companies without any such
track record have put themselves and their
emplovees on the front lines in response to the
disappointing performance of ULS, students on
more than a decade of international math and
science tests. “We believe that American busi-
nesses must be active, engaged leaders in this
work.” proclaims a report issued last summer

waww.sClencemag.org
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A multiplier effect. Exelon’s support helped launch
the new Rowe-Clark Math and Science Academy, a
public charter school on Chicago's west side.

by the Business-Higher Education Forum.

Ernst and Young’s Tony Anderson couldn’t
agree more. “We bring discipline to the issue
and accountability, That's what seems to be
needed” says Anderson, head of the Chicago
office and vice chair of the New York
Citv—based professional services firm, which
operates an active mentoring program at sev-
eral Chicago charter schools,

Clark, an Adrican-American who grew up
in a poor, single-family home on the city’s
South Side and who began at ComEd as a mail
clerk. feels a personal obligation to lend a
hand. "These kids are at risk, and without help
they will struggle.” he says. noting that he rec-
ognizes himsellin some of the students he has
met. “1 won’t be content if' 1 don’t do every-
thing possible to give them a shot at getting 1o
the top, like [ did.”

But is caring and cash enough to make a dif-
ference? Experts i corporate philanthropy and
educational assessment say that although every
little bit helps. many companies may have unre-
alistic hopes for what their dollars can accom-
plish. “If vou lack firm goals, then measuring
whether you've succeeded 15 very difficult.
Thats probably the most systemic problem we
see across corporate philanthropy.” says
Gregory Hills of FSG Social Impact Advisors
in Boston, which was hired by Ernst & Young to
produce a report last vear titled Besr in Class:
How Top Corporations Can Help Transform
Public Edvcation. Without clear-cut targets and
a rigorous way o keep score, Hills warns, “the
maost that a company 15 going to achieve 1s some
nice headlines, better ties with local leaders,
and some new customers.”

Strategic philanthropy

There are three reasons companies invest in
STEM education, says Hills. The first, and
maost common, is what he calls “communal
obligation.” By spending money in locations
where they have plants and offices. companies
hope w demonsirate that they are good corpo-
rate citizens. But because such philanthropy
lacks any specific goals, he says., its nearly
impossible o assess the impact of those dollars
on shudents,

PNC Financial Services found itself in that
position a few years into a [0-yvear, 5100 mil-
lion indtiative begun in 2004 called Grow Up
Gireat. After two rounds of grants to Head Start
programs 1n mine states that the bank serves,
sayvs Eva Blum, president of the PNC Founda-
tion, company officials realized that the portfio-
lio was so diverse that it would be hard o scale

www.sciencemag.org
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From an Idea to a School

Mot far from the neighborhood where Exelon has helped launch a school focusing on science and
math (see main text), another giant Chicago-based corporation is funding a charter school with
similar aims but using a different approach. Instead of the donor, Motorola, calling the shots, the
new school for grades é through 12 is expected to be a test bed for university-based work on deliv-
ering STEM education in an urban setting.

Before the charter organization, Perspectives Charter Schools (PCS), even approached
Matorola, it first teamed up with science educators Norman and Judith Lederman of the nearby
[llinois Institute of Technology (I1T). The Ledermans, who are already working with several Chicago
public schools, have spent years developing a curriculum that uses scientific inquiry as the driv-
ing principle for teaching every subject. The Ledermans found PCS, which runs four charter
schools, through one of its science teachers-turned-administrators, Mary Cummane, who is work-
ing on her doctoral degree at IIT. Together, they drew up a pro-
posal for a school that would incorporate their ideas on curricu-
lum and professional development for STEM teachers. And
Motorola, which had already promised to support a fund that
aims to create 100 public charter schools in Chicago, loved it.

It didn’t hurt that the director of the Motorola Foundation,
Eileen Sweeney, had, a decade ago, helped start another inner-
city charter high school, North Lawndale College Preparatory,
while running the foundation for Chicago-based United Airlines.
That experience taughl her the value of assembling and retaining
a tap-notch teaching staff. She says PCS's ability to do that in the
four other schools it runs, combined with the resources that 1T will
contribute, makes the new academy “a dream come true” for
Motorola, which in Movember made public its $500,000 donation.

Motorola also hopes the school will augment ongoing efforts to increase student participation,
especially by girls and minorities, in technology-related fields. Last fall, Motorola announced it
would hand out $3.5 million to 106 projects with that goal as part of its new Innovation Genera-
tion Grants program. A call for a second round of proposals, with 54 million to be awarded, went
out in December.

Asked what Motorola hopes to accomplish after 5 years by funding the new academy, Sweeney
answers, “1'm glad that you said 5 years, because any change takes a while to show up.” And whatever
improvements occur, she adds, won't be something for which Motorola can claim credit. "We won't be
breathing down their necks,” she promises. "Sometimes the most important thing a company can do
is to put its hand up and say, "Yes, we believe all kids deserve a quality education.”” =).D.M.

“Sometimes the
most important
thing a company
can do [is] say, ‘Yes,
we believe all kids
deserve a quality

education.” ”

=—EILEEN SWEENEY,
MOTOROLA FOUNDATION

7
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Brain trust. From left,
IIT's Judith and Norman
egerman []I 1.d MW
Chicago charte {
be led by Mary Cummane.

.
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up any projects found 1o be eftec-
tive. So last vear, the imitiative,
which has several components
aimed at getting children ready for
school, was refocused on giving
Head Start teachers the math and
science skills they lack to prepare
children for a lifetme of learmning.
Thanks to a 3-year. $135.000
PNC grant, the 54 teachers at the
Council of Three Rivers Ameri-
can Indian Center’s Head Start
program in Pittsburgh. Pennsyl-
vania, “have become a lot more
comfortable with science,” says
center director Maggie Gombas,
In addition to receiving a flood of
science materials, she says, the
teachers learned at workshops led
by the citys Carnegie Science
Center “how to look beyond the

obvious™ by, for example, turning the tale of

the Three Little Pigs into a lesson on wind as
a force of nature.

The second type of philanthropy, which
Hills calls “brand imaging.” is meant “to influ-
ence its customers and the external word: gov-
ermment regulators, local officials, and so on”
That approach may help companies improve
their bottom lines and deflect unfavorable pub-
licity, Hills says. but it makes them less likely o

join forces with others and, thus, limits the

impact of their philanthropy. “If PR and one-
upmanship is the ethos™ in the company, says
Hills, it leads to “these silo programs.”

5. Anders Hedberg, head of corporate phi-
lanthropy at Bristol-Myers Squibb (BMS),
has tackled the branding problem head-on
with a new program for high school students.
Since the early 19905, the New Jersey-based

Building momentum. Science teacher Vanessa Galarza helps Rowe-Clark
students set up a lab in their introductory physics class.

pharmaceutical giant has @iven out tens of mil-
lions of dollars to improve the curriculum and
quality of teaching at middle schools. Those
programs, directed by the nonprotit National
Science Resources Center (NSRC), a joint
effort of the Smithsonian Institution and
the U.S. National Academies, have been
lauded for their progress in addressing two fac-
uninspired mmstruction and poorly
trained teachers

fors
that give many preteens
another reason to lose interest in math and sci-
ence. But a few years ago. Hedberg, a cardio-
vascular pharmacologist who joined the com-
pany in 1930, decided that BMS needed “to
move the needle forward.” His team spent a
few mullion dollars putting together a 12-les-
son unit, called R eSEARCH. that tells a ficti-
tious story of an outbreak of an unknown,
highly contagious disease. The unit, now being

piloted in the mid-Atlantic region,
combines what the company
knows best—drug discovery
with what it has learned about
reforming STEM education.

One novel twist in the
R _¢SEARCH project is that it’s
run by a consortium of pharmaceu-
tical and biotech companies, each
ol which has anted up for the mate-
rial and for a summer institute to
train teachers. The idea is for each
partner company to work with
school districts in the communitics
it serves, modifying the curnculum
as needed with examples from its
own labs, “It's always hard fora
company to say o a competitor, *1
have a good idea. Do you want to
Join me?" So we decided to give i
away before it became branded
with the BMS name,” Hedberg explains. The
group has asked NSRC to help implement
the project in an arrangement that is still
being hashed our,

North Carolina-based Wachovia bank.
third largest in the country, is also eschewing
the “brand imaging”™ approach in an effort to
encourage partnerships. In 2004, the bank
began making competitive 3-vear grants of as
much as ST50.000 to universities and commu-
nity organizations for new teacher training and
professional development, with a focus on sci-
ence and math. Butitattached two strings, “We
told them you can’t use Wachovia’s name [on

any promotional material] because it turns off

other potential donors.” savs Dee Lee, who
runs the teaching initiative. “It was a huge
change in our corporate philosophy.” In addi-

tion, she says, the size of the orants apers off

Money Doesn’t Always Talk

provide lists of grantees, nor the amount of individual grants.”

Houston, Texas—based Shell Oil Co., a subsidiary of the global energy
giant, has a half-century track record of supporting precollege, university-
based, and informal science education programs aimed at increasing the
pool of students pursuing technical careers. In 2004, it shifted its mecha-
nism for giving from the Shell Foundation to corporate offices “so that we
could get more personally involved and be more of a partner,” says
Frazier Wilson, the company’s social investment manager. In 20086, it
joined with Weekly Reader to creale a Web site for students and teachers
called Energize Your Future with Shell that Wilson says tries “to make
math and science fun” while building basic skills.

But again, don’t bother to ask for too many details. "It is Shell pol-
icy not to disclose project budgets,” explains company spokesperson
Dardi Sinclair. Also under wraps is a recent outside evaluation of its phil-
anthropic efforts; Wilson would only say that it had led Shell to become
“more engaged and increase its volunteerism.” =].D.M.

Companies are eager to describe their philan-
thropic efforts to improve math and science edu-
cation. But they can be less forthcoming about
the details. That's what Science found when it
tried to follow the money trail of some large cor-
porate STEM (science, technology, engineering,
and mathematics) initiatives.

Boeing Co. spends 521 million a year on edu-
cation at all levels, says Joyce Walters, director of
global communily investing at the company and
"subject matter expert” for the foundation's edu-
cation activities. It supporls dozens of programs
that have atltracted national attention, including
the Leadership and Assistance for Science Education Reform project in
Washington state, and has recently ramped up a preschool leaming ini
tiative. But Susan Birkholtz, a company spokesperson, says, “We do not
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over the life of the project. *It puts the onus on
them to find other partners and not use us as a
crutch.” she explains.

Hills’s third type of corporate charity is the
one he says works best. He calls it “strategic
philanthropy.” and it’s distinguished by compa-
nies that ask: “What are our strategic business
interests, and how does education and the wark
force fit into that strategy™ As a result, Hills
says, “they pick things that they really care
about and that they are good at.”

That’s what The Boeing Company has tried
to do. says Joyce Walters. director of global
community investing at the acrospace giant,
which recently moved its corporate headquar-
ters from Seattle, Washington, to Chicago, “We
take a business approach to education invest-
ments” that include a Washington state science
mitiative, districtwide math reform
in both cities, and a national pro-
gram to train principals in urban
school systems, she says. And
rather than waiting to see whether a
particular project succeeds or fails,
Walters says Boeing stays imvolved
after the money is handed out. “If
one of our suppliers had a prob-
lem, we wouldn't just walk away.
We'd try to Figure out how to
solve it. And that might include
more resources.”

Strategic philanthropy isn't the
answer for every company. says
Hills. “Some corporations don’t
believe that their business and
social interests can overlap,” he
explains. “They see 1t as too self-
serving.” The Merck Institute for
Science Education (MISE), ereated in 1993
improve science and math in US, elementary
and secondary schools, may be a case in point.

Then-CEO P. Roy Vagelos decided that a
company so dependent on scientific talent
“should be looking much carlier in the
pipeline” than the small undergraduate pro-
gram toattract minorities into the pharmaceuti-
cal industry that the New Jersev-based phar-
maceutical company had been funding for
vears. Instead of making MISE an arm of the
company’s corporate philanthropy, however,
WVagelos decided that the new, freestanding
institute “should be clearly independent from
the business part of Merck.” He also recruited a
director. Carlo Parravano. a chemistry profies-
sor at the State University of New York, Pur-
chase, who had considerable expenience in pre-
college science education,

That hands-off approach seems to have
worked well. During the past 13 years, MISE
has funded 550 million worth of projects, most
aimed at improving the quality of middle

school science and math teachers. The insttue
has leveraged the support of its corporate
benefactor to win two multimillion-dollar
teacher-training grants from the U5, National
Science Foundation, the gold standard for
work in the Field of STEM education. And this
yeur, Merck asked MISE to manage all of uts
science education activities,

Return on investment

Whatever a corporation decides to do, it will
want o know at some point what its dollars
have accomplished. But evaluation can be a
asualty when corporate largess and the
U5, education svstem collide. “Measurement
i= a huge problem,” savs Mary Wright Benner,
who runs the education arm of the Conference
Board, a coalition of 2000 companies and

Showtime. Employees from Ernst & Young's Chicago office use the PBS show
Cyberchase o help Perspectives-Calumet Middle School students with math.

organizations that has been a major voice in
promoting STEM education. “Most schools
are focused on what the state or federal govern-
ment wants them to measure. Funders want to
see results, and they may consider evaluation to
be part of overhead.”

One problem with evaluation is its price
tag, sayvs W. Steven Barnett, director of the
Mational Institute for Early Education
Research at Rutgers University in New
Brunswick. New Jersey, and an adviser w the
Grow Up Great program. “To do a real scien-
tific evaluation, vou can spend more than what
the initiative itself costs.” he says. 1 think its
better fora company to advise policymakers to
spend more on STEM rather than actually try
o do it themselves.”

Blum, of the PNC Foundation, admits that
assessing what Grow Up Great has accom-
plished hasn’t gone as smoothly as she had
hoped. “Evaluating children at this age is diffi-
cult. And it's hard to isolate the impact of sepa-
rate interventions,” she says. The foundation
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has received a federal gramt to hire an ouside
evaluator for its math programs, and it s paving
for a separate evaluation of its science effons.
The results of these evaluations, she says, will
determine the future of the initiative.

Three Rivers's Gombas 1sn't sure that her
center will even be able to teach other Head
Start programs what it has learned. [ don’t
think it will work out that way,” she says. In
addition to the staffing problems created by
sending teachers out periodically to work with
programs at other locations, she says that the
training “will lose a lot™ of its value if the
Carnegie center is no longer involved.
Gombas also notes that her teachers feel “sat-
urated with science™ and eager to shore up
their skills in other content areas.

Wachovia has also hired outside evaluators,
Lee says, and imitial results suggest
that teachers who participated in
the program feel more confident
about their skills in many areas.
But Lee says the imitiative 15 really

STEM education, “We want to
scale up what they've learned
about leadership. decision-
making, and working in teams.”
she says. “And the more outside
groups that get involved. the better
it will be for the kids.™
Afterspending nearly 2 decades
with one foot in industry and the
other in education, BMS’s Hedberg
knows that systemic change is
meredibly hard to achieve. And he
offers a few lessons from his dual

life to any company thinking of

engagimg in STEM philanthropy.

One is to start with what you know,
“This curriculum is based on our industry’s
genetic code: how we develop a new drug,”
he says. “We're not telling teachers what to
do, And it’s not a marketing program,
We're just giving them a version of the sci-
ence, which is not suitable for the class-
room in its raw form. in a format that they
can use.” Another is that one-shot
approaches don™t work. “We're hoping to
follow the NSRC model. which incorpo-
rates professional development, curricu-
lum. materials. community involvement,
and assessment.” he explains. "None is
enough by itself”

A third lesson is that reformers need
patience to overcome the tremendous inertia
within both the education and the pharmaceuti-
cal sectors. “This 15 going to take vears.”
Hedberg admits. “But [ think the idea of muli-
ple companies with equal voices is pretty darn
new lor the industry.” =JEFFREY MERVIS
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L1kr- others'who have r-*;-*ctrd :rﬁatmmsm .'md
embraced evolttion, paleontologist StEpﬁE'n Godfrey®
is still recovering from the traumatic journey
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SOLOMONS, MARYLAND—On a clear January
day. Stephen Godfrey is dressed for fossil-
hunting: frayed baggy jeans, a puffy green
vest, and a leather jacket thats seen better
times. A paleontologist and curator at the
modest Calvert Marine Museum here,
Godfrey frequents the nearby Calvert Clilts,
which nse from the shoreline of Chesapeake
Bay and hold everything from ancient shark
teeth to dolphin skulls. “You start collecting
them because, well, they're beautiful,” he says
of his beloved fossils.

It was the study of fossils that. 25 vears
ago, set Godirey on ananguished path. Raised
in a fundamentalist Christian family in
Quebee, Canada, embracing a 6000-year-old
Earth where Noah's flood laid down every fos-
sil, Godirey began probing the underpinnings
of creationism in graduate school. The incon-
sistencies he found led step by step, over many
years, 1o a staunch acceptance of evolution.
With this shift came rejection from his reli-
gious community, estrangement from his par-
ents, and, perhaps most difficult of all. a crisis
of faith that endures.

Powerful emotions bind together voung-
Earth creationists, members of a movement
making inroads from Kenva to Kentucky,
where a 527 million Creation Museum
openad last year. Scientists and educators have
responded mainly by boosting biologys place
in the classroom and building rational argu-
ments for evolution, But reason alone is rarely
enough to sway believers. That's because let-
ting zo of creationism carres enormous ¢m-
tional nsks, meluding a loss of identity and
community and an agonizing, it illusory,
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choice: science or Faith,

People like Godfrey tend not o advertise
their painful transition from creationist to
evolutionist, certainly not to scientific peers,
When doubts about ereationism begin to nag,
they have no one to turn to: not Christians in
their community. who espouse a literal read-
ing of the Bible and equate rejecting cre-
ationism with rejecting God. and not scien-
tists, who often dismiss creationists as igno-
rant or lunatic.

“Nothing else 1 have done i my life has
made me such an outsider.” says Brian Alters,
director of MeGill Univer-
sity’s Evolution Education
Research Centre in Mon-
treal. Alters has written
books on teaching evolution
and testified in the 2005
Dover, Pennsylvania, trial
against bringing intelligent
design—a form of creation-
ism—into the classroom.
But few of his friends or his
enemies know that Alters,
who had a fundamentalist
Christian upbringing in
southern Califormia, rejected
creationism in college. More
than 2 decades later, he
says, "1 still have childhood
friends and relatives who
won't speak to me”

Turning point. These fossilized foot-
prints from an early reptile sent
Godfrey into a tailspin and forced a
letting go of creationism.

Faithful upbringing
Religion anchored Godfrey’s
childhood. He was the third

of five children—"a great place to be over-
looked.” he jokes. Everv evening after din-
ner, his father. a Sunday school weacher.
pulled out the Bible. *We would go system-
atically through two readings of books.” says
Godfrey, and devote ume to prayer. The fam-
ily attended church twice on Sundays, in the
morning and in the evening, and one parent
or the other often dropped in on a Bible
study class midweek.

From a young age, Godirey had a keen
mterest in biology. He adored wouring natural
history museums and collected pinecones,
rocks, minerals, and anvthing
else he could find outdoors.
Skeletons in particular capti-
vated him for their visual
aesthetic. During visits to his
mother’s family in New York
state, he began gathering the
skeletal remains of ground-
hogs and squirrels lefi by the
side of the road, carefully
wrapping them in black
garbage bags for the trip
home to Quebec,

His parents saw no con-
Mict between their son’s love
of biology and their beliefs
and encouraged his interests.
“I guess they figured that the
voung-Earth creatiomist posi-
tion was strong enough, was
robust enough. that he would
believe in young-Larth cre-
atonism and he would be a
biologist, and that would
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Digging for answers. Paleontologist Stephen
Godfrey rests his hand on shells embedded in
Maryland's Calvert Cliffs, which were underwater
14 million years aga.

be fine.” says Godfrey.

Now 48, Godirey came ol age after voung-
Earth creationism took hold in North America
in the early 19605, Its leaders argued that dur-
ing the previous 150 years, Bible-believing
Chnistians had gone too far in accommodating
science in their interpretation of scripture and
pushed for a literal reading of the Bible, says
Ronald Numbers, a historian of science at the
University of Wisconsin, Madison. Fossils,
forexample, are the remains of plants and ani-
mals left out of Noah's ark. The description of
Adam and Eve in Genesis suggests that
humans had never been subject to evolution.
Using calculations drawn from genealogy,
yvoung-Earth creationists consider the planet
to be 6000 to 10,000 vears aold, ( Geologists say
it 15 about 4.3 billion vears old. )

Godfrey, who subscribed wholeheartedly
to these views, vividly recalls his earliest
encounter with evolution. In the first grade,
when he was about 6 years old. a student
teacher said that apes were the ancestors of
people. *Lremember having this visceral reac-
tion ... and saying. Mo, that cant be.” "
Around the dinner table that night, his family
discussed the experience, concluding that the
teacher must have been mistaken. Tt couldn
be true because apes aren’t evolving into
humans today; they're apes,” Godfrey
remembers. And that was that.

Although creationism might seem bizarre
to individuals who have never believed in i,
for those who do. its power 1s almost beyond
words. Alters remembers, as a young
teenager, sitting in on a sermon by Robert
Schuller, a televangelist whose California
church s faurly liberal. Listening to Schuller
endorse the views of scientists who consider
rocks to be millions of vears old. Alters began
to ery, horrified that the preacher would lie.
“It was almost as if he stood there and said
Jesus Christ didn’t exist.” he recalls. For bib-
lical literalists, belief is generally an all-or-
nothing proposition.

Identity crisis

Giodfrey entered college convinced that scien-
tists were engaged in a vast conspiracy 1o pro-
mote evolution. At Bishop's University in
Sherbrooke. Quebec. he majored in biology
and lived at home, several kilometers away. In
one sense, his studies had little effect on his
faith. “You can learn facts, and you can do
really well on exams and not believe™ what
vou're learning, he says. But then, his classes

also ratsed migghng questions that biblical li-
eralism could not easily answer.

For example, there was the quandary of
death. A literal reading of Genesis indicates
that no animals perished before Adam and
Eve ate the fateful apple—in other words, that

there were no carnivores preving on other ani-
mals. But in his biology classes, Godlrey
learned of predators perfectly framed to kill:
cats with stereoscopic vision, enlarged
canines, and claws: spiders that weave webs as
traps: and sharks that replace serrated teeth
throughout their life. *“Theyre not eating sea-
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Rebutting Noah's flood. Godfrey drew these
sketches to show how Noah's flood cannot explain
fossil footprints, as they're found in different
layers of rock and depend on an animal resting its
weight an the ground.

weeed.” savs Godfrey, who puzeled over how
these animals had emerged it God hadn’t
intended them to prey on others. “That was the
first thing at university that really started to
disturb me.” he says.

In his final year, Godfrey gave a presenta-
tion on the origin of flight, arguing that
Archaeopreryx, the earliest known bird.
could not have evolved from the dinosaurs.
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Although impressed by similarities between

Arehaeopreryx’s anatomy and that of

dinosaurs, he pushed this to the back of his
mind. By this time, Godfrey was at a cross-
roads and determined to find out for himsell
whether the claims of biologists and paleon-
tologists were true. He enrolled in graduate
school in paleontology at MeGill University
and was taken in by Robert Carroll. Carroll
had heard that Godfrey was a creationist but
didn’t give it much thought, he says now.
In Carroll’s lab, Godfrey prepared and
described fossils of an ancient amphibian
called Gireererperon. The fossils “could have
come from the moon,” says Carroll. Analyz-
ing them out of context had lintle impact on
Godfrev’s views,

Then Godirey’s world came crashing
down,

His first summer in graduate school, he
was invited to join a field expedition in
rural Kansas. where University of Toronto
paleontologist Robert Reisz and some
students were digging for pelycosaurs.
J00-million-vear-old animals that display
some features of mammals that evolved
later. Living in tents on a farmer’s field in
seartng heat and humidity and surrounded
by cows. the group visited the nearest town,
Garnett, weekly for food and other sup-
plies. At night, the sky glowed with stars,
and Godfrey pointed out the constellations
to his companions.

By day. quarrying through thin layers of
rock, “we started 1o come across footprints of
terrestrial animals” says Godfrey. *You can’t
imagine a global loed and animals finding
cround o make footprints on, ... That, more
than anything. any other experience in my life,
really shook me to the core.” Godfrey ago-
nized about where these footprints might have
come [rom. Some creationists argue for float-
ing mats of vegetation during the flood. but
Godfrey found that unconvinecing.

“He was one of the brightest students that
I'd ever seen.” says Reisz, who at the ime
knew that Godfrey was a devout Christian but
had no idea of the crisis riggered by his field-
work. “The ease with which he learned. the
ease with which he accumulated new ideas. ...
all spoke to a superior intelligence.”

Godfrey held out from embracing evolu-
tion, however. untl after moving in 1989 to
Drumbheller. Alberta. dubbed the *dinosaur
capital of the world™ because of its diversity of
fossils. Godfrey often drove southeast to
Dinosaur Provincial Park, passing through a
landscape of sediments laid atop one another:
deposits from freshwater and terrestrial envi-
ronments in one, manne organisms and mol-
lusks m another. and a third that mimicked the
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first, a mix of fossils from fresh water and

land. “These animals were living here in this
same place. but they couldn’t have all been
there at the same tme,” he says, a fact that was
irreconcilable with flood geology. It was then
that “the rest of the young-Earth creationist
ideas kind of exploded.”

Godfrey ran through bitterness, anger, and
disappointment about having been deceived
for so many years. He sought out creationists
and confronted them. Late in graduate
school, he and his devout Christian wife,
mother-in-law. and mother attended a week-
end symposium at a Bible school in Mew York
state, where Godirey says he angnly stood up
at the end of a talk and argued passionately
with the speaker.

It was there. and in conversations during
holiday meals. that Godfrey s parents realized
that he had changed. Deeply unhappy. they
worried whether their son could endorse an
old Earth and remain a Christian. Their
message was, “1t's all or nothing,” says
Christopher Smith. Godfrey's brother-in-
law and a pastor at the University Baptist
Church in East Lansing, Michigan. “1 do
remember a discussion one year at Christ-
mas; the wne guickly turned angry.” Smith
says. Godfreys father eventually asked that he
stop mentioning evolution, as the topic was too
upsetting to the family. who believe that their
afterlife depends on embracing creationism.

Parents ofien cannot cope with such an
upheaval in a child. “The dayv [ had to tell my
mother [ wasn't a young-Earth creationist
was the scariest day of my life.” says Denis
Lamoureux. who teaches science and reli-
ajon at St, Josephs College inthe University
of Alberta in Edmonton, Canada. His
mother was o0 embarrassed by his work in
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Earth according to Bible.
The expansive Creation Museum in
Petersburg, Kentucky, opened last May.

biology that she told her friends her son was
still in the profession he once belonged to;
dentistry. Some compare these conversa-
nons o informing fundamentalist Christian
parents that they are gay—but perhaps even
more wrenching.

Jagged resolution

Trying to articulate where his rehigious beliefs
stand now, Godfrey's eves Tl with tears. “Its
been so long. a lifelong struggle, to sort out,”
he says. He has irted with atheism but found
it too depressing. Several years ago, he
stopped attending church for a vear before
retuming. He believes in God today, he says.
but tomorrow may be different.

Complicating matters are the people he
most loves and their stance on creationism.
Godfrey and his wife met as teenagers ina
church youth group. They and their five chil-
dren have always attended an evangelical,
voung-Earth ereationist church, About
6 months ago, Godfrey seethed through
12 weeks of a DVD presentation on creation-
ism. During an carly session, he raised objec-
tions in front of a church vouth group that
included his 13-vear-old daughter. The group
wats not brought back for later showings,

“1 was really torn,” he says, “because |
would have loved to have been given the
opportunity to say, *Okay, I'm now going to do
a presentation on the other side.” But they
don’t want to hear it. It's too threatening and
it's too upsetting.”

Like many creationists-turned-evolution-
ists, Godfrey is conflicted about how, and how
forcefully. to press his case. In 2005, he and
his brother-in-law Smith published Pavadioms
on Pilgrimage, a book describing their own
transition and making the case for evolution.

His father praved that it would not be pub-
lished and Godfrey did not send his parents a
copy. He thought his book would change
minds among creationists but 1sn't sure it has,

“l haven't” read it, says his younger sister
Esther Godfrey, of Sherbrooke. “I'm feeling

its a very odd way of viewing the Bible, if

you can choose which parts yvou believe liter-
ally and not literally.” Esther Godfirey is not
sure what turned her brother away from a
voung Earth, as they’ve never discussed it. “1
know he saw something at some point,
mayhe a fossil, and thought the Earth has o
be old.” she says. “That is what I've heard.”

Just as he longs for biblical literalists to be
more receptive 1o evolution, Godfrey also
wishes that biologists would join the discus-
sion. He was incensed 5 vears ago when, par-
ticipating in an evolution-creationism debate
at Bishop’s University, where he once argued
against the fossil record. no one from the biol-
ogy department attended.

“I continue to think that scientists have
made a serious mistake in not engaging the
1ssue,” agrees entomologist Susan Fisher
of Ohio State University in Columbus.
Fisher, always an evolutionist, was
shocked to learn that more than half the
students in her T00-person introductory
biology class identified themselves as cre-
ationists, Last vear, she received funding
from the John Templeton Foundation to
bring in scholars. most of them Christians
who reject creationism, to speak to the
students. “We need to figure out among
students changing their minds, what does
that?” savs Jason Wiles, who studies evo-
lution education at McGill and Syracuse
University in New York state and was
himself once a creationist,

But sometimes, former creationists
believe, changing minds is not worth the
heartache it brings, Godfrey no longer consid-
ers evolution worth mentioning to his parents,
now 78 and 79 vears old, and he asked that
they not be contacted for this article. *You can
live vour life just fine and not know squat
about evolution,” he says,

When it comes to his children, Godfreys
not sure what they believe nor how firmly to
steer them. Certainly, he says. they are
exposed to creationist teachings, OF all s
children it's his voungest, 4-vear-old Victoria,
who shows the strongest penchant for sci-
ence. Wandering the beaches near her home,
she often asks to bring home bones she
finds, just as her father did years ago. Will
her view of the world make room for evolu-
ton? Godfrey watches and waits and won-
ders whether to step in.
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Japan's Ocean Drilling Vessel
Debuts to Rave Reviews

Early finds from Chikyu's first scientific voyage hint at a coming treasure trove of data
on the generation of earthquakes, tsunamis, and other geological phenomena

SHINGU, JAPAN—Two vears after leaving the
shipyard. Japan’s first deep-ocean drilling
vessel has finally got down to business.
Wrapping up its first scientific voyage ear-
lier this month. the Chikvi stopped at
Shingu, a port town on the Kii Peninsula,
about 400 kilometers southwest of Tokyo,
where researchers rhapsodized about find-
ings that promise a better understanding of
processes that generate earth-
quakes and tsunamis. “I"ve been
on five [ocean drilling] cruises
before, and these are the most
excimng results I've seen so far”
says Elizabeth Screaton, a
geologist at the University of
Florida, Gainesville,

In three back-to-back expedi-
tions over 19 weeks along the
Mankai Trough. one of the
planet’s most active fault zones,
the $350 million Chikvi bored
33 holes, retrieved cores as deep
as 1000 meters below the sea
floor, and extracted thousands of
samples. Scientists will be ana-
Ivzing the data and samples for
yvears. But preliminary analyses
in Chikvu's labs are already
offering insights into fundamen-
tal seismic processes.

After receiving the Chikyvee in July 2003,
the Japan Agency for Manne-Earth Science
and Technology (JAMSTEC) equipped it and
sent it on shakedown cruises. The agency
then leased it to an oil-exploration operation
to subsidize the scientific work. Chikva,
which JAMSTEC runs for the Integrated
Ocean Drlling Program (10DP), started sci-
entific drilling last September in the Nankai
Trough, where the Philippine Sea Plate 15
subducting beneath the Eurasian Plate. Sedi-
ment on the Philippine Plate gets scraped off
and piled into what is called an accretionary
prism on the Eurasian Plate.

Ruptures along the boundary and in
megasplay faults—which branch offthe plate
boundary and rise to the sea tloor—have tng-
oered some of Japans most devastating earth-
quakes, including a 1944 magnitude-7.9 tem-
blor centered about 100 kilometers southeast
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Drill sergeants. Geologists Elizabeth Screaton and Gaku
Kimura examine cores returned by Chikyu (nset).

of Shingu. The shaking and the Y-meter
tsunami that resulted from shifis in the accre-
tionary prism killed more than 1200 people.
devastated the Kii Peninsula. and caused

damage as far as Osaka, 110 kilometers north
of Shingu. Scientists drilled into the fault that
ruptured in 1944 and the surrounding rocks
and sediment to gain a better understanding
of the subduction zone's evolution and the

mechanisms of earthquake and
tsunami generation, says Asahiko
Tarra, a geologist and director-
general of JAMSTECs Center for
Deep Earth Exploration.

Initial findings have perplexed
delighted—researchers, Speaking at a
December press conference afier the second
expedinion, Siegfried Lallemant., a geologist
at the University of Cergy-Pontoise in Paris,
France, said he and his colleagues were sur-
prised at the yvoung age ol the Nankai
Trough's features. Material in the acere-
tionary prism appears to date back only 4 mil-
lion to & million years. *1 was expecting much
older [matenal],” Lallemant said. *The prism
is growing very fast in this arca, much faster
than | expected.”

The megasplay fault system is also more
complex than anticipated. Previous work
indicated that the 1944 quake occurred along

and
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a single shallow fault that branches off the
plate boundary, But core samples revealed a
second fault. “We're hoping further analysis
will tell which fault slipped in 1944 and what
is the relationship between the two faults,”
says Gaku Kimura, a geologist at the Univer-
sity of Tokyo and co-chief scientist of the
third expedition. Screaton, the other co—chief
scientist, says that temperatures deep in the
boreholes are much cooler than models pre-
dicted, suggesting that the current under-
standing of heat flow and luid movements in
the fault zone 1s awed.

The early insights are largely thanks to
Chikvu’s lab capabilities, particularly a com-
puted tomography (CT) scanner that pro-
duces 3D images of the core before its casing
is removed. After viewing the images, micro-
biologists, geochemists. and structural geolo-
gists agree on where and how to
cut the core o preserve materials
and features of interest, says
Daniel Curewitz, a structural
oeologist who served onboard as
project manager. “We can make a
plan before the [core] 15 cut
open.” he says.

CT scanners were too un-
wieldy and costly for routine use
on previous expeditions. 1 can’t
emphasize how much the CT scan
has changed how we do science
out here.” says Screaton. “Now
sometimes | wonder if
previously there were
fault zones that

missed because when
we opened the core,
[sediment] got dis-
turbed. We were work-
ing blind.” Curewitz
says [ODP planners
are now considering
adding a CT scanner
to the JOIDES Resolution, the other [ODP
drill ship, whichis being refurbished.

Chikve's full capabilities have vet to be
tested. lis dnll is designed to reach 7 kilome-
ters below the ocean floor, but the deepest it
has gone so far is just over | kilometer. Going
deeper might require use of a riser, a tube
enclosing the drill pipe that eirculates lubricat-
ing mud that flushes cuttings from the drilling
face and shores up sediments. A new riser is
expected to see action in 2009, after the vessel
returns from another round of oil exploration,
“It's too bad we don’t have the ship for science
full-time, but there are budgetary issues.” says
Taira, Chifve will resume scientific drilling
along the Nankai Trough in November,

~DENNIS NORMILE
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edited by Jenmifer Sills

The Legitimacy of Genetic Ancestry Tests

| FOUND THE POLICY FORUM "THE SCIENCE AND BUSINESS OF GENETIC ANCESTRY TESTING™
(D. A. Bolnick er al., 19 October 2007, p. 399) to be a shallow discussion of a very
complex topic,

Bolnick er al. criticize one company in particular—DNAPrimt Genomics, Ine.—for pro-
moting the idea that race is rooted in one’s DNA (/). In fact. DNAPnnt Genomics takes
great pains o explain to customers that both genetics and race are imperfectly correlated
with geography. DNAPrnts Web site (/) and print publications ( 2) clearly explain that the
bases for human-derived notions of “race”™ incorporate genetics as well as geography,
religion, culture, and even socioeconomics. Bolnick er al.. however, deceptively imply that
genetics does not constitute even a component of the equation.

Bolnick er af, also allege that genomic ancestry panels present a biased picture of non-
neutral mutations, which is not the case (2, 3). They then imply that genomic ancestry meth-
ods rely on imperfect—i.e.. insufficiently large
results. However, the onus on the database developer is not to build a perfect database. but
rather to quantify how imperfect the database is, DNAPrint Genomics has spent enormous

databases and thus produce misleading

resources doing just that (2),

Likewise. Bolnick ¢r af. focus on the
fact that alleles are continuously distrib-
uted, and that “companics sometimes fail to
mention that an allele could have been
inherited from a population in which it is
less commaon.” This statement is mislead-
ing. The continuity of allele frequencies is
the reason why, when estimating genomic
ancestry with respect to a given population
model, we use large numbers of well-char-
acterized markers appropriate for that
maodel, with algorithms capable ol accom-
maodating uncertainty. DNAPrimt Genomics
has gone to great lengths to determine con-
fidence intervals and to quantify the bias
and mean square error of our estimates. 1fa
customer’s likelithood of ancestry from a certain parental population s very small. the cus-
tomer’s report will reflect this.

[ also object to the implicaton that the detection of lower levels of “Native American”™
ancestry in Asia and Europe is evidence that the AncestryByDNA test 1s illegitimate. Native
Americans are derived from southwestern Siberia and central Asia, an area of the world that
likely also contributed through population expansions and migrations to many other popu-
lations (2. 3). Numerous “Native American™ Y and mtDNA haplogroups have been found in
Europe and Central Asia [figures 4-3 and 4-4 of (2} and (4, 5)]. The confusion lies in the
choice of the term “Native American.” Naming parental populations with descriptors based
on modern-day populations mught lead to musimterpretations (2 ), but DNAPrint Genomics
makes every effort wo explain this complex wopic o a lay customer base (/).

I am also offended by the implication that scientists who work for companies are corrupt.
It is wrong to assume that any science coming from a company 1s suspect because money 15

www.sciencemag.org
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the motivator of 1ts generation, while over-
looking the possibility that an academic scien-
tist may falsify data in order to procure a grant,
ensure tenure, or otherwise enhance stature or
financial position. Generalizing about indi-
viduals on group membership in this way 15
the intellectual equivalent of bigotry.

Bolnick er al. believe that anyone who
savs they belong 1o a group should belong to
that group—regardless of whether or not their
deep ancestors (as reported by DNA tests)
were part of the parental population associ-
ated with that group. The irony is that we do
not disagree, In some cases, genetic testing is
simply not relevant—not because it is flawed,
but because it reports only one aspect of
“race” or “ethnicity.”” Genomic ancestry tests
demonstrate that admixture is the rule rather
than the exception and hence support that 1dea
that human-derived notions of “race™ are
based on the subjective and ever-changing
concepts of social and political identity,

TONY FRUDAKIS
Chief Scientific Officer, DNAPrint Genomics, Inc., Sarasola,
FL 34243, USA
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OUR PURPOSE IN WRITING THIS POLICY
Forum (19 October 2007, p. 399} was not
to persuade the public that tests for genomic
ancestry are wholly illegitimate, as Frudakis
assumes. Rather, 1t was to call attention to
this influential commercial enterprise and
the need for consumers (and the public) to
better understand the capabilities and limi-
tations of the available tests. We also hoped
to inspire genetics and anthropological
associations to discuss these 1ssues with
their members.
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We did not suggest, as Frudakis states,
that there is no connection between genetics
and societal interpretations of race. Racial
identity is shaped by a variety of factors,
including social relationships, life experi-
ences, and biological ancestry. Although
DNAPrints Web site states that race reflects
more than genetics, it still (as of 2008) leads
consumers to believe that race is inscribed in
one’s DNA. DNAPrint defines the “biogeo-
graphical ancestry™ measured by their test as
“the biological or genetic component of
race” (/). and their underlving model rein-
forces the archaic racial view that four dis-
crete “parental” populations existed in the
past, The assertion that there is some sort of
discrete genetic component to race is prob-
lematic. and there is no evidence that only
four isolated populations existed at any
point in the evolutionary history ol our
species (2. 3). Furthermore, an extensive
dervative hiterature makes it clear that many
people think that the Ancestry By DNA test
identifies their racial makeup (4-7).

Frudakis asserts that our Policy Forum
claimed that genomic ancestry panels are rife
with biased. non-neutral mutations, We made
no such clamm. Instead. we noted that some
ancestry informative markers (AIMs) involve
loci that have undergone selection (§). On
the basis of the information provided by
DNAPrint Genomies, it is ¢lear that some
AlMs are skin pigmentation alleles and oth-
ers are blood protein alleles involved in
malarial resistance ([, 4. 9/ 1. It is therefore
important to consider whether these markers
measure ancestry alone, or whether they also
reflect shared environmental exposures (and
thus are not always indicative of shared
ancestry ). Because the AncestryByDNA test
does not differentiate between different evo-

lutionary reasons for shared alleles, the test
results may be misleading.

Frudakis then objects to the suggestion
that genetic ancestry tests are problematic
because they may yield incomplete results
due to limited sampling. He is right that per-
tect databases will never exist, and we agree

22 FEBRUARY 2008 WVOL 319 SCIENCE

that companies should guamify the uncer-
tainty and limitatons imposed by their data-
bases. DNAPrint Genomics does caleulate
the bias, error, and confidence intervals of
their estimates, but incomplete geographic
sampling creates systematic bias that is diffi-
cult to quantufy statistically. The sampling of
a few, widely dispersed populations for
marker selection likely influences the tests
results. [tis also ULS.-biased because it repre-
sents a specifically American racial under-
standing of human difference. Furthermore,
most mitochondrial DNA and Y-chromosome
tests do not provide any such statistics, so
consumers are often unaware that those tests
may vield incomplete or uncertain results,

Frudakis suggests that the problem with
the AncestryByDNA test is not that it
detects shared ancestry between Native
Americans and Eurasians, but that this
ancestry 1s referred to as “Native American.”
We agree. Because the shared alleles pre-
date the divergence of these populations and
likely oniginated in Central Asia, it 1s mis-
leading to use them as markers of “Native
American™ ancesiry.

Finally, it is clear that scientists who
work for companies are not inherently more
casily corruptible than academic scientists,
That saud. there are differences in how aca-
demic and commercial products are evalu-
ated. Peer review may be imperfect, but it
does require academics 1o convince experts
that their conclusions are supported by the
data. Commercial products are not subject 1o
the same svstem of peer review, and it can be
difficult to evaluate conclusions based on
proprietary databases, Consequently, con-
Micts of interest may lead to different out-
comes in academia and the business world,
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Soil Erosion: A Carbon Sink
or Source?

THE REPORT BY K. VAN OOST £T AL., "THE
impact of agricultural soil erosion on the
global carbon eyele™ (26 October 2007,
p. 626) raises two serious concerns.

First, the eroded soil is severely depleted
ol 1ts soil organic matter | SOM) pool (1-3).
which is preferentially removed by surface
runoff because it has low density and is con-
centrated in the surface laver. Along with the
SOM pool. severely eroded soil loses its
nutrient and water retention capacity. Thus.
an eroded soil generally has lower produc-
nvity even with additional input of chemical
fertilizers and orcanic manures (4, §).
Because of low productivity and reduced
return of root biomass, the rate of replace-
ment of SOM pool is low on severely eroded
soils. This is in contrast to the assumptions
made by these and other authors (6- /11,

Second, the process of soil erosion by
water entails three distinet stages: (i) detach-
ment, (1) transportredistribution, and (i)
deposition. The first two stages lead to
breakdown of structural aggregates and
exposure of the hitherto encapsulated SOM
within the aggregate to microbial processes
with an attendant increase in mineralization
and emission of CO, (3, 1/-13). During the
third depositional stage. the rate of aerobic
decomposition may be low and reduce the
emission of CO,. However, prevalence of
anaerobic conditions accentuates methano-
zenesis and denitrification leading o efflux
of CH, and N, O (/4), with the relative global
warming potential, respectively, of 21 and
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310 times thatof CO,, Taking all three stages
into consideration. soil erosion is a strong
source rather than sink of atmosphenc CO,,,
and it also exacerbates the problem of non-
point source pollution and hypoxia in coastal
zones. With severe adverse impacts on agro-
nomic production and food security (/5),
especially in sub-Saharan Africa and South
Asia (/6). it is important that the accelerated
soil erosion is effectively controlled and
eroded soil judiciously restored.

RATTAN LAL' AND DAVID PIMENTEL?

The Ohio State University, Columbus, OH 43210, USA.
*Comell University, lthaca, NY 14853, USA.
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Response

WE AGREE THAT ACCELERATED SOIL EROSION
should not be promoted as an effective sink
foratmospheric CO,, and we want to empha-
size the need for soil erosion control and
restoration, However, our results do not sup-
port Lal and Pimentels assertion that agn-
cultural soil erosion is a strong source of
atmospheric CO,,

First. we demonstrated that the carbon
content of eroding soils is subject to contin-
ual decling as carbon is exported from the
site of erosion, It is true that selective ero-
sion of the fine fraction may further acceler-
ate this export. However, severe soil erosion
will almost always take place as ullage, rill,
and/or gully erosion. which is nonselective
(/). This local decline does not imply that
erosion is a source of atmospheric CO,
because a fraction of the eroded C was
replaced by enhanced stabilization of C in
the newly exposed soil. resulting in a net
uptake of atmospheric CO,. Although it is
true that erosion may reduce crop vields and
hence inputs of carbon at sites of erosion,
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our mass=balance method accounts for all
mechanisms occurring (including a yield
decrease) and 12 not based on any assump-
tions about productivity or soil organic mat-
ter {SOM) replacement rate. Furthermore,
the replacement rate of SOM was low on
eroded sites, resulting in a small rather than
a large sink. but a sink nonetheless.

Second. Lal and Pimentel correctly
stated that the fate of SOM during the
various phases of the erosion-deposition
process should be considered. which is what
we did in our analysis. However, the affir-
mation that detachment and transport
of SOM mevitably lead to its accelerated
decomposition is incorrect. In contrast,
consistent with other studies, our results
showed that very little net CO, release
occurred after transport and burial within
our microcatchments ( 2-4).

Finally, we agree that CH and N,0O from
depositional sites warrant further research,
but our report focused on the carbon cyele
and therefore did not consider N,O fluxes.

The majority of agricultural soils are min-
eral soils. which are a sink rather than a
source for CH, (5). Although depositional
sites in agricultural fields are wetter, it is
unlikely that they will often be Nooded and
reach a low enough redox potential for
methanogenesis (6).
KRISTOF VAN ODST,! JOHAN SIX,2
GERARD GOVERS,” TIM QUINE,* S. DE GRYZE?

Winiversité Catholigue de Louvain, 1348 Louvain-a-Neuve,
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CORRECTIONS AND CLARIFICATIONS

News Focus: “Scientists hope to adjust the president’s vision
for space” by A. Lawler (1 February, p. 564). Molly Macauley
was expressing views offered by participants at last fall's
National Research Council forum in Irvine, California, rather
than her own opinion.

Random Samples: “When worlds collide™ (7 December
2007, p. 15310, The item incarrectly stated that astronomers
estimate 1 in 1000 stellar systems host planet-forming dust
belts. In fact, that & the number of stars around which
astronamens currenily see such shon-lived belts; many more
stars must have them at some time in their history.

Education Forum: “Engineering education research aids
instruction” by N. L. Fortenberry et al, (31 August 2007,
p- 1175}, The same data represented by the ariginal figure
are regraphed with the v axis extended to zero (right).
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TECHNICAL COMMENT ABSTRACTS

CommenT on “International Conservation Policy Delivers Benefits for Birds

in Europe”

Rolando Rodriguez-Munoz, Alfredo F. Ojanguren, Tom Tregenza

Donald et al. (Reports, 10 August 2007, p. 810} assessed the impact of the European Union's Birds Directive, a
conservation policy enacted in 1979, and reported evidence for positive population changes in targeted species. We
argue that their conclusions are overstatements based on unsuitable data and inappropriate analyses.

Full text at waw.sciencemag.arg/cgifcontent/fullf319/5866/1042h

Response To Comment on “International Conservation Policy Delivers Benefits

for Birds in Europe”

Paul F. Donald, Fiona ). Sanderson, lan ]. Burfield, S5tijn M. Bierman, Richard D. Gregory,

Zoltan Waliczky

Rodriguez-Mufioz et al. raise concerns about our study on the eHectiveness of the European Union’s Birds Directive,
based on the provenance of the trend data used and on the predictions that were tested. Here, we show that our

results are robust to different assumptions of uncertainty surrounding trend estimates and that criticisms of the

methods stem largely from misunderstandings of the original paper.
Full text at www.sciencemag.org/egicontent/iull/319/5866/1042¢
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The Fires of Aging

etabolically speaking, we're all on

tire. Current thinking in the biology

of aging suggesis that the normal
processes cells use to burn fuel, providing
energy for life, indirectly lead o much of the
disease and disability that charactenize aging in
humans and other animals. Chemically unsta-
ble by-products of cellular oxidation—espe-
cially free oxyeen radicals—can initiate the
deterioration of cell membranes and macro-
molecules (£, 7). As small “his” causing cellu-
lar injury accumulate, the results can range
from uncorrected mutations and cancers to
forms of tissue damage leading to vascular
pathology and Alzheimer’s disease. With heart
disease, stroke. and diabetes now among the
leading causes of aging-related death in the
United States (3), and rising Fast as baby
boomers join the ranks of the elderly. these
diseases are a primary target for biomed-
ical research.

In The Biology of Hiwman Longevine, Caleb
Finch spotlights the relationships among cellu-
lar processes that are considered important
causes of aging-related disease. This formida-
ble book successfully integrates the “free-
radical damage™ hypothesis with a new more
general theory of aging having direct implica-
tions for preventing specific pathological syn-
dromes that increase with chronological age.
Finch {(a professor of gerontology at the
University of Southern California) weaves
complex strands ol evidence from medical his-
tory, molecular biology, and biochemistry (as
well as evolution and anthropology) into a lay-
ered tapestry of the synerzics among various
forms of “bystander damage™ (injury. muta-
tions, toxic insult, and oxidative damage) and
the ways in which these can foreshadow
diagnosable disease states, Oxidative damage
remains a central plaver in the drama he
unfolds, but now it shares the stage with sev-
eral lesser-known. equally important accom-
plices: inflammation, damage during develop-
ment, and the hazards of ovemutrition.

Finch’s central thesis is wedded to a funda-
mental tenet of evolutionary biology: physio-
logical adaptations for sustained health and
reproduction involve evolutionary trade-offs,

The reviewer is in the School of Biological Sciences and
Center for Reproductive Biology, Washington State
University, Pullman, WA 99164-4234, USA. E-mail;
djho wiu.edu
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The Biology of
Human Longevity

The growth and maintenance Inflam:
of reproductive and somatic 1 A
tissues. for example, require
hormones and growth factors
{e.g.. sex steroids and insulin-
like growth factors) that also
facilitate the proliferation of
cancers and other pathological
changes. Effective defenses
against infection, injury, or
stress—even during prenatal development
ignite a cascade of inflammatory factors,
including cytokines and other peptides. This
first wave of the innate immune response is
followed by rapid proliferation of specialized
cells and the release of a plethora of signaling
molecules and oxidative by-products that can
damage cells and macromolecules.

Adding fuel to the fire is a diet oo rich in
animal fat, increasing exposure to pathogenic
microbes and exacerbating inflammation. The
book’s cover features a photo of the “*Venus
of Willendorf)” an exceedingly curvaceous,
female stone effigy (~23.000 BCE). Ina world
of nutritional scarcity. she represented an unre-
alistic paragon of reproductive potential.

The “Venus of Willendorf” effigy (Naturhistor-
isches Museum, Vienna).

 Mutrition,

1q in the

Today. we consider a 1.65-m-1all woman of
similar proportions—say, a body mass of 82
kg—to be obese (4), with climically elevated
risks fortype 2 diabetes and car-
diovascular disease.

I his last and most provoca-
tive section, Finch proposes that
increases in brain size and the
human life span over the past
million vears occurred in con-
cert with changing nutritional
priorities, slower developmen-
tal rates. and a tolerance for
inflammation 1n “dirty, inva-
sive, and stingy” prehistoric
environments. The integration
of more meat into the human
diet. he argues, provided proten needed for
larger brains but iwolved new physiological
and genetic trade-ofTs between fitness and lia-
bility for long-term damage. This scenario pro-
vides a satisfving rationale for why vanants of
some genes for metabolizing animal far that
are linked to a human predilection for athero-
sclerosis, some cancers, and the amyloid
plagues charactenistic of Alzheimer’s disease
(suchas those of the ApoE gene family) are not
shared by our closest primate relatives.

The book provides an unparalleled synthe-
sis of the burgeoning literature addressing the
roles plaved by oxidative damage and inflam-
mation in diseases ol aging, Finch offers thor-
ough discussions of methodologies and central
constructs in aging research (including the
search for better molecular biomarkers of
aging) and a short primer of evolutionary
aging theory—possibly not enough for some
evolutionary biologists. but a sufficiently
broad perspective for those wading into the
field for the first time. Along with a catlog of
experimental and genetic interventions in
aging based on laboratory animal systems, he
summarizes an exhaustive body of elinical lit-
erature. showcasing nutritional and pharma-
ceutical approaches that have potential for
intervening in aging disease states by curtail-
ing inflammation-induced damage.

With the coupling of his expertise in neuro-
science and clinical medicine to his keen inter-
ests in demography and comparative zoology,
Finch arguably remains our most potent syn-
thesizer of biology and gerontology. Here his
writing conveys a sense of urgency not present
in his classic Longevity, Senescence, and the
Crenonte (5). A bit verbose and convoluted at
times, The Bicdogy of Human Longevine would
have benefited from the attention of a copy
editor hall as ambitious as the author. That
aside. the intellectual framework Finch pro-
vides in it will be imensely sumulating to both
experts and newcomers in the field of aging.
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The book should attract notice from develop-
mental biologists, anthropologisis, and clinical
researchers alike.
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PHILOSOPHY

Finding Freedom
Through Complexity

Todd Stuart Ganson

ince the 17th century one of the central

problems of philosophy has been o

make sense of certain phenomena that
lack any obvious place in our modern scien-
tific view of the world—phenomena like
colors as we expenence them, norms of
thought and action, and free
and responsible action. Nancey
Murphy and Warren 5. Brown’s
fascinating Did My Newrons
Make Me Do Ii? touches on all
of these phenomena. but its
tocus 15 on the third, on the dif-
ficult problem of understand-
ing how such action might be
possible in light of our grow-
ing scientific knowledge about
humans and the world they
live in.

When accounting for men-
tal phenomena, philosophers
typically wish to avoid the
extremes of either outright eliminativism (the
claim that many or all of the mental states
posited by common sense are nonexistent) or
supernaturalism. One middle ground popular
among philosophers 15 to endorse a reductive
view of the mental, the view that our mental
lives are fully explicable in terms of our neu-
rochemistry. This sort of view will often go
hand-in-hand with the claim that mental states
are nothing other than certain chemical states
of the brain—the mind just is the brain.
Although this way of thinking about the mind

Free Will

The reviewer is at the Department of Philosophy, King 105,
Oberlin College, 10 North Professor, Oberlin, OH
44074=-1019, USA, E-mail: todd..ganson@oberlin.ady

Did My Neurons
Make Me Do i?

vonsibility and

by Nancey Murphy and
Warren 5. Brown

fits nicely with the perspective of modern sci-
ence, it appears o have the consequence that
our choices and actions are lxed or deter-
mined by the laws of chemistry. And in that
case there seems to be an important sense in
which we are unable to do otherwise than what
we in fact do. Because acting freely (in con-
trast with acting voluntarily) presupposes the
ability 1o do otherwise, this reductive view of
the mental evidently avoids eliminativism
about the mental at the cost of denying the
existence of genuine freedom.

There are several familiar ways to try (o
avoid this consequence that we lack freedom.
One is to suggest that perhaps the laws
governming the activity of our neurons are
statistical in character and allow for genuine
randomness, This suggestion by itsellis inad-
equate because it is perhaps equally ditficult
to reconcile freedom with randomness or
chance, A more common response is (o insist
that having freedom and responsibility is per-
fectly compatible with being determined at
the neurological level, Murphy and Brown
{professors of, respectively, philosophy and
psychology at Fuller Theological Seminary,
Pasadena, California) do not engage much
with this traditional debate between compati-
bilists and incompatibilists, Instead, they
focus on developing an alter-
native to the reductive view of
the mental. an alternative that
allows for top-down or emer-
gent causation, Get rid of the
reductive view of the mental,
and you get rid of the main
source of the worry that our
actions are determined by
laws of chemistry.

It 15 diffwcult mnally to
make sense ol emergent cau-
sation. Suppose that a mental
state or event M is realized by
some neural event N and we
want to say that M causes, say,
efferent nerve stimulation N*®. Presumably M
causes N* only because there 15 a lawtul con-
nection between ™ and N*. Butin that case itis
difficult to see what causal work M 1s doing.
We want a plausible altemative to the reductive
approach that avoids falling into some form of
epiphenomenalism. Murphy and Brown sug-
gest that complex systems can causally influ-
ence what bottom-level events occur by shap-
ing the conditions that trigger those events.
This suggestion has the advantage that it
makes emergent causation seem less mysteri-
ous, Statements of causal laws will typically
include some reference to the conditions under
which the law is operative, and it would seem
that structural features of a system might them-

BOOKSETAL

selves serve as conditions that influence com-
ponent, lower-level processes,

Murphy and Brown take their move away
from the reductive approach to involve some-
thing akin to a paradigm shift, They do not
engage in a detailed enticism of reductionist
views. Rather, they sketch in broad outline
wavs of thinking about cognition, motivation,
and language that are more in line with an
emergentist point of view. Thewr discussion 1s
rich in references to the relevamt empirical
research and a valuable resource for those
interested in the literature on emergentism.
The discussion is a bit one-sided at times, and
it would have benefited from a more rigorous
and charitable engagement with reductionist
views. Nevertheless, Did My Newrons Make
Me Do ft? 15 a micely written, engaging book
that makes a genuine contribution tothe grow-
ing literature on memal causanon,

10.11 26/ s ience. 1153 66F
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ECONOMICS

The Demography of Educational
Attainment and Economic Growth

Wolfgang Lutz,'* Jesus Crespo Cuaresma,? Warren Sanderson®

hen the world leaders convened in

New York in 2000 and solemnly

announced the United Nations
(UN.) Millennium  Development  Goals
(MDGs), the goal of universal primary educa-
tion by 2013 figured prominently. second only
to the reduction of extreme poverty and
hunger. Although the diminution of poverty
and hunger is a self~evident end in itself. put-
ting all children into school is a goal primanly
because it is believed 1o be the vehicle through
which the level of adult human capital is
improved, in turn enhancing individual well-
being, health, and economic growth., The
empirical basis for assuming an important
positive effect of education on economic
growth is, however, surprisingly weak. Al-
though it is well established that, at the indi-
vidual level, more years of schooling lead to
higher income. at the macroeconomic level,
the empincal evidence, so far, relating
changes in education measures to economic
growth has been ambiguous,

The MDG's foeus on universal primary
education has to be seen in the context of the
evolution of international concerns about
eradicating illiteracy with a series of well-
intended but “demographically illiterate™
and therefore unrealistic goals, which ulti-
mately failed. In 1990 at a historical confer-
ence i Jomuen (Thailand), 155 govern-
ments and 130 organizations issued a World
Declaration on Education for All that
included the prominent goal of reducing the
adult illiteracy rate to one-hall of its 1990
level by the vear 2000. From a demographic
perspective, it is clear that this goal is impos-
sible to achieve in poorly educated countries
if education is primarily concentrated in
young people, because it would take many
decades for the better-educated youngsters to
replace the illiterate adult population. Ten
viears later in Dakar, the international com-
munity, confronted with the failure of the

Wienna Institute of Demography (Austrian Academy of
Sciences), A-1040 Vienna, and World Population Pragram,
International Institute for Applied Systems Analysis (IHASA),
Schlossplatz 1, A-2361 Laxenburg, Austria. ?University of
Inmsbruck, A-6020 Innsbruck, and World Population
Program, IIASA. *Stony Brook University, Stony Brook, NY
11794, USA, and World Population Program, IIASA,

*Author for correspondence. E-mail: lulz@iiasa.ac.al

previous goals, chose to use an even more
unfortunate formulation of their goal,
namely, “increase the literacy rate by 50%.”
which. for countries that already had more

than 66.7% literacy, implied a goal of

more than 100%. To correct this evident
political innumeracy, the UN, Educational,
Scientific, and Cultural Organization
(UNESCO) later modified the goal to imply
a goal of 100% for countries that already had
66.7% literacy or more. Leaving aside the
fact that 100% literacy may be impossible to
reach tor any society, even this revised goal
tocuses on the stock of adult literacy withow
considering the cohorts involved.

The MDG's focus on enrollment in formal
primary education is related but somewhat
different from the earlier focus on literacy:
Literacy 1s a skill that. in principle. can also be
acquired outside the regular education system
and that can be lost again
(secondary illiteracy). In

trast tai 915“4“3'
contrast, once a certam .
" . . ; 0-94-
level of educanonal at-

tainment is reached, it can-
not be lost again through-
out the rest of our lives.
We will be able w keep
our doctorates even if our
skills serously degrade:
this property actually
makes educatonal attain-
ment distributions easier
to model because move-

Age (years)

W

Complementing primary education with
secondary education in broad segments of
the population is likely to give a strong boost
to economic growth.

tal is illustrated (see figure, below) along
cohort lines in the case of South Korea. The
advantages of this data set relative to others
{2-4) are its detail (four educational cate-
gories for 3-year age groups of men and
women), its consideration of differential mor-
tality, and its strict consistency of the defini-
tion of educational categories over time, The
age and education composition detail in our
new data allow us to perform more detailed
statistical analyses of the relation between
education and economic growth than can be
performed using preexisting data.

Previous cross-country economic growth
regressions tended to show that changes in
educational attainment are largely unrelated to
economic growth [for example. (3. 6)]. which
contradicts theory and microeconometric evi-
dence. Most of the hiterature in this held
attributes the existence of this puzzle to

Males Females

Population in thousands

ments can only go in one ?i'l"-l_ga-
-.hr':cn_nn. toward higher 3%;: P P
education. 80-84 -

Using the demographic = 5793

z v istate back  © 65-69- [
nmlhmjl of multistate h:n.k g S td.
projection, a group of re- g 23708
searchers at the Internat- < 45-49- i .
: s y 5 40-44- |
ional Institute for Applied ga:g: l-
Svatems Analysis (TASA) 25-29- Pz
and the Vienna Institute of '%E:ﬂ_ =
Demography (VID) has 2500 1500 500 500 1500 2500
recently completed a full Population in thousands
reconstruction of educa- i shication Primary WSecondary [ Tertiary

tional attainment distribu-
tions by age and sex for
120 countries for the vears
197020000 ¢ f). This im-
provement in human capi-

Reconstructing educational attainment. (Top) Age pyramid of South
Korea in 2000 with colors indicating different educational attainment cat-
egories, (Bottem) Reconstructed age pyramid of South Korea in 1970 with
colors indicating different educational attainment categories.
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deficiencies in the series of education data
(3. 4. 7). Also, averaging education attain-
ment data over longer horizons has led o
more consistent patterns (§), which highlights
the importance of measurement problems in
the previous data.

Using our new educational attainment data
by age groups, we estimated simple growth
regressions hased on S-year periods for a
panel of 101 countries for which all the neces-
sary economic and education data exist over
the period 1970-2000. It has a fair representa-
tionof all continents (). These new data allow
us to use the educaton levels of different age
groups as potential determinants of economig
growth, The results show consistently posi-
tive, statistically significant education effects
on economic growth for some age and edu-
cation groups (%) and hence. make the puz-
Zle disappear.

In our model. human capital by broad age
groups enters production both as differenn-
ated labor force inputs and through the
absorption rate of new technologies, which, in
turn, depends on the interaction between
human capital and distance to the technologi-
cal frontier [see (5) for a similar approach].
The effect of education on labor force partici-
pation is assumed to be specific to cach age
and education group and constant over ime.
The maodel is described, related to the litera-
ture, and justified in detail (9).

The implications of the results and the
value added by the new data set are illus-
trated by simulating four scenarios based on
estimated coefficients (see figure below.
table 51. and the discussion in the support-
ing online text). These four roughly resem-
ble alternative hypothetical education policy
strategies for a poor African country. In
these simulations, we focus on the fact that
economic growth is determined by the adop-

tion of new technologies, and that the size of

the effect depends on the income level of the
country under study. because countries that
are further away from the technology fron-
tier are able to profit more [in terms of Gross
Domestic Product (GDP) growth] from this
channel of the education-growth link.

The figure above presents the average
annual GDP growth rates corresponding
to different education level distributions.
Scenario | presents the reference case of a

country with a young age structure { 70% of

the population in the 15-to 40-year-old group
and 30% in the 40- to 65-year-old group). a
low starting level of income and investment
rate and the following educational structure:
half of the population without any formal
schooling, 40% with some primary and 1074
with at least completed junior secondary

22 FEBRUARY 2008 VOL 319 SCIENCE

50% no education
40% primary 1
10% sexondary

0% primary 3
10% secondary

Scenarios

50% primary
500 secondary -

50% no education
30%: primary
15% secondary
5% tertiary

0 F 4 (] 8
Annual GDP growth rate (%)

Annual GOP growth rates according to the four alterna-
tive educational attainment distributions (see text).

school {but no tertary education). The educa-
tion groups used in the analysis (no educa-
tion. primary. secondary. and tertiary) are
nonoverlapping. This roughly fits the demo-
graphic structure of some Latin American
and African countries in our sample, e.g..
Cuatemala, Honduras, Kenva, Rwanda or
Uganda. On the basis of the estimated model,
such a country would have rather slow eco-
nomic growth. Scenario 2 considers the oth-
erwise identical country under the hypotheti-
cal assumptions that it has for long met MDG
goal 2 and that the previously uneducated hal
of the adult population now has primary edu-
cation, This case would lead to somewhat
higher average growth of GDP. Scenario 3
considers a possible new MDG effort that
adds widespread secondary education (we
assume here 30% of the population achieving
at least some secondary schooling) to univer-
sal primary. The model simulations indicate
that this additional investment in secondary
education provides a huge boost to economic
growth. over five times the level of the base-
line seenario and also much more than in the
scenario of universal primary education alone.

Scenario 4 finally presents another possi-
ble direction of improvement from the base-
line { which somewhat resembles the case of
India). in which half’ of the population
remains without education although 3% have
tertiary education, 15% secondary, and 30%
primary. This case of elinst education in a
context with half of the population being
without any schooling does clearly better
than the baseline and even better than the
universal primary education (combined with
10% secondary and no tertiary ). but falls far
short of the economic growth implied by uni-
versal primary combined with 50% second-
ary and no tertiary education.

We compared these results with an

10 12 14

age-agoresated version of the HHTASA-
VID data and the widely used Barro-
Lee (2} data set, which has no age detail
(see table 82). The companison with the
full age-structured model gives evi-
dence of differences across age groups
in the effects of education on GDP
growth (table S 1), These results point to
the importance of the demographic
structure of human capital when assess-
ing the effect of education on economic
growih. The ITASA-VID data set is, as
of today, the only comprehensive data
set offering such demographic detail in
education figures.

These new lNndings have political
consequences for the next round of
defining international education goals
(10): The current MDG's focus on uni-
versal primary education is important but
insufficient, It needs to be complemented
with the goal of giving broad segments of the
population at least a completed junior second-
ary education. Only this is likely to give ini-
tially poor countries the human capital boost
that is necessary 1o bring large segments of the
population out of poverty. For more industrial-
1zed countries, tertiary education of younger
adults also is an important determinant of
economic growth,

In conclusion, better education does not
only lead to higher individual income but also
is a necessary (although not always sufficient)
precondition for long-term economic growth.
The fruits of investments in education need a
long time to ripen, w translate the education of
children into better human capital of the adult
labor force. Education is a long-term invest-
ment associated with near-term costs, but, in
the long run, it is one of the best investments
societies can make in their futures.
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CANCER

A Skin Cancer Virus?

Raphael P. Viscidi' and Keerti V. Shah?

s there a virus that causes

Merkel cell carcinoma. a rare
but aggressive skin cancer”?
Maybe. On page 1096 in this issue,
Feng er al. (1) describe Merkel
cell polvomavirus, a new human

virus that 1s associated with a par-
ticular neuroectodermal skin can-
cer that occurs primarnily in elderly
immunosuppressed individuals.
It may be the first example ol a
human cancer caused by a poly-
omavirus, a viral family whose

Goose PyY
- Avian Py 0
B o o
' § Merkel cell Pyv 1
“Mouse Iw' .

- -

Bovine PyV

association to other cancers has
been controversial.

Human polyomaviruses BRPyY
and JCPyV were discovered in
1971, and are common infectons
of the urinary tract. responsible,
respectively, for nephropathy in
kidney-transplant recipients and
progressive multifocal  leuko-
encephalopathy 1n immunosup-
pressed populations. Both viruses
are widespread and persist as
latent infections without causing
disease. However, in immuno-
compromised patients, they can become path-
ogenic, In 2007, the genomes of two addi-
tional human polvomaviruses, KIPyV and
WUPYV, were found by molecular sereening
of patients’ respiratory tract samples (2. 3).
but we know little about their epidemiology
and pathogenic potential.

Merkel cell carcinoma metastasizes quickly,
and like other types of skin cancer. 1ts inci-
dence is increasing worldwide. To investigate
whether this cancer may have an infectious
origin, Feng er al. constructed two expression
libraries, one from a single tumor and the
other from a pool of three twmors, and exam-
ined them by digital transcriptome subtrac-
tion. This method quickly reveals sequence
differences. and in this case. was used to
detect nonhuman sequences. In the library
from the single tumor, they found a transeript
corresponding to a fusion between a poly-
omavirus T antigen—like sequence and part of

!Department of Pediatrics, Johns Hopkins University School
of Medicine, Baltimore, MD 21287, USA. E-mail: riscidl
@jhmi.edu, ‘Department of Malecular Microbiology and
Immunalogy, Johns Hopkins Bloomberg School of Public
Health, Baltimore, MD 21205, USA. E-mail: kvshah@
jhsph.edu
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o
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Polyomaviruses. Aschematic representation of the evolutionary relationships
amang the animal and mammalian polyomaviruses. KI, WU, JC, BK, and
Merkel cell polyomaviruses infect humans. (Inset) Merkel cell carcinoma,
cytokeratin 20 staining; magnification =40 (1).

the coding sequence of a human receptor
tyrosine phosphatase gene on chromosome
3pl4.2. Using a variety of techniques and
additional wmor tissues, the authors then
identified the complete sequence of the viral
genome and showed that it was integrated into
tumor cell DNA in six of eight virus-positive
tumors, The patterns of integration observed
at different chromosomal sites suggest that
viral infection precedes clonal expansion of
the tumor cells. Ofthe four tumors sampled by
digital transcriptome subtraction, one had a
high copy number of transeripts containing
viral sequence.

To determine whether the polyomavirus
has a causal role in the development of Merkel
cell carcinoma, Feng ef al. analyzed tissue
samples from 10 patients with Merkel cell
carcinoma, and from 84 patients without
the cancer. Genomic sequences containing
Merkel cell polvomavinus were unequivocally
detected in tumors from 8 of 10 patients with
the carcinoma, as well as in a lymph node 1o
which the cancer had metastasized. from a
patent with a virus-positive tumor. None of
the 84 samples from patients without Merkel
cell carcimoma were unequivocally positive.

- Hq[nslgrfw -

Mouse pneumotropic PyV

Simian virus 40

High-throughput DNA sequencing has
identified a new human virus in a rare but
aggressive form of skin cancer,

Phylogenetic analysis reveals
deep evolutionary relationships
among the mammalian polyoma-
viruses (see the figure) (), and sup-
ports the existence of four clades
represented by mouse. bovine,
and simian’ human polyomaviruses

r {which includes BEPyW and JCPy V).
~and a separate clade formed by
the newly discovered KIPyV and
WUPyV. The latter three are sister
clades that share a common ances-
tor, and are distantly related to
the mouse polyomavirus clade.
Phy logenetically. Merkel cell poly-
omavirus falls within the mouse
polyoma clade and 1s most closely
related o the lyvmphotropic poly-
omavirus {(also known as African

green monkey polyomavirus) of

presumed simian onigin, Polyoma-
viruses are highly species-specific
and are believed to evolve in close
association with their host. The evo-
lutionary position of Merkel cell
polvomavirus calls into question this
concept and may indicate that host
switching can occur,

Polvomaviruses are oncogenic when inocu-
lated into expenmental ammals, and the viral
proteins expressed carly in the infectious cyele

initiate transformanoen and immortalizaton of
cultured cells. Therefore, the possible role of
BK and JC polyomaviruses in the etiology of

human tumors has been extensively investi-
gated, but the results have been inconclusive.

Is Merkel cell polvomavirus the “cause”™ of

Merkel cell carcinoma’? Merkel cell carcinoma
15 the first example of a human cancer in which
i polvomavirus genome is naturally integrated
into cellular DNA, the key event in experimen-
tal polvomavirus-induced animal tumors,
Mevertheless, a number of questions must
be answered before making any judgment
regarding causation. The two complete Merkel
cell polyomavirus genomes sequenced by
Feng et al. have truncating mutations in the
carboxyl terminus of the large T antigen open
reading frame. It is not clear whether the
encoded viral large T protein possesses the

transforming and immortalizing properties of

other polyomavirus larze T antigens, We also
don’t know whether viral oncoproteins are
expressed in all virus-positive tumors, The
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finding of viral genome imtegration imo the
host genome in this cutaneous cancer musi
also be reproducible in other studies. BK and
JC polyomaviruses are common infections of
childhood and are pathogenic only when they
are reactivated in immunosuppressed individ-
uals, Are Merkel cell polyomavirus infections
similarly related to the pathogenesis of a sub-

MATERIALS SCIENCE

set of Merkel cell carcinoma’! We need to leam
about the nawral history of Merkel cell poly-
omavirus infection in humans before we can
accurately assess its etiologic link to Merkel
cell carcinoma in the framework proposed by
Hill (5)—by examining virus-tumor associa-
tion for its strength, consistency, specificity,
plausibility, and temporality.

The Cutting Edge of Plasma Etching

Thorsten Lill' and Olivier Joubert?

lasma etching is the universal tool to

define high-resolution patterns in inte-

grated chip manufacturing. To create
structures in a chip, a pattern is formed ina pho-
toresist by lithography and then transferred into
the device materials by plasma etching. As the
industry approaches the ability to create micro-
circuit structures on the order of 20 nm, this
technology faces fresh challenges. To make
progress, we need to go back to the basic sci-
ence of how plasmas interact with surfaces.

Several trends are at work: First, circuit pat-
terns need to be accurate to within 1 nm and
below, within a single wafer and across several
wiatfers. Second, plasma etching is becoming
an integral part of pattern generation (using
lateral erosion of the lithographic photoresist
to improve resolution. for example). Third,
aspect ratios of the final structures (that is, the
ratio of length to width) are increasing dramat-
ically. Finally. the number of potential new
material candidates and their possible combi-
nations in future structures 1s exploding.

To meet these challenges, the range of
plasma densities and chemistries and the ion
encrgies that can be generated must be contin-
uously increased. Whereas the last decade was
mainly characterized by the search for the best
plasma sources for the different etch applica-
tions, the focus today is on making smaller
structures with extreme uniformity across the
waler. State-of-the-art etch reactors must
allow for perfect center-to-edge uniformity of
neutral atoms and ions in the plasma, and uni-
form wafer surface temperature for any
plasma regime that can be generated.

The other frontier of advanced etch reactor
development is the extension of the range of
usable ion energies. At one extreme, 1on ener-
gies are being extended to very low values—

IApplied Materials Inc., Santa Clara, CA 95054, USA.
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Centre Nationale de la Recherche Scientifique, 38054
Grenable, France. E-mail: thorsten_lill@amat.com
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In the trenches. The trench-like microstructures in
advanced dynamic random access memories reach
aspect ratios of 90 or more. This image shows
trenches with aspect ratios of 80:1. The Taipei 101
tower, scaled down to the trench width, would fit 10
times into this trench, On one waler, there are about
7 % 10" trenches with a combined length of 4000
km. Achieving the high precision and uniformity
required of such structures will demand better
understanding of how plasmas interact with surlaces.

for instance, tens of electron volts for high-k
(dielectric constant) materials etching. On
the other end of the ion energy spectrum,
high-aspect ratio oxide etching requires

extremely high ion energies (thousands of

electron volis). The introduction of novel
materials such as high-x dielectrics is also
driving the development of plasma etching at
elevated wafler temperatures.

Historically. there was a sharp dividing
line between reactors used for oxide etching
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Better etching methods for creating more
finely structured microcircuits will require
close attention to basic plasma physics and
surface chemistry.

on the one hand and reactors for silicon and
metal (conductor) etching on the other.
Process engineers have preferred capacitively
coupled plasmas (CCPs) for oxide etch. but
inductively coupled plasmas (ICPs) or elec-
tron cyclotron resonance (ECR) plasmas for
conductor etch. However, the lines are now
blurred and both types (CCP and ICP) can be
used for a variety of applications.

To create the various necessary micro-
structures, a new line of division is being
drawn: high-fidelity patterning for moderate
aspect ratios (up to 10:1), and etching with
very high aspect ratios (up to 100:1: see the
figure). The latter requires very high ion ener-
gies and is the domain of the CCP machines,
whereas the former is more suited for ICP

sactors. As a result, we have to better under-
stand the surface reaction mechanisms ocecur-
ring on the wafer and chamber walls dunng
plasma etch to select the right reactor for
each application.

As integrated cireuit manufacturers try to
differentiate their products, they compete by
using new materials and device designs.
Plasma etch is very much at the center of these
efforts. This trend requires very fast adapta-
tion of well-characterized fabrication pro-
cesses. In this context, understanding the
fundamentals of the etch mechanisms and
their correlations to key process parameters is
crucial. Each etch step must be charactenized
not only by etch rate and uniformity. but also
by more fundamental properties such as the
composition. thickness, and line-edge rough-
ness of the sidewall layers of the structure: the
chemical nature of etch by-products deposited
on the chamber walls (which atfects process
stability and reproducibility): the thickness of
the etch-front mixing layer (correlated 1o etch
rate and selectivities between layers): and the
impact of aspect ratio-dependent etching
phenomena, This systematic approach is
extremely critical as these reactors increase in
complexity and must handle an ever-increas-
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ing number of very specitic ewch applications,

Obtaining identical process performance
from one chamber to another (“chamber
matching™) and process repeatability are
quickly becoming the biggest challenge
for plasma etching. Because complex
microstructures contain a larger number of
thinner layers. the etch recipes contain multi-
ple short etch steps. The result is an increase
in the amount of time during which the reac-
tor is in a state of ransition from one pro-
cessing condition to the next. Advanced etch
recipes to pattern a transistor electrode con-
tain 3 to 10 steps with a total of 100 w 150
parameters. which demands repeatable step-
to-step transition,

In addition, chamber walls have an effect
on complex recipes with multiple steps and

chemistries, A deep knowledge of the coat-
ings formed on the chamber walls duning the
process and the capability to modily them is
needed to master this challenge (/). Because
of all the variables and tuning that can be
done, nearly perfect calibration is required.
When companies launch the final etch
process into mass manufacturing, process or
hardware changes 1o address matching issues
can be extremely costly. Achieving chamber
matching will enable the right choices to be
made at the beginning,

The evolution of plasma etching has reached
a point where the fine-tuning in hardware
design of the etch reactor and process parame-
ters must be always accompanied by a strong
understanding of the fundamentals. Plasma
etching should remain the universal patterning

PERSPECTIVES

tool in the foreseeable future as long as chame-
ber matching can be ensured. Plasma etching
i highly complex reactors might become sup-
plemented with some altemative means of pat-
terning—neutral beam etching, atomic layer
etching. and other methods are being dis-
cussed—but it 15 not likely that these technolo-
gies will become as universal in their capabili-
ties. The synergy of chemical and physical
etching is still the most versatile ool for pat-
terning of integrated chips (2).
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How to Move an Atom

Oscar Custance' and Seizo Maorita?

nowledge of the forces
required to lift up,
ull, or push objects
and building blocks is of fun-
damental importance in many
fields from engineering 1o
biotechnology (/). On page
1066 of this issue. Temes er al.
report measurements of the
vertical and lateral forces 1o
pull one of the smallest build-
ing blocks: a single atom (2).
They accomplished this task
by combining the two most
powerful techniques for inter-
acting with matter at the nano-
meter scale—scanning tunnel-
ing microscopy (STM) and
atomic force microscopy (AFM)—in a
single instrument.

In 19940, Eigler and Schweizer first assem-
bled a nanometer-scale structure, atom by
atom, on a surface (7). Following this feat. sai-
entists began to envision nanometer-scale
devices based on a few atoms and materials
engineered at the atomic scale, Important steps
toward these concepts have been accomplished
with STM: for example, scientists have studied
the initial states of “wiring” a single molecule

Inational Institute for Materials Science (NIMS), 1-2-1
Sengen, 305-0047 Tsukuba, |baraki, Japan. E-mail:
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Atomic manipulation. Using a sophisticated scanning probe imple-
mentation, Ternes ef af. determine how much lateral and vertical force
is required 1o pull an atom on a metallic surface and how these forces
are related to each other.

{4}, built a logic gate based on molecules (5),
and controlled chemical reactions at the atomic
level (). More recently. AFM has been used 1o
manipulate atoms at cryogenic temperatures
{7) and 1o create complex nanosiructures, one
atomm at a time, at room temperature (8),

The manipulation mechanisms have been
investigated with both technigues (9, /i), but
the lateral forces applied in atomic manipula-
tion experiments have not vet been measured
accurately. To address this issue, Ternes e al.
updated the STM built by D. M. Eigler with a
qPlus sensor (/). This scanning probe imple-
mentation is based on a small quartz wning
fork, with one of the prongs fixed and the
other bearing a sharp tip at its free end. The

An instrument that combines the strengths
of AFM and STM allows determination of the
forces required to move a single atom on a
surface,

free prong acts as a cantilever: variations in s
longitudinal bending can be detected by mea-
suring tiny piezoelectric currents produced
when the quartz deforms,

The authors operate the gPlus sensor
using the frequency modulation detection
method (12). They oscillate the free prong at
resonance, keeping the oscillation amplitude
constant. The presence of a force between tip
and surface produces a variation (Af) in the
resonant frequency of the prong, For suffi-
clently small oscillation amplitudes, Afis a
rough approximation of the tip-surface inter-
action force gradient [k, in (2)]. By recording
Afas a function of the tip-sample separation,
subtle tip-surface interacuon forces can be
quantified (/3. /4) by inverting the complex
mathematical expression that predicts the
behavior of AF(73). An interesting property
of the qPlus sensor is its elevated static stiff-
ness (k. the force required to bend the free

prong). with typical values 40 times that of

the stiffest silicon cantilevers commercially
available for AFM. These high £ values
enable the authors to reduce the oscillation
amplitude to a few tens of picometers: under
these conditions, the tunneling current flow-
ing between tip and surface can be reliably
measured simultaneously with Af.

The authors measure these magnitudes in
consecutive constant-height hne scans that get
progressively closer to the surface until they
reach the threshold for atomic manipulation,
and quantify the tip-surtace imeraction force in
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the wvertical direction along the line scan.
Integration of these forces over different tip-
height intervals provides the associated interac-
tion potential, and differentiation of this scalar
quantity with respect to the lateral tip displace-
ment allows estimation of the tp-surface lateral
forces, In this way, the authors can separately
assess the vertical and lateral threshold forces
associated with the atomic manipulation.

An unexpected result is that the lateral
force to pull a Co atom on a Pu 111) surface
seems to be independent of the vertical force
{(at least in the tip-surface distance range
explored by the authors), with a value that
remains almost constant. This behavior
enables Ternes er al. 1o compare the lateral
forces required to move the same atomic
species on other metallic substrates: they can
thus quantify friction at a single-atom scale.

Applving this approach to full images
instead of line profiles. the authors generated
maps of the tip-surface interaction potential.
These potential maps provide information
about the adsorption stability of the atom {or
mielecule) on the surface.

The work of Ternes et al. opens up new
avenues for investigations on nanostructuring
and studies of friction at the single-atom scale.
The possibility of combining the powerful
tools provided by STM and AFM in a single
instrument, and of correlating tip-surface
short-range chemical forces with simultane-
ous tunneling currents at the atomic and
molecular scale, opens a new dimension in
nanoscience that will bring exciting discover-
ies and technological achievements.
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ECONOMICS

Learning with Regret

Michael D. Cohen

n the 19705 and 19805, researchers in
economic psychology such as Herbert
Simon challenged the strong as-
sumption made by economic theorists
that individual decision-making is
purely rational. Economists responded
with vigorous new lines of work that
addressed many of these concerns.
Since then, experimental and behav-
ioral economics have fourished and
have been honored with the Nobel
Prizes awarded o Vernon Smith and
Daniel Kahneman. Recent advances in
psychology are raising new challenges to
economic assumptions. On page 1111 of this
issue. Marchiori and Warglien (/) open a fresh
avenue by which we can use models of neural
networks to understand how humans learn as
they make economic decisions.

Innovations in psvchological measure-
ment and theory are dramatically altering our
picture of how the mind works, and for eco-
nomics this means that long-held assump-
tions about decision-making processes may
once again be in ension with accumulating

psychological evidence (2. 3). The advent of

many types of brain-scanning devices, instru-
mentation at the level of single neurons. inex-
pensive hormonal assays, and many other
new techniques is propelling a rapid evolu-
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tion in our understanding of how human
beings formulate, carry out, and are changed
by their actions.

These developments present a second
wave of challenge for economic theory: how
o incorporate the essential elements of what
psvchology is revealing about the interaction
among habits. emotions, and choices, while
not sacrificing the parsimony and cumulation
that are valuable hallmarks of economic theo-
rizing. This tension energizes the newly emer-
vent field of neuroeconomics that bridges
the worlds of economics and contemporary
psvchology (4).

Marchiori and Warglien used neural net-
work models that incorporate “regret” to pre-
dict the outcomes of games plaved by humans,

Choices in economic games are predicted
better by models that look back at what might
have been, instead of looking forward to
maximum gain.

In this context, regret refers to the difference
between outcomes attained and the best
outcomes that might have been attained
it the actor had chosen differently. The
models’ predictions are based not on
conventional, forward-looking expec-
tations of zain, the notion so long at
the heart of economic theonzing. but
instead on the action propensities
that develop through a backward-
looking learming process that is
driven by regret.

This is an important step in the
development of a workable new synthe-
sis. Marchion and Warglien show that a
very simple, parameter-free model can do an
excellent jobof fitting the long-run tendencies
of players in 21 different economic gaming
experiments. Their approach extends a recent
emphasis on obtaining useful approximations
to actual choice behavior, which is a differem
zoal from the exact explication of neurologi-
cal mechanisms sought by psychologists (5).

In fact. Marchiori and Warglien tested
multiple models, including many that were
advantaged by having free parameters that
could be estimated from the data, Their sim-
ple parameter-free model fit the data on
game play better than almost all of the com-
peting models. In particular. it outper-
formed the classic Mash equilibrium predic-
tions (6) for mixed-strategy games—games
where a player maximizes payoll by enact-
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ing a sequence of moves, each of which is
random but with probabilities that should
optimize expected gains. These elegant the-
oretical results have long been known to
provide poor fits to laboratory data from
real players,

The success of their model is impressive,
but. as they point out, itis only part ofthe sig-
nificance of their results. The three best-per-
forming maodels are (1) a model drawn from
the previous literature known as Normalized
Fictitious Play (7). (i) the simplest Marchiori-
Warglien model. and (ii1) a variant of their
muodel with one free parameter. Although they
vary in how it is incorporated. all three are
regret-driven learning models.

To these results we can add others (&)
showing that a regret-based model can also
account for puzzling empirical patterns
in various forms of auction bidding, As
Marchiori and Warglien recognize, the supe-
rior fit of these regrei-based models aligns
very nicely with results from recemt neu-
ropsychological work, where studies of brain
activity  during  decision-making  have
pointed increasingly to the crucial role
plaved by brain areas implicated in feelings
of regret (V). In particular, regret involves
constructing a counterfactual image of what
the actor would have felt 1if he or she had
acted differently. Psychological subjects
with impaired abilities to construct such felt
counterfactuals—rfor example, hecause
of damage to brain areas such as the

orbitofrontal cortex—are observed 1o behave
quite differently from normal subjects in
cholce situations { [10).

Although the Marchiori-Warglien model
gives a central role to regret-driven learning
in making its successtul predictions, 1t is
important to recognize that the learning in
their model is an approximation of the learm-
ing dynamics of experimental players, just as
the regret is an approximation of the complex
teelings of success and failure experienced
by the players. The adaptive neural net struc-
ture used in their model converges toward its
stable propensities for long-run play fairly
quickly, generally n fewer iterations than
experimental subjects require, Thus, the data
on play that it fits least well are the cases
where subjects take the longest to stabilize
their patterns of play, Other models. typically
those based on more traditional reinforce-
ment learning. have been found to do better
at tracking the early stages of expernimental
play ( 3). But versions of those remforcement
models that were included in the present
work did less well overall than any of the
regret-driven models.

The great virtue of the parsimony and
rigor of economic theorizing is exactly that
improvements often accumulate rapidly.
Thus, the Marchiori-Warglien model may not
be the inal word in this development of psy-
chologically plausible approximations for
economic game play (/f). However, the
authors have made an important contribution

PERSPECTIVES

with their psychologically grounded insight
that regret-driven learning provides the best
approximating form to date for some of the
most recaleitrant economic laboratory data
that we have. And their use of a neural network
structure incorporating payofts has interesting
possibilities for generalization to other classes
of games. They have made a step that both
takes us forward and simultaneously helps o
define the road that lies ahead.
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Bioinspired Structural Materials

Christine Ortiz and Mary C. Boyce

he huge diversity of structural biologi-

cal materials that exist in nature, even

within a single species, and the com-
plexity, multifunctionality, and multiscale
nature of their structure-property relation-
ships has been studied extensively for decades
(/). Using materials available in the environ-
ment that typically exhibit poor macro-scale
mechanical properties (brittle biological
ceramics and compliant macromolecules),
they can achieve orders-of-magnitude in-
creases in strength and toughness: in many
cases. this "mechanical property amplifica-
tion™ oceurs in a nonadditive manner that goes
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beyond the simple composite rule of mixture
formulations. Synthetic structural materials
that take advantage of the mechanical design
principles found in nature could transform
many fields: e.g.. materials science, mechani-
cal and civil engineering, and aeronautics and
astronautics. Here., we highlight a few recent
developments in this area and summarize
unexplored opportunities for the future.
Bondererer al. [page 1069 of this issue (2]
have carried out the deliberate microstructural
design ofa multilayered alumina platelet-rein-
forced chitosan nanocomposite, inspired by
the inner nacreous layer of many seashells,
The alumina platelets possess higher ulumate
tensile strength than the aragonite platelets
found 1n nacre; this reflects a general design
concept, whereby the weak constituents found

Materials scientists are seeking to create
synthetic materials based on the mechanical
design principles found in biological materials
such as seashell nacre.

in nature are replaced with more advanced
synthetic engineered materials, with the goal
of producing structural composite materials
with mechanical properties that exceed both
those of nacre and those of state-of-the-art
svnthetic materials.

The thickness of the alumina plateles was
chosen to be similar to that found in nacre (~200
nanometers ). At such sub-micrometer thick-
nesses, the strength of brittle materials often
increases compared with the bulk matenal
because of the decreasing size and probability
of laws (7). The average platelet aspect ratio
was selected based on a classic composite shear
lag load transfer model (4): this critical length
maximizes the load transferred to the plaelet
while averting platelet fracture and instead
favors a failure mechanism of platelet pullout
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and matrix shear (as observed in nacre). The
authors also achieved excellent alignment and
dispersion of the platelets in the matrix up to
volume fractions of 0.2, using a colloidal-based
technigue. Tensile mechanical properties were
amplified in the composite matenal compared
to the chitosan matrix, and significant plasticity
wats retained, suggesting pathways for extensive
deformation of the matrix at these volume frac-
tions before platelet pullout. The authors have
thus created a material that 1s simultaneously

stifl, strong. and tough by via constituents of

approprate length scale and geometry, using
mechanical design principles derived from
nature. as well as achieving dispersion of the
reinforcing component in the matnx,

Podsiadlo and colleagues ( 5) have taken an
alternative approach in the design of’ a mont-
morillonite clay platelet—poly( vinyl alcohol )
matrix nacre-mimetic artificial nanocompos-

ite by focusing on tailoring the chemistry of

the platelet-matrix imterface to enhance load

transfer. Biolozical composites make use of
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Multiscale mechanical design principles of seashells. (A) Multi-
layered structure of the cross-section of California red abalone shell
(10). (B} Artificially colorized scanning electron microscopy (SEM)
image of the calcite-nacre junction region in a Trochus nilaticus shell
(). (C) Artificially colorized SEM image of a layer-to-layer spiral in
I. niloticus nacre. (D) (Left) Atomic force microscopy image of surface
nanograins on an individual nacre platelet from California red abalone
and {right} schematic of nanograin rotation under tension (13).
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Nacre platelet under tension

local chemistry, compositional gradients,
macromolecular supramolecular structure.
length scale effects, geometry, and other fac-
tors to design robust interfaces and inter-
phases that bond together different material
phases, even in the presence of water (6). In
the material prepared by Podsiadlo ef al. (4),
the platelets and matris exhibit extensive epi-
taxial hydrogen bonding, as well as cyelic
cross-linking. Gluteraldehyde treatment cre-
ated additional covalent acetal bridges be-
tween the matrix and platelets, and dramatic
increases in stiffness and strength were
achieved compared to the matrix material,

Another example of nacre-mimentc interfacial
design between structural elements in a nano-
composite has been reported by Tang er ol (7).
Here, an ionically bonded polyelectrolyte matrx
was used to mimic the high toughness exten-
sional “sawtooth™ macromolecular elastcity
profile due to sacrificial noncovalent bonding
observed expenmentally in the organic com-
ponent of nacre () and modeled theorencally
by Qi et al. (). This unique inter-
Facial property governs the adhe-
sive matrix behavior, thus con-
trolling and mitigating shear lag
load transfer to the aragonite
tablets, averting failure of both
the tablets and the organic adhe-
sive layers, and increasing ductil-
ity and energy dissipation.

Even in the limited context of
nacre, many design principles
remain 1o be explored. The abil-
ity to access a wide range of vol-
ume fractions of the reinforcing
component will enable addi-
tional design optimization in
terms of tatloring  stiffness,
strength, and toughness. Recent
theoretical models ( f0) and elec-
tron microscopy studies (/7] of
nacre have shown that additional
microstructural featres— platelet
laver offset. platelet surface
waviness, the Voronoi arrange-
ment of platelets in each plane,
and screw dislocations leading

< to large, interconnected laver-to-
e ¢+ layer spiral structures (see the
figure, panel C)and a tessellated
zigrag morphology—may all
play a role in the biomechani-
cal functionality.

The smaller and larger length
scale design principles of sca-
shells have receved less attention,
At the smaller length scales,
individual nacre platelets are
complex organic-inorganic com-

10 mm

posites with a unique sector structure; each sec-
tor possesses nanometer-sized surtice domains
or asperities (12, 13). Individual platelets can
exhibit considerable plasticity before fracture
upon penetration by an indenter (/2), and the
constituent surface “nanograins” can deform
and rotate under an applied tensile load (/.3)
{see the figure, panel D). In additon, there is a

complex three-dimensional distribution of

organic matnx components spatially within the
plane parallel to the nacre tablets ( /4).

At the larzer length scale of the shell (see
the Nigure. panel A). the multlayered struc-
ture, the prismatic calcite outer laver, integrity
of the calcite-nacre interface (see the higure,
panel B), confinement effects between the
layers, structure and property gradation

within and between lavers, and anisotropy of

the layers all work collectively to provide
enhanced mechanical performance,
Last, we have yet to fully understand and

take advantage of the inherent specificity of

natural mechanical desizn principles. For
example, multilavered armored fish scales
serve as protection from predatory penetrat-
ing impacts (/3), mussel byssal threads are
hysteretic yet resilient to larze strain deforma-
tion in order to mamtain adhesion to rocks in
the face of the pounding surl' ( F6). and graded
layer junctions in teeth resist catastrophic frac-
ture during mastcation (/7). Each of these
systems experiences, and has been designed
to endure, very different loading conditions in
their environment and during their function.
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Judah Folkman (1933-2008)

Douglas Hanahan' and Robert A. Weinherg?

udah Folkman died on 14 January 2008

en route to a scientific conference on

angiogenesis, the field he fathered and
championed. His loss has resonated through-
out the biomedical research community,
where he was celebrated for his boundless cre-
ativity. indefatigable optimism. a warm and
humble personality, inspirational teaching and
advocacy, and empathy as a clinician.

Trained m Harvard Medical School, Folk-
man had a remarkable intuition for organ biol-
ogzy. In the early 19605, while serving in the
LS. Navy and stationed ina laboratory investi-
gating blood substitutes, he began studying
(and observing limitations to) the growth of
explanted wimors, sowing seeds of inguiry that
led 1o his landmark 1971 theoretical paper in
which he proposed that mmors depend on the
active mduction and continuous growth of new
blood vessels (angiogenesis) to survive and
expand. He envisioned that such wmor-associ-
ated anglogenesis 15 not a passive physiological
response, but is regulated by specific factors.
He postulated that tumors express angiogene-
sis-inducing molecules, and that pharmacolog-
ical inhibitors of tumor angiogenesis could be
developed into useful drugs o treat human can-
cers. He subsequently substantiated early clues
that wumors were angiogenesis dependent and
developed mnovanve expenmental systems to
investigate the biology of angiogenesis.

In 1981, Folkman stepped down from his
position as surgeon-in-chief at Children’s
Hospital, Boston, to focus on angiogenesis
research. Since the late 1960s, he had sought
to identify the postulated regulatory factors
governing tumor angiogenesis, but the
task proved challenging. In 1984, his tcam
reported that a growth factor expressed by
tumaor cells—{fibroblast growth factor 2 { basic
fibroblast growth factor)—could induce
angiogenesis. Their work on purification and
bipassays set the stage for others to isolate
vascular endothelial growth factor { VEGF),
another potent {and more specific) angiogenic
protein, VEGF proved w be the same vascular
permeability factor discovered earlier by
Harold Dvorak. Folkman’s colleague at
Harvard Medical School.

Folkman’s frustration as a clinician with

"Department of Blochemistry and Biophysics, University of
Califomnia—S5an Francisco, San Francisco, CA 94143, USAL
E-mail: dh@biochem.ucsi.edu *Whitehead Institute—
Massachusetts Institute of Technology, Cambridge, MA
02142, USA.
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the madequacies of conventional cancer ther-
apies, and his conviction that blocking angio-
genesis would vield therapeutic benefit. led
him to focus increasingly on angiogenesis
inhibitors, beginning with the discovery in
1973 of an inhibitory activity in cartilage tis-
sue. This was followed by the demonstration
in 1982 that two cellular proteins, protamine
and platelet factor 4. could inhibit angio-
senesis, Later, buoved by Noél Bouck's
19891990 reports of a tumor-derived in-
hibitor, the protein thrombospondin-1, Folk-
man’s group discovered angiostatin (in 1994)
and endostatin (in 1997}, cleaved fragments
of plasminogen and type XVIII collagen,
respectively. These discover-
ies helped establish a princi-
ple that endogenous angio-
genesis inhibitors serve as
physiological modulators of
anglogenesis,

Folkmans contributions
and impact on the field are
impressive for their breadth.
Working with one of us,
he demonstrated in [989
that induction of wmor angio-
genesis was not a mere
consequence of oncogene-
induced hyperproliferation,
but rather a discrete event
occurring during multistage
tumorigenesis, subsequently
called“the angiogenic switch”
He and his colleagues con-
ceived of a new way o use cytotoxic
chemotherapy to mhibit angiogenesis involv-
ing a low-dose “metronomic™ regimen that is
now showing encouraging results in clinical
trials. The notion of continuous, rather than
bolus, drug delivery had its roots in another
Folkman innovation. In the 1960s, he recog-

nized the need for continuous delivery of

steroids and performed studies with silicone-
tube implants that led 1o timed-release implant
technology for birth-control drugs. These are
but examples of a remarkable set of accom-
plishments.

Folkman's passionate advocacy was not
always evenly counterbalanced by the scien-
tist’s healthy skepticism. Thus, although his
discovenes of endostatin and angiostatin were
clearly important scientific achievements,
they have not yet proven to be the break-
through drugs he envisioned. Inspired by a

PERSPECTIVES

An innovative and inspirational pioneer in the
field of angiogenesis research and its medical
applications is rememberead,

provocative study from Folkman’s lab on their
effects in twmor-bearing mice, James D.
Watson proclaimed in an unguarded moment
that “Judah is going to cure cancer in two
vears.” Watson, already a legend for his broad
impact on the development of modern biol-
ogy. saw his prediction emblazoned on the
front page of the New York Times in May 19958,
creating a firestorm. Folkman was suddenly in
the public eve. on prime-time TV, and in major
news magazines, explaining his theories about
angiogenesis and cancer and the potential
therapeutic benefits of angiogenesis in-
hibitors, This publicity produced great expec-
tations to provide these new miracle drugs
patients. Delivering on their
promise, however, has not been
straightforward. Although angio-
statin and endostatin have evi-
dent acuvity as anti-angiogenic
agents, neither showed substan-
tial benefit in early-phase clini-
cal trials. Regrentably, the drugs
proved expensive to produce
and their clinical development
was shelved largely for eco-
nomic¢ considerations, without
their therapeutic efficacy being
fully tested. Interestingly, how-
ever, a formulation of endo-
statin has been approved for
treating Jung cancer in China,
suggesting its potential. Folk-
man remained an optimistic
advocate of endostatin’s pro-
spects, and his vision may yet be realized.
Folkman deeply believed that angiogen-
esis inhibitors would come to occupy an
important place in the treatment of cancer
and other diseases with angiogenic etiolo-
gies, Recently, three drugs that inhibit
VEGF signaling were approved for treating
certain cancers. and two more for angio-
genic macular degeneration. Their demon-
strable but often transitory efficacy repre-
sents important proofs of concept. Dozens
of other angiogenesis inhibitors are in the
drug pipeline, with prospects to further
improve clinical responses. The benefits of
anti-angiogenic therapy—and more will
surely come—will serve as an enduring
testament to Folkman’s legacy as an inno-
vator and inspiration for the future of
angiogenesis research.
10.1126/science. 1156080
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Nuclear Coupling and Polarization
in Molecular Transport Junctions:
Beyond Tunneling to Function

Michael Galperin,® Mark A. Ratner,® Abraham Nitzan,® Alessandro Troisi®

Much current experimental research on transport in molecular junctions focuses on finite
voltages, where substantial polarization-induced nonlinearities may result in technologically
relevant device-type responses. Because molecules have strong polarization responses to changing
charge state or external field, molecules isolated between electrodes can show strongly nonlinear
current-voltage responses. For small applied voltages (up to 0.3 volt), weak interaction between
transporting electrons and molecular vibrations provides the basis for inelastic electron tunneling
spectroscopy. At higher voltages and for certain time scale regimes, strong coupling effects occur,
including Coulomb blockade, negative differential resistance, dynamical switching and switching
noise, current hysteresis, heating, and chemical reactions. We discuss a general picture for such

phenomena that arise from charging, strong correlation, and polarization (electronic and
vibrational) effects in the molecule and at the interface,

lectronic conduction in the single-particle

or single-molecule limit can kead o more

comples behavior than can be seen in
bulk transport systems. Some effects anise from
the small number of electrons passing through the
molecules; for example, the charging of a mol-
ceule by a single electron can give nse o a
steplike Coulomb blockade behavior in the cur-
rent, J, measured as a function of source/drain
voltage, 15, Molecular transport junctions (MJs),
i which electrons move through molecules un-
der voliage bias, can show siriking nonlinear
effects, such as negative differential resistance
(drops in f with increasaing 1) and single-molecule
switching accompanied by hysteresis. Many of
the most interesting experiments in malecular
electronics (ME) require understanding bevond
the simplest picture of MJ transport, the limit of
coherent wnneling [recently overviewed by two
of us ()], This is the lmit of very weak cou-
pling between the tansporting charge and the
polarization caused by the molecular and envi-
rommental vibrational and clectronic degrees of
freedom that can interact with the moving charge,
In this regime, the clectron docs not charge the
molecule (that 15, the energy levels do not re-
organizc) but wses unoccupied energy levels w
assist the wnneling process,

In this overview, we explore the more coms-
ple, exciting work in MJs focused on the energy
regime in which the molecular intemal degroes of
frecdom become involved. This strong vibration-
al or electronic coupling regime is accessed al
higher driving voliage. We can think abowt these
two regimes i emms of how much interaction
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Energy

Fig. 1. (A} Energy diagram for an unbiased junction, with
occupied electronic states in the electrodes in brown and
molecular levels as sharp lines. (B) A voltage V is applied
across the source-drain, but still the molecular levels are not

necring work by Kuhn and co-workers (5) that
measured currents through adsorbed molecular
lavers on metals and semiconductors, imtroduced
the idea of molecular conduction, New assembly
technigues for preparing controlled molecular ad-
layers allowed fabrication of structures on which
conductance could be measured (6-8), Devel-
opment of scanning probe microscopy  tumed
ME, and conductance spectroscopy in particular,
imo scientilically legitimate fields. A major carly
breakthrough was the invention of scanning wnnel-
ing microscopy (STM) (9) 1o examine conduct-
ance chamctenistics of single adsorbed molecules
(1, 1h. Later developments include mochanical
{4245} and electrochemical (16, 1 7) break junc-
tions, allowing the melusion of a gate clectrode.

Diagrams like those n Fig. 1 are oflen used 1o
discuss M transport qualitatively (8, T80, In these
one-clectron energy-level diagrams, the single-
clectron energies shown should not be confused
with molecular state energies. Molecules have a
finite number of clectrons and show substantial
charge interaction ¢ffects both in the purely elec-
tromic states and in the vibrational-
electronic (vibronic) manifolds.
Energies of the fonmier molecular
orbitals, the highest occupicd and
the lowest unoccupied molecular
orbital (HOMO and LUMO, respoc-
tively), can change by more than
I eV upon charging, even withou
notable geometry changes (unlike
the simpler wnneling cased. Such
changes arise from electron nterae-
tioas within the molecule. Coulomb
interactions make these one-clectron
energies dependent on total electron
count i1, thus,

in electronic resonance, because AEg is still large.

the tunneling clectron is allowed o have with the
molecular and environmental vibrations and elec-
tronic polarization, that is, the exient of coupling.

Almost 2 decades ago, Yablonovich (2) pointed
out that, when electron transport changes the
charge state of a molecule, the vibration cou-
pling caused by the new potential could be so
stromg that it could lead 10 bond breaking, thus
obviaimg any applications in clectromic devices,
In fact, harnessing electronic changes 1o access
vibrational motion cnriches the paletie of possible
transpon behaviors, including unusual switching
and memory regimes, and provides an ininnsic
scientific challenge as well as possible single-
molecule device function.  Indeed, MJ sclence
might be scen as now linishing chapter 1 (devoted
1o establishing methods and investigating the sim-
plest siwation of coherent wnneling trspon) and
entering chapter 2 (examining richer phenomena
invelving nonlingar manspon, charging, vibronic
ellcets, switching, and spectroscopy).

Early theoretical speculations considering the
use of single molecules as circuit elements (3)
and cven as extendad architectures (4), and pio-

g =gy(n) (1)
and Fig. 1 must be inerpreted quite carefully,
because the energics will change upon charging.
Early work on MJs focused on the regime
(/, 20 where the two levels coresponding to the
HOMO and LUMC in Fig. 1 remain far above and
below the relevam Fermi energics ol the clectrodes.
I thant case, molocular charging docs not take place,
tanspor occurs i a coberent wnncling regime
assisted by the molecular levels, and the moleculke
Just acts as a wnnckng bamier, This is the Landauer-
Imary (L-1) regime 1 27). Adthough the measuraments
discussed here are steady-state type, relative time
scales, associated with imporant cnergy parm-
elers, play a decisive role in chamcterizing trans-
port regimes. The injection gap, Al determines
the wnneling waversal time, 1, ~ MAEG in oll-
resonance situations (221, whereas the speciral
demsiy, 1, is related o the molecule-metal coupling
and determines, in the absence ol nuclear distor-
tions, the tume, AT, spent by an clectron on the
molecule belore escaping into the metal leads,
Vibronic coupling eflects arc strong when the
time spent by the electron on the brdge is long
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enough for the charge 1o interact with the nuclear
dynamics. A criterion for the weak coupling limit

is given by M/ I.ll.-"iﬁ'fi +(F/2)% << 1, where
M is the vibronic coupling. Then the clectron is
trnsponed oo apidly for it o inlerac signil-
icanily with vibrations, and inclastic tunncling
can be treated as a weak perurbation. In the op-
posite limit of strong coupling, such perturbative
treatment breaks down, As applied volage in-
creases, the effective Afg decreascs, so an entire-
Iy new experimental regime, involving important
vibronic elfocts, becomes available.

A General Model

Conductance speciroscopy (current'voliage mea-
surement) depends on geometry, energy levels
and interaction strengths, and effects of the ex-
termal thermal bath. Molecular levels have dis-
crete MO encrgics, wheneas the clectrodes are
macroscopic, with continuous densities of stales,
An appropriate understanding of tmnsport be-
havior requires treating the (nonequilibrium) dy-
namics of the molecule between clectrodes with
different chemical potentials.

To fully describe transport in Mls, we musl
understand the electrodes, the molecular vibronic
structure and response, possible optical excita-
tions, geometrie changes, and thermal effeets. To
clanfy where these anse, we use a crude phe-
nomenological model Hamiltonian to deseribe the
molecule, the leads, and their interaction;

H = Hyor + Higap + T (2)
The molecular Hamiltonian, Hysop. describes the
molecular electrons (fg), vibmtions (£,q), and
their interaction, Hg.p:

oL = Ha + Has + Haevin (3)

The electronic part is a sum of free electron and
electronic correlation werms:

Hg= Er,rq L (carrefations) (4)
!

with s the number of electrons in encray level £
The Hamiltonian H, 5 deseribes harmonic vie
brations on the molecule, and the vibronic mix-
g (M) term can be written

Ha-vip = E A .I‘:F 0 (5)
[4

with M}" as the vibronic coupling strength, »y as
the numberofelectrons in the level, and (2, as the
dimensionless normal coordinate displacement.
The form of Eq. 5 assumes that the most
important vibronic interaction anses from a shifl
in the oscillator equilibium poim that is pro-
portional o the level occupation,

Both the term Hygap and the maolecule-
clectrode interaction are represented simply,
ignoring interelectronic repulsion and retaining
only site energy and neighbor wnneling terms
(Hiickel-type or tight-binding model),

This minimal description can be supplemented
by the imeractions between mokecular vibrations
and the thenmal environment, the vibational an-
hamonicity, the possible role of photons or
excions, and the clectron-clectron interactions.
Different behavior regimes determined by these
parameters can be accessed by changing junction
condiions, including applicd voltage bias, gale
potential, and structural pattems of the molecule,

Most electron trmmser (ET) theories for mokec-
ular svstems, and much M) modeling, ignore the
effect of chectonic comelations except in 4 men-
fickd approximation, Even within the Jatier, differ-
ent molecubr charge states will Tave  differan
encray levels, lgnoring clectron conelations can
lead 10 confusion and maccuracics bocause they
can couse important energy shilis upon charging
(see below). The electron-vibrnon micracton (Eq.
5) mives mse 1o comehition betwemn electron and
nuclear dynamics. These two interactions provide
the broad spectrum of behaviors discussed here,

The most powerful deseription ol tmnsport
in Mls is given by the nonequilibrium Greens
function (NEGF) fomalism (23, 24 (although
simpler deseriptions such as scattering theory
may be uselul close to equilibrium). In this for-
malism, terms known as “self-energics™ are used
to describe the effects on a particular system, in
this case the molecule, of imeractions (both
imtemal, such as anharmonicities and ¢electron-
electron interactions, and external, interactions
with the environment in which the molecule is
found) that are not included in the system de-
scription. These self=energies have dincet spee-
toscopic manifestations, appearing as a shifl
(rcal part of the self-cnergy) and broadening
{imaginary pan, sometimes called spectral den-

REVIEW

Coulomb blockade regime (/4. 25-27) in
which coherence batween the charge motion
from the keft electrode to the molecule and that
from the molecule to the right clectrode is lost,
rate equation approaches arce uselul [ we think
of the molecule as a quantum dot, this is the
Coulomb blockade (27) limit in mesosopic
structures ). These ane also complicated, because
the antire Fock space on the molecule (that is, all
the possible excitations and populations) may be
accessed (26), In the inclastic electron winneling
spectroscopy (IETS) regime, the vibronic cou-
pling Fopp is & weak penurbation on the elastic
scatening piclure,

Weak Polarization Effects:

Inelastic Tunneling Spectroscopy

In Mls, optical spectroscopy is not yvet used as
a standard ool for several reasons. Injecting
light into a small gap between metallic leads is
difficult, and the sample can be as small as a
single molecule, implving small signal-to-noise
rtio, Nuclear dynamics effects are usually de-
duced from the vibrtional structure in tunneling
spectra. This structure s associated with Mg,
and Hg.p in Eq. 3: the former represents the
molecular vibrmations, whereas the batter refers 1o
the charge-state dependence of the equilibrium
molecular geomatry, [ETS appears as a small
correction to the ransmittance in the L-1 regime,
arising from small modifications 1o the trans-
mitlance associated with molecular vibrations
when the tunneling oceurs far from an clectronic
resonance: Essentially, the moving charge has
no Hme W interact with the nuclear polarnzation
(but it uses a new, inelmstic, channel imparting
energy 1o the vibrations),

A a1k

d\F
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Fig. 2. The expected IETS behavior as the voltage V.y is increased though a vibrational resonance.

sity) of molecular encrgy levels. In addition, the

environmental self-enerzies determine Muxes of

enengy and particles into and out of the system,
The need 1o evaluate these self-energics leads 10
difficult theoretical problems, best analyeed in
model systems and generally not yet numerical-
Iy approachable for realistic junctions,

In the L-1 limit, the inequality Afg = T ==
kT (where kg 1s Boltzmann's constant and T is
temperature) holds, and the effect of vibronic
coupling is small. The Landauer formula (Eq. 6
below) s then uselul if electronie correlations
can be disregarded. For smaller I and'or aster
thenmal relaxation, we approach the so-called

Initial observations of IETS in M) were ob-
tained in STM structures (28). Other testbeds,
involving molecular adlayers, were then studied,
and true single-molecule junctions have been
investigated by using IETS (29-37). As Fig. 2
demonstrates, for bias enerzy ¢y less than the
vibrational energy frn, the twnneling is elastic.
Above a threshold where flin = ey, the trans-
porting electron can deposit fo on the molecule.
A socond inclaste channel could then open, in
addition 1o the clastic one, The cross section for
such an exciation 1s very small because the
clectron traversal ume (~fi/AEG) 15 much smaller
than the oscillator period. One expects such a
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threshold for cach normal coordinate of the
maolecule, unless propensity rules limit such ex-
citation (see below),

The expectation for what one would see on
the basis of a simple channel addition model is
shown in Fig, 2. The change caused by the
opening of the vibrational resonance channel w
Vg = Mo are usually not visible because the
cross seclion 15 so small, Such changes can,
however, be observed as reproducible features
in the second derivative o 1d V" plotted against
Fea These Reatures are usually peaks, indicating
increase in tmnsmission upon opening ol a
vibrational channel, but dips, that is, negative
peaks, resulting from interference between the
elastic and mnelastic vansmission are somelimes
observed as well. A plot of :F.’-‘;H’,dz viersus Py
is refemed 1o as the IETS spectrum. Experimen-
tal measurcments made in a crosswine junction al
9 K are shown in Fig. 3,

Elegant theorcuical approaches 1o [ETS
(32-37) include some that deal with a cornect
analysis of the line shapes (38, 39) rather than
simply assuming that the elastic and inclastic
channels are additive (the basis for Fig. 2), The
weakness of the spectrum suggests use of per-
turbation theory, which has reproduced experi-
ments well (40), and allows data interpretation,
The L-1 coherent conductance, g, is

g =2 /h Tirtaric (6)

(G)' =E - H+ (/2T (7)
where T® and T'% are spectral densities in the
right and left clectrodes, respectively, whereas
is the (retarded) Green's function, with # the
system Hamilionian, Using a normal-coordinate
expansion and standard DFT caleculations, we
can compute the conductance of the inclastic
channel {and the 1ETS spectrum). Propensity
rules for [ETS can be also be derived, but unlike
selection rules for Raman or infrared speciros-
copy these rules do not arise from the symmeiry
properies of the light-matier interaction. Rather,
the rules follow lrom invarance propertics of
the Greens lunction matnx, and some argu-
ments about intensitics are expected  along
particular pathways (47-43). They are helpful
in assigning spectm, discerning chemical reac-
tions in the junction, obtaining a pathway
description for tunneling, and finding  the
zeometry in MJs,

Because IETS measurements are sensitive to
molecular geometry and charge (42, 43), they
might help understand processes outside the L-1
regime, in particular when charge on the mol-
ccule changes with applied voltage (where strong
electron-vibration coupling can also lead w0 new
functional propertics),

Strong Polarization Effects
IETS is the most useful, reliable charactenization
tool available today for Mls. Other important

phenomena are associated (44) with polarzation
ieractions in junctions:

1} Resonance inelastic clectron tunneling
spectoscopy (RIETS) is related to the standard
IETS just as resonance Raman scattering is relaed
o Raman scattering. Whereas the nonmal, weak
coupling processes provide information about the
ground molecular state, their resonance counter-
pars ae sensitive w0 vibrational structure and mo-
tion in the excited state (for Raman scattering)
or the intermediate molecular ion (in MJs).

2) Swong vibronic and polarization inter-
actions are implicated in charging phenomena,
Charging coupled o nuclear motion can lead 10
nonlincar phenomena, such as bistability, hys-
tercsis, switching, and negative dilferential resist-
ance (NDR), that pertain o junction functionality.
The coupling of change in electronic charge dis-
tribution with response of the nuclear configura-

0.0

tive to vacuum is simikr 1o the molecular ionia-
tion energy (lor hole imjection) o electron aflinity
(for clectron njoction), often expressed In sim-
plificd discussions as HOMO and LUMO ener-
gies. A tansient intenediate molecular ion fomis
and may be stabilized by clecronic or nuchear
polarzation of the environment (image or polaron
formation), The vibrational stucture of the tmnsicent
pobuon may then appear in the melastic signal as
satellitc peaks (sidebands) in the conductance-
volage plot near the conduction threshold, For this
structure o be resolved, another inequality, oy =
172 (where gy is the relevant vibrational fre-
quency), must be satishied between the system
time and energy scales, These satellite peaks are
expected (and seen) in the conduction spectrum
rather than in o?//dV3, (as in IETS).

Vibwentic interactions and charging plenomena.
Interest in Ms stems partly from functionalities
such as rechification, switching, and
addressable memory. Change of re-
dox state has boen offered as an

o =
n n

(d*11dV3)i(difaV) (V')
[=]
=]

Wave numbers (cm'')

Fig. 3. Experimental (black) and computed (red) IETS spectra
for the molecule in the inset, with modes specified as
coupled to o or = type tunneling. Blue lines indicate the
computed frequency and IETS intensity of the individual

maodes [from (43]].

tion dominates molecular ET. The difference in
MJs is that the initial and linal charging states are
nonegquilibium  mspects of the cument-camying
Junction,

3) Strong vibronic interactions can lead to
strong junction heating. Generated heat can be
carricd away by both phonons and clectrons.,
Heat generation and dissipation on the molec-

ular scale are therefore important aspects of

overall junction operation,

4y Aflecting molecular configuration changes
and reactivity, by the combined elfects of strong
fichd and electonic curent in a M), & another po-
tentially important application of such junctions,

Such issucs constitute some of the fromtline
problems in studies of Mls. Here, we brefly
overview thelr present status,

RIETS, Under electronic resonance tunncling
conditions, the imjection encrzy measured rela-

underdying cause for such behaviors,
supported by experimental observa-
tions (43 -49). Mechanisms and dy-
namics of such transitions are still
under discussion, It is clear that nuclear
motion and cectron-phonon coupling
are strongly involved, As in ET reac-
tions, nuclear motion is not merely a
consequence of redox state change,
Rather. this transition is a cooperative
vibronic process. In a mean feld
madel (50), such multistability results
from positive [eadback: Formation of
the transient molecular ion polarizes
the clectronic and the nuclear envi-
ronments and funher drives and sia-
bilizes jon formation. The resulting
steady state in the junction leads o a
sell-consistency  condition in which
the population of the MO and its en-
eregy are imerdependent: The orbital
energy is shified by polaron forma-
tion by an amouni that depends on
its electronic population n. The self-
consistency condition allows for multistability
propertics.

Whether this mulustability can lead 10 hys-
teresis behavior and memory clfccts as sug-
gested 1o (C30) or o intenmitient noise associed
with tramsitions between two locally stable states
as discussed in (54, 32) is an ssue of relative
time scales: the observation time versus the mte
of transitions between locally stable siates, as is
evident in the experimental results (33) dis-
played in Fig. 4. This polarization mechanism
may also cause NDR phenomena (4831, again
depending on relative time scales (54, 55). Ex-
perimental observations have not yer lfully
comverged, For example, the predicted depen-
dence on gate potential (37 is a central ob-
servation m (8, 49 but s far less evidemt n
{56}, The model of (31) suggests a vibronic and
electronic polansntion orgin (57) of observed
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Fig. 4. Dynamics of /Vsp switching response of bipyridyl-dinitro oligo-
phenylene ethynylene dithiol (EPDN-DT}) molecules between geld con-
tacts (53). (A} The voltage is changed relatively slowly, and bistability
gives rise to telegraphic switching noise. When voltage changes more
rapidly (B), bistability is manifested by hysteretic behavior. {C) The locally

charging transitions in redox Mls but is oo
simple 1o account quantitatively tor the I} be-
havior, a simple model comparson s shown in
Fig. 5. Other mechanisms, for example, modu-
lation of the molecule-lead bonding (56, $8), may
also lead 1w switching and bistability phenome-
na. These switching mechanians rely on mo-
lecular polarzation, in shap contrast o waditional
semiconductor voltage-gated switching.

Heating and heat comdnction, The combina-
tion of small molecular heat capacity and in-
efficient heat transfer away from the junction
{2} might afTect the suability and integnty of
MJls operating outside the L-1 regime. New
work aims 1o assess both heat conduction and
lCrmperalure rise in a curreni-carrying junction.
When heat transport is dominated by phonons,
one can derive (in the harmonic approxima-
tion) a Landaver-type equation for the heat cur-
rent. Such expressions were used 10 analyaze heat
conduction propenics of alkanes, predicting in-
teresting dependence on molecular chain length
(59,

The temperature rise in MJs is

determined by the balance between A
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may be observed.

cluding shon-range forces exented by a tip used
to push atoms, long-range clectrostatic forces
from the imposed potential bias, and lorees asso-
ciated with the ransporting current. The ultimate
result of alfecting chemical change depends on
the balance between pumping energy into mo-
lecular honds and dissipation of this excess
energy.

New Horizons
Although IETS has been under study Tor nearly
a decade and the above discussion may be
considered a report on work In progress, we
now reflect on several unrelated) ssues that we
expect 1o become prominent in M) research.
Understanding elecironic correlations. Such
phenomena as Coulomb blockade and Kondo
resonances arise from strong clectronic cor-

relations that are beyond the applicability of

mean-field models. Even image effects, reflect-
ing corrclations between wunneling clectrons and
clectrons in the metal leads, are difficult 1o de-

heat dissipation and conduction raies.
Cieneral theories address this balance,
but application to reahsic junction
models 15 prohibitively complex.
Simple models (39) show two cross-
over transitions. The list occurs
when the bias maiches the frequency
{eVy = g ) and vibrational excita-
tion becomes possible. The second
occurs when the voltage pemmits elec-

tronic resonance. Observations per-
taining o thermal transport propertics
of molecular junctions have been ne-
cently published (60-6.7),
Crirrent-mrlraced meacons (04, 63),
Contormational changes and chem-
ical reactions can originate from
forees exerted on the molecule, in-

20
V()

25

stable solutions of the equilibrium self-consistent relation (50) between
the energy and population of the molecular level of Fig. 1. Multistability
caused by polarization of the environment by the molecular charge sug-
gests that hysteresis, switching behavior, and telegraph-type fluctuations

seribe propedy (66), Computational effors toward
improving this have been reported (67). Kondo-
assisted injection might advance organic photo-
voltaics, and Coulomb blockade structures could
lead 10 single-molecule memorics,

Nevise i moleclar functions. Noise has been
extensively studied in mesoscopic conductors
(68), and applications in MJs have been dis-
cussed (69-74). Noise measurements can be
uselul, for example, for determining the numbser
of channels that contribute 1o tmnspon and for
cstimating junction coupling parmmeters such as
the electron/vibmation coupling strength and the
relative sizes of T, the inverse clectron lifetime,

al the two clectrodes (720, Dilferent mspects of

the effect of vibronic coupling on the curent
noise have been studied [sec ( 75) and references
therein|. Furiher progress awails a sysiematic
expenmental siudy of this issue.

Hlwnsinesion effecis and function specimscopm.
The slow inroduction of junction spectroscopy
in ME can be undersiood by the unfavorable ge-

Molecular
level
/ £
ﬁEW
Polaron
level
Energy
Electrodes —

Fig. 5. (A) Observed (48) (dots) and calculated (in the simple polarization model, solid lines) NDR behavior.
(B} How NDR can occur. Raising the voltage permits charging of the LUMO level, that subsequently is reduced
in energy by vibronic and electronic polarization. When the total polarization energy, AEp,, is large enough,
the level energy drops below the leads chemical potentials, and (at low T) the current drops sharply. At higher T,
the line broadens and shifts to lower voltage, because of thermal broadening of Eg.
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ometry, where the molecule (or molecular layver)
15 located in a gap of molecular dimension be-
tween two essentially macroscopic leads. Recent
reports using light to switch Mls (76-82) indi-
cate that this barrier can be overcome, Indead,
light emission from biased STM junctions can
be detected, and although most of the observa-
tions are associated with cmission by metal plas-
mons there are some observations of molecular
cmission, Junction spectroscopy may  thus be-
come an imponant new avenue ol rescarch in
ME, and the essential proximity of metal and'or
semiconductor structunes suggests a possible con-
nection with plasmonics,

Accurate compuitation of transport belador,
As mentioned several nmes, strightforward quan-
titative computational methods (at the mean-

field levely are available in the L-1 regime of

clastic wnneling and for IETS (Fig. 3). When
polarization, photonic, or comelation cllects are
present, only model calculations are avalable
today (such as those vielding the computational
results of Figs. 4 and 53 A challenging theoret-
ical problem is extension of these formual tech-
niques 1o allow accurate numercal predictions.

The theoratical constructs and modeling dis-
cussed here suggests exciting experimental chal-
lenges, including charmctenzing single-molecule
switching and its dvnamics, noise and heating
measurcments, higher-order transport phenome-
na such as Secbeck coeflicients (83) or thermo-
prower, and spectroscopy (Raman or optical) in
Mls, Many of these arise from the polanzation
behavior charmeteristic of molecules imuch more
than in most semiconductors). In panicular, single-
molecule switching {at the =l-nm scale, well
beyvond current integrated  circuit scaling) can
occur via vibronic mechanisms that are wially
dilferent from the ficld-effect ransistor switch-
ing. In sharp contrast to the L-1 regime [in which
siochastic switching arises from geometry mod-
ulations at the contacts (84, A3)], in these vibronic
siluations switching, charging, and polarization
mechanisms provide hugely varying conduciance
propertics among diffcrent molecules,

The vibronic and clectronic polarization
elftcts discissed quite carly (7)) as possible show-
stoppers for ME acually can provide  single-
molecule switching (Fig. 41, with use of only
two clectrodes. This is based on polarization and
oxidation state change, as opposed o the voli-
age modification in wadiional complementary
metal-oxide semiconductor circuiiry [where the
swilching is caused by voliage on a thind (gate)
clectrode]. The molecule switches by pulling a
switch! Some of these poladation and comela-
tion effects are only now starting to be clarified
and promise 1o lead w answers w0 deviee ap-
plications and 10 important new questions,
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Juvenile Hormone Regulates Butterfly
Larval Pattern Switches

Ryo Futahashi'? and Haruhiko Fujiwara*

he spectacular diversity of adult insec
color patterns can also extend 1o dilfer-
ences among sequential larval instars

within some species. The swallowtail buner-

A

Papilio xuthus larva

ng JH/ml Hemolymph
|

table S1). No effects were observed when
JHA was applicd to larvae 20 hours after the
appearance of the fourth instar (there are about
96 hours in the wial founh instar stage),

o] high low
Specific Cuticle protei r*""‘*
7 proteins =
(tubarcle structures) 8ilin hinding protein

\ (green)

/
-

mimetic cryptic

the hard cuticle protein genes (HOPT and
HOP2Yy associated with the speailic bercle
structures and the hilin-binding protein gene
{BEP) that is only expressed at the final moh
[supporting online material (SOM) wext]. JH
treatment induced the expression ol whercle-
associated cuticle protein genes and inhibited
BEP expression at the fourth molt, as is the
case lor the nomal third molt (g, S1. B and C).
Larval black patterning is regulated by co-
localiztion of melanin symhesis genes tyrosine
hydroxylase (TH) and dopa decarboxy lase (DDC)
7). The spatial expression patterns of these
genes are changed 1o the mimetic pattern
m the JH-treated specimen (fig. S1D).
These results suggest that JH regulates
the stage-specific gene expression pat-
tem in P oawthes (Fig, 1C) that s requined
o moculate the larval pattem from mi-
melic o eryplic.

JH induces the expression of genes asso-
ciated with the mimetic pattern and that a
decrease in JH titer causes a switch to the
eryplic pattern. In addition 10 overall colo-
mtion, JH also regulates exoskelewl struc-
tures and pigment distribution at specilic
markings, Because progressive changes
of green and black coloration and exo-
skeletal structures are frequently found
in lepidopteran larvae, our findings imply
et JH regulation on progressive Lival pat-
tern switches may commonly exist.
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Ouwr results suggest that a high titer of

Fig. 1. (A) Mimetic and cryptic pattern of P. xuthus larva. (B) Model of JH titer and its determination of
larval bedy pattern (table S1). Gray box indicates a JH-sensitive period. HCS indicates head capsule
slippage, the clear sign of molting period. 20E, 20-hydroxyecdysone. Scale bars indicate 1 mm. (C)
Model of JH effect on expression of genes associated with mimetic and cryptic pattern (fig. 51).

reading and many helpful comments on the
manuscript, This work was supported by grants
from the Ministry of Education, Culture, Sports,
Science and Technology of Japan and Research
Felliowship of Japan Society for the Promation of

Iy, Papilio xuthus, represents such an exame-
ple: Young caterpillars (from the first to the
tourth instars) are mimics of bird droppings,
whereas the larger, final larval instar (the Niih)
has a completely different pattern that is well
camoutlaged among the leaves of the host plant
(Fig. 1A). Here, we show that this develop-
memtal switch s regulaied by juvenile hor-
mone (JI), which is known to regulate the
overall black or green forms caused by dil-
fering environmental conditions in some larvae
of Lepidopiera and some adults of Onthoptera
(£, ). We applied a JH analog (JHA) w the
dorsal surfaces of fourth instar lanvae and ob-
served the color pattem of the filth instar larvae,
Treatment at the beginning of the fourth instar

stage resulted in a high proportion (67%) of

treated larvae reproducing the mimetic pattern
instead of the usual eryptic one (Fig. 1B and

imdicating that there 15 a JH-sensitive period
(circa 0 to 20 hours after the third ccdysis,

Fig. 1B, gray box). A 100-fold lower dose of

JHA (50 ng ol fenoxyearb) had no effect
(table 1), We analyzed JH titers in 2 xuthies
by ligud chromatogrmphy -mass spoctometry
and found that JH tiers decrease during the
towrth larval instar (Fig. 1B and fig. S1A) These
resulis suggest that JH regulates the larval
pattern switch.

The major differences between the mimet-
ic and the cryvptic larval color patterns include
the green colomtion of the cryplic pattem, spe-
cific tubercle structures (armowheads in g, S1D)
as components of the mimetic pattern, and the
distribution of black pigment, We examined
the effects of JHA treatment on gene expres-
sion associated with these three differences.,
By using cDNA subtraction methods, we cloned

Science for Young Scientists. The nucleotide
squences of HOPI, HOP2, and BBP have been
deposited with GenBank (accession numbers
AB2646T3, AB2646T5, and AB2E4632,
respectivelyd.
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A Photon Turnstile Dynamically
Regulated by One Atom

Barak Dayan,! A. 5. Parkins,’* Takao Aoki,'t E. P. Ostby,” K. ). Vahala,? H. }. Kimble$

Beyond traditional nonlinear optics with large numbers of atoms and photons, qualitatively
new phenomena arise in a quantum regime of strong interactions between single atoms and
photons. By using a microscopic optical resonator, we achieved such interactions and
demonstrated a robust, efficient mechanism for the regulated transport of photons

one by one. With critical coupling of the input light, a single atom within the resonator
dynamically controls the cavity output conditioned on the photon number at the input,
thereby functioning as a photon turnstile. We verified the transformation from a Poissonian
to a sub-Poissonian photon stream by photon counting measurements of the input and
output fields. The results have applications in quantum information science, including for
controlled interactions of single light quanta and for scalable quantum processing on

atom chips.

he charge and spin degrees ol freedom
ol massive particles have relatively large
long-range interctions, which enable non-

lincar coupling between pairs of atoms, ions,
clectrons, and diverse quasi-particles. An carly

example for clectrons is the obscrvation of

Coulomb blockade, in which charge tmnspon
through small metallic and semiconductor de-
vices oceurs ¢lectron by electron (/7). Among
diverse applications for such strong interactions,
quantum information science (QIS) relics on
large coberent couplings for the implementation
of gquantum computation, communieation, and
metology (4).

Whereas electrons interact directly  via
Coulomb repulsion, photons have vanishingly
small cross sections for direct coupling. In-
stead. photon interactions must be mediated
by a material system. Even then, typical ma-
terials produce photon-photon coupling rates
that are orders of magnitude too small for
nontrivial dyvnamics with individual photon
pairs. The leading cxception 1o this state
of affairs is cavity quanium electrodynamics
(cQED), where strong interactions between
light and matter at the single-photon level
have enabled a wide set of scientific advances,
including single atoms coupled o optical and
microwave resonators (3-8, quantum dois pained
with micropillars and photonic bandgap cavitics
(%, 411, and Cooper pairs interacting with super-
conducting resonators (f/, 12).

YMorman Bridge Laboratory of Physics, 12-33, California
Institute of Technology, Pasadena, CA 91125, USA 7T, ).
Watson Laboratory of Applied Physics, California Institute
of Technology, Pasadena, CA 91125, USA.

*Present address: Department of Physics, University of
Auckland, Auckland, New Zealand.

tPresent address: PRESTO, Japan Science and Technology
Agency, Saitama, Japan.

$To whom comespondence should be addressed. E-mail:
hikimble @caltech.edu

Indeed. in analogy with Coulomb blockade
for electrons (f-3), photon-photon interactions
in a nonlinear optical cavity were proposed 10

Fig. 1. (A} Schematic of A
microtoroidal resonator and
fiber coupler (20, 22). An atom
interacts at rate g with the
evanescent fields of two inter-
nal modes (2 and b), which are
coupled by scattering at rate h.
The input ay, & driven by a
coherent probe £, of frequency
g, whereas by, is in a vac-
uum state. (B to G} Theoret-
ical results from our maodel
(24). (B) to (D} Atomic local-
ization with well-defined azi-
muthal phase p = =/2_(B) and
{C) Transmission spectra for
the steady-state forward flux
rF (A= { a;u 1q Iﬂ}ﬂ:-a;la ot A
and backward flux TglA) =
{b;ul bout }l'l':ﬂ;;ll Gout)assx A5
functions of probe detuning A =
tug — 0. (D) Steady-state inten-
sity correlation function g2'(A) =
({03400 (034 00)” for
the forward flux. (E) to (G)

T,(4)

Tala)

realize photon blockade (13), for which a tirst
photon within an optical system blocks the
transmission ol a sccond photon, leading o
an orderly output of photons one by one, The
mitial obscrvation of photon blockade (/4)
for an atomic system used a Fabry-Perot cav-
ity contaiming one atom strongly coupled
the cavity ficld, for which the underlying
blockade mechanism was the quantum anhar-
monicity of the ladder of encrgy levels for
the composite atom-cavity svstem (135), Reso-
nant abzorplion of a first photon to reach the
lowest energy cigenstate blocks the absorp-
tion of a second photon, because transitions
o higher-lving eigenstates are detuned from
resomance by the strong interaction of atom
and photon. Photon blockade has also been
investigated within the context of a photon
turnstile (/6) and has been realized for di-
verse semiconductor systems (f0) because
of anharmonieity of the photoluminescence
spectrum.

In these examples (10, 14-16). as well as
the onginal work in (/3) and extensions thereol
(1719, photon blockade arises as a struc-

Random atomic positions, with

an average over 0 < (p< 2. (E) 0 200 400 -400 =200 0 200 400
and (F} Awverage steady-state 3 : 3

transmission spectra TlA)TglA). D G ‘

(@ Awerage steady-state intensi- 2| . - 2] | ‘

ty correlation function G (A). Eﬁg [ %

In all frames, the red curves are 1 -1} 1 -._._‘3 = 5 S .
for no atom (g, = 0), whereas Y [ ' [

the blue curves are with one 0 ! 0 b

atom coupled as illustrated in -400 -200 O 200 400 -400 -200 0 200 400
(A). The parameters for all plots A [MHz] A [MHz]

(B) to (G} are lgg, xy h, ¥)2r =

(70,5,250,1) MHz with & ¢ = wey. For @ = 0, the plots are identical to those in (B} to (D) with the replacement

A= -A
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tural cftfect due o anharmenic energy spectra
for multiple excitations. The anharmonicity can
be exploned to regulate photon transmission
[refer to the level diagram in figure 1 of (/4)]
or, alternatively, to spectrally solate emission
cvents arising from single excitations [as illus-
trated in the schematic for biexciton decay in
figure 1 of (/).

In contrast 1o transport governed by struc-
ture, we describe observations of photon
blockade in which photon transpont is reg-
ulated dynamically by the conditional state
of one intracavity atom, leading to an effi-
cient mechanism that is insensitive 1o many
experimental imperfections, As illustrated in
Fig. 1, an atom micracting with the ficlds of
a microtorordal resonator (20) regulates the
photon statistics of light transmitted and re-
lected by the resonator. This regulation is
achieved by way of an interference effect
involving the dircetly transmitted optical
field, the intracavity ficld in the absence of
the atom, and the polarization field radiated

by the astom. with the requisite nonlinearity
provided by the quantum character of the
Detection of an

cmission from one alom.

Fig. 2. Cross correlation

initial photon i the lorward-propagating
transmission results in subsequent photons
from the meident Mux bemng rerouted. This
mechanism requires only that the intracavity
atomic absorption be large and thus is robust
against variations in atomic coupling. For
fiber coupling to and rom a microtoroidal
resonator (21, 221, we achieved high efficien-
¢y for the transport of photons through the
turnstile.

Our investigation relied  on measurements
of photon correlations based on the_normal-
peed intensity correlation function ;:,[;‘]f_rr for
the forward-propagating transmitted light (23).
The incidemt ficld (which approximates a
coherent state) has g (x) = I, cormrespond-
mg to a Poisson distribution for photon num-
ber independent of time delay © An ideal
photon turnstile would achieve g'F“[llin =31
in correspondence to the state of a single
photon. More generally, 3.:1;-”{!” < | repre-
sents a nmonclassical effect with the vari-
ance in photon number reduced below that
of the incident ficld. For continuous illumina-
tion, g{;’"iﬂ regresses 1o steady state over a
time tp. with photon transmissions separated

2120t} between photon
counts at detectors D,
and Ds for the forward flux
(B Oo) @5 @ function of
time offset ©. (A) The broad
increase in Syalt) above the
background level Zp is the
envelope of atom transit
events as a cloud of cold

Cs atoms falls past the
toroidal resonator, (B) The
center feature indicated by

the arrow in (A) is shown on
an expanded time scale, re-
vealing the average profile
for individual atom transits.
For comparison, the green
curve is from the cross
correlation of Py(t)Pylt+1)
in Fig. 3A. (C) The center dip
marked by the armow in (B)
is expanded further in t to

reveal a dip in jeint detec-
tion events due to photon
blockade by the atom-cavity

system during the atom
transit. C

=100

wWWwW.sciencemag.org

=50 0 50 100
T [ns]

150

REPORTS

by time intervals Ar > > 1 being statistically
independent. The obscrvation gff‘i_ll] J.T-:;:]| 1
represents photon antibunching: photons are
transported one by one through the wmstle
without neighbors in ime,

The mechanism responsible for photon reg-
ulation in our micretoroidal resonator 15 ex-
plained in more detail in Fig. 1. The basic
model underlving this analysis is that of a
single two-state atom coupled 1o a resonant
cavity, namely the Jaynes-Cummings model
extended 1o incomporate two cavity modes
and to include damping by way of reservoir
couplings (24} As depicted in Fig. 1A, the
two internal counterpropagating modes o and
# of the toroidal resonator have common fre-
quency o in the absence of scattenng, These
modes are coupled because of scattering with
strength fi. The field decay mate for the reso-
nator modes Is K = K + Ky Where w5 repre-
sents infrinsic losses and k., desenbes extnnsic
loss due 1o (adjustable) coupling of the modes
to the fiber coupler (21, 22).

We consider an impedance-matched input
(that is, critical coupling) for which kg is sel

o kS = xh: 47 and the resonator excited

with probe detuning A = o — oy = 0, In this
case, imterference between the cavity lield «
and the input Oeld @y results in zero ux in
the forward direction, {uay) = O, where agy =
din + V2K a. The incident flux |£, 2 appears
in the backward direction by, for low internal
loss K < < K. 45 shown by the (normalized)
probe spectra TpiA), Tg(A) for the [orward-
and backward-propagating ficlds a,, and b,
in Fig. 1, B and C, with Tp(A = 0) = O where-
as TplA = 0) = | (ned curves).

An atom near the external surface of the
toroid has coherent intemctions with the eva-
nescent components of modes o and b tha
modify T and Ty, The fundamental deserip-
tion of these interactions is in terms of normal
modes A = (a + b)/v2 and B = (a — b)/v/2.
which have mode functions w,glp. .2} =

fp.zHcos(p),sin(p) ] that are standing waves

around the circumference ¢ of the toroid, with p
the radial distance from the surface and = the
vertical coordinate (24). The rate of coherent
coupling of an atom w the A and 5 modes 1s
given by gyp = go v, glp. @, 2), where for the
geomelry of our current resonator, we caleulate
that gg/2x = 95 MHz (20

Figure 1 shows examples of theoretical probe
spectm Tp(A), TelA) in the presence of an
atom (blue curves) with atom-cavity detuning
Aae =y o = 0 and Tor paameters rele-
vanl 1o our current experiment. Relative w the
case with gg = 00 (no atom), there is now a
sharp central feature around A = 0 associated
with atom absomption (25}, where the width I
of this feature excecds the free-space mdiative
mic ¥ due w enhanced coupling to the cavity
[equation 15 in (24)). For nomally ordened
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expectation values, the ollowing replacements
can be made (24)

bow — Py + Bo ()
where 6. s the lowering operator for atomic
trnsitions, oy, By are ¢ numbers derived Tor the
empty cavity with no atom, and (o, po) = g
deseribes the atom-cavity interaction, For criti-
cal coupling. ag( &, = 0) = 0, and the steady-
state Mux {ag, o) derives principally from
the contribution of the atom, given by the
term oo in Eq. 1. In contrast, By is nonzero
near critical coupling, with the output fiyy
then determined by the coheremt sum of
contributions from the terms [ and p o,
For the particular case of atomic interaction
with a single normal mode (such as ¢ = x/2)

L T

as in Fig. 1. B to D, these considerations lead
to a transmission spectrum for the forward-
propagating light aee for which TrlA, =
0) = 1, whereas for the backward light Frg,
Tal(ds = 0) = 0,

Photon blockade arises in this setting as
follows. With critical coupling, w = 0, so that
a first photon transmitted inlo gy, can orig-
inate only from the atom (that is, the temm
a-c- in Eq. 1) This emission projects the
atom into its ground state. from which a
second emission cannot occur ((oh o) = 0)
(26, 27). A sccond photon cannot be trans-
mitted until the alomic state regresses 10 a
steady state, which occurs over a time in-
terval set by the cavity-cnhanced emission
rate T,

Fig. 3. Single P, >(f) and joint
Polf) event probabilities ver-
sus time t around the center of 1
transit events. (A} PylihiPy(0h
and PotlPo(0), where Py0) =
2.88 x 1073, P,(0) = 2.80 x
1073, The inset shows the
average number of counts
N, recorded during a transit
for time bins &t = 05 us. (B)
PP, (0)P:(0M (blue circles)

1.2

o8

06}

P,(1), P,

04F

and [Py(t}P5(0)/1P4(0)P5 (0N
{black trace). There is a clear
nonclassical suppression
Pya(t) < Py (t)P5(1). The green

diamonds are the average of
P,.z“,! o T} = {p-:':fpzﬁ + ﬂ}f
(palthy( palt + 1)) for 26 ns <
t = 44 ns and demonstrate
that emission events become
statistically independent for
1> 1p

Pt . P.(t): P,

Fig. 4. Intensity correlation
function gm‘.'ﬂ versus time
delay © for individual atomic
transit events. _G‘mh!] exhibits
photon antibunching g*(0) <
g?(1), and sub-Poissonian
photon statistics g'2(0) =
(0.14 + 0.04) < 1, over an
interval At = & ns (hall width at
half maximum) due to the
operation of the atom-cavity
system as a photon tumstile,
The red trace is from our

a@(r)

This qualitative prediction is substantiated in
Fig. 1D from a calculation of the intensity cor-
relation function g‘;'it =) lor dgg. Around
A=op— oy =1 __’.ftplj[“;l = ) as expected for
photon blockade. As suggested by Fig, 1C,
photons arriving during an inital tmnsmis-
sion event will be rerouted 1o the backward-
propagating licld by, so that photon bunching
should be expected for by, as is indeed the
case I'f.rrg.{kltr =0} (fig. 53).

Overall, for the conditions considered in
Fig. 1. B 1w D, the atom-cavity system functions
as a photon wmstile, with single photons trans-
mitled into oy and excess photons reflected
o frgy. Conditioned on a first ransmission
event, the transmission characienstics of the
svstem switch tfrom those in Fig. 1, B and C, for
the case gg # 0 10 those for gy = 0. That is, a
first photon transmitted triggers the change
[(TE(A=0)= 1. Ta(A=0) =0} for gg #0 —
[Te(A=0)=0,Tg(A=0) =1} withgy =0,
with regression back o the case gy # 0 occurring
on a time scale tg.

The case of atomic localization at fixed &
as in Fig. 1, B o D, is not realistic for the
experiment we performed. Henee, in Fig. 1, E
to . we present corresponding resulls aver-
aged over the azimuthal angle ¢ (hat is, for
single-atom interactions bul cach at a ran-
dom location in ). The dominant effeet is
a reduction in the contrast for transmission
and reflection. However, the atom-cavily sys-
tem still functions effectively as a photon tum-
stile for the forward Nux rmnsmitted o ayy,.
with ,E':FM-:{}] =0at A=0, where .:.{1.'] denotes
an azimuthal average. For funher discussion,
see (2.

Our experiment (o investigaie these clfects
was similar 1o the sctup shown in figure | of
(200, with funher details given in section |
of (24). The principal difference between the
depiction in Fig. 1A and the acwal experi-
ment is that individual Cs atoms were not
trapped in the evanescent ficld of the toroid,
but rather fell along = and transited through the
evanescent lield of the resonator. The toroidal
resonator was monolithically fabricated from
S105 on oa Siochip (248), had major diameter
D = 25 pm and minor diameter o = 6 pm, and
was located within a chamber at ulirahigh
vacuum. From measurcments ol atom transit
events as functions of atom-cavity detuning
Ape and intracavity photon number (), we
determined a single effective coupling strength
gor/ 21 = 70 MHz (24), where my corresponds
o the 6512, F =4 — 6P35. F' = 5 transition
in atomic Cs.

In contrast 1o our report in (20), we were
not in the strong coupling limit of cQED, spec-
ified by gogr =>> (8", 7.} because the rate
of decay for the cavity Nicld was &% 2n =
(165 & 15) MHz, whercas the free-space mite
of decay of the atomic polarization was
v, /2rn = 2.6 MHz. Rather, the conditions
were more appropriate 1o the “bad-cavity™

theoretical model.
u i i i
=50 =40 =20 0 20 40 60
T [ns]
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limit, for which ®* >> | chl'fll [ ==y,
(23). Other measured parameters for our sys-
tem were (K. Kex )/ 2x = (75,90) MHz for the
case of cntical coupling,

For critical coupling with A =0 = Axe,
we dirccted the forward Mux for agy (Fig, TA)
to two single-photon counters 3y, (lig. 81},
with the outputs Cyz(4) from these detectors
being time-stamped and stored for time bins
& = 2 ns for cach value 5. From raw records
for Cyals ), we dircetly computed the cross cor-
relation Sp3(1) = ¥A{Ci{h)Cals + 1)), with an
example given in Fig. 2. Cleady evident in Fig,
2A s a broad bump of width Atgeus = 7.5 ms,
comesponding 1o the overall envelope for transit
events as the cloud of cold atoms Rlls past the
toroid. The observed value for Aty 5 m good
agreement with the value of =7 ms expected for
our geometry (24). The pedestal at level &p in
Fig. 2A arose from background counts and was
unchanged in the absence ol atoms.

The central 20-us interval in Fig, 2A is ex-
panded in Fig. 2B to display a peak of full width
Atipna = 2 ps that anses from transit events for
individual atoms falling through the evanescent
field of the toroid. Each atom experiences a
time-varying coupling galp. g, v ), where v is
the atoanic velocity in the = direction, leading 1o
a temporal varation in the forward flux TF =
(60 ¥ g - Aain, the observed time dependence
is in accord with a theoretical model based on
the calculated mode function for our torid and
the known atomic velocity v [see figure 3D in
(20].

Finally, the cemiral 300-ns interval in Fig,
2B is expanded in Fig. 2C to reveal a dip in
Eisit) around 1 = 0, comesponding o a pau-
city of coincidence counts between detectors
1y and D5 over an interval At = 22 ns (full
width at hall maximum). This suppressed
probability for joint detection agrees with that
expected from the analysis in Fig. 1 for a
photon wrmstile. However, independem of any
purporied microscopic mechanism, the resulis
presenied in Fig. 3C for Eja(t) represent a
prima facie observation of nonclassical light
from the toroid, because £,5(0) < &j5(1) (23).
However, these results do pot exhibit sub-
Poissomian photon statistics, Zy5(0) does not
drop below the level of the pedesial Zq shown
in Fig. 2, A and B, because of the random
arrival of atoms into the cavity mode (29),

Figure 2 is from an unconditional analysis of

the records of photo counts Cy 2108 ). Because we
could identify transit events for single atoms
with high statistical confidence (20, 24}, we next
performed an analysis conditioned on the
presence of an atom. As described in section 11
of (24), for individual atomic tmnsits reconded
by detectors Dz, we derive the probabilitics
male) and pya(n) for single and joint detec-
tions at £ 2 during an atomic tRnsit,

Figure 3A displayvs the single-cvent proba-
bilitics Py als) = {m2(t)) as fmctions of tme ¢
around the center ¢+ = 0 of the rmansit events with

time bins of duration & = 2 ns. The time de-
pendence lor Py a(f) agrees with an independent
estimete based on our cavity mode and the atomic
velocity, The assertion that the peak in Fig. 3A
arises predominantly from actual transit events is
further supponed by a comparison with the cen-
tral feature in Fig. 2B,

Figure 3B presents results for the photon sta-
tistics for these transit events, now with & =
150 ns, The joimt probability P2 (1) = (o (tpale))
lies well below the level set by PyehPalr),
violating the Cauchy-Schwarz inequality with
Pz = PPy, Over the centml 1-ps imerval, we
find that Pyz2/P Py = (0135 £0.033) < 1. In
agreement with our theoretical analysis, an mom-

ie transit event regulates the photon statistics of

the output ficld, with @y becoming markedly

sub-Poissonian because of the stom-cavity in-

teraction in the fshion of a photon tumstile,
Final supponrt for this interpretation comes

from Fig. 4, where we present measurements of

the intensity comelation function g'¥(r.1) =
i (Opa(t 4+ 1)/ ()2l + 1)) For times fg
such that 0.4 ps < & < +0.4 ps around the
center of the transit events in Fig. 3, ¢®(1) =
21319, 1) exhibits clear antibunching, as well as
sub-Poissonian photon statistics, The full tmee in
Fig. 4 is from the steady-state solution to the
master equation from our theoretical model,
which has been averaged over the azimuthal
angle ¢ [section VI ol (24)]. All parameters for
this comparison were determined rom indepen-
dent measurements, including the effective cou-
pling strength gy which was used for the
theoretical trace in Fig. 4. The agreement
betwoeen theory and experiment is evidently quite
reasonable. In particular, photon blockade per-
sists over a time 1y sel by the cavity-enhanced
atomic decay raie [, which is approximately
given by g = 2.5/1" = T ns for the parameters
of our experiment [og. 16 of (24)]. in good
agreement with At = 6ns in Fig. 4.

Our results represent an observation of man-
ilestly quantum (nonclassical) ficlds for cQED
with single atoms and microresonators, The un-
derlying dynamical mechanism for photon block-
ade is quite robust against many experimental
imperfoctions, including vanations in the coupling
217}, requinng only that ,uz ' = |. For com-
parison. in our expenment (gar)” /&%y, = 1.
This mechanism is also wbust aganst stronger
excitation: numerical solutions of the full master
cquation show that the wmstile effoct persists for

an intracavity photon number up to the order of

unity in the absenee of an atom. Morcover, the
measured throughput elliciency € for single pho-
tons [Te(A=0) in Fig. 1, B and E] reaches
¢ = 25% during single-atom transit events, Our
theoretical analysis suggests that it should be
possible 1o achieve C = 9%, thereby realizing
an efficient photon wumstle for which an input
licld is soned by photon number into forward-
and backward-propagating ouput ficlds with
small loss. By operating in a pulsed domain,
investigations of photon collisions become pos-

REPORTS

sible, as well as quantum nondemolition de-
tection. Because our toroidal resonators are
Iithograplically fabricated with input-output cou-
pling via optical {iber (22), our expenment pro-
vides an imponant first step into the quantum
domain 1o implement scalable atom-cavity sys-
tems, including for quamum logic with photons
30y and for quantum processes on atom chips
3.
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The Force Needed to Move
an Atom on a Surface

Markus Ternes, 't Christopher P. Lutz,® Cyrus F. Hirjibehedin,*

Franz ). Giessibl,2 Andreas ]. Heinrich!

Manipulation of individual atoms and molecules by scanning probe microscopy offers the ability
of controlled assembly at the single-atom scale. However, the driving forces behind atomic
manipulation have not yet been measured. We used an atomic force microscope to measure the
vertical and lateral forces exerted on individual adsorbed atoms or molecules by the probe tip. We
found that the force that it takes to move an atom depends strongly on the adsorbate and the
surface. Our results indicate that for moving metal atoms on metal surfaces, the lateral force
component plays the dominant role. Furthermore, measuring spatial maps of the forces during
manipulation yielded the full potential energy landscape of the tip-sample interaction.

single Me atoms with atomic-scale precision

on a Nif 110} surface using a scanning wnnel-
mg microscope (STM ) This techmique of atom
manipulation has subsequently been used to build
model physical systems
confined structures (2, 3), magnetic nanostnictures
i+, 5), and antificial molecules (6, 7y—one atom
at a time In the most common STM manipu-
lation technigque, the adsorbate follows the tip by
hopping lrom one surface binding site 1o the next,
bocause a partial chemical bond is formed be-
tween the apex mtom of the tp and the adsorbed
atom or molecule. Previous studies of the manipu-
lation process with STM (8, 9) were highly reveal-
ing but could not detenmine the Torces involved in
manipulation. Recently, the atomic force micno-
scope (AFM) has been used 1o manipulate atoms
at semiconducting surfaces (1), even at room
temperature (£, 123 Atom manipulation with
an AFM is particularly promising, because it
allows the dircet measurement of the required
forees,

In this work, we used an AFM to quantify
the forces required o pull individual adsorbates
abong a surface. We find that moving cobalt (Co)
on P 111 requires a lateral force of 210 pN and
that this force s independenmt of the vertical
force. The lateral force can vary substantially
with the chemical nature of the underdying sur-
face as it is only 17 pN for Co on Cu(111). For
both surfaces, the foree on the tp due to the Co
atom 1s nearly spherically symmetric. In contrast,
fior manipulating a carbon monoxide (CO) mol-
ceule, the forces are more complex, deviating
markedly from spherical symmetry,

We used a frequency modulaied AFM (/3)
with the gPlus sensor design (/<) operating in
ultrahigh vacuum al a wemperature of -5 K. A

IH 1994, Eigler and Schwerzer (1) positioned

such as l'.|lLHI'III.II11-
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metal tp was momted on an escillating cantilever
{resonance frequency fip = 21860 He) and used 10
probe the surface and move the adsorbates (Fig
1A) The sulf cantilever (spring constant &, = | 800
Nm ') allows stable, small amplitude oscillation
(A= 30 pm) close 1o the surface. We monitored the
shift of the oscillation frequency AL which for
small A is roughly proponional 1o the venical
stiflness k. = 2k = Af ol the tip-sample junction
(L3), To allow comparisons with STM manipula-
tion experiments, we ako detected the unneling
conductance €7 between tip and surface (15).
Figure 1, B w E, shows constant-height im-
ages of a single Co atom on PW 1LY and a single
CO molecule on Cul 111 with tip haghts elose
o the threshold for atom manipulation. In these
images, & and ¢ show circular symmetry, with-
oul any sign of the threefold substrate symmetry.
The images obtamed rom Co on Pl 11) show a
narrow dip in & and a peak in G In contrast, the
images from a CO molecule on Cu(111) have a
more complex stucture: & is flat around the
central minimum, and G contains a central con-
ductance peak within a broader conductance dip.
For an asvimmetnic tip apex, & often deviates from
circular svmmetry for CO (/6) In these images,
the change in stiflness due to the adsorbate is
17Nm ' on Co and 9 Nm™' on CO, in the range
of a metal-metal bond siiffaess (1010 100 Nm ™),
We can denve the force 1o move an atom
from the measurement of &2 as a function of both
vertical and lateral tip position. Figure 2 shows
“line scans oblained by moving the tp paralle] w
the surface at constant height, passing over the op
of an isolated Co atom on Pul11). These scans
were repeated at progressively smaller tip heights
until the Co atom hopped 1o a neighboring ad-
somption site, o illustrated in Fig. 2A. The di-
rection of these scans comesponds to the direction
of easicst motion on this substrate: It connedts
two neighboring threelold  hollow  adsomtion
sites. Figure 2, C and D, shows that both & and
k. increased s the tip height was decreased, At
the smallest up height and at a lateral position
about halfway 1w the adjacent binding site, a
sudden jump occurred in both & and . At this
tip position, the Co atom reproducibly hopped
from its initial binding site to the next and was

imaged again at its new position by the con-
tinuing line scan. In contrast, the atom reliably
remned at its mitial binding site when the up
was only 5 pm larther from the surface.

The vertical force F. was determined by in-
tegrating & along z. The frequency shift, and
therelore k., 15 an average ol the tp-surface
intcraction over one oscillation cyele of the tp.
This verical bluming i all data was removed
when computing F. from A., by mcans of a de-
convolution process (/7),

We interpret F. as the sum of two compo-
nents: a background force Fg and the force F2*
due o the presence of the adsorbate (Fig. 2B).

Al

G
[G]
0.4
03}
02

0.1
0.0 =

Fig. 1. Simultaneous AFM and STM measurements
of individual adsorbates. (A) An atomically sharp
metal tip s oscllating in z with an amplitude A = 30
pm over a flat metal surface on which an individual
Co atom or CO molecule is adsorbed. The measured
frequency shift of the cantilever from its natural
resonance frequency is proportional to the vertical
stifiness k; of the tip-sample interaction. A small
bias voltage of 1 mV was applied between tip and
sample to measure the tunneling current, which is
proportional to the conductance G, given in units
of the single-channel, spin-degenerate quantum of
conductance Gy = 2¢°/h = (12,906 ohm)™, where
e s the elementary charge and /1 is Planck’s constant.
The inset graph shows the tip motion z{f) between
its closest distance (z*) and farthest distamce (z° + 24}
from the sample, The ball models of the surfaces are
scaled to match the dimensions of the images in the
following panels. (B to E} Images measured at a
canstant height 2* close to the threshold for adsorb-
ate motion. (B) The tip-sample stiffness of a single
Co atom on PY111). (C) Tip-sample conductance
measured simultaneously for the same system as in
(B). (D and E) 5ame as (B) and (C) for a single CO
molecule on Cu(111). The colored curves in the
panels are horizontal cross sections through the
centers of the images.
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Fig. 2. Measuring the

force to move Co on
Pt{111). (A} Schematic top
view of the PH{111) sur-
face atoms (gray) and the
adsorbed Co atom (red).
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A
=

In the following panels,
constant-height line scans
in the direction of easiest
adsorbate motion (x di-
rection) were taken at
successively reduced tip-
sample separations until

Vertical stiffness k_[Nm"]
2

-8

the Co atom hopped to
the adjacent adsorption
site [red circle in (AN,
The scan speed was ~05
nmis. (B) The force F*
between tip apex and the
Co atom can be divided
into the lateral force F,
and the vertical force F,°
The total vertical force F,
is the sum of £* and the
background force Fg. (C
and D} Simultaneously
measured conductance G

and stiffness k; (drcles and gray linesh. Note that these values are time-averaged
over the cantilever oscillation between z = 2" and z = 2 + 2A. We label selected
line scans with the closest approach 2 during the oscillation (15). (E to G) Tip-
sample interaction enerqgy U, vertical force £, and lateral force Fy extracted from

The back ground toree 15 in lirpe pant due 1o long-
range (van der Waals) forees (/8) and increases
as the tip approaches the surface but docs not
depend on the Imeral position. The vertical force
F.* due 1o the adsorbate prows rapidly (Fig. 2F
and fig. S3B), doubling in magnitude as = 1s
changed by only 15 pm near the move threshold,
indicating the short-range naure of this foree,
We found the tip-sample interaction force o
be nondissipative as long as the adsorbate did
nod hop 10 a new binding site (/9). In this non-
dissipative range of tip positions, we calculated
the tp-sample intermction potential U (Fig. 2E)
by imtegration of &, along = (20). The laeral
foree F, was then calculated by differentiation
of U7 in the x direction (Fig. 2G). This technigue
allowed us to detenmine forces in any direction,
even though the cantilever only senses the ver-
tical stiffncss, The lateral force was zero with
the up placed above the adsorbate, grew as the
tip was moved latemlly until a maximum was
cached, and vanished far from the adsorbate,
This procedure allows us o determine the
force that it takes 10 move a single Co aiom
across a Pu 1) surface. At the point where the
atom hopped, we found a laeral foree F= 210+
30 pN (21). This force vared by only 3% be-
tween dilferent tips (221 At the same time, F.*
1.4« 0.2 pN was much larger than the laeral
force and was neary hall as large as the bond-
breaking foree of 4 nN for a Pt point contact { 23),
To understand the interplay between the vertical
and horeontal force components, we decreased
= below the threshold height for hopping and
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Fig. 3. Vertical and lateral forces
for manipulating CO on Cu(111).
Vertical (A} and lateral (B) force
components when moving the tip
over a CO molecule on Cu(111) for
different tip heights z. The x direc-
tion corresponds to the easiest ad-
sorbate motion from an on-top
binding site to an adjacent one via
a bridge site. The blue arrows mark
a repulsive force F£* = F, — Fg of up
to 20 pN between tip and molecule

<600 -400-200 O 200 400 600 -600 -400-200 O 200 400 60O

x [pm]

the stiffness k; data in (D). Selected line scans are labeled with the tip height z
here, the oscillation amplitude has been deconvolved from the curves. The red
arrows in (C) to (G indicate the hop of the Co atom to the neighboring binding
site. Colored lines in (Q, (F), and (G} are fits with the s-wave model.

(see inset). At z = 80 pm, the mol-

ecule hopped between neighboring B —1 z=80 pm
binding sites (red arrows). The green = | i i
line in (B) is a linear fit to the lateral & ™ ' g
force with a slope of 1.2 N/m. Wt & < n ) 120 pm
E‘ o pA7mNS 170 pm
B
& i
=-0.1

continued 1o measure the forces. We found tha
the lateral force to move the atom remained con-
stant, whereas the vertical force varied by a large
factor (figs. S1 and 523, For the range of heights
measured, F2* at the point where the Co atom
hopped varied from 0,45 nN (with the up laer-
ally far from the atom) to - 3.0 noN (with the up
nearly above the atom). These results suggest that
the lateral force is the key for the manipulaton of

-600 -400 -200 0

200 400 600
x [pm]

metal adsorbates on ot metal surfaces. This in-
sensitivity 1o F.* is in contrast 10 the mechanism
determined for moving Si atoms on SIETE(/2).
There, i was found that the vertical force plays a
dominamt role by causing a reduction of the ener-
gy barrier between two adsorption sites as a resull
of relaxation of the Si adsorbate and surface,
The force that is required 1o move an atom
strongly depends on the supporting substrate.
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Fig. 4. Tip-adsorbate energy landscape during ma-
nipulation. Two-dimensional potential landscapes of
the tip-sample interaction energies during controlled
manipulation of Co (A) and CO (B} on Cul111). The
energy scales of the color-coded images are shifted
so that U = 0 at the preferred adsorption site for Co
{fee hollow site) and CO {on-top sitel. The underlying
Cul111) lattice is superimposed as a ball-and-stick
model The size of each image is 550 = 480 pm®.
{For more details, see fig. 55.)

160

Much smaller forees were suflicient W manip-
ulate Co atoms on Cu( 111) (fig. $3). Here, the
required lateral force was only 17 + 3 pN, even
though Cu and Pt are both face-cemered cubic
(foe) erystals and the Co atom binds at a three-
fold hollow site on both surfaces. This indicates
that the nature of the chemical bonding plays a
strong ole. For Cu, the bonding is dominated
by hybridization of the clectronic siaies of the
Co adsorbate with the 4s metal band. which
shows no discernible direction dependence. In
contrast, extra bonding occurs on Pt resulting
from its partially filled and strongly directional
Sd bonds (24), which apparently increase the
forees necessary for manipulation,

To explore the spatial symmetry of the tip-
adsorbate force, we modeled it as depending
only on the up-adsorbate distance [for details,
s the supponing online material (SOM) wexi].
For this model, which is similar 1o the one sug-
eested by Braun and Hla (25), the disiance de-
pendence of the force was derdved from F.*
measured at & = 0 (fig. S4). Despite the sim-
plicity of this model, it agrees well with Co on
Pulil), as shown in Fig. 2, and with Co on
Cu{111), as shown in fig. 53, This observed
spherical symmetry of the force between the
Co adsorbate and the tip apex suggests that
the interaction occurs primarily via s=wave or-
bitals in both the tp-apex atom and the Co
atom.,

The manipulation forces for Co and a small
molecule (€O differed dramatically even though
both adsorbates move on Cuf111) at a simular
tunncling conductance in STM expennments (8).
We found that the lateral manipulmtion force
for CO molecules (160 + 30 pN) is an onder of
magnitude larger than tha for Co atoms (Fig. 3
and fig, 53). More importantly, the spatial depen-
dence of the forees was markedly different. For
example, F.2* at closest tip-sample approach before
hopping was almost independent of the lateral tip
position around the center of the molecule and
became repulsive at x = =300 pm (Fig. 3). This
dependence is in contrast 1o the s-wave nature of
the forces that we found for metal adsorbates,

At small tp heights, the adsorbate follows the
tip from binding site 1o binding site (8, 9), Under
these conditions, maps of the fores and the tip-
sample interaction polential can be constructed
by combiming &£ images oblained al various up
heights both above and below the manipulation
threshold (26). Figune 4A shows this micraction
potential for Co manipulated on Cu(l11). The
most stable adsormption sites are the fee hollow
sites (90, which appear as minima in the potential
map. The neighboring hexagonal close-packed
(hep) sites have a slightly higher potential enenzy.
We note that the Co atom can only be stabilized
on this binding site when the tip is in close prox-
imity (9). The foe and hep sites were separated
by a potential bamier of 35 + 5 meV, whereas the
highest potential of 160 + 30 meV occurred when
the tip was placed above an on<top site of the
surface. In contrast, in the potential landscape of
Co on Pr111), the bamer is 200 & 30 meV and
the two tvpes of threefold hollow sites are cssen-
tially indistinguishable (fg. S3E). The potential
landscape for an adsorbed CO molecule (Fig.
4B) clearly reflects the different svmmetry of
the binding site. In this case. we found that the
bridge site had the lowest barrier (70 = 10 meV)
between two on-top binding sites,

For all three systems, the measured potential
barrier height for positioning the tip between two
neighboring adsomption sites is in close agrecment
with the diftusion barrer for adsorbate motion
as determined by density functional theory [37
meV for Co on Cull 1)) (27 and experiments
performed without the presence of a probe tip
[ 75 meV for CO on Cu(l11) (28) and 200 + [0
meV for Coon P11 (29)]. Alhough diffusion
expenments detect the lowest barrier of the
adsorbate-surface potential landscape without
the presence of a tip, our measuremenis determine
the potential for moving the tip resulting from all
interactions among tip, surface, and adsorbate,

The present method for measuring the full tp-
sample potential landscape and the forces nec-
essary 1o manipulate atoms and molecules in
arbitrry directions provides important informa-
tion about the manipulation process without re-
lving on advanced simulations such as density
functional theory. It could give additional impetus
to the explomtion of atomic-scale fction and
atom and molecule diffusion on surfaces and

efler a deeper insight into controlled bottome-up
asscmbly mechanisms. A systematic investigation
of the mamipulation lorces on different surface-
adsorbate combinations is now possible, and the
driving mechanism 1o create future nanoscale
devices can be explored ina quantitative manner.
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Bioinspired Design and Assembly
of Platelet Reinforced Polymer Films

Lorenz ). Bonderer, André R. Studart,*t Ludwig ]. Gaucklerf

Although strong and stiff human-made composites have long been developed, the microstructure of
today’s most advanced composites has yet to achieve the order and sophisticated hierarchy of
hybrid materials built up by living organisms in nature. Clay-based nanocomposites with layered
structure can reach notable stiffness and strength, but these properties are usually not accompanied by
the ductility and flaw tolerance found in the structures generated by natural hybrid materials. By using
principtes found in natural composites, we showed that layered hybrid films combining high tensile
strength and ductile behavior can be obtained through the bottom-up colloidal assembly of strong
submicrometer-thick ceramic platelets within a ductile polymer matrix.

teel and other metal alloys have long been
used for the fabrication of strong and Naw-
tolerant materials for structural applications.
As opposed 1o metals, ceramic and polymeric ma-
terials do not exhibit the unique combination of
high strength and law tolerance. Ceramies are tvp-
ically strong but not wlerant 1o surface Maws and
cracks, whereas most polvimers are Nawdoleram but
detorm extensively at mther low applied stresses.

Nature has found its way around this dilem-
ma by combining plateletlike ceramic building
blocks with polymeric matrices o render hyvbrid
materials that are both strong and law-tolerant.
Examples include mineralized tissues of verie-
brates, such as bone, teeth, and calcified wndons,
as well as the outer skeleton ol invencbrtes,
such as the nacreous layver of mollusk shells (1),

The exquisite structure of these biological
miaterials and the underlying concepts leading o
their mechanical behavior have been extensively
studied (2 5). Although subsiantial progress has
been made on understanding the mechanical
response of such structures (6711, the manufac-
ture of arificial composites that copy nature’s
designs remuins a challenging goal.

A number of differemt matenals have been
used as inorganic reinforcing platelets for the
fabrication of polymer-matrix anificial compos-
iies, including glass, graphite, SiC, AlBa, mica,
talc, and clays (£2-/5). Considerable increase in
stiflness and strength has been achieved at rather
low platelet concentrations, particularly in the
case of polymers reinforeed with nanosiaed clay

Department of Materials, Eidgendssische Technische
Hochschule (ETH)-Zirich, B093 Zirich, Switzerland,

*Present address: Experimental Soft Condensed Matter Group,
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{To whom comespondence should be addresssed. E-mail:
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particles (/6). However, improvements in the
composite strength at higher platelet concentra-
tions |=10 weight % (wt "a)] are olten notably
lower than that expected lrom theoretical mod-
els for winforeed polvmers (12, 17, IX). This
has been attributed to difficulties in achieving
complete exfoliation and dispersion of plaiclets
within the organic matrix and to poor bonding
at the inorganic-organic interface (12, 18, 19).
The strengthening seen with nanostzed clay par-
ticles also seems o involve the cross-linking
ol polymer chains between neighboring plate-
lets rather than solely depending on load
transfer mechanisms operative in composites
reinforced  with micrometer-sized  inorganic
fibers (f7, (&, 200, This cross-linking effect
was used in making clay-based nanocompos-
ites exhibiting tensile strength up 1o 400 MPa
(8. However, such strong nanocomposiics ex-
hibit brittle fracture under tension (flaw intol-
crance), presumably becavse of the very high
platelet concentration |50 volume %a (val %a)]
needed to reach this high strength level.

We applicd some of the structural concepls
found in biological matenals w design and fab-
ricate platelet-remforced hybrid films that are
both strong and ductile. The siee and aspect
ratio of the reinforcing platclets, as well as the
mechanical propenties of the individoal  inor-
ganic and organic phases, were deliberately chosen
to mimic the designing principles of strong and
tough biological struciures,

Biological materials such as bones, teeth, and
mollusk shells are charmcterizod by a layered struc-
ture consisting ol strong inorganic plaelels em-
bedded in a sofi, ductile organic matrix (/). In spite
of the mberently weak inorganic constilucnts (.2,
silica, calcium carbonates, and phosphates), the
high strength of the inorganic building blocks 15
ensurcd by limiting at keast one of their dimensions
to the mmoscale (7). These tiny building blocks

are usually organiacd into a hicrarchical structure
spanning over various length scales. Changes in
the fiaction of inorganic phase (i.e., degree of min-
cralization) kead 10 hybrid materials ranging from
soft tissues such as cleilied twendons 1o strong,
hard structures such as bone and nacre, Among the
different models that have been proposed 1o de-
seribe the mechanical resporse of biological miner-
alized struciures (8-11), a simple approach based
on the mechanics of composite structures has been
successtully applicd w explain the strength and
ductility of nacre (7).

The strength of nacre has been desenbed
on the basis of a simple shear lag model, ac-
cording 1o which the apphed load 15 translemed
to the inorganic platelets through shear stresses
developed in the organic matrix (7). For ductile
matrices exhibiting a vield shear strength 1, and
a perfect bonding o the platelet surface (inter-
facial swength 4 = ty) the ulimate tensile
srength of the hyvbrid material (eg) can be
estimated from the volume fraction of plaelets
(150, the platelet aspect ratio (), and the tensile
strength of the platelets (s,) and of the organic
matnx (g, as follows (21):

T, —ui'r.-npi (1= Va)om (1)
with the factor a bemg a function ol s, t,, and o,

The tensile sirength of the hybrid material
depends on the operative failure mode, which in
tum is deienmined by the aspect ratio of the in-
organic plateleis, s. For aspect ratios higher than
a critical value (s = s). the composite fails be-
cause of the fracture of platclets (Fig. 1A), lead-
mg o a brittlle cotsirophic rupture of the matenal.
In this case (s = s}, the factor @ in Eq. 1 is given
by the following relation:

%

a=|
M
S

On the other hand, for aspect mtios lower
than the critical condition (s < 5. the continuous
matrix viclds before the platclets break, thus lead-
ing 0 toughening mechanisms such as platelet
pull-out and matrix plasiic Mow before the com-
plete rupture of the composite { Fig. 1 A) For s -
s, the factor a reads

=

|',t|
|
:ﬂp

¥

Composites thar il under the plaelet frac-
ture mode are sirong but brtle and thus Naw-
imolerant, whereas materials that rupture under
the platelet pull-out mode are gencrlly weak
but ductile and thus faw-olernt (Fig. 1A).
Note that for weak inorganic-organic interfaces
fracture occurs at the interface before the matrix
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yields, so that 1, has to be replaced by 1 in the
composite strength Egs. 1 and 3.

The structure of biological materials like nacre
has evolved in such a way to form platelets with
& (5= 8)(7) slightly below s, so that a maximum
strength is achieved without imparting brittlencss
to the composite (Fig. 1B) (7) s, 15 equal to the

Fig. 1. Fracture mechanisms ()~ A
and estimated temsile strength
(B} of platelet-reinforced com-
posites. The aspect ratio of the
platelets (s} determines whether
the compesite fails under plate-
let fracture mode (5 = s5) or
platelet pull-out mode [5 < 5
(A} The tensile strength of poly-
mer matrix composites reinforced
with CaC0z and Al;O5 platelets
is estimated in (B} (black and
blue surfaces, respectively) on the
basis of a shear-lag mechanical
model (21). The limit between
the platelet fracture and pull-out
modes is indicated by the black
and blue full lines for CaCOy
and Al;05 platelets, respectively.
ty and o of, respectively, 40
and 50 MPa were assumed here
for the organic matrix in nacre
{protein interlamella layer) (7)

5 > 5. : Platelet fracture

ratio g/t Assuming o, between 360 and 500
MPa for the amgomte phaitclets in nacre [supporting
onling material (SOM) text], we expect a low s;
m the range from 9 1o 12,5 for such naturl
composite (1 = 40 MPa) (7). In contrast to the
limited number of inorganic matenals available
for the synthesis of biological structures, artilicial

Tensile strength of composite, o, (GPa) 0

" Platele

composites can benefit from the outstanding me-
chanical strength of synthetic morganic fibers and
platclets (op ~ 2 10 5 GPa). This leads to a higher
selep 1y ) allowing for a considerable increase of
5 belore 5. 1s reached (221

Guided by these design principles, we selected
inorganic platclets and an organic polymer with

and in the artificial composites (chitosan, Fig. 3B). Platelet strength (o) of 0.4 and 2.0 GPa were assumed for the CaC0O; (7) and ALO; platelets, respectively.

'\ \Q/ #1200 nm

5-10 ym ]

Dispersion
in ethanol

/ & dropwise

A addition
onto
water

Sonication
for 15 min

Spin coating
chitosan

Fig. 2. Bottom-up colloidal assembly of multilayered hybrid films, Surface modified platelets are assembled at the air-water interface to produce a
highly oriented layer of platelets after ultrasonication. The 2D assembled platelets are transferred to a flat substrate and afterwards covered with a
polymer layer by conventional spin-coating.
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features that should lead 1o artificial hybrid mate-
nals exhibiting high strength and ductility. Alimina
plaiclets with cstimated o, of 2 GPa and a chitesan
polymer with t, around 40 MPa were chosen. With
a high s¢ of 50, the combination of these materials
should kead to strength values higher than that of
nacre while ersuring tha frmcture occurs by platelet
pull-out, as indicated in Fig, 1B (bluc surface). In
order 1o maximize strength without impaining the
polymer’s ductility, 200-nm-thick plitelets with an
average s of abou 40 were used (5 slightly below s,
see dashed blue line in Fig. 1B). In spite of ther
higher », the size of the anilicial aluming placles is
in the same length scale as that of the amgonite
platelets encountered in nacre (3, 7), With the ox-
ception of a recent study on composites with low

Fig. 3. Microstructure and mechan-
ical behavior of artificial and natural
hybrid materials with different con-
centrations of inorganic platelets. The
highly oriented microstructure of an
Al;0y-chitosan artificial film & shown
in (A) for Vp = 0.11. The use of
strong platelets with s slightly lower
than s, leads to light and flexible
composites combining high tensile
strength and high strain at rupture
(B). Chitosan-based films prepared
with platelet concentrations as low

platelet concentrations. (1, = 0.03) (15}, most in-
vestigations have been camied out with use of
cither silicate-based platelets with thickness around
| nm (3, £4, 1618, 20, 23, 24) or anilicial
platelets with thickness larger than a few tens of a
micrometer (f4, 224, Placlets a the length scale
we used are expected 10 be thin cnough 1o pos-
sess the high tensile strength of small inorganic
building blocks (3) and sufliciemly thick to be
fully dispersed in the polymer matix so as 10
strengthen the composite through conventional
load transfer mechanisms (22),

We labricated layered hvbrd materials by using
an approach that relics on the sequential deposition
of morganic and organic lavers ot ambient con-
dinons (Fig. 2). Because the artificial platelets ane

as 10 and 15 vol % exhibit tensile B
strength comparable to or higher 300 == Vp=015
than that of natural layered materials P _—
(C). The stress versus strain curves for 2850 F 4
nacre (red abalone, Haliotis rufescers), !
bone, dentin, and calcified tendon % 200 F [
were obtained from Wang et al. (2), < ! 0.10
Landis ef af. (after Ashman) (29), ) ' = =
Sano et al. (28), and Landis et al. £ '0T
(29), respectively. The scale bar in g T L e c=e- 0.05
(A) indicates 5 um. The stressversus @ 100 .
strain curves shown in (B) and (C) E ¢ 0
are representative curves of the total 50 F ;r.- ........................................ Fi
of five evaluated samples. i
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submicrometer-sized in thickness, colloidal-based
techniques can be used for the assembly of the
morganic bullding blocks. The abality of collowdal
platelets 10 adsorb an ar-water interfaces was used
as o means 1o direct their assembly nto a highly
oriemed two-dimensional (20) stucture. The ad-
somtion of plaelets ot the air-water interface was
favored through the atachmem of slightly hydro-
phobic amine-terminated silane species on the plate-
let surface (g, S1) (25) Amine groups at the end
of the silane hydrophobic tail ane expected 1o form
hydrogen bonds with the oxyeen atoms of the
chitosan backbone, increasing the adhesion be-
tween inorganic platelets and the organic matnx.
An athanol suspension comaining | vol %o of mod-
ified platelets was spread over a water surface. A
smooth and perfealy onented monolaver of plate-
lets was lonned at the surface of water upon ultn-
somication (Fiz. 2). The formation of a repulsive
clectrical double layver between like-charped plate-
kets ot neutral pH allowed for extensive reamange-
ment of particles during sonication. The 2D
assembled platelets were transfemred 10 a glass
substrate by dip-coating and were then spin-coated
with an organic laver of chitosan solution (25).
The thickness of the polvmer layer was con-
trolled by changing the chitosan concentration in
the spin-coating solution (fig. S2). Repetition of
these steps ina sequential nonner Jeads © muli-
lvered inorganic-organic ilms with a wtal thick-
ness typically less than a few tens of a micrometer.
Free-standing lilms were obtained by pecling them
ofl from the substrate with a raor blade (Fig, 2).
Flexible and thin hybnd films containing I,
up 1o 0.2 exhibited a bnck-mortar structure with
strongly aligned platelets surrounded by a ducatile
orzanic matrix (Fig. 3A). For imorganic volume
fractions higher than 0.2, exiensive swelling of
the thin chitosan laver during dip coating led 1o
platelet misalignment and the incorporation of
voids within the film (Fig. 4A and lig. $3). As a
result of strong platelet alignment for volume
fractions lower than 0.2 (Fig. 4A) a subsiantial
fraction of a load applied parallel 1o the ordered
lavers can be taken by the stronger inorganic
phase, increasing the material’s clastic modulus
(E,) from 2 up to 10 GPa (Figs, 3B and 4B8).
The mechanical behavior of the hybnd film
strongly deviated from the lincar elastic regime,
when the yield tensile strength of the orzanic
matrx wiss reached. Al this siress condition, viekl-
mg of the polymer phase between the inoeanic
platelets led wo a pronounced plastic deformation
of the composate film (Fig. 3B). Because of load
transler to the platelets, the tensile stresses ne-
quired for plastic vielding increased from 30 MPa
to values as high as 300 MPa when the 1, was
increased from O 1o 015 (Figs. 3B and 4C).
Most remarkably, films containing inorganic vol-
ume fmctions up to 0,15 fmctured at a total simin
(€nyge) typically between 4 and 35% (Fig. 4D), as
a result of extensive plastic yielding of the poly-
menc matnx before rupture, Flexible hybnd films
that are simultancously strong (tensile strength
g ~ 300 MPa) and ductile (£pp ~ 20%) were
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Fig. 4. Platelet orientation
and mechanical properties
of Aly0y-chitosan artificial
films as a function of V.. A
high degree of orientation
was achieved for values of
Vy up to 0.2 [(A), solid sym-
bols]. Load transfer from the
continuous chitosan phase to
the highly oriented inorganic

A

FWHM of platelet
orientation distribution ()
s

Tensile strength, a. (MPa)

platelets led to a substantial B
increase in £, (B) and o, of
the hybrid film (C), in accord-
ance with mechanical models
for bulk composite materials
[continuous fitting curves in
(B) and (C)] 21, 27). Although
the strain at rupture of the
hybrid films decreases by in-
creasing the concentration of
platelets, values as high as

Elastic modulus, E (GPa)

w
=
o

Strain at rupture. £ (%

- PR P

4% are still achieved for V=
02 (D). The elastic moduli
data (B) were obtained from
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the initial elastic region of the stress versus strain curves exemplified in Fig. 3B. Error bars correspond to the standard deviation obtained from a total of five samples.

successfully produced at rather low 1, values
(Vp = 0.15) (Fig. 3B).

Our results indicate that the mterfacial bond-
ing between platelets and the organic matrix
plays a crucial role on the load ransfer efficiency
from the ductile polymer to the strong inorganic
phase. For 7 values lower than the matrix 1. the
ultimate strength of the composite 1s controlled
by 7 rather than t, (Egs. | and 3). A compar-
500 of our expermmental results with those ex-
pected from the simplified shear-lag model (Fig.
40C) shows that most of the srength data agree
well with the theoretical predictions when 1 is
varied from 235 1o 30 MPa (27). Films exhibiting
the highest o, (g, ~ 300 MPa) are stronger than
the model predictions, suggesting that in this
case 1 or 1, might have been improved during
the processing of the hybrid film. A possible
reason for an increase of the t, would be the
crysiallization of chitosan molecules on the
surface of the alumina platelets.

The £, data for the layered composites arce
also in reasonable agreement with theoretical
predictions (26, 27) (Fig. 4B), except for some
data sets at b, between 0.1 and 0.2, Scattering
of the strengih and clastic modulus an this range
of platelet concentrmtion (Fig, 4, B and C) was
probably caused by the imited control over the
onganic-inorganic interface of the AlOy-chitosan
films or by the possible presence of processing
detects (voids) within the composite microstrue-
ture, Improvements in the sequential assembly
process 10 avoid processing defects and a better
control over the imerfacial bonding by chemical-
Iy coupling the platelet surface groups 1o the
organic matnx should considerably reduce scat-
tering of the strength and K. values,

The combination of high tensile strength
and ductility (inclastic strain) is the most dis-
tinct feature of our composites when compared

Table 1. Summary of the mechanical properties of artificial composites reinforced with submicrometer-
thick alumina platelets in comparison to clay-based nanocomposites (14, 18). Data refer to mean values
and corresponding standard deviation. N indicates the minimum number of samples evaluated. PODDA,
polyldiallyldimethylammonium chloride); PVA, polylvinyl alcohol).

Relative Elastic Inelastic
Composite (V) V, o (MPa) strength E. (GPa) &,y (%) strain, £y strain, £
lodog) (%) (%)
Submicrometer Al;05
: 0.15 315 =+ 95 6.0 962 21 %5 39+12 171 +4
platelet/chitosan (5} i - = =
Montmarillonite . .
clay/PDDA -0.30* 100 = 10 83 11 + 2 10 + 2¢ 0.9 0
Nentmorskgone 0.50 400 +40 10.0 106+ 11 0.33 +0.04 0.33 = 0.04 9

clay/cross-linked PVA

*Estimated based on data reported by Tang ef al. (14).
only bear considerable load for strain valses higher than 99%.

1o other plaelet-reinforced polvmers (Table 1)
(40 18, 20, 23). Composites with 15 vol % of
submicrometer alumina plaieleis showed tensile
strength wp to 315 MPa and an inclastic defor-
mation of 7%, as opposed to the catastrophic
brinle failure observed for nanocomposites con-
taining up 0o 50 vol %o of clay placlets (Table 1)
(14, 181 Such melastic deformation should lead
o very high fracture energy and woughness. A
rough estimation based on the area under the
stress versus sirain curve indicates that the ener-
gy required 1o muplure our composites is two
orders of magnitude higher than that necded 10
fraciure ultrastrong and stll” clay-based nanocom-
posites (f4, 18) The lower platelat concentration
of the alumina-reinforced polymer led 1o relative
strength (o /oy, ) and £, values that are, respective-
by, 0% and 10-fold lower than that of ultmstrong
nanocomposites (Table 1) (/8), It is imponant 1o
note, however, that the submicrometer-thick
platclets used exhibit a higher remlorcing efli-
ciency comparcd with the clay platelets inves-
tigated by Podsiadlo e al. (/8). On the basis of

thccording to data published by Tang ef ai, (14), these samples

the factor a of Eg. 1, we estimated that the sub-
micromeier alumina plaicleis are ot leasi four
times more efficient than clay plaielets as load-
bearing units of the composite (SOM text).

The mechanical behavior of the antificial com-
posites was also compared with that of hybnd
biological structures in Fig. 3C. In spite ol their
lower inorganic content, the anificial composites
exhibit vicld strength higher than or comparable
to that of natural materials, As anticipated by the
mechanical model shown in Fig. 1, the high
strength of antificial composites preparcd at rather
low morganic contents results from the enhanced
tensile strength of the synthetic inorganic plate-
lets (g, ~ 2 GPa) as compared to that of plate-
lets found in biological structures [360 < o) <
300 MPa in nacre (SOM 1ext)]. The strain to
mpture of the amilicial composites 15 also consid-
crably higher than that of natwral matenals because
of the extensive plastic low of the chitosan natrnx
{Fig, 3C) The arca under the stress versus strin
curves obtained for the artificial matenals is mowre
than one order of magnitude birger than than for
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nacre and other biological materials (Fig. 3C). The
clastic moduli of up o 10 GPa achieved by the
artificial composite 15 comparable o those of
dentin and bone (%, 28, 29) and about 10-fold
lower than that of nacre (7).

The use of high-strength artificial platelets as
mechanical reinforcement imposes less-stringent
microstructunl requircments 1o the composites
in comparison to natural hybrid structures, Ar-
tificial composites reinforced with strong plate-
lets show remarkable mechanical propenies in
spite of their less-claborie microstructure, In con-
trast, the relatively weak inorganic compounds
available in nature for bivmineralization requine a
far more sophisticated architecture 10 render
matenals with comparable mechanical behavior,
Nature still remains supreme m its ability o buld
hybrid materials with unique structures and prop-
ertics using a relatively limited variety of inor-
ganic building blocks, Further advances in this
area might allow us o replicate the microstnue-
ture of natural materials by wsing strong artificial
building blocks in the future. If successful, this
bio-inspired approach would eventually lead 1o

man-made hvbrid materials with unprecedented
mechanical propertics.
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Atomic-Scale Chemical Imaging of
Composition and Bonding by
Aberration-Corrected Microscopy

D. A. Muller,™?* L. Fitting Kourkoutis,® M. Murfitt,? ]. H. Song,** H. Y. Hwang,>®

1. Silcox,™® N. Dellby,? 0. L. Krivanek?

Using a fifth-order aberration-corrected scanning transmission electron microscope, which provides a
factor of 100 increase in signal over an uncorrected instrument, we demonstrated two-dimensional
elemental and valence-sensitive imaging at atomic resolution by means of electron energy-loss
spectroscopy, with acquisition times of well under a minute (for a 4096-pixel image). Applying this
method to the study of a Lag 7515 3Mn05/SrTi0y multilayer, we found an asymmetry between the
chemical intermixing on the manganese-titanium and lanthanum-strontium sublattices, The
measured changes in the titanium bonding as the local environment changed allowed us to
distinguish chemical interdiffusion from imaging artifacts.

csolving and identifying the composition
R:uu[ bonding of all atoms in a solid

sample at atomie resolution has been a
long-standing  goal of analytical microscopy,
Atom probe microscopy comes close o the first
zoal of compositional idemibication, collecting
roughly 60% of the soms field-cvaporated ofl a
sharp tip and locating their positions 1o within a
Tew lattice sites, Electron encroy-loss spectroscopy
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(EELS) of a high-cnergy ¢lectron beam focused
down to atomic dimensions allows clemental iden-
tification with atomic resolution, with the addition-
al capabiliies of imaging msulating matenals and
determiming the electronic structure or chemical
bonding of cach atomic column in the matenal (/).

One stiep toward atomic-resolution EELS
imaging was the identification of the chemical
state at a single point at an interface, with the use
of a scanning transmission cledon microscope
(STEM) 2. However, the resolution was limited
by a small inciden electron beam current, allow-
ing bonding states 1o be mapped at subnanometer
but not atomic resolution (). The recent correc-
tion of third-order dectron-optical aberrations by
multipole comectors has allowed the illumination

aperture size to be increased, vielding a factor of

4 10 6 merease in the beam current for the same
probe size (). This has made it possible to recond

atomic-resolution EELS line profiles (5) or chem-
ical images without bonding information (6, 7).

A Tl wo-dimensional chemical map ob-
tained by EELS that also comtains bonding
information requires vet another order of mag-
nitude increase in the beam current o improve
the signal-to-noise mtio. We did so by comecting
the clectron optical abemations 1o Oifth-order so the
numierical aperture in the STEM could be Turther
mereased (8) However, even this increase in
beam curent was not sufTicient to produce a true
chemical map. Electrons are scaitered both clas-
tically and inclastically in the sample. Although
the inclastic scatiering that contains the EELS
signal is peaked largely in the forward direction,
the unavoidable elastic scattering ol those same
elecirons is strongly angle-dependent. Standard
collection oplics capture only a portion of the
inclastically scatiered electrons, because heavier
atoms clastically scatter them out of the path io
the detector. Consequently, the EELS signal
can be dominated by changes in the clastic con-
trast, masking the chemically unigque inclastic
signal.

This phenomenon was recently demonsirated,
both by experiment and gquantitative theory, for
Big sSrpsMnOy, where the “inclastic™ images
were dominaied by the strong elastic scattering
from the Bi sites that largely prevented electrons
on the Bi column from entering the detector (6).
A general symptom of this scattering anifact is
that all inelastic inensities. independent of their
chamcteristic energy loss, would peak a1 the
same spatial locations [as was mentioned in (9)).
The anitact can be climinated iFall the clastucally
scatiered electrons are being collected by the
spectometer. However, inercasing the collection
angle of a conventional spectrometer to do this is
not possible without drstically degrading the
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energy resolution to the point that the EELS
edges are no longer detectable (/0). By adding
four round coupling lenses that pamllelize the
scattered electrons, plus a comective quadnipole
octupole module betore the spectrometer (8), we
obtained 0.5-¢V encrgy resolution for collection
angles as large as 60 mrad. These angles are
larger than those in a conventional system by a
factor of roughly 3 1o 6, and they collect a much
larger raction of the clastically scattened energy-
loss electrons and therehy reduce the measured
elastic modulation o below a few percent,
Figure | shows atomic-resolution EELS maps
that demonstrate this capability. The underlying
spectrum image was reconded with an mcident
beam cumrent of =780 pA, with -6 pA col-
lected m the spectrometer (/). For companson,
the reported meident beam currents of third-order
comectors mnge from 10 10 100 pA when used
for EELS mapping. with an estimated usable
EELS signal of 8 1o 50 pA (/7). This factor of
[0 o 100 merease n signal can be atinbuted o a
high-brightness source, improved probe fomuation,
and efficient signal collection. An uncomected mi-
croscope has a probe-forming apernure semi-angle
of =10 mrad. A third-order comector allows this
angle 1o be doubled, inereasing the beam cument
fourfold for the same source size. A fifth-onder
corrector allows the angle to be doubled vet again,
giving a fctorol 16 increase in beam current over
the uncorrected system. An additional factor of 10
in current is gained by using a cold ficld emiter

Fig. 1. Spectroscopic imaging of a Lag 751 3Mn03/
5iTi03 multilayer, showing the different chemical
sublattices in a 64 x 64 pixel spectrum image
extracted from 650 eV—wide electron energy-loss
spectra recorded at each pixel. (A) La M edge; (B) Ti
L edge; {C) Mn L edge; (D) red-green-blue false-
color image obtained by combining the rescaled
Mn, La, and Ti images. Each of the primary color
maps is rescaled to include all data points within two
standard deviations of the image mean. Note the
lines of purple at the interface in (D), which indicate
Mn-Ti intermixing on the B-site sublattice. The white
circles indicate the position of the La columns,
showing that the Mn lattice is offset. Live acquisition
time for the 64 = 64 spectrum image was ~30 s;
field of view, 3.1 nm.
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instead of the more common Schotiky emitter.
Finally, the post-specimen oplics were matched
to collect over a much wider mnge of scattering
angles than i uncorrected instruments (8),

The sample we stoudied 15 a perovskite
Lap 15rp4MnOy/SrTioy (LSMOYSTO) muli-
layer, with five nominal unit cells of cach
matenal, grown in conditions where cation in-
terdifTusion occurs; such a multilaver is usclul
for the bonding studics presented below (1),
This sample is a good resolution test because
there are two distinet sublattices, Se-La and Mn-Ti,
offset from each other by 0,19 nim, and the edecs
of the muliilavers themselves provide a “knile-
edee™ resolution test where the resulting image is
essentially a convolution of the probe shape with a
step funcnon, This 1s a useful check for probe tals
that are filiered out of a penodic Intiee mage.
Both tests are needed 10 distinguish between true
inclastic contrmast and the preservation of the clastic
contrast in the nelastc channel (/2). Here, the La
and Mn lattice images are properly oflset from
cach other (Fig. 1, A and C), showing tha the
clastic contrast antifact (which would cause them
to coincide) has been suppressed.

Figure 2A shows some of the individual spec-
tra that make up the chemical map, and the simul-
tamcously recorded annular dark-field image from
the elastic signal (Fig. 2B) shows that the EELS
signals are properly registercd with their respee-
tive atomic columns, The sharp left edge of the

STO layer visible as the dark band inthe conter of

Fig. 1A shows the abrupt profile in the La signal.
Another map of a ncarby region of the sample,
recorded with the same probe alignments, shows

an abrupt edge profile tor Ti (£ (fig. 520 This
conterexample demonstrites that the more grad-
ual interfaces for the Ti and Mn signals m Fig. 1.
B and €, are not the result of inclaste delo-
calization [which will be worst for T, the lowest-
energy edege (/3-15)] or of probe spreading, but
rither are o property of the sample iself,

With these data we were abke o explore chem-
icatl bonding states at an aomic scale. The shape of
the EELS adge reflects the local, Gnal-state density
of states modified by the presence ol a core hole on
aspecilic atom column (/63 The bonding changes
are most noticeable at an eneny scale of 0210 2 ¢V,
s simple cheek that we have sufficion signal w
inuge bonding states is w0 display maps of the
EELS fine structure formed with energy windows
i this range (Fig. 3, A and B, for T and Mn,
respectively, wsmg a L5V wmdow k. The changes
in EELS line stucture are complex, bul some
general bonding trends are capturad by a principal

components analysis of the spectrum image (/7).
The component that contams the lareest mage var-
ance, PC1 (Fig. 3C), tacks the average shape of
the Ti L edge and follows the map ol total Ti sienal
We found that the second-largest component, PC2
(Fig. 3030, wacks the differences in Ti bonding
batween Ti-rich STO and Ti-poor LSMO lavers
(spcira shown in Fig 3E) PC2 s only ~15% the
mtensity of PCL, so the latice fange modulation is
reduced below the noise level in PC2, Nonctheless,
the presence of PC2 allowed us to distinguish be-
tween imeging amifacts, such as the small bt un-
avoidable probe tails due 10 beam spreading, and
chamical interdiffusion in the sample wsclll Probe
tils will blur the Ti signal of PC1 spatially bt

Fig. 2. (A} Individual EELS spectra from
the series shown in Fig. 1. (B} The simul-
taneously recorded annular dark-field
(ADF) image. The large red dircles show
that the La signal from Fig. 1A is cor-
rectly peaked where the ADF scattering
is strongest, The small red dots indicate
the spatial locations from which the EELS
spectra were selected. Scale bar, 1 nm.
(€} Background-subtracted and gain-
corrected Ti L-edge spectra, plotted for a
single line across the SrTi03 layer. The
four fine-structure peaks corresponding
to the unoccupied Ti 3d eg and t,, levels
for the Ti Ly and Ti Ly edges are resalved.
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cannot change the shape of the spectum, as PC2
does. Instecad, whereas the Ti in the STO layer
shows EELS fme structure typacal of bulk SrTich,

the Ti in the LSMO kiyer shows a strong damping
of the crystal-fickd split levels, as & typical for local
disorder such as binding to vacancics or other de-

fects (48, 1Y), Bonding changes on the oxyvgon
subbitice are shown in lig. 83, again using a pon-
cipal components analysis that is found o separate

Fig. 3. Two-dimensional mapping of
bonding detzils for the Ti and Mn 3d
states, using only a single 0.5 eV—wide
channel in the spectrum image (A) at
the peak of the Ti L; e, EELS edge, and
(B} at the peak of the Mn L; edge,
showing sufficient signal to form
atomic-resolution images of the final-
state density of states. To explore
bonding variations across the mulki-
layer, the Ti L spectrum image is
rebinned to 32 = 32 pixels to improve
the signal-to-noise ratio. {(C and D) A
principal components analysis gives
two statistically significant components
to the edge. The intensity scale of the
second component is roughly 15% of
that of the first component, reflecting
the reduction in Ti concentration in the
LSMO layer where this component is
peaked. (E} The Ti L edge showing the

otal concentraton i chemical changes (1),
Addinonal checks on common anifacts from beam
spreading and delocalization are also given in (//).

Usimg one-component least-squancs lits, we also
builh up concentration maps for La and Mn. These
do not look significantly dilferent from the simple
summations of Fig, 1. The statistics for any given
spectum are relatively poor, but by averaging
across the laver, the mndom uctuations can be
averaged out and we can obain unbiased osti-
mates of the mndom emors in the conceniration
measurement that we would not be able o obiain
from a single Ime scan. Figure 4A shows that sig-
nificant La has been meomaorated i the nominal
STO layer. The La profile an the left interface is
abrupt, but at the right inerlace it is more gradual.
There is also signilicant inlernuxing on the Mn-Ti
sublattice a1 the last atomie plane i the STO layver
(Fig. 4B). The chemical changes on the Ti edges
show that these are different atoms, rather than
probe tails from the neighboring layer (Fig. 3).

crystal-field split Ti 3d e and to empty "+ "Tiin LSMO" (x2) y l'I'Iu.;I presernce ul‘l 1I.:u q:ulm-ic-;..-ll .-I1_';!11ruh:>. uulﬂl!u:
states. The leftmost two peaks are *Ti in STO" ) p:mlulu? that this is an 1:1.{Iuslu- tail fromthe STO
transitions from the Ly core level, and E..Eﬂ'ﬂl- e tzg ¥ laver, which would maintain the same shape.) The
the rightmast two peaks are from the L, &g 9\'_11 L local concentration profiles are extracted by liting
core level. The open and solid points "o ) tz a series of Gaussian peaks at cach of the atomic
are from single points (after rebinning) :E' g ;ox. e columms, The width of the Gaussian reflects the
in the Ti-rich STO layer ("Ti in $TO") 2 100- SO . averaging over random scan noise fluctuation
and the Ti-poor LSMO layer ("Ti in -g e between the 64 different image lines, rather than
LSMO"). The dotted lines are the fitt = ., i _'..‘ FL . the actual and much smaller probe profile itsell
from the first two principal components ' A The expenmental data show an asymmetry
shown in (O and (D). Field of view for b between A-site (La-Sr) and B-site (Mn-Th) inter-

all images, 3.1 nm.

Fig. 4. Line profiles averaged
across the least-squares fit to the
concentration maps of Fig. 1,
corrected for the drift during acqui-
sition. (A) The La M-edge concen-
tration profile shows a small
amount of La present inside the
nominal SrTi0; layer and an
asymmetry in intermixing between
the sharp lower (left) and maore
gradual upper (right} interfaces.
The black curve is a fit to a sum of
Gaussian peaks fixed at the lattice
sites (dashed), which gives an
indication of the local La concen-
tration partitioned by plane, show-
ing the nominal SrTi0; is four unit
cells thick in this region of the
sample. (B} The Mn (red) and Ti
{blue} profiles show a more sym-
metric intermixing at the two inter-
faces. The Ti displaced from these
planes is spread throughout the
LSMO layer, but the Mn in the STO

2
Distance (nm)

mixing. Because the thin-film behavior of man-
ganites shows a entical thickness behavior for
conductivity, although the values vary (20-22),
local compositional changes such as those scen
here may have a key role to play.

We lave demonstrated two-dimensional chem-
ical imaging at the atomic scale, with simulancous
elamental identification and visualization of the lo-
cal bonding staies. The comected optics allowed us
1o incremse the convergence and collection angles.
Asa consequence, the clastic scattering artifacts that
masked the chemical signal in carlier EELS work
hawve been suppressed, and the image acquisition
times were reduced by a Factor of 10 10 100,
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Extending Earthquakes’ Reach

Through Cascading

David Marsan® and Olivier Lengling

Earthquakes, whatever their size, can trigger other earthquakes. Mainshocks cause aftershocks
to occur, which in turn activate their own local aftershock sequences, resulting in a cascade

of triggering that extends the reach of the initial mainshock. A long-lasting difficulty is to
determine which earthquakes are connected, either directly or indirectly. Here we show that

this causal structure can be found probabilistically, with no a priori model nor parameterization.
Large regional earthquakes are found to have a short direct influence in comparison to the
overall aftershock sequence duration. Relative to these large mainshocks, small earthquakes
collectively have a greater effect on triggering. Hence, cascade triggering is a key component in

earthquake interactions.

arthquakes of all sizes, including afier-
shocks, are able o trigger their own

altershocks. The caseade of canhguake

triggering causes the scismicity 1o develop
complex, scale-invariant patterns. The cau-
sality of "mainshock A tniggered aftershock

B which appears so obvious i mainshock
A happens to be large, must then be modified
inte a more subtle “mainshock A trigeered
C1, which wiggered C2, ... which triggered
B.” This has paramount consequences: The
phvsical mechamism that causes direct trig-
gering (state or dynamic stress changes,
Nuid Mow, afterslip, ete.) cannot be studied
by looking at aftershocks that were not
directly triggered by the mainshock. More-
over, 10 mdirect inggering is important in the
overall altershoek budget (f-3), then direat
triggering must be confined to spatial ranges
and times shorter than the size of the tonal
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France.
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altershock sequence. How much shorter is
still an open question, in the absence of any
simple or standard way to cthciently dis-
criminate direct and indireet triggering in the
data.

Scismologists mostly resort o decluster-
ing algorithms 1o scparate carthquakes be-
tween mainshocks and aftershocks (4-7),
These methods have arbitmry rules and are
heavily parameter-dependent. Recently, more
sophisticated methods were proposed 1o per-
form stochastic declustering—that is, deter-
mining the probability that carthquake A
triggered carthquake B (8). This overseeds
the usual approach of binary linking of one
aftershock 1o one single mainshock: An carth-
quake § is then mifluenced by all preceding
carthquakes ¢, according to influence weights

wy 7 These methods, however, are model-
I L L Il
14 4] = dressed % 3
42 JLo bare % L b
2
g 104 b . ? -
a |
e © . .
0.6 — A. =
| Li T L Ll
3 4 5 6 7 B
Magnitude
'“}l 1 L i A i i
— 10? o e S 1
S e
s e
sl :
= i
™ o
E 10° 4 @ $ e L
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.lu‘o 1 L 1 L
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g ,I'—nl'\--pl:':‘grf.rr e
@ 10"+ g—" A
5 __i;%%--r-.f_-ﬂe B R
8 p R e
E
B ———
10 102 10 W W F R
Time (days)

dependent, as the influence of a trigger
carthquake s constrained to follow a specilic
law, whose parameters must be inverted.
Here we show that the probability of di-
rectly and indircctly triggering aflershocks
can he estimated with ne a priori model. A
rapidly converging algorithm with a small
number of hypotheses (lincarity, mean-ficld)
can decipher the complex scismicity time
series to reveal the underlying triggering in-
fucnces exerted by carthquakes of all sizes.
A notable result is that even large carth-
quakes causally trigger afiershocks only
during a relmively shon time span. However,
they condition regional scismicity for a much
longer time period, and over larger, lime-
mereasing distances, through the local trig-
gering caused by their allershocks. This
cascading effect, dominated by small shocks,

i 1 i 'l
102 4
& 107
= 1
g 1
o ]
107"
102 ]
3
'l ' L 'l
E 10 4 7
%,. =
E
E 10° 4 3
o
2
=
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Fig. 2. Characteristics of bare (blue) and dressed (purple) aftershock sequences. (A and B) p values and
productivity parameters ¥ from the fits 4,&t, m) = ¥ of Fig. 1. Productivity grows as 1026007
(bare) and 10™%*2%" (dressed). (C) Durations of the sequences. The dressed duration follows 10%%”.
(D) Influence lengths L estimated from the [1 + (/L) fits of the spatial densities. (E} Mean epicentral
distance between mainshocks and aftershocks versus time following the mainshock. (F) Same as (E), for
epicentral distance normalized by the bare influence length L of the mainshock. The best power laws r - 6t
give (B} H = —0.01 = 0.03 (bare), H=0.19 = 0.04 (dressed), and (F) H = 0.08 + 0.02 (bare), H = 0.21 =

0.06 (dressed).

REPORTS

thus appears to be a crucial component in
carthquake interactions.

Seismicity i1s considered as a point pro-
cess in ime, space, and magnitude. The ob-
served (dressed) scismicity mte density Alx, 0.
defined as the number of carthquakes per unit
time and unit arca al position x and time ¢, is
muodeled as

alx.1) = m+zmx.n (1)

i

where &g i the uniform background rate den-
sity, and Adx, ¢) is the (bare) contnbution of
carthquake § that oceurred at v, 4}, rep-
resenting the aftershocks directly caused by
this carthquake. We assume only that (i) the
mggering process is lincar [ie., the bare con-
inbutions Ax. £} sum upl, and (i) a mean-field
response 1o the occurrence of an carthquake
can be estimated that depends only on s mag-
mitudle, Al x, §) = Alx — x5, # — &, m;), hence two
carthquakes of equal magnitude are modeled
similarly.

The algorithm works as fbllows:

1. Knowing an a priori bare kernel A(Ax,
At m) and Ay, we compute the tnggering
weights wy ;= adlle; — x5 — o m) il < 4,
wy, ;= 0 otherwise, and the background weights
Wy, ; = g The nomalization coeflicients o, are
such that

J=l

Zu'” Fugy =1

=l

(2)

2. The updaied bare mates are then com-

puted as

AlAx]. A m)

(3)

!
= No % 00 % S(JAv .ﬁrr,‘;“ i

where A is the set of pairs such that |x; - x;
| = B o= m = S, and £ - 1= 1+ 8 (G, &1,
and & are discretization parameters), M, is the
number of canhquakes such that my = m = ém,
and S Ax|, &) is the surface covered by the disk
with radit Ay, ¢ 8. The a posterion background
rale is

where 7 s the duration of the time serics
{containing N earthquakes) and 8 is the sur-
face analveed. This corresponds 1o stacking all
the aftershocks following maimshocks @ of
similar magnitdes, but counting an aftershock
f acconding to its weight w; .

Starting with an initial guess for A Ax,
Ar, m), these two steps are iterated until
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convergence 15 reached—that s, until the
weights (or the mies) do not change substan-
tally durmg an ieration. Tests were con-

ducted on synthetic camlogs, showing the
ability of the algonthm to correctly cstimate
the cascade structure (%),

Fig. 3. Comparison of total (blue) 108 A i
and background (red} seismicity. (A)
Number of pairs N(r} with epicentral R
distance less than distance r, along T
with estimates of the fractal correla- £ N —
tion dimension D such that N(r) ~ r®, _;5'“" e
(B) Number of occurrences wversus 'E
magnitude, scaling as 107", £ 105 wI!‘;'F,a‘;’
104 _.ﬂmﬁgr
1_n«'! s SRR __..--.-.--|.|I--=-u"
1 1o 1
Distares (ki)
.m& i i i
B
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ﬂ L1 ‘\k:‘h'
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Fig. 4. Comparison of "
declustering algorithms, =
(A to D) Latitude versus g
time of accurrence of m = 2w
3 earthquakes. (A) All C
earthquakes in the cata- : =
log. (B) Declustered cata- 2 as

log using the method of
(4). (C) Declustered cata-
log using the algorithm of
(5). Parameters are ryq = 8,
which gives the number of
mainshock rupture lengths
up to which a mainshock is
supposed to trigger after-
shocks; the maximum
ahead-time for linking an

1984

1686 1988 1990 1952 1554 1096 1998 2000 2002

1984 1986 1988

aftershock to a cluster,
which is 1 day if only one

event belongs to the cluster, or 5 days otherwise; a probakility P =
95% of confidence of observing the next earthquake in the cluster;
z& = 05, the correction term for increasing the magnitude of
completeness during clusters; and a minimum of five earthquakes
per cluster. We used the data set with m. = 2.0 but show the
declustered earthquakes with m = 3. Using m, = 2.0 improved the
algorithm. (D) Declustered catalog using the present method
{model-independent stochastic declustering). (E} Cumulative time
series of the three declustered catalogs. The two vertical lines
indicate the time of occurrence of the 1992 Landers and 1999

Hector Mine earthquakes.

Li

1990 1992 1954

1996 1998 2000 2002

Years

Latitude

B 8 & B 8

We analyzed scismicity in southern Califor-
nia (f0) from | January 1984 10 31 December
2002, We considered only the N = 6190 m =
3 carthquakes in the catalog, both for com-
pleteness reasons and because the method
uses a N o« N weight matrix, preventing the
analysis of o large a data set on a standard
desktop computer. The completeness mag-
nitude is estimated o be 2.2 for this catalog.
The method was slightly modified 1o ac-
count for the fact that the background
carthquakes are nonuniformly distributed in
space (Y),

The rates had roughly an Omor-Utsuy
decay e, m) = ™ (Fig. 1), where y is the
productivity. The p value increased with m
(Fig. 2A), as observed previously (1) for
dressed aftershock sequences, although with
a saturation at m = 6. The rates decaved
significantly more slowly when considering
the full cascade including mdircetly triggered
altershocks. The dressed p values were 0.2
to 0.4 units smaller than the bare p values
{Fig. 2A). The productivity parameter grew
as = g ~ 10", with ¢ = 0.60 + 0.07 and a =
0,66 0.04 for the bare and dressed
kernels, respectively (Fig. 2B). This vielded
a signilicantly lower scaling exponent than
previous estimates (3, 2 04) for dressed
sEqUenoes,

The densities were well fined with a A(v, v
m) = [1 + (L)) law, hence a r? decay of the
number of aftershocks (Fig. 1). The bare

1884 1985 1588 1950 1562 1994 1996 1998 2000 2002

Li
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imfluence length £ was remarkably  small,
ranging from 035 kmat 4 < m < 5 to 6.6 km
atm = 7. It grew as | 043m (Fig. 2D, which 1s
close to the 10%%™ dependence expected for
the rupture length of small to intermediate-
size canhquakes (15). The bare length was
0.35 km for ¥} < m < 5, which 15 duc o the
limited resolution on the relative hypocenter
positions. as conlirmed by the break in
scaling at ~400 m for the correlation integral
(Fig. 3A). The dressed influence lengths
were about 3 times the bare ones. These
infuence lengths were not maximum trig-
gering distances: Many aftershocks were
triggered past L. Relaxing the point-lhike
carthquake hypothesis affected these results
for the large mainshocks. Using distances 1o
the rupture plane rather than epicentral dis-
tances, the bare kemnel of wm = 6 mainshocks
wias moved toward longer-range triggering,
greater aftershock productivity, and longer
durations (9).

The durations of aflershock sequences
(Fig. 2C) were computed by (i) calculat-
ing. for all the mainshocks, the delays after
which the last direct and last indirect after-
shocks occurred. and (i) averaging these
delays conditioned on the magnitude of the
mainshock. The duration of direct afier-

shock sequence was largely independent of

the mainshock magnitude and was gener-
ally short {(on the order of 10 to 15 davs for
m = 3 altershocks). The dressed sequence,
however, lasted longer lor larger main-
shocks, following a 10™*" increase. This
implics that short-lasting triggering mech-
anisms, acting at the time scale of a few days,
could be the key process, along with the
cascading effect, in controlling carthquake
dynamics.

The slow expansion of afiershock #ones
has been reporied in previous studies (/6,1 7),
We measured the mean distance r between
mainshock and afiershock with time &¢ scp-
araiing the iwo earthquakes. This distance
was constant for bare aftershocks, whereas
tor dressed aftershocks it slowly grew as r
8" (Fig. 2E). We reached similar conclu-
sions when considering the distance normal-
ized by the bare influcnce length £ of the
mainshock (Fig. 2F). This shows that cas-

cading triggering drives the expansion of

afiershock zones: The spatial patiern of dircct
triggering was almost constant with time,
ruling out triggering by Muid movements or
viscoelasticity at the time scales examined
here.

The number of canhquakes directly triggered
by all the carthquakes of a given magnitude
slowly decreased with this magnitude, demon-
strating the importance of small shocks in
controlling the regional seismicity, The collee-
tive production scales as 109 here, « = 0.6
tor the bare aftershocks (Fig, 2B) and b = 1.03
(Fig. 3B).

The hﬂckfmund spatial function gir) de-
caved as "  which is equivalent 1o saving
that the background carthquake epicenters
are fractally distributed with dimension 0 =
1.57. This is conflirmed by the correlation
imtegral of the background carthquakes (Fig,
3A), counting the number of pairs of carth-
quakes with distance less than a given value,
cach pair (7, /) being weighted by wy ;= wy,
The similar b values ol the Guienberg-Richier
laws (/&) for the wial and the background
carthquakes (Fig. 3B) suggest that the dynam-
ic mptlure extent is not a prior controlled by
the riggenng mechanism (either previous carth-
quakes or ascismic processes such as tectonic
loading ) at work.

We obtamed a background rate of 0.17
m = 3 carthquakes per day i southem
California over the years 1984 to 2002,
which corresponds o 19.5% of the total
ratec of m = 3 carthquakes. The remaining
~80% can thercfore be considered as re-
sulting from stress transfer and fault nter-
action processes, causing the seismicity to
be heavily clustered in time. Such a propor-
tion at the magnitude cutofl wg = 3 is co-
herent with the estimates in the range 18%
o 24% we obiained using other non-
parametric methods (/9). The values com-
puted using the presemt method, however,
depend on m: Cutting at larger magnitudes
increases the relative proportion of back-
ground carthquakes 1w 32% at wr. = 4 and
68% at m, = 5. A larger cutofl causes the
removal of small triggering earthquakes:
carthquakes that were triggered by small
shocks are then more likely to be seen as
background carthquakes (20). Inversely,
decreasing me would vield smaller per-
centages of background events. The 19.5%
proportion at w, 3 is therefore an
overestimation of the actual background
contribution.

Declustering of earthquake catalogs
aims at removing the altershock clusters,
keeping only statistically independent main-
shocks. The declustering algorithms by
Gardner and Knopofl (4) and Reasenberg
(5) arc the most classical methods, We ran
these two methods along with ours (Fig. 4).
The presenmt method is better at identifying
an underlying Poisson process, and it el-
ficiently removes the afiershock clusiers
following large mainshocks such as the
1992 Landers and 1999 Hector Mine earth-
quakes. Morcover, it does not rely on any
parameterization.

Cascading of afiershock thiggering is an
essential component of scismicity. It has a
scale-invariant structure, making canhquake
declustering an ill-defined problem: The statis-
tical dependence between carthguakes in-
creascs when decreasing the value of me, so
that the remaining set of declustered main-
shocks heavily depends on me. Because of

REPORTS

this cascading. the altershock scquence
mitiated by a mamshock 1s substantially
extended, mostly in time. Conversely, what
appears at first as an aftershock cluster
related o a well-identified mainshock is in
fact mostly caused not by the mainshock
itsell, but rather by intermediate aftershocks.
When decreasing m, the direct triggering
elfeet due to large mainshocks could poten-
tially be even further reduced relative to di-
rect triggering by small shocks, This is
particularly eritical for understanding the
physical mechanisms that cause carthquake
triggenng: The wsting and validation of mod-
els first require the correct relation of the
aftershocks 1o their trigger, rather than o an
older, gencrally bigeer, ancestor in the tng-
gering chain,
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Human-Induced Changes
in the Hydrology of the Western

1080

United States

Tim P. Barnett,™ David W. Pierce,? Hugo G. Hil:l.!lgl:n,1 Celine Bonfils,?
Benjamin D. Santer,? Tapash Das,’ Govindasamy Bala,” Andrew W. Wood,?
Toru Nozawa,® Arthur A. Mirin,? Daniel R. L‘ayan,“ Michael D. Detﬁnger”‘

Observations have shown that the hydrological cycle of the western United States changed
significantly over the last hall of the 20th century. We present a regional, multivariable climate
change detection and attribution study, using a high-resolution hydrologic model forced by global
climate models, focusing on the changes that have already affected this primarily arid region
with a large and growing population. The results show that up to 60% of the climate-related trends
of river flow, winter air temperature, and snow pack between 1950 and 1999 are human-induced.
These results are robust to perturbation of study variates and methods. They portend, in
conjunction with previous work, a coming crisis in water supply for the western United States.

ater is perhaps the most precious nat-
ural commodity in the westem United
States. Numerous udies indicate the

hydrology of this region s changing in ways that
will have a negative impact on the region (£-3).
Between 1950 and 1999 there was a shifl in the
character of mountin precipilation, with more
winter precipitaion falling as rain instead of snow
(2. 4. 5}, carlier snow melt (4, 6), and associated
changes in river flow (7-10). In the latier case,
the river fMlow experiences relative increases in
the spring and relative decreases in the summer
months. These efliects go along with a warming
over most of the region that has exacerbated
these drier summer conditions (3, &, /1),

The west naturally undergoes multidecadal
NMuetwations between wet and dry periods (12).
Il drying from natural climate varability is the
cause of the current changes, a subsequent wel
period will likely restore the hvdmological cyvele
to its former state. But global and regional ¢li-
mate models forced by anthropogenic pollutants
sugeest that human influences could have caused
the shifts in hydrology (2. 13-/5). If so. these
changes are highly likely to accelerate, making
modifications 1o the water infrastructure of the
western United States a vinual necessity.

Here, we demonstrate statistically that the
majority of the observed low-frequency changes
in the hvdological cyele (nver low, tempera-
ture, and snow pack) over the westem United
States from 19500 w0 1999 are due to human-
caused climate changes from greenhouse gases
and acrosols. This result is obiained by evaluat-
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ing a combination of global ¢limate and regional
hydrologic models, together with sophisticated
data analysis. We use a multivariable detection
and attribution (D&A) methodology (16-1%) 10
show that the simultancous hydroclimatic changes
observed already dilfer significantly in length
and strength from wrends expected as a result of
natural vanrability {detection) and differ in the
specilic ways expected of human-induced el
fects (atribution). Focusing on the hydrological
cvele allows us 1o assess the origins of the most
relevant climate change impacts in this water-
limited region,

We investigated simultancous changes (rom
1930 to 1999 (J9) in snow pack (snow water
oquivalent or SWE), the tming of nnoll of the
major westem nivers, and average January through
March daily minimum wemperature (JFM - Tl
in the mountainous regions of the western United
States (20), These three vanates arguably arc
among the most important metrics of the west-
ern hydrological cvele. By using the mulivaria-
ble approach, we obtain a greater signal-to-noise
(SN mtio than from univariate D&A alone (see
below),

The SWE data are normalized by Oclober-
i-March precipitation (P) 0 reduce vanability
from heavy- or light-precipitation years, Observed
SWEP and temperature were averaged over cach
of mine westermn mountainous regions (Fig. 1) o
reduce small-spatial-scale weather noise. The
river Jow vanate is the center of timing (CT), the
day of the year on which one-hall’ ol the total
water flow for the vear has occurmed, computed
from naturalizaed Mow in the Columbia, Colordo,
and Sacramento/San Joaquin nvers, CT tends 1o
decrease with warming because of cardier spring
melting.

Selected observations from these regions and
varables are displayed in Fig. 2, showing the
trends noted above, along with substantial ne-
pional differences and “weather noise.” SWEP
trends in the nine regions vary from 2.4 1w -7.9%
per decade, except in the southem Sierma Nevada
where the trend is slightly positive. The JFM
T trends are all positive and range from 0.28°
to 0.43°C per decade, whereas the niver CT

E A s
HH7 s,
Wi o, r Pﬁ'

<
WA

)
-
1-!,

244

Fig. 1. Map showing averaging regions over which SWE'P and JFM Ty, were determined. The
hatching shows the approximate outline of the three main drainage basins used in this study.
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arnves from 0.3 to L7 days per decade carlicr.
The challenge in D&A analysis is to determine
whether a specilic, predetermined signal repre-
senting the response to extemal forcing is present
in these obscrvations.

We compared the observations with results
from a regioml hydologic model forced by glob-
al climate model runs, One of the global mod-
els, the Pamllel Chimate Model (PCM) (21), has
been used previously in hydmological studies in
the western United States (22) and realistically
portrays imponant leatures of observed climate
and the amplitude of nawml intermal variability,
The second climate model, the anthropogenical-
Iy forced medium-resolution Model for Imerdis-
ciplimary Research on Climate (MIROC) (23-25),
was selected from the cument Intergovemmeental
Pancl on Climate Change (IPCC) AR4 st of
global runs (24) because it had available many

20th-century ensemble members with daily data,
and because it offered a high degree of realism
m representing the Pacific Decadal Oscillation
(PDO). We used the anthropogenically forced
versions of these models to obtain an estimate
for the expected signal not confounded by other
forcing mechanisms, The models provided mul-
tiple realizations (10 for MIROC, 4 for PCM) of
the historical response of the climate system 1o
anthropogenic forcing. The daily output from
these coarse-horizontal-resolution model results
was dowrscaled o a 18" = 18 huide-longitude
grid by two different statistical methods |Bias Cor-
rection and Spatial Disaggregation (BUSD) (27)
and Constructed Analoguces (CA) (28], The down-
scaled temperatwre and precipitation dma were
supplicd as input to the Vanable Inliltmtion
Capacity (VIC) hvdrological model (15, 27, 29)
to obtain nver ow and SWEP.

Fig. 2. Observed time series of se-

Std. deviations

lected variables {expressed as unit
normal deviates) used in the mul-
tivariate detection and attribution
analysis. Taken in isolation, seven
of nine SWEP, seven of nine JFM
T, and one of the three river flow
variables have statistically signifi-
cant trends.

Std. deviations

Std. deviations

JFM Tmin

£2 02

0.6

OPo0ada0a

River CT

Fig. 3. Fingerprints from the multi-
variate analysis of PCM and MIROC.
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We used the downscaled model results 1o
cstimate an anthropogenic “fingerprnt”™ for the
PCM and MIROC models (300, The Mngerprint
describes the joint varability of SWEP, JFM
Tiine and nver flow (Fig. 3) (200 The model
fingerprints are very similar despite the differem
extarnal forcings used (24, 26). The results show
that wanner wempertures accompany decrcases
in SWE/P and decrcases in CT ol major westem
Aver systems, The sign of cach varabke & a mono-
pole, indicating a coherent regional-scale signal
over the westem United States,

The wwmporal component of the fingempnn
inot shown) is well represented by a simiple trend.
This implics that the fingerpam primarly cap-
tures the spatial expression of long-term changes,
and not shoner-penod climate modes (such as E1
Nino-Southem Oscillation or the PDOY),

The signal strengih is calculated as the least-
squares lincar rend of the projection of a data
st (imodel or observations) onto the fingerprint
(20). The upper panel of Fig. 4 shows the en-
semble mean signals for our varous model runs
and the observations (21). The obscrvations show
a positive signal indistinguishable from the PCM
and MIROC anthropogenically forced muns. These
signals exclude #zero at the 95% conlidence in-
terval, thus achieving “detection.”

We used 1600 years of downscaled control
run data from two different global models (240)
to estimate the probability that the observad sig-
nal could be due o nawral, internal varability
{Fig. 4, lower panel). The observed signal falls
outside the mnge expected from natural vanabil-
ity with high confidence (7 < 0.01). In scparate
analyses for PCM and MIROC, the likelihood
that the model signal anses from natural intemal
variability is between 0L01 and 0.001 (20). The
difterent downscaling methods have linle impact
on these resulis. We conclude that natural inter-
nal climate variability alone cannot explain cither
the observed or simulated changes in SWEP.
JFM T e and CT in response 1o anthropogenic
forcing.

PCM simulaiions forced solely by the com-
bined impacts of observed solar vanability and
volcanic activity (SolVol, Fig. 4) show a signal
with sign opposite 1o that obscrved. We con-
clude that solar and volcanic forcing also fail ©
cxplain the obscrved hydrological changes,

Might anthropogemcally induced precipiation
changes accoun for our results? This is unlikely
because our variables wene chosen (o minimize
sensitivity o precipiiation fluctuations. However,
previous work has identified an anthropogenic
effect on global-scale changes in precipitation
{37 We conducted a univariate D&A analysis
on precipitation, comparing the lingerprint ob-
tined from the amhropogenic runs 1o the con-
trol runs and observations. The results (Fig, 4,
lovwer panel) show that the observed changes in
precipitation over the nine westem LS, moun-
tain regions are indistinguishable from natural
varability. We found the same for model precipi-
tation (not shown), We conclude that although
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precipitation may be aflected by anthropogenic
torcing on larger scales or in other regions, or in
this regwon i the future, 1t cannot explain the
strong changes in westem ULS, hydmology from
1950 1o 19949,

Finally, the observations are consistent with
the anthropogenic model runs. The observed
signal is stronger than found in cither model, but

PCM PCM
o Boan | TGAl MIROC SoiNol Obs
% o i : i
FRIFENY
E‘ 2 ; : ; ;
w o | . |
g | : i + |
=
PCM PCM
g | | . | }
wasf ® | B i [
ﬁg---l--l-:---a---.i---:--r'--og
% E.-...-L...E_.._.-L..._...r..-..-..:.. ..1.-_ .\...;{.....-.u
R S s
50 by { ! o
L e S e
f e et e S
1 3 " v i "o

Fig. 4. Ensemble average signal strength {upper
panel: standard deviations of the fingerprint’s
principal component per decade) and percentile
rank of ensemble mean signal strength for the
indicated model runs with respect to the combined
(CCSM3-FV and PCM) control run (lower panel. Per-
centile values were calculated by Monte Carlo
resampling of the control run taking into account
N, the varying number of ensemble members. PCM
(BCSD) and PCM (CA): PCM runs with anthropogenic
forcing, with two different downscaling methods as
described in the text (M = 4). MIRDC: MIROC runs
with antiwopogenic forcing (W = 10). SolVol: PCM
runs with only solar and volcanic forcing included
(N = 2). The cross shows the signal strength ob-
tained from the obsenvations (M = 1). For comr
parison purposes, also shown is the observed signal
strength from a separate analysis of precipitation
changes over the nine mountain regions {dia-
mond). Values outside the hatched and cross-
hatched regions are significant at the 0.01 and
0.05 levels, respectively,

the differcnces are not statistically  significant.
The ensemble mean signal strength from PCM
15 6% of the observed signal strength; that 1s,
PCM cstimates that three-Nfths of the projected
trend can be ascribed o human effeets. The two
downscaling methods give somewhat different
signal strengths (Fig. 4), but the auribution holds
no matter which s chosen, We conclude that
application of a rgorous, multivariable D&A
methodology shows a detectable and aurbutable
signature of human effects on westem hydrology.

We examined the time evolution of signal
and noise by projecting the observations (signal )
and control run data (noise) onto the muliivar-
iable fingempring, then fing lincar trends of in-
creasing length L o the resulting projected ume
serics. This enabled us to caleulate a SN mtio
as a lunction of L (from 10 1o 50 yvears), Fig. 5
shows that the SN matio rises above the 5% sig-
nificance threshold no later than 1986, This
result 15 robust W0 uncertanties in the model
fingerprint, model-based noise estimates, and
statistical downscaling method (20). We also
repeated the D&A analysis without areal weight-
ing and found that it made no difference in our
conclusions,

The variables examined here covary in a phys-
ically and intemally consistent way: An increase
in minimum wemperature is associated with less
SWEP and carlier runofl, Quantitatively, we also
compared the SN obtained from separate analy-
ses ol each variable with that obiained for the
Tull multivariable problem (20). For fixed choices
of ngemprint, noise, and downscaling (32, the
SN values from the separate SWEP, JFM Tin-
and CT analyses wene 2.90, 2,95, and 185, re-
spectively, all significant at about the 003 level
or above. The multivanable analysis had a SN
of 3.62. and 50 it has quantitative value as well as
providing a test of whether SWEP, JFM T,
and CT covary in a physically consistent way.

Our results are robust with respeet o un-
certaintics in model estimates of anthropogenic
climate fingerprints and natral variability, down-
scaling method, and the choice of univariate or
multivanate D&A analysis. Estimates of natural
varability used for significance tesling agree
well with those derived from paleo proxics (20).
The analyses show with high confidence that

Fig. 5. Time-dependent S/N esti- 4
mates for two different estimates
of natural variability. The x axis
is the last year of L-length linear
trend in the signal estimate.

| PR TN TR I L L L LY [T L T PN T S L L
# CCSM3-FV nolse (nomalization); PCM noise (sig. test) |
| * PCM noise (normalization); CCSM3-FV noise (sig. test

Signal-to-noise ratio

i

'I|l i
1986 detection

l

Al b i i sl i g

.nl..
1960

o710 1980 1990

Last year of L-length linear trend in signal

the majority of the detrimental changes already
seen mowestern LS, hydmology are caused by
human-induced effects. PCM. which has the
most realistic signal strength, shows that human
effects account fin 60% of the observed 1950

1999 trend in signal strength. MIROC aceounts
for 35% of the trend. On the basis of Fig, 4 (up-
per pancl) and the discussion of MIROC in (20),
the PCM number seems more reliable.

Our results are not good news for those liv-
ing in the westem United Stales, The scenario for
how westem hydrology will continue 1o change
has already been published using one of the mod-
cls used here [PCM (2] as well as in other re-
vent studics of western US, hydrology [ez.., (15)].
It foretells water shortages, lack of stomge ca-
pablity 1o meet seasonally changing river flow,
transfers of water from agriculiure to urban usces,
and other ertical impacts. Because PCM per-
lorms so well in replicating the complex signals
of the last half of the 20th cenury, we have
every reason o belicve its projections and 1o act
on them in the immediate future,
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The carboxysome s a bacterial microcompartment that functions as a simple organelle by
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sequestering enzymes involved in carbon fixation. The carboxysome shell is roughly 800 to 1400
angstroms in diameter and is assembled from several thousand protein subunits. Previous studies
have revealed the three-dimensional structures of hexameric carboxysome shell proteins, which
self-assemble into molecular layers that most likely constitute the facets of the polyhedral shell.
Here, we report the three-dimensional structures of two proteins of previously unknown function,
Ceml and OrfA (or CsoS44), from the two known classes of carboxysomes, at resolutions of 2.4 and
2.15 angstroms, Both proteins assemble to form pentameric structures whose size and shape are
compatible with formation of vertices in an icosahedral shell. Combining these pentamers with

the hexamers previously elucidated gives two plausible, preliminary atomic models for the

carboxysome shell.

he carboxysome enhances COs lixation

I inside many photosynthetic and chemo-
autotrophic bacterial cells by encapsulal-

ing the key enzyvmes ribulose-1,5-bisphosphate

carboxylase-oxveenmse (RuBiCO) and carbonic
anbwdrase (F-3). In contrast to membrane-bound
cukaryotic organelles, carboxysomes and relaied
bactenial microcompariments (4, 3) have a pro-

Synechocystis PCCB803
com

|K1|K2|L |M N

cem

K3|K4|

Halothiobacillus neapolifanus
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teinaceous outer shell, which is roughly polyhe-
dral in shape (Fig. 1). The carlicst observations of
carboxysomes by electron microscopy date back
more than 40 yvears (6, 7). Subsequent genclic
and biochemical studies have provided essential
information about their function and composition
(.3, &0y stuctural studies (7 14) have begun
Lo illuminate the functional mechanisms and ar-
chitectural details of the carboxysome,
Carboxysomes are found in all cvanobacteria
and in some chemoastotrophie bactena. Two types
of carboxysomes have been defined by pattems
of genomic organization and by protein sequence
comparsons (/35). They are represented in two
model organisms, Hafothiohacilfus neapolitanus
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USA. 2UCLA-Department of Energy Institute for Genomics
and Proteomics, Los Angeles, CA 90095, USA. *Department
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istry and Biochemistry, University of Southern Mississippd,
Hattiesburg, MS 39406, LISA,
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yeates@mbi.uda.edu

Fig. 1. Carboxysome ar-
chitecture and operon or-
ganization. Transmission
electron micrographs show-
ing (A) (left) a section
through a dividing cyano-
bacterial cell, Syn. 6803
{scale bar, 200 nm), and
(right} an enlargement
of a single carboxysome
(scale bar, 50 nm} and
(B) (left) Halothiobacillus
neapolitanus cells with
their carboxysomes high-
lighted by amrows and
{right} purified carboxy-

somes (scale bars, 100 nm). Their polyhedral shape helps
distinguish carboxysomes from other cytoplasmic inclusions.
(C) A diagram showing the construction of a large icosa-
hedron from many smaller hexagons and 12 pentagons at
the vertices. The figure shown has a triangulation number (T}
of 75 (29). (D} Genomic arrangement of carboxysome-

associated proteins. Homologous proteins from the two model organisms are shaded and colored similarly. The hexameric shell proteins are colored in blue. The
Ceml and OrfA {or Cso54A) proteins under study here are colored in pink. The rbc and chb genes code for the large and small subunit of RuBisCO. (A} is adapted

from ref. (11); {B) is adapted from ref. (1.2).
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(a chemoautotroph containing a-carboxysomes)
and Swrechoastis sp. strain PCC (Pasteur
Culture Collection) 6803 (Sim. 6803, a cyano-
bacterium containing frcarboxysomes ) potential
functional differences between the two types are
not clear. The carboxysome shell s composed
predommantly of CsoS1 proteins (homologous
proteins CsoS1A, B, and C) in H. neapeditans
(6, 17y and of CemK proteins (homologous
proteins ComK 1 to4) in Sy, 6803 (Fig. 1D). We
have previously determined the structures of Tour
of these shell proteins and found that they are all
hexamers and that they tend 1o form exitended,
tightly packed molecular lavers hypothesized 1o
reprosent the flat facets of the polvhedml car-
boxysome shell, The structures suggest that diffi-
sion of metabolites mo and out of the carboxysome
15 himited by the small hexamenc pores and gaps
between the hexamers (/1 12).

Twir recent dectron microscopy studics have
confimed that carboxysomes ane approximate-
ly icosahedral in shape (13, 14). The construction
of large icosahedral structures typically requires
a combination of hexameric and pentameric
units (/8. 19). Pentamers generale curvature in
an otherwise fat hexagonal sheet and occupy

A

the vertices of an icosahedral shell (Fig, 1C).
Candidates for such pentameric components of
the shell had not been identificd. Functions
have been clucidated for most of the proteins
encoded within well-charactenaed carboxysome
operons (3}, However, functions had not been
assigned to the gene products of two open
reading frames in N neapolitanus, designated
orfd and arfB, or their homolog in Sy, 6803,
CemL (Fig. 1D).

The CemL protein (rom Sy 6803 was ex-
pressed in Escherichio coli cells, and its crystal
structure was determined by selenomethionine
multiwavelength momalous phasing methods (20),
An aomic model was built and refined o a
resolution of 2.4 A, with a linal model consisting
of %6 of the 100 residucs of the complete CemL
protein (20), OrfA was expressed in £ eoli cells,
and its crystal structure was determined by mo-
lecular replacement using the ComlL struciure as
a scarch model; the amino acid sequence dentity
between the two proteins is 37%. The OrfA
sticture was relined at a resolution of 215 A,
viclding a linal model that contains 82 of the 83
amino acid residues in that protein (24). The
structunes of CemL and OrfA are highly similar

Fig. 2. Crystal structures of the carboxysome proteins Ccml and OrfA revealing pentagonal symmetry.
(A) Structure of the CcmL monomer from Syn. 6803. (B) A comparison of similar structures: Ceml (blue),
OrfA for Cso544) from H. neapolitanus (yellow), and EutM from E. colf (pink} (PDB 2Z9H). The RMSD
between the protein backbones of Coml and OrfA is 1.0 A, and 1.3 A between Ccml and EutN, (€) Ceml
and OrfA assemble as natural pentamers, EutN, which i part of the eut operon that encodes proteins
presumed to comprise the distinct eut microcompartment in £ coli, is instead hexameric. (D) Top and side
views of the Ceml pentamer showing a pentagonal disk with slanted sides.

their backbones superimpose with a ool mean
square deviation (RMSD) of only 1.0 A (Fig. 2).
CemL consists of seven o strands and one a
helix, with five of the B strands forming a [5 barrel
(Fig. 21 (ifA contains the same centml five-
stranded § barrel and the a helix, but it lacks the
two C-termuinal [ strands present in CemL, owing
to its smaller sizc,

Both CemL and OrfA formed symmetric
pentamers in their respective crystal structures
(Fig. 2. The individual subunits of the penta-
mers are held tightly together by their protrud-
ing C-terminal regions, which form extensive
inmerctions with neighboring subunits, The luge
subunit interfaces and the structural agrecment
between the two proteins argue that the observed
pentameric structures represent their natural bio-
logical forms. The Ceml pentamer is shaped
roughly like a pentagonal disk 30 0 35 A thick.
One ade of the disk, where both the N and C
tenmini reside, 1s broader than the other, giving the
pentamer the appearance of a truncated py ramid.
Its base has a pentagonal edge of ~42 A (Fig. 2),
which narrows 1o =35 A in the middle of the
pentamer. The subunits are packed tightly around
the axis ol symmetry, leaving only a namow pore
through the center, with a diameter of -5 A in
CemL and ~3.5 A in OrfA. This tight packing
around a nawow pore is reminiscent of the hexa-
menc carboxysome shell proteins. The tight
packing of those shell subunits has been proposed
tor limit movement of substrates and products into
and out of the carboxysome (11, 12),

The database of known protein structures
wias searched for proteins similar to CemL and
OrfA. A single protein, EutN from £ coli, was
identificd as having a similar three-dimensional
fold. The protein backbone of EwN super-
imposes on that of ComL with an RMSD of
only 1.3 A (Fig. 2C). The structure of EutN had
been determined as part ol a siructural genomics
program (24, so detailed biological imerpretation
was not provided. It is known, however, that the
enr openon, which has been stndied in Safmonefia
nphinmeriian (22), encodes several proteins in-
volved in ethanolamine utilization, which takes
place inside the e microcompariment. Remark-
ably, however, the reported EutN structure is
hexamenc rather than pentamenc (Fig. 2). The
difference between the oligomeric state of EutN,
comparcd with those of CemL and OrfA, pre-
sumably reflects structural differences between
the ent microcompartment and the carboxysome,
as well as a different functional ole for EutN.
Aside from EutN, no other homolog of CemL or
OrtA could be identified in the genome of £, cofi,
which suggests that some other potentially un-
related protein might serve as a pentameric shell
protein in the e microcompartment, Allematively,
the enr microcompartment could lack pentamers,
which might explain why the microcompart-
ments of entenc bacteria tend o have less-regular
icosahedral shapes than carboxysomes,

The pentameric organization of CemL and
OrfA suggests that these proeins serve as
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verices in their respective carboxysome shells,
Whether there are significant functional differ-
enoes between OrfA and its adjacent paralog in
H. neapofitans, OrfB, is unknown, The mole

proposed here for CemL and OrfA is consistent
with the cardier observation that deleting the coml

gene leads to clongated, rod-shapad carboxysomes
(¥}, as would be expected if the component re-
quired for vertex fommation is lost. In large wosa-
hedral shells, 12 pentamers are present among
a much greaer number of hexamers, In the car-
boxysome, only 60 copics of the CemL or OrfA

A

Fig. 3. Models of the carboxysome shell based on pentamer and hexamer components. (A} A flat layer of
hexagons can be folded to give pentagonal vertices by removing one sector at each vertex, Twelve such
vertices are present in an icesahedral shell. (B) Taken in combination, alternate choices for the curvature
of the hexagonal layer and the orientation of the pentamer lead to four possible constructions, numbered
1 to 4 according to the quality of fit. Combination 4 led to impossible steric collisions. The structures are
colored according to calculated electrostatic potential, from negative (red) to positive (blue). (C)
llustration of the best packing solutions for constructions 1 to 3. EN, calculated packing energies (27)
{with more negative values being favorable); 5C, surface complementarity (26); and SA, buried surface
area between a pentamer and a single neighboring hexamer (with higher values of these parameters
being favorable). (D) Two alternate models for the complete carboxysome shell, based on the two
constructions, 1and 2, judged to be most plausible. There are 740 hexamers and 12 pentamersina T =
75 arrangement. The packing of hexamers is derived from multiple consistent crystal structures. The two
models differ with respect to the arientation of the hexameric layer. The hexagonal layer is colored
according to hydrophobicity, with increases showing as blue to orange. The Caml pentamers are shown in
magenta. The diameter from vertex to vertex is 1150 A,
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{and possibly OrfB) subunits would be expecled
to be present among about four or five thousand
hexamene shell subunats (3, £2, 23) and a smlar
number of total RuBisCO subunits (/4). This ex-
plains the inability in carlicr experiments to wdentify
OrfA or OriB in preparations of carboxysomes,

Knowing the structurcs of both the hexa-
meric and pentameric components of the car-
boxysome, it is possible 10 model the architecure
of the complete shell. The siee and shape of the
CemL and OrfA pentamers make them suitable
for insertion into the hexagonally packed molec-
ular layers previously elucidated for the carboxy-
some shell. The hexamenic units (e, of ComK
subunits) in the Sie. 6803 shell are packed 10-
gether with an edge length of 40 A (20) [sup-
porting online material {SOM) text]. This siec is
consonant with the edge length of the CemL
pentamers. The suggestion that the ComL and
OrfA pentamers generate curvature by being
mnsered mio an otherwise (lat hexagonal molec-
ular layer is consistent with recent electron mi-
croscopy investigations in which carboxysomes
exhibit a relatively simple polvhedral shape s
their vertices (13, 14). Some large viral capsids
have delining features, such as major protrusions,

at their pentameric vertices (M, 25). The lack of

such protrusions at the vertices ol the carboxy-
some places uselul constraints on atomic models
of the carboxysome that can be built from the
known hexameric and pentamenc components.
CemL (or OrfA) pentamers can be [it into
vacancics created by [olding up hexameric mo-
lecular lavers of ComK (or CsoS1) proteins in
four distinet ways (Fiz. 3). It has not yet boen
possible either by biophysical methods or by
electron microscopy o define which side of the
hexagonally packed protein layers represents the
inside of the carboxysome and which side faces
outward into the bacterial cytosol (/2). The hex-
agomal lavers, therefore, could be folded up with
cither side facing oumward (fig. S1). Likewise,
which side of the CemL or OrfA pemamer faces
inward and which faces owmward is unknown.
Compuiational atiempis were made 1o it the
ComL and OrfA pentamers into their respective
hexagonal lavers, evaluating all four distinet
(inside versus oulside) orentations of the pen-
tamers and hexamers, In addition, rotation and
translation of the pentamer about its central axis
was allowed, but given the tighiness of the fi,
only a namow mnge of mtations and translations
was leasible. The besi-lining solutions were
identified by evaluating geometric it (26) and
cpirical enerey functions (20, 27). Among the
Four possible orientations, one was a very poor [
and could be rejected. The other three ked 1o
potential packing solutions whose fits could be
compared (fig. 52). One of these provided a
much lower amount of buried surface arca be-
tween the pentamer and its surrounding hexame s,
and ket larger gaps in the resulting shell and was,
thercfore, judged unlikely 10 be cormect, Two
plausible solutions for building complete models
of the shell emained (Fig. 3y Both candidae
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solutions orient the pentamer with its broader
base facing outward. This is consistent with the
role the pemtamer appears 1o play m mtroducing
curviature into the hexagonal layer. A notable
feature of the hexagonal layer of the carboxy-
some shell is the presence of a bowl-shaped
depression or concavity on one side of the hex-
americ building block (figs. 53 and S4), This
depression s sitwated on the same side of the
hexamer as both the N and C ermini of the pro-
tein chain, and the prominence of the depression
is aflected by the disposition of the €' terminus,
which tends 1o vary in conformation between
different homologs of the carboxysome hexamer
(44, 120, The narrow pore through the carboxy-
some hexamer tends 1o be positively charged,
but the bowl-shaped depression surrounding the
pore has a partial hydrophobie chameter, giving
one side on the hexameric layer a distinctive ap-
pearance (Fig. 3). The model building does not
resolve whether this side of the laver faces imwand
or oulward. In one of the plausible models con-
structed here, 1t faces mward and could interact
with RuBisCO, carbonic anhydrse, or possibly
other protein components.

The present findings clanfy the roles of pre-
viously uncharmcterized proteins in the carboxy-
some: accordingly, we propose that the genes
arfl and orfB be renamed cxoS4 and csoSIB,
consistent with other known shell protein genes
in a-type carbox vsomes. The results also lead 1o
atomic models for the carboxysome shell, bt
these are incomplete in numerous respects, and
considermbly more work will be required to
complete our understanding ol this structure.
For instance, the details of how the pentamers
and hexamers £t together are only approximated

here, and how the edges of the icosahedral shell
arc formed where a hexagonal laver bends is
unknown. In addion, interactions that arc almost
certain to exist between the shell and the other
cngymatic components of the carboxysome are
only beginning to be clucidated (25),

The emerging structure of the carboxysome
emphasizcs common principles under which bac-
teral microcompariments and cenain previously
charmcterized viral capsids are constructed and
illustrates the ability of evolution 10 produce a
diversity ol highly complex molecular structures

from common principles and a small repenoire of

basic building blocks, The clucidation of the
component structures of the carboxysome shell
also opens up strategies for designing new kinds
of molecular comtamers or reaction chambers on
the mud-nanomaeter scale.
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Differential Regulation of Dynein and
Kinesin Motor Proteins by Tau

Ram Dixit, Jennifer L. Ross,* Yale E. Goldman, Erika L. F. Holzbaurt

Dynein and kinesin motor proteins transport cellular cargoes toward opposite ends of microtubule
tracks. In neurons, microtubules are abundantly decorated with microtubule-associated proteins
(MAPs) such as tau. Motor proteins thus encounter MAPs frequently along their path. To determine
the effects of tau on dynein and kinesin motility, we conducted single-molecule studies of motor
proteins moving along tau-decorated microtubules. Dynein tended to reverse direction, whereas
kinesin tended to detach at patches of bound tau. Kinesin was inhibited at about a tenth of the tau
concentration that inhibited dynein, and the microtubule-binding domain of tau was sufficient to
inhibit motor activity. The differential modulation of dynein and kinesin motility suggests that
MAPs can spatially regulate the balance of microtubule-dependent axonal transport.

clive transpon of cvtoplasmic material
along microtubules is critical for cell or-
caniztion and function, and defects in
this process arce associated with dysfunction and
discase (1), Much of the active transport in cells
depends on the molecular motor profeins cylo-
plasmic dynein and Kinesin-1, which transport

cargo toward the minus-end (toward the cell
center) and plus-end of microwbules (toward the
cell periphery), respectively, Dynein and kinesin
have very different structures and tmanslocation
mechanisms (24 Kinesin has a compact motor
domain and walks unidirectionally along single
protofilaments with S-nm steps (2). In contrast,

dynein has a larger, more complex motor domain
and is capable of varable step sizes, Liueral steps
across the microtubule surface, and processive
runs Wward both the minus- and plus-end of the
microtubule (3-3). Cytoplasmic dynein function
in vivo also requires an acoessory complex, dy-
nactin, This large, muliprotein complex is thought
to facilitate dyncin processivity (6) and may also
regulate dynein activity (5). Within the cell, the
balance between oppositely directed trmspon de-
tenmines the steady-state distribution of organelles
and biomolecules.

In the crowded cell environment, dynein and
kincsin compete with nonmotile microtubule-
associated proteins (MAPs) for binding 10 the
microtubule surface. MAPs bound to micro-
tubules might also block the path of motor
protwins. Thus, MAPs can provide spatio-
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temporal regulation of motor proteins in vivo,
Tau, a neuronal MAP. inhibits Kinesin activity
m vivo and in vitro { 7-70); however, 1is ellect
on dynem activity 15 not well understood. We
seaght o dircctly observe mdividual encounters
between single dynein or kincsin motors and tau
on micmotubule tracks to determine how strue-

Fig. 1. Decoration of microtubules by Alexa-labeled tau. (A)
Tau structure consists of an acidic projection domain and a
basic microtubule-binding domain containing microtubule-
binding repeats (R1 to R4) and proline-rich regions (P1 to
P3). In the mammalian central nervous system, taud0 is the
longest isoform and tau23 is the shortest isoform, which lacks
insertions (I1 and 12) in the projection domain and the R2
microtubule-binding motif. K35 and K33 are recombinant
variants of tau23 that are truncated at their N termini.
Arrowheads indicate the position of cysteine residues used for
conjugation of Alexa546. (B) Microtubule labeling by Alexa-
tau23 and Alexa-taud40 shows a concentration-dependent
increase in patch size and fluorescence intensity. Scale bars in
(B} denote 2 um. (€} Photobleaching of 10 nM Alexa-tau23
patches with a laser intensity 10 times as great as that used in
(D) and (E} shows stepwise decreases in fluorescence intensity
of the tau patches. Fluorescence intensity along the dotted
line is plotted below, indicating four Alexa-tau23 molecules
at this position. (D) Binding of 10 nM Alexa-tau23 to a micro-

turally distinct modors respond o obstacles in
their path,

Tau 15 expressed in neurons as muluple
splice forms i a developmentally regulated
manner (£} These solomms difler in the num-
ber of microtubule-binding repeats and the length
of the projection domain (Fig. TAL We focused
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— ..}{.. —_—
P |P2|R1R2 RIR4PI
Bl iR —riReps

B Acidic P1|{F2 R1—R3IR4P3
Basic

P2 RI—RIR4P3

i A
jete ave

tubule shows a stepwise increase in fluorescence intensity of the 255

tau patches. Fluorescence intensity along the dotted line is
plotted below, showing sequential addition of two Alexa-tau23
molecules. (E} Kymograph shows stable tau decoration during
the observation period. x-scale bar, 2 um; y-scale bar, 10 5.

Fig. 2. Direct observation of encounters between
single molecules of kinesin or dynein-dynactin and
Alexa-labeled tau. (A) The effect of Alexa-tau23
(red bars) and Alexa-taud0 (blue bars) on kinesin
and dynein motility. Kinesin either detaches,
passes, or pauses (stationary for = 10 frames) at a
tau patch, whereas dynein either reverses direction
or passes through a tau patch. The number of
events is indicated in parentheses, (B and C) (Left)
An Alexa-tau—decorated microtubule (red), with the
relative intensity of tau fluorescence reported as the
estimated number of tau molecules on the y axis.
The kymograph (green) shows dissodiation of two
kinesin molecules (B} or directional reversal of twa
dynein-dynactin melecules (C) upon encountering
a fau cluster (dotted line). (Right) Select images
from each experiment. The arrowheads mark the
kinesin or dynein molecules that encountered taw.
x-scale bar, 1 pm; y-scale bar, 5 5. Scale bars in the
right panels denote 1 um.,
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on the shonest and longest tau isoforms, tau2?
and taudt), w compare their overall effects on
motor prodeins, To direetly visualiae i on micro-
tubules, we Nuorescently tageged punficd re-
combmant tau protems with Alexa 346 dye
(fig. S1A) Functionality of labeled tau was dem-
onstrted in microubule-binding assays (fig. 82).
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Alexa-labeled 123 and taud0 decorated
Taxol-stabilized microtubules in patches whose
stae and fluorescence intensity  increased with
tau concentration (Fig, 1B) At 10 oM tau,
patches were composed of 3 10 20 labeled tau
maolccules, Analysis of the spatial frequency

spectrum of Nuerescence intensity along the
microtubule suggested that tau patches typically
extended up to 1.2 pm (sec legend o fig. S4).
Al peak intensity within a patch, we observed
four or five bleaching cvents (Fig. 1C), corre-
sponding to =10 1ol tau molecules per

diffmction-limited spot. These patches were
formed by stepwise association of single tau
molecules (Fig. 1D), consistent with tau’s
property of sell-associating into clusters along
the microtubule surface (/2) The low-ionic
strength bulfer used in our experiments may fa-
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Fig. 3. Concentration- and isoform-dependent effect of tau on kinesin and
dynein-dynactin matility. (&) Representative kymographs show kinesin and
dynein-dynactin mofility at 0 nM tau23 and at 10 nM tau23. x-scale bar,
1 pum; y-scale bar, 5 5. The bar graphs illustrate the concentration-dependent

effect of tau23 (red bars) and taud40 (blue bars) on the average binding frequency and motile fraction of kinesin and dynein-dynactin. The error bars
represent the SEM of = 100 events for 0 to 10 nM tau and the SEM of 50 events for 100 nM tau. A statistically significant difference (P < 0.05) from control
is indicated by asterisks. (B) The histograms show the differential effect of 1 nM tau23 (orange bars) on the run length distribution of kinesin and dynein-
dynactin. The bar graphs illustrate the concentration-dependent effects of tau23 (red bars) and taud0 (blue bars) on the average run length of kinesin and
dynein-dynactin. The error bars represent the SEM of = 100 events for 0 to 10 nM tau and the SEM of ~30 events for 100 nM tau. A statistically significant

difference (P = 0.05) fram control is indicated by asterisks.

Fig. 4. Comparison of the inhibitory effect of full-length and
truncated versions of tau23 on kinesin and dynein-dynactin
motility. (A} The bar graphs illustrate the effect of 0 nM (yellow
bars), 10 nM {orange bars) and 25 nM (red bars) tau23 and its
truncation variants, K35 and K33, on the average hinding
frequency and percent motile fraction of kinesin and dynein-
dynactin. The error bars represent the SEM of = 50 events. A
statistically significant difference (P < 0.05) from control is
indicated by asterisks. (B} Model of the role of tau in the
regulation of axonal transport. In a healthy neuron, tau can be
distributed in a proximal-distal gradient (shown in gray) that
allows kinesin-driven anterograde transport from the cell body
{green arrow). At the synapse, the relatively high tau concentration
facilitates kinesin dissociation (red armow). However, dynein is able
to bind to distal microtubules because of its lower sensitivity to tau.
In Alzheimer’s disease (degenerating neuron), tau accumulates at
the soma and consequently inhibits kinesin-driven anterograde
transport (red blocked arrow), leading to neurodegeneration.
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cilitate tau clustering, but concentration-dependent
tau clustering has also been observad along axons
m cultured newrons (3. Under the conditions
of our experiments, the Alexa-tau patches were
stable over the tme course of several minutes
(Fig, 1E), significantly longer than the averge
duration of motor runs (5 1o 30 s), This feature
allowed the diret visualization of ecounters be-
tween motors and tau molecules bound to the
microtubule surface,

Interactions between green luorescent pro-
tein (GFP Flabeled dynein-dynactin isolated from
mouse brain (5) or recombinant kinesin-GFP
(14 (he S1, B and C)y and Alexa-labeled tau on
microtubules were observed dircctly by twoial in-
ternal reflection Muorescence microscopy (5), The
frequency of kinesin-GFP binding to microtu-
bules decreased with increasing local tau Nuo-
rescence intensity, whereas the frequency of
dynein-dynactin-GFP binding was nearly indepen-
dent of local taw Muoreseence mtensity (g S3).
Thus, kinesin-GFP binding was inhibited more
elfectively by tau than was dynein-dynactin-GFP
binding.

When single kinesin-GFP motors encounterad
tau patches on the microtubule, most ol the
motors detached from the microtubule surface
{Fig. 2, A and B, and movies 81 and 82). For
a given tau patch, kinesin was likely 1o detach a
the position of peak tau fluorcseence imensity
(Fig. 2B). Hence, the probability of kinesin de-
tachment is a function of the local au con-
centration.  Inhibition of Kincsin motility was
also tau-isoform specific. When  Kinesin-GFP
did bind within a @23 patch, mean un length
was reduced by =50% compared o mean run
length along bare microtubule regions {from
1.7 £ 0.25 pm 1o 0.9 + 003 pm; # = 100).
Although w0 paiches also induced detach-
ment of kinesin-GFP molecules (Fig. 2A and
movie 521, the mean run length of Kinesin-GFP
moving within tauwdld patches was not affected
significantly (189 + 036 pm; # = 51).

In contrast o kinesin, encounters of dynein-
dynactin-GFP with Alexa-iau molecules did not
induce motor detachment or pausing, Instead,
dynein-dynactin tended to reverse direction upon
encountenng tau (Fig. 2, A and C, and movies 53
and S4). When dynein-dyvnactin bound within a
tau2 3 patch, it did not mpidly detach like kinesin,
but remamed paused for welatively long peniods
(310 15 5). Taudd also induced directional rever-
sals as dynein-dynactin approached twu patches
(Fig. 2A); however, the velocity and run length
of dynein-dynactin within an Alexa-taud() paich
were not altected significantly (movie 54),

Thus, dynein-dynactin’s response 10 encoun-
ters with tau was fundamentally different from
kinesin's response, which may be related 1o
dynein-dynactin’s innate ability © execute pro-
cessive backward runs, This ability would allow
dynein-dynactin 0 remain attached o the micro-
tubaile after encounters with tau, whereas Kinesin's
inflexible nature makes it more likely 1o detach
from the microtubule.

To examine the concentration-dependent
effeet of tau on motor function, we varied un-
labeled w23 and tawdld over a range cncom-
passing the nomal endogenous molar ratio of
tubulin:tau of ~20:1, Tau decreased the binding
frequency, motile fraction (defined as the pro-
portion of landing motors that moved =250 nm),
and mun length of both kinesin-GFP and dyncin-
dynactin-GFP in a concentration- and isoform-
dependent manner (Fig. 3, A and B; movies 85
to 5109, The inhibitory effects of @uld were
less pronounced for dynein-dynactin than for
kinesin, For example, | oM @23 (30:1 wbulin:
tau molar ratio) inhibited significantly the bind-
ing frequency and run length of Kinesin but not
of dyncin-dynactin (Fig. 3). Significant inhibi-
tion of dyncin was not observed until o3 con-
centration was increased 10-fold. Taudl) was a
less potent inhibitor for both motors; we did not
obtain sigmbicant inhibition of cither Kinesin or
dvnem-dynactin motlity at physiologically rel-
evanl tubulinctan molar ratios with this soform
(Fig. 3). Neither tau23 nor taud0 significantly
changed motor velocity of cither Kinesin or
dynein-dynactin at any of the concenlrations
tested (table S1).

From a structuml standpoint, tau might in-
hibit motor function through its projection do-
main and'or its microtubule-binding domain, To
determine the relative contribution ol these do-
mains o motor inhibition, we studied the effects
of truncated versions of 1au23 on motor [unc-
tion. The truncated polypeptides, designated K35
and K33, differ in the length ol their projection
domain (Fig. 1TA) but have microtubule-binding
allinitics similar wo that of full-length w23 (/3).
Alexa-labeled K35 and K33 decorated micro-
tubules in a pamern similar 1o that observed for
Alexa-labeled wu23 (fig. 54). The truncated
forms of tau inhibited both kinesin-GFP and
dvnein-dynactin-GFP in a concentration-
dependent manner (Fig, 4A). Indeed, both trun-
cated forms were stronger inhibitors of motor
proteins than was full-length @u23. Thus, the
microtubule-binding  domain of tau was sufli-
cient for motor inhibition. Dilterences in the net
charge of the projection domain between taudid
(—15), tau23 (—4), and K35 (+5) comelate well
with their relative ability o inhibit binding of
motor proteins, sugecsting that the acidic pro-
Jection domain may mimic the acidic wil of
twbulin and clecrostatically recmuit motor pro-
teins to the microtubule surface.

We propose a model in which tau controls
the balance ol microtubule-dependent axonal
transport in the neuron by locally modulating
motor function. In a healthy neuron, tau can
be distibuted in a proximal-to-distal gradiem
(I6, 7). Lower tau concentration at the cell
body would allow Kinesin 10 efficiently bind
to microtubules and initate anterograde trans-
port of cargo, whereas higher tau concentra-
tion at the synapse would facilitate cargo release
(Fig. 4B) At the sume time, dynein-driven ret-
rograde transpon from the distal axon would not

REPORTS

be impeded due 10 dyvnein’s lower sensitivity 1o
tau (Fig. 4B). Neurons can potentially fine-tune
the occupancy of tau along axons by phospho-
rvlation or dephosphorylation of sites within the
microtubule-binding domain (/8). On the basis
of this model, perturbing tau distribution would
predictably impair axonal transport. For cxam-
ple, in Aleheimer's discase, tau accumulates in
the somatodendnitic compartment (79, 20); our
model then predicts that Kinesin-driven antero-
grade tanspont of new material o the axon
terminal would be severely compromised, kead-
ing 1o neurodegenertion (f). The dilferential
sensitivity of dynein and kinesin to tau thus
provides a mechanism {or spatictemporal reg-
ulation of axonal transport.
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NADP Regulates the Yeast GAL

1090

Induction System

P. Rajesh Kumar,! Yao Yu,? Rolf Sternglanz,” Stephen Albert Johnston,® Leemor Joshua-Tor™*

Transcriptional regulation of the galactose-metabolizing genes in Saccharomyces cerevisiae depends
on three core proteins: Galdp, the transcriptional activator that binds to upstream activating DNA
sequences (UASgy,); GalBOp, a repressor that binds to the carboxyl terminus of Galdp and inhibits
transcription; and Gal3p, a cytoplasmic transducer that, upon binding galactose and adenosine

5 -triphosphate, relieves Gal80p repression. The current model of induction relies on Gal3p
sequestering Gal80p in the cytoplasm. However, the rapid induction of this system implies that there
is a missing factor. Our structure of Gal80p in complex with a peptide from the carboxyl-terminal
activation domain of Galdp reveals the existence of a dinucleotide that mediates the interaction
between the two. Biochemical and in vivo experiments suggests that nicotinamide adenine
dinucleotide phosphate (NADP) plays a key role in the initial induction event.

gecharonvees cerevisiae senses galaclose
Snr melibiose in the sumounding medium

and shuttles it into the evtoplasm. Galac-
tose s enzymatically converted by the GAL en-
zymes Gallp, GalSp, GalTp, and GallOp 1o
glucose- 1-phosphate (/). The regulatory control
of this pathway is govemed by “the galactose
regulon” (fig. S1). The very short induction time
for GAL genes presents a quandary because
Gal3p is localized in the cytoplasm and does not
appear 1o enter the nucleus o physically disrupt
Gial®0p binding o Galdp (7). GalSOp, localized
to the nuclews and the eytoplasm (2). might
therefore be sequestered in the cvtoplasm upon

A -__r""”"n_

induction, but this would require rapid shuttling
ol the repressor out of the nucleus, or rapid
tumaover of the Galdp/ GalSOp complex. 1t there-
forc appears that there is a missing link 1o
initiate rapid induction and switch the svstem

on. To understand the molecular mechanism of

the GAL regulatory system, we determined the
structure of 8. coevisiae Gal®lp (ScGalsip ) with
the activation domain of ScGaldp,

Cialdp has a C-erminal (amino acids 768 w0
85 1) acidic activation domain (AD), a region that
is also required to bind its repressor, Gal®Op (3-5).
We determined the structures of GalS0p®*:P20
and Gals0p™:P21 (Gal80p™ and Gals0op™ are

two super-repressor mutants of ScGalsSOp). P21
15 a 21-amino acid peptide that contains the con-
served region of the C<terminal AD of Galdp
{amine acids 854 1o 874), P20 15 a peptide tha
was identificd from a phage-display screen se-
lected for GalsOp binding and was also shown
to activate tmnscriplion (),

The erystal structures of ScCal®0p reveal a
three-domain architecure with an N-terminal
domain consisting of a Rossmann [old, nomally
associated with binding of nicotinamide adenine
dinucleotide phosphate [NAD(PY] colactors.
ScGalsip does not possess a classic NADIP)
binding sequence motif, GXGXX(G/A), but a
shightly altered motf, GFVGLNAA (7). spaming
amino acids 21 1w 28, The C-terminal domain
consists of a large [ sheet tha forms an extensive
dimer interface with another monomer (Fig, 1A
and fig. 820 A large clefl is apparent between
these two domains, A smaller, thind domain,
located between the N- and C-terminal domains,
consists of three small B strands and a helix that
resemble a set of fingers at the entrance of the
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and Cell Biology, Stony Brook University, Story Brook, NY
11794-5215, USA. *Cemter for Innovations in Medicne,
Biodesign Institute, School of Life Sciences, Arizona State
University, Post Office Box 875901, Tempe, AZ 852875901,
UsA.

*To whom correspondence should be addressed. E-mail:
leemoar@eshl.edu
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Fig. 1. (A) Two views of the ScGal80p*®-ScGaldAD-NAD dimer. The
bottom view is rotated 90° around the horizontal axis compared to
the top view. ScGal80p is depicted as gray ribbons, and the Galdp-
AD peptide and the NAD are shown in stick form (Galdp-AD peptide;
purple; NAD atoms: yellow, carbon; red, oxygen: blue, nitrogen; and
green, phosphorus). Disordered regions are shown as a dashed coil.
The [i-sheet regions of the C-terminal domains form an extensive
dimeric interface. (B} NAD binding. Hydrogen-bonding interactions
involving the NAD dinucleotide are shown as dashed lines with the
corresponding distances indicated (A). The side chain of W31 stacks
on the NAD nicotinamide ring. Atoms are color-coded as in (A) with
Gal80p carbons in gray, NAD carbons in yellow, and the Galdp-AD
peptide carbons in purple (7).
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cleft. ScGalstOp dimers form tetramers in both
crvstal foms (5OM text and fig 53). The structure
15 sinular 10 that of Gal80p From Alinveromyces
factis (KIGal80) (8) and closely resembles struc-
tures of several oxidoreductascs.

In the SeGal80p™%: P20 structure, we identified
clectron density that indicated an NAD di-
nucleotide bound 1o the Rossmann fold, We there-
fore soaked the SeGalR0p™:P21 crystals, which
diffracted 10 higher resolution, with NAD. Not
only did the density of this dinucleotide become
even more apparent than in the unsoaked crystals
(fig. S4), but we were then able to locate a pontion
of the GaMp AD peptide, which we were unable
o observe previously, bound to the cleft in each
monomer of GalsOp (fig. 55). We have modeled a
segment of the peptide consisting of nine residucs
for one monomer and five residucs for the other,
Although the backbone clectron density is clear,
most side chains sean o be somewhat disordered
and could not be unequivecally assignoed. Never-
theless, the peptide appears o interact with the
nicotinamide portion of the dinucleotide (Fig. 1).
NAD nestles between Gal8Op and P21, making
several key interactions with ScGalsOp (Fig. 1B).
The ervstal structure of KI1GalsOp did not show
any bound dinucleotide (4),

To investigate the role of NAD as a possible
cofactor of the ScGal®0p-ScGalp interaction,
we performed pull-down assavs (%) of GalSOp
with punficd recombinam ghitathione Sransfermse
(GST )Gl 768 - 8813, comaining the acidic AD,
in the presence of NAD and NADH (Fig. 2A).
Because Gal®Op also interacts with the mansducer,

Gal3p, we used GST-Gal3p as a control. There
was no change in binding for either of these two
dinucleotides. We then tested binding in the
presence of increasing concentrations of NADP
and NADPH (Fig. 2A) A clear reduction in bind-
ing was observed at 5 pM NADP, and a more
substantial reduction at 300 uM. NADPH also
showed some reduction in Gal80p binding at 300
uM, though this could have been due 1o the pres-
ence of NADP impuritics, which are on the order
of | 1o 3%. There was no eflect of GalSip binding
o GST-Gal3p with any of the four dinucleotides
iFig. 3A), indicating that this dinucleotide-regulued
binding was specific 1o the GalS0p-Cialdp inter-
action, Modeling of NADP inthe place of NAD in
the structure did not show any clashes with either
the Gal®Op protem or with the Galdp pepide.
To funher analvee the effect of NADP on
Cal®0p binding 10 Galp-AD, we generated a
pancl of Gal30p mutants and tested Galdp binding
by GST pull-down experiments at varving NADP
concentrations (Fig. 2B and hig. S6). Dismuption
of the GalSp dimer interface (N230R) by distup-
tion of hydrogen-bonding interactions between
the monomers caused a substantial decrease in
overall binding o GaMp-AD. and this low-level
binding was almost completely abolished even in
the presence of low concentrmtions of NADP.
Several mutants that should alter NAD(P) bind-
ing had lost sensitivity 1o NADP compared to the
wild-type protein. W3ILA, designed 1o disrupt
stacking with the nicotinamide ring, exhibited no
sensitivilty to NADP over the range of concen-
trations tested (0 o 2.5 mM). E122, which forms
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a hydrogen bond with the nicotinamide N7, was
changed to an alanine and showed a deercase in
overall binding but no sensitivity 1o NADP.
H36F, which should alier positioning of E122,
showed a slight decrease in binding at 2.5 mM
NADP. H99A, which likely disrupts interaction
of the histidine with the ribose of the nicotin-

amide group, behaved ina way similar o that of

the wild-type protain. From modeling studies,
N26 and K29 might interact with the additional 2°
phosphate of NADP. N26D showed behavior
very similar to that of the wild-type protein, and
K29E showed overl] weaker binding,

To test the biological elfect of aliering the
NADP binding sie, we prepared Gal®Op wild-
type and mutants with a C-temunal FLAG g
and monnoned each mutam’™s eflfect on GALS
expression in yeast at different time points alter
induction with galactose (Fig. 3 and fig. STh All
mutants predicted to aflect dinucleotide binding
stll repressed normally i the unnduced state.
Several mutants—H36F, K29E, W3lA, and
E122A— showed higher levels of expression at
carlier time points afier induction with galactose
relative 1o the wild-type proteins. HMWA was
more similar to the wild type. All mutants leveled
ol to wild-type expression levels at 30 10 45 min
after induction, This suggests that alterations in

the NAD(P) binding site allects the initial rate of

induction, but not overall final expression levels.
It appears that NAD might facilitate GalsOp
hinding to Galp, because we could only identify
Caldp-AD with NAD bound, and NADP desta-
bilizes this interaction. The mutations, affecting

A mmmmmm_ﬂ - mmmm:ﬂ
g — e e —— e ——— wiGaigop | = ——— |
HAD HADH w[‘ = e I
s’ | - ——— R s s | WA | e |
> Eiml-—— |
T —
Y ——
HZ11A | w— —————— |
NZoD | - i i J
K20E | - = |

[NADP] uM

Fig. 2. NADP disrupts the GAL4pAD-Gal80p interaction. (A)
GST, GST-GaldpAD, or GST-Gal3p were used in GST pull-
down experiments with **S-methionine—labeled Gal80p
expressed in rabbit reticulocyte in the presence of increasing
concentrations of NAD, NADH, NADP or NADPH (14). One
percent of input was loaded in the lanes marked “input.”
(B} Representative GS5T pull-down experiments of G5T-
Gal4pAD with Gal80p mutants in the presence of increasing
concentrations of NADP (14). (€} Bands from the pull-down
experiments (each carried out at least in triplicate) were
quantified and plotted as a function of NADP concentration.

Data are shown as the mean = SD.
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Fig. 3. Alterations in the 3500
NADP binding site changes ]
the rate of induction in vivo.
GALI mRNA expression as a
function of time after galac-
tose induction. Data are

3004 -

2500

i3

EII
223

shown for wild-type GalB0p
and for GalBOp point mu-
tants. All data were normal-
ized to RNA levels measured
for a control gene, PMAL. A
qal80A mutant has a high
expression level even when
uninduced—as high as that
seen for wild-type GalB0p
when fully induced. The
dimer mutant, N230R, also

2000

1500

Redative GAL1 Expression Level

shows expression in the °
uninduced state (SOM text).

F=T

both NAD and NADP binding, would therefore
disrupt both the stabilizing cffect of NAD and

destabilizing cffeet of NADP with a net result of

faster induction for the mutants compared to the
wild type.

The involvement of dinucleotides and meta-
bolic fctors in transcriptional regulation is seen
in a few other systems. The coactivator of Oct-1,
OCA-5, contains two glveolviic enzymes
glveeraldehyde-3-phosphate  dehydrogenase
(GAPDED and lactme dehydrogenase (/0). The
binding of the tmanscriptional corepressor com-
plex, CIBP, is enhanced by the reduced dinucleo-
tide NADH compared to the oxidizad form (/1)
and it possesses 4 NAD-dependent delydro-
genase actvity (12). The DNA-binding activity
of the transeription [actor newronal PAS domain
protein 2 (NPAS2) s sensitive 1o the oxidation

18 -0
Induction Time (Min)

state of NAD, with DNA binding enhanced by
the reduced form of the dinucleotide (13). Al-
though we do not understand precisely how this
trigger for (AL regulation functions, nor the
involvement of NADP versus NAD, we specu-
late that switching the cell to a fermentable galac-
tose medivm causes a change in NADPNADPH
or NADP/NAD mtios in the cell, and Galstp
elffectively senses the melabolic state of the cell,
NADP might be acting as a “second messenger”™
in triggering the svstem. Altematively, GalsOp
may function as an oxidoreductase, actively con-
verting NADPH o NADP in the presence of a sub-
strate and causing it 1o disassociate from Galdp.
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A Shared Docking Motif in TRF1 and TRF2
Used for Differential Recruitment of

Telomeric Proteins

Yong Chen,” Yuting Yang," Megan van Overbeek,®* Jill R. Donigian,”* Paul Baciu,®

Titia de Lange, Ming Lei’t

Mammalian telomeres are protected by a six-protein complex: shelterin. Shelterin contains
two closely related proteins (TRF1 and TRF2), which recruit various proteins to telomeres. We
dissect the interactions of TRF1 and TRF2 with their shared binding partner {TIN2) and other
shelterin accessory factors. TRF1 recognizes TINZ using a conserved molecular surface in its
TRF homology (TRFH) domain. However, this same surface does not act as a TIN2 binding site
in TRF2, and TINZ binding to TRF2 is mediated by a region outside the TRFH domain. Instead,
the TRFH docking site of TRF2 binds a shelterin accessory factor (Apollo), which does not
interact with the TRFH domain of TRF1. Conversely, the TRFH domain of TRF1, but not of
TRF2, interacts with another shelterin-associated factor: PinX1.

helterin acts in conjunction with many
associnted factors (/-6), Most of the

shelterin-associated proteins are recnuited
to telomeres through interactions with TRF1 or

22 FEBRUARY 2008 VOL 319 SCIENCE

TRF2 (2-6). However, the molecular mecha-
nism of these TRF - and TRF2-mediated inter-
actions remamns unknown., TRFI and TRF2
share the same molecular architecture, charac-

terized by a C-terminal Myb/SANT DNA bind-
ing domain (7, &) and an N-terminal TRFH
domain (9). The TRFH domains {(TRF1ypemy
and TRF2ypey) mediate homodimerization
and are required for telomeric DNA binding
by TRF1 and TRF2 (J/0, 11). Several differemt
protein interactions have been mapped o the
TRFH domains of TRFI and TRF2 (2, 12-14).
The TRFH domains have almost dentical
three-dimensional structures (£f); therelore, N0
15 difficult 1o explain how TRFI and TRF2 can
interact with dilferent proteins,

TRF1 and TRF2 both bind 1o another shel-
terin protein: TIN2 (12, 15, 16). The TRFI1-
TIN2 interaction was mediated by TRF lrren
and the C terminus of TIN2 (/.2). Further map-
ping revealed that a peptide of TIN2—denoted
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Genetics, Rockefeller University, 1230 York Avenue, New
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as TIN23s5.276 [TINZrgag: TIN2-TRFH bind-
ing motif (TBM)]retains the TRFltpen
binding activity with a binding affimity of 314
nM (figs. S1 and S2 and Fig. 1A). To under-
stand how TIN 2w is recognized by TRF g,

we crystallized the TRF lppeng-TIN 2ran com-
plex and solved its structure at 2.0 A resolution
(table S1H(/7) The electron density map shows
that residucs 257 w0 268 of TIN? tay assume a
well-defined conformation (fig. $3). TRFlrgen

REPORTS I

forms homodimers, and cach TRF g gy interacts
with one TIN2pas peptide (Fig. 1B). TRF e
exhibits essentially the same conformation as
unliganded TRF lyppn except lor loop L34
(Fig. 1C) (/1) Loop L34 is partially disordercd
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Fig. 1. Structure of the TRFLmpey-TINZpey complex. (A} In vitro ITC mea-
surement of the interaction of TRFlipey with the TINZwpy peptide. The
inset shows the ITC titration data. (B) Overall structure of the dimeric
TRFLipgy-TINZ gy complex. TRF1 ey and TIN2gy are colored in green and
yellow, respectively, in one complex, and dark green and orange, respectively,
in the other. (C} Superposition of the TRFlmew-TINZygm complex on the
unliganded structure of TRF1gmy. Loop L34 in the complex is in red and that
of unliganded TRF1lmgy is in cyan, whereas the rest of TRFLggy is in green
(TINZygy-bound) or gray (peptide-free).

Fig. 2. The TRFlpeu-TINZrgw interface. (A) Schematic
depiction of the TRFlmey-TINZrem interaction. The main-
chain atoms of TINZ2 gy are shown as circles [carbon in yellow
(Cox in orange), oxygen in red, and nitrogen in bluel.
Residues of TRFLgey are shown as green ovals (side-chain
interaction) and square boxes (main-chain interaction).
Hydrophilic and hydrophobic interactions are shown as
straight magenta lines and curved red lines, respectively. The
pale yellow arrows denote the intermolecular [ sheet. (B)
The shape of the hydrophobic pocket of TRFL (green mesh)
complements the side chain of TIN2-L260 well. (C)
Electrostatic surface potential of the TINZgy binding site
of TRFLpgy. Positive potential, blue; negative potential, red.
(D) In vitro ITC binding data of wild-type and mutant
TRF1 ey TIN 21y interactions. Ky, equilibrium dissociation
constant; nd, not detectable by ITC. (E) Co-IP of the same sets
of mutant TRF1-TINZ interactions (except the TRF1-TIN2
F258A interaction) as in (D). Lanes marked “In" represent
2.5% of input cell lysate used for the immunoprecipitation.

TRF TINZ 2604 o ' M HA
TRF Vi TINZ L 280E nd
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i the peptide-free stracture (Fig. 1), However,
once TIN2qam is bound, loop L34 folds back
upon helices a3 and a4, sandwiched between
the helices and TIN2 g (Fig. 1C).

The structure of the complex reveals two
adjacent but strucwrally distinet interaction
modes. The N terminus of TIN2 gy [His> -
Phe-Asn-Leu-Ala-Pro®®? (H257-F-N-L-A-
P262)] (/8) adopts an extended conformation
stabilized by an extensive intermolecular
hydrogen-bonding network (Fig., 2A and fig.
54). The side chain of L260 is therelore po-
sitioned into a deep hvdrophobic pocket of
TRF lygen (Fig. 2, Band C). In addition, F238
and P262 also make hydrophobic comacts with
TRF lypgy: F238 sils on a concave hydrophobic

A TIN2

TRF2 F120A | +
TRF2 F120A
A352-367

TRF2
AQ52.387

TRF2

TRF2
(aMYC)

bo oo d

INPUT

a MYC IP

i

245484
My
245-280

UM
FL
AB
TAFH

s 5 235 @

surface, whereas P262 siacks with TRF1-F /42
{italics arc used here for individual residues of
TRFI and TRF2}(Fig. 2. A to C, and fig. 54). In
contrast, the © terminus of TIN2pga (L263-0-
R-R-R-V268) is positioned on the surface of
loop L34 through fomation of an antiparallel 3
sheet with DI39-A-0141 of TRFyggey (Fig, 2A
and fig. S4) so that R265-R-R267 of TIN2ygum
contacts TRF lypmy through clectrostatic in-
teractions (Fig. 2C) In panicular, R266 is
nested within an acidic depression on the sur-
face of loop L34 through a network ol sall
bridges and hydrogen bonds (Fig. 2. A and C,
and fig. 54).

To investigate the importance of the TRF1 -
TIN2 nteraction, we [irst measured the bind-

TRF2
-——— . (YC)
2 - | TIN2
-r. [qu]

Fig. 3. The TRF2-TIN2 interaction. (A) Co-IP of TINZ with cotransfected wild-type and mutant TRF2.
(B} Far-Western analysis of the TINZ binding region of TRF2 (FL, full-length; TRFZ-AB, TRF2-A1—
42). (C) Superposition of the TINZ2mm binding sites in the TRFLypey-TINZ rga and TRFZrpen-TINZ rm
complexes. TRF1ypey 2and TRF2ggey are in green and cyan, respectively. The TINZygy peptides bound
to TRFLpey and TRF2¢gey are shown in stick model format and in yellow and magenta, respectively.
(D) TIN2-F258 interacts less efficiently with TRF2 than with TRF1. The F258 binding surfaces of
TRFlrgey (top panel) and TRF2ygey (bottom panel) are shown in magenta (hydrophobic patch) and
blue {(hydrophilic patch). The rest of TRFLigey and TRF2;gey 15 in green and cyan, respectively.

ing of different mutant TIN2ppa peptides to
TRFlygen by isothermal titration calorimetry
(ITC), Substitution of L2660 with cither an
alanine or a glutamate abolished the binding
(Fig. 2D} Similarly, mutant TIN2vram
F258—A2SE (TIN2ppw-F238A) substantially
impaired the imteraction (Fig. 2D). By contrast,
mutant TIN2ppa-P262A, designed to eliminate
a stacking interaction with TRF1-F142, had a
wild-type binding affinity, indicating that loss
of this interaction is not essential for binding
(Fig. 2D}, However, substitution of’ TRFI1-
F142 with an alanine completely abrogated the
binding 10 TIN2raam (Fig. 2D). We then tested
the interactions of mutant proteins transiently
expressed m human embrvonic kidney 293T
cells, and the coimmunoprecipitation (Co-1P)
resulls are consistent with the in vitro [TC
measurements (Fig, 2E). We therefore conclude
that the TRFH interaction motil’ in TRF1 is
necessary for the TRF1-TIN2 interactuon both
in vitro and in vive,

Given the sequence and structural similar-
itics of the TRFH domains of TRF1 and TRF2,
we expected that TRF2 would alko bind 1o
TIM2 through the TRFH domain (figs. S5 and
S6). However, Co-IP studics ol a specilic mu-
tant in TREF2 (TRF2-F12004, where TRF2-F120
is structurally equivalemt o TRFI1-Fi42),
which was predicted to abolish TIN2 binding
0 TRF2rppy. did not have the expected effeat
(Fig. 3A). Therefore, TRF 2qgs 15 not required
for the stable association with TIN2 in vivo, In
order 1o define the actual TIN2 binding site,
we tested an amay of glutathione S-ransferase
TRF2 fusion fragments in a Far-Western assay
for their ability 1w interact with TIN2. The
result showed that a shor pepride of TREF2
(TRF 2353 382) can mediate an efficient imerac-
tion with TIN2 (Fig. 3B). In addition. punfied
TRF2350. 366 comigrated with TIN2y_a3p in
gel-filiration chromatographic analysis, indi-
cating that TIN2_saq is sullicient for binding
(fig. $7). Furthermore, Co-1P data showed tha
a deletion mutant of TRF2 (TRF2-A352-367)
that retains the entire TRFH domain but lacks
the TIN2 binding site failed to associate with
TIN2 (Fig. 3A). Thercfore, TRF2qgpy docs
nol mediate a stable interaction with TIN2 n
vivo, Collectively, we conclude that, although
TRF1 binds TIN2 through s TRFH domain,
TREF2 interacts with TIN2 through a shon
motil in its C terminus,

The distinctive specificity of the TRFH
domains of TRFI and TRF2 suggesied that
subtle structural differences are responsible
lor the ability of TIN2 to distinguish between
these two paralogous proteins, 1TC measure-
ment showed that TRF2rpen interacts with
TIN2rgsa 10 vitro, but with a much lower af-
fimity (6,49 M) (g, S8A). To understand this
binding specificity, we solved the crystal struc-
ture ol the TRF2rpen-TIN2qmy complex o
215 A resolution (fig, S8B and able S1) Al-
though the overall conformations of TIN2qam
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bound 1o TRFlypen and TRF2ypen are very
similar (Fig. 3C), subtle differences can ex-
plain the difference in allimitics of the two
complexes (Fig. 3D and hg. 58, C and D). In
the TRF lrpu-TIN2ran complex, TIN2-F258

sits snugly on a hydrophobic surface of

TRFlyggy (Fig. 3D} In contrast, F238 rotates
away from the interface and packs less clli-

ciently with TRF2ygpy. because the edge of

the interaction surace is partially occupied by
polar residues S98 and /02 (Fig. 3D). In addi-
tion, TRF1-E192, which is key for TIN2pm
binding, is replaced by a lvsine residue in
TRF2 (K173, resulting in loss of two jon-
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pairing interactions and an electrostatically
unfavorable contact between TIN2Z-R266 and
TRF2-K173 (higs. S6 and S9).

These results suggested that TRF2 might
use its TRFH domain peptide docking site 10
recruit one or more of the shelterin accessory
factors (2, 13, 19, TRF2qggey 15 known o in-
termct with Apollo, which functions together
with TRF2 in protecting telomeres during S
phase (2. 13y TRF2gpy directly binds to the
C erminus of Apollo (Apolloggssia) (lig.
S10A) (/3). We confirmed this interaction
using the ITC binding assay (Fig. 4A). Un-
der the same conditions, no binding ¢nthal-

Fig. 4. The TRF2-Apollo interaction, (A) ITC measurement of the interactions of TRF1;gey (red) and
TRFZypey (blue} with the Apollogy peptide. (B} Overall structure of the dimeric TRF2 gey-Apollomgmy
complex. (€} Superpaosition of Apollorgy lorange) and TIN2gy (yellow) reveals a shared F/Y-X-L-X-P
motif. (D} Superposition of the TRF2meu-Apollogm and the TRF2mey-TIN2 gy complexes in the
vicinity of the Apollo helix. The TRF2¢pey molecules are colored in cyan (Apolloggy-bound) and gray
(TIN2gu-bound), respectively. (E) Apollomgy binding is TRF2iapu-specific. The surface representa-
tions show that there is no room for Apollo L500 and ¥504 to fit into the peptide binding site of
TRF1ypey. (F) In vitro ITC binding data of wild-type and mutant TRF2ypey-Apolloggy interactions. (G)
Co-IP data show that Apollo double-mutant LS04E/P506 and TRF2 single-mutant F1204 disrupt the
in vivo TRFZ-Apollo interaction. (H) Localization of retrovirally expressed HA-tagged wild type and
L506E/PS08A double mutant of Apollo in B]-hTERT cells.
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py was measurable between Apolloges.saz
and TRF lyppy. indicating that Apolloges-saz
binding 15 specitic for TRF2 (Fig. 4A) To
understand how TRF2 recognizes Apollo,
we determined the erystal structure of the
TRF 2q1apn-Apolloges s3> complex at 2.5 A
resolution (Fig. 4B and wable S1). The struc-
ture clearly shows clectron density come-

sponding to the 12 N-terminal residues of

Apollogs sz (amino acids 498 1w 509), refened
to s Apollopayg (g, S10, A and B). The struc-
tre reveals that Apolloppy interacts with
TRF2yrm through the same molecular surface
as in the TRF lygen-TIN2ram complex (Fig.
4C). Owverlay ol the two complexes reveals

many similaritics between the C werminus of

Apolloppag (Y504-L-L-T-P-V3509) and the N
terminus of TIN 2qppag (F258-N-L-A-P-(i265).
Firsi. two peptides are almost identical in
overall conformation (Fig. 4C and fig. 510, C
and D). Second, most of the hvdrogen bonds in
the TRF2qpprApolloggyy complex are con-
:'ﬂ..'l"q.l.:d. iII mFIT“F"--I-]KJTHI\_‘ H'ty.. H“],_ ';1
and E). Third, L506 and P508 of Apollo
interact with TRF2qggy in the same fashion as
do their counterparts of TIN2ygy (Fig. 4C
and fig. SIOD) It is noteworthy that the
TBMs of TIN2 and Apollo share the sequence
Y/F-X-L-X-P (where X is any amino acid).
Despite the high degree of similarity
between the TRFlypey-TIN21py and
TRF2rpeu-Apolloppyy interactions, substan-
tial structural variations are evident outside
the ¥/F-X-L-X-P motil. Unlike TIN2rpay. the

YaX-L-X-P monfl resides at the C terminus ol

Apollopgy. and Apollopgy lacks a C-terminal
polyarginine tail (Fig. 4C). Instead, it has a
six-residue extension preceding the Y/F-X-L-
X-P motif. which adopts a short helical con-
fomation (Fig. 4. C and D) and packs on loop
L23 and helices a2 and a3 of TRF2men
through hydrophobic contacts (Fig. 4D and
fig. 510, Cand E). Apollo-Y 504 rotanes ~ 9
relative to TIN2-F258 in the TRFlrapu-
TN 2rppg complex o 1t imo a hvdrophobic
cleft formed by L20F and 8102 of TRF2 (Fig.
4D This reorientation of Y504 is coupled
with a partial refolding of loop L23 of TRF2:
TRF2-E94 rotales ~ 180° relative 1o its
position i the peptide-free conformation and
makes two electrostatic intcractions  with
K303 and Y304 of Apollo (Fig. 4D and fig.
SI0E) These marked conformational dilfer-
ences suggest that a tyrosine residue s
preferred at the N-terminal position of the
FA-X-L-X-P motif for efficient binding 10
TRF2pey. whereas a phenylalanine is pre-
ferred for TRF lypen. Furthermore, superpo-
sition of the I!IRI:I'['R[.'"-ITIIN:THM and the
TRF 2 epu-Apollorgy complexes shows
that the space occupied by L300 and Y304
of Apollopgsy 15 occluded in TRFlygen.
which explains why Apollorgsy binding is
TRF2mpn-specilic (Fig, 4E and fig. S11).
Given the close similarity of the TRFH do-
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mains of TRFI and TRF2, these structural
variations cmphasize that the TRFH domain
15 a versatile framework for interactions with
different proteins,

The eryatal structure of the TRF2ygpy-
Apollopgyy complex is comoborated by mutagen-
esis, Mutaions of the conserved  hydrophobic
residues of Apollo (F304, L5306, and P30S) or
TRE2 (Fi2th completely abolished the inter-
action both in vitro and in vive (Fig. 4, F and
G We Tunther assayed the eellular localization
of wild-type and mutant Apollo by expressing
hemagglutinin (HA)-tagged proteins in human
telomerase reverse transeriptase (WTERT)
immaortalized human B) Obroblasts, Although
wild-type Apollo showed the expected telo-
mere localization, the LSOGEPS0RA  double
mutant was distributed throughout the nucleo-
plasm with no obvious accumulation at telo-
meres (Fig. 4H). This result confirms the
structural information and indicates that the
binding of Apollo 1© the TRFH doman of
TRF2 is required for the telomerie localization
of Apollo.

We next asked whether other shelierin-
associated proteins might contain the FA-X-L-X-P
motif’ suggestive of an interaction with the
TRFH domain of TRFI or TRF2, We idemi-
fied this motifin PinX 1, originally identified as
a TRFl-imeracting prolein in a yeast two-
hybrid screen (6). An -residue fragment of
PinX1 (R287-D-F-T-L-K-P-K-K-R-R297},
refered 1o as PinX lpgy, closely resembles
TIN2yps (Mg S12A), suggesting that it may
bind 1o TRF gy in the same tashion as does
TIN2ypyy- ITC data confirmed the TRF lygey-
PinX lygay micmction, whereas no measurable
interaction was observed between TRF2ypen
and PinX gy (fig. S128). Muagenesis siudies

showed that PinX1-L291 and TRF1-FI42 are
critical for the interaction, whereas PinX 1-P293
15 ot (g, S120), These results are consistent
with those of the TRF lygme=TIN2 raag inter-
action (Fig. 2D} and indicate that PinX1, like
TIN2, binds the TRFH domain of TRFI but
not TRF2, Protein sequence database scarches
showed many instances of telomerc-associated
proteins containing the FY-X-L-X-P moif ({ig.
S13). Fuwre studies are needed 1o address
whether this motil” mediates the TRFI/TRF2
binding of these 1elomere-associated proteins
in vivo,

Our results indicate that binding to the
TRFH docking site involves the sequence
F/Y-X-L-X-P m shelterin-associated protems,
which comacts the same molecular recogmton
surface of the TRFH domams of TRFI and
TRF2 with distinet specificitics, Because TRFI
and TRF2 play different roles in telomere
length homeostasis and telomere protection

(1), we propose that the TRFH domains of

TRFI and TRF2 function as telomeric protein
docking sites that reeruit dilferent shelienn-
associated factors with distinet functions to the
chromosome ends.
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Clonal Integration of a Polyomavirus in
Human Merkel Cell Carcinoma

Huichen Feng, Masahiro Shuda, Yuan Chang,” Patrick 5. Moore®

Merkel cell carcinoma (MCC) is a rare but aggressive human skin cancer that typically affects
elderly and immunosuppressed individuals, a feature suggestive of an infectious origin.

We studied MCC samples by digital transcriptome subtraction and detected a fusion transcript
between a previously undescribed virus T antigen and a human receptor tyrosine phosphatase.
Further investigation led to identification and sequence analysis of the 5387—base-pair genome of
a previously unknown polyomavirus that we call Merkel cell polyomavirus (MCV or MCPyV). MCV
sequences were detected in 8 of 10 (80%) MCC tumers but only 5 of 59 (8%) control tissues from
various body sites and 4 of 25 (16%) control skin tissues. In six of eight MCV-positive MCCs, viral
DMA was integrated within the tumor genome in a clonal pattern, suggesting that MCV infection
and integration preceded clonal expansion of the tumar cells, Thus, MCV may be a contributing

factor in the pathogenesis of MCC.

tential etiologic agents in human cancer
since the discovery of’ murine polvoma
virws (MuPyV) by Gross in 1953 (/). However,

Pﬂl}mm:h inses have been suspected as po-

although polvomavirus infections can produce
tumors in animal models, there s no conclusive
evidence that they play a role in human cancers
(2), These small double-stranded DNA viruscs

[=32000 base pairs (bp)| encode a variably spliced
oncoprotein, the wmor (T) antigen (3, ), and
are divided into three genctically distinet groups:
(i) avian polvomaviruses, (i) mammalian vi-
ruses related to MuPyV, and (i) mammalian
polvomaviruses related to simian vines 00 SV40)
(3 All four known human polyvomaviruscs
|BK vimus (BKV ), JCV, KIV, and WUV (6, 7]
belong to the SV40 subgroup. In ammals, in-
tegration of polvomavirus DNA into the host
genome ofien precedes umor formation (&),
Merkel cell carcmoma (MCOCC) 15 a neuro-
cctodermal tumor arising from mechanorecep-
tor Merkel cells (Fig, 1A) MCC is rare, but its
incidence has tripled over the past 2 decades in
the United States 1o 1500 cases per year (9). I
is one of the most ageressive forms of skin
cancer; about 30% of advanced MCOC patienis

Molecular Virology Program, University of Pittsburgh Cancer
Institute, University of Pittsburgh, 5117 Centre Avenue, Suite
18, Pittsburgh, PA 15213, USA
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live 9 months or less. Gene expression profiling
studics indicate that MCC may comprise two
or more chimeally similar discases with distinet
etiologics ( (0), Like Kaposi's sarcoma (KS), MOC
oceurs mone lrequently than expected among im-
munosuppressed tansplant and AIDS patients
(1) These simifantices o KS, an immunce-related
tumor caused by KS-associated herpesvinus (1.2),
raise the possibility that MCC may also have an
infections origin,

To scarch for viml sequences in MCC, we
used digiml transcripome subtraction (DTS),
a methodology we developed that can iden-
tify foreign transcripts by using human high-
throughput ¢DNA sequencing dama (/3), We
generated two ¢cDNA libranes from a total of
four anonymized MOC wmors, One library
was prepared with the use of mRNA from a
single tumor (MCC347), and the other was
prepared with mRNA pooled from three -
mors (MCC337, 343, and 346) to increase the
likelihood of detecting rare viml sequences
{table S1).

From these two libraries, we respectively pyro-
sequenced 216,599 and 179,135 cDNA sequences
(=150 1o 200 bp). These 395,734 cDNA se-
quences were tamimed with LUCY stringency
cquivalent to PHRED scores of 20 o higher ( £4),
Copolymers of adenine or thymidine [poly(A)
and poly (T), respectively |, dust (Jow-complexity),
human repeat, and primer adapior sequences
were then removed, leaving 382,747 sequences
to form a high-fdelity (HiFi) data set. OF these,
IRO3E2 (9.4%) aligned o human RefSeq RNA,

Fig. 1. (A) MCC is an ag-
gressive skin @ncer derived
from Merkel mechanore-
ceptor cells that expresses
neurcendocrine and peri-
nuclear cytokeratin 20
markers, distinguishing it
from other small round
cell wmors (MCC349, ke,
hematoxylin and eosin;
right, cytokeratin 20 sain- g
ing, 40x. Sake bar repre-
sents 10 um). (B) Discovery
of Merkel cell polyomavi-
rus transcripts in (MCC).
3-RACE mapping of an
MCC fusion transcript be-
tween the MCV T antigen
and human PTPRG. A
cDNA comesponding to a
polyomavirus-iike T antigen
transcript was found by

mitochondrial, assembled chromosomes, or im-
munoglobulin sequences in National Center for
Biotechnology  Information (NCBI) databases.
OF the remaining 2395 HiFi candidate sequences,
one transcript (DTS from MOC347 cDNA
aligned with high homology 10 African groen
monkey (AGM) Iymphotropic  polyomavins
(LPvV) and 1o human BK polyomavirus T anti-
gen sequences, A sccond DTS wmanscript (DTS2)
had no homology to deposited polyvomavines se-
quences but was subsequently identified by align-
ing HiFi candidates 1o the ull-lengih viral genome
(see below). These two sequences define a pre-
viously unknown human polyomavirus that we
call Merkel cell polyomavins (MCV or MOPyW)
becase of its close msociation with MO,

Rapid amplificaton of cDNA ends (3-RACE)
extended DTS to three different eDNAs (Fig.
1B): One transcript terminated at a polyiA) site
in the T antigen sequence, and two ¢cDNAS read
through this weak polyv(A) site to form different
length fusions with intron | of the human recep-
tor tyrosine phosphatase type G gene (PTPRG)
{GenBank: 18860897) on chromosome 3pl4.2
Viral integration at this sile was confirmed by
sequencing DNA - polymerase chain reaction
(PCR) products with the use of a viral primer
and a human PTPRG primer. The same three
RACE products were independently  cloned
from MOC348, a lymph node metastasis from
the MCC347 primary wmor, indicating that this
tumor was seeded from a single wmor cell
already positive for the T antigen-PTPRG
fusion transcrpl.

Intron1

DTS analysis of MCC. This

T antigen cDMA was ex-
tended by 3-RACE to map
three mRNA sequences

TIAT b splice

tarrows), one of which terminates at a viral polyadenylation site and two of which extend into flanking
human sequence and terminate in intron 1 of the human PTPRG gene on chromosome 3pl4, indicative
of viral DNA integration into the tumor cell genome. The two viral-human chimeric transcripts were
generated by read-through of a weak polyadenylation signal in the viral T antigen gene. Identical RACE
products were also sequenced from a lymph node metastasis of this primary tumor,
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By viral genome walking, we sequenced
the complete closed circular genome of MOV
(3387 bp, prototype) from tumor MOC350, A
second genome, MOWV3IZ9 (32001 bp), was then
sequenced by using MO Vespecific primers. The
sequences of MOV3IS0 and MCOV339 have
GenBank  accession numbers EU3ZT3803 and
EU375804, respectively. Both vimscs encode se-
guenees with high homology to polvomavirus
T antigen, VP, VP23, and replication origin
sequences (Fig. 2A0 MCY has an carly gene
expression region | 196 10 3080 nucleotides (nt)
comaining the T antigen locus with large T and
small T open reading frames and a late gene region
containing VP and VP23 open reading frumes
between 3156 and 5118 ni. The T antigen locus
has features conserved with other polvomavins
T antigens, including crl, Dnal, pRB1-binding
Leu-X-Cys-X-Glu (LXCXE) motil, origin-
binding, and helicase/adenosine  inphosphatase
(ATPase) domams. Mutations in the C termunus
of MCV350 and 339 larpe T open reading
frames are predicted 1o truncate large T protein
but are unlikely to affect small T antigen protein
expression. The meplication ongin s highly
conserved with that of other polvomaviruses
and includes features such as a poly(T) trmet and
conserved T antigen binding boxes (hig. S1).
MOV has highest homology o viruses be-
longing 1o the MuPyV subgroup and is most
closely related w AGM LPyV (Fig. 2By (/5). It
is more distantly related 1o known  human
polvomaviruses and SV40, The principal differ-
enees batween MOV3S0 and MOV339 are a 191-
by (1994 10 2184 mt) deletion in the MOV3S T
antigen pene and a 3-bp (5216 w0 5220 nt)
inserion in the MCWV339 late promoter. Exclud-
ing these sites, only 41 (0.8%) nucleotides differ
between MOV350 and 339

To investigate the association between MOV
infection and MCOC, we comparned wmors from 10
MCC patients to two tissue control groups. The
first conwrol group was composed of unselecied
tissucs from various body sites (including nine
skin samples) from 39 patients withowt MCC
{table 52). These samples were taken consccutive-
Iy on a single surgical day and tested for MOV
positivity with two PCR primer scts in the T
antigen locus (LTI and LT3) and one in the VP
gene (VP1). These pnmers do not amplify cloned
human BEKV or JCV genomic DNA or SVd0 ge-
nome from COS-7 cells. A second conrol group
composed of skin and skin wmor samples from
25 immunocompetent and  immunosuppressed
patients without MCC were tested with LT1 and
VP primers (table 52). Samples were mndom-
teed and tested in a blinded fashion. Southem
blotting of PCR products was performed 1o in-
crease sensitivity (fig. S2).

OF the 10 MOC wmors from different pa-
tienis, 8 (80%) were positive for MOV sequences
by PCR (Table 1 and table S1), Seven umors
showed mwbust amplification, and one tumor
wats positive only alter PCR-Southem hybridiza-
tion. MOC3ME (metastasis from MCCU347) and
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MOC338 (infiltrating wmor from MCOC339) were
also positive. Two tumors, MCC343 and 346, ne-
maned regative alier testing with 13 PCR pnimer
pairs spanning the MOV genome. None of the 59
control Hssues, including nine skin samples, was
pasitive by PCR alone, but five gastrointestinal
tract tissues tested weakly positive after PCR

Southem hybridiation (8%, P = 00001, wble
521 Viral T antigen sequences were recovered
from three of these samples, confimming low
copy number infection. Similarly, only 4 of 25
(16%, P = 00007, able 52) additional skin and
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non=-MOC skin wmor samples from immunocoms-
petent and immuncsuppressed patients tested pos-
ive for MOV soquences (Table 2 and table S2).

To determine whether MCV DNA was in-
tegrated into the wmor genome, we examined
MOC samples by dineet Southem blotting with-
out PCR amplification. When MCV DNA in
MOC wmor s digested by single-cutter restric-
tion endonucleases, such as EcoRl or BamHI,
and probed with viral sequence, Tour possible
patterns are predicied 1o occurs (1) i the viral
DNA exists as freely meplicating circular epi-

S

Alrar [irnee Loy

m [mcy]

Fig. 2. (A} Schematic of MCV genome. Genome walking was used to clone the full MCY genome from
tumor MCC350. The genome encodes typical features of a polyomavirus, including large T {purple) and
small T (blue) open reading frames. Also shown are predicted VP1 (green) and overlapping VP2 lorange)
and VP3 (yellow) genes. DTS1 and DTS2 (red) represent cDNA fragments originally identified by DTS
screening. The former was used to identify MCV, and the latter is a spliced transcript with no homology
to known polyomavirus sequences. (B} Neighbor-joining trees for putative MCV large T, small T, VP1, and
VP2 proteins. The four known human polyomaviruses (BKY, JCV, KIV, and WUV} cluster together in the
5V40 subgroup (bluel), whereas MCV is most closely related to MuPyV subgroup viruses (red). Both
subgroups are distinct from the avian polyomavirus subgroup (orange). Scale bars indicate an
evolutionary distance of 0.1 amino acid substitutions per position in the sequence,

somes, then a =54 kilobase (kb) band will be
present (integrated-concatenated virus will also
generte a ~34 kb band); () if MCY DNA
integrates polyclonally, as might ocour during
secondary infection of the wimor if MCV is a
passenger virus, then diffuse hybndization from
different band sizes is expected; (i) iIfMCV DNA
mtegrtes at one or a few chromosomal sites, then
the tumors will have identical or near-identical
non-54-kb banding pattems; or (iv) il MCV
DNA integrates at different chromosomal sites
before clonal expansion of the wmor cells, then
distinet bands of different sizes will be presem
imonoclonal viral integration),

Eight of 11 MCC DNA samples (including
MOC348 metastasis from MCC347) digested with
cither BamHI or EcoRl showed mwbua MOV
hybridization, and these comsponded 1o the same
tumors positive by PCR analyvsis with multiple
primers (Fig. 3A and lig. 53). Monoclonal viral
imlegration (pattem ) was evident with one or
both eneymes m six wmors: MOC339, 345, 347,
S, M9, and 352 (solid amowheads), EcoRl di-
gestion of MCC339, for example, produced two
distinct 7.5- and 12.2-kb bands that would arise
only if MCV is imtegrated at a single site in the
meority of wimor cells. MOC344 and 350 bands
have episomal or imegmied-concatemernic bands
{open amowhead, pattem 1), MOC352 has a mono-
clonal integration pattem (solid armowheads, pat-
tern iv) on BamHI digestion as well as an intense
5.4-kb band (open arrowhead), consistent with an
integrated concatemer. All three umors negative
by PCR. with ethidium bromide staning (MCOC337,
343, and 346) were also negative by dineet
Southem bloning.

Table 1. PCR for MCV DNA in MCC tissues. A
plus symbol indicates that the sample was
strongly positive by ethidium bromide staining
only with one or more primers. A minus symbol
indicates that the tissue was negative for all
primers. Entries with both plus and minus
symbols indicate that the sample was negative
by ethidium bromide staining but positive after
Southern hybridization of PCR products.

MCC cases (n = 10)
MCV positivity

Patient Tissue 1D

1 MCC337
MCC338 .
MCC339 +
MCC343 -
MCC344 +
MCC345 +
MCC346 -
MCC347 +
i MCC348 +
MCC349 +

+

+

Fd B
—

WO 00 ] ] O WA I L

MCC350

MCC352

Total (%) 8/10 (80}
+MCC338 was from an infiltrating tumar in skin tissue ad-

jacent to MCC339 tumor. $MCC348 taken from a meta-
static lymph node from MCC347.

[
[=]
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The Southem blot banding patems (Fig. 3A)
were identical tor MOC34T and 11s metastasis,
MOC3E, in line with 3-BRACE results (Fig, 1B)
and confirming that MCC348 arose as a meti-
statie clone of MCOC347, Because the genomic
integration site (the PTPRG locus on chromo-
some 3pld) is mapped for these twmors, we per-
formed Southem blotting with fanking  human
scguence probes to examine cellular monoclo-
nal integration. Nhel-Sacl digestion of MCC347

MCCs

A
& aeevisiey

kb

and 348 is predicted to gencrate a 3.1-kb frag-
ment from the wild-tvpe allele and a 3.9-kb frag-
ment from the allele conaining the imegrated
MOV DNA. Hybrdization with a flanking hu-
man PIPRG sequence probe revealed that the
3.9kb allele was present in MOC347T and 348
DNA but not in control tissue DNA ( Fig. 3B).,
As predicted, the same fragment hybridiaed 10 a
MOV T antigen sequence probe, consistent with
both cellular and virl monoclonality in this w-

MCCs
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MCV-inserion < > {-

Sacl 3.9kbp Nhe | 3.1
" 2.0-
" st 31kbp  Nhel 164
Fig. 3. Clonal MCV integration in MCC tumors
detected by direct Southern hybridization. (A) DNA 1.0=

digested with BamHI (left) or EcoRl (right) and

Southern-blotted with MCV DNA probes reveals Probe: ~ Human

different banding patterns in each tumor, includ-
ing =5.4-kb bands. Open arrowhead shows the

Chr3

LT1,LT2

expected position for MCV episomal or concatenated-integrated genome (5.4 kb) with corresponding
bands present in tumors MCC344 and 350. Tumors MCC339, 345, 347, 348, and 349 have different band
sizes and doublet bands (solid arrowheads), consistent with genomic monoclonal integration. MCC352
has a prominent 5.4-kb band as well as higher and lower molecular weight monoclonal integration bands
(BamHI), consistent with an integrated concatemer, Tumors MCC337, 343, and 346 have no MCV DNA
detected by Southern blotting [bands at 1.5 kb (kidney) and 1.2 kb (MCC346) are artifacts]. (B) Viral and
cellular monoclonality in MCC347 and 348. Tumor MCC347 and its metastasis MCC348 were digested with
Sacl and Nhel and Southern-blotted with unique human flanking sequence probe [Chr3 (red), left] or viral
probes [LT1 and LT2 (yellow), right]. The wild-type human allele & present in all samples at 3.1 kb (left). The
MCC tumors, however, have an additional 3.9-kb allelic band formed by MCV DNA insertion into chromosome
3pl4a. Hybridization with probes for MCV T antigen sequence (yellow, right) generates an identical band.
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mor. These results provide evidenoe that MOV
infection and genome integration occurred in this
tumor before clonal expansion of wmor cells.
MOV in MOC may have some parallels 1o high-
rsk human papillomavirus (HPY), which causes
cervical cancer mainly afier viml episome dis-
ruption and integration into the cervical epithelial
cell genome (/6).

IF MOV plays a causal role in tumorigenesis,
it could conceivably do so by several mecha-
nizms, including T antigen expression, insertional
mutagenesis, or both. Our DTS resulis show w-
mor expression of MOY T antigen, which has con-
served Dnad (4), pocket protein-binding LXCXE
U7y, and pp2A-binding (18, 79) domains pre-
viously shown 1o play roles in polvomavins-
induced cell trnstommation, Mutational disruption
of the PTPRG gene, which is suspected to be a
tumor suppressor (240), could also play a role in
MCC, although our Southem bl data suggest
that MOV integration occurs il vanous genmnic
sites i different MOC tumors,

Our study validates the utility of DTS for the
discovery of eryplic human viruses, but it his also

revealed some limitations of the approach. OF

the four wimors we sampled, only one (MCCU347)
was infected atl high copy number. MCV tran-
scripts in this tumor were present at 10 trnscripls
per million or about 5 transcripts per tumor cell.
In future searches for other dircetly transforming
tumor viruses (27), DTS should be used on mul-
tiple highly uniform samples sequenced 1o a
depth of 20000000 transcripls or greater. Because
DTS is quantitative, it is less likely 1o be useful in
its current form for discovery of low-abundance
vinuses in autoimmune disorders or other chronic
infectious discases. Discovery of MCV by DTS
nonctheless shows that DTS and relmed ap-
proaches (22) are promising methods o identity
previously unknown human wmor viruses.
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Table 2. PCR for MCV DNA in comparison control tissues (n = 84). For detailed description of tissues and tissue sites, see table 52. MCV positivities
marked with plus and minus symbols together are as in Table 1. For the various body site tissues, there were 59 samples; for the skin and skin tumor

tissues, the sample size was 25 (table 52).

MCV positivity
Various body site tissues
Total MCV negative (%%) 54/59 (92)
Total MCV positive (%) 5/59 (8)
Appendix contral 1 I+
Appendix control 2 =+
Gall bladder =i+
Bowel =+
Hemorrhoid =i+
Skin and skin tumor tissues
Total MCV negative (%) 21/25 (84)
Total MCV positive (%) 4/25 (16)
Skin —/+
KS skin tumor 1 —l+
K5 skin tumor 2 —l+
KS skin tumor 3 —i+
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Worldwide Human Relationships
Inferred from Genome-Wide
Patterns of Variation

Jun Z. Li,u'T Devin M. Absher,™®* Hua ‘i'arlg,!,‘1 Audrey M. Southwick,™® Amanda M. Casto,!
Sohini Ramachandran,® Howard M. Cann,? Gregory 5. Barsh,™* Marcus Feldman,";

Luigi L. Cavalli-Sforza,*$ Richard M. Myers™*

Human genetic diversity is shaped by both demographic and biological factors and has fundamental
implications for understanding the genetic basis of diseases. We studied 938 unrelated individuals
from 51 populations of the Human Genome Diversity Panel at 650,000 common single-nucleotide
polymorphism loci. Individual ancestry and population substructure were detectable with very high
resolution. The relationship between haplotype heterozygosity and geography was consistent with
the hypothesis of a serial founder effect with a single origin in sub-Saharan Africa. In addition, we
observed a pattern of ancestral allele frequency distributions that reflects variation in population
dynamics among geographic regions. This data set allows the most comprehensive characterization

to date of human genetic variation.

sequence varation has dramatically increased

Il] the past 30 years, the ability to study DNA
our knowledge of the relationships among

and history of human populations. Analyses of

mitochondrial, Y chromosomal, and autosomal
markers have revealed geographical structuring
of human populations at the continental level (1-3)
and suggest that a small group of individuals mi-
grated ou of castem Africa and their descendants
subsequently expanded into most of today’s pop-
ulations (3 -A). Despite this progress, these studics
were limited 1o a small fraction of the genome, 1o

limited populations, or both, and vield an in-

complete picture of the relative importance of

mutation, recombination, migration, demogni-
phy, selection, and mndom drift (7-/0). To
substantially increase the genomic and popula-
tion coverage of past studies (e.g., the HapMap
Project), we have examined more than 650,000
single-nucleotide  polymorphisms (SNPs) in
samples from the Human Genome  Diversity
Panel (HGDP-CEPLD, which represems 1064
fully consenting individuals from 31 popula-
tions from sub-Saharan Africa, North Alfrica,

Europe. the Middle East, South/Cemral Asia,
East Asia, Oceania, and the Americas (/7). This
data set is freely available (723 and allows a
detailed chamcterization of worldwide genetic
vanation,

We first swdied genetic ancestry of cach
individual without wsing hisher population
ientity, This analysis considers cach person’s
genome as having ongnated from A ancestral
but unobscrved populations whose comributions
are desenbed by & coctlicients that sum w | for
cach mndividual. To increase compuwtational cffi-
ciency, we developed new sofiwane, frappe, that
implements a maximum likelihood method (£3)
to analvze all 642,690 autosomal SNPs in 9338
unrelated and successfully genotyped HGDP-
CEPH individuals (f4). Figure 1A shows the
results for K = 7: those for & = 2 through 6 are in
fig. S1. At K = 5, the 938 individuals scgregate
into five continental groups, similar 1o those ne-
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prorted ina microsatellite-based study of the same
pancl (3). At K = 6, the new component accounts
tor a major portion of ancestry for mdividuals
from South/Central Asia, sepamting this region
from the Middlke East and Europe. This result
differs from that in (3), where the sixth compo-
nent contained the Kalish individuals, but Southy
Central Asia, the Middle East, and Europe were
not clearly distinguished unless analyead sepa-
rately from the rest of the world, At K = 7, the
new component oceurs at highest proportions in
the Middle Eastem populations, separating them
from Ewropean populations. In many popula-
tions, ancestry is denved predominamly from

A

Africa Mid.East

Europe

ong of the infered components, whereas in
others, especially those in the Middle East and
South/Central Asia, there are multiple sources of
ancestry, For example, Palestinians, Druee, and
Bedouins have contributions from the Middle
East, Europe, and South/Central Asia. Burusho,
Pathan, and Sindhi have an East Asian contribu-
tion, Hazara and Uy gur share a similar profile of
combined South/Central Asian, East Asian, and
European ancestry. In East Asia, only the Yakuts
share ancestry with both Europe and America,
although these contributions are small. Although
much of sub-Saharan Alfrica, Europe, and East
Asia appears to be homogeneous in Fig. 1A, finer

C.S.Asia

REPORTS

substructures can be detected when individual
regions are analyzed sepamitely. For example, we
ientified two components that scparate the 16
Emst Asian populations and comespond to a noth-
south genatic gradient (Ag. S2A) Han Chinese
can be divided imo a southem and a nonhem
group, A similar analysis for South/Central Asia
is shown in fig. 2B,

Mixed ancestnies inferred from genctic data
can ofien be inerpreted as ansing from recent
admixture among muhiple founder populations.
In the cument setting, however, the estimated
mixed ancestry can be due either to recent ad-
mixture or o sharad ancestry belore the diver-

Q,
%ﬂ% %

%

E.Asia

VIIfo7 7 § FEfHEJET 77885858/ i?f s 2

Fig. 1. Individual ancestry and population dendrogram. (A) Regional ancestry inferred with the
frappe program at K = 7 (13) and plotted with the Distruct program (31). Each individual is
represented by a vertical line partitioned into colored segments whose lengths correspond to his/
her ancestry coefficients in up to seven inferred ancestral groups. Population labels were added
only after each individual's ancestry had been estimated; they were used to order the samples in
plotting. (B} Maximum likelihood tree of 51 populations. Branches are colored according to
continentsiregions. * indicates the root of the tree, also where the chimpanzee branch is located.
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ulations from Morth Alfrica, the Middle East,
Ewope, SouthCentral Asia, Oceanin, America,
and East Asia. This population tree shows not
only major splits between different continents but
also sublineages within continents (/<) consistent
with the ancestry analysis shown above as well as
with results from microsatcllite markers (/7). The
branching pattern largely agrees with the approx-
imate order of human expansion (2) and suppons
the “out of Aftica™ model of human origin,

We performed principal component analyses
(PCA) on the Fst matrix 1o capture a major
portion of genetic varability, The first and sec-
ond PCs explain 39% and 26% of the Fst var-
iation, respectively (1ig. S3A) and separate the 51
populations mio the known continental groups,
with the first PC primarily describing the contrast
between sub-Saharmn Afnicans and non-Adricans
and the sccond driven by the Easi-West difference
in Eurasia. The third and louwrth PCs distinguish
the Native Amencan and Oceamian populations,
respectively (figs. 83, C and D). The negional
clusters are more cearly separsted than was
possible with 782 microsatellites (16). A PCA
plot of the 938 unrelated individuals (fig. S3B) is

gence of two populations but withou subsequent
gene Now between them. For example, the Euro-
pean and Asian ancestnes seen in Uvgur and
Hazara populations are likely due to relatively
recent admixture, whereas the inferred Native
American ancestry in Yakuts and Russians likely
reflects shared ancestry belore the predecessors
of the Native Amercans crossed the Bering
Strait. The Middle Easteam populations may have
expericnced both continuous gene flow  and
shared ancestry with the rest of Eurasia,
Because individuals belonging o the same
recognized population almost always show simi-
lar ancestry proportions (Fig. |A and fig. S2), itis
meaningful w statistically evaluate the genctic
relationships among populations. We caleulated
the Wright's fixation indices Fsts among the 51
populations from the population alldle frequen-
cies across all autosomal SNPs (J5) and con-
structed a phylogenetic tree by the maximum
likelihood method (16), using onthologous chim-
panece alleles as the outgroup. The sub-Saharmn
Adncan populations are located nearcst o the
root of the tree (Fig. 1 B) outwand from which are
branches that correspond, sequentially, 1o pop-
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Fig. 2. Fine-scale population structure principal component analyses in two geographic regions,
using all autosomal SNPs. (A} Europe. (B) The Middle East.
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Fig. 3. Analysis of molecular variance and 5000 1.;':.:.: ml:m a-n.l'.m zmlm
correlation between haplotype heterozygosity Distance 1o AA (km)

and geographic distance. (A} Partitioning of
genetic variance into three components (18): Within-Population (WP), Among-Population-Within-Region
{APWG), and Among-Region (AG), by using autosomal SNPs, microsatellite markers, and Chr¥ SNPs,
respectively. (B) SNP haplotype heterozygosity versus geographic distances from Addis Ababa (AA),
Ethiopia. The linear regression slope is indicated along with the Pearson correlation r.

similar to the 5 1-population plot and illustrates the
regional clusteredness at the individual level.

The PCA for mdividual continents/regions
cleardy delincates fine-scale population structure.
In Fig. 2A, the eight European populations, in-
cluding the central populations (Oreadian, French,
Norhem lalian from Bergamo, and Tuscan)
which were previously indistinguishable with
fewer markers, can be separated (3). In Fig. 2B,
the four populations from the Middle East arc
distinguished; the Bedouins can be divided into
two subgroups, one of which is similar 10 the
Palestinians, The PCI-PC2 plots for four other
continenal groups and descriptions and interpre-
tations are in (/) and figs. 54 and 53, These
individual-level results, along with mneestry analy-
ses in Fig, LA and fig. 52, indicate that although
some populations have limited sample siee (<10),
the population structunng appears robust,

We carried out an analysis of molecular var-
unee (AMOVA)Y (f8, 79 1w partiion overall
genetic variation into three components: within-
population (WP), among-population-within-
group {i.c., peogrphical region) (AMYWG), and
among geographical region (AG). The 51 popu-
lations are assigned o the seven geographical
regions shown in Fig. 1A, The results are similar
among autosomal chromosomes: the WE APAWG,
and AG components explain 889 = 0,39, 21 =
005%, and 9.0 = 03% (mean = SD acmss 22 chio-
mosomes ) ol the vardance, respectively (Fig. 3A).
For comparison, the WP, APWG, and AG com-
ponents for 783 microsatellite markers ae 9400,
23%, and 3. 7%, respectively (3, 5) The dil-
ference between the SNP-bhised  cstimates (this
study) and the microsaellite-based results can be
partly explained by higher mutation rates of mi-
crosaielliies, which are more driven by shorier-
term evolutionary processes. For X chromosome
(ChrX) SNPs, the WP AP'WG, and AG com-
ponents are 84. 7%, 2.4%. and 12.9% (Fig. 3A).
consistent with estimates based on ChrX micro-
satellites (200, The greater AG componem lor
ChrX than autosomes is discussed in ( /4) and fig.
S6. Towcther, these results reaflirm that within-
population variation accounts for most of the
genetic diversity in humans. However, the
between-population varnance is sullicient to reveal
consistent population structure because subtle but
nonrandom differences between populations ac-
cumulate over a large number of loci and yield
principal components that can account for o major
portion of the variation (21,

We compared SNP haplotype helerozy gosity
across populations and found, consistent with
carlier reponts (22), that it is highest in sub-
Sabaran Africa and decrcases steadily with
distance from this region (Fig. 3B). The mean
heterozygosity across autosomal  haplotypes
{using 295 haplotype blocks in Chrl6) (/4) is
negatively comrelated with distance from Addis
Ababa, Ethiopia (5, 23), with a correlation co-
cfficient rof 091 and aslope of 1.1 = 107% per
km (Fig. 3B), This trend is consistent with a scrial
lounder effeet, a seenario in which population
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expansion nvolves successive migration of a
small fraction of mdividuals out of the previous
location, starting from a simgle ongin m sub-
Salaran Africa. For ChrX haplotypes (using 453
haplotype blocks), the correlation and slope are

0,85 and 1.3 = 107 per km, respectively; the
slightly higher geographic gradient (i.c., steeper
slope) than for autosomes agrees with the higher
ChrX Fsts (fig. 56), These values are similar 1o
those reported for microsatellites (5 = - 087,
slope = 6,52 = 107® per km, and 10 SNP-based
heteroeygosities: r = 081, slope = 38 = 107 =

0.93 when only non-Alrican populations are
considered). SNP-based heterozygosities depend
on allele frequencics and are affected by ascer-
tainment bias, whereas the haplotype and micro-
satellite heterozygosities are less affected as a
result of their greater polymorphism (22).

By genotyping two climpanzce samples, we
were able to define the putative ancestral allele
for ~95.5% of the SNPs in the 650 K pancl. We
comparcd the distabution of these ancestral allele
frequencies ( AAFs) among the 51 populations.
Figure 4A shows four examples of the AAF spec-
trum for Yoruba, French, Chinese, and Japanese
populations. Yombans and other sub-Saharans
have more SNPs with high AAFs (=06 on the
right of the distribution) and fewer with low
AAFs producing a steeper slope of SNP counts
in the midrange ol AAF spectrum, The slopes

within 2010 80% AAF are plotted in Fig. 48 for
all 31 populations, showing a progressive reduc-
tion moving away from Afnca, from =004 in
sub-Saharan Affica, to ~0.03 in Eurasia, ~0.02 in
East Asia, and =0.01 in Occania and the Amer-
icas, This steady Manening of the AAF distribu-
tion may be related to the SNP pancl usced (which
primarily includes common SNPs in Europe,
East Asia, and sub-Saharan Adfrica), but the ascer-
tainment scheme alone cannot explain the entire
trend, as the SNPs analyzed by the International
HapMap Project show a similar phenomenon
(24). In particular, the AAF spectra of ENCODE
(ENCyclopedia of DNA Elements) regions,
where genotyped SNPs were discovered by re-
sequencing, follow a similar panern (fig. S7),
where the 20 to 80% slopes in HapMap Chinese
and Japancse populations are about half of that
in the Yoruban population.

The Hatening of the AAF spectrum reflects
the interplay of multiple demographic forces and
may vield clues 1o the history of individual pop-
ulations. Generally, populations that had a small
effective population size and'or expericnced a
severe boltleneck would have more pronounced
genetic drifl, resulting in a more rapid increase in
derived allele frequencies. Populations that main-
tained @ large sive or expericnced expansion
would tend to preserve the ancestral states of the
variant loci. Theoretical work (25), empirical data,

REPORTS

and simulation (26) have shown that demogra-
phy plays a major role in the change of the AAF
spectrum over ime. Our result 5 consistent with
the serial founder model, in which non-African
populations fomm a sequential chain of colonies.
Those that are more perpheral and younger have
relatively smaller effective siecs, and perhaps ex-
perenced greater selective pressure. For example,
the Europcan and Asian spectrm can be explained
by a reduction of population size followed by ne-
cent recovery (a bottleneck), whereas the spectrum
lor an Afican-American population suggests a
history of moderate but uninterupted expansion
(26, 27).

Compared 10 the HapMap panel, HGDP-
CEPH includes Occanian and American popula-
tons, as well as a dense collection from the
Middle East and South/Centml Asia. Character-
zation of the added populations is important for
studying evolution and discase processes not on-
Iy in these populations but also mn those that share
common ancestry with them due to recent mi-
gration (e.g.. US. Latino populations). HGDP-
CEPH is not a mndom sample of the world’s
populations: Some parts of the world (e.g.. China
and Pakistan) are more densely covered than
others (Aliica, the Americas, and Oceania). Many
populations have been isolated from cach other
by geography or custom. The observation tha
they are genetically distinguishable suggests tha
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R Sopee e R =R sample sizes and the slopes of SNP counts in the
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= e in Fig. 3B.
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selfreported ancestry is sulficiently accurate for
assessing population stratification in discase
studics, except for those myvolving recent admix-
ture (3, 281 These results, however, say nothing
about the origin and distribution of human
phenotypic varation, The observed population
structure can be largely explained by random

daftat neutral loci, Nevertheless, some regions of

the genome may have experienced aceelerated
divergence due 10 local selection (9, 24, 29) as
anatomically modern humans spread around the
globe during the past 100,000 years, adapting o a
wide range of habitats and climates, The
population richness of HGDP-CEPH makes
possible 10 detect comrelation between genomic
varation and local environmental and/'or pheno-
typic vartation (317}, thus leading w more detaled
understandings of selective forces acting in
ditferent regions of the world,
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Spine-Type-Specific Recruitment of
Newly Synthesized AMPA Receptors

with Learning

Naoki Matsuo,*t Leon Reijmers, Mark Mayford*

The stabilization of long-term memories requires de novo protein synthesis. How can proteins,
synthesized in the soma, act on specific synapses that participate in a given memory? We
studied the dynamics of newly synthesized AMPA-type glutamate receptors (AMPARs) induced
with learning using transgenic mice expressing the GluR1 subunit fused to green flucrescent
protein (GFP-GluR1) under control of the c-fos promoter. We found learning-associated recruitment
of newly synthesized GFP-GLuR1 selectively to mushroom-type spines in adult hippocampal CA1
neurons 24 hours after fear conditioning. Our results are consistent with a "synaptic tagging”
model to allow activated synapses to subsequently capture newly synthesized receptor and also
demonstrate a critical functional distinction in the mushroom spines with learning.

MPA-type glutamate roceptors | AMPARs)
Ailru the primary mediators of  last
seltatory trananission o the mamma-
lian brain and play a key wle in long-tenm
potentiation (LTP) (f). There is expenence-
dependent synapiic tratticking of GluR 1 homo-

mers in harrel coriex and lateral amygedala of
Juvenile mis (12 w0 25 days old) (2, 3). These
results suggest that changes in the strength of
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excitatory synapses contribuie to leaming, possi-
bly through rapid synaptic insertion of preexist-
ing GluR l-contaming AMPARs, although nt 15
unclear whether similar mechanisms are present

in the adult (4-6). Shom-term manorics ane lost il

new protein synthesis is inhibited, indicating a
requircment for de novo protein synthesis 1o
consolidate the memories into a long-lsting lorm
(7). This has radsed a fundamental question: How
do new proteins, symhesized in the soma, exen
their effect on specific synapses involved in
synaptic or behavioral plasticity? It has been
sugzgested that stumulation produces a “ag™ atthe
activited synapses o allow the capture of newly
symhesized plasticity -related proteins at later tme
points 1w maintain the incrcased synaptic strength
(&), Synthesis of AMPARs is increased afier LTP
induction (%), suggesting a possible role in this

process. To determine whether these mechanisms
might be operating in the adult brain in vivo, we
developed transgenic mice w0 monitor the
traflicking and wmover of newly synthesizad
AMPARs induced at the time of leaming in a
fear conditioning paradigm.,

The transgenic mice express 2 GluR1 sub-
unit fused 1o green Muoreseent proten (GFP-
GluR 1)y mm a doxyeveline (Doxy-regulated (1)
and neuronal activity-dependent manner and
are referred to as GFP-GIuR 1™ Tg mice (Fig.
1A We used the activity-dependent ¢-fos
promoter (£, [2) 1o induce a rapid and
transient expression of GFP-Glul1 in response
o environmental stimuli and w0 locus on the
molecular and cellular cvenis specifically in
those neurons activated by the behavioral ly
relevant events, Fear conditioning (/.3) was used
in adult animals o evaluate regulated expression
in the dorsal hippocampus, GFP fluorcscence,
immunohistochemical, and immunoblot analysis
revealed that GFP-GluR1 expression was negli-
gible m the presence of Dox, even in fear-
conditioned mice (Fig. 1, B, C, F, and G),
showing successful transgene suppression by
Dox. The GFP expression seen in some of the
cell nuelei is denved from a clos-nlsGFP trans-
eene, which is expressed independently of the
Dox-regulated system. To test the inducibility
of GFP-GIuRI®™ Tg by behavioral training.
mice were removed fom Dox for 4 days and
were either fear conditioned or allowed 1w re-
main in the homecage. At 24 hours alier con-
ditoning, prominent GFP-GluR 1 expression
wits datected in the fear-conditioned animals rel-
ative 1o homeeage controls (Fig, 1D-G3), showing
activity-dependent expression of GFP-GIluR |
in the absence of Dox. The induced somatic
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GFP-GluR1 was detected in <25% of CAl
pyramidal neurons within 2 hours of fear con-
dinoming and was mantaned for more than 24
hours (Fig. 1F and fig. S1) One concem 1s the
pridential lor overexpressed receplors o Tunction
abermantly, In many previous studies of mecom-
binant GluR1  waflicking, the receplor formed
exclusively homo-oligomers (2, 3, 14, 13},
whereas the endogenous eceptor complex 15
primarily a heteromer (/6), The induced expres-
sion of the GFP-GluR 1 was ~3% of endogenous
GluR|1 levels (Fig, 1G) GFP-GluR 1 was coim-
munoprecipitated with the endogenous GluR2
subunit (Fig, [H), demonstrating the formation
of the natural heteromerie forms, The dendritic
trnsport rate and half-life of GFP-GluR 1 were
consistent with that determuned previously for
endogenous receplor mn vitro (/7 f9) (hgs. 81
and S2).

A

Mourcrnl Activity

RIS ERERR AR RR AR

In contextual fear conditioning, animals
leam the association between a specilic onvi-
ronment (context) and an aversive stimulus
such as a footshock. Broel trmnmg produces a
stable and long-lastmg memory that requires the
hippocampus (/.31 We used fear conditioning
in the GFP-GuRI1*™ Tg mice 1o test for
leaming-associated synaptic raflicking of new-
Iy synthesized AMPARs in the adult hippocam-
pus. Mice were removed from Dox and were
fear conditioned 10 elicit a contexiual long-term
memory and 1o induce synthesis off GFP-GluR |
in the activined neurons (FC24h) (Fig. 2A).
Control mice received cither context exposure
without footshocks (CT24h) (Fig. 2A) or
unpaired context-shock triming, which fuled
o produce a contextual fear memory (LP24h)
(Fig. 2A and hig. 53) Mice were returned 1o ther
homeeage and treated with high Dox (6 g/kg

of mouse chow) to rapidly suppress further
expression of GFP-GluR 1 Twenty-four hours
alter trainng, brain shices were fixed and
stained with antibody 1w GFP, without perme-
abhzation, to deteet surface GFP-GuR1 ex-
pression (fig. S4) A subsat of neurons in the
CAl pyramidal cell laver of the dorsal hip-
pocampus was stained with the lipophilic (luo-
rescent dve, Dil, to visualize the entire dendritic
arbor and spine  distribution on  individual
neurons (Fig. 2B-D) Consistent with previous
siudies examining endogenous ¢-Fos induc-
tion (20), all groups of mice showed a similar
number of GFP-GluR 1™ CAl neurons (Fig. 1F),
Levels of GFP-GluR1 expression were also
similar i the fearconditioned and contexi-
exposure group (Fig, 2E) This design allows
us Lo induce the reeeptor at the nme of leammg
and 1o follow its distribution o synapses at later
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Fig. 1. Basic features of GFP-GIuR1™'™ Tg mice. (A} Schematic represen-
tation of the transgenic system. The c-fos promoter was used to drive rapid
and transient expression of the tetracycline-requlated transactivator (ITA) in
activated neurons. The tTA in turn activates transcription of a tetO promoter-
linked GFP-GluR1 in a Dox-requlated manner, (B to E} Confocal microscopy
images of intrinsic GFP fluorescence (upper two panels) and GFP im-
munoreactivity (lower three color panels) in the hippocampal slices. Nuclei
were stained with TO-PRO-3 (blue). Or, stratum oriens; Py, stratum

pyramidale; Ra, stratum radiatum; Mo, molecular layer; Gr, granule cell
layer; DG, dentate gyrus. (F) Proportion of CAL neurons with cytoplasmic
GFF immunoreactive signals, Data in this and all subsequent figures are
represented as mean + SEM. ON Dox: n = 5 mice for home and FC24h. OFF
Dox: n = 5 for home; n = 4 for FC1h, FC4h, FC24h, CT24h, and UP24h; 0 =
3 for FC4h and FC6h. (G) Western blot analysis showing the expression of
GFP-GluR1 and endogenous GluRl in the hippocampus. (H) Coimmunopre-
cipitation of GFP-GluR1 and endogenous GluR2 in the hippocampus.
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Fig. 2. Preferential recruitment of newly synthesized GFP-GIUR1 to
mushroom spines 24 hours after fear-conditioned learning. (A} Experimen-
tal design. (B} Confocal image of a hippocampal slice labeled with antibody
to GFP (green) and Dil {red). {C) Confocal image showing surface GFP-
GluR1 localization on apical dendrite after fear conditioning. Some spines
were GFP positive {arrow heads) but some were negative, showing an
uneven synaptic trafficking of newly synthesized GFP-GIuR1. (D)
Representative images of spine morphology and surface GFP-GluR1
localization. Scale bar, 1 um. (E) Relative immunoreactivity from Western
blot analysis (CT24h: n = 4, FC24h: n = 3). (F) The percentage of GFP-
GluR1" mushroom spines was significantly higher (apical: Fz 14 = 8.86, P =
0.0026; basal: Fz3, = 1543, P = 0.0002) in FC24h group (apical: n = 7
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mice, 1927 spines; basal: n = 7 mice, 1295 spines) as compared with the
C124h group (apical: n = 6 mice, 1626 spines; basal: n = 6 mice, 1292
spines} and the UP24h group (apical: n = & mice, 2240 spines; basak n= 6
mice, 1974 spines). The proportion was significantly decreased (apical: P =
0.0056; basal: P = 0.0010; t-testh at 72 hours after conditioning (apical n =
6 mice, 1233 spines; basal: n = 6 mice, 1138 spines). *P < 0.01.
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time points specifically in behaviomlly activated
NCUONS.

Dendntic spines are morphologically  di-
verse but typacally categorreed into thin, stubby,
and mushroom type (24, 22) (Fig. 2D) We
counted the proportion of surface GFP immu-
nopositive spines (GFP-GIURT" spines) on
apical and basal dendrites in the trained group
(FC24h) and the two control groups (CT24h
and UP24h) and analyzed the data sepamtely
for cach spine type (Fig. 2F). There were no
signilicant differences in GFP-GIuR1™ thin or
stubby spines between groups, In contrast, for
mushroom spincs, we found a significant
mecrease i the proportion of GFP-GluR17
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spines i the fear-conditioned  group compared
with the context-only and unparad-shock groups.
The mcreased abeling returmad 1o control levels
by 72 hours after trammg (FC72h). Although
GFP-GluR1 was delivered o 500 of all spines,
independent of behavioral contingencies or spine
type, the presence of the shock reinforeer in the
fear-conditioned  group allows increased caplure
of receptor specifically in the mushroom-type
Spings,

Fear memory can be attenuated by extinction
training, repeated exposure o an unrcinforced
conditioned stimulus, Extinction 1s thought 1o
imvoelve new learning mther than loss of the
original memory, although the underying mech-

anmism remains elusive (23). We tested whether
memory  extinction alters the distribution of
preexisting GFP-GluR L in neurons that were
activated durmg the onginal lear condiionmng.
GFP-GIuR 1°™* Tg mice were withdrawn from
Dox, fear conditioned, and rewrned o their
homecage for 2 davs on a high Dox diel
Conditioned mice received either three wials of
extinction traiming (FCT2h+EXT) (Fig. 3A) or
were lelt undiswrbed in the homecage (FCT2h)
(Fig. 3A) We confirmed a markedly reduced
freczing response after extinction tmining (Fig.
IB) At 72 hours after fear conditioning, brain
shices were prepared and the dismibution of
GFP-GluR 1 was analyeed (Fig. 3C). For thin
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Fig. 4. Spine remodeling after behavioral training. (A} No significant changes
were observed in spine density (apical: Fazy = 0.72, P = 0.58; basal: Fyzy =
0.88, P = 0.49). n = & mice for UP24h, CT24h, and FC72h. n = 7 for FC24h

and swibby spines, extinction training did not
affeet the proportion of GFP-GluR1™ spines,
whereas the proportion of GFP-GIuR1™ mush-
room spines was signilicantly  higher in the
extinction group than m the control group. A
Westem blot revealed that extinction raming on
Dox did induce additional GFP-GluR 1
expression (Fig, 3D,

We also tested whether lear conditioning

Nl

induced changes in spine density, as is seen in
some strong leaming paradigms (24, 25). We
analyzed the proportion of cach spine type and
twtal spine density in behaviorally  activated
neurons. There were no significant changes in
total spine density (Fig, 4A) or in spine-type
distribution (Fig. 4B) in any group,

Our results demonsteate that  fear con-
ditioning alters traflicking of newly synthesized
AMPARs in the adult lippocampus and that the
change 15 spine-type specific. One of the most
remarkable features of dendriie spanes is their
morphological diversity, with the  mushroom
spines considered 1o represem the most mature
and stable spine morphology (22, 26). Av 24
hours alter fear conditioning, these spines show
an increased ability 10 incorporate and/or retain

newly synthesized AMPARs, The change isell

15 not persisient and retwms 1o baseline umrained
levels by 72 hours. This may represent a
subsequent change in receptor composition, for
example, replacement of GluR 1 -containing
receptors with GuR2GIuR3 reeeptors (27, 28),
or 1t omay indicate a time-limited role for
alterations of receplor composition in memoy,
Surprsingly, extinction trminng leads o a pro-
longed clevation in the proportion of GFP-
GluR 1™ mushroom spines, even though it also
leads 10 a reduction in the behaviorl expression
of the fear memory response. This could
represent a redistribution of AMPARs 10 an
alternate subset of synapses associated with
extinetion leaming. Altemanely, this could result
from the sabiliztion of GFP-GluR1 in the
synapses labeled with fear conditioning. Al-
though linle is known about the functional
importance in the morphologically distinet spine
classes o vivo (22, 2a), the curremt results dem-
onstrate a unigque mole for the mushroom  spines
in learming-associated changes in receplor
tallicking and suggest that they may be critical
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sites for behaviorally relevamt plastcity. The
learmimg-associated merease in GFP-GluR 1
recrutment was detected in =23% of mushroom
spines, representing ~3% ol all spines. Such

changes are consistent with a sparse subset of

symapses contnbuling o any given  memaory
trace,

What role this receptor trafficking plays in
the fear-conditioning paradigm is unclear. The
trafficking changes require the same temporal
pairing of context with shock required 1o pro-
duce the behavioral memory and likely repre-
senloan associative synaplic evemt. In [ear
conditioning, the hippocampus s generally
thought to encode a representamtion ol the
context with the associative changes for fear
occurring in the amvedala (/3). However,
clectrophysiological studics indicate that the
shock causes a partial remapping ol the
hippocampal representation (29), and the recep-
tor traflicking changes may alter those synapses
that participate in this meomporation ol the
unconditioned stimulus signal into the hippo-
campal representation.

LTP induction is known to increase AMPAR
synthesis (¥). By coupling expression of GFP-
GluR 1 to neuronal activity, we specilically ex-
amined this pool of newly syvnihesized recepior.
Inn this paradigm, the carliest possible time point
for the delivery of GFP-GluR1 to spines is
oftset from the behavioral training by several
hours (soc fig. S1) This suggests that at the time
of leaming there are changes in some spines that
allow the capture of newly synthesized AMPARS
at later tme points. This type of “synaplic
taggmye” has been demonstrted o play a mole
in the mainienance of LTP (8). The curment
expenments demonstrate a similar mechanism
operating during behavioral learning in the adult
brain, which may contribute 1o the stabilization
of long-term memory. They also  implicate
GluR I-containing AMPARs & one of the cango
molecules selectively delivered 10 tagged
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Rapid Neural Coding in the Retina
with Relative Spike Latencies

1108

Tim Gollisch* and Markus Meistert

Natural vision is a highly dynamic process. Frequent body, head, and eye movements constantly
bring new images onto the retina for brief periods, challenging our understanding of the neural code
for vision. We report that certain retinal ganglion cells encode the spatial structure of a briefly
presented image in the relative timing of their first spikes. This code is found to be largely invariant
to stimulus contrast and robust to noisy fluctuations in response latencies. Mechanistically, the
observed response characteristics result from different kinetics in two retinal pathways (“ON" and
“OFF") that converge onto ganglion cells. This mechanism allows the retina to rapidly and reliably
transmit new spatial information with the very first spikes emitted by a neural population.

uring natural VISIon, our gnee remams

fixed for a mere frmction of a second,

Sudden movements of the eye, called
saccades, partition visual processing into shont
episodes (1, 2). Each saccade cxchanges the
image that falls onto the reting: the new visual
stimiulus is then encoded into neural activity Lo be
transmitted to the brain. Our visual system can
analyze and classify a new complex scene in less
than 150 ms (3}, but the natre of the neural code
that underlies this mpid visual processing has
been elusive. Neurons in the vertebrate retina fire
with remarkable temporal precision (4, 5), so
single spikes can, in principle, carry substantial
imlommation about visual stimuli. In order 1w
assess how the reting transmits new visual 1n-
formation after a saccade, we investigated the
responses of retinal ganglion cells w Nashed vi-
sual images.

Spike truins were recorded  simultancously
from many ganglion cells in the isolated sala-
mander reting. The stimulus was a unifomm gray
ficld followed by appearance of a square-wave
grating. Eight differemt shified versions ol the
grmiting were used ina pseudo-random sequence,
A ganglion cell tvpically responded 1o the ap-

carance of the grating with 2 shont burst of
spikes (Fig. 1), and the vast majonty of cells ne-
sponded 1© most or even all of the stimuli. We
characterized cach burst by two numbers: the la-
tency of the first spike after stimulus onsct and
the total spike count in the burst, For cenain cell
tvpes, in particular fast and biphasic OFF cells
{fig. S2), the spike count was very similar for all
stimuli (Fig. 1B). By comrast, the spike latency
fior these cells vared across stimuli by as much as
40 ms (Fig. 1C). For repeats of the same stimulus,
this latency was very reproducible, with a sian-
dard deviation of only 3 1o 5 ms.

We calculated how much information the
spike latency or the spike count conveys about
which grating had been presented. Perfect iden-
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tification of the stimulus among cight possibili-
ties amounts to a maximum of 3 bits. The spike
lateney of a ganglion cell transmitted wp 1o 2 bits
ol information on a single trial. The spike count
provided considembly less information for the
majority of all recorded cells (Fig. 1D) Subse-
quent brain regions may thus leam more about
the stimulus from noting the time of the fist
spike alier stimulus onset than by waiting for all
spikes and noting the average finng mte.

In several sensory systems, shorter spike la-
tencies result from stronger stimulation (6-9),
This does not account for the present dependence
ol lateney on spatial pattem. Stronger stimuli olien
enerate higher spike counts, and indeed, gratings
ol higher contrast produced both more spikes and
shorer latencics (Mg, S3) By contrast, we ob-
served a pronounced spatial tuning of the spike
lateney even when there were virtually no varia-
tions in spike count (Fig. 1k in some cases, shorer
latencies even occumed in combination with fewer
spikes (lig. 53).

Downstream brain ceniers can interpret the
latency of a single neuron only il the onset time
of the stimulus is known (J0). 11 the new retinal
image was initiated by an eve movement, then
the brain does know the onsct time, but it is un-
clear whether this motor information gets disinb-
uted to visual centers. We therefore asked what
information can be extracied from visual signals
alone by companng latencies from neurons in the
population (Fig. 2). For many pairs of ganglion
cells, the difference between first spike times was
strongly tuned with respect 1o the presantad stimuli
(Fig. 2C) In fact, the infommation contained in
the latency difference reached values higher than
2 bits (Fig, 23— more than that from any single-
cell absoluic latency. One reason was the par-
ticular robustness of the latency difference o
retinal noise, Each cell’s latency underwent some
triakto-trial varation, but these flucluations were
often positively comelated in cells recorded simul-
taneously; when cell 1 fired eardier than wsual, cell
2 tended to do the same (Fig. 2B). As aresult, the
latency difference (Fig, 2C) Mucnmed less than
expected from the noise in individual cell
lmencics (Fig. 2A). To assess the relevance of
this compensation, we destroyed the nolse cor-
relations antificially by painng the response of

cell 1 with the response of cell 2 on the sub-
sequent tnal; this led to a substantial information
loss of up to <200 (Fig. 2D,

Stimuli of greater strength tend o produce
shorter spike latencics in the sensory response, IF
the lmencies of different newrons i the popula-
tion are affected in similar fashion, downstream
circuits might use the dilference inspike latencics
to extract stimulus quality independent of stim-
ulus strength (1), We therelore presented the
Mashed gratings at different contrast levels, As ex-
pected, individual latencies increased at lower
contrast. However, the shape of the lsency tuning
curve was well preserved ot cach contrast level
{Fig. 2, E and F). Furthermore, the contrast-
dependent shifts of the latency tunmng curves
were similar for differemt cells. As a result, the
lateney dilference between two neurons was al-
most perfectly invariant 1o changes in contrast
iFig. 203). In fact, a downstream decoder could
recover almost all the spatial information withouw
knowing anything about the contrast of the stim-
ulus (Fig. 2H).

How can the observed latency code be ex-
plained in terms of newral mechanisms? We stan
by considering a standard framework for visual
responses (12, 13) and exploring its prediction
for first-spike latencies. In this picture, the stim-
ulus is first passed through a lincar filter thw
summarizes retinal imtegration of the image over
space and time (Fig. 3A). The “activation™ signal
cmerging from the flter can be interpretad as the
membrane potential of the ganglion cell. When
this signal crosses a preset threshold, the model
newron fires a spike. For cach ganglion cell, we
measured the spatotemporal filier in a separate
reverse-correlation experiment (fig. S1) (14),
whereas the threshold remained as a single free
parmmeier. In using this model o process grating
stimuli, one quickly finds that it cannot accoum
for the observed responses. Because the stimulus
is imtegrated lincarly, a corain grating may clicit
strong excitation, but then its sign-reversed coun-
terpart will elicit inhibition and produce no spikes
at all, counter to what was observed experimen-
tally (Fig. 3, B and C).

Thus, one 15 forced o include nonlinear pro-
cessing steps, Ganglion cells draw their excitato-
ry input from bipolar cells (Fig. 3D, These have
comparatively small receptive helds <100 pm;
i(/3)) and respond 1o light m essentially lincar
Fashion (6}, bul ransmission o retinal gangli-
on cells may involve a degree of rectification
(1719, Furnthermore, bipolar cells come in two
major types: ON bipolars are excited by an in-
crease in light inensity and OFF bipolars by a
decrease, Individual ganglion cells can receive
inputs from both types (8, 20-24). To include this
structure of the inner retina into the model, we
replaced the single spatiotemporal filer by a so
of pamallel fihers that mimicked spatally local
ON and OFF bipolar cells (Fig. 3E). Trnsmis-
sion from bipolar to ganglion cells was approxi-
mated by a half-wave rectifving function (Fig.
3F). Under these conditions, all stimuli led o
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excilatory activation of the ganglion cell (Fig.
101). Morcover, the predicted timing of the first
spike agreed remarkably well with the observed
latency wiming curve (Fig. 3H) and outper-
formed altlemative circuit schemes (g, S6) for
virtually all cells with substantial latency uning
(fig. 57).

Note that all the elements of this model are
well-known components of retinal circuitry, Closer
inspection reveals how the circuit accomplishes
latency wining. First, the rectilving synapses en-
sure that every stimulus excites the ganglion cell:
any image change within the receptive field will
activane some set of bipolar cells that transmit
their excitation 10 the ganglion cell (/8). The
lasting and synchronous activation of both ON

and OFF pathways by flashed gratings empha-
sizes their nonlincar summation and, thus, the
need for separate ilers inthe model. By contrast,
carlicr studics of ganglion cclls (73) were based
on spatially homogencous stimuli that only tran-
stently activate one pathway at a time and, there-
fore, allow for simpler models (74). Sceond, the
measured ON filters have slower kinetics than the
OFF filiers (Fig. 3E and fig. 55), such that ON
stimuli allect ganglion cell spiking ~30 ms later
than OFF stimuli. This is consistent with prior
observations (27) and probably results from a
signal ransduction delay at the synapse between
photoreceptors and ON bipolars (23, 26), Thus,
the proportion of light and dark stimulation with-
in the receptive leld determines the relative
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21 8 Fig. 1. Ganglion cell responses to flashed gratings with
% © . different spatial phases. (A) Raster plots of spike responses
= ] Bo o from four ganglion cells to several 150-ms presentations of
E g B each of eight gratings. Time i measured from stimulus onset.
= og o {Left) Schematic drawings of the eight stimuli with different
0 spatial phases, The circles show 1-50 contour lines of the
0 : ' spatial receptive fields of the four cells, correspondingly from

leounc [Di88]

left to right, in relation to the stimuli. (B} Tuning curves of the

elicited spike count. Here and in subsequent figures, all error
bars show the standard deviation across trials with the same stimulus. (C) Tuning curves of the first-spike
latency. “Fast OFF" and “biphasic OFF" cells typically showed strong tuning in the latency and only mild
tuning in spike count; despite their names, these cell types receive input from both ON and OFF pathways
(19). "Slow OFF" and "ON" cells, on the other hand, displayed good tuning in the spike count and often
did not respand with spikes to all stimuli. The relatively long latencies are typical for cold-blooded
animals. (D} Information about the stimulus identity contained in the spike count and in the latency,
respectively, for all recorded cells, For a subdivision of the data by ganglion cell type, see fig. 52.
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comribution of the ON and OFF pathways and
modulates the time of the first threshold crossing.

This hypothesis for latency coding relies in-
tmately on the convergence of parllel neuronal
pathways with intrinsic kinctic differences, I
this picture is correct, removal of one of the
pathways should lead 1o a breakdown of latency
tuning. We therefore exposed the metina 1o 2-
amino-4-phosphono-butyrate, a metabotropic
glutamate receptor agonist that blocks neural
transmission 0 ON bipolar cells (26). The resulls
waere as predicted: Fast OFF ganglion cells ceased
responding 1o about half of the stimuli (g, S8).
consistent with a loss of all the ON filiers of the
model as shown in Fig. 3F,

Although grmting stimuli are convenient for
svstematic investigations, they do not caplure the
complex statistics ol natural scencs. We thus brct-
Iy fNashed a photographic image onto the retina
iFig. 4A). Across repeated presentations, the
imuge was shified o many different locations. In
this way. spikes from a single ganglion cell could
be usoed to simulate a population of identical neu-
rons with different recepive ficld locations. Re-
sponses 1o the natural image resembled those 1o
the gratings. For fast OFF cells, almost all image
presentations elicited spike bursts that vared in
latency by about 40 ms (Fig. 4B). and this latency
was systematically related 1o the stimulus. Indead,
by simply plotting the differential spike latencies
as 4 gray-scale code, we obtained a rather faithiul
neural representation ol the raw visual image (Fig.
4C) This demonstrates the high quality of the
lateney  mformation. Subsequent brain regions
could use this for local image computations; for
example, a neuron that deteets spike comneidence
among muliple ganglion cells would be selective
for contour lings or edges in the image.

The corresponding neural image created from
spike counts (Fig. 4030 is more blurred and noisy,
and the highest values are observed near edges in
the stimulus. In the (Ta regions, the center-
surmound antagonism of ganglion cell receptive
ficlds (fig. 51) reduces finng activity. But be-
cause the effect of the receptive-ficld surround is
delaved relative o the center (200, it does not
affeet the first spike in a burst. In fact, lateney and
spike count may serve to encode complanentary
stimulus features, which could support a rapid
scene analysis with subsequent refinement (27).
Furthermore, in natural vision, the ongoing fixa-
tional eve movements afier a saccade may well
affect the spike count throughout fixation, bul

should have negligible effects on the timing of

the first spike.

Altogether, our resulls suggest that a popula-
tion code based on differential spike laencies can
be a powerful mechanism to rapidly transmit a
new visual seene, Rapid saccades are ubiquitous
in amimal vision (/). In salamanders, they result
from wims of the head and constitte a vital pan
of the approach o a prey (). During a saccade,
many ganglion cells are strongly suppressed
(149, 2%), such that the lirst spike after a saccadc is
casily recognized, The differential latency of these
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pairs. The information [y

about the stimulus contained in the latency difference AL = [; — L, is
plotted against the information loss fa; = fa shire that occurred when Lz was
shifted by one trial with respect to L4. (E to H) Contrast-invariant encoding
by pairs of ganglion cells. (E} Latency tuning curves for a fast OFF cell
whose respanses were recorded for flashed gratings at different Michelson
contrast levels. (F) Latency tuning curves of a second, simultaneously

Fig. 3. Modeling the response laten- A

cies of retinal ganglion cells. (A) Stan-
dard framework for modeling ganglion
cell responses. The stimulus (left) is gray
illumination followed by a grating. This
is convolved with a spatiotemporal filter
{middle) representing the ganglion cell's
receptive field (fig. S1). When the
resulting activation curve exceeds a pre-
set threshold, the first spike is fired (right).
(B} Activation curves computed for each
of the eight grating stimuli, by using
the measured spatiotemporal filter for a
sample fast OFF ganglion cell {first cell
in Fig. 1). {C) Predicted and measured
dependence of the latency on the stim-
ulus. The threshold is the only free pa-
rameter of the model and was optimized
from a ;{z fit to the measured latency
tuning curve. Several stimuli did not
lead to positive activation and thus did
not predict spikes. (D) Retinal interneu-
ron pathways that motivate a revised
model Each small subregion of the re-
ceptive field activates both ON and OFF
bipolar cells. The ganglion cell pools
inputs across subregions and from both
bipolar types. (E) Separation of the spatio-

temporal filter into spatial subunits and subsequently into ON and OFF pathway
contributions. [See (14) and fig. 55 for measurement of these contributions.)
(F} Multi-pathway model of the response: Each subregion of the stimulus is
passed through an ON filter and an OFF filter. The filter output is half-wave

spikes encodes fine spatial detail (Figs, | and 4),
yer it s almost entirely imvanant to the overall
stimulus contrast level (Fig. 23, Funhemmore, 1t is
robust 1o retinal noise (Fig, 2), and 1 provides
information about the pattern in the shorest pos-
sible time, namely, with the very lirst spikes.

Stimislus:

Time

ON bipolar cells

D
OFF bipolar cells :B: )

stimulus contrast.

Spatio-temporal
Fald

1 -

Tima

OFF-pathiway filtors

Many venebmtes have specific ganglion cells,
ofien multiple types, that combine mputs from
both ON and OFF pathways (20-23), as evi-
denced by their ON/OFF response chamicteristics
or by their dendritic morphology that connects 1o
both ON and OFF bipolar cells. These neurons

Activation curve

Threshold

recorded fast OFF cell. (G) Tuning curves of the latency difference for the
two neurons. (H) Information about the stimulus pattern, carried by latency
differences whether the contrast level is known or not. All cell pairs that
were recorded at the four different contrast levels were analyzed. The data
points near the diagonal show that little information is lost by ignoring the

G [eraevne]

Activation curva

rectified and then pooled with all other outputs to yield the activation curve. (G)
Activation curves computed for each of the eight grating stimuli, using the model
in {F). Note that each stimulus produced excitation. (H} Measured latency tuning
curves and predictions of the model in (F), after optimization of the threshold.

are candidate camiers of a latency code (Fig. 3).
Symapscs in the early visual pathway are very
ellicient, such that short spike bursts are reliably
transmiticd from retina o contex (29), Morcover,
certain newrons in visual cortex are exquisitely
sensitive 1o the coincidence of spikes on their
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Spike count

Realative latency [ms]

50 100150 200
Time [ms]

Fig. 4. Responses of a fast OFF ganglion cell to a flashed natural image. (For results from other cell types,
see fig. 59.) (A) Photograph of a swimming salamander larva projected on the retina. The ellipse in the
upper right cormner shows a sample 1-50 outline of a ganglion cell receptive field. In each of 1000
presentations, the image was shifted slightly, and the grid of dots marks the resulting centers of the
receptive field. Presentations were separated by gray illumination at the mean intensity of the photo-
graph. The image onset produced luminance changes at most locations. (B} Spike trains of the ganglion
cell for receptive-field locations alang the column marked by the arrows in (A). (C} Gray-scale plot of the
differential spike latency on single-trial presentations at the locations marked with dots in (A). The
reference latency was chosen as the average value at all locations (10). (D) Corresponding gray-scale plot
of the spike counts.
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Predicting Human Interactive Learning
by Regret-Driven Neural Networks

Davide Marchiori® and Massimo Warglien®*

Much of human learning in a social context has an interactive nature: What an individual learns
is affected by what other individuals are leaming at the same time. Games represent a widely
accepted paradigm for representing interactive decision-making. We explored the potential
value of neural networks for modeling and predicting human interactive learning in repeated
games. We found that even very simple learning networks, driven by regret-based feedback,
accurately predict observed human behavior in different experiments on 21 games with unique
equilibria in mixed strategies. Introducing regret in the feedback dramatically improved the
performance of the neural network. We show that regret-based models provide better
predictions of leaming than established economic models.

he surge of interest in the neurl bases of
ecconomic behavior (f-3) prompts the

quistion of how well neural networks can
model buman interactive decision-making (4},
This question implics two issues: the choice ofthe
network architecture and the selection of input
mformation 1w the network that has w be both
ceonomically and neurophysiologically motivated.

Interactive leaming differs from individual
leaming in that, given o agemts, cach agent adaps
1o behaviors that are modificd by the concurrent
leaming of'the other - | agents, It has an obvious
relevance in coonomic contexts, but (more gen-
erallyy much of human leaming that occurs in
social contexts has an ineractive nature. Exper-

imental game theory has provided a large set of

laboratory data on human interactive leaming in
repeated games (5), oflen contradicting the pre-
dictions of standard game theory, The need for
maodels of interactive leaming in games arises
from the difficultics of ordinary game-solution
concepts to explain both the trajectones and the
long-run stationary state of experimentally ob-
served human behavior in repeated  games.
Crames with unigue equilibria in mixed strategies
are an especially interesting case, because Nash
cquilibrivm not only {mls o approximae behay-
ior in carly mounds but also is olien a poor
predicior of the siable behavior emerging in the
long rum.

Uintil now, two main modeling simtegics have
been used with some success in tryving 1o fit and
predict how humans learn in repeatad games ina
laboratory setting. One modeling straegy extends
a classical paradigm of learming theory (Le., rein-
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forcement learning) (6-8) to games. The second
strategy  builds hybrid models that blend rein-
foreement leaming with modeling the evolution
of a player’s belicls about other players’ moves:
The relative weight of both leaming processes
depends on parumicters that can be ned, in tum,
by experience (9, /0, More recently, a model
cmphasizing post-decision regret for foregone
payolls as the daver of leaming has also been
proposed (/1) Interest in neurocconomics sug-
eests that a different modeling strategy might be
explored, with the use of neural networks as
models of human interactive behavior, We chose
to keep the model as simple as possible, using
(despite s well-known computational imitations)
ome of the most elementary leaming neural network
architeetures: the simple {one-layered) analog per-
ceptron (12, £3). At the same time, we modified
the feadback process o ke into account some
elementary cconomic considerations (in accord-
ance with both theoretical insights and empirical
evidence). Our basic assumption was that learn-
ing is driven by a sort ol “ex-post” rationalizing
process (441 Individuals modify their behavior
by looking backward to what might have been
their best move, once they know what the other
individual’s move was. They adjust in the diree-
tion of such an ex-post best response, Furnther-
mone, we hypothesized that the intensity of such
directional change is proportional 1o a measure
of regret: how much they have missed by not
plaving such move (75, 16). This is consistent
with recent neuroscience research on individual
decision-making. showing that regret aflects leam-
g and that both neurophysiological and behav-
1wl responses o the experience of regrel are
comelated o its amplitude (17, 18).

Our model maps the structune of a strategic
game ono a neural network ina very stmight-
forward way, by having an input node x; corre-
sponding 1o each payoll in the game matnx and
by also including the opponent’s pavolls and an
output node 1y for cach action available 10 a
player & (Fig. 1). The input information is coded
by having each input node iake the value of the
comesponding payoll in the curremt game; the
output node activation is computed by summing
up imputs o each outpul node weighted by the
value of the Incoming connections wy and trans-
formimg the summation via the hyperbolic
tangent (tanh ) activation function

15 = tanh (ﬂ :: 35"'#"'})

where [ is the parimeter wning the steepness
of the tanh function.

The activation values of the outpul nodes can
be imempreted as propensitics 1o play an action
and are tmnsfomed o acal probabilities of
play by nomalization,

Thus far, this model is a very conventional,
simple analog perceptron, where learning is mod-
cled, as usual, as adaptive updating of the con-
nections” weights, We adopted a vanant of the

(n

Hopficld update rule (/2, 13}, which provides a
more direet probabilistic interpretation of the clas-
sical perceptron leaming procedure

u':}- = u'L B Awy (2)

given the action m chosen by player k. af,
e 1 ty ~
Awy = A7 x ila '*:l W] = R*-:;ri.u k) x xp (3)

where fla*) is the ex-post best response of
plaver & to the other players actions a™*; vy is ils
propensity to play action & R*(-) is the regret
given the action ay, and other players’ actions
a *: 4 is the strength of the input to the node and
can be interpreted as payoll saliency; and & 1s the
leaming rate. Regret s computed as the differ-

Column Player (B)
action 1

ence between the actual pavoll reeeived by a
player & and the maximum payvoll obtamable,
given other plavers™ actions. Thus, the psycho-
logical intuition underlying Eq. 3 is that connec-
tion welght adjustment is drven by a serics of
factors that can be summarized as adjustment =
lcaming rate * distance from ex-post best ne-
sponse = regret = input saliency,

As compared with Hopficld's percepiron nule,
the main dilfference of this varant is that the cmor
leedback is muliplicd by the gt siae, One ver-
sion of the model (hencefonth PBI) squecies the
number of parimeters o one by equating b o &,
This choice s justified because the effects of bath
parmeters on the adjustment process are highly
comelated {computer simulations have conlinmed
that this parameter rimming mplics no substantal

action 1

Row Player (A)

action 2

Fig. 1. The agent architecture. The payoff matrix
is mapped into neural net input nedes. Each action
is represented by an output node.

Average | Average

MSD | AICc

SCOres Sconts

{sb) | (so)

245 |[-37.790

{196) | (18.13) | NNET2

255 |-41.380 1,15

{(178) | (15.55) |Random | 45

165 |-azo018| o | 13,8 | 15,5

(148) | (15.93) 16,6 | 11,10

274 |-42313 8,13 | 10,11 | 8,13

(2.85) | (13.51) [MashEqQ.| 159 | 10,11 | 8,13

183 |-43.464 13,8 | 14,6 | 6,14 | 10,9

(1.08) | 1774y | BR 16,5 | 11,10 | 13,8 | 11,10

107 |-51.725 15,6 | 16,4 | 17,4 | 14,7 | 18,3

{125) | (18.33) | #EWA | 48,3 | 18,2 | 20,1 | 156 | 16.5

078 |-52.550 16,1 | 21,0 | 17.3 | 18,3 | 20,1 | 14,6

(66) | (1697) | PB1 | 21,0 | 19,2 | 18,2 | 158 | 17.4 | 14,7

050 |-52.681 20,0 | 21,0 | 13,2 | 18,3 | 20,1 | 18,3 | 155

(035) |(1692)| M | 201 | 18,3 | 16,5 | 156 | 18,3 | 12,9 | 11,10

086 [-54660| .o | 18,2 | 20,1 | 165 | 17.4 [ 19,1 [ 129 | 8,12 [ 4,17

(0.75) | (17.14) 21,0 20,1 19,2 15,6 20,1 14,7 15,6 12,9
NNET2 |Random| REL |NashEq| BR | StEWA | PB1 | NFP

Fig. 2. Results. The first and second columns indicate average MSD and average AICc scores, respectively,
over all 21 games. The third column and bottom row indicate model names. Cells in the remaining
columns contain two sets of paired values: The top pair indicates the number of tasks for which the M5D
score of the “row” model was significantly better or worse (the first and second numbers in each pair,
respectively) than that of the “column” model, and the bottom pair shows those relationships for AlCc
scores. As a result of ties, the sums of each pair in a cell may be less than 21.
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losses im0 descriptive and predictive pedommiances ),
We also introduced a second model (PBOY, which
has no free parmmeters as a result of a simple formol
meta-leaming (10, 1¥), allowing the endogenous
determination of the kaming e 4. Once more,
regret plays a conral role: We assumed that the
leaming rate s wned by a cumulkitive regret function
that increases A as the cument mtio of expenenced
regret 1o the maximum possible regret exceeds the
average and decreases A in the opposite Gise

TR
1, S D 4
G ¥ max(RY) &
'

where ¢ is the number of ilerations, Ry is the negret
that s sctually expenenced by plaver & at round 1,
and max(RY) is the maximum possible regret that
plaver & could experience at tame 7 (of course, m a
repeated game, such value & constant),

Totest the deseriptive and predictive accuracy
of our model, we considered experiments on 21
different games with unique equilibria in mixed
strategies (8, 20-25), Over more than 50 years,
these experiments have been conducted by re-
searchers other than the authors of this paper. The
games have several actions, which mnge from
two o five, that are available 1o cach player, OF
those games, 1 7 are constant sum games, whereas
the remaining 4 are games in which plavers have
no incentive to favor the other player: In other
words, in cach experiment, plavers had to leam
strtegies of conflict In order to let leaming pro-
cesses unfold, we selected experiments with the
constrnt that there should be a mimimum of 100
ierations of the stage game.

Our focus on such a class of games was
motivated by multiple considerations. Because
such games have unique cquilibma, game the-
orv lends a unique prediction of agents” be-
havior, providing a noneguivocal benchmark.,
Furthermore, all the 21 games that we consid-
ercd have nondegenerate solutions: In equilib-
rium, subjects have o mndomize their behavior,
This is a source of cognitive complexity, de-
spite the apparent simplicity of the game struc-
tures. Mash equilibrium twms out 1o be a poor
predictor of observed behavior in such games
{m many of them, it performs cven worse
than a “random behavior”™ prediction). Final-
Iy, this is the class of games on which the
largest set of experiments with sufficient it-
crations is available.

We compared our model with different breeds
of models (7): in particular, we ook the Nash
equilibrium, blind random behavior, and three of
the most established leaming models in the be-
havioral game-theory litlerture [ie., the Basic
Reinforcement Learning (BR) model ( 7), the Re-
inforcement Leaming (REL) model by Erev e al.
{49, and the sel Ftuning Experience-Weighted At-
traction (StEWA) maodel (/)] as competitors, as
well as the recent Nomalized Fictitious Play
(NFP) model (8, 1) To single out the value
added by imroducing a regret term in the percep-

tron feedback, we funther compared our model
with the comresponding one-laver analog percep-
tron (NNET2) that uses the ordinary ermor feed-
back measure (dropping the regret term from Eq.
3y and has mdependent A and B free parameters.

Giiven the availability of 21 different expeni-
mental conditions, it is appropriate 1o use—lor
cach single condition (game)—the other 20
games to calibrae free parmmeters and predict
behavior in the given condition (4, 7, 26). This
provides 21 different predictions: one for cach
game. We used Mean Square Deviation (MSD)
as o measure of goodness-ol-it for calibmtion
and prediction (27). Although PBO has no free
parameters westimate, PR, reinforcement learn-
ing, and sStEWA have one free parameter o esli-
mate, and the REL model and NFP have two free
parameters: Thus, the models 10 be compared
differ both in functional form and in the number
ol Iree parameters. Among generally accepted
criteria for comparing models with different com-
plexity, we used the comected Akmke’s Informa-
tion Criterion (AlCe) (adjusted Tor sample size),
which is the method according the lowest penally
10 CRCCRS Paraniclers,

Figure 2 shows the results of our analysis.
The regret-based perceptrons PBI and PBO had
the second- and third-best average MSD scores
onall 21 prediction tasks, and in most conditions,
were predicting better than other models, with the
only exception of the other regret-based model,
NFP {which was the best performer in terms of
MSD). Notably, the no-pammeter PBO preserved
much of the one-pamamcter PB1 perfonmance,
with average MSD scores much smaller not only
than ather nonparmmetne models but alse than
the parametric ones, with the obvious exception
of PBl and NFP. Once the number of free
paramelers was taken into account, however, the
no-parameler perceptron. PBOC had  the lowest
AlCc score and compared favorably 1o all other
models in most of the games. Thus, no matter
how one measures performance, regret-based
maodels always fared betier than the other models,
although PBO gained an advaniage from its great
parsimany {28).

Furthermore, the PBO and PB1 models clear-
lv outperform the raditional NNET2 analog per-
ceptron, demonstrating the deternminant role played
by the iroduction of regret as a source of leed-
back for leaming.

Another important advantage for models such
as PBI and PBO comes from the nature of the
leaming tasks that can be modeled. Most human
interactive leaming happens in contexts where
tasks do not repeat themselves identically over
time, as in the experiments considered here, Gen-
eralization from examples and the leaming of
conditional behavior (different responses o dif-
ferent inputs) are natura] features of human be-
havior, Standard models of cconomic leaming
(including the recem NFP) do not capture such
features, because there is no way that they can
model dependence of behavior from the pereep-
tion of ditfferent game structures. On the contrary,

REPORTS

even simple neural networks, such as those in-
vestigated bere, can casily model generalization
and conditional behavior and thus are open to the
investigation of more realistic imeractive leaming
Lisks.
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MASS SPECTROMETRY
FOR THE MASSES

These days everyone seems o be doing it—mass spectrometry, that is. As
protein chemists, molecular biclogists, and even crime scene investigators
rush to adopt this once-esoteric technology, the basic science revolution that
made mass spectrometry user-friendly is striving to make it even more powerful.
By Alan Dove

he revolution inmass spectomelry (MS) started in places like Carlos Lebrilla’s
laboratory at the University of California at Davis, California. About 15 years
ago, when the young chemist was a new faculty member at the school,
he hung a sign on his most expensive piece of equipment. The sign, still
hanging today, boldly advertised *Mass Spectrometry for the Masses.” It was nol
merely the expression of an inside joke —it was maore like a mission statement.

“When | started my career, | saw mass spectrometry going the same way that
MNMR went,"” says Lebrilla, who is now a full professor. Initially used only by physical
chemists to determine molecular structures, nuclear magnetic resonance (NMR),
rebranded as MRI, is now nearly as ubiquitous in clinical settings as the X-ray. If it
follows the same path, mass spectrometry, an astonishingly fast, sensitive method for
identifying individual molecules in complex mixtures, could revolutionize everything
from clinical diagnostic testing to crime scene investigation. Unfortunately, the
techinique has long been considered too expensive, too finicky, and too difficult for
deployment outside of specialized spectroscopy laboratories,

Over the paslt few years, though, mass spectroscopists and equipment
manufacturers have been chiseling away at those problems, and a new crop of
relatively inexpensive, compact, user-friendly devices is finally bringing the method
within reach of ordinary researchers. Bul a mass spectrometer is still a substantial
purchase, so scientists considering bringing such a system into their labs should
investigate all of their options first.

Getting Your Charge On

Since |.). Thomson's invention of the technique at the turn of the 20th century,
scientists have developed numerous variants of mass spectrometry, but all of them
follow the same essential process. The device draws a sample into a component
called the ionization source, which converts molecules in the sample into ions, The
ions then enter a mass analyzer, which applies different electrostatic and magnetic
forces to the ions in a vacuum, separating them according to their mass-to-charge
{m/z) ratios. Finally, the mass analyzer reports these ratios to a connected computer,
which graphs and analyzes the data. From the results, a spectroscopist can identify
specific molecular structures. That is, assuming nothing malfunctions.

"The one thing that anybody who has performed mass spectrometry experiments
is well aware of is mass spectrometers tended to break fairly often,” says Gary
Siuzdak, director of the Scripps Center for Mass Spectromelry in La Jolla, California,
However, he adds that with newer devices, failures in the core components of the
mass spectrometer are relatively rare. Instead, faulls seem to now occur more often
in the liquid chromatography (LC) system that is usually coupled to the spectrometer
for sample preparation and sometimes fails due to the complexity and nature of
the samples being injected. “You have to be aware of what the limitations are of
the instrument, what you can put into it," says Siuzdak, who also wrote tinues
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“It's not simply the technology
or the instrument that's going to
be important; it's going to be the

support structure in getting the
instrument installed, training the
people on the instrument and the

ongoing challenges,”

1116

the standard introductory textbook for biological mass spectrometry
(The Expanding Role of Mass Spectrometry in Biotechnology, 2006).

Even with careful technigue, though, the machine could crash,
highlighting one of the key features for which newcomers to mass
spectrometry should shop. “It's not simply the technology or the
instrument that's going Lo be important; it's going Lo be the support
structure in gelting the instrument installed, training the people on
the instrument and the ongoing challenges,” says Dave Hicks, senior
director of the proteomics business group at Applied Biosystems in
Foster City, California. Like other mass spectrometer makers, Applied
Biosystems provides multiple levels of support with all of its devices,
from field technicians who can fix common glitches Lo staff scientists
who can answer high-level questions about experimental design and
data analysis.

Besides a deep supporl network, researchers should look for the
specific features they need, based on the types of samples they'll
be analyzing. Though there are several kinds of ion sources and
mass analyzers, workers in different fields tend to coalesce around
specific arrangements.

In basic proteomics research, matrix assisted laser desorption/
ionization (MALDI) has become the predominant ion source, and the
mass analyzer is often an ion trap. MALDI is good for ionizing highly
complex samples from protein-friendly buffers, and the ion trap can
eject specific ion species from the sample seriatim, until all of the
ions have been analyzed. It's a particularly good arrangement for
researchers who aren't sure what they're looking for, and need to
capture everything,

Scientists working in a more applied setting, such as a clinical
lab, usually need o process samples more quickly than their basic
research colleagues, but may only need to detect a comparatively
small, defined set of analytes. For these users, electrosprayionization
may be a good choice, combined with a triple-guadrupole mass
analyzer. The triple-quadrupole design isn't quite as versatile as the
ion trap, but it is efficient and inexpensive.

Less Than a Lamborghini

OFf course, the term “inexpensive” is relative. For an entry-level
triple-quadrupole mass spectrometer, complete with a liquid
chromatography system capable of handling a particular class of
samples, expect to spend around $100,000. Adding mare features,
more speed, or mare versatility can quickly double that figure.

A six-digit purchase will certainly give most researchers pause,
especially in grant-starved academic labs, bul the prices on the
latest entry-level mass spectrometers are still a historical bargain.
*No matter what instrument you buy, you're most likely not going to

lose your job because you bought that instrument,” says Siuzdak. He
adds that a decade ago, when even a cheap mass spectrometer could
cost $300,000 and the technology was less reliable, a poor choice
could indeed shorten one’s career.

Monetheless, scientists will still want to shop around before settling
on a particular machine; there are many similar products to choose
from, and each has its own strengths and weaknesses. *l would say
that we're all competing head to head, but then the practical result is
that we tend to have our respective areas of strength,” says Ken Miller,
director of marketing for the LC/MS group at Agilent Technologies in
Santa Clara, California.

Agilent is a relatively recent entrant in the mass spectrometry field,
but the company has quickly developed a large base ofusers, “l think
we've been seeing dramalic growth across whole markets,” says
Miller, adding that the customers seem Lo be a mix of those migrating
from other brands and those entering mass spectrometry for the first
time. In response, Agilent has introduced several entry-level models
for different types of users, as well as a series of high-end systems for
experienced spectroscopists.

The same demands have driven longtime mass spectrometer
maker Thermo Fisher Scientific in Waltham, Massachuselts, to
expand its product lines, “Historically one of our key focuses has
been on the high-end systems and the high-end users. But we're
seeing this transfer of utilization of mass spectrometry to the non-
mass-spec experts,” says Lester Taylor, director of product marketing
for mass spectrometry at the company. Accordingly, Thermo Fisher
has introduced a series of new devices designed for these users.
“There was a strong need to ensure that the operation and use of
these systems is simplified, and thal required [revising] the interface
and the software that's used to run the system,” says Taylor. Indeed,
user-friendly software has become a major selling point for maost

- Mac, PC, or MS? )

Besides an ionization source and a mass analyzer, every modem
mass spectrometer also includes a computer, so it's no surprise that
device makers spend a lot of time developing software. In theory,
advanced mass spectroscopists could use other programs to collect
and interpret the raw data, but in practice few do.

“Generally | think people use the customized package that comes
with the system from the vendor, because obviously it's the operating
system that drives the instrument, generates the data you need, and
is best suited in many applications for processing il," says Lester
Taylor, director of product marketing for mass spectromeltry at Thermao
Fisher Scientific of Waltham, Massachusetts. However, Taylor adds
that many users also export the processed data to other applications
for further analysis.

Both experienced and entry-level mass spectroscopists may wanlt
lo integrate their mass spectrometry data with other guantitative
experiments in their labs. Those who already use a laboratory
information management package, such as Thermo Fisher’s popular
WatsonLIMS, will find that most vendors' mass spectrometers will
export data to the system fairly easily. In proteomics, researchers
aften prefer to send the data to Mascol, a database search tool from
Matrix Science. Mascot uses the spectrometer's data stream and
online primary protein sequence databases to identify proteins in a
sample guickly. Researchers can also plug the Mascot data into yet
another application, Proteome Software's Scaffold, to get even more
refined identification and analysis. Several other software companies

also offer complementary products.
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entry-level mass spectrometers (see “Mac, PC, or M52").

While the streamlined interfaces certainly simplify training—
Siuzdak recently taught a high school student to do mass
spectrometry experiments during a rotation in his lab—advances in
the fundamental technology of mass spectrometry have made the
initial purchase more complex. *Even though many people can use
them, you need quite a bit of expertise in helping you pick out the one
that would best suit your needs,” says UC Davis's Lebrilla. He adds
that while salespeople are a good source for technical information,
prospective buyers should also talk to other researchers in their field
whohave bought mass spectrometers. The American Society for Mass
Spectrometry (www.asms.org) also provides extensive resources
for newcomers.

Pocket-sized Power

The growing population ofentry-level mass spectroscopists is adiverse
crowd, as manufacturers have already discovered. | represent what
we call the proteomics mass spec side of the business,” says Applied
Biosystems’Hicks. In academic and pharmaceutical proteomics, many
researchers are thinking of buying their first mass spectrometer, but
it won't be their first exposure to mass spectrometry. “Many of these
sites already have some sort of a core lab or a core mass spectrometry
facility,” Hicks explains, so the question is not whether to use the
technology, but whether to bring it into one's own laboratory. Usersin
this category often need a fairly advanced system, and are probably
less intimidated by complex hardware and software.

When advocates like Siuzdak and Lebrilla talk about bringing the
technology to the “masses,” though, they are usually referring to
users who have a specific problem in mind, but little or no background
in mass spectrometry. “We are definitely seeing good growth in these
markets and increasing adoption of mass spectrometry,” says Joe
Anacletto, senior director of applied markets and clinical research at
Applied Biosystems. Unlike Hicks's customers, Anacletto’s often have
mass spectrometry thrust upon them by regulatory changes.

Environmental testing, food science, and police forensic laborato-
ries exemplify this trend. As the public, legislatures, and courts have
learned more about environmental pollutants and trace evidence,
they have raised their standards for detecting and analyzing specific
compounds. “This drives these testing labs to look for newer tech-
nologies that can handle the broader array of things they're going to

I’f'
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be looking for,” says Anacletto.

Indeed, the advance of mass spectrometry technology in basic
research labs will likely increase the number of important biological
and environmental markers even further. With the current crop of
robust, sensitive mass spectrometers, biomarker researchers have
embarked on ambitious efforts to find new indicators of disease,
often by comparing blood or serum samples from patients with and
without a particular condition.

Separation Anxiety

Though the mass spectrometry has gotten easier in these studies, the
sample preparation problem has been harder to address. Serum, for
example, consists mainly of a handful of highly abundant proteins,
which tend to swamp sensitive mass spectrometry assays and conceal
the much scarcer proteins that might change during pathogenesis.

In response, several companies have introduced immunoaffinity
columns specifically designed to remove these abundant proteins.
The columns, first introduced around 2003 and now available from
companies such as Sigma-Aldrich in St. Louis, Missouri, and Agilent,
have also been refined for greater efficiency and selectivity.

Prefiltering serum samples can certainly simplify a biomarker
study, but the columns also have some disadvantages. Because
they add a step to the sample preparation, they inevitably deplete
some molecules by nonspecific binding. If an important biomarker
is extremely scarce, it might disappear entirely after serum filtration,
Also, scientists hoping to develop assays in animal systems before
moving to human trials may find their protocols hard to translate;
relatively few immunodepletion columns are available for animal
systems, as companies have focused on developing the more popular
human serum columns.

The Matrix and Beyond

Serum is not the only place biomarker investigators have been
searching, of course. For those mare interested in characterizing
the markers in solid tissues, a major challenge has been to
determine which cells in a complex sample are actually producing
particular proteins. One elegant option, recently introduced by mass
spectrometry giant Bruker Daltonics of Billerica, Massachuselts, is
an integrated tissue imaging, sample preparation, and spectrometry
platform called ImagePrep. After fixing a layer of tissue to the
system's stage, researchers can overlay a precisely calibrated matrix,
dry the sample, and perform MALDI spectrometry in situ. The result is
a complete picture of the tissue structure, overlaid with spectra of the
proteins expressed in each area.

As the new gear helps generate waves of additional data on every-
thing from biomarkers to environmental chemicals, experts expect
demand to increase for even simpler mass spectrometry platforms,
especially for use in the field or at a patient's bedside. “The next
stage of that development is to make more portable mass spectrom-
eters. There are a lot of other groups looking at miniaturization of
mass spectrometers, so you can actually just carry it around with
you,"” says Lebrilla. Spectrometry for the masses, indeed,

:ﬂﬂan bwe 15 a science writer and editor based in hﬂassuchusef-rs.
DOl: 10.1124/science.opms.p0800022
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Centrifugal Sample Prep Kits

The new C18, C8, and C4 SpinTip Sample Prep kils contain lips
and reagents for reversed-phase solid-phase extraction of peptide
and protein samples for electrospray or matrix-assisted laser
desorption/ ionization mass spectrometry. They are particularly
useful when runs of larger amounts of solution are involved; they
can process sample solutions of up to 1 mL and 200 ug peptide/
protein. Research applications of the kits include effective desalting
and detergent removal from biomolecule samples and cleanup of
peptides from in-gel digested proteins or of proteins electroeluted

from polyacrylamide gels. e
Protea Biosclences

For information 877-776-8321
www.proteabio.com

Two-Dimensional Electrophoresis System
Atwo-dimensional electrophoresis system offersthe highest focusing
voltage available for the first dimension and has an easy-to-use,
highly reproducible second dimension separation tank. The complete
system includes the |IEF100 First-dimension Isoelectric Focusing (IEF)
Unit and the SE900 Second-dimension Gel Electrophoresis Unit. The
IEF100 helps researchers increase the qualily and speed of their IEF
separations. The SE900' single-tank design ensures leak-free runs
and the ability to reuse buffer, The IEF100" integrated 12,000-voll
power supply enables fast run times and provides both ethernet and
RS5232 ports for reporting and control. The first dimension |EF can be
run with IPG {immaobilized pH gradient) strips of any length up to 24
cm. Up to six |PG strips can be focused at one time and monitored
individually. The IEF100 generates first-dimension separations, then
the focused strips are transferred to an SE900 second-dimension
slab gel for the second dimension separation by molecular weight.
The separation tank can hold up to six second-dimension gels.

Hoe el

For information 800-227-4750

www.Hoeferlnc.com

Handheld FTIR Spectrometer

A new handheld, portable Fourier transform infrared (FTIR)
spectrometer weighs only six pounds. This innovative analyzer
can be operated using only one hand and is capable of handling
attenuated transmission reflectance (ATR) applications for users in
the general laboratory. Designed for sampling almost any material,
the system features interchangeable internal reflectance and
external reflectance sampling interfaces, Designed to analyze solids,
pastes, gels, and liquids with a traditional ATR, it is also capable of
analyzing large surfaces with a unique internal reflection sampling
system. It combines all the capabilities of a laboratory-based FTIR
with the advantages of a portable instrument.

A2 Technologies

For information 203-312-1106

www.a2technologies.com

Metabolite Identification Software

MetWorks 1.1.0 is an updated version of metabolite identification
software. The software facilitates automated acquisition, processing,
and reporting of liquid chromatography/mass spectrometry (LC/MS)
data in support of biotransformation studies. MetWorks software is
compatible with all Thermo Scientific mass spectrometers capable
of performing MS/MS and MS" fragmentation. It also allows high-
resolution mass data from the Thermo Scientific LTQ Orbitrap
and LTQ FT instruments to be fully leveraged, The new program's
enhanced tools facilitate distinguishing xenobiotic components

S J

from endogenous biological matrix interferences in LC/MS"
chromatograms and spectra. Improvements to the software include
automatic generation of a data-dependent parent mass table and
component filtering to exclude duplicates originating from adducts
and isotopic contributions, Another improvement is the flexibility to
apply up to six multiple mass defect filters, which are based on high-
resolution, exact mass, and mass deficiencies of the parent drug and
its putative metabolites. Chromatograms and spectra filtered with
them contain fewer endogenous compounds and excipient materials,
which reduces the need for manual intervention to eliminate false
positives from the results.

Thermo Fisher

For information 408-965-6022

www.thermofisher.com

Proteomics Mass Spectrometry

With the addition of Compass 1.3 ion trap software, the high-capacity
trap HCTultra PTM Discovery System is the first commercial mass
spectrometer equipped with electron transfer dissociation (ETD) and
proton transfer reaction (PTR) capabilities. The instrument features
a unigue and innovative ion optics design and chemistry setup for
ETD/PFTR that allows rapid. routine top-down characterization of
large peptides and mid-size proteins in the high-capacity ion trap
with superior sensitivity. The usefulness of ETD/PTR is demonstrated
by the unambiguous characterization of posttranslational modifica-
tions. Compass 1.3 also introduces a novel collision-induced
dissociation (CID) fragmentation mode that eliminates the low mass
cut-off of ion traps in MS/MS. It enables multiplexed quantitative
proteome analyses on Bruker's high-capacity ion-trap systems. A
new AutoMSn mode in Compass 1.3 automatically eliminates the
most abundant ions in order to further enhance dynamic range.
Bruker Daltonics

For information 978-667-9580

www.bdal.com

Electronically submit your new product description or product literature
information! Go to www.sciencemag.org/products/newproducts.dtl for
mare information.

Newly offered instrumentation, apparatus, and laboratory materials of
interest to researchers in all disciplines in academic, industrial, and gov-
ernmental organizations are featured in this space. Emphasis is given to
purpose, chief characteristics, and availabilty of products and materi-
als. Endorsement by Science or AAAS of any products or materials men-
ticned is not implied. Additional information may be obtained from the
manufacturer or supplier.
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SCIENTIST LAWYERS
TEST TUBES TO BRIEFS

Increasingly job ads like the one to the right are targeling scientists in a broad range
of fields, especially engineering, chemistry, and biotechnology. From newly minted
Ph.D.s to established faculty, scientists are joining the ranks of patent agents, patent
examiners, and technology transfer specialists —all careers that do not require law
degrees. Those willing to go back to school to study law will have access to a wider
range of opportunities, not to mention higher salaries. What these individuals bring to
their jobs are strong analytical skills and an understanding of complex technologies
and their applications. By Laura Bonetta

n the United States, scientists can join law firms fresh out of graduate school, Then,
while helping with patent applications and other tasks, they typically prepare to pass
an exam by the US Patent and Trademark Office (USPTO]), which allows them to become
patent agents.

James Dilmore went this route six years ago, when he joined the Pittsburgh-based
international law firm Reed Smith. "l had lfound scientific research exciting but also very
frustrating,” says Dilmore, who obtained his Ph.D. in neuroscience. | also wanted a position
with a bit more stability than a series of postdocs.”

By chance, the wife of one of his thesis commitlee members was getting ready to leave her
post at a local law firm. She introduced Dilmore to her boss. “l did not have aspirations to go
into law, but the job appealed to me,” says Dilmore. He started as a technical adviser at Reed
Smith in February 2001 and passed the patent exam in April 2002,

As a patent agent, Dilmare is responsible for fling patent applications on behalf of several
clients. He also spends a good part of his workday advising attorneys at Reed Smith involved
in litigation cases. “0One of the roles | see myself filling is to ensure that lawyers do nol press
scientific arguments so far that the science is no longer accurate,” says Dilmore. “l can
recognize scientific weaknesses on either side of the argument.”

And as litigations often require the testimony of renowned scientists as experl wiltnesses
Dilmore is often asked to act as “translator.” “It is part of my job to explain to scientists what
is important legally,” he explains. *On the other side, | help the attorneys understand what is
going on with the science.”

Second Degree

While it is possible to remain a patent agent, or even a technology specialist, within a law
firm, a law degree is needed for career advancement. In the United States doing things like
filing appeals from the USPTO to courts, negotiating licenses to use patented technology, or
suing those who breach contracts requires a law degree.

Patricia Granahan started working toward a Juris Doctor ().D.) degree right after completing
her Sc.D. at the Harvard School of Public Health. “From the time | was in high school, | knew
| wanted to combine an advanced degree in science with a law or business degree,” she
recalls. *| didn't necessarily know what I'd do with the combination,”

The timing turned out to be perfect. In 1980, while Granahan was in law school, Ananda
Chakrabarty was awarded a US patent for genetically engineered Pseudomonas he created
while working for General Electric Company. The landmark case, which allowed for the first
time the patenting of a living organism, paved the way for a flurry of biotechnology patents.

Granahan, who was initially hired as a part-time scientific consultant by a firm in the Boston
area, soon had “more work in biotechnology patents than | could do,” she recalls. Indeed
the field of biotechnology patent law quickly grew, along with the demand for lawyers with
advanced degrees in biology and medicine. continued »
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person and to be
able to constantly
reprinritize.”
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“This is a career that gives you
a chance to really thrive.

It’s not a practice where you'll
ever be able to say, ‘Now |
know everything.

—Patricia Granahan

T

Granahan stayed with the same firm for 16 years, moving up the
ranks while raising her two children. After working as an in-house
lawyer at the newly established Whitehead Institute for Biomedical
Research and as a partner in a Boston firm, in 2006 Granahan joined
Woll, Greenfield & Sacks, PC, where she is currently a shareholder.

Twenty-five years after starting her career in patent law, she still
really enjoys what she does, “The biotech aspect of patent law has
changed tremendously since | started in practice and the rules of
practice have changed just as significantly. We have to keep up with
changes in both the science and the law,” she says. “This is a career
that gives you a chance to really thrive. It"s not a practice where you'll
ever be able to say, "Now | know everything.""

Balancing School and Work

Unlike Granahan, Karen Brown obtained her law degree on the job.
After completing a postdoc at the Mational Institutes of Health in the
field of cell biology, Brown decided to test the waters as a patent
examiner with the USPTO in Alexandria, Virginia. *| thought that if |
liked it at the USPTO, it would give me an entry into patent law. IT |
hated it. | could go back to the bench,” she recalls.

But she liked it, and three years later she started applying to law
firms. One of the things she was looking for was a firm with a patent
agent program in place, where the firm would pay for employees to
attend law school.

In April 1998, she moved to Fish & Neave in New York City and
started law school the same year, graduating four years later. “|
worked all day and went to school at night," she explains. It was
brutal, | was feeling that | was behind in every aspect of my life.”

After working as an associate at Fish & Neave and then in-house
at a large pharmaceutical company, three years ago Brown got a
position as an in-house attorney with the biotech company Vertex
Pharmaceuticals in Cambridge, Massachusetts. “At the firm | was
dealing with awide variety of technologies, Now my focus is narrower
but | am involved more deeply,” she explains. “With every patent
application, | have to consider how it fits into the intellectual property
strategy of the company.”

Another difference is that she does not have to worry about billing
a certain number of hours each week, the typical way law firms keep
track of their lawyers' accomplishments. “With two young children |
did not want to be billing 60 hours a week,” says Brown. *There are
times when I take work home or work on weekends, but | try hard not
to do that.”

Wide Range of Opportunities

Erich Veitenheimer also used the USPTO as a stepping-stone to
a career in patent law. A senior corn breeder with DeKalb Genetics
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International, he was alerted by a colleague to an ad for a job with the
USPTO for a patent examiner with knowledge of plant biotechnology.
“It sounded fascinating,” says Veitenheimer, who was offered the job
during his initial phone call inquiring about the post.

After being al the USPTO for two years Veitenheimer started
attending Georgetown University Law Center in the evenings, with
the USPTO helping to pay the tuition fees. “It was a tremendously
long day but the stimulation was worth it,” he says, “Walking into my
classes | felt my brain cells tingling.”

When two years later the USPTO changed its policy and reduced
the amount it would pay for its examiners to attend law school,
Veitenheimer became a patent agent with a mid-size patent firm in
Virginia willing to support his studies. He subsequently moved to a
smaller firm and then a large international firm, where he progressed
allthe way to partner. In 2005, he became a partner inthe Washington,
D.C., office of Cooley Godward Kronish, LLP. a national technology
firm that serves primarily small to mid-size biotech companies,

Veitenheimer says patent law allows scienlists to stay close to the
science on topics ranging from stem cells, to cancer and HIV drugs,
to RNA interference. “The range of topics is tremendous,” says
Veitenheimer. "You gel Lo know the work intimately.”

And the opportunities go beyond patent law. “About hall of our
lawyers do pro bono work, but not in intellectual property law,” says
Veitenheimer. “They come back to the firm after being in front of a
judge in, for example, an immigration case and they are very excited
and energized.”
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Patent Law in Europe

Scientists are also in high demand in law firms outside the United
States. While working toward a Ph.D. at Warwick University in the
UK, Philip Webber attended a course meant to teach chemical patent
attorneys about biotechnology. “I did not know anything about
patent law at that time. It was purely fortuitous that my university
was running these kinds of courses and that | attended one of them,”™
he recalls.

The course sparked an interest in the subject. Webber, who had
already decided he did not want to conlinue with bench research,
started sending out applications to several law firms. He was hired by
the London-based Frank B. Dehn & Co. in the spring of 1992,

A year after joining his firm, Webber passed a set of exams, called
“foundation papers,” which test understanding of basic concepts
such as patents, trademarks, and copyright. He then passed
two additional sets of longer and more challenging exams that
qualified him to practice patent law within the British and European
patent offices.

However, because UK patent attorneys, unlike their American
counterparts, do not have law degrees, they have limited rights to
goin front of a judge to handle, for example, patent litigation. Such
cases are generally handled by solicitors and barristers, who are less
likely to have formal scientific training. British intellectual property
solicitors typically practice in all areas of technology with biotech
being only a small partion of it.

Regardless of the country of practice, a career in patent law
requires good analytical and communication skills. “The ability to
write clearly and concisely is paramount,” says Webber. “Often we
give job applicants a test where they are given something simple like
a desk staple remover and told to describe it in everyday language.”

Another important skill is to keep all the balls in the air at the same
time. “At any one time | have 50 or so patent applications going
through the exam process. A lot of the deadlines are set in stone.
And | am bombarded with e-mails from clients all the time,” says
Webber. “¥You have to be a very organized person and to be able to
constantly reprioritize.”

Good people skills are also helpful as patent agents and attorneys
deal with a variety of people on a daily basis, from scientists to
business executives, and patent examiners to other lawyers,

Related Careers
Patent law is not the only career available to scientists interested
in intellectual property issues. Some scientists land jobs at the
patent office and review patent applications for a living. Others find
satisfying careers as technology transfer officers at universities or
researchinstitutes, Sean Lee joined the tech transfer office at Boston
University after having worked at two startup companies. *There is
50 much going on in technology transfer,” says Lee. "For me it was
like a kid walking into a candy store.™

Lee is the first point of contact for physical scientists who have
made a discovery that may have commercial value. “In technology
transfer you need to look at the world a bit differently than when you
are doing research,” says Lee. “You don't want to ask what is most
interesting, but rather who really cares about this and is going to pay
forit.”

Lee's experience is not unlike that of Lisa Finkelstein, who joined
the technology transfer office at the National Cancer Institute (NCI)
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“In technology transfer you
need to look at the world a bit
differently than when you are
doing research.”

—Sean Lee

Finding a Job in Patent Law

Although scientists are in high demand in
law firms, the competition for a job is stiff. An
ad typically gets 100 to 200 applications. For
applicants to stand out, it is important that
they have not only good scientific credentials,
but also a demonstrated interest in intellectual
property.

Scientists who have become patent agents
and lawyers advise postdocs and students
interested ina career in patent law to take a look
at some patent applications; these are freely
downloadable from patent office websites. In
addition, they should take advantage of courses
in intellectual property law being offered at
many universities. Some technology transfer
offices at universities also offer internships
or volunteer work. Finally, many major cities
have an intellectual property association that
provides opportunities for networking.

S J

of the US National Institutes of Health (NIH) in September 2005,
She acts as a conduit for scientists at several NCI labs to assist with
submitting internal paperwork on inventions, “Anyone at NCI can
contact our office for guidance and advice on potentially patentable
new discoveries,” she says. She also drafts material transfer and
collaboration agreements for the labs on her docket.

Some of her colleagues moved on to technology transfer offices in
universities or were hired by pharmaceutical companies or law firms.
“Once you get the training here, you are pretty much set for wherever
you want to go,” she says. *There are a lot of options.”

Regardless of the path they take, scientists who have pursued
intellectual property law as a career say it nourishes their love for
science, “It is a great fit for people who enjoy science and want to
have the ability to read about it, talk about it, and be involved in it,
but without actually doing it,” says Finkelstein.

Laura Bonetta is a freelance writer based in the Washington, D.C.,
areda,
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