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S. V. Yanina and K. M. Rosso
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C. Kremen etal.
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regions where canservation is likely to protect the most species.
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Experts consider “millennials” ane of the greatest generations
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Magnetic Domain-Wall
Memory

Present memory storage is generally based on
two architectures: random access memaries,
which are fast but expensive, and hard disk
drives, which are cheap but slow. Cther memaory
architectures are being developed, but they are
also inherently two-dimensional and based an a
one-bit, one-memory design. Thus, the expected
improvement in memory density and speed is
somewhat incremental. In an overview, Parkin
et al. (p. 190} lay out the basic concept of “race-
track memory,” in which infarmation is stored as
a sequence of domain walls (interfaces between
regions of different magnetization direction} on
a magnetic strip. As many domain walls can be
written on the wire and can be shifted along the
strip by current-induced domain-wall matian,
one-bit, many-memory designs are possible that
could lead to orders of magnitude improvement
in performance. A realization of the basic work-
ing principles of racetrack memory is presented
by Hayashi et al. (p. 209), wha show that it is
passible to shift multiple domain walls to and fro
along a magnetic nanowire repeatedly at high
speed using nanosecond current pulses without
any external magnetic fields.

Y. SHEPPARD ET AL

Reservoir Logs

= Although the contributions of melting glaciers
and ice sheets 1o sea-level rise garner the most
attention, global warming alsa increases sea

< level through the increased valume of warmer
ocean water. When the thermal effects of acean
heating are calculated and the net observed rate
of sea-level rise are subtracted, the remainder is
commonly equated with ice-melt contributions.
Hawever, Chao et al. (p. 212; published online

5 13 March) have reconstructed the history of

Ll
A At

EDITED BY STELLA HURTLEY AND PHIL SZUROMI

<< No Glue for Cuprate
Superconductors?

Mere than 20 years after their appearance, it is still
unclear how the charge carriers in the high-temperature
superconducting cuprates pair up and condense into the
supercenducting state. Some scenaries argue for a boson-
mediated “glue” to bring them together, as in conven-
tional superconductars, whereas in other scenarios, the
glue is unnecessary and electronic correlation provides
the necessary pairing energy. Pasupathy et al. (p. 196)
now present temperature-dependent scanning tunneling
spectroscopy data above and below the superconducting
transition temperature that they believe to be strong evi-
dence for the latter “no glue” picture.

water impoundment in reservoirs filled during callection of two impartant human zoonotic
the last century and shaw that filling the reser- pathagens, Campylobacter jefuni and Campy-
voirs of the world depressed sea-level rise sub- labacter coli, Sheppard et al. (p. 237) have

stantially. Thus, the amount of water contributed | observed speciation going into reverse, probably
by ice melting was correspondingly higher than as a consequence of intensive agricultural prac-
had been assumed. tice. These results offer a direct insight into
mechanisms of bacterial speciation.

Hematite Currents
Avide range of abundant minerals, such as Fast Receptors in

hematite {Fez(),), are semiconductors, but this E R
electrical property has rarely been considered Very "-‘SPECt
in analyses of these materials’ natural geachem- | Lateral diffusion of receptars has been character-

istry. Yanina and Rosso (p. 218, published ized as an important process for receptor traf-
online 6 March; see the Perspective by Eggle- ficking in and aut of synapses. The demanstra-
ston) show thiough a series of carefully con- tion of this role has been limited to relatively
trolled experiments that when two crystallog- slow events (in the range of minutes} that accur
raphically distinct faces of hematite are exposed | during development or turnover of receptors,
to an acidic aqueous solution, a potential gradi- during basal transmission, or during certain
ent is induced across the erystal by their differ- farms of neuranal plasticity. Heine et af.

ing fon adsorptian praperties. This patential (p. 201; see the Perspective by Silver and
drives redox chemistry at each surface by cou- Kanichay} now report that receptor lateral

pled current flow through the bulk mineral. movements are also involved in fast (tens of
Specifically, island growth is abserved at ane millisecands) requlation of synaptic transmis-
surface with campensatory etching at another, sion. Recavery from synaptic depression involves
The authors argue that the finding should be exchange of desensitized receptors with func-
broadly generalizable, tional ones through lateral movements within

or from nearby the postsynaptic density.

Bacterial Speciation
Uncovered

The mating behavior,

life history, and ecology
of individual bacteria
cannot be tracked, and
our knowledge of the
ecalogy of natural bacte-
rial populations is ru
mentary. By genotyping
a large, broadly sampled

Radioprotection: Taking
the Toll Road

Radiation therapy is a well-established and
highly effective treatment for certain types of
cancer, but it can destroy healthy cells in the
bady, especially bone-marrow cells and cells
in the gastraintestinal tract. Burdelya et al.
(p. 226; see news story by Bhattacharjee) have
developed a drug that may prevent or reduce
Continued on page 153
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Continued fram page 151

these side effects. The drug (a peptide called CBLB502} binds to Toll-like receptor 5 (TLRS) and acti-
vates the nuclear factor—xB signaling pathway, a pathway that cancer cells often activate to avoid cell
death, When mice and rhesus monkeys were treated with CBLBS02 shartly before expasure to lethal
doses of tatal body irradiation, the animals exhibited less damage to healthy bone marrow and gas-
trointestinal cells and survived significantly longer than controls. In tumor-bearing mice, CBLBS02
did not campramise the antitumar efficacy of radiation therapy.

Mounting Mutations

Of the numerous intracellular factors that help cells protect themselves from invading viruses, some
of the most praminent belong to the APOBEC family of cytidine deaminases. These act against retro-
viruses such as HIV by peppering the single-stranded DNA generated during reverse transcription with
deleterious {—U mutations. Now Vartanian et al. (p. 230) show that APCBEC editing also warks on
the human papillomavirus (HFV), a DNA virus. Equivalent mutations were observed in cells from plan-
tar warts and precancerous cervical biopsies and in experiments in which plasmid DNA was cotrans-
fected with different APOBEC family members, APOBEC enzymes seem ta be able to mutate nuclear
DNA, which raises the question whether elevated APOBEC activity, such as seen in HPV-infected cells,
might have any causal link with the development of cancer.

Keeping Axons on Track

Like cars on a highway, neuronal signaling routes merge and diverge between origin and destination.
By identifying developing motor and sensary neurons in the mouse embryo with distinguishable
labels, Gallarda et al. (p. 233; see the Perspective by Murai and Pasquale) have visualized how the
growing axons keep entanglement at bay. The axons grew into parallel but separated bundles. Signal-
ing through the ephrin A receptars and ligands present on the growing axans served to keep like
axans bundled with like.

Leiomodin in Muscle Actin Assembly

The dynamic assembly of the actin cytoskeleton plays a central role in many
cellular functions, but actin polymerization does not occur spontaneously in
cells. Filament nucleation factars mediate this process in a highly requlated
and localized fashion. Chereau et al. (p. 239) describe an actin-filament
nucleator from muscle cells, which they name leiomodin. Leiomodin nucleates
actin filaments in muscle cell sarcomeres, with very high efficiency and without

the need for other factors. The nucleation activity of leiomodin is enhanced by

direct interaction with tropomyosin, which also mediates its localization to actin

filament painted ends in muscle sarcomeres. Thus, leiomodin appears to be adapted specifically to
nucleate the de novo assembly of tropomyosin-decorated filaments in muscle cells.

Promoting Polyketide Production

Many useful natural products are produced in bacteria by modular palyketide synthases (FKS) in
which each domain of a multidamain protein is used once in an "assembly-line” process. Eukary-
otes also make palyketides, but reuse PKS domains in a poorly understood iterative process. Now
Crawford et al. (p. 243; see the Perspective by Weissman} describe the functional dissection of a
fungal PKS involved in aflataxin biosynthesis that reveals the synthetic roles of each catalytic
damain. The mechanistic features are likely to be general for the catalyzed production of aromatic
polyketides and could guide rational engineering of these biosynthetic proteins.

Synaptic Transmission in Living Color

Actually observing micrascopic events in real time can generate a richness of insight unattainable with
static approaches. Westphal et al. (p. 246, published online 21 February; see the Perspective by
Pinaud and Dahan) present a movie of synaptic vesicles in live neurans, using fluarescent markers to
label the vesicles and then collecting video-rate optical images at subdiffraction resolution. As might
have been anticipated, vesicles either moved short distances within a single synaptic bouton or made
longer journeys into and out of multiple boutons. However, the ability to see nanoscale motion as it
happens shauld promote ever deeper insight into synaptic transmissian.
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Bruce Alberts is
Editor-in-Chief of Science.
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Hybrid Vigor in Science

‘When [ was president of the U.S, National Academy of Sciences, [ came to believe that the future
success of humanity may depend on learning to use the tools of science—including the collec-
tion of objective evidence on what works and why—at all levels of decision-making. Thus, the
National Academies have repeatedly addressed questions such as “How can we make a science
out of education?” or “How can we make a science out of sustainable development?” Develop-
ing a sound platform of knowledge to address such critical issues will require harnessing
research of the highest quality, both n the natural and social sciences. And for this research to
be effective, scientists will need to develop much deeper connections with the rest of society.

A formative experience in my first few months as president of the National Academy of
Sciences was participating in a workshop for a study on violence in urban America, for which a
mixture of social and behavioral scientists, law enforcement agents, mayors, and others came
together to formulate recommendations. The wide range of perspectives
created an electric, highly creative, and collaborative atmosphere at the
workshop that informed and enriched the results. Many of the scientists
made new connections that seemed certain to improve their future
research, as well as to make their findings more useful for society. Since
then, [ have repeatedly witnessed the nnovation that arises from recruit-
ing scientists and outstanding practitioners to work together, using scien-
tific approaches to tackle important problems.

A recent experience began when the National Academies confronted
the question of why research has supported innovation and continuous
improvement in medicine, agriculture, and transportation, but not in edu-
cation. The two successive committees that struggled with this problem
were composed of a mixture of national leaders in business, research, pol-
icy, and educational practice. The result is the Strategic Education Research Partnership (SERP,
anonprofit organization whose board [ chair). SERP is a 3-year-old experiment in which school
districts are established as research “field sites.” the first two being Boston and San Francisco.

In a field site, a cooperative team of distinguished researchers works hand in hand with local
school district personnel to address a select set of challenges that have been identified by the
school district. The research is carried out in real classrooms to explore the effect of jointly
designed interventions that take advantage of local teacher expertise. There are valuable take-
home lessons for all invelved, inderscoring how everyone can benefit when scientists take on
practical problems.

There are many precedents for such productive partnerships. My office at the University of
California, San Francisco {(UCSF), is located at the new Mission Bay campus, where biotech
buildings are springing up like mushrooms across the street. Most faculty look forward to the
many synergistic interactions that are likely to arise from this proximity. [ was at UCSF in 1976
‘when this industry began, and at that time the whole idea of university biclogy faculty becom-
ing involved with the private sector seemed inappropriate and. to most of us, a waste of faculty
time. But after many of our students moved on to jobs in the local biotech industry, they formed
an effective bridge between the quite different cultures of industry and academia. They became
the real agents of technology transfer from university laboratories and also helped to create new
arrangements that now benefit the fundamental work of the university. Rather than distracting
faculty from productive scholarship, as we had feared, the interactions have increased the pace
of discovery.

By analogy with biotech, the formation of strong, long-lasting synergies between academic
science and other critical institutions will require that some of our best students of science leave
academia to become cwriculum specialists inside school districts, policy analysts in state
government offices, and so on. These people will form the bridges needed for science to affect
a wider society. We should therefore be generating new programs to support such career
transitions, while cheering on the scientists who pursue them.

— Bruce Alberts

10,1126/science. 115851%
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GEOLOGY

Journey to the Center of the Earth

The formation of Earth’s core was the major differentiation of the

early planet,

an early, semisolid silicate-rich core?

Itis generally thought that heating by impacts (some of
which contained iron protocores) and enhanced radiogenic
decay allowed blobs of iron metal to form and accumulate
in a magma ocean in the outer Earth. Golabek ef al.
explore the iron’s subsequent inward migration. Like
others, they propose that enough iron accumulated to
allow the dense blobs to move toward the center of Earth,
displacing the silicate protocore. They also suggest, and
show through numerical simulations scaled to the early Earth,
that an extensive network of iron melt channels likely sur-
rounded each sinking diapir. As these drained, they would form
additional and larger daughter diapirs to scavenge iron from the
upper mantle into the growing core. — BH

iron and other
the planet’s center, setting the conditions for a magnetic field,
and releasing potential energy as heat. How was the iron local-

ized so efficiently and quickly, displacing what was probably

ing elements to

Eavth Planet. Sci. Lett. 10.1016/.ep51.2008.02.033 {2008).

MNEUROSCIENCE
Of Landmarks and Boundaries

The striatum and the hippacampus both have
important functions in learning and memory.
Despite decades of intensive investigation, there
are still a number of incompletely resolved ques-
tions. What sort of information is pracessed in
each structure? How do the hippocampus and
striatum cooperate to influence behavior? What

A local landmark and a distant boundary.

type of learning is performed by each? These
issues are tackled in two related papers.

Using virtual reality and functional magnetic
resanance imaging, Doeller ef al. show that
humans learn and remember the locations of
objects relative to both local landmarks and
environmental boundaries in parallel. The
boundary-related system involves the right
posterior hippocampus, whereas the landmark-
related system involves the right dorsal striatum.

When the hippacampal and striatal systems are
in conflict because a landmark has been moved
relative to the baundary, they da not compete
directly to control behaviar; instead, each system
independently signals its salution ta the task,
with the ventromedial prefrontal cortex recruited
for arbitratian. Doeller and Burgess, using the
same virtual reality abject-location paradigm
in behavioral experiments, show that striatal
landmark-related processing of spatial learning
obeys associative reinforcement learning,
whereas hippocampal boundary-related process-
ing does not. The latter performs purely inciden-
tal learning instead. Together, these studies
provide evidence for the use of distinct learning
rules in the hippocampus and striatum. — PRS
Proc. Mati. Acad. Sci. ULS.A 105,
10.1073/pnas.0801489105;
10.1073/pnas.0711433105 (2008).

PSYCHOLOGY
Feeling the Unseen

In uncertain situations, rapid responses may be
called for, and one line of thought suggests that
assessments of stimulus valence (positive or nega-
tive) accur more quickly than the evolution of spe-
cific emations, such as the discrimination between
the two negative-valence states fear and disgust.

exposure to a picture) as to lie outside of con-
scious awareness. Ruys and Stapel have looked at
the question of whether specific emations can
similarly be elicited unconsciously by transiently
displayed (120-ms duration) pictures. Measures of
cognition (a stem-word completion task), feeling
(self-reports af specific emations), and behavior
{chaasing ta avoid fearful or disgusting movies)
all indicated that the super-quick expasure evoked
only a valence-based response, whereas the
merely quick, yet still subliminal, stimulus was
capable of evoking specific emations. — GJC
Psychol. Sci. 19, 385 (2008).

COMPUTER SCIENCE
A Big World After ALL?

From the spread of viral epidemics to the flow of
infarmation in a social network, a key question is
the nature of the pathway taken. Epidemic-style
models assume that propagation should occur
fram one individual to many others, fallowing
small-world principles. If the viral chain does not
die out, it can be mapped as a tree-like structure
with many branches that have shart paths from
the roat (or ariginal source). Liben-Nowell and
Kleinberg looked at the spread of data on the
Internet by examining the lists of names in two e-
mail petitions and found that, rather than

Previous work has d d that valence
detection is indeed fast and can be applied to
stimuli that are presented so briefly (a 40-ms

ta many individuals in a few steps, the
tree structures were very narrow and several hun-
dreds of layers deep, with large variations in the
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time needed fo reach the edges of the netwark. By
running simulations on ather networks, the
authars confirmed that the distribution could not
be modeled by a random epidemic process. How-
ever, they successfully reproduced the long, nar-
row trees by altering the model to allow for varia-
tions in the response time of the recipients (asyn-
chronous response} and to allow recipients the
option of either fonwarding the message ar group
replying (back-transmission) to those already in
the list. The results highlight how the transmission
of data can vary from the small-world netwark in
which the dissemination occurs. — MSL

Proc. Nati. Acad. Sci. U.5.A 105, 4633 (2008).

BIOMEDICINE
Ticking Down to Metastasis

The idea that the accumulation of mutations is a
type of clock that can be used to chart the devel-
opmental or evalutionary histary of cells or argan-
isms is well established. Adapting this mode of
analysis, Jones et al. have catalogued mutations
that accur during the stages of colorectal cancer,
focusing on the poorly understood transition fram
advanced carcinoma to metastasis. They model
the rates of appearance of mutations found in a
large-scale survey of colarectal cancer (see Wood
et ol., Research Articles, 16 Nov. 2007, p. 1108).
Mutation rates were determined by combining
the numbers of mutations with estimates of cell
division time, under the assumption that mutation
rate and cell division time were canstant in each
patient. They conclude that it takes roughly 17
years for a large adenoma, which is benign, to
evalve into an advanced carcinoma, which is
malignant, but less than 2 years for that carci-
noma to begin to metastasize. Evolution accurs
through cycles of clonal expansion and mutation,
and their model provides estimates of the “birth
dates” of the founder cells, Although some
metastasis-specific alterations were identified, the
authars consider that all or most of the mutations
needed for metastasis may already be present in
the carcinomas. — BR]

Proc. Mat! Acad, Sci. 1154 105, 4283 {2008},

PLANT SCIENCE
Mix-and-Match Warfare

Many secondary metabolites are produced by
plants for defensive use against insect predators,
Insects, in turn, develop their own counter-
measures and may end up using the plant’s
metabaolites as a signal to target, rather than to
avoid, that plant. Added complications are that
the suite of predators changes seasonally, and
groups of plants have different vulnerabilities
than do isolated plants—with the result that a
plant is best served by a nimble tactical approach

wwwsciencemag.org  SCIENCE  VOL 320
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for the flexible deployment of its defensive
weapanry.

Glucosinolates, one categary of secondary
metabolites, show considerable biachemical
diversity owing to the enzymes that generate
their derivatives, Wentzell and Kliebenstein have
analyzed the diversity of glucosinolate praduction
inArabidepsis. Their results show that different
pieces of the plant make different product pro-
files that are fine-tuned by the age of the plant
and the local population density. Variability in
the profile of glucosinolate derivatives among
different accessions of Arabidopsis highlights the
influence of additional modifier factors, enabling
the plant to balance the risks of detection against
the effectiveness of defense in its production of
glucasinolate derivatives. — FIH

Plant Physial. 146, 10.1104/pp.107.1152 9
{2008)

MICROBIOLOGY

A Locus of Resistance to
Activation

Chagas’ disease is caused by a protozoan parasite
of the Trypanosamatidae, athers of which cause a
range of high-morbidity and disfiguring human
diseases, usually within impoverished popula-
tions. Drug treatment takes several manths, is
expensive, and can have side effects. Moreover,
the nitraheteracyclic compounds nifuttimox and
benznidazale have been the frontline drugs for
more than 40 years; nitroheterocycles do not
act directly upon their targets, but must first be
canverted by
endagenous
enzymes to the
active compounds.
Wilkinson et al.
have worked out
how these drugs
are activated.
Eight manths.
of selection
in vitro
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low reveals " .
nitioheterocyclic-

resistant parasites
that had lost a
gene encoding a
mitochondrially targeted type | nitrareductase, a
Havoenzyme that reduces the nitro group and
yields agents that damage DNA. Deleting a single
copy of this gene enhanced resistance to nifur-
timox and other nitroheterocycles severalfold.
Intriguingly, knacking out both capies slowed
replication and blocked differentiation into the
infectious form of the parasite, which suggested
that this enzyme is essential for parasite develop-
ment in its mammalian hast. — CA

Proc. Mati. Acad. Sci. 15,4 105, 5022 {2008)

in trypanosome
mitochondria.
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Probing Stonehenge

Archaeologists broke ground at Stonehenge last week for the first
time since 1964, with the aim of using modem technolagy to pin-
paint just when builders dragged the first bluestone pillars to the
site some 4500 years ago. The team, which is re-excavating a
trench originally dug in the 1920s, plans to analyze short-lived
organic material such as twigs or grains with mass spectroscopy.
They hope to establish the arrival date of the stones to within a
couple of decades

The dig leaders, Geoffrey Wainwright of the Saciety of
Antiquaries of London and Timothy Darvill of Bournemouth
University in the UK., are looking to balster their theory that
bluestones—dragged 250 kilometers fram the Preseli Hills in
Wales—were valued for their healing powers. Inscriptions in
Wales reveal that locals considered the stones magical. And
deformed skeletons recently dug up nearby may have been from
pilgrims seeking cures, Precisely dating the different building
stages of the monument is "wrapped inta a series of interesting
debates” about pottery, metallurgy, and spirituality in northwest
Europe, says Darvill. The project is part of a broader National
Geagraphic—sponsared effort covering nearby Neolithic sites.

The gravel-dredging company has stopped work
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Stone Axes From the Deep

An amateur Dutch archaealagist has discovered
28 Neandertal hand axes in debris scooped off
the Morth Sea floor and dumped at a Dutch

grawlyad, Old coastline

» Modern coastline &
England
#:!g‘fj'“ Metherlands

Belgium

France ™ |

The flint axes were under
30 meters of water 13 kilo-
meters off the east coast of England and buried
5 ta 10 meters below the sea floor. They were
found last December by Jan Meulmeester, a cook
at a retirement home who was paking through
gravel piles on his day off.

The axes match similar artifacts crafted by
Neandertals more than 100,000 years ago and
suggest that Neandertals hunted mammoths
and other creatures in a landscape long since
undenwater, says Hans Peeters, an archaeologist
for the National Service for Archacology,
Cultural Landscapes and Built Heritage in
Amersfoort. Until the end of the last Ice Age
about 10,000 years ago, Britain was connected
to the Eurapean mainland, and much of what is
now the North Sea was rolling plains.

“I've never seen such a large group like the
one found by Mr. Meulmeester,” says Peeters.

inthe area, and Dutch and English officiaks are
planning a survey ta look far further traces of
the sunken landscape.

Rakish Rodent

Birds da it. Primates do it. Now even rodents do
it—use toals, that is. Neuroscientist Atsushi Iriki
and collzagues at the RIKEN Brain Science
Institute near Tokyo reported online in PLoS
ONE last month that they had trained five
degus, rodents native to Chile, to use a small
rake to reach beneath a fence to retrieve a sun-

A BIRD FOR THE HOLY LAND

Palitics is poking its beak into a contest to choose Israel’s

| RANDONMCSANPLES

EDITED BY CONSTANCE HOLDEN

flower seed. Through daily training sessions over
2 months, the degus went from simply pulling
the rake forward to get the seed to sweeping the
toal with the ease of an ice hockey player cor-
ralling a loose puck.

Iriki says the scientists believe it is the first
time radents have learned to use tools in a lab
experiment. The experiments, which include
detailing the neurological changes invalved in
acquiring tool use, should help pinpoint areas
of the brain for closer study in primates. “The
mental function behind tool use is the basis far
many other abilities,” such as constructing
buildings or complex machines, Iriki says.

national bird, Set up by two ornithologists affiliated with the
Saciety for the Protection of Nature in Israel (SPNI} to cele-
brate the Jewish state’s 60th anniversary this year, it features a
flock of oft-seen birds. Army brass and soldiers like the lesser
kestrel, but peaceniks say that's too warlike.
Isracli Arabs favor the yellow-tufted sunbird
because of its alternative name, the
Palestine sunbird; Israeli nationalists oppase
it far the same reasan.

“Most people don't realize how important
Israel is for bird migration,” says ornithala-
gist Yossi Leshem of Tel Aviv University, who
hopes a million Israelis will vate. President
Shimaon Peres will announce the results on 29 May, and national stamps, coins, and telecards
with the new symbol are planned. Most of the birds an the ballot are migrants, of which same
500 million pass through the Holy Land each year. The nine finalists include the hoapae, the
owl, the spur-winged plover, and the griffin vulture, but no doves.

Palestine sunbird
(left), kestrels.
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Three Q's

As head of Quebec’s provincial medical
research council, neuroscientist Alain
Beaudet lamented the dearth of collabora-
tive programs between Canada’s federal
and provincial governments. On 1 July, he
mowves to the other side of the table as the
new president of the Canadian Institutes of
Health Research { CTHR). which administer
$733 million per year in research grants.

Q: Do you agree with your predecessor,
Alan Bernstein, that the CIHR budget
can’t keep up with the demands

created by Canada’s expanding
scientific infrastructure?

He was absolutely right. . .. Take the federal
government’s decision to increase the number
of fellowships. I think it's great. But what
organizations will give them out? How many
students are there that are worthy of receiving
fellowships? What are the needs? Putting our
resources and our expertise together to work
ina concerted fashion is very, very important.

Q: Do CIHR partnership programs need

to change?

When CIHR parters, [the agency’s attitude
has been) ... we organize everything and
you guys [the provincial partners] come in
and part with your money. ... [d like to see
provinces come up with a health problem
specific to that province and [then have]
CIHR help to tackle that problem

Q: The recent CIHR restructuring took
financial decision-making away from the
governing council and handed it to a com-
mittee made of directors of the agency's
13 institutes. In such a situation, is it pos-
sible for a president to effect change?

It’s clear that we have to bring the individual
institutes into the fray. They ve got boards
that are full of very bright people. Let’s use
these people more. ... [But] let me first get
acquainted with the beast and then ['ll tell
you how to tame it.

MOVERS

A STAR'S HOMECOMING. Japan's only Nobel
Prize—winning biologist is returning home after
46 years. Neuroscientist Susumu Tonegawa,
who was caught up in a hiring controversy at
the Massachusetts Institute of Technology (MIT)
2 years ago, will begin working part-time

next April at the RIKEN Brain Science Institute
outside Tokyo.

Tonegawa, 68, resigned his position as
director of MIT's Picower Institute for Leaming
and Memory in late 2006 aiter an MIT panel
found serious flaws in MIT's neuroscience effort.
Some MIT colleagues had accused Tonegawa of
blocking the appointment of a promising young
researcher to another neuroscience institute on
campus because she
was awoman. The
report was critical of
his role in the matter,
but no disciplinary
action was taken.

Tonegawa did not
return phone calls,
but news reports said
that as director of the
institute, he hopes to
entice non-Japanese to Japan to help lead brain
research projects. MIT officials said he would
nevertheless continue to retain his professor-
ship and lab at MIT.

REACHING OUT. The California Academy of
Sciences in San Francisco has hired David

Awards >>

FOR AFRICA. Brian Greenwood, a professor of tropical
medicine, and Miriam Were, a public health expert, will
share an inaugural 51 million award frem the Japanese
government for their efforts to fight diseases in Africa.

Greenwood, a faculty member at the London School of
Hygiene and Tropical Medicine in the U.K., took up malaria
research after recognizing the devastating effects of the
disease, particularly on children. He has studied the
disease’s genetic factors and its clinical effects.

Were, born in Kenya and trained at Johns Hopkins

University in Baltimore, Maryland, has been an
educator and administrator working on public
hygiene and AIDS threugh community health
systems. She is now chair of Kenya's National
AIDS Control Council and the African Medical
and Research Foundation.

The prize honors Hideyo Noguchi, who died
of yellow fever 80 years ago in Alfrica while
seeking a vaccine for the disease. It will be
awarded every 5 years.

L NEWSMAKERS

EDITED BY YUDHIJIT BHATTACHAR]JEE

Mindell to revitalize its 56 million research pro-
gram. Mindell, an evolutionary biclogist at the
University of Michigan,
Ann Arbor, will take up
a newly created post as
dean of science and
research collections

at the 155-year-old
academy, which this
fall moves into a new
eco-friendly building
in Golden Gate Park.
"0Our hope is to
become one of the pre-
eminent research museums in the world,” says
Mindell, who starts the new job in July. He
wants to expand research in comparative
genomics, strengthen ties with local university
researchers, and do more public outreach—
espedcially about evolution.

THEY SAID IT

“In fact, some manuscripts include no plain
explanation of why the work is of interest.
Author respanses to negative referee reports
sometimes contain narratives reminiscent of
short stories (perhaps by Kafka, with particular
emphasis on description of conflict).”

—~Reinhardt Schuhmann, managing editar of
Physical Review Letters, in a 13 March editorial
urging authors to write more clearly.
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ENVIRONMENTAL REGULATION

New Rules on Saving Wetlands
Push the Limits of the Science

In one of the most significant wetlands regu-
lations in 2 decades, the U.S. Army Corps of
Engineers has spelled out what developers
must do to mitigate damage from their con-
struction projects. The new regulations are
meant to make mitigation efforts more
accountable, successful, and scientific. But
some researchers and environmentalists
believe that the rule isn’t strict enough, and
that too little is known about how to restore
some of these fragile ecosystems, for the
rule to work as intended.

In 1989, President George H. W. Bush
announced a policy of no net loss of wet-
lands. Mitigation was a major tool to achieve
the goal. It works like this: Any construction
project that will harm a wetland or stream,
say a shopping mall or highway, requires a
permit from the corps. The agency issues
some 80,000 permits a year, and each one
requires developers to minimize the impact
on wetlands and mitigate any unavoidable
damage. Developers and public agencies
spend nearly $3 billion a year on mitigation,
much of it in or around wetlands they built
on. In the past decade, more developers have
started buying credits from “mitigation

Highs and lows
I ETES

banks” set up to restore and create wetlands.

But the process didnt work well. Many
projects have been flops, and the corps has
failed to exert sufficient oversight, accord-
ing to reports by the U.S. National Academy
of Sciences’ National Research Council
(Science, 6 July 2001, p. 25) and other
groups. Congress asked the agency to issuea
new rule. The corps itself wasn’t satisfied,
says Mark Sudol, its chief regulator: “We
knew we had to fix something

The rule, to be published 10 April in the
Federal Register, is designed to improve
the track record of mitigation by recom-
mending the use of a watershed approach
and by requiring enforceable, ecologically-
based performance standards. It extends
mitigation policies to streams, a controver-
sial idea given the nascent state of stream
restoration science. The rule also standard-
izes requirements for all types of mitigation
and strengthens long-term protection of
sites. “They have moved forward signifi-
cantly on some of the administrative issues
that have dogged mitigation,” says Julie
Sibbing of the National Wildlife Federation
in Reston, Virginia.

Racetrack
memories

Up to snuff? Wetland mitigation projects will be
required to meet standards drawn from research
such as this at a restoration project in Indiana.

‘With a watershed approach, the corps
would consult a detailed inventory of streams
and wetlands, threats, and priorities for
restoration before deciding whether a pro-
posed mitigation project is adequate. But
such watershed plans are costly, and only a
fesv states have created them. In many places,
scientists just don’t know enough about the
exact functions of particular wetlands and
how to prioritize their restoration. Sudol says
that his agency is weighing how regulators
can make progress using the data at hand, for
example, by trying to get mitigation projects
located near parks or wildlife corridors.

To improve the success rate of mitigation
projects, the rule—issued jointly with the
Environmental Protection Agency (EPA)—
requires developers and mitigation bankers
to meet ecological performance standards.
For example, a riparian wetland might need
to encounter enough floods per year to
remain healthy. Although wetland ecology
varies enormously around the country, the
standards must be based on the “best avail-
able science that can be measured or
assessed in a practicable manner.” In addi-
tion, the corps will now require backup plans
in case a mitigation project fails. A devel-
oper or mitigation banker “can’t just walk
away,” Sudol says.

But many researchers are alarmed that
the rule enters uncharted territory with
provisions on stream mitigation. The
government was concerned that damage
to streams was not being adequately
addressed, says Palmer Hough, EPAs lead
scientist on the rule. The mitigation for
stream damage tended to be “in-lieu fees™
that went to state or nonprofit programs
designed to help wetlands elsewhere,
some of which have been mismanaged in
the past. “We won't trade streams for wet-
lands,” says Sudol, who notes that the new
rule requires stream impacts to be offset
by stream mitigation.

Margaret Palmer, a stream ecologist at
the University of Maryland, College Park,
is troubled that the creation of new streams
is part of the definition of restoration.
Palmer emphasizes that there is no evi-
dence that an engineered stream can b
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Reducing crops’
thirst

replace the functions of a natural one. In
addition, she cautions that the science of
stream restoration is relatively immature.
Sudol acknowledges that but says prudent
experimentation will be valuable: “If we
don’t allow someone to try something to
see if it works, how will we move ahead?”
He notes that developers must carry out at
least 5 years of monitoring and submit
backup plans.

MEDICINE

Environmentalists worry that the rule,
which goes into effect in early June, gives
too much discretion to the corps’ 38 district
offices. “It’s couched in sci fic terms,
but almost all of that can be waived when
the district engineer feels it’s not practica-
ble,” says Joan Mulhern of Earthjusti
advocacy group in Washington, D.C
prefers to describe it as a balancing act.
“The corps wants to bring in science, but

Drug Bestows Radiation Resistance on

Radiation therapy is a mixed blessing for
cancer patients: It destroys tumor cells but
also inflicts harm on healthy tissues, partic-
ularly the spleen, bone marrow, and gas-
trointestinal tract. On page 226, researchers
led by Lyudmila Burdelya of the Roswell
Park Cancer Institute in Buffalo, New York,
report a promising new way to protect those
tissues, one they claim could help improve
outcomes of radiation therapy—and per-
haps even save lives in a nuclear catastro-
phe. The strategy may be tested in cancer
patients as early as this year.

Richard Kolesnick of the Memorial
Sloan-Kettering Cancer Center in New York
City calls the work “a breakthrough in an
issue that has challenged the scientific com-
munity.” [t's a fine example, he says, of
“how understanding mechanisms of tissue
damage can result in [the discovery of]
valuable pharmacologic agents”

Radiation induces damage in healthy tis-
sues not by directly killing cells but by
prompting them to commit suicide through
aprocess called apoptosis. Burdelya and her
colleagues wondered if they could rescue
radiation-blasted tissues by shutting down
this cell death program, which the body nor-
mally turns on in cells with damaged DNA
to keep them from multiplying.

Tumor cells persist in the body because
they are able to block apoptosis, by activat-
ing a transcription factor known as nuclear
factor-xB. “Many in the cancer field are
trying to inhibit NF-xB in tumor cells in
order to let them commit suicide,” says
Andrei Gudkov, a co-author and a molecular
geneticist at Roswell. “We thought, *“Why
not try to do the opposite in normal cells to
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help them survive radiation?”

Burdelya and her colleagues knew that
human gut and immune cells activate
NF-xB when flagella, bacteria’s whiplike
tails, tickle a cell surface protein called
Toll-like receptor 5. Drawing upon this
insight, they developed an NF-kB-activat-
ing drug, dubbed CBLB502, by modifying
a small fragment of a Salnenella lagella.
The team found that mice and rhesus mon-
keys injected with CBLB502 45 minutes to

Safeguarding cells. A drug based on a bacterial protein could
help radiation therapy treat tumars more safely.

we still need to make timely permit deci-
sions,” he says.

Patrick Parenteau of Vermont Law
School in South Royalton welcomes new
provisions for public notification and com-
ment. [naddition, monitoring results will be
available on the Web. At the very least, he
says, the new rules will make it easier to tell
whether mitigation is working and how to
improve it. —ERIK STOKSTAD

Mice and Monkeys

24 hours before exposure to lethal radia-
tion were more likely to survive, or swvive
longer, than animals that did not receive
the drug. The drug also helped prevent
death in mice when administered an hour
after the animals received a radiation dose.
There were no obvious side effects to the
drug. and in another experiment, the
researchers showed that radiation was still
effective in treating tumors in mice that
had received CBLB502.

Cleveland BioLabs, a Buffalo,
New York, company that owns the
drug, views CBLB502 as an adju-
vant to radiotherapy but also
hopes to sell it to governments as a
preventive medicine to be stock-
piled for a nuclear war, dirty
bomb, or nuclear accident. (Five
of the paper’s 12 authors are
employees of the company, and
three others, including Burdelya
and Gudkoy;, are paid consultants.)
Other research groups, some
fumded by the U.S. Department of
Homeland Security, are pursuing
different strategies for radiation-
protection drugs.

Burdelya’s approach may
have broad application, says
Preet Chaudhary, an oncologist
at the University of Pittsburgh
School of Medicine in Pennsyl-
vania. “It will be interesting to
test it in other conditions with
excess apoptosis, such as degen-
erative disorders and ischemia
reperfusion injury,” he says,

~YUDHIJIT BHATTACHAR] EE
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BIOMEDICAL COMMUNITY

HHMI's Cech Signs Off on His Biggest Experiment

When Thomas Cech, president of the
Howard Hughes Medical Institute (HHMI),
announced last week that he will step down in
2009 to return to research, some people were
taken by surprise. For one thing, the date—
1 April—seemed suspect. And why would a
superstar like Cech walk away from a dream
Jjob: running the largest private biomedical
research funder in the United

States? Cech’s answer is direct, in 20)
the style of a working scientist: At

of Hughes Aircraft for $5 billion in 1985
launched a biomedical research powerhouse.
Over 12 years, Choppin had built up FHFIMI's
lead program, providing generous support to
roughly 300 biomedical research investiga-
tors at host institutions. Unlike Choppin,
Cech was an active researcher when he took
over. He came with the agreement that he

HHMI Endowment
Fiscal years 1998-2008

Back to Boulder. Having launched Janelia Farm, a
center for neurabiolagy, HHMI Prasident Thomas Cech
will return to Colorado to pursue his own research,

60, he says he accomplished what he set out
to do at HHML “I"m ready te return to the
adventure of my own research and my own
teaching.” he told the staff. In an interview, he
added: “I'm a little surprised ['ve managed to
hang on here as long as [ have”

Cech’s 8 years at Hughes have been event-
ful. The endowment has grown by 60%, to
nearly $19 billion; Cech added new programs
in research and education; and he softened
HHMIS elite image to make 1t more “demo-
cratic,” observers say. He will leave behind a
boldbut unfinished experiment: M’ first
research campus, with the lofty goal of figur-
ing out how the brain is wired.

A 1989 Nobel Prize winner for work
showing that RNA can act as a catalyst, Cech
took the reins in 2000 from Purnell Choppin,
becoming the third HHIMI chief since the sale
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would spend a week each month running his
lab at the University of Colorado, Boulder. He
soon brought a casual style to HHMI head-
quarters in Chevy Chase, Maryland, showing
up in swealers at a place where suits and ties
had been the norm.

One of Cech’s first tasks was to plan a new
research campus together with HHMI vice
presidents Gerald Rubin and David Clayton.
Federal tax rules required that HHMI spend at
least 3.5% per year of its growing endow-
ment. Instead of expanding the investigator
program, the three HHMI leaders decided to
build Janelia Farm Research Campus, a
$500 million, glass-walled center nestled ina
hillside in Ashburn, Virginia, that opened in
2006 and will bring 25 interdisciplinary
teams together to study neural circuits and
imaging. The 15 group leaders and other staff
recruited so far are “outstanding,” says Bruce
Stillman, president of Cold Spring Harbor
Laboratory and a member of HHMI's medical
advisory board, but whether it will be a “home
run” will not be known for a decade (Science,
8 December 2006, p. 1530).

Janelia Farm’s creation was not trouble-
free: In the economic downturn after 2001,
the value of HHMI's endowment plum-
meted $3 billion in 2 years (see graph).
Cech decided to press ahead with construc-
tion and cover the shortfall partly by cutting
investigator grants 10% for 1 year. Some
HHMI investigators resented Janelia, says
Stillman. Since then, he says, most “came
around to be supportive,” and many are col-

laborating with the center.

Cech also expanded the reach of HHMI's
investigator program, adding about 30 slots
for physician scientists. It was a way to fund
translational research, an opportunity “we
didn’t want to ignore,” Cech says. In a more
fundamental change, he scrapped a process in
which about 200 research institutions each
nominated a few candidates for new investi-
gators, instead inviting individuals from these
institutions to apply directly. Although that
has meant “enormous numbers of applica-
tions™ for HHMI's Jatest competition, Cech
says, it has attracted people from new fields,
such as physical sciences. The change “was
tremendously good for everybody.” says
Stanford newobiologist Carla Shatz, another
member of HHMI's medical advisory board.
The full impact should become clear when the
results are announced in May.

“My passion,” according to Cech, has
been HHMI's educational programs, includ-
ing creating $1 million, 4-year awards for
talented biology professors. His influence in
education and other areas has reached
beyond HHMI, notes Harold Varmus, for-
mer director of the U.S. National Institutes
of Health (NIH) in Bethesda, Maryland, and
now president of Memorial Sloan-Kettering
Cancer Center in New York City. For exam-
ple, Cech pushed the public-access debate
forward by requiring that HHMI investi-
gators’ articles be free online within
6 months. He alse chaired a National
Research Council committee on young
investipators. Offering direct help, last
month, Cech launched a program to appoint
up to 70 early-career scientists as HHMI
investigators for 6 years.

Commanding the HHMI budget
($726 million last year), Cech says, is like
directing the biomedical research budget of
*“a whole country” Because HHMI's board of
trustees is relatively hands-off, “if we don’tdo
something great here, we have no one to
blame,” says Cech. Still, it became clear last
year when he turned down a chance to be
president of Harvard, which would have
required hin to give up his lab, that running a
big organization was not what he really
wanted to do. He realized he would prefer to
be “a musician” rather than “‘conductor of the
orchestra,” he says. In spring 2009, Cech
plans to retun to Boulder, where his 10-person
HHMI lab is studying telomerase. The HHMI
board is expected to form a search committee
in the next few weeks. ~JOCELYN KAISER

www.sciencemag.org
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PLANETARY GEOLOGY

An Early Big Hit to Mars May
Have Scarred the Planet for Life

Earth has its high-standing continents and
low-lying ocean basins, thanks to plate tecton-
ics. And Mars has its smooth northern low-
lands and its cratered highlands. But there’s
no credible sign that plate tectonics ever oper-
ated on Mars, so how did a third of the planet
come to be as much as 4 kilometers lower than
the rest? For the past quarter-century, a lead-
ing theory has held that a giant impact bat-
tered the young planet and excavated the
northern Jowlands, but that idea seemed to
have serious problems.

Now, two new studies purport to ease the
difficulties with a giant impact. In one study.
researchers reveal the true dimensions of the
huge “Borealis basin,” making it lock much
more like the crater of a impact. And a
second group has run simulations that sug-
gest how an impactor could have blasted out
an 8000-kilometer-wide crater without melt-
ing it into an unrecognizable puddle of
magma. “T think there’s much to recommend
[a giant impact] now with all this new work.”

Striptease. Removing the Tharsis valcanoes of Mars {reds and yellows, left

panel) from part of the narthern lowlands (light bl
an elliptical basin that looks like an impact crater.

says Sean Solomon, a planetary geophysicist
at the Carnegie Institution of Washington’s
Department of Terrestrial Magnetism in
Washmgton, D.C.

Last month, planetary geophysicist
Jeffrey Andrews-Hanna of the Massachu-
setts [nstitute of Technology in Cambridge
and colleagues presented their test of the
giant-impact hypothesis at the Lunar and
Planetary Science Conference (LPSC) in
Houston, Texas. [n 1984, planetary scientists
Donald Wilhelms, now retired from the

weewsciencemag.org  SCIENCE  VOL 320

right panel, top) uncavered

U.S. Geological Survey, and Steven Squyres
of Cornell University first proposed that a
huge impactor had blasted out the Borealis
basin. Fitting a circle to the “dichotomy
boundary” between the basin and the high-
lands, they suggested that the circle could
mark the outer edge of a huge crater. But the
fit was too rough to win many converts.

So Andrews-Hanna and his celleagues
looked for a better way to trace out the
dichotomy boundary. The great Tharsis vol-
canic complex had obscured much of the
boundary when it smothered one-quarter of
the planet with lava hundreds of millions of
yearsafter the lowlands formed. To “remove”
Tharsis, they drew on measurements of mar-
tian gravity and surface height from the past
decade of Mars orbiters. Subtle variations in
the pull of gravity—evidenced in variations
of a spacecraft’s orbit—reflect the added
mass of Tharsis lavas as well as the extent of
the deep, less-dense crustal rock buoying up
the highlands. The height of the surface con-
strains the volune of
added lavas.

By combining the
data in a model, the
researchers erased
Tharsis’s contribution
to the present surface
and traced the topo-
graphic edge of the
Borealis basin right
under Tharsis. Rather
than a circle, the best
shape for the basin
turns out to be a
10,650-kilometer-
long ellipse, they
reported at the LPSC
meeting. That’s a
familiar look for big
impact basins. The
2300-kilometer Hellas impact basin in the
southern highlands, for example, is also ellip-
tical and also underlain by a uniformly thin
crust. And there’s no particnlar reason,
Andrews-Hanna said, why the giant-impact
theory’s only serious rival—a peculiar sort of
churning deep within the planet—would pro-
duce an elliptical basin or the observed sharp
boundary between thin and thick crust.

The other long-standing objection to
impact excavation was the mere survival ofa
craterlike feature of any sort. Any object »

Biotech Lawyers, Rejoice
It's back to square one for would-be reformers
at the U.S. Patent and Trademark Cffice
(USPTO). Last week, a Virginia federal court
rejected rules the office propased last year that
would have limited the number of so-called
cantinuations that can extend the normal
17-year life of a patent claim with amend-
ments and appeals. Up to one-third of
U.5. patent filings in recent years have been
continuations (Science, 28 July 2006, p. 425),
and USPTC said the proposed limits would
have cut their workload. Other critics say con-
tinuations give some patent holders an unfair
advantage. But the Biotechnology Industry
Organization said the changes would have
inhibited the “financing necessary to bring
innovative ... life-saving products to market.”
Industry sued last year to black the change; a
federal judge sided with them, saying the rules
exceeded "USPTO's rulemaking authority.”
~ELIOT MARSHALL

The Big Apple Does Science

New York City will display its scientific chops
next manth when a coterie of scientists, media
stars, foundations, and university presidents
present the World Science Festival. The 5-day
event will include a play about oxygen, a
dance performance inspired by string theary,
a neuroscience lecture paired with a musical
meditation an consciousness, and a World Sci-
ence Summit modeled on the annual Davos
canfab. Running from 28 May through 1 June,
the extravaganza is the brainchild of Colum-
bia University physicist Brian Greene and his
partner, Tracy Day, a television producer, who
hape “to sustain a general public informed by
the content of science.”  -ANDREW LAWLER

Buffaloed

An effort to prevent the spread of brucellosis
from bison in Yellowstone National Park to
nearby cattle is poarly managed, says the
LS. Government Accountability Office (GAQ).
Although there are no documented cases of
transmission, federal and Montana state agen-
cies are 5 years behind schedule in vaccinating
bison and securing a conservation easement
around the park. The plan currently sanctions
the slaughter of thousands of bisan that leave
Yellowstone, as lang as the herd doesn’t drop
belaw 3000, Warried by the extensive culling,
members of the House Committee on Natural
Resources requested the GAO investigation.
The resulting report calls for concrete objec-
tives and greater accountability in the plan,
which began in 2000. -ELSA YOUNGSTEADT
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hundreds of kilometers across that hit Mars
at tens of thousands of kilometers per hour,
the thinking went, would heat the planet so
dramatically that any crater would disappear
in a sea of globe-girdling melted rock. Now
that computer models are up to the task of
simulating giant impacts in detail, that think-
ing is changing.

As most recently reported at last Decem-
bers American Geophysical Union meeting,
planetary scientist Margarita Marinova of the

APPLIED PHYSICS

California Institute of Technology in

“Now you can’t dismiss the possibility.”

Pasadena and colleagues have si
range of giant impacts on Mars, all prod.ucmg
R000-kilometer craters. They found that the
melt from vertical impacts does in fact obliter-
ate the crater but that faster, low-angle impacts
do not. Simulated glancing blows at angles
below 30° produce less melt overall and
splash much of it into space. The giant-impact
mechanism “was always thought dynamically
impossible.” said Andrews-Hanna at LPSC.

The two studi e convincing researchers
that “the giant impact lives (after all)!” as
planetary peophysicist Roger Phillips of
Southwest Research [nstitute n Boulder, Col-
orado, playfully writes in an e-mail. Few are
entirely won over yet, but a giant impact
worked out as the origin of Earth’s moon. Per-
haps it will also serve to explain the deepest
mystery of martian geology.

~RICHARD A. KERR

At Mixed Odds, Racetrack Memory Charges From Gate

For more than a decade, physicists and engi-
neers have been trying to replace the elec-
tronic memories that computers, cell phones,
and other devices rely on. Now, on page 209,
Stuart Parkin, a physicist at [BM’s
Almaden Research Center in San
JTose, California, and colleagues
demonstrate a memory that
pushes magnetic bits around tiny
nanoscale “racetracks.” Racetrack
memory might someday replace
the electronic memory that can
store thousands of songs and pic-
tures in an iPod, Parkin says. But
skeptics doubt it can live up to its
advance billing.

It's a controversial effort that’s
even been funded with controver-
sial money. Racetrack memory
started creating a media buzz about
a year ago, but many researchers
doubt it will ever emerge as a com-
mercially viable technology. “A Tot of us don’t
think that this is going to reach the finish line,”
says Robert Buhrman, an applied physicist at
Cornell University. Others have faith in Parkin,
whose previous work led to huge leaps in com-
puter hard-drive technology. “He’s the right
person to take on such a challenge,” says
Gernot Giintherodt, a physicist at RWTH
Aachen University in Germany.

Memory comes in several types. A hard
drive stores information In tiny magnetic bits
that can be magnetized in one direction or
another with a magnetic field to store the 1s
and Os of bmary code. It’s capacious but slow.
The electronic “random access memory™
(RAM) that commects directly to a computers
processor encodes information in electric
charges stored on tiny capacitors or in voltages
in networks of transistors. RAM is fast, but it
forgets everything when powered down. The
flash memory in digital cameras and other
small devices works a bit like RAM but
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invelves capacitors that can be semiperma-
nently polarized to hold information without
power. Flash bits eventually wear out, how-
ever. Andall electronic technologies may soon

Magnetic field

Nanowire

Input wire

Output wire

Driven. Bits consist af magnetized “domains” pushed alang by flowing electrons
{purple). Researchers read them by measuring the wire's resistance, which is
atfected by the “walls” between oppositely magnetized domains

reach their limits as engineers strive to cram
ever more bits onto a chip.

Racetrack memory stores bits of informa-
tion on metal nanowires, in minuscule
“domains” that can be magnetized to point
either way along the wire. But unlike the sta-
tionary bits in a hard drive, the bits in racetrack.
memory move. To write a bit, electrons flow-
ing through an input wire create a magnetic
field (see figure). If the bit has a different
value from the preceding one—one is a 0 and
the other is a I-—then a domain wall will exist
between them. Some of the electrons also flow
down the nanowire, and in theory they should
push the domain walls, and hence the bits,
down the wire.

That’s just what Parkin and colleagues
showed. The team made a three-bit “shiftreg-
ister” that could reliably pass a sequence of’
bits from input to output. That’s the basic
function that the memery element has to per-
form, and there’s no question that it works,

says Jian-Gang “Jimmy™ Zhu, an electrical
engineer at Carnegie Mellon University in
Pittsburgh, Pennsylvania. “It does prove the
basic concept,” Zhu says.

“It’s demonstrating, in my
mind, a paradigm shift in building
magnetic memories,” Parkin says.
He envisions laying down scads of
racetracks to make a new type of
RAM. That memory could be
faster. cheaper, and more robust
than flash, he says. And if the little
racetracks could be manufactured
on end as towers, the memory
could be dense enough to replace
hard drives, Parkin says.

Others say that such visions
may be hard to achieve. Moving
the domain walls takes a lot of
juice—200 million amps per
square centimeter—Buhrman
notes. “That’s a huge current den-
sity.” he says. Zhu says that to make the mem-
ory competitive, researchers will have to
stand the nanowires on end. Nobody knows
how to do that, he says.

Some people also question the way the
research was funded. The money came in part
from a federal earmark directed toward the
Center for Nanoscale Science and Engineer-
ing at the University of California, Riverside.
The center gave IBM $5.1 million for the work
from 2004 to 2006, according to figures pro-
vided by Robert Haddon, a chemist at River-
side and director of the center. Parkin says the
money amounted to only 20% or 30% of the
total investment and that he didn’t seek the
funding: “They came to me.”

In spite of the questions surrounding it,
Zhu says he likes the racetrack memory con-
cept. “Tt’s very different, very bold” he says.
Time will tell whether it leads to a revolution-
ary new technology or fades from memory.

~ADRIAN CHO

www.sciencemag.org
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PARKINSON'S DISEASE

Signs of Disease in Fetal Transplants

In the 1990s, an experimental treatment for
Parkinson’s disease raised hopes that the dev-
astating movement disorder might be on the
verge of ylelding to modern medicine. Doc-
tors reported that by extracting depamine-
producing neurons from aborted fetuses and
injecting them into the brain to replace neu-
rons destroyed by the disease, they were able
to restore some patients’ mobility. But
despite its early promise, the procedure has
had a contentious history. From the start,
abortion foes objected to using fetal tissue,
and two high-profile clinical trials later
found that the surgery offered little to no ben-
efitand appeared to cause inveluntary move-
ments in some patients.

New studies add another wrinkle to this
complex story, revealing that implants can
survive a decade or more but in some cases
appear to acquire signs of Parkinson’s dis-
ease—a surprising finding that could shed
light on the disease’s mechanisms.

Three independent research groups report
online this week in Nafure Medicine findings
from postmortem examinations of a total of
six brains from Parkinson’s patients who
received the fetal transplant surgery between
9 and 16 years earlier. They are the first post-
mortem studies done this long after the sur-
gery. All three studies found that many trans-
planted cells—identified by their pigmenta-
tion and staining for an enzyme involved in
dopamine production—were apparently
alive and well-integrated in the patients’
brains. But two of the teams—one led by
neuroscientist Jeffrey Kordower at Rush Uni-
versity Medical Center in Chicago, [llinois,
the other by Patrik Brundin at the Wallenberg
Neuroscience Center in Lund, Sweden—
found that a small proportion of the surviving
cells showed a hallmark of Parkinson’s
pathology: clumps of protein containing

o-synuclein and ubiquitin. The third team, led
by Ole [sacson at Harvard University, saw no
signs of Parkinson’s pathology in the trans-
planted cells in the brains they examined.

“I think it’s extremely intriguing,” says
Stanley Fahn, a neurologist at Columbia Uni-
wversity. The Brundin and Kordower groups”
findings suggest that the disease can spread
from the host brain to much younger neurons
with different genetics, Fahn says. “We know
that age is the most important risk factor for
Parkinson’s disease, but here these neurons
are only 14 years old,” he says. “It opens up
the possibility of some new pathogenic
mechanism we hadn’t thought of before ™

The reason for the discrepancy with
Isacson’s group’s findings isn’t clear, Fahn
and others say. Differences in surgical tech-
niques or differences in the patients’
immune reactions to the transplanted fetal
cells might be important factors, says
D. Eugene Redmond, a veteran Parkinson’s
researcher at Yale University.

Researchers are divided about what bear-
ng, if any, the findings have on expectations
for future cell-transplant therapies, including
possible stem cell treatments. *“Personally, T
think it’s encouraging.” says Redmond, who
points out that all three studies documented
long-term survival of transplanted neurons.
“If you could provide a benefit, ... even if it
only lasts 10 or 12 years, [ think most people
would see that as a great improvement.”

Fetal transplant surgery is rarely done
now, but some researchers, including
Brundin and Isacson, still think the method
holds promise and can be improved. A con-
sortium of North American and European
researchers is planning a clinical trial to see if’
the surgery offers consistent benefits and to
help pave the way for stem cell transplants,
should they become available. ~GREG MILLER
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Sign of trouble? Clumps of - synuclein fbrown) inside transplanted fetal neurans suggest that Parkinson’s

disease can spread from the host brain into younger cells with different genetics,
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Tall It Out

Sixty U.S. research universities want the next
Administration to create an ongoing plat-
form to discuss the needs of academic
researchers, And the current science adviser
thinks it's a good idea.

Awhite paper (www.aau.edufreparts/
SAAS_08.pdf) from the Assaciation of Ameri-
can Universities (AAU} calls for a committee
camprised of tap federal science officials and
university presidents that would study prab-
lems with the current “partnership” and sug-
gest changes. “There’s no mechanism for a
continuing dialogue on issues that cut acrass
agencies,” explains AAU's Tobin Smith, citing
differing rules on grants management as well
as broader policies relating 1o requlatary
requirements and funding.

The panel would be a new breed of advisary
cat: Existing oversight bodies are made up of
either outsiders, such as the President’s Council
of Advisars an Science and Technalogy, or
insiders, like the Natianal Science and Technal-
ogy Council. But presidential science adviser
John Marburger says that “the issues raised in
the AAU report are important ones” and that
“the tasks AAU is suggesting would be possible
in such a committee,” =]EFFREY MERVIS

Stern Swan Song

U.S. lawmakers pledged last week to fight far
mare money for NASA's beleaguered science
program, even as outgoing MASA scence chief
S. Alan Stern (Science, 4 April, p. 31) wamed in
a farewell letter about the rising costs of indi-
vidual projects. Senator Barbara Mikulski
(D-#1D}, who chairs the panel responsible for
WASA funding, told NASA Administrator Michael
Griffin that she would push again this year to
win §1 billion more for the agency in 2009, in
part to take the pressure off the science budget
Asimilar effort died in conference last year.

On the same day, a parade of witnesses
told the House Science and Technalogy Com-
mittee that NASA must keep the fiscal lid on
its launcher to replace the space shuttle. It's a
$3.5 billion item in the 2009 budget that
many fear will drain money from science,
Meanwhile, Stern said in his letter that he
resigned “only after several months of hard
thought and reflection about the conse-
quences of spiraling mission costs that [the
Science Missian Directarate] could not can-
trol.” The issue, he added, “became an impor-
tant matter of principle that trumped even my
boss,” referring to Griffin. Asked what he will
do now, Stern told Science, “Find a job.”

~ANDREW LAWLER
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Tackling Alcoholism With Drugs

New treatments, some now in clinical trials, reflect a growing
awareness that people with different genetic profiles and drinking
histories may need ditferent therapies

Jennifer started drinking more heavily in her
early 30s, about the time her marriage started
going sour: She split up with her husband and
moved with her daughter from California to
live with her mother in the Washinpton, D.C.,
suburbs. Sometimes while her daughter was
at school, Jennifer would polish offa 1.5-liter
Dbottle of wine and then another at night. She
blacked out from drinking about once a week,

ys, and twice ended up in the emer-
gency room in the throes of alcohol with-
drawal. Her life was spinning out of control.
Last year, at age 36, she found herselfina
hospital at the National Institutes of Health in
Bethesda, Maryland, where she had volun-
teered for a study on a potential drug treat-
ment for alcoholism. She got a physical
exam, filled out a series of ques- =
tionnaires, and endured a test in
which a researcher pave hera
small glass of vodka and
asked her to hold and
sniff it—no drinking

11 APRIL

allowed. “My hands got sweaty, and [ started
to salivate,” she says. “I imagined myself
being on the deck on a warm day having

with fiiends.
For the next 4 weeks, Jennifer would stay
in the hospital, taking a pill once a day—
either a placebo or a drug that dampens stress
responses in the brain. The study, led by
Markus Heilig, director of clinical research at
the Naticnal Institute on Alcohol Abuse and
Alcoholism (NIAAA), was designed to testa
drug Heilig hopes will help people he
describes as “anxious alcoholics” Instead of
drinking for the rewarding buzz, anxious
alcoholics drink for relief—from either the
mental stress of life events or the physiologi-
cal stress caused by abstaining from alcohol
when the body has come to
£ depend on it, Heilig says.
His study is one of
several recent efforts
that are raising
hopes of new and
improved treat-
ments for alco-
holism that work
by restoring bal-
ance to various
biochemical
pathways in the

brain that are thrown off kilter by extended
heavy drinking. Much of the work also
reflects a growing realization that there may
be different types of alcoholism and that
people with different genetic profiles and
drinking histories may respond better to dif-
ferent types of drugs.

“It’s a fascinating time in our field” says
Selena Bartlett, who directs the Preclinical
Development Group at the Ernest Gallo
Clinic and Research Center at the University

San Francisco. “It feels like

of California,

a change for new thera-

pies for alcoholism

Why drugs?

Alcohol dependence afflicts 4% of the adult
population and is the third leading cause of
preventable death in the United States,
according to NIAAA. Yet only 10% to 15% of
those affected get treatment, mostly in group
counseling or support sessions, says Mark
Willenbring, NIAAA's director of treatment
and recovery research. There’s a lingering
perception in the general public and among
some primary care physicians that alcoholism
is a problem best remedied with willpower,
not medicine. Willenbring disagrees. *“Thats
like saying “Why do we treat diabetes with
insulin? Why don’t we just have people ...
learn to eat right and exercise?” ” Behavioral
interventions help many people, Willenbring
and other clinicians say, but they often work
better when combined with drugs that help

loosen the grip of addiction
Three drugs are currently approved for
treating alcoholism in the United States. The
oldest, disulfiram (better known as Antabuse),
has fallen out of favor with many doctors. [t
makes people violently ill if they drink, provid-
ing a powerful disincentive but one that can
easily be skirted by anyone with enough
foresight to stop taking it before a binge.
Naltrexone, approved in 1994, is more
widely used. The ultimate buzz Killer, it
blocks opioid receptors in the brain to
prevent the euphoric effects of alcohol.
The third drug, acamprosate, approved
in 2004, blocks receptors for the neu-
rotransmitter glutamate and is
thought to quell hyperactive gluta-
mate sipnaling caused by aleohol
dependence. Acamprosate has
shown modest benefits in Europe, where
clinicians have used it to treat alcoholism

CREDIT SCOTTGIBSON
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DRUG (TRADE NAME)

Disulfiram (Antabuse)* PLIVA

Maltrexone (Depade, ReVia,
Vivitrol)*

Acamprosate (Campral)* Merck Santé

Topiramate (Topamax) Qrtho-McNeil
Neurologics

Ondansetron (Zofran) GlaxoSmithKline

Baclofen (Baclofen)

Pfizer

Varenicline (Chantix)

LY686017
* Approved in U.S. for treating alcohalism.

for nearly 20 years, but it did no better than a
placebo ina large U.S. trial published in 2006 in
the Jowrnal of the American Medical Associa-
fion (JAMA). It's a mixed bag, says Stephanie
O"Malley, an alcoholism researcher at Yale
University. “We have effective treatments, but
they don’t help everyone.” she says. “There’s
lots of room for improvement.”

In the case of naltrexone, genetics may
offer a clue to why some alcoholics respond
better than others, says Charles O'Brien, a cli-

ManuFACTURER

Several companies

Several companies

Mechanism

Interferes with alcohol metabolism
Blocks opioid receptors
Inhibits glutamate signaling

Inhibits glutamate signaling,
enhances GABA signaling

Blocks SHT serotonin receptors
Stimulates GABAB receptors

Weakly activates nicotinic
acetylcholine receptors
Blocks NK1 receptors for
substance P

Meet the candidates

Other drugs that are generating a buzz among
alcoholism researchers take aim at a wide
variety of molecular targets {see table). One of
the more promising contenders is topiramate,
an anticonvulsant currently approved for treat-
ing epilepsy and migraines. In two double-
blind randomized controlled trials, one pub-
lished in 2003 in The Lancet and a larger
follow-up published last October in JAMA,
researchers led by psychiatrist and psy-

nician and psychoph i at the Uni-
versity of Pennsylvania who pioneered the
drugs use for treating aleoholism. O'Brien's
team reported in 2003 that alcoholics with a
particular variant of the p-opioid receptor gene
respond better to naltrexone treatment. An
independent study, reported in the February
Archives of General Psychiatry, confirmed
this finding in a larger sample of 911 alco-
holics, In that study, 87% of patients with the
variant either abstained from aleohol or tippled
only moderately during the 16-week study
period. Among patients without the variant,
only 55% had a similar outcome, regardless of
whether they got naltrexone or a placebo.

“This is 2 milestone in pharmacogenet-
ics,” says Rainer Spanagel, a psychopharma-
cologist at the Central Institute of Mental
Health in Mannheim, Germany. For all the
talk about using patients’ genetics to select
the best drugs, there are only a handful of suc-
cess storles so far inall of medicine, Spanagel
says. Some researchers offer more tempered
enthusiasm, however, pointing out that one
smaller study failed to find a connection
between the opioid receptor gene variant and
response to naltrexone.

logist Bankole Johnson of the
University of Virginia, Charlottesville,
reported that alcoholics who took topiramate
daily had fewer heavy drinking days and more
abstinent ones. In the JAMA

Nores

Makes patients violently ill when alcohol is
consumed.

Curtails euphoria; monthly injection
approved in U.S. in 2006.

Thought to reduce withdrawal symptoms;
efficacy differs in European and U.S. trials.
Approved for epilepsy and migraine;
encouraging results in two trials for alcoholism.
Approved for treating nausea; reduced
drinking in early-onset alcoholics in two studies,
Approved for treating spasticity; reduced
drinking in several small trials for alcohelism.
Approved for smoking cessation; human tests
for alcoholism now beginning.

Reduced stress and alcohol craving in
preliminary test with hospitalized alcoholics.

first tests in human subjects. In a 2007 paper
inthe Proceedings of the National Acadeny of
Sciences, Bartlett and her Gallo Center col-
leagues reported that a drug called varenicline
substantially reduces drinking in alcohol-
dependent rats. Varenicline, which is sold as a
smoking-cessation aid, weakly stimulates
receptors for the neurotransmitter acetyl-
choline but at the same time keeps them from
getting overexcited by an influx of nicotine or,
perhaps, alcohol. As with topiramate, the
mechanism is murky, but Bartlett and others
speculate that varenicline’s moderating influ-
ence on acetylcholine receptors may exert an
overall calming influence on the brain’s

reward circuitry, preventing

study, the trend toward sobri-
ety seemed to be growing
even stronger at the end of the
14-week trial in the topira-
mate group—a very encour-
aging sign, says NIAAA's
Willenbring. “The level of
effectiveness seemed to be at
least as good as naltrexone
and maybe better.”

“It feels like we're
heading for a sea
change for new
therapies for
alcoholism.”

~—SELENA BARTLETT,
UNIVERSITY OF
CALIFORNIA,

huge highs without revoking
the ability to feel pleasure. “It
may stabilize those systems ina
way that makes the patients
happy enough to stay on the
drugs,” says Heilig, who sus-
pects that the pleasure-blocking
effects of naltrexone may
explain why many patients
who take it don’t stick with

Topiramate alters the activ-
ity of glutamate, GABA, and
other neurotransmitters, but exactly how it
dampens the desire to drink isn’t known. Ani-
mal studies have suggested that the drug
reduces the release of dopamine from neurons
in the brain’s reward circuitry, and Johnson
hypothesizes that it may work by inhibiting
the rewarding surge of dopamine an alcoholic
gets from knocking back a drink.

Another drug suspected to dampen hyper-
active reward mechanisms is just entering its

SAN FRANCISCO

their drug regimen. Heilig is
collaborating with Bartlett on
human studies with varenicline that are about
to begin at NIAAA. O'Malley’s group has
already started similar work at Yale.

Stress effects

At the same time, Heilig suspects that the
rewarding aspects of drinking are only part of
the story. Epidemniological and clinical studies
have identified two basic types ofalcoholics, he
says. So-called reward drinkers are the ones
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who pet a big rush from drinking, *Tf you think
back to high school, ... in every class theres
two guys who when they got alcohol, they got
wild and got up on the table and started doing
crazy things.” Heilig says. They are the ones
who tend to have a family history of alcoholism
and get into trouble with aleohol in their teens
or early 20s. They re also the ones who respond
best to naltrexone, Heilig says. The second
type, the anxious alcoholics, often start out as
moderate drinkers and get into trouble in their
30s or40s. They drink mainly to relieve axiety
and stress, and they tend to respond poorly to
naltrexone, Heilig says.

More than a decade of rodent studies,
many of them conducted in the laboratory of
George Koob, a neurobiologist at
The Scripps Research Institute in
San Diego, California, have pro-
vided the rationale for treating
anxious alcoholics with drugs that
target stress mechanisms, (Heilig
was a postdoctoral fellow with
Koob before moving to NIAAA.)
Koob and others have found
hyperactive stress signaling in the
brains of alcohol-dependent
rodents, including increased sen-
sitivity to corticotropin-releasing
factor {CRF), a hormone that
kicks off a cascade of stress
responses. Drugs that block CRF
curtail excessive drinking in
alcohol-dependent rodents and
reduce the likelihood that a stress-
ful event—such as an electric
shock—will cause a recovering
rodent alecholic to relapse,
researchers have found.

Human studies have also
hinted at a link between stress
mechanisms and aleoholism.
In 2006, German researchers
reported in Molecular Psychiatry
that binge drinking is more common in people
with certain variations of the gene that encodes
the receptor for CRF. Adolescents who possess
a particular one of these gene variants are more
likely to engage in heavy drinking after a
stressful life event, the same research team
reported in Biological Psychiatry in January.

Based on the growing body of animal and
human research, Koob, Heilig, and like-
minded researchers suspect that drugs that
block the CRF receptor would be extremely
promising for treating alcoholism. Unfortu-
nately, no such drugs are currently approved
for human use. “Drugsare in development, ...
but that's still several years away,” Heilig says.

In the meantime, Heilig's recent study with
anxious alcoholics investipated a drug that

blocks a different stress pathway. [t blocks a
receptor for substance P, a neurotransmitter
involved in signaling pain and stress. (The
drug, dubbed TY 686017 by its creator, ELi Lilly
and Co., had proved safe in clinical trials for
depression but not effective enough to merit
further development, Heilig says.) Heilig and
co-workers recruited 50 recovering alcoholics,
inchiding Jennifer, all of whom scored high on
questionnaires that measure anxiety.

During the monthlong study, the
researchers took blood samples to monitor
stress-hormone levels in the volunteers and
queried them about their alcohol cravings.
Near the end of the study, they subjected them
toamock interview intended to evoke the type

Downward spiral. In the 1962 movie Days of Wine and Roses, Lea
Remick plays an alcohalic who gradually became addicted. New
therapies may affer better results in such cases.

of social stress that can drive a recovering alco-
holic back to the bottle. Volunteers were told to
imagine that they were applying for their
dream job and had 5 minutes to convince the
hiring committee—three stone-faced research
assistants in white coats—that they were the
right person for the job. Then they were asked
to perform a daunting test of mental arith-
metic. This ordeal caused a smaller outpouring
of stress hormones and evoked milder cravings
for alcohol in the patients who'd been on a
daily dose of LY 686017, Heilig and colleagues
reported online 14 February in Science.

The researchers also conducted a brain-
scanning experiment with the volunteers.
Recent research in press at the Jowrnal of
Studies on Aleohol and Drugs suggests that

alcoholics exhibit exaggerated responses in
certain brain regions when they look at
unpleasant images (such as photos of car
crashes) and exhibit diminished responses to
positive images (photos of children or ani-
mals, for example). This was also true of the
subjects who received the placebo in Heiligs
experiment, but the ones who received the
drug showed the opposite effect. Taken as a
whole, the study provides preliminary evi-
dence that LY686017 suppresses the stress
and negative emotions that drive anxious alco-
holics to drink, Heilig says.

‘When the study was over, Jennifer was told
that she’d been among those who received the
drug. She says she'd noticed a difference inher
reaction when she took the vodka-sniffing
test again at the end of the study. “This time, [
wasn't romanticizing it ... [and] picturing
good times,” she says. “Ttdidn’t make me want
to go find some ice cubes and cranberry juice
like the first time did>*

Other researchers agree that the work looks
promising but caution that LY 686017 has not
et been shown to reduce drinking in anybody
with a drinking problem—all of the subjects
were hospitalized and on enforced abstinence.
“It reportedly reduced alcohol craving, which
may be very important, but you've just got to
test it in an outpatient clinical trial to see
whether it actually reduces drinking.” says
O’Brien. That's the next step, Heilig says: “Two
companies are taking this to full-scale clinical
trials. After that, well have some answers”

Even if those trials go well, questions will
still remain—as they do for all of the drugs in
development—about how long patients would
need to be medicated. There are simply not
enough data at this point to know whether a
recovering aleoholic would have to take med-
ication indefinitely or whether a shorter drug
regimen would lead to the desired outcome.
Even the desired outcome is somewhat con-
troversial. Although some studies have found
that a small minority of former aleoholics are
able to drink moderately without relapsing,
many experts argue that abstinence is always
the safest bet.

Despite such uncertainties, veteran alco-
Tholism researchers are convinced that there
are brighter days ahead. Willenbring predicts
that in the next 5 to 10 years the field will have
its “Prozac moment”: “[ think were going to
have a medication that’s perceived as effec-
tive, that 3 well-marketed by a pharmaceutical
company, and that people receive in a
primary-care setting or general-psychiatry
setting.” If so, the abysmally low proportion of
people who get effective treatment for alco-
holism may finally begin to rise.

—GREG MILLER
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Drying out. Australian farmers know all too well the
devastating effects of drought, which has greatly
reduced harvests.

PLANT GENETICS

The Blue Revelution, Drop

By Drop, Gene by Gene

Researchers probe the secrets of how plants cope with water

stress to improve crop yields

Eight years ago, then-U.N. Secretary-General
Kofi Annan called for a “Blue Revolution” in
agriculture. With Earth’s water resources
under strain, population growth booming, and
desertification increasing, the need to wring
more crops out of dry land is becoming
urgent, Annan said in his April 2000 Millen-
nium Address.

It was a call to arms for plant genomicists.
But they are fighting a battle on many fronts.
“Drought stress s as complicated and diffi-
cult to plant biology as cancer is to mam-
malian biology.” says Jian-Kang Zhu, a
molecular geneticist at the University of Cali-
fornia, Riverside. Plants have evolved com-
plex mechanisms to deal with water short-
ages, which vary in timing and severity from
place to place, season o season.

Researchers armed with the latest
sequencing and gene-expression technolo-
gies are making progress in rounding up the
genes thatcan help plants standup
to dry conditions, both in the
greenhouse and in the field. “We
do know a bit more about what the
effects [of stress] are in biochemi-
cal detail,” says Hans Bohnert, a
biochemist at the University of
[linois, Urbana-Champaign. But
some skeptics doubt that it will
be possible to manipulate one or
a few genes to get tougher
breeds. “There isn’t a single,
magical dronght-tolerance trait,”
says Mark Tester, a plant physiol-
ogist at the Australian Centre for
Plant Functional Genomics in
Glen Osmond.

Others counsel patience. Com-
panies and governments are eval-

uating promising new strains of corn, rice,
and other crops—some genetically modified
(GM) and some the products of conventional
breeding—in the field. Australian farmers,
for example, are eagerly awaiting results of a
field trial of GM, drought-tolerant wheat that
has just been harvested. There’s been “a con-
stant increase in interest, particularly from the
private sector,” says Roberto Tuberosa of the
University of Bologna in Italy. “Drought and
tolerance to water stress are very hot topics at
this moment.”

Drop by drop

During the green revolution, researchers
and breeders focused on improving produc-
tvity by providing optimal environments—
fertilizing poor soils, irrigating dry lands,
destroying weeds and pest insects—and
developing high-yielding crops that thrive
under those conditions. But looming water

/

Rain or shine. In China, movable shelters shield drought-tolerant rice from rain
during Field trials.

shortages are changing the equation. Agri-
culture consumes 70% of the water people
use, and its needs will increase 17% by
2023, according to the International Water
Management Institute (IWMI), based i Sri
Lanka. But competition from urbanization
and development means that “less water is
becoming available for agriculture,” says
Henry Nguyen, a plant geneticist at the Uni-
wversity of Missouri, Columbia.

Given this anticipated shortfall, IWMI's
Comprehensive Assessment of Water Man-
agentent in Agriculture, released in 2003,
called for a 40% improvement by 2025 in
yields of crops where water is the limiting fac-
tor. Unfortunately, historically, improvements
have inched along by only about 10% per
decade, says John Passioura of CSIRO Plant
Industry in Canberra, Australia, and it’s not
clear that even that pace can be sustained.

Climate change also has agronomists
worried. Rainfall in some areas
is declining and becoming more
erratic, wreaking havoc on mar-
kets. A case in point: A drought
in Australia has cut world sup-
plies of wheat and barley, leading
to a spectacular price hike in
those crops. And rice farmers in
northern Italy have been forced
to shift from growing rice in pad-
dies to flooding their fields for
very short periods.

Plants have mechanizsms to
cope with drought. [n some
places, local crop varieties have
evolved to survive, if not thrive, as
long as water shortages are not too
severe. How efficiently a plant
draws water from the soil, how
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well cells retain water, how much water is
released through leaf openings called stomata,
the timing of flowering relative to the seasonal
onset of drought—all factor in drought toler-
ance. Roots produce molecules that allow
them to suck water out of ever-drier soils;
leaves respond by closing stomata. Cells mop
up free radicals produced during dehydration
or produce molecules that preserve their abil-
ity to hold on to what water they have.
Researchers are employing two strategies
to decipher and harness these responses to
drought. Some take a relatively traditional
appreach, growing and crossing varieties and
evaluating how the progeny vary in their abil-
ity to deal with stress. They then select and
grow the best-adapted plants. For these breed-
ers, genome studies have identified DNA
markers that speed the identification and
selection of plants worthy of further study.
Some researchers head straight for the
genes. [n 1998 at the University of
Arizona, Tucson, Bohnert and his
colleagues began teasing apart the
genetics of stress response using
the model plant Arabidopsis,
whose genome was sequenced in
2000. They evaluated thousands
of mutant Arabidopsis strains,
each of which contained a fluores-
cence protein attached to a stretch
of regulatory DNA known to be
involved in the plant’s responses
to stress. Lack of fluorescence
would indicate that the responses
were switched off, perhaps
because a gene in the pathway that
triggers them had been mutated.
The genetic technology they
used enabled them to home in on
the mutated gene or DNA region.
They then manipulated the activ-
ity of these genes in transgenic
plants to better understand the
gene’s role in weathering tough
conditions, Other groups have
done broad-scale surveys of genes
and proteins active when plants
are under stress, coming up with
many promising candidates
But precious few of these leads
have panned out, possibly because
drought responses are extremely
complex. “We still do not have all
the pieces of the puzzle, not even
the key pieces,” says Zhu, who
worked with Bohnert. His work,
for example, is showing that
beyond genes, small RNAs help
regulate stress responses in ways
he does not yet fully understand

“There are now several hundred papers pub-
lished, tweaking individual genes,” says
Bohnert. “Under controlled conditions, one
can see an effect but not in the field”

Gene by gene
A few penes have helped in the field, how-
ever. After looking at expression patterns of
1500 genes in Arabidopsis plants grown
under drought conditions, Donald Nelson,
now at Monsanto in Mystic, Connecticut, and
his colleagues found 40 that appear to be
involved in drought adaptation. They looked
at effects of the most promising ones by
causing each to be permanently turned on in
GM plants. Arabidopsis with a constantly
active NF-YBJ gene didn’t wilt as much as
wild-type Arabidapsis and maintained higher
photosynthetic rates.

Nelson tracked down the equivalent gene
in maize and switched it on permanently. Sim-

More crop per drop. Tests of genetically modified rice (top right), canala
{middie right), and corn (bottom right) show that they withstand dry spells
better than unmadified controls ({gft).

ulated drought conditions typically reduced
maize yield by more than 50%. Under those
conditions, the GM maize produced as much
as 50% more than unmodified plants, they
reported online 8 October 2007 in the Pro-
ceedings of the National Academy of Sciences.
Subsequent field studies show that the tran-
scription factors produced by these genes
increase yields by an average of 10% to 15%
under a variety of stress conditions, Paul
‘Chomet, also at Monsanto in Mystic, Connecti-
cut, reported in Washington, D.C., in Febroary
at the 50th Anmual Maize Genetics Conference.
This work was “a proof of concept.” Chomet
said. Monsanto now has a large-scale program
screening for genetic enhancements that can
improve yield despite water shortages, with one
new variety about to enter the regulatory
pipeline. {The company has also just agreed to
develop this and other drought-tolerant tech-
nologies with the Afiican Agricultural Technol-
ogy Foundation through a royalty-
free agreement that will make these
crops available to small farmers.)
This effort is much more challeng-
ing. than, say, developing GM Bt
maize, in which “you flip a switch
and Bt works,” he pointed out.
“With drought, we are trying to dial
into the physiclogy of the plant.”
Yafan Huang has also tried
dialing into the physiology of the
plant. In 1996, Peter McCourt of
the University of Toronto in
Canada and his colleagues dis-
covered a mutant Arabidopsis that
was overly sensitive to the plant
hormone abscisic acid, which
influences plant development and
activates stress responses, includ-
ing closing stomata to inhibit
water loss. Two years later,
McCourt’s group demonstrated
that the mutated gene, ERAJ
ically countered absc
propensity to close stomata.
Mutants lacking a functional
ERAI were more sensitive to the
hormone and their stomata
more prone to closure—a
change that helped the mutants
withstand drought stress
(Science, 30 August 1996,
p. 1239; 9 October 1998, p. 287).
Encouraged by this discovery,
McCourt and Huang, of Perfor-
mance Plants Inc. in Kingston,
Canada, {iddled with this same
gene in canola. They created a
line of canola that carried anti-
sense DNA that disables the
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Getting to the Root of Drought Responses

Plants are bit like giant straws. Water in the ground gets “sucked” up the
corn stalkortree trunk and leaks out of microscapic pares, primarily in the
leaves. The pores, called stomata, must open to let in carbon dioxide for
phatasynthesis, but the water loss—up to several cubic meters a day for a
tree—can be severe, especially in drought-ridden areas. Not surprisingly,
researchers seeking to develop drought-resistant crops have homed in on
ways to keep stomata shut down (see main text). But Henry Nguyen, a
plant geneticist at the University of Missouri, Columbia, thinks they
should also be looking at the bottom end of the straw. He and Missouri
colleague Robert Sharp are establishing a drought research center at Mis-
souri that will concentrate on roat biology. “From a draught research [per-
spective], this will be a new frontier,” says Nguyen.

It's been difficult ta unearth how raots cape with arid conditions.
Unlike leaves, their workings are hard to observe. Nguyen is peering
deep inside the roots, at the genes themselves. His group has surveyed
gene-expression patterns in different parts of maize roots under various
stresses and plans to compare them with expression patterns in soy
roots. Early analyses suggest that different biachemical pathways
underlie drought adaptations in the two species, he says.

Lewis Lukens, a plant geneticist at the University of Guelph in
Canada, and his graduate student Tina Wambach are finding different
patterns of gene expression in the roots of plants fram different inbred
lines of maize, some of which grow more than others when water is in
short supply. Lukens and Wambach looked at gene activity in a half-
dozen of the mare diverse responders, They grew seedlings suspended
in water solution ta see what was happening, get relatively pure sam-
ples of RNA, and precisely control water availability. They started the
seeds in normal conditians, then subjected them to "drought” stress
for 24 hours, sampling raot tissue during prestress, “drought,” and
recovery periods.

To Lukens's surprise, the number of activated genes varied threefold
across the different inbred lines. In one, 4500 genes out of 40,000
changed their expression; whereas in another, only 2000 did so. Fur-
thermore, "there were very few changed genes shared across all the
genotypes,” says Lukens. Even when the same gene was activated, it was
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In full view. Maize seedlings grown hydraganically varied in their raots’
resistance to water stress.

revved up to varying degrees, he reported in February in Washington,
D.C., at the 50th Annual Maize Genetics Conference.

Although the diversity of respanses was initially confusing, Lukens
later discavered that many of the genes were active in the same enzy-
matic pathways. “We saw much more canservation, " with about 40% of
the pathways shared acrass all the lines, he nates. It seems that many
lines had adapted in a similar way, but the activity of different genes in
particular pathways changed. Lukens hopes that by crassbreeding lines
that show different patterns of gene expression in the same pathway,
breeders may come up with hybrids with even better drought tolerance
than either of the parent lines. Meanwhile, “the next step is to do the
genetics and identify the regions of the genome that explain that
diversity,” he says. -E.P.

REDIT: TINAWANBACH

ERAI gene in drought conditions. In both
lab and field studies, the plants produced
significantly more seeds than wild-type
canola, they reported in 2005. The work “for
the first time showed it was possible to engi-
neer a single gene and have an effect,” says
Nguyen. Moreover, when water supplies
were adequate, the GM canola yields were
on par with the non-GM canola, which is
key to any drought-tolerant crop’s commer-
cial success. Both results have held up
through three more years of field studies.

Ultimately, “whether the Performance
Plant work will advance drought hardiness is
hard to say,” says Lewis Lukens, a plant
geneticist at the University of Guelph in
Canada. But, Huang notes, tests are under way
for similarly modified corn and other plants.
Several companies are evaluating whether to
use Performance Plant technology in their
drought-resistant lines,

Control over stomata is also key to a
drought-tolerant rice being developed in
China. Instead of shutting down a gene,
researchers at the National Center for Plant
Gene Research in Wuhan cause a different one
to be overactive. This gene, called SNACI,
enhances the ability of abscisic acid to shut the
stomata. Under severe drought conditions, the
GM rice produced 22% to 34% more seeds
than non-GM rice and produced about the
same number of seeds under normal condi-
tions, Lizhong Xiong and colleagues reported
n 2006. The rice tested is not one widely
grown commercially, and thus the work is a
“proof of idea,” says Xiong. His team is now
generating new transgenic plants from com-
mercial rice varieties.

Meanwhile, in Australia, Molecular Plant
Breeding CRC just finished a small field trial
in a dry part of Victoria of several transgenic
wheat lines designed to withstand drought.

Each line contains one of six different genes
for drought tolerance derived from maize,
Arabidapsis, a moss, or a yeast. The company
will not reveal the nature of the genes, and the
test is just to see if the transgenic lines outper-
form the control lines under field conditions,
says Michael McLean, a spokesperson for
Molecular Plant Breeding CRC in Bundoora.

“Clearly, recently we have seen some very
promising advances in terms of drought toler-
ances in crop plants,” says Nguyen. “Now it’s
a question of how to optimize the system.”
And Tester is also optimistic: Ultimately, “I
think there will be a palette of genes from
which breeders and crop scientists will select
for putting together the drought tolerance fora
particular region.”

The revolution Kofi Annan called for in
2000 hasn’t yet occurred, but the seeds have
at least been planted.

—ELIZABETH PENNISI
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Following an Asphalt Trail to

Ancient Olmec Trade Routes

When archaeologists teach about the Olmec
culture, they flash images of massive stone
heads, sculpted for a sophisticated elite who
ruled the swampy lowlands of Mexico from

200 to 400 B.C.E. But a poster by archae-
ologist Carl Wendt of California State Uni-
versity, Fullerton, throws the spotlight on
Olmee commoners. Once dismissed as sim-
ple maize farmers, the ordinary Olmec
apparently mastered a sophisticated tech-
nique for making asphalt, crucial to sealing
wooden boats, and they traded the valuable
substance to others

‘This research will shed new light on previ-
ously invisible trade routes, says Olmec
expert David Grove of the University of
Florida, Gainesville, Because Wendt can dis-
tinguish asphalt from various sources, Grove
notes, the work “adds a significant new ‘arti-
fact’ [asphalt] to the small list of artifacts that
can be used in the study of trade in
Mesoamerica at 1000 B.C.E”

Barlier archaeologists paid little attention
to asphalt, occasionally noting its presence on
sacred figurines, tool handles, and potsherds.
But during excavations at the Olmec site of
Paso los Ortices, Wendt discovered a pit con-
taining 250 kilograms of asphalt slabs. He
wondered how the Olmec processed asphalt,
what they used it for, and whether elites con-
trolled its manufacture.

To find out, his team studied thin sec-
tions of asphalt lumps from Olmec sites
with a petrographic microscope. They noted
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even patterns of sand particles and impres-
sions of decomposed plants, suggesting that
these silica-rich materials were intention-
ally mixed in during heating to add structure
to the asphalt. The team also identified and
sampled more than 50 asphalt seepages in
the Olmec region.

Then they experimented. adding different
plant additives and heating samples in clay
pots over fires to produce an asphalt that was
both flexible enough to apply to figurines and
other objects and yet hard enough to resist
melting in the sun. “We had a bear of a time
trying to get it to thatstate,” says Wendt. Some
samples were simply too watery. But Wendt
and his team processed other, stickier samples
in just a few hours; they found that the leaves
of a plant the local inhabitants use to wrap
tamales produced the best asphalt.

The result is a very early example of mate-
rials processing, says Philip Arnold, an
archaeologist at Loyola University in
Chicago, Illinois, and it’s “like a
culinary art: You have to under-
stand the properties of individ-
ual ingredients and how they
work together.”

Wendt's evidence now
suggests that commoners pro-
duced their own asphalt,
because the seeps were too
numerous for easy management
by Olmec lords. Moreover,
‘Wendt's studies at the small Olmec

Sticky success. Digging asphall from a seep,
researchers recreated samples of Olme sealant (insed).

site of El Remolino, dated between 1200 and
850 B.C.E., revealed that commoners
extensively processed and used asphalt in
their households.

But what did they use it for? Other
emerging data provide some clues. In Janu-
ary on the Veracruz coast, a team led by
Alfredo Delgado Calderén of the Instituto
Nacional de Anthropologia e Historia, Vera-
eruz, unearthed remains of a 2200-year-old
port and two canoes. The wood had rotted
away, but the team found a 1- to 8-centime-
ter-thick asphalt lining that had once sealed
the entire interior of the canoes.

Wendt suggests that Olmec commoners
processed asphalt primarily to waterproof their
boats. That idea fits well with new thinking
about the Olmec. For years, archaeologists had
agreed that the Olmec economy was founded
on maize agriculture, but recent studies reveal
that the Olmec situated their villages along
rivers and hunted wetland game. “Rivers are
their transportation, communication, and trade
routes,” says Wendt. “So to have effective
‘watercraft is going to be critical”

‘Wendt is now studying the Olmec trade in
asphalt, using chemnical analyses to trace sam-
ples to their seepage of origin. This “provides
a wonderful economic geography that has not
been available for Olmee studies,” says
Arnold. “Tt helps us to contour the Olmec
political economny™

Herring and Nuts for
The ‘Salmon People’

Archaeologists have long regarded the
ancient inhabitants of the northwest coast of
North America as the people of the salmon,

crediting abundant salmon runs for the
rise of large villages and com-
plex societies over the past
6000 years. Moreover,
researchers thought that
the huge surpluses
of dried and smoked
salmon brought
leisure, spurring rich

Nuts about starch.
Ancient northwest coast

peoples leached acorns in

pits to make them lastier.
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Signs of the First Whale Hunters

Eurapeans wha explored the Bering Sea in the 18th century marveled at
the daring and prowess of Eskimo whalers, who hunted 90-ton cetaceans
from open, skin-covered boats called umiaks, using little more than
stone-tipped weapons and sealskin floats. But when and where did this
cooperative hunting tradition begin? Clear evidence has been elusive—
until now,

At the meeting, Arctic experts gasped audibly as Daniel Odess, curator
of archaeology at the University of Alaska Museum in Fairbanks, showed
phaotos of histeam’s find: a plece of walrus ivory inscribed with several pic-
tures, including two dramatic images of teams of sea hunters in umiaks
pursuing whales. The ivory was found in Chukatka, in the nartheast corner
of the Russian Federation. It was in direct contact with woed radiocarbon-
dated to 3000 years ago, making it the oldest known evidence of whaling.

“An actual picture like that is probably the clasest thing that we can ever
get ta direct evidence for whaling,” says Christyann Darwent, a zooarchae-
ologist at the University of California, Davis. “It's an astounding find.”

Until now, the earliest evidence far whaling came from 2000-year-old
sites on St. Lawrence Island in Alaska. The new find emerges from a site
called Un’en’en, perched on the crest of a steep slope overlooking a pro-
tected bay in the Bering Sea. "It would have been an excellent lookout for
hunters,” says Odess. “Today, gray whales come right into the beach there
to scratch bamnacles off.” The project’s co-director, archaeologist Sergey
Gusev of the Russian Research Institute for Cultural and Natural Heritage,
discovered the site in 2005, noting some unusual stone tools, and invited
Odess and others ta help excavate in 2007,

The team focused on a pit-house measuring at least 45 square
meters—large by Arctic standards. They recovered fragments of worked
and unworked whale bone, including baleen fram two large whale
species, most likely gray whale and bowhead. In addition to making tools
normally associated with hunting seals, the people of Un'en’en knapped
large, heavy-duty blades to tip lances. Many of these had broken, likely
fram impacts with large and heavy animals. Overall, these artifacts
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suggest whaling, but they could also reflect simple scavenging of whale
carcasses, says Odess.

Then, near the very end of the dig, a Russian crew member found a
50-cm-long piece of incised walrus ivory in situ. The ivory bore traces of what
seems to be red ochre and featured pictures of individual animals plus three
major narrative scenes. Two of these complex images depicted groups of
ancient whalers vayaging at sea in four- and five-passenger umiaks—the
earliest known evidence for this skin boat.,

It makes sense that whaling arose early in this area, notes archaealo-
gist Owen Mason of GeoArch Alaska in Ancharage. “This is putting it out
there that Siberia was the place for early whaling, and that's where the
nutrient hot spots [that attracted whales] were,” he says.

The third narrative scene portrayed death by violence, with twa men
attacking a lone individual. Qdess suggests that this may depict early war-
fare in the Arctic, as people began competing for the best whaling places.
“If you take a whale, you get literally a ton of food, so you can store it,"
Odess notes. “But you create the need to stay there and defend it from oth-
ers. S0 whaling and warfare certainly are linked together.” ~H.P.

Whaler's art. Two scenes carved in walrus ivory, found averlooking the Bering
Sea, are the first evidence of humans hunting whales.

REDIT. UN ENEN EXCAVATION TEAN

traditions of wood carving, ceremony,
and dance. Salmon, in this view, served as
the staff of life and the chief driver of
cultural development.

But a stream of new studies now compli-
cates this picture. New excavations reveal a
surprising dependence on both plant foods
and other kinds of seafooed. These early
Native Americans did eat large quantities of
salmon, but some also processed acorns,
harvested a potatolike tuber called the wap-
ato, and feasted on cod, halibut, and herring.
“People on the northwest coast went after
everything that is around,” says zooarchae-
ologist Virginia Butler of Portland State
University in Oregon, “but because we’ve
had this salmon view, it’s obscured it.”

Take plants, for example. A specialized
wapato-processing site has recently been
unearthed in British Columbia, suggesting a
heavy reliance on this starchy tuber. And
another source of carbohydrates has turned
up at the Sunken Village site along the Lower
Columbia River. There, a team led by archae-

ologist Dale Croes of South Puget Sound
Community College in Olympia, Washing-
ton, and Akira Matsui of the National Cul-
tural Properties Research Institute in Japan
recently mapped 114 shallow pits littered
with the remains of Oregon white oak acorns.
The team’s studies revealed that aquifers at
the site regularly flush water through the pits.
By simply storing acorns there over winter,
ancient people leached the bitter tannins from
the nuts, making them more edible. Based on
the pit sizes, Croes and colleague Bethany
Mathews estimate that people processed as
many as 2.5 million acorns at the site each
year. “You just don’t think of acorns as being
a way of making a living here.” says Croes.
“Its poorly understood that plant foods are a
major part of the economies.”

As for fish, zooarchaeologist Madonna
Moss of the University of Oregon, Eugene,
presented new analyses of two sites on Prince
of Wales Island in southern Alaska, highlight-
ing the variability in ancient northwest coast
fisheries. People did indeed fish salmon at the

Coffman Cove Village Site, which is located
next to a salmon stream and dates from
5500 to 700 years ago, says Moss; nearly
0% ofthe fish bone there is salmon. Butat a
second site, situated just a few hundred meters
away and occupied from 2000 to 3000 years
ago, cod and its by-catch of rockfish and
sculpin accounted for 81% of fish bone
through time, compared with only 5% salmon
bone. “Studying either site in isolation would
give a false impression,” says Moss.

Moss suspects that the early islanders
prized Pacific cod as a late-winter or early
spring fishery. In recent times, Jocal Tlingit
families smoked and stored Pacific cod. More-
over, Coffman Cove lay next to an important
cod fishing ground, where the topography of
the ocean floor forees schools of cod to rise to
shallower depths. In southern Alaska, says
Moss, salmon is certainly an important
resource, “but it’s not the whole story.”

—HEATHER PRINGLE

Heather Pringle writes about archaealogy from
Vancouver, Canada.
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LETTERS

edited by Jennifer Sills

Retraction

IN THE REPORT “DARWINIAN SELECTION ON A SELFING LOCUS” (1), WE CONCLUDED THAT A
species-wide selective sweep was associated with the rise of selfing in 4. thaliana. We
have reinvestigated the sequence and structure of alleles at the S pseudo locus and now
find that spurieus PCR amplification by the primers and/or by DNA contaminations
resulted in our report of the *WSCRI and WSCR2/3 sequence from the accessions with
haplotype B (CS902 ecotype) and haplotype C (CS1044, CS6751, and CS6764 eco-
types). Instead, haplogroup C either does not have an SCR allele, or if it is present it is so
divergent as to be undetectable by PCR or Southern blotting. In CS902,
which has a haplotype group B at the § psendolocus, we and other groups
(2) have isolated a distinct and novel SCR allele. When these corrections
are made to the data, the species-wide nature of the selective sweep can no
longer be supported.

We have, however, conducted further experiments and reanalysis to
characterize these alleles and resolved discrepancies with previous studies
(2, 3). We describe this reanalysis in a paper in the journal Molecular
Ecology (4). In this paper, we report that ‘¥'SCR/ and its derivative alleles
spread to 94% frequency in a collection of 297 accessions. We conclude
that a selective sweep did occur but was confined to European populations
of A. thaliana, and that selfing appears to have evolved independently
within this species. Moreover, our finding of three SRK haplotype groups,
plus the very low diversity in the WSCRJ locus in most of the European
accessions is still supported. Nevertheless, given that one of our previous
conclusions is no longer tenable and in the interests of maintaining the
integrity of the scientific literature, we retract the Report. Dr. Purngganan,
as the senior author of the paper, takes full responsibility for these genotyp-
ing errors and apologizes for any difTiculties it may have caused.

P. Awadalla (1) did not sign this Retraction because he does not support
the interpretation of K.K.S. and M.D.P. above and thereafter (4) as suffi-
cient evidence of a European sweep, and he was not involved in any data
collection (1, 4). However, he agrees that Shimizu ef al. (J) should be retracted.

KENTARO K. SHIMIZU," JENNIFER . REININGA, ™ ANA L. CAICEDO,® CHARLOTTE A. MAYS,*

RICHARD C. MOORE,* KENNETH M. OLSEN,* STEPHANIE RUZSA,* GRAHAM COOP,’

CARLOS D. BUSTAMANTE,® MICHAEL D. PURUGGANAN®

Hnstitute ef Plant Biology, University of Zurich, Zutich, Switzerland. finstitute for Genome Sciences and Policy, Duke
niversity, Durham, NC 27708, USA. *Department of 8iology, University of Massachusetts, Amherst, WA 01003, USA.
“Department of Genetics, Morth Caralina State University, Raleigh, NC 27695, USA. SDepartment of Batany, Miami
University, Cxford, OH 45056, USA. *Depariment of Sialogy, Washingion University, St. Louis, MO 63120, USA.
“Department of Human Genetics, University of Chicagn, Chicago, IL 60637, USA, *Department of Biological Statistics and

Computational Biclegy, Cornell University, Ithaca, NY 14853, USA. *Department of Siclogy, New York University, New York,
NY 10003, USA.

*In the 2604 Report, Jennifer M. Reininga’s name was Usted as Jennifer M. Cork
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PERSPECTIVES

Vegetation's Role in
Coastal Protection

WE ARE CONCERNED ABOUT THE ASSERTION
in the Report by E. B. Barbier ef al. that vege-
tation reduces coastal damage during extreme
events (“Coastal ecosystem—based manage-
ment with nonlinear ecological functions and
values.” 18 January, p. 321). Although the
intended point was that ecosystem services do
not linearly scale with habitat size, the conclu-
sions drawn from the chosen example of wave
attenuation are speculative. Figure S1, A to
F, shows wave attenuation
curves that are typical, with
or without vegetation on
the surface.

Several other recent papers
have also argued that vege-

extreme events such as the
Asian tsunami (1, 2) or Hur-
ricane Katrina (3, 4). As in
these studies, the evidence
collected by Barbier ef al.
is based on correlation or
visual description.

In the examples where
vegetation appears to have
protected the coast, there is
no clarification as to the
mechanism involved. [t has
been inductively proven that
coastal plants can “engineer”
land elevation (topography
and bathymetry) through succession, but this
1s a long-term process that occurs before the
event {e.g., the sand dune example in Barbier
et al). Tthas not yet been determined whether
vegetation can resist waves over a few meters
in height during an extreme event (). Thus, an
important question is whether vegetation
structure reduces coastal damage directly
through wave attenuation or indirectly by
altering the geography of the landscape.

The difference has serious management
and policy implications. If we emphasize
direct structural value, we may end up with
coastlines populated with invasive species or
anthropogenic structures that kill more people
than the waves themselves during extreme

www.sciencemag.org

tation reduces the impact of
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events (6, 7). And we still cannot guarantee
that the surge (the real killer) or erosion [often
enhanced by attenuation ()] will be reduced.

RUSTY A. FEAGIN

Spatial Sciences Laboratory, Department of Ecasystem
Science and Management, Texas ABM University, College
Station, % 77845, USA, and Fitzwilliam College, University
of Cambridge, Cambridge €83 DG, UK. £-mall: feaginr@
tam.edu
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Response

FEAGIN RAISES AN EXCELLENT QUESTION,
but misunderstands our findings on the wave
attenuation function of key coastal interface
systems. The wave attenuation shown in fig.
S1A can be attributed nearly entirely to
mangrove vegetation. As we explain in the
Report’s Supporting Online Material, this fig-
ure for attenuation of swells with 5- to 8-s
periods on the Vietnam coast is based on a
field study of a mangrove swamp with various
tree sizes fronted by an intertidal shoal (J).
Small outer mangroves had almost no effect
on wave heights of 0.9 m, but passage through
taller, denser mangroves inshore reduced
wave height to between (.05 and 0.1 m. The
90% reduction in wave height, as shown in
fig. S1A, occurred across a wide tidal flat
{gradient 0.5/1000 m) and is attributed to the
extent and structure of the vegetation rather
than to topographic changes (7). We show
similar results for salt marshes, with wave
height declining exponentially with the dis-
tance that the vegetation extends inland from
the shoreline (fig. S1B).

Contrary to Feagin’s assertion, we do not
argue that the storm protection value of man-
groves or any other coastal interface system
relies solely on vegetation as a buffer against
extreme events such as tsunamis or hurri-
canes; in fact, we suggest otherwise in our
Supporting Online Material. We agree with
Feagin that mangroves are unlikely to stop a
tsunami wave larger than 6 m, as ecchydrolog-

ical studies have shown (2-5). Wave attenua-
tion by mangroves is “qualitatively different™
for “large, infrequent disturbances” such
as tsunamis, hurricanes {typhoons), and tidal
bores, compared with “small, frequent dis-
turbances™ such as tropical storms, coastal
floods, and tidal waves (4). Yet even with
respect to extremely Jarge events, such as the
2004 Indian Ocean tsunami, mangroves may
act as natural barriers to some degree (5).
Fially, the storm protection value of man-
groves used in our Report was estimated from
39 economically damaging coastal storm
events from 1975 to 2004 affecting one or
more of the 21 coastal provinees of Southern
Thailand (6, 7). OF these events. only four
could be considered extreme storm events:
three typhoons and the 2004 Indian Ocean
tsunami. Moreover, the frequency of smaller
storm events appears to be increasing;
between 1975 and 1987, Thailand experi-
enced on average 0.54 coastal natural disas-
ters per year. Between 1987 and 2004, the
incidence increased to 1.83 disasters per year
(). Itis against these small, frequent, and eco-
nomically damaging events that we are likely
to see mangroves and other coastal interface
habitats offer the greatest benefit in terms of
storm protection, which tends to vary nonlin-
early with habitat attributes.
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A Quaternary Question

IN THE NEWS FOCUS BY R. A. KERR (A TIME
war over the period we live in,” 25 January,
p- 402), stratigraphers wish to rid the geologi-
cal time scale of the Quaternary, on the
grounds that “boundaries on the time scale are
not delineated by climate changes™ How very
odd, then, that the end of the Pleistocene—a
unit that stratigraphers are happy to keep—is
defined by their poverning body, the
International Commission on Stratigraphy, as
“Exactly 10,000 Carbon-14 years BP. Near
the end of the Younger Dryas cold spell” (1).
So, a chronologically arbitrary round number
tied to the end of a merely millennium-long
cold snap is somehow acceptable as a geo-
Iogical unit, but the climatically bounded
Quaternary is not? What am [ missing?
DAVID ). MELTZER
Department of Anthropalogy, Southern  Methodist
University, Dallas, % 75275-0336, USA.
Reference
1 veenwstratigraphy.orgigeawhen/stages/Pleistocene. himl

Response

THE INTERNATIONAL UNION FOR QUATER-
nary Research (INQUA) Commission on
Stratigraphy determined at the 1969 INQUA
Congress in Paris that the Holocene should be
delineated as “exactly 10,000 Carbon-14
years BP"” as correctly stated by Metzer.
However, this is not a defmition but a dura-
tion of a chronostratigraphic unit. A true def-
inition of a chronostratigraphic boundary
includes (i) a unique physical point in a strati-
graphic section and (ii) supporting criteria by
which the boundary can be identified. No
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definition was created for the base Holocene
at the 1969 INQUA Congress. In fact, little
was done regarding this unit for nearly 40
years! A Working Group of the current ICS
Subcommission on Stratigraphy (/) is in the
process of writing a definition of the base
Holocene that includes an archived core to
serve as the unique physical point, as well as
criteria such as values for deuterium excess,
&'%0), dust concentration, a range of chemical
species, and annual layer thickness. The
Report of the Working Group is expected to
be completed within 1 to 2 months and cir-
culated for approval. Thus, the base
Holocene will scon have a clear definition.
With regard to the “climatically bounded
Quaternary,” [ would point out that the bound-
ary of the Quaternary is currently under dis-
cussion by the Quaternary Subcommission
on Stratigraphy and the Neogene Subcom-
mission on Stratigraphy (2). The latter group
prefers that the base Quaternary and base
Pleistocene continue to be defined by the
physical marker for the base Pleistocene.
Quaternarists advocate the lowering of the
base Quaternary (and base Pleistocene) to the
physical marker of the (upper Pliocene)

Gelasian Stage. These issues will be discussed
at the International Geological Congress in
Oslo in August 2008,

WILLIAM A. BERGGREN

Depariment of Geology and Geophysics, Woods Hole
Oceanographic Institute, Woods Hole, MA 02543, USA.
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Soil Erosion: Data Say C Sink

IN THE LETTER "SOIL EROSION: A CARBON
sink or source?” (R. Lal and D. Pimentel,
22 February, p. 1040) and in its Response
(K. Van Qost et al., 22 February, p. 1042), the
authors note that seil erosion is a serious
threat to land health. Nevertheless, evidence
points toward a carbon (C) sink term induced
by erosion. Mechanistically, accelerated soil
erosion reduces the C source term because
there is less C to decompose at the eroded
site. Although erosion may reduce productiv-

Letters to the Editor

ity {as discussed by Lal and Pimentel), any
plant production, whether reduced or fertil-
ized, contributes to C uptake (causing a
sink), which can be quite high even in non-
fertilized settings (/). As we attempt to
account for transported C and its fate in
depositional settings, we must consider
larger temporal and spatial scales, whether
colluvial (2—4), impoundment (4), or export
to the ocean {5). This scaling requires careful
accounting (6, 7), in part because CO,
exchange is dominated by Jarge flux terms
for plant and microbial processes (8) and
in part because erosion events are highly
episodic in time and discontinuous in space.
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To make the accounting more tractable, Van
Qost ef ai. used baselines in time {1953 from
¥7(s) and space (uneroded or unperturbed
landscapes). Although Lal and Pimentel
claim that the budget does not reflect (i)
reduced productivity of eroded lands or (i) a
full accounting of C in transport and redepo-
sition, in fact. the data were grounded with
baseline controls that confirmed the sink
term noted by other investigators.

[ndeed, the relationship between C re-
moved (by erosion) and C replaced (by plant

production) suggests that ~25% (of eroded
C) was replaced over the 50-year period,
although much more C may be fixed by new
photosynthate without persisting in soil (1).
End members for C replacement are particu-
larly interesting: Some soils and their C
pools are more resilient to disturbance, per-
haps owing to larger nutrient, water, and
biotic capacities. Although the study by Van
Oost and colleagues concluded that a rela-
tively small C sink (globally ~0.1 Pg C per
year) resulted from cropland erosion over

CORRECTIONS AND CLARIFICATIONS

Reports: “Ceramide triggers budiing of exnsome vesicles into multivesicular endosomes” by K. Trajkovic ef al. (29
February, p. 1244). Tiew papers on ESCRI-independent fransport should have been cited on page 1245. The text beginning
“the pathway for intraendesomal transpert of PLP may be ESCRT-independent” should continue “similar te the transport of
Pmel17 inte melanosemes” and cite A. C. Theas ef of., Dew. Ceif 10, 343 (2006). The text beginning “the release of C063
{nith enhanced GFP fusion, EGFP-CD63} was not affedied by coexpressian with dominant-negative Vpsd (fig. S93" should
continue “as shown previously” and cite Y. Fang ef af., PLaS Biol. 5, 158 (2007)

Reports: “The premetazoan ancestry of cagherins” by . Abedin and N. King (15 February, p. 946). Values in Table 1 for
nommalized cadherin abundance were changed in error. The comect percentages are as follaws: for the choanaflagellate
Mbre, 0.25; for Nvec, 0.26; for Dmel, 0.12.

Association Affairs: “Science an technalogy for sustainable well-being” by ). 2. Heléren (25 January, p. 424). In Table 4,
the heading reading *Primary energy (terawatt-hours})” should have read “Net electricity (terawatt-hours).” In ref. 73, the
positions held by €. Schultz, H. Kissinger, W. Perry, and 5. Nunn were incomrectly described. The text should have read
“Schultz and Kissinger served as LLS. secretary of state, Perry was secretary of defense, and Nunn was chair of the Senate
Armed Services Committee.”

LETTERS I

recent decades, additional terms for (i) stim-
ulating plant production in depositional
areas (4) and (ii) including other extensive
human-altered landscapes (such as those
that are deforested or urbanized) must now
be evaluated and are likely to indicate
a somewhat larger global C sink from en-
hanced erosion.
JENNIFER W. HARDEN," ASMERET ASEFAW BERHE?
MARGARET TORN,? JOHN HARTE,?
5. LIU* R. F. STALLARD*

U.S. Geological Survey, Menlo Park, CA 94025, USA.
“Division af Ecosystem Sciences, University of Califomia,
Herkeley, CA 94720, USA. *Lawrence Berkeley National
Laboratory, erkeley, CA 94720, USA. *SAIC, contractar to
U.S5. Geological Survey Zarth Resources Observation
and Science Center, Sioux falls, SD 57198, USA. *U.S.
Geological Survey, Bouldes, CC 86303, USA
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Return to Natural History

Raphael D. Sagarin

t first glance, Retwrn to Wardenk
Avae appears to be a simple book

about a small, relatively unremark-
able bird and a relatively unknown scientist in
atiny patch of habitat—all dwarfed by the vast
setting of Canada’s Northwest Territories. But
like the mass-market publisher that reportedly
rejected Christopher Norment s manuscript as
“yet another “man goes into natuwre and gets
enlightened’ deal.” one would be mistaken to
underestimate the scope and current impor-
tance of this natural history memoir. The life
history of the Harris's sparrow ( Zonotrichia
querula) is the framework for a story that,
almost by surprise, takes the reader on a grand
tour of key themes that define our current
Jjuncture in the life sciences.

Norment (a professor of biology and envi-
ronmental science at SUNY Brockport) is
quietly confident in his writing. Readers
won’t find the gonzo natural history of Robert
Sapolsky’s uproarious 4 Primate’s Memoir
(7). nor the comically grotesque elaborations
of tropical diseases that punctuate Tim
Flannery's astounding Thiowim Fay Leg (2).
But it is because of the understated voice and
the near total lack of drama in the focal species
that this book works. The construction of the
book, as with any good natural history study,
wanders along a spiral path that continually
returns upon itself, each time with greater
insight and broader vision. Norment traces
this spiral around Warden’s Grove, starting
with a youthful expedition to the Northwest
Territories, building in three successive field
seasons as a graduate student years later, and
only reaching its full expansive scope in this
complete retelling 16 years after taking his
last field notes.

Norment is fascinated with the ecological
concept of the ecotone—typically a zone of
transition between habitat types. Here,
Norment uses ecotones to deseribe all sorts of
transitions: the choice nesting habitats of the
sparrows between forest and tundra, the fis-
sure in his personal life between devoted fam-
ily man and far-afield scientist, and the space
between the civilized world and the vast
northern wildernesses in which he finds sci-
entific data and personal solace. In constantly

The reviewer is at the Marine Science and Canservation
Division of the Nicholas School of Earth Sciences and
Envronment, Duke University, LSRC A207, Research Drive,
Durham, NC 27708, USA. E-mail: rds25 @duke.edu
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deconstructing these different
ecotones, Norment ends up
building a thoughtful explo-
ration of feeling both drawn to
the natural world and pulled
away from it by the competing
and sometimes self-contra-
dictory demands of science
and society.

But Norment also reminds
us with an incredible aneccote that these eco-
tones are anything but fixed boundaries.
During his first long northern expedition at
‘Wardens Grove, a Soviet nuclear-powered
satellite crashed just a few kilometers from his
campsite, and with it came hazmat teams,
government agents, and media hordes. The
intrusion shattered the ecotone between wild
and civilized in Norments mind, but it seems
also to have opened his worldview and chal-
lenged him to integrate his views of society
with his observations of nature.

In this regard, Norment’s account bene-
fited from the decade-and-a-half delay since
he finished his fieldwork at Warden's Grove.
At the time of his graduate studies, the long-
standing split between molecular biology and
ecology was in its deepest abyss, and ecology
itself had settled into self-satisfied cycling
between experimental and theoretical reduc-
tionism. The disdain for descriptive natural
history was curtly summarized for the author
ina job interview question, “What good is
your research?”

Series in Lt

Harris's sparrow.

SCIENCE

Return to Warden's Grove
Sciance, Desire, and the
Lives of Sparrows

by Christopher Norment

v af lowa Press,
. 1A, 2008, 231 pp. S26.
ISBN 97815872

‘Yet even as the question haumted Norment
through the years, the answer has been emerg-
ing everywhere in biology. Climate change
and other Jarge-scale anthropogenic changes
are shifting and shattering
natural ecotones. This in
turn is driving an ecotonal
shift in science itself: both
the boundaries between
branches of sciences and
the boundaries between
science and other societal
pursuits are moving radi-
cally or disappearing alto-
gether. The urgency of
environmental change is
forcing us to reconcile our work on lab
benches, computers, and experimental plots
with the rapidly changing ecology of the real
‘world around us. At the same time, the undis-
putable and ubiquitous role of human behav-
ior in this change requires us to examine
human social, economic, and political link-
ages to ow work.

All this integration will require balance:
of mechanistic hypothesis-testing and wn-
bounded discovery, of small-scale observa-
tion and large-scale synthesis, and of quantita-
tive and qualitative understandings of the
world. Norment’s book, while reflective of
earlier forays along these ecotones [suchas Ed
Ricketts and John Steinbeck’s Sea of Cortez
(3] is a modern field guide to how we might
achieve such a balance. Even as he teeters on
the edge of metaphysics when discussing an
intuitive sense of where to find sparrows”
nests, he backs up his speculations by roping a
graduate student into an amusing (but scien-
tific) test of his nest-finding sense. And even
ashe waxes poetically on the idiosyncrasies of
the little sparrows and the beauty of their habi-
tat, he ends up producing an impressive scien-
tific understanding of their physiology and
ecology. What comes out clearly above all in
Warden s Grove is the “goodness” of natural
history work. We are at a time when we need
more than ever solid, thoughtful observation
of places far and near and of organisms as
complex as humans and as unassuming as
Harris’s sparrows.

8. lowa
ary Nanfictian
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MATHEMATICS

Connecting the Dots

Stephan Mertens

etworks are everywhere. The high-
Nway system, the power grid, and the

Internet are networks made of tangi-
ble links. The links that form the World
Wide Web are not tangible, but clickable.
More often, links represent interactions. The
metabolic system is woven by all the chemi-
calreactions inside a cell. Various social net-
works emerge through links among actors
that appeared in the same movie, people who
are friends, or people who talked to each
other on the phone. Some people believe
that this “who-called-whom™ network could
be used to track down another social net-
work: a group of terrorists planning the next
attack ().

The reason why almost every system can
be described in terms of a network is the
almost absurd simplicity of the concept: a
network is just a collection of nodes joined
by links, a set of dots and lines that we can
draw on a sheet of paper. This idea seems to
be far too general to teach
us anything about complex
systems that goes beyond
the obvious. Surprisingly, the
opposite is true: we can learn a
Iot by just analyzing dots and
lines. Network theory helps to
explain many exciting and
nontrivial facts about net-
works, facts that translate back
into properties of complex
systems. We have all heard about the six
degrees of separation. Network theory helps
to explain why the Internet can easily cope
with failures of nodes and links, but the
power grid cannot. It shows how fast rumors
or diseases spread in social networks and
why the rich get richer. The story of these dis-
coveries has been told in several books (2—4),
but the actual mathematics behind them
has received much less attention. That
gap has now been filled. In Nets, Puzzles,
and Postmen, Peter Higgins offers a popular
account of the mathematics of networks.
Readers willing to expose themselves to
mathematical reasoning will find themselves
rewarded with numerous insights into the
structure of networks.

Here is a brief example. In every network,

Oxford Uni

The reviewer is at the Santa Fe Institute and the Institut fiir
Thearetische Physik, Gite van Cuericke University, 39166
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& Magdeburg, Germary. E-mall: menens@ovou.de

Nets, Puzzles, and Postmen
An Exploration of
Mathematical Connections

by Potor M. Higgins

rd, 2007. 255 pp. $2
9. ISBN 9780159218424,

BOOKS eTaL I

All you need is four {colors}.

there are at least two nodes that have the

sive use of a computer (5). Unfortunately, the

same number of links. T  to a social
network, this means that at any party there
will be two people with the same number of
friends at the gathering. For a proof of this
fact, party style, suppose that there are n
guests at the party. The number of friends
that a guest can have at the
party ranges from O ton —
1. Label n martini glasses
with these numbers, and
ask each guest to put an
olive in the glass that rep-
resents the number of his
or her friends. Now there
are n olives and n glasses.
Glass n —1 will contain an
olive only ifthere is a guest
X who is a friend of everybody else. In this
case, glass 0 must be empty, because every-
body is friends with X. If, on the other hand,
someone put an olive in glass 0, there can’t
be anyone who is friends with everybody,
and glass 2 —1 must be empty. In effect,
there are only » — 1 glasses for n olives, so at
least one glass will contain more than one
olive. The guests who put their olives in this
glass have the same number of friends. QED.

The book rarely gets more complicated
than this, even when Higgins (a mathemati-
cian at the University of Essex) explains quite
sophisticated facts about networks. Among
my favorites is his discussion of the four-
color theorem. The theorem posits that four
calors are enough to color any map in a way
that no two adjacent countries receive the
same color. The proof of the theorem in 1976
made headlines not only because it settled an
old and famous problem but because it was
the first mathematical proof that made exten-

arsity Press,

puterized proof fails to provide the
insight of why the theorem is actually true.
However, the fact that five colors are always
sufficient can be proven in a classical and
revealing way. Higgins carefully leads the
reader through that proof, from planar net-
works over Euler’s formula to Kempe's com-
pelling discharging argument. I also enjoyed
the author’s exposition of how to turn a
two-way traffic system into a one-way setup
and still be able to get from anywhere to any-
where else.

The list of surprising properties of net-
works Higgins presents is long. Readers will
find their own favorites, whether they are
more into puzzles such as sudoku and
“instant insanity” or prefer real-world appli-
cations such as reassembling RNA chains
and optimizing the flow through a pipeline
system. After finishing Nets, Puzzles, and
Posimen, the odds are the reader will want to
know even more about networks, In that case,
I recommend Richard Trudeau’s little book
(@), which nicely bridges the gap between
Higgins’s mathematical exploration and a
full-blown textbook.
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SCIENCE AND GOVERNMENT

Science and the Candidates

Sheril R. Kirshenbaum,™ Chris Mooney.2 Shawn Lawrence Otto,? Matthew Chapman,’

Austin Dacey.’ Rush Holt.f Lawrence Krauss’

n just a few months, many in the U.S. sci-

ence and engineering establishment, along

with members of the business community
and journalism world, have joined the
ScienceDebate2008 initiative (1), a collective
call for the US. presidential candidates to
engage in a public debate on science and tech-
nelogy policy. The need for such adebate could
not be more obvious; on issues ranging from
the environment to medicine and health, reli-
able seientific information is fundamental to
good policy-making (2). At the same time, sci-
entific research and technological innovations
fuel economic growth and ensure national
competitiveness (7). It has been widely argued
that climate change and economic competi-
tiveness as they relate to science and technol-
ogy are among the most critical challenges fac-
ing the United States (3, 4). However, we rarely
hear any detailed discussion of these issues
from the presidential candidates.

The extraordinary speed at which Science-
Debate2008 became a national cause célébre
demonstrates that the U.S. scientific estab-
lishment can be quickly organized when
motivated. Within weeks, the National Aca-
demy of Sciences, the National Academy of
Engineering, the [nstitute of Medicine, the
American Association for the Adv:

education, widespread public science illiteracy
(@), flat funding and/or cutbacks to research
finding and consequent contraction of oppor-
tunity, lack of credible public policy response
to climate change and other environmental
issues, and governmental suppression of sci-
ence information. Ina climate of declining sup-
port for science, the United States risks losing
its competitive advantage to emerging science
superpowers. Although science and engineer-
ing have been responsible for half of U.S. eco-
nomic growth over the past half-century (), by
2010, according to some estimates, 90% of all
scientists and engineers will live in Asia (7).
Our economy depends on the ability to
innovate, these supporters argue, which in turn
relies on a strong foundation of government
investment in research and education, yet such
federal investments are shrinking as a share of
the U.S. economy (). Concurrently, nations
such as China and South Korea are boosting
governmental support of research by 10% or
more annually. At the same time, the absent
U.S. response to the overwhelming conclu-
sions of the Intergovernmental Panel on
Climate Change (IPCC) has caused wide-
spread concern over continued planetary vi:
bility. U.S. science has continually found itself
frustrated by devek at the intersection

of Science, the Council on Competitiveness,
dozens of Nobel laureates and presidents of

with politics and society and now appears
ready—as demonstrated by the response to

major universities, former presidential sci-
ence advisers, and thousands of distinguished
scientists, engineers, and concerned citizens
Jjoined the effort. We see this as strong evi-
dence that the US. science community has
been yearning for a stronger voice during an
administration that has been repeatedly criti-
cized by scientists (5).

Among the motivations we have heard for
taking up this cause are the following: continu-
ing inaccurate media coverage, poor science

INichalas Institute for Environmental Policy Solutions,
Duke university, Durha C 27768, USA *Contributing
Editor, Science Progress, Washingtan, DC 20005, USA.
*Chief Executive Officer, ScienceDebate?008. *President,
ScienceDebatez008. SCenter for Inquiry, Amherst, NY
14228, USA. *U.S. Congressman (D-N]), House of
Representatives, Washington, DC 20515, USA. "Directer,
Center for Education and Research in Cosmelogy and
Fstraphysics, Case Wiestern Reserve Universty, Cleveland,
OH 44106, USA.

*Auther for correspondence. E-mall: sheriLkirshenbaum @
duke.ecu
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this initiative—for a far greater i of
resources in public outreach.
ScienceDebate2008 might not have emerged
if not for the collective efforts of individuals
largely outside of science. Two screenwriters, a
Jjournalist, a philosopher, and two scientists
built a bipartisan coalition of leaders in gov-
ernment, in academia, and among journalists
and the religious and business establishments.
The imitial announcement came not from the
major media (which initially paid little atten-
tion), but rather via the crganization of a large
coalition of science bloggers and other Web-
based forums, such as the launch of a page on
Facebook.com, coupled with a robust Web
presence that tracks daily progress. At a time
when scientists are greatly dissatisfied with
increasingly fragmented media and their
moribund treatment of science (9), “netroots™
efforts provide a new means of outreach
Future initiatives to bring science into a closer
relationship with society and the public may

The U.5. science community has converged at
record speed with the unified goal of raising
the profile of science in our national dialogue.

benefit from a similar approach.

A science debate among presidential candi-
dates has not yet occurred. There are several
dates when such a debate could take place; as
of this writing, none have been agreed to by the
candidates. After a decade of what could be
seen as antiscience in our nation’s public dis-
course, and in a mainstream media culture
more suited to sound bites than paragraphs,
politicians are understandably reluctant to
engage. But that reluctance is the very reason
for this effort and for similar efforts. In an
increasingly scientific world, science will
become ever more intertwined with policy
issues. Scientists must embrace every opportu-
nity to engage in broader public discourse as
ambassadors, popularizers, inspirers, educa-
tors, and, especially, policy-makers.

Our primary mission, to raise the profile of
science in our national dialogue and in the
minds of policy-makers and the public,
remains. The effort has made the candidates
aware of how critical science policy issues are
in our global society whether they show the
courage to debate them or not, and their
response to this initiative will be on record and
will form a basis for future development.
Looking ahead the science debate initiative
may provide a means of injecting science into
political discourse in the next cycle of congres-
sional races and the presidential race 0f 2012,
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NEUROSCIENCE

Refreshing Connections

R. Angus Silver and Roby T. Kanichay

here are approximately 10" neurons
I in the human brain, which communi-
cate rapidly via~10* specialized con-
nections called synapses. The strength of a
synaptic connection depends on its prior
activity. This plasticity occurs over a wide
range of time scales—from milliseconds to
months or even years—and is thought to form
the basis of information processing and
storage in the brain. On page 201 of this issue,
Heine ef al. (1) present a conceptually new
mechanism that can shape plasticity on a mil-
lisecond time scale, changing our view of
synaptic dynamics.

Excitatory neurons communicate by re-
leasing the neurotransmitter glutamate from
vesicles on the presynaptic side and activating
AMPA receptors in the postsynaptic density (a
specialized region of the postsynaptic mem-
brane, opposite the glutamate release site,
where receptors are clustered). The resulting
excitation of the postsynaptic neuron is inte-
grated with signals from other neurens and can
cause the postsynaptic neuron to fire action
potentials, which triggers neurotransmitter
release onto downstream neurons. Short-term
depression of the synaptic response reduces
the strength of a connection in a frequency-
dependent manner and acts as a low-pass filter
to sustained signals, yet it conveys relative
changes in firing rate independent of the
absolute input rate (2). Short-term depression
arises predominantly from presynaptic deple-
tion of vesicles {3) and reduced responsiveness
of AMPA receptors following exposure to glu-
tamate (desensitization) (4, 5). Heine et al. pro-
pose that AMPA receptors move within the
postsynaptic membrane so rapidly that desensi-
tized synaptic receptors exchange with unoccu-
pied receptors located outside the synapse in
tens of milliseconds, refreshing the sensitivity
of the postsynaptic density to glutamate.

To mvestigate the effects of AMPA recep-
tor diffusion on short-term depression, Heine
et al. measured the movement of single
AMPA receptors in cultured neurons by label-
ing them with quantum dots (fl

AXON

High prabability of glutamate release
and receptor occupancy

Postsynaptic
., density

SYRAPSE

AMPA receptor Full
=== Unoccupied
e Occupied

= Desensitized

response

postsynaptic

The exchange of desensitized glutamate
receptors with unoccupied ones can counteract
the effects of desensitization at the synapse.
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follow-

— Mobile
— Immobile

(),

recovery from d Receptor

speeding recavery from depression {red traces = 50% mobile receptors).

synaptic currents (EPSCs) in synaptically
connected pairs of neurons. Short-term plas-
ticity was assayed from the relative amplitude
of the second of two successive EPSCs

Cross-linking AMPA receptors with a specific
antibody reduced the amplitude of the second
EPSC, indicating that reduced mcepturmohjl-

mobile receptors. These results suggest that
the number of receptors in the postsynaptic
density fluctuates, but the contribution to
EPSC amplitude variability will be small rela-
tive to stochastic vesicular release (6).

To understand how receptor diffusion
affects synaptic transmission, both pre- and

ity increases short-term d
Because it is dn‘f]cult to d)smlangln the
pre- and postsynaptic components of short-
term depression (see the figure), the authors
used various methods to activate postsynaptic
AMPA receptors directly. Cross-linking in-
creased the depression when AMPA receptors
were activated by local application of gluta-
mate through iontophoresis and, to a lesser
extent, by “uncaging” of glutamate with two-
photonTaser photolysis. Interestingly, synapti-
cally induced calcium influx into the postsy-
naptic nauron reduoed receptor mobility and
of i ph ically

nanocrystals of semiconductor material).
They then examined the effects of reducing
receptor mobility on evoked excitatory post-

Depariment of Neuroscience, Physiclagy and Phammacology,
University College Londan, Gower Street, London WC1E
68T, UK. E-mall: asilver@ucl.ac.uk

activated cmTeuls, suggesting that AMPA
receptor exchange can be regulated by synap-
tic activity. Mathematical modeling shows
that receptor diffusion is sufficiently fast to
refresh the postsynaptic density during recep-
tor desensitization, with effects largest at
small synapses containing a large fraction of

ynaptic mechanisms must be considered.
For receptor desensitization to affect short-
term plasticity, plutamate release must occurat
the same synaptic contacts in quick succes-
sion. If the probability of releasing glutamate
at a synaptic contact is intermediate (50%),
only half the contacts activated by a second
presynaptic action potential will have been
exposed to glutamate following the first.
AMPA receptors are not usually saturated by
glutamate (7, §) and onset of desensitization is
usually slow (%) compared to the brief pres-
ence of glutamate (J0). Hence, only a fraction
{<50%) of receptors will desensitize at these
synapses. The expected reduction in postsy-
naptic sensitivity due to desensitization is
therefore 25% and falls to 10% after 50 ms as
desensitization recovers with a time constant
of 30 to 60 ms (9). Given the exchange fraction
at 30 ms (1), receptor diffusion rescues ~30%
of the desensitized component (3% of the cur-
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rent). These back-of-th 1
suggest that receptor dxﬂ'usmnwﬂ] have little
effect at synapses wn.h low to intermediate
release probabili dreceptor

The larger effects of AMPA receptor diffu-

synapses (e.g., at the climbing fiber synapse)
{6). Desensitization 1s prominent where the
presence of glutamate in the synapse is pro-
longed (4, /T) and where strongly desensitizing
AMPA receptors are expressed (/.2). However,

sion on short-term d cbserved by
Heine et al. could arise from higher receptor
occupancies due to glutamate release from
multiple vesicles per contact, a higher fraction
of mobile receptors, and/or slower recovery
from desensitization at the synapse. In general,
larger effects of receptor diffusion will occur at
synapses where a large fraction of receptors
desensitize, as expected for connections with
high release probabilities and receptor occu-
pancies {see the figure). Receptor diffusion
could explain the lack of desensitization at such

ing desensitization with diffusion
also requires abundant extrasynaptic AMPA
receptors, which are not present in all neurons
@, 1.

Although further studies are required to
determine the contribution of rapid AMPA
receptor diffusion to short-term depression
at different synapses in the brain, the present
study changes our concept of the postsynap-
tic density, from an array of receptors that is
fixed on a time scale of minutes, to a highly
dynamic structure with the potential to rap-

idly refresh itself from the surrounding sea
of extrasynaptic receptors.
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GEOCHEMISTRY

Toward New Uses for Hematite

Carrick M. Eggleston

he iron mineral hematite (see the fig-
ure) is common on Earth and has also
been found on Mars (7). It acts as an
adsorbent for natural and contaminant aque-
ous solutes in soils and sediments, is impor-
tant in the redox cycling of ron and other met-
als, and acts as a respiratory electron acceptor
for metal-reducing bacteria that may stem
from early inthe history oflife (2). Hematite is
also probably the cheapest semiconductor that
absorbs substantial amounts of visible light,
and is therefore a candidate component of
inexpensive “artificial photosynthesis™ sys-
tems for generating chemical fuels from sun-
light (3). The results reported by Yanina and
Rosso on page 218 of this issue () may bring
these applications a step closer to reality.
Until recently, studies of hematite photo-
catalysis have given little cause for optimism.
Hematite can use light energy to oxidize
water, but does so inefficiently. In semicon-
ductors like hematite, a gap exists between the
valence band (electronic states occupied by
electrons) and the conduction band {unoccu-
pied electronic states). This gap normally con-
tains no electronic states. When hematite
absorbs light, electrons are elevated in energy
from the valence band to the conduction band,
leaving behind holes (electron vacancies) in
the valence band that can move to surfaces
and oxidize water. These holes are often filled

Hematite gets down to work. Hematite (o-Fe,0)) is
a natural mineral found on Earth and other planets;
the specimen shown here is from Ouro Preto, Brazil.
Results by Yanina and Rosso suggest ways in which the
mineral may be used in photocatalytic applications.

before they can oxidize water. The electrons
that fill the holes come from a poorly under-
stood electronic state at an energy within the
gap (an “intragap” state) (5).

Yanina and Rosso now show that hematite
crystals—in the form of plates with narrow
“edge” surfaces and larger “basal” surfaces—
can, by means of conduction through the solid,
reductively dissolve on edge surfaces while

Department of Geology ané Geophysics, University of
Wyoming, Laramie, WY 82071, USA. E-mail: carrick@
vy, edu

i ously oxidizing Fe?* that interacts
with basal surfaces so that the basal surfaces
grow. Different crystal faces have different

Wew results suggest how the photocatalytic
performance of hematite may be improved.

potentials at a given pH, which cretaes poten-
tial gradients within the crystal that can drive
conduction from one crystal face to another.
Their results are relevant to electrical pro-
cesses in both natural and synthetic crystals
generally and suggest, in particular, that the
intragap state might be associated with the
edge surfaces of hematite. This is important
because surfaces can be modified, whereas
states inherent only to the bulk structure could
form an insurmountable obstacle to improv-
ing the photocatalytic efficiency of hematite

Crystals will take advantage of any avail-
able kinetic pathway to evolve toward an equi-
librium shape, and Yanina and Rosso have
demonstrated one such pathway. Synthesis pro-
cedures already exist, however, for making
hematite particles in spindles versus platelets
by modifying surfaces with adsorbed mole-
cules {6). Electric fields have also previously
been observed in anisotropic solids (7). Earlier
stuclies of hematite (8) noted dark currents and
open-circuit potentials that were attributed to
electrode corrosion. Yanina and Rosso show
where this corrosion reaction probably hap-
pens. More important, they put many of these
disparate pieces together to form a coherent
picture of internal electrical currents between
surfaces through conductive solids.

To discuss why their result is important for
enhancing hematite photocatalysis, we take a
closer look at the potentials reported by
Yanina and Rosso for different hematite sur-
faces. The reported potentials do not coincide
with either the valence or the conduction
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bands, but instead bracket the range of poten-
tials reported for the intragap state (5). Only
when sufficient electrons are available from
aqueous solutes do the basal surfaces reach
the more negative potential characteristic of
the hematite conduction band,

Under these circumstances, one would
expect the basal surface to reductively dis-
solve. Yanina and Rosso show that this is
true only if the basal surface is the only one
exposed to solution. When both basal and
edge surface are exposed to solution, the
basal surface does not reductively dissolve
but instead oxidizes aqueous Fe®*
Reductive dissolution takes place at edge
surfaces, not basal surfaces. Possible inter-
pretations are that a state within bulk
hematite—such as the intragap state—acts
as an oxidant for basal surfaces and as a
reductant for edge surfaces, or that the edge
surfaces act directly as an oxidant for
species at basal surfaces. Yanina and Rossos
result forces us to include the second inter-
pretation among the possibilities.

Objections will be raised to the second
interpretation because the intragap state is
thought to be a bulk phencmenon, not a sur-
face state (5). However, the two interpreta-
tions need not be mutually exclusive. Yanina
and Rosso point out significant differences
between hydroxyls on edge surfaces as com-
pared to basal surfaces. Hematite crystals
generally contain some hydroxyl as an impu-
rity, and hydroxyl defects within hematite
erystals may have similar electronic proper-
ties to hydroxyls on edge surfaces. If so, then
the way is open to synthesizing hematites
without an intragap state to limit photocat-
alytic efficiency. Bulk hydroxyl defects can
be minimized using serupulously dry synthe-
sis techniques, and edge surfaces can be
modified using a suitable adserbate to create
surface states at more negative potentials
than those of inmodified edge surfaces.

More work will be needed to see whether
edge surface modifications improve hematite
photocatalytic efficiency, but recent results
are encouraging. Kay et al. have reported a

PERSPECTIVES I

new efficiency benchmark for photocatalytic
water splitting by hematite (%) using
nanocrystalline hematite films made by
ical vapor di ion {a nonag
process presumably resulting in low water
content) and with a preferred orientation
exposing edge surfaces to light. As for sur-
face modification, Wang ef al. have shown
that photocurrents for hematite coated with
SrTiO; are much higher than for hematite or
SrTi0, alene (J6). Maybe we can make
hematite work forus after all.
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NEUROSCIENCE

Axons Seek Neighborly Advice

Keith K. Murai'* and Elena B. Pasquale®

oordinating motor and sensory path-

ways in the nervous system ensures

efficient execution of bodily move-
ments. Motor neurons in the spinal cord
extend axons that drive muscle contraction in
the periphery. Sensory neurons (in dorsal root
ganglia) adjacent to the spinal cord send feed-
back to the motor neurons about muscle posi-
ton/streteh, touch, and pain. Anatomical cou-
pling of the two pathways begins as axons
from motor and sensory neurons join paths
near the spinal cord and project together in
related, but distinet, bundles on their way to
muscle and dermis. Despite the known preci-
sion of sensory-motor connectivity, the mech-
anisms yielding this organization have
remained unclear. On page 233 of this issue of
Science, Gallarda ef al. (1) report that subpop-
ulations of motor and sensory axons directly
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Centre, Montreal General Huspital, 1650 Cedar Averue,
HMontreal, QC H3G 14, Canata. *Burnham Institute for
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communicate with each other to prevent a bio-
logical short-cireuit of this system.

Classical tracing and transplantation stud-
ies have shown that motor and sensory neurons
exhibit closely associated projection patterns
and can influence each other’s outgrowth
(2—4), but direct molecular evidence for their
reciprocal communication during develop-
ment has been lacking. Using advanced mouse
genetics, Gallarda et al. simultanecusly illami-
nated these pathways by expressing marker
proteins. They observed that late-developing
motor axons projecting to muscles of the trunk
develop in close proximity to axons of sensory
newrons from the dorsal root ganglia. Even at
initial phases of growth, axial motor and sen-
sory axons avoid each other before fully segre-
gating within the same nerve. Interestingly,
axons from axial motor neuron explants and
sensory neuron explants refuse to mtermingle,
thus recapitulating their behavior in vivo.
Moreover, motor neuron growth cones (the
leading tips of axons) collapse on contact with
sensory axons. These results suggest that
molecular recognition events prevent inappro-
priate mixing of axons during development.

Among the factors that can mediate this
type of recognition are the ephrins and Eph

Cell contact-dependent communication between
adjacent motor and sensory neurons prevents
miswiring of developing neural circuits.

receptors, cell surface-associated ligands and
receptors whose inferaction at sites of cell-cell
contact facili i lular corr icati
(5). In general, these two protein families guide
axons to their targets by enabling growth cones
to communicate with surrounding cells. [n the
peripheral motor system, EphAd4 signaling en-
sures proper pathway selection of motor axons
to the limb (6-8). Compartmentalized Eph
receptor expression within developing nerves,
such as EphA4 in spinal nerves and EphB2 in
the optic nerve of the chick embryo (9, /07),
suggests that these proteins play an additional
role in separating axon populations. However,
their involvement in axon segregation has not
been demonstrated.

Gallarda ef al. analyzed the projections of
axial motor and sensory neurons in mice lack-
ing EphA3 and EphA4 and discovered that
these receptors control the repulsion of axial
motor axons from neighboring ephrin-A—
expressing sensory axons. This repulsive sig-
naling not only inhibits the intermingling of
motor and sensory axons, but also blocks
motor axons from projecting in the wrong
direction along sensory axons and infiltrating
the dorsal root ganglia (see the figure). Ulti-
mately, these EphA-mediated guidance events
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prevent axial motor axons
from contaminating the physi-
ology of the sensory systerm.

Remarkably, sensory axons
serve as a developing barrier
that constrains the growth of
axons from axial motor neu-
rons. However, EphA3 and
EphAd signaling is just part of
the story, because loss of these
receptors only influences the
development of late-forming
axial motor axons, whereas the
initial organization of sensory and nonaxial
motor axons is unaffected. Furthermore, the
cues that separate axon populations proximal to
the spinal cord are likely different from those in
the periphery. Hence, the work of Gallarda ef al.
highlights the molecular complexity of the nerv-
ous system, where axon pathway selection
within nerves depends on multiple cues operat-
ing in different anatomical regions. As proposed
for the olfactory system, sensory and motor
axon segregation may be controlled by the com-
binatorial activities of adhesion molecules and
repulsive molecules differentially expressed in
discrete axon subpopulations (/7).

Many questions still remain to be answered.
It is known that target-derived factors coordi-
nate genetic programs that control selective
sensory input onto motor neurons {12, /3).
However, the programs that initiate the cooper-
ative growth of motor and sensory pathways
are mostly unknown. Several aspects of Eph

Dermis

Aligned but

Mouse wild type

Dorsal raot ganglion —

spinal cord (T

al muscle

Motor neuron
segregated paths

function in sensory-motor circuit development
also require attention. For example, the func-
tionof ephrin- A% that are expressed with EphA
receptors onmotor axons needs to be addressed
(1, 8,14, 13). Itwill also be important to clarify
the relative contribution of ephrin- A% on sen-
sory axons versus those m the surrounding
mesenchyme in guiding axial motor neurons.
This may help explain discrepancies with pre-
vious findings showing that axial motor axons
are attracted to ephrin-A3 in the swrounding
mesenchyme of the chick embryo (7). Species-
related differences in downstream signaling
molecules thatmediate EphA repulsive signals,
suchas Ephexins, may account for these differ-
ent observations (16). The contribution of other
Eph receptors and ephrins in generating the
sensory-motor circuit also awaits investigation.
Finally, it will be important to know whether
insufficient or improper use of Eph-dependent
‘mechanisms leads to altered neural connectiv-

Mouse lacking EphA3 and EphAd

No repulsion of axon populations

Cooperative motor-sensory axon
guidance. Axons from axial motor
neurons project away from the
spinal cord and establish an
aligned, but segregated, relation
with sensory neuren axens along
their path to muscle and dermal
targets, However, axial motor axons
from mice that do nol have the
EphA3 and EphAd receptors lack
repulsion from sensory axans near
the spinal cord and inappropriately
invade dorsal root ganglia.

ity after nervous system injury. Findings such
as those presented by Gallarda ef al. will con-
tinue to guide our understanding of develop-
mental and remodeling events that control
neural circuit assembly and function.
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BIOCHEMISTRY

Anatomy of a Fungal Polyketide

Synthase

Kira J. Weissman

chemical factories, churning out valu-

able medicines, including the antibiotic
penicillin and the cholesterol-lowering statins.
Other fungal products, such as the potent car-
cinogen aflatoxin B1, are less benign. Many of
these diverse compounds are polyketides, con-
structed by enzymes called polyketide syn-
thases from a small set of building blocks. [n
fungal polyketide synthases, several catalytic
domains are joined together like beads on a
string (see the figure, bottom panel); the mum-

F ungi are among nature’s most proficient

of ical 8i Saarland
University, 60041 Saarbriicken, Germany. E-mail:
kueissman @mi.uni-saarland.de

Cutting a fungal polyketide synthase into
pieces reveals the function of all its catalytic
domains.

ber of domains determines the plexity of
the final structure. On page 243 of this issue,
Crawford et al. (1) meticulously dissect the
aflatoxin B1 polyketide synthase of Aspergilius
parasificus, elucidating the function of each
catalytic site.

Aflatoxin B is an oxidation product of the
much simpler molecule norsolorinic acid
(NSA)(see the figure) (2). NSA is built by join-
ing one unit of hexanoate to seven units of
acetate (the decarboxylation product of malo-
nate). The resulting polyketide chain is zipped
up to form a series of three adjoining rings with
a hexanoate tail. All catalytic sites required to
construct NSA are present in a polyketide syn-
thase called Pks A, but some 15 additional steps

mNSA toaflatoxinB1(3).
Sequence analysis of PksA and related
“nonreducing” polyketide synthases from other
fungi () readily identifies specific regions to
link building blocks [ketosynthase (KS)],
recruit malonate units [malonyl-CoA:acyl
carrier protein transacylase (MAT)], and re-
lease the final product [thicesterase/cyclase
{TE/CLC)] {5). The location of the acy] carrier
protein (ACP), which serves as the attachment
point for intermediates, is also evident. How-
ever, no obvious candidates turn up for select-
ing hexanoate and for driving cyclization.
Attempts to analyze fungal PK'S machin-
ery have been hampered by the giant size and
complexity of the proteins. Working on the

T1APRILZ008 VOL320 SCIENCE www.sciencemag.org

CREDITKEITH K. MURAI



[+ o
1 Pksi
ol R e

Hexanoyl-ACP 7% malonyl-Con  HO

o4 o

o 9 other reactions Y.
A + ¢ H
12 — i
o - [ L x
He0 oH

Oxidationand o ©

Norsolorinic acid {NSA)

Selection

Aflatoxin B1

Forming ring 3/
chain release

Assembly line. The polyketice synthase PksA builds NSA from one unit of hexanaate (Irom hexancyl=ACP) and

seven of malor

0A). NSAs then

inta the carcir il 1B1 by a series

of axidative reactions (top). Crawlard ef al, have determined the function of all domains within Pksa, (bottom).

assumption that the domains were once dis-
crete proteins that became linked together
during evolution, several groups have tried to
cut fungal polyketide synthases into more
manageable pieces. A simple approach (6, 7)
has been to assume that sequences not present
in similar, discrete enzymes are linker regions
and that the remaining sequences are the
domains. In vitro studies of the MAT and ACP
domains from PksA obtained by this method
confirmed their expected activities (6).
However, the Udwary-Merski algorithm
(UMA) (8) has proved even more successful.
UMA searches amino acid sequences for three
indicators of structured protein domains
{secondary structure, local hydrophobicity,
and family homology), better distinguishing
folded regions from linkers. One of UMA%
first achievements was to predict the location
of the two missing activities in PksA: a starter
unit-ACP transacylase {SAT) domain at the N
terminus and a putative product template (PT)
domain just upstream of the ACP. Subsequent
experiments with the discrete SAT domain
proved its function in recruiting hexanoate ().
Using UMA as a guide, Crawford ef al.
have now further deconstructed PksA into
seven different chunks (monodomains, dido-
mains and tridomains) and then recombined
the pieces in vitro (J); every reaction con-
tained the tridomain SAT-KS-MAT required
for loading and condensation. Guided by the
assumiption that differences from wild-type
behavior could be attributed to the missing
domain(s), analysis of the resulting products
enabled the authors to determine each
domain’s role. With high-resolution mass
spectrometry, the authors detected predicted
intermediates attached to the ACP domain,
further supporting the assigned domain func-
tions. As expected, a reaction mixture con-
taining all domains resulted mainly in NSA.
In 2000, Staunton argued that cyclization of
polyketone chains might begin during the

chain-extension process (J0): In this way, the
polyketide synthase would avoid the task of
protecting a long, reactive chain from sponta-
neous ring formation and establish the regio-
chemistry of all subsequent cyclizations.
However, the mass spectrometry data reported
by Crawford ef al suggest that PKsA construets
full-length chains on its ACP before installing
any rings. Tang and co-workers recently
reached the same conclusion from studies of
another nonreducing fungal PKS interacting
with a discrete enzyme. The enzyme consis-
tently acted at a specific carbon of the inter-
mediate attached to the ACP, evidence that it

PERSPECTIVES I

was able to count along the fully extended
chain to locate the correct site (7). Apparently,
nature’s view of economy of catalytic mecha-
nism does not always agree with ours.

PksA has close relatives in many other
fungi, so the results of Crawford et al. are
likely to be generalizable. However, the non-
reducing polyketide synthases are the simplest
polyketide synthases in fungi. The partially
reducing polyketide synthases incorporate
ketoreductase domains that act only during
selected extension cycles, whereas the highly
reducing polyketide synthases contain several
additional catalytic sites. Neither system uses
SAT or PT domains, and thus the basis for
their complex programming is unclear. Appli-
cation of the dissection approach to these
polyketide synthases may soon provide some
answers. UMAS work is just beginning.
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BIOCHEMISTRY

Zooming Into Live Cells

Fabien Pinaud and Maxime Dahan

High-resolution optical imaging is providing real-time data on molecular processes in live cells.

outer space on a mission to study the

organization of urban life is likely to
first notice a mostly static structure, inter-
sected by a few traffic axes. But landing next
to a main street, he will find a much more
complex and dynamic situation, with people
moving in various directions and interacting
in groups. Advances in high-resolution light
microscopy now allow researchers to under-
take similar journeys into the complexity of
live cells. As reported by Westphal ef af. on
page 246 of this issue (/). optical techniques
are now producing image sequences in which

F Iying high over a city, a visitor from

Laboratoire Kastler Brossel, CNRS URRBS52; Physics and
Biology Department, Ecole Normale Supérieure;
Université Plerre et Marle Curie-Paris 6, 46 rue d"Ulm,
75005 Paris, France. E-mail: maxime.¢ahan@lkb.ens.fr

the dynamics of molecules or supramolecular
assemblies are recorded with nanometer-scale
accuracy inreal time. By opening a window to
molecular-scale processes, the techniques
promise to elucidate many aspects of cell
organization.

Light microscopy is an essential tool in
biology, offering a sensitive, noninvasive
approach to probing cells. The resolution of
lens-based microscopes was, however, long
thought to be limited to about half the wave-
length % of the light used (~250 to 300 nm for
visible light). Many questions have remained
unanswered because the assembly of many
cellular structures takes place on a scale much
smaller than A/2 and therefore cannot be re-
solved by conventional microscopy.

Recent studies have shown that the resolu-
tion does not have to be limited to /2 (2). A
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key step is to find ameans to
reduce the number of fluo-
rescently labeled molecules
that are excited simultane-
ously at every acquisition
step of the image. In one
approach, the effective size of
the exciting beam is reduced
by stimulated emission de-
pletion (STED), in which a
doughnut-shaped guench-
ing beam is wrapped around
the excitation spot (see the
first figure, left panel) (3).
The result is akin to sharp- i
ening a pencil to draw finer N o
lines. By scanning the “sharp-
ened” spot over the sample,
an image is built pixel by
pixel, with a resolution cur-
rently down to 20 nm.

In another approach,
microscopy techniques (termed PALM and
STORM) take advantage of molecules that
can be tumed on and off with different light
sources {4, 5). Using low activation intensity, a
small and random subset of molecules in the
field of view is activated. Next. a conventional
image is taken, in which activated emitters
appear as sparse spots. The molecules are then
deactivated through photobleaching or by
switching back to their off state. Each spothas
a diffraction-limited extension of ~A/2, but its
center can be localized with much higher
accuracy (see the first figure, right panel)—in
practice down to 10 to 40
nm. By repeating the activa-
tion-imaging-deactivation
cycle many times, a com-
posite image made up of the
positions of all individual
molecules is created, much
like in a pointillist painting.

High-resolution micro-
scopy has recently been
extended to three-dimen-
sional (4) and multicolor
imaging (7-9). It has al-
lowed imaging of mem-
brane proteins (/0), cyto-
skeletal elements (9), and
vesicles (17) in fixed sam-
ples with unmatched reso-
lution.

Westphal ef al. now
extend STED microscopy
to live cell imaging. By
working on small regions
of interest and finely tun-
ing the size of the STED
excitation spot, they find a

Quenching beam

Effective—
excitation

-
M2

vesicles i

Dendrite—

High-resolution imaging goes live.
Westphal et ol have used STED micros-
copy to track presynaptic vesicles in
live neurens in real time.

Activation beam

f

Imaging beam

Intensity profile of a si

suitable compromise between the number of
detected photons and the scanning speed to
achieve video-rate intracellular imaging with
aresolution of ~60 nm. With such resolution,
they record the motion of individual fluores-
cently labeled presynaptic vesicles in live
neurons (see the second figure). The data
reveal complex, continuous intracellular
trafficking of the vesicles, with confined
movements in nerve terminals. The experi-
ments closely follow advances in PALM
techniques that permitted in vivo tracking of
membrane proteins (12, 13).
High-resolution micros-
copy provides many pos-
sibilities for biomedical
research. The detailed or-
i i of i Tlul

Higher resolution. In STED microscopy (left), an
excitation beam overlaps with a doughnut-shaped
quenching beam. At the Tacal point, the effective
excitation is much narrower than 4/2. With PALM or
STORM (right), the sample is illuminated with an
adtivation light and an excitation beam. Single acti
wvated molecules can be localized with an accuracy
well below 1/2.

tionship, can now be characterized in situ.

High-resolution microscopy will also
transform the way interactions are probed in
living cells, because it provides a much higher
confidence level to determine if two mole-
cules are very close to each other (and thus are
potentially interacting with one another). This
is particularly important for interactions
mediated through supramolecular complexes
larger than ~10 nm, a distance above which
molecular proximity measurements based on
energy transfer between fluorophores become
impractical (15).

Looking in real time at individual molecu-
lar assemblies does not come without technical
and conceptual challenges. Cellular targeting
of brighter and highly photostable fluorescent
probes (/6) will be required to study fast and
complex dynamics over extended time peri-
odds. Analysis and processing of the large data
sets collected from thousands of single mole-
cules will demand substantial computer re-
sources. Furthermore, as observed in many
single-molecule experiments, the dynamics of
individual objects in live cells is highly hetero-
geneous. Understanding the causes and impli-
cations of this heterogeneity will imply con-
certed experimental and modeling efforts.
Ultimately, we expect high-resolution micro-
scopy to illustrate that there is no average
molecule, much as single-cell experiments

structures such as small
membrane microdomains,
cytoskeletal scaffolds, and
multiprotein factories can
be directly visnalized. But
one of the most ex
prospects is the possi
to follow, in real time, the
dynamics at play in assem-
bling., maintaining, and
taking apart such struc-
tures. Indeed, it is becom-
ing increasingly clear that
most, if not all, cellular
structures are maintained
by continuous exchanges
of transiently interacting
and dissociating molecules
(14). The kinetics of these
exchanges, together with
the structure-function rela-

debunked the myth of the average cell (/7).
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RETROSPECTIVE

Arthur C. Clarke (1917-2008)

Joseph N. Pelton' and John Logsdon®

standing of how nature works. Newton

identified gravity; Curie provided
knowledge of radioactivity; Einstein, the
space-time continuum; Hubble, a yardstick to
measure the size of the *Big Bang universe”
Other powerful figures in human history con-
tribute primarily by their insights into what
might be. They span an incredibly broad range
of art, literature, invention, and scientific
inquiry. Leonardo Da Vinci is an obvious pro-
totype, whose work and thoughts have tran-
scended time.

Sir Arthur C. Clarke was clearly one of
these “others™ He was able, decade after
decade, to generate prescient insights into the
scientific and social worlds. He skipped mer-
rily and with equal aplomb from the world of
imagination to that of science and technology.
He was the essence of wit. But there was more
than wit and insight to his work. Unlike his con-
temporaries—Ray Bradbury, Isaac Asimov,
and Robert Heinlein among them—Arthur
Clarke remained an optimist about the human
ability to make life better through the peaceful
use of science and technology. That he was
often disappointed in reality did not temper that
optimism. Though he was not a religious marn,
there was an underlying positive spirituality to
his writings that set him apart. He was con-
vinced that human destiny involved leaving the
Earth for other places in the solar system and
beyond, and that the results of space explo-
ration would improve the human condition

Clarke was already experimenting with
rockets when he was 13 years old. By the time
he was 17, he was developing sound transmis-
sion using light waves. At the age of 18 he
aced the United Kingdom Civil Service
exams and acquired the sobriquet “The
Fastest Slide Rule in Whitehall.” He joined the
Royal Air Force (RAF) in 1941 and made key
contributions to the development of radar dur-
ing World War II. In Cctober 1945, mustering
out of the RAF at the advanced age of 28, he
published in Wireless World magazine an arti-
cle entitled “Extra-Terrestrial Relays.” Well
inside the issue—not the cover story—he set
forth with mathematical clarity the key ele-

S clentific giants give us powerful under-

ments of deploying a global communications
satellite network in a 36,000 kilometer orbit
that would enable global coverage with just
three satellites. His lordly compensation for
this multibillion dollar idea was £15 {then
~US $65), and hifetime recognition as the pio-
neer of an idea that changed the world.

Not one to dawdle, Arthur Clarke gradu-
ated in 1948 from King's College, London,
taking only 2 years to complete his studies. He
sold his first science fiction story in 1945, and
by 1953 his career as a science fiction giant
was firmly launched with the publication of
Childhoods End. A stream of books poured
forth year after year. During his prodigious
career he won virtually every major science
fiction writing award. Rendevous with Rama
(1973) alone won the Hugo, Nebula, John W,
Campbell Memorial, and Jupiter Awards. The
science fiction works that sustained him
financially never strayed far off the path of sci-
entific possibility. He remained contemptu-
ous of science fiction that was inconsistent
with the basic Jaws of physics.

Clarke’s books are equally divided be-
tween science fact and science fiction. His
1951 exposition of the emerging field of
astronautics, The Exploration of Space, was a
Book-of-the-Month selection in the United
States and introduced many around the world
1o the ibilities linked to sending men and

‘The Space & Advanced Communications Research
Institute, George Washington University, Washington, DC
20052, USA. “The Space Policy Institute, George
Washingten University, Washington, DC 20052, USA.
E-maik: logsdon@gwm.edu

machines into orbit and beyond.

In 1954, Arthor Clarke made his first trip
to Sri Lanka; he settled there on a permanent
basis in 1956. Even then, Clarke sensed that

PERSPECTIVES I

Agiant of science fiction literature wrote with
scientific precision and imaginative insight
about Earth and space sciences.

he would never go into space. His alternative
was exploring the mysterious world of the
oceans. He was an avid scuba diver, until his
health gave out, and fascinated with the ocean
and exploring their mysteries in his books.

But his consuming interest was undoubt-
edly outer space. Through his collaboration
with film director Stanley Kubrick on the
1968 movie 2001: A Space Odyssey, and the
accompanying book, his ideas on the origins
and future of humanity reached millions.
He was quite proud of the fact that his writ-
ings helped inspire many young people to
become astronauts, including several of
those who traveled to the moon during the
Apollo program. Arthur Clarke not only
wrote about space in entertaining ways, he
also presented a vision of a compelling
future away from the home planet.

Perhaps Clarke’s most riveting character
was HAL—the computer in 200]—a
machine that not only developed awareness
but even the ability to commit murder. The
importance of HAL inClarke’s writing was no
fluke. He felt that artificial intelligence was
the most important invention of our time.

Arthur Clarke was no one-act wonder. He
wrote over 100 books and hundreds of articles
with both scientific precision and literary
genius. He wrote about every aspect of Earth
and space science. His range of interests
included communications, education, the
environment, energy technologies, climate,
genetic engineering, space science, advanced
materials, robotics, astrophysics, advanced
transportation systems, nonlinear math, and
Just about every other imaginable technology.

How can we appropriately remember this
giant? We canrecall, “The only way of discov-
ering the limits of the possible is to venture a
litle way past them into the impossible,” one
of his three laws from Profiles of the Future
(1962). We could also designate the geo-
synchronous orbit the “Clarke Orbit” and
perhaps create an Arthur C. Clarke Center
for Imagination.

Now, after 90 full years, Arthur C. Clarke
is launched into the cosmos for a well-
deserved rest. This is no mere literary allusion.
Clarke, who had no false sense of modesty
about his achievements, arranged for a lock of
his hair to be launched into space so that he
could share his DNA with the universe.

10.1126/science. 1156220
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Magnetic Domain-Wall
Racetrack Memory

Stuart S. P. Parkin,* Masamitsu Hayashi, Luc Thomas

Recent devel in the of domain walls in magnetic nanowires by
short pulses of spin-polarized current give promise of a nonvolatile memory device with the
high performance and reliability of conventional solid-state memory but at the low cost of
conventional magnetic disk drive storage. The racetrack memory described in this review
comprises an array of magnetic nanowires arranged horizontally or vertically on a silicon
chip. Individual spintronic reading and writing nanodevices are used to modify or read

a train of ~10 to 100 domain walls, which store a series of data bits in each nanowire.
This racetrack memory is an example of the move toward innately three-dimensional
microelectronic devices.

the racetrack altemate between head-to-head and
tail-to-tail configurations. The spacing between
consecutive DWs (that is, the bit length) is con-
trolled by pinning sites fabricated along the race-
track. There are several means of creating such
pinning sites; for example, by patteming notches
along the edges of the racetrack or modulating
the racetrack’s size or material properties. Be-
sides defining the bit length, pinning sites also
give the DWs the stability to resist external per-
turbations, such as thermal fluctuations or stray
magnetic fields from nearby racetracks.

RM is fundamentally a shift register in which
the data bits (the DW) are moved o and fro along
any given racetrack to infersect with individual
reading and writing elements integrated with each
racetrack (Fig. 1). The DWs in the magnetic race-
track can be read with magnetic tunnel junction
magnetoresistive sensing devices (3) amanged so

Tmr: are two main means of storing
digital information for computing appli-
cations: solid-state random access mem-
ories (RAMs) and magnetic hard disk drives
(HDDs), Even though both classes of devices
are evolving at a very rapid pace, the cost of
storing a single data bit in an HDD remains
approximately 100 times cheaper than in a solid-
state RAM. Although the low cost of HDDs is
very atiractive, these devices are intrinsically
slow, with typical access times of several milli-
seconds because of the large mass of the ro-
tating disk. RAM, on the other hand can be very
fast and highly reliable, as in static RAM and
dynamic RAM technologies. The architecture of
computing systems would be greatly simplified
if there were a single memory storage device
with the low cost of the HDD but the high per-
formance and reliahility of solid-state memory.

Racetrack Memory
Because hoth silicon-based nucmeh:clmn e db-

“ Writing
4 U
Racetrack
storage array

Vertical racetrack

vices and HDDs are fall

{2D) amays of transistors and magnetic bits,
respectively, the conventional means of develop-
ing cheaper and faster devices relies on reducing
the size of individua! memory elements or data
storage bits. An alternative approach is to con-
sider constructing truly 3D devices. One such
approach is “racetrack™ memory (RM) (/), in
which magnetic domains are used to store infor
mation in tall columns of magnetic material ar-
ranged perpendicularly on the surface of a silicon
wafer (Fig. ). Magnetic domain walls (DWs) (2)
are formed at the boundaries between magnetic
domains magnetized in opposiie directions (up or
down) aleng a racetmek (Fig. 2). Each domain
has a head (positive or north pole) and a tail
(negative or south pole). Successive DWs along

1BM Amaden Research Center, San Jose, CA 95120-6099,

*To wham camespendence should be addressed. E-mall:
parkin@almaden.fbm.com

Horizontal racetrack

Fig. 1. The racetrack is a ferromagnetic nanowire, with data
encoded as a pattern of magnetic domains along a portion of the
wire. Pulses of highly spin-polarized current move the entire
pattern of DWs coherently along the length of the wire past read
and write elements. The nanowire is approximately twice as long
as the stored DW pattern, so the DWs may be moved in either
direction. (A) A vertical-configuration racetrack offers the highest
storage density by storing the pattern in a U-shaped nanowire
normal to the plane of the substrate. The two cartoons show the
magnetic patterns in the racetrack before and after the DWs have
moved down ane branch of the U, past the read and write ele-
ments, and then up the other branch. (B) A horizontal config-
uration uses a nanowire parallel to the plane of the substrate. (C}
Reading data from the stored pattern is done by measuring the
tunnel magnetoresistance of a magnetic tunnel junction element
connected to the racetrack. (D) Writing data is accomplished, for
example, by the fringing fields of a DW moved in a second
ferromagnetic nanowire oriented at right angles to the storage
nanowire. (E) Arrays of racetracks are built on a chip to enable
high-density storage.
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that they are close ta or in con-
tact with the racetrack. Wiiting
DWs can be carried out with a
variety of schemes {J), includ-
ing using the self-ficld of cur-
rents passed along neighboring
metallic nanowires; using the
spin-momentum transfer torque
effect (4, 5) derived from cument
injected into the racetrack from
magnetic nanoelements; or using
the fringing fields from the con-
trolled mation of a magnetic
DW in a proximal nanowire
writing element (1),

Uniform magnetic fields
cannot be used to shift a series
of DWs along the racetrack:
Neighboring DWs would mave
m opposite directions and so
eventually annihilate each other.
Magnetic memory devices us-
ing non-uniform local magnet-
ic fields to manipulate DWs
were studied several decades
ago (6, 7) but were abandoned
because of their complexity
and cost.

InRM, DWs are shified along
the racetrack by nanosecond
current pulses using the phe-
nomenon of spin-momentum
transfer (4, 5. When a current is
passed through a magnetic ma-
terial, it becomes spin-polarized
because of spin-dependent diffit-
sive scattering, and so carries
spin angular momentum (3, §).
When the spin-polarized cur-
rent is passed through a DW,
the current transfers spin an-
gular momennim to the wall,
thereby applying a torque 1o the
moments in the DW, which can
result in motion of the wall



(9-15). The direction of motion of the DWs is
independent of the magnetic charge of the DW,
whether head to head or tail to tail, so that an
entire sequence of DWs can be shified along
ihe racetrack. The magnetic columns need to be
sufficiently narrow (<~100 mm) for the spin
momentum transfer interaction of the curent
with the DW 1o dominate over the self-fleld of
the curent. Thus, the racetracks are composed of
nanowires of magnetic material approximately
100 nm or less in diameter and one to several tens
of mi tall, thereby ing ~10
to 100 D'Ws per racetrack. The cost of storing one
data bit in the RM is lowered as the number of
D'Ws (n) that are stored in an individual racetrack
increases, and, moreover, the average time needed
to read a particular bit is independent of # if the
distance between DWs is kqnmmmt

Fabricating the 3D RM is a substantial
challenge (16). However, RM can also be bull
in a 2D geometry (Fig. 1B), which is much
simpler. Moreover, even though a 2D RM has
lower density than a 3D RM, its density is
superior to that of nearly all other solid-state
memories, including the densest flash memory
(16) (table 51). The planar geometry is also more
suitable for exploring the RM physics in a lab-
oralory environment.

One of the most challenging aspects of RM
is the controlled and reliable motion of a series
of DWs, which are the data bits, backward and
forward along the racetrack. The ultimate per-
formance of RM will depend both on the
current density required 1o move DWs and the
velocity at which the DW pattern can be shifted
along the racetrack Thus, a detailed understand-
ing of the magnetization dynamics of DWs and
their interaction with spin-polarized current is
key for the successful development of RM.

DW Data Bit

Current-driven DW metion has been studied in
just 2 small mumber of magnetic materials, both
“soft” and “hard” (1736'},mmp].meandpc1

Fcularl

In hard materials, I.hcmz.gn:umaudnmuun 15
detenmined largely by the direction of the mag-
netic anisotropy fields, which are intrinsic to the
material. In cantrast, the magnetzation direction in
magnetically soft nanowires is defined by the geo-
metrical shape and form of the nanowire, Here we
focus on horizontal racetracks with rectangular
cross-sections fabricated from thin films of soft
magnetic alloys composed of iron, nickel, and co-
balt. In these cases, the internal structure of the
DW and its width are largely derived from mag-
netostatic fields determined by the shape of the
racetrack (2). In particular, the DW widh scales
approximately with the nanowire width.

For the nanowire dimensions smudied —widths
ranging from 100 to 500 mm and thicknesses
ranging from 10 to 50 nn—the DW states with
the lowest energies have either transverse (T)
or vortex (V) wall structures (37, 32) (Fig. 2, A
and B). The vortex structure is favored in
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Fig. 2. MFM was used to probe the detailed structure of DWs
pinned at a triangular notch in Py nanowires. The magnetic
contrast (white or dark) depends on the charge of the DWs,
whether head to head or tail to tail. Solid white lines show the
nanowire's topography as determined by atomic force microscopy.
(A} Structure of tail-to-tail DWs observed in thin 10-nm-thick
nanowires with widths of 200 nm (left} and 300 nm {right}. From
top to bottom, images show DWs with anticlockwise transverse,
clockwise transverse, and anticlockwise vortex structures. (B} Structure
of head-to-head DWs observed in 40-nm-thick nanowires with
widths from 200 to 400 nm. The leftmost four images show
examples of vortex DWs with clockwise and anticlockwise chi-
ralities, both with negative core polarity {top two images on the
left, for a nanowire width of 200 nm), and clockwise vortex walls
with negative and positive core polarities (bottom two images on
the left, width 300 nm). The two images on the right show examples
of structures found in a 400-nm-wide nanowire: a vortex wall with
clockwise chirality and negative polarity {top} and a mare complex
structure comprising two vortices and one antivortex for a DW
pinned between two neighboring notches (bottom). (C) MFM was
used to image the motion of a single tail-to-tail vortex DW. The
cartoon at top shows a schematic of the experiment. A nanowire
comprising a series of notches was connected to electrical con-
tacts at each end to allow for injection of current pulses. Experimental
results are shown for a 40-nm-thick, 100-nm-wide permalloy nanowire
with 11 triangular notches located 1 um apart; a part of the nano-
wire with six notches, indicated by vertical white dotted lines, is
shown. Single current pulses, 8V (26 mA) and 14 ns long, were
applied between each image sequentially from top to bottom. For
the first eight images, pulses with negative polarities were applied.
For the last seven images, pulses with positive polarities were
applied. (D) The motion of two DWs in the same nanowire as (C).
Positive current pulses (26 mA, 14 ns long} were applied between
successive images sequentially from top to bottom.

eral ble vortex struc-
tures can be observed: The
chirality of the vortex can be
either clockwise or anticlock-
wise, and the vorex core po-
larity (that is, the direction of
the out-of-plane vorlex core
magnetization) can be either
negative or positive (Fig. 2B).
Bath fhe chirality and the po-
larity of the voriex strongly af-
fect the DW dynamics. For
example, the piming sirength of
a notch depends an the DW
chimality (33).

Current-Driven DW Motion

Perhaps the key concept un-
derlying RM is the controlled
movement of DWs along the
racetrack by means of short
pulses of spin-polarized cur-
rent. This concept is demon-
strated in Fig. 2C for permalloy
(Py, NigiFepa) nanowires by
measurement of the position,
quasi-siatically with magnetic
force microscopy (MFM), of
one or more DWs created in
the nanowires, A sequence of
MFM images was recorded
after the injection of single cur-
rent pulses or trains of pulses
of varying length and magni-
tude along the nanowire. The
DWs don’t move until a critical
cumrent threshold is exceeded. In
Fig. 2C, the controlled motion
of vortex DWs between succes-
sive notches is clearly shown
for 14-ns-long pulses corre-
sponding 0 a current density
of ~3  10° Alem”. Depend-
ing on the current direction,
the DWs are moved in either
direction along the nanowire,
but the DWs® motion is in the
direction of the electron flow
(that is, opposite to the current
direction). Under these ex-
perimental conditions, the mo-
tion of the DWs is not reliable:
In some cases, the DWs don’t
move, move only across a

thicker or wider nanowires because it is flux
closed with reduced surface charge (and,
thereby, demagnetizing fields) at the nanowire
edges. In larger nanowires, even more complex
DW structures can be found (Fig. 2B). It is
common to find both T and V W structures in
a given nanowire, for a wide range of nanowire
widths and thicknesses, even when the DW
energies are substantially different (Fig. 2A)
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noich, or, on the conirary, skip a notch.

Under the same experimental conditions it is
also possible 10 contollably move two DWs
(Fig. 2D). The two DWs move in the same
direction—with the electron flow—even though
they have opposite magnetic charge. This
demonstrates the feasibility of shifting a series
of DWs with opposite charges along the
racetrack. However, an important drawback of
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these studies is that the threshold current
density is so high that the nanowire temper-
ature increases because of severe Joule heating
from the current pulses, The heat capacity of
the nanowire is so small that its equilibrium
temperature is reached very quickly, within ~2 to
20ns depending on the thermal link to the under-
lying substrate. In extreme cases, the nanowire’s
temperature can approach that of the Curie
temperature of Py (~850 K. This obviously has
deleterious results, including the possibility of the
creation or annihilation of pairs of 'Ws. Reversals
in the chirality (33) or polarity of the DWs and
transformations of the DW structure (20/) can also
be seen at these high current densities, influenced
not only by thermal perturbations but also by spin-
momentum transfer itself. Thus, for the successful
operation of RM, it is important to reduce the
critical current density for moving DWs.

Critical Current for DW Mation
Understanding the origin of the critical current
and its dependence on the racetrack’s material
and geometry has been a challenge for experi-
mental and thearetical physicists in the past few
vears. Let us first compare D'W motion driven by
current and magnetic field. The field analog of
the enitical current density /. is the propagation
(or coercive) field Ay, below which no motion
occurs. The origin of this propagation field is
extrinsic: For an ideal racetrack, without any
defects or roughness, DWs would mave for any
nonzero applied field, albeit very slowly. Thus,
nonzero values of the propagation field are directly
related to defects, which provide local pinning
sites for the DW. In fact, £, is proportional to the
pinning strength, which can be ined, for example,
by fabricating notches with variahle depths.
Intuitively, one would expect current-driven
DW motion to follow the same behavior: The
stronger the pinning, the larger the critical
current. However, the original theories of spin-
transfer torque suggesied the existence of an
intrinsic critical current density, even for an ideal-
ly smooth nanowire (11, 12, 14). In these theo-
ries, for currents smaller than this threshold
value, DWs move only a short distance before
stopping as they reach a dynamical equilibrium
(for which the influx of spin angular momentum
is compensated by damping). The critical current
is independent of pinning strength (except for
extremely strong pinning) and depends only on
the racetrack’s geometry and material parameters.
More recently, it has been proposed that in ad-
dition to this original adiabatic spin-transfer
torque term, there is ancther contribution that
behaves as a magnetic field localized at the DW,
which is often described as a nonadiabatic term.
Even though the origin of this temm is still under
debate (3-15), its mere existence has dramatic
effects on the cument-driven DW dynamics.
Indeed, the critical current becomes extrinsic; that
is, it scales with the pinning strength. Thus, it
follows that the critical cument could be controlled
by engincering pinning sites along the rcetrack.

The relationship between critical current and
pinning strength for vortex DWs i shown in Fig.
3A. These data suggest the existence of two
different regimes. For relatively weak pinning
(below ~15 O}, the critical current density scales
linearly with the pinning field, For the lowest
pinning strength (~5 Oe), the critical current is on
the order of 10° Ascm®. For stronger pinning
(=15 Oe), the critical current appears to saturate
and becomes independent of pinning strength. In
this regime, however, W motion requires very
high current densities resulting in significant
Joule heating, and experimental data are thus
difficult to interpret. These data suggest the exis-
tence of a nonadiabatic term in the spin-transter
torque. Indeed, the critical current in the low pinning
regime seems 1o fend to zero for zero pinning,
suggesting a purely extrinsic erigin [a similar de-
pendence was observed in multilayers with perpen-

A

dicular anisotropy (29)]. However, we cannot rule
out the existence of a nonzero critical current for
very low pimming (<5 Oc). Further work is needed
1o achieve such an extremely low pinning,

To date, the critical current to move a trans-
verse DW in zero field has not yet been deter-
mined. It appears, as is consistent with theoretical
models, that the threshold current for the motion
of atransverse DW is higher than that for a vortex
DW, It could be that in nanowires of appropriate
dimensions (such as those with squarer cross-
sections), transverse D'Ws can be moved.

DW Velocity

The maximum DW velocity that can be achieved

is an important parameter that will ultimately

detenmine the speed of RM. We have measured

the DW velocity as a function of magnetic field

and current density by using time-resolved resist-
ance measurements (21, 24, 34).
Figure 3B shows the dependence

of the DW velocity on magnetic
field and current density. The DW
velocity peaks at a relatively low
magnetic field (~10 O¢), above

o 3 ? which a negative DW mobility is
i f abserved (that is, the velocity de-
!<E 7 creases when the field increases)
§° Ff“*., This drop in the DW velocity is
= ,_!_t-l—i associated with a change in the
o & DW propagation mode and is
gl Thickness 7 jigwn as the Walker breakdown

B 10nm

30 nm (34-36).

o i Depending on the field, the
o 1a 20 80 DW moves with or without chang-
Pinning Field (Oc) ing its structure. These different
B regimes are delincated by the
= ::: Walker breakdown field. Above
. this field, as the DW moves, its
H001 A D structure transforms in a highly
—-05 coherent manner, periodically
| B switching between different states.

0a 5 27070
1 J (Alem?) x10°

DW velocity (m/s)
-
2

—

This was observed recently as a
periodic variation in the resistance
of a moving DW (34). It was found
that the oscillation period increased
linearly with field but was linle
influenced by current, even though
the DW's velocity was substantial-
ly changed. These results give di-

100
1 ==
0 10 20 30
Magnetic Field (Oe)

Fig. 3. (A} Critical current for depinning a vortex DW near
zero field versus depinning field, measured on 10- and 30-
nm-thick and 100- to 300-nm-wide Py nanowires using cur-
rent pulses 20 to 100 ns long. The dotted line is a guide to the
eye. (B) DW velocity plotted against magnetic field for various
current densities flowing across the DW for Py nanowires 10 nm
thick and 300 nm wide. Current densities indicated in the figure
are in units of 10° A%em’. Solid and open symbols represent
negative and positive currents, respectively. Negative current
corresponds to electrons flowing along the field-driven motion of
DWs. (nsets) DW velocity versus current density at fixed

magnetic fields.

rect evidence for the precessional
nature of the DWs dynamics
When spin-polarized currents
are injected into the nanowire, the
DWsvelocity can be substantially
madified (21, 22). The right panl
of the inset in 3B shows that
the field-driven DW’s velocity
vares linearly with cument Its
velocity is increased or decreased
here by up to 110 m/s when the
electron flow is in the same or in
the opposite direction to the pres-
sure applied by fhe magnetic field.
For magnetic ficlds smaller than
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~5 O, field alone cannot drive the DW along the
nanowire because of local random pinning from
edpe and surface roughnesses. However, current
can move the DW even in the absence of any
magnetic field. The left panel of the inset in Fig.
3B shows the dependence of the velacity on the
current density near zero field. The velocity ex-
hibits a maximumm value of ~110 m/s at a current
density of 1.5  10° Ajem® (24). Such velocities
are high enough for the RM to operate at clock
rates that are competitive with those of existing
technologies (table S1).

Resonant Amplification of DW Motion

In order to build a RM with stable bits, the DWs
are located at specially fabricated pinning sites,
suitably spaced along the racetrack. This means,
however, that the cument densities needed to
move the DWs between these sites might be oo
high for practical use, in particular for nanowires
formed from a single layer of Py. A nove! methad
for lowering the critical cument density of pinned
DWs was recently demonstrated, which involves
using short current pulses with particular lengths,
matched to the innate precessional frequency of
the pinned DW (23, 26). It has long been realized
that many properties of a DW can be described as
if the DW has a mass (37); just like a mechanical
oscillator, a DW confined in a potential well res-
onates at a natural frequency when subjected to
an excitation. This means that the amplitude of
the DW’s oscillatory motion can be resonantly
amplified by properly engineering the profile of
the current excitation, thereby substantially
reducing the critical current (Fig. 4).

Insight into the DW’s response to current
excitation is obtained from a 1D model of the
DW dynamics (37). The model is based on the
Landau-Lifshitz-Gilbert equation, which de-
scribes the magnetization dynamics, including
the DW’s interaction with current.

When a small current is applied, the DW’s
position within the patential well and its energy
undergo damped oscillations, eventually reach-
ing a stationary state but with an increased energy
proportional to the current (Fig. 4A, ¢). When the
current is tumed off, the DW oscillates toward its
original equilibrium position at the bottom of
the pinning potential. The details of the DWs
trajectories during and after current excitation
are strongly influenced by the duration of the
current excitation (Fig. 4A_ d and ¢). When the
current pulse length is matched to approxi-
mately a half integer of the DW’s precessional
perod 1, (such as 1/2, 3/2, 5/2, etc.), the DW
can have sufficient energy to be driven out of
the pinning site; whereas for pulses just a half-
integer period longer (or shorter), the DW's
energy is lower and it remains confined. Thus,
the probability of depinning a DW from a pinning
site oscillates with the current pulse length, which
is a direct manifestation of the current-induced
precessional excitation of the DW.

Experimental chservation of this effect is
shown in Fig. 4A, a and b, for two nanowircs
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Fig. 4. Resonant amplification of DW motion can be used to reduce the current density required to
move DWs from pinning sites. (A) Experimental observation of the DW oscillation confined in a
potential well. (a) Probability of DW motion versus pulse length and amplitude, measured in an
L-shaped nanowire (200 nm wide and 40 nm thick). The DW is weakly pinned at a local defect in
the bend. A magnetic field of ~25 Oe was applied to assist DW motion. When the electron flow is
along the field-driven motion direction (positive voltages), the DW is depinned only when the
current density exceeds a threshald value, which does not depend on the pulse length. In contrast,
when the electron flow opposes the DW motion direction, oscillations of the depinning probability
are observed. (b} Probability map measured under the same conditions for a wire 100 nm wide and
40 nm thick. (c to e) Current-driven dynamics of a DW pinned in a shallow parabolic potential well,
calculated with a 1D analytical model. The top panels show the current profile versus time for dc
currents (c), a pulse at resonance [(d), pulse length 2.9 nsl and a pulse out of resonance [(e, pulse
length 4.3 ns]. The bottom panels show the DW energy as a function of its position during (red)
and after (blue) the current pulse. Also shown is the parabolic pinning potential well (black). (B}
Analytical calculations of the dynamics of a DW pinned in a deep potential well. The DW
trajectory in the energy/position space is plotted for dc current (a), a single pulse at resonance
(length = 1.9 ns} (b), one bipolar pulse at resonance (c), and two bipolar pulses at resonance
(d). (€) Experimental maps of the depinning probability for clockwise (a) and anticlockwise (b}
head-to-head DWs pinned at the righthand side of a triangular notch in a nanowire 200 nm wide
and 40 nm thick. The insets show the corresponding MFM images. The depinning probability is
measured as a function of the external field and the pulse length for a series of 16 bipolar pulses,
with an amplitude of 1 V. (¢} Depinning probability (Py,,) map as a function of the applied field
and the number of bipolar pulses applied at resonance (pulse length, 1.9 ns) for the anticlockwise
DW shown in (b).
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with different widths. The DW is pinned at a
local defect in the curved region of the L-shaped
nanowires. For negative voltages, the depinning
probability oscillates with the current pulse length
according to the mechanism described above (23),
but with a longer period in the naower wire
because of the higher mass of the DW in the lat-
ter case. A magnetic field was applied 1o aid the
DW’s motion so that the oscillatory depinning
effect was observed only for one current direction
(here, negative).

“When the pinning potential is deeper, a single
current pulse with the same amplitude as in the
previous example does not allow the DW to be
depinned (Fig. 4B, b). However, just like a
mechanical oscillator, the DW’s energy can be
resonantly enhanced by applying a series of
current pulses synchronized with the oscillatory
maotion of the DW. This is illustrated in Fig. 4B,
¢ and d, for the case of current pulses cach ex-
actly 1/2 7, long, but with successive pulses of
opposite polarities. The DW energy increases
with each successive pulse until it is larger than
the potential depth and the DW can be depinned.
This takes places at much lower currents than is
otherwise possible with dc current or a single
current pulse (26).

Experimental evidence of the resonant ampli-
fication of DW motion is shown in Fig. 4C. Vortex
DWs with either clockwise (a) or anticlockwise
{b) chiralities are pinned at the righthand side of a
triangular notch, which provides strong pinning,
The probability of DW motion is shown as a
function of the applied field and the pulse length,
for a series of 16 bipolar pulses of fixed amplimude
of 1 V (~10° Afcnr’). When the pulse length
equals 172 7, (~2 ns), the DWs are depinned with
greater probability. Resonant amplification also
occurs when the length of the pulse is increased by
integer multiples of the resonance period but with
progressively reduced efficiency. The shorter the
current pulse, the more efficient is the phenome-
non. Moreover, the phenomencn is only weakly
dependent on the pinning potential [the resonance
frequency depends on the square reot of the slape
of the potential well (23)] and on the DW’s
structure (for example, the chirality and polarity of
vortex DWs). These attributes make the possibility
of resonant DW depinning very useful for RM.

For the resonant amplification of DW motion
1o be useful n RM, it is important that depinning
be achieved for a short series of pulses. Figure 4C,
¢ shows experimental mapping of the depin-
ning probability at resonance as a function of the
applied field and the number of pulses for a series
of bipolar pulses (1 V, 1.9 ns long) for the same
DW as in Fig, 4C, b. Resonant amplificaiion (in
this case leading to the reduction of the depinning
field) is substantial for just a single bipolar pulse
and saturates for short trains of pulses (two 10
eight, depending on the depinning direction).

Outlook
There is much discussion about the possibility of

avercome the limitations of the fuﬂh:r scaling of

v metal oxide i tran-
sistors. These typically involve the thinning and
stacking of several silicon chips in packages or
the use of silicon through-wafer vias. RM is a 3D
technology that is relatively simple in concept
and potentially inexpensive to fabricate (16). By
using the essentially unused space above the
surface of a silicon wafer for storing data (in
columns of magnetic material) and by “bringing™
these data to the surface of the wafer for reading
and manipulating the data, an intelligent 3D
memory chip can be built with unsurpassed data
storage capacities. Moreover, RM, by storing
data as the direction of a magnetization vector,
has no obvious fatigue or wearout mechanism,
which plagues many nonvolatile memory tech-
nologies today that store infonmation by physical-
ly moving atoms (such as phase-change or
ferroelectric memory).

RM encompasses recent advances in the
field of metal spintronics (3). Magnetoresistive
devices based on the manipulation of the flow
of spin-polarized current through metallic hetero-
structures composed of sandwiches of thin ferro-
magnetic electrodes separated by ultrathin
‘metallic [typically capper (38)] or dielectric layers
[the most useful being MgO (39)] have proven to
be invaluable for sensing data bits in magnetic
HDDs. Indeed, the first device—the spin valve—
cnabled a thousandfold increase in the storage
capacity of such drives in the past decade (3). The
second device—the magnetic tunne! junction
(MTJ)—is in the process of supplanting the spin
valve because of its higher signal. MTJs also
form the basis of modern magnetic RAMs
(MRAMSs), in which the magnetic moment of
one electrode is used to store a data bit. Whereas
MRAM uses a single MTJ element to store and
read one bit, and HDDs use a single MTJ to read
all =100 GB of data in a modem drive, RM uses
one device io read ~10 to 100 bits. Depending on
the mumber of DWs per racetrack and the ve-
locity of the DW, the average access time of RM
will be 10 to 50 ns, as compared 1o 5 ms for an
HDD and perhaps ~10 ns for advanced MRAM.

RM uses spin-polarized current not only for
sensing but also for manipulating magnetic in-
formation. Recent experiments establish its basic
principles. DWs can be moved with nanosecond-
long current pulses over distances of several mi-
crometers and at high velocities exceeding 100 m/s
(24). Moreover, DW motion using current alone
enables moving a series of adjacent DWs (of
alternating charge) in lockstep in one direction or
the other by using current pulses of one sign or
the other. However, there remain important chal-
lenges 1o overcome. Among these are the dem-
onstration of the highly reliable motion of a series
of ~10 1o 100 DWs along the racetrack, and the
reduction of the current density required for DW
motion below the de threshold values currently
needed at room temperature, while maintaining
high DW velocity. Further understanding of the

leveloping 3D silicon ! ic devices to

of spin-polarized current with mag-

netic moments i3 essential. Exploring a wide
wariety of maierials and heierostructures may
provide new insight into DW dynamics driven
by current, making possible DW-based memory
and possibly logic devices that were previously
incanceivable,
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Amplification of Cretaceous Warmth by
Biological Cloud Feedbacks

Lee R. Kump'* and David Pollard®

uring supergreenhouse intervals of the ge-
ologic past, both tropical and polar tem-

dimethylsulfide is the major pathway for CCN
production. Andreae (4) concludes that biological

peratures were. iderably warmer than
today, and the gradient between the two was re-
duced. To even approach these equable climate
states with climate models, atmospheric CO; levels
must be specified that significantly exceed most
proxy estimaies for the Cretaceous and the Eocene
{1). Thus, climatemodelers have invoked viahle but
h h i

ard-to-evaluate hy felevated

p v ined the OCN

over prehuman unpoliuted land and sea, ranging
from a few tens per cm”® in low-productivity re-
gions to a few hundred perem’” in high-productivity
regions, supporting the notion of a prominent
role for the biota in climate regulation on the pre-
human Earth (5). If CO5-induced waning during

methane levels, greater pol i heal -

intervals reduced global primary

port, and enhanced polar stratospheric clouds (2).

An unexplored altemative involves planetary
albedo, the fraction of the incoming solar radia-
tion that is reflected to space, which is largely
dependent on cloud cover and cloud albedo. A
major determinant of cloud properties is the
bundance of cloud cond nuelei (CON).
When CCN are abundant, many small cloud
droplets form, creating optically dense, high-albedo
clouds; when abundance is low, fewer and larger
droplets form, creating optically thinner, lower-
albedo, and, importantly, sharter-lived clouds (3).
Today, pollution dominates continental CCN,
producing abundances of thousands per cmn®,
In remote oceanic regions, biological release of

N . c
Biosness

c
TR

productivity by stress and enhanced
wvertical stratification of the ocean, causing a re-
duction in CCN concentration, would lower cloud
amounts and albedo have caused further warming?

To explore this hypothesis, we used a global
climate model (GENESIS version 3 .0) (GCM) to
simulate middle Cretaceous [~100 million years
ago (Ma)] climate with various atmospheric CO,
amounts, This GCM has a slab mixed-layer
ocean and prognestic cloud water amounts, and
wversion 3 uses the National Center for Atmo-
spheric Research (NCAR) Community Climate
Model 3 (CCM3) radiation code with prescribed
cloud droplet radii r, (3). Cloud droplet radii
mainly affect cloud optical depth, infrared emis-
sivity, and precipitation efficiency, P, the rate at

LAND + OCEAN 4

R A

which cloud water is converted to precipitation.
Modem large-scale observations and theory sug-
gest that for ~10- to 100-fold global reductions in
pasi aerosol and CCN amounts, ~30% (over ocean)
to ~100% (over land) increases in liquid droplet
radil are plausible (3). We simulate the Creta-
ceous climate with these increases in 7, and with
P, increased for liquid clouds by a factor of 2.2,
reflecting the maximum likely effect of extreme
global warmth on marine and terrestrial biolog-
ical productivity and CCN production rate.

Our Cretaceous model results are shown in
Tig. 1. In common with previous GCM studies,
increasing CO; from 1% to 4% preindustrial
atmospheric level (PAL) (Fig. 1, A and B) fails to
produce the extreme high-latiude warmth implied
by tempeature proxy data (Fig. 1D). We then
performed another 4% PAL simulation with the
increases in r, and P, described above (Fig. 1C).
Global cloud cover is reduced from 64 to 55%, and
the less extensive and optically thinner clouds
reduce planetary albedo from 0.30 to 0.24. The
ensuing warming is dramatic, both in the tropics
and in high latitudes, where it is augmented by
surface albedo feedback of almost vanishing snow
and sea-ice cover. (Other feedbacks due to changes
in cloud types and levels are minor) High-latitude
continental femperatures remain above or very
close to freezing year round, in better accord with
proxy evidence (Fig. 1D).

Our results suppart the hypothesis that wide-
spread increases in 7, can explain the drastic
‘warming and equable high latitudes during super-
greenhouse intervals of the Cretaceous and early
Cenozoic. The increases in », could plausibly
have been caused by an order of magnitude de-
crease in CCN concentrations, which we suggest
was caused in tum by declines in biological pro-
ductivity triggered by the climatic consequences
ofhigh €O, levels of ~4x PAL.
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Electronic Origin of the Inhomogeneous
Pairing Interaction in the High-T;
Superconductor Bi,Sr,CaCu,0s,5

Abhay N. Pasupilhy,“ Aakash Pushp,*** Kenjiro K. Gomes,** Colin V. Parker, Jinsheng Wen,®
Zhijun Xu,> Genda Gu,® Shimpei Ono," Yoichi Ando,® Ali Yazdani't

Identifying the mechanism of superconductivity in the high-temperature cuprate superconductors is
one of the major outstanding problems in physics. We report local measurements of the onset of
superconducting pairing in the high—transition temperature {T,} superconductor Bi,SrsCaCu;0q.5
using a lattice-tracking spectroscopy technique with a scanning tunneling microscope. We can
determine the temperature dependence of the pairing energy gaps, the electronic excitations

in the absence of pairing, and the effect of the local coupli
excitations. Qur measurements reveal that the strength of

of electrons to bosonic
ng is determined by the unusual

electronic excitations of the normal state, suggesting that strong electron-electron interactions
rather than low-energy (<0.1 volts) electron-boson interactions are responsible for

superconductivity in the cuprates.

entral to the current debate on the mech-

anism underlying high-temperature super-

conductivity is the question of whether
electron pairing in cuprates is caused by the ex-
change of bosonic excitations and can therefore be
described by an extension of the Bardeen-Cooper-
Schrieffer (BCS) theory, which has full

which pairs form in cuprate samples such as
Bi,Sr,CaC,04.5 are spatially inhomogeneaus
(22-24), a behavior that complicates the inter-
pretation of macroscopically averaged exper-
iments. Our technique allows for quantitative
characterization of the electron-boson coupling
and its with the inh ous pair-

matrix elements as well as inelastic mnneling
processes. For an inhomogeneous superconductor
such as Bi;SroCaCu; Oy, in which electronic
states and the superconducting energy gap vary
on the nanometer scale, similar experinents pose
a technical challenge. It is necessary 10 track spe-
cific atomic locations on the lantice of the sample
from low temperatires o temperatures above T,
with a scanning munneling microscope (STM)
{24, 30). To enable such measurements, we have
developed a thermally compensated ultrahigh vac-
uum STM system that can maintain thermal sta-
bility to better than 10 mK during spectroscopy
experiments up to temperatures of 110 K.

The lattice-tracking spectroscopy technique
has been used to measure the evolution of tun-
neling conductance dlidVr, V) with temperature
in samples of Bi;SrCaCuyOg.; that are over-
doped (T, - 68 K; Fig. 1, A and B) and optimally
doped (T, = 93 K; Fig. 1, D and E) at specific
atomic sites. Spectra at different atomic sites
show different energy gaps at low temperatures
and evolve differently with increasing tempera-
ture (24). We find that all low-temperature spec-
train highly overdoped samples (Fig. 1, A and B)
evolve into spectra at high temperatures that are
relatively featureless at low energics (<100
meV). In contrast, for optimally doped samples,
we find that the spectra in most regions continue
to have energy and temperature dependence at
well above T; (Fig. 1, D and E).

explained phonan-mediated d in

ing on the scale in the high-7, super-

metals and alloys for the past 50 years (I, 2).
Alternatively, it has been argued that the large
Coulomb interaction in doped Mot insulators
can result in a fundamentally different mecha-
nism for pairing that cannot be approximated by
a retarded boson-mediated interaction between
electrons (3-5). In capper oxides, candidates for
a BCS-like bosonic glue for pair binding include
a magnetic resonance mode (near 40 meV for
hole-doped cuprates) (6-8), the spectrum of high-
energy spin excilations (above 40 meV) (9-12),
fluctuations around a quantum critical point {up
to several hundred milliclectron volts) (13), and
phonons (e.g., those near 40 meV) (14, 15).
Various spectioscopic measurements have probed
these bosonic excitations and their coupling 10
electronic states in the cuprates (/4-20); however,
the connection between these excitations and the
pairing mechanism has remained elusive (5, 2/).

Particularly challenging is the fact that the
pairing strength and the temperatures over
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conductor Bi;S1,CaCu;0g.5. Our key finding is
that although the coupling between electrons and
bosons in the energy range of 20 to 120 meV
influences the energy dependence of the pairing
interaction, it does not control its local strength.
We show instead that the local pairing strength is
determined by asymmetric electron-hole excita-
tions that are seen in the normal-state properties
well above the temperature where pairs first form,
Lattice-tracking tunneling spectroscopy of
inhomageneaus superconductors. Electron tun-
neling spectroscopy of superconductors is a
powerfitl method for quantitative measurements
of the onset of electron pairing and the boson
exchange mechanism in superconductors (25).
The pioneering measurements of McMillan and
Rowell (26), and their analysis (27) based on the
extension of the BCS theory by Eliashberg (25),
provided unequivocal evidence for a phonon
mediated mechanism of superconductivity in
metals and alloys, In their study, the depend

When the tunneling conductance at high tem-
peratures is weakly dependent on temperature
and energy, following previous work on conven-
tional superconductors (2%, 3J), we probe the
effects of superconductivity by examining the
ratio R{r,V,T") between the unneling conductance
in the superconducting and normal states mea-
sured under the same STM setup conditions

_ |ar/dyiny,
ROYD) = Qe

_ Ns(r7,1)

= W) o

Here, Ns(r,V.T) and Ny(r,V) are the respec-
tive superconducting and normal density of elec-
fronic states at atomic site r as a function of
energy (el). This ratio, which is independent of
the tumeling matrix element, will be used 1o ex-

of the tunne! conductance on the voltage was
used to extract the phonon density of states and
the strength of the electron-pl coupling.

tract the temp d o of the energy
gap and features associated with strong coupling
of electrons to bosonic modes. Although our

‘technique can be exiended io study

These two quantities determine the transition
temperature as well as the energy dependence of
the pairing gap.

The success of tunneling as a quantitative
spectroscopic probe in conventional supercon-
ductors relied on performing measurements in
both the superconducting and normal state (29) in
order to exclude the complication due to tunneling

samples at any doping, we focus on the quan-
titative analysis of the local temperature depen-
dence of electranic states on overdoped samples.
Photoemission (/7) and Raman spectroscopy
(32) smudies on Bi;Sr;CaCuyOg.s samples have
shown the absence of pseudogap phenomena at
similar doping levels, smplifying the analysis of
the normalized spectra.
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Temperature dependence of the local pair-
ing gap and quasiparticle lifetime. The temper-
ature evolution of the conductance ratio Rir, K1),
in overdoped BizSr:CaCusOg.s samples at two
representative locations of the sample with
different low-temperature energy gaps, is shown
in Fig. 2, A and B. Motivated by the fact that the
low-temperature ratio resembles that expected
from a single energy gap in the spectrumn, we
comnpare these ratios with that expected from the
thermally broadened density of states of a d-wave
superconductor

Ne(rnW.T) _ 1 df(E+V.T)
Naulr,FY — ;de dE

T — E-iT{nT)

b VIE =T TIF — ATV cos?20

2

Here, i is the square root of —1, A{r,T) is the
local d-wave gap amplitude (considered energy-
independent for low energies), ['(», T} carresponds
to the local inverse lifetime of the i]

which exceeds that predicted from the local
d-wave model in Eq. 2 for eV~A(»,T). This be-
havior is likely due to localization effects ::xp:r-
enced by the quasiparticles in small ap regions
that cannot penetrate the larger gap regions (34).
The extracted values of T'(r,T} also agree with
this scenario: The regions with the smallest gaps
show no lifetime broadenmg, wh.creas ll:.: larger
gap regions have a small li atlow
temperatues (Fig. 2D). The variation in ['(#,T) is
a consequence of the fact that the excitations in

RESEARCH ARTICLES I

the large pap regions can decay into nearby re-
gions with smaller energy gaps, but not vice versa.

As the smaller gaps begin to close with in-
creasing temperature, we find that the ['{r,T) in
the large gap regions begins to increase rapidly.
Overall, the analysis of the experimental data for
all reglons on the sample demonstrates that the
spatially averaged I'(T) shows a dramatic in-
crease al a temperature 7~T, when the sample
loses long-mnge phase coherence (Fig. 2D, inset).
This observation is in accordance with previous

A 00

OPT-D

excitations (33), and f(E,T) is the Fermi func-
tion. Such an analysis neglects the complication
resulting from the momentum dependence of the
band structure as well as higher-order angular
terms in the superconducting gap.

Given that the experimental spectra in our
sample display a gap above T, one can question
the appropriateness of using a single gap
parameter 10 describe the normalized spectnun
(Eq. 2). In general, the value of the energy gap
can be determined by two different methods:
from the slope of the nonnalized spectra near
zero energy and from the energy at which the
conductance spectra show a me If there were

-100 [} 100 200
Voltage (mV)

-100 0 100
Voltage {mV)

two different gaps—for example, one ds

the nodal (near zero energy) and one dominating
the antinodal (energy of the conductance peak)
regions [as might be the case in underdoped
BisSr;CaCus0g5 samples (17, 24, 32)}—the
two procedures would yield two different gap
values. We find that the gap values obtained from
the two methods agree at all locations on the
sample, which further justifies the use of a single
gap (Eq. 2) to describe the spectra in our over-
doped samples.

In general, we find that the model in Eq. 2
provides an excellent it to the experimental data
at low energies for all poinis on the overdoped
samples (Fig. 2, A and B). Using this model, we
can extract the local values of A(r,T') and T'(r, T,
showing that at each pm.m the gaps decrease

ically with i and
close at a local temperature T(r) > T2 (Fig. 2C).
We find that [{r,T} is much smaller than
the gaps at all locations at low

=200 =100 o 100
Voltage (mV)

200

Probability (4)

)
o 10

0 30
A(mV)

~200

20 40 B0

A(mV)

100

Fig. 1. (A and B) Spectra taken at two different atomic locations on an overdoped Bi>Sr,CaCu,0p.;

sample (T, = 68 K, 0V68) at various temperatures. The gaps in the spectra close at different temperatures,

(Fig. 2D).

With increasing temperature, we find that the
smaller gaps close first, with the largest gaps sur-
viving to temperatures well above 7. Regions of
the sample with smaller gaps also show Rz, 1T"),

wwwsciencemag.org  SCIENCE  VOL 320

Leadlng to a temp conductance at hlgh temperature, (0 Histogram of
pairing gap values measured in 1 the OV68 sample. (inset) A typical pairing gap map (300 A} obtained for
an OV68 sample at 30 K. (D and E) Spectra taken at two different atomic locations on an optimally doped
sample (T, = 93 K, OPT) at various temperatures. The background continues to het'emperatum dependent
well above T.. (F) Histogram of gap values observed in the OPT sample. {Inset} A typical pairing gap map
(300 A) obtained for an OPT sample at 40 K.
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macr ipically averaged {35) on
samples in the overdoped regime; however, previ-

ous i

did not commelate i
behavior of the gaps and quasiparticle lifetimes.
Coupling of eLemons to bosonic modes.

For boson-mediated pairing, variation of the
pairing pap can be caused by changes in either
the local boson energy or the local coupling be-
tween the boson and electrons (2). Such changes
are reflected directly in the size and em:rm range

Having establi our canbe
examined within Thc context of a local d-wave
gap model, we tum to examining the deviation of
the conductance ratio from this model for £ > A,
Although other effects such as inelastic runneling
(29, 36) can cause such deviations, only strong
coupling of electrons to basonic modes is known
1o cause the superconducting-state tunneling con-
ductance 1o dip strongly below the normal state
(27, 29). As illustrated in Fig. 3A, all points on
the samples show a voltage range (around 50 to
80 meV) in which the conductance ratio Rir, ¥, T)
is reduced below | and show systematic devia-
tions from the local d-wave model. Analogous to
previous work on conventional superconductors
(2), these deviations provide a quantitative meth-
od 1o determine the strength of election-boson
coupling. The analysis of the spectra based on the
features of R(r,¥.T") instead of the bare dZdV{xV.T)
or d*JdV*(;¥,T) avoids complications due to the
spatial variation of normal-state features and fun-
neling matrix element variations (27). Although
many previous studies, including those that used
an STM (13, 37), have examined electron-boson
features in the 20- to 120-meV range, a quanti-
tative comparison of the electron-boson coupling
at different locations of the sample with different
pairing gaps has not been accomplished. The
comparisan of R{~¥.T) at different locations al-
lows us to quamtitatively evaluate the role of
bosonic features in the development of the pair-
ing gaps and their inhomogeneity.

To study the relative strength of electron-
boson coupling at different locations on the sam-
ple, we consider that the strong coupling 1o a
bogonic mode at energy £ in a superconductor
results in features in the conductance ratio at
eV = A+ Q (i5, 29, 38). As the pairing gap is
locally varying, we plot the R(r,};T"} as a function
of eV=A{r) for different atomic sites on the
sample with low-tempemture A(r} ranging be-
tweent 15 and 32 meV in Fig. 3B. This figure
demonstrates that different locations on the sam-
ple show similar R(r¥T) curves in magnitude
and shape, once we take into account their vary-
ing pairing gaps. The only significant difference
betwieen the spectra occurs at low encrgies, where
lifetime broadening effects, as well as the angle
dependence of the electron-boson coupling, play
arole. A measure of the energy €2 of the bosanic
mode is the energy at which the dip occurs in the
spectrum, We find that the average energy of this
dipis 35 + 3 mV. A quantitative measure of the
strength of the local coupling constant is the roat
mean square deviation (RMSD) of R(# K1) from
the weak-coupling d-wave model (Eq. 2) in the
energy range 20 1o 120 meV beyond the gap.
These deviations show no correlation [for both
positive and negative biases (Fig  3C)] with the
size of the local gap within our experimental error.

of the strong-coupling

ratio. Indeed, in metallic alloy sysmns (39, 40)
where pairing is controlled by strong electron-
phonon coupling, the magnitude of strong-coupling
features in the conductance ratio scales with the
gap size [see supporting online material (SOM)
text S1]. Because both the energy scale of the

the bosonie features in the conductance ratio at
higher energies. Within such a model, we estimate
that the interaction with hosonic excitations (in the
range of 20 to 120 meV) results in a substantial
imaginary component of the pairing interaction
(about 25 meV in magnitude at E = 40 meV).
Spatial structure of normal-state excitations
and i pairing i ion. In search
of the arigin of the inhomogeneity in the pairing
interaction in the cuprates, we focus on spectro-
scopic measurements of the electronic excitations
u] the ncmnal state and their correlation with the

boson modes and the local el b
coupling do not correlate strongly with the mag-
nitude of the local pairing gap in our samples, we
conclude that the coupling to bosons in the range
of 20to 120 meV cannot be responsible for these
inhomogeneous pairing gaps.

Although bosons may not be eritical to pairing
in Bi;Sr,CaCuy Oy, the R(r, KT) curves clearly
show that these boson modes give a strong energy
dependence to the gap function. Specifically, modi-
fication of Eq. 2 with a complex energy-dependent
paiting gap A(r,0) = Ag (r.0) + ity r,an), where
Ay and Ay are the rcal and imaginary part of the
gap function at energy o, can be used to capture

m the di gaps. To
reach the normal state, the temperature has to be
high enough such that all the local pairing gaps
have collapsed. For overdoped BisSr2CaCusOg5
samples (hole-doping x = 0.24, T, = 62 K), less
than 1% of the sample shows a gap at 90 K. In the
intermediate temperature between 7. and 90 K,
these samples show a mixture of ungapped and
partially gapped spectra, as previously reported
(24). Above 90 K, the nuneling spectra (Fig. 4A)
are gapless at all locations on the sample but
show asymmetric behavior for electron and hole
tunneling. Careful examination of these spectra,
over a wide range of energies, shows that elec-

A

[ 50
Voltage (mV)

c D T
c os
6E
< ai™
E 10,
@ 40 @ 80
2 g T ok /
3 (7] ,{/
B oK
T
40K
40 80 80 100 15 20 25 30
Temperature (K} A {mV)

Fig. 2. (A and B) The conductance ratio & = [dhcv(V, T/ didViV,>>T,)] (circles) abtained by dividing the
raw spectra in Fig. 1, A and B, by the high-temperature background spectrum. Fits to the conductance
ratio with the use of a thermally broadened d-wave BCS model are depicted as lines. In general, the fits
work well at low V¥ where the slope of the conductance ratio is inversely proportional to the gap. (€}
Extracted values of the pairing gap for several different locations plotted as a function of temperature. The
resistive T, is indicated by the gray line. (D) Extracted lifetime broadening at different temperatures
plotted as a function of the corresponding low-temperature gap. (nset) The average lifetime broadening
as a function of temperature. Error bars in (C} and (D) indicate the 5D of the fits.
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tronic excitations in the sample are still spatially
inhomogeneous at lemperatures well above that
when pairs first form in the sample. The spatial
inhomogeneity of the nommal state’s electronic ex-
citations can be measured by means of conduct-
ance (dlldV) maps at various voltages, which show
variations on the length scale of order 20 A (Fig. 4,
B and I3 to I). The magnitude of the variations is
strongest for the conductance map obtained at the
Fermi level (Fig. 4B), but such variations persist
up to a few hundred millielectron volts.

The spatial variations of the normal-state
conductance can be compared with the low-
temperature variations of the gap by means of
our lattice-tracking technique. Shown in Fig. 4C
is a gap map measured at 50 K over the exact
same area of the sample as in Fig, 4B (41). We
can see a marked similarity between this gap map
and the conductance map at the Fermi energy
(Fig. 4B):. Regions with a lower nomnal-state
conductance at the Fermi leve! nucleate super-

ducting gaps at higher temp , resulting
in larger low-temperature gaps. Quantifying these
correlations in Fig. SA, we show that the normal-
state map and the | e
gap map are strongly anticorrelated (-0.75).
Further, bath these maps have very similar auto
camrelation lengths, indicating that the spatial var-
iation of the normal state is intimately linked o
that of the low-temperature gap. These measure-
ments show that the variation of the super-
conducting siate in BisSr;CaCu,Og.s samples,
which for typical supercenductors is character

ized by a dennd 8
coherence length, appm o be pr.manly deter-
mined by the spatial variation of the normal state.

Because our measurements show 1]13! the

RESEARCH ARTICLES I

energy in BiSroCaCus Oy samples (/7-20, 38,
#3—45). Such effects have been interpreted either
as a result of the coupling of electrons with a
spectrum of bosonic excitations (such as spin

spatial variation of the 1 -stals
and the low-temperature pairing gap maps are
intimately connected, we can associate an average
nomnal-state spectrum with a low-temperanire
gap value. We thus average together normal-state
spectra of regions of the sample that show iden-
tical low- gaps and plot th
spectra in Fig. SB. Systematic differences in the
normal-stale spectra foreshadow the eventual var-
fation of the gap in the superconducting state. In
particular, the systematic shift of a “hump” in the
normal-state tunneling spectra at negative bias, in
the range of -1 50 to ~300 meV (Fig. 5C), as well
as the value of tunneling conductance at the
Fermi energy (Fig. 5B, inset), tracks the size of
the superconducting gap observed at low temper-
atures. Whereas both the tunneling matrix cle-
ment and the density of states of the tip influence
the shape of the mnneling conductance in the
nommal state, the features of the normal state and
the correlation (Fig. 5) have been observed in mea-
surements with several different microtips (42).
It is imporiant to compare our measurements
of the normal state with those obtained from
other spectroscopic lnchmquﬁ In both angle-
resolved ph
atcong tormalizition of ‘the single-patisle
excitations has been observed over an energy
range of ~200 to 400 meV below the Fermi

d optical
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Fig. 3. (A) The low-temperature (T = 30 K} conductance ratio plotted for several different gaps. The
conductance ratios deviate systematically from the d-wave model (Eq. 1, thin lines) and go below unity
over a range of voltages (50 to 80 mV), indicating the strong coupling to bosenic modes. (B) The positive-
bias conductance ratios are referenced to the local gap at different locations, showing that the magnitude
of the dip-hump feature is similar at all locations. The line is the average of all the locations. (Inset) Gap-
referenced conductance ratios for negative bias. (C) The RMSD of the conductance ratios from the d-wave
model for positive (blue circles) and negative (red dircles) bias over the energy range 20 to 120 mV. No
correlation is seen between the magnitude of the deviations and the size of the gap.
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) orasa of the energy
band structure (such as the hilayer splitting) of
this compound (/9, 46). Although strong electron-
boson coupling can be expected to modify the
shape of the nommal-state spectrum, it is difficult
o associate the normal-state features that we
measure with coupling to bosonic excitations
because of their strong electron-hole asymmetry.
Although we cannot rule out bosonic excitations
as the origin of these features, candidate bosons
would have to couple very asymmetrically o the
unneling of electrons and holes. Assigning these
features to effects calculated from a simple non-
interacting band structure can also be questioned,
given both the strong spatial variation at the
atomic scale of the normal-state spectra reported
here and the strong renormalization of single-
particle states at similar energies in other spec-
toscopic studies of the normal state. Instead,
these features might be the excitations of a doped
Mot insulator where the electron and hole excita-
tions are naturally asymmetric as a consequence
of the strong Coulomb interaction (47-49). Some
recent caleulations indeed produce a hurmp in hole-
like excitations that correlate with the strength of
pairing (47, 49). Although there is no clear con-
sensus on the right mode] for these excitations,
our show that the ic fea-
tures of this state are indeed the orgin of the
nanoscale vanubm of the pairing strength in the

ducting state, Further i in sam-
ples at d\ﬁerem hole-doping levels at higher tem-
peratures will be required to provide the detailed
evolution of these atomic-scale spectroscopic fea-
wres of the normal state across the phase diagram.

Concluding remarks. From a broader per-
spective, we have used the spatial variation of the
pairing gaps, which gives rise to a range of paiting
ternperatures in nanoscale regions of our samples,
asa d's\grmch ool to ﬁnd clues o lhe underly-

ing of

dependent lattice-tracking spccuuscopyhasalluv.\:d
us to demonstrate that electron-boson coupling in
the 20- to 120-meV range does not cause the
wvariation of pairing gaps and onset temperatures
in our samples. In contrast, we find that the high-
energy (up to ~400 mV) hole-like excitations of the
nommal state are a direct predictor of the strength of
pairing and its spatial variation. The anticorrelation
between the normal-state conductance at the Fermi
level and local strength of pairing also runs con-
trary to a BCS-like pairing mechanism, where the
coupling to bosons is proportional to the density
of states at the Fermi energy (2).

Finally, we address the underlying cause of
variations of the normal-state excitations in
Bi,Sr,CaCu,0g.; samples. Our analysis finds
that both structural and electronic features of the
samples contribute to such variations. We find
that there are small correlations (about 10%) of
the normal-state conductance maps with the
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T=83 K, normal state di/dV (V=0)
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Fig. 4. (A) Spectra obtained at evenly spaced locations along a 250 A line in
the normal state (7 = 93 K) of an OV62 sample. Less than 1% of the sample
shows a remnant of a gap at this temperature. (B) Differential conductance

T=50 K, superconducting gap map

5
T= 93K normal state didV maps

conductance at different energies obtained in the normal state. The junction is
stabilized at 1 V and 40 pA where there is minimum topographic disorder.
Whereas (Dnductince mips at high energies show mus!Ly structural features

map at the Fermi energy obtained at 93 K. (C) Low-temperature {50 K) gap  (b-axis gy spectra are on the
map obtained on the same area as in (B). (D to I) Spatial maps of the ~15 A lengrh scale.
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Fig. 5. (A} Angle-averaged autocorrelation of the low-temperature gap map in

Fig. 4C (blue line), lation of the conduc p in Fig. 48 (green line),
and cross lation between the two imag line). All thi lengths
are similar (~15 A), and there is a strong antic i n the |-state

Fermi level conductance and the low-temperature gap map. (B) Average normal-

state (T = 93 K) spectra measured in different regions that show distinct low-
temperature superconducting gaps A,. Systematic changes are seen in the shape
and position of the hump feature seen for the hole-like excitations. (Inset) Differ-
ential conductance of the normal state at the Fermi energy as a function of Ap. (€}
The energy corresponding to the hump feature in the spectra as a function of Aq.

structural supermodulation along the b axis in
these samples, Similarly, we find that maps of
electronic resonances around -900 meV, previ-
ously probed in similar samples with STM (50),
are correlated with the nonnal-state cond

strength of collective phenomena (57). Our ability

o correlate nanoscale excilation spectra between

two distinct electronic states at the same atomic

site pm\nd:x the capacity fo study conlted
with |

maps (about 30%) (SOM). Our measureinents
show that structural and chemical inhomogeneity
affects both the excitations of the normal state
and the superconducting gap. As is common 1o
several correlated systems, many structural and
electronic features can influence the onset and
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Surface Mobility of Postsynaptic
AMPARs Tunes Synaptic Transmission

Martin Heine," Laurent (irl:»c,l Renato Frismlmemt,‘ Jean-Claude Bé‘l’quef Brahim LA:vunis,z

Gavin Rumbaugh,” Richard L. Huganir,” Laurent Cognet,*

Daniel Choquet't

AMPA glutamate receptors (AMPARs) madlale fast excitatory synaptic transmission. Upon fast

consecutive synaptic

can be

d. Recuperation from fast synaptic

depression has been attributed solely to recovery of transmitter release and/or AMPAR
desensitization. We show that AMPAR lateral diffusion, observed in both intact hippocampi and
cultured neurons, allows fast exchange of desensitized receptors with naive functional ones within
or near the postsynaptic density. Recovery from depression in the tens of millisecond time range
can be explained in part by this fast receptor exchange. Preventing AMPAR surface movements
through cross-linking, endogenous clustering, or calcium rise all slow recovery from depression.
Physiological requlation of postsynaptic receptor mobility affects the fidelity of synaptic
transmission by shaping the frequency dependence of synaptic responses.

he fidelity of synaptic transmission be-

tween coupled neurons depends on their

ability to transmit activity over a wide
range of frequencies. Because of the relative
slowness of chemical transmission, synaptic
transmission acts as a low-pass filter with a cutoff
between 10 and 100 Hz (7). When a presynaptic
cell is stimulated at repetitive short intervals, the
postsynaptic response usually decreases over
time, the rate of depression being faster as the
stimulus frequency increases (2). Most studies
:x[ﬂa:n pam:d pulse depression (PPD) as a

mate release and intrinsic kinetic properties of
postsynaptic AMPARS upon agonist binding (2).
Retum from depression is believed to arise from
recovery of release, together with AMPAR exit
from desensitization. This assumes that AMPARs
are stable within the postsynaptic density (PSD).
Dynamic imaging has shown that AMPARs are
not static but diffuse rapidly at the surface of
neurons, traveling micrometer distances per sec-
ond by random movements both in the synaptic
and extrasynaptic membranes (3-8). Traffic of
AMPARs from and to synapses through endo/

of depression of p uaptic gluta-
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is takes place in tens of mimutes (9, /).
However, lateral diffusion allows AMPARs to
explore the synapse in the second range (6, 8, 1),
which suggests that surface AMPAR trafficking
might be implicated in faster processes.
Cross-linking of surface AMPARs decreases
the coefficient of variation and increases PPD.
‘We measured the variations in the efficacy of
synaptic transmission in response to changes
in AMPAR mohility by specific cross-linking

11 APRIL 2008

(X-link) of GluR2-AMPARs with antibodies
against their extracellular N-terminal domains
4, 1) (fig. S1, A and B). Pairs of monosynap
tically connected cultured hippocampal neurons
were recorded using dual whole-cell recordings
(Fig. 1A, fig. 81, C and D, and table SI) {12).
Evoked excitatory iplic currents (¢EPSCs)

postsynay
were not affected by X-link (fig. 81, E 10 G).
The coefficient of variation (CV) Df:EPSCsuvn

measure synaptic transmission varability ({3).
Interestingly, the CV after X-link was lower than
in control {control, 0.33 = 0.02; X-link, 0.25 £
0.02; ¢ test, P < 0.05) (Fig. 1, B and C). Fur-
thermare, paired: pulse ¢EPSCs at 50-ms intervals
displayed PPD) for the majority of the recorded
neuron pairs (24 out of 31) (Fig. 1D). The re-
maining neuron pairs displayed paired-pulse
facilitation. Afler X-link of GuR2, pairs dis-
played a more pronounced PPD, measured as a
decrease in paired pulse mtio (PPR) (PPR in
control, 0.86 =+ 0.02; affer X-link, 0.71 = 0.04; ¢

Variations in CVnnd PPR are usual hallmarks
of presynaptic changes (2, /3). GuR2 X-link
should in contrast lead to changes in postsynaptic
properties. Rapid AMPAR movements inside
synapses (6-8) or between synaptic and extra-
synaptic siles (4, 6, & 1), could theoretically
lead to variations in AMPARs” density at the
postsynaptic side causing variability in eEPSCs,
including in the rate of recovery from PPD,
by lating the h of d d
receptors i naive receptors.

AMPAR mobility inside synapses. To measure
the fraction of surface receptors that are mobile
in the extrasynaptic memhrane or within a spine
head both in CAl pyramidal neurons from
hippocampal slices and in cultured hippocam-
pal neurons, we used fluorescence recovery
after photobleaching (FRAP) on AMPAR sub-
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units tagged at their N termin with super-cclipti

phiuorin (4), a pH-sensitive form of preen fluores-
cent protein (pHGFP) (Fig. 2, A 1o C, and fig. S2).
GluR1:pHGFP was mostly homogenously dis-
tributed along the spines and dendrites, with
occasional spines displaying strongly clustered
GuR1:pHGFP. In contrast, GluR2:pHGFP was
more systematically clustered within spine heads
(fig. 52, A and B). A significant fluorescence re-
covery occurred in both shaft dendrite (~60% n
60 5) and spines (~30%) in ‘brain slices

d from an Jic to a synaptic
location for GuR2:pHGFP and nonclustered
GluR1:pHGEP (Fig. 20).

Individual GluR1- and GluR2-AMPARs were
tracked using single quantum dots or organic dyes
(6-8, 11, 12, i4). Synapses were identificd by
Mitotracker (7, §) or the excitatory postsynaptic
protein Homer] C::DsRed (£5). In control, 70%
of GluR1-AMPARs were mobile in the post-
s‘ympun. membm:, and half of this population
ly between synaptic and

(Fig. 2, A to C), indicating that GluR2-AMPAR
are mobile in intact hippocampi, as in cultured
neurons (5, 7-9). In cultures, GluR1:pHGFP and
GuR2::pHGFP fluorescence also recovered afier
photobleaching, 1o a higher extent in extrasynaptic
areas than in synaptic ones. About half of AMPARs

extrasynaptic domains, the other half being mo
bile but confined in the synapse (Fig. 2D and
fig $3) (3, 4 6-8, 2§}, The instantancous diffir-
sion coefficient, D), of mohile synaptic receptors
(D > 0.0075 um’/s) was comparable for quan-
tum dot (QD) or single dye (SD)-labeled recep-

Fig. 1. AMPAR immobilization increases [+

PPD and decreases variability. (A} Sample  Current Von;w Control  Xdink ¢ -
whole-cell recordings of a connected pair gos @

of cultured hippocampal neurons. The pre- ; E 1
synaptic neuron was recorded in current- Toms EN
clampat0 pAand th ic neuran 50 pA| £ 1_
voltage-clamped at —60 mV. A pair of  50pal ‘ Jo02
depolarizing pulses in the presynaptic soms| [120my | §

cell separated by 50 ms triggered action r a0 Y
potentials that each elicited an AMPAR- 1 o &
mediated EPSC in the postsynaptic neuron. ¥
(B) Series of evoked EPSCs elicted at 10-s D _ Gentre! Xk g

intervals in control conditions or at least % s
10 min after X-link surface GluR2-containing k-

AMPARs with an antibody to GR2 followed oz

by a secondary antibody to immunoglobutin %

G (1gG). (©) Plot of the coefficient of varia- =

tion of EPSCs recorded as i (8)in 24 cells. Boe

GluR2 X-link decreases variability. P < 0.05. 2

(D and E} Paired-pulse traces of EPSCs [
recorded as in () in control conditions or +

at least 10 min after X-link surface GluR2. These are different cells from the same culture batch.

Fig. 2. Mobility of AMPARs in synapses form brain slices A B
and cultured neurons. (A} Imaging of GlURZ:pHGFP in live

CA pyramidal neurons from hippocampal slices. Fluorescence @
was photobleached (f) in spine (circles, red open amrow) and 4 2
dendritic shaft (circles, green filled arrow). (B) Fluorescence re- §n
covery versus time in the photobleached areas in (A). (Q) Averaged £
recovered fraction of GlUR2::pHGFP in dendritic shaft {n = 41) o é
spine (7 = 19} in hippocampal slices and 21 days in vitro (DIV}

cultured hippocampal neurons expressing GR2:pHGFP (1 = 28)

or GUR1:pHGFP (n = 40). (D) Trajectories of GluR1-containing & pm

AMPARs on dendrites of a 21-DIV cultured Homer1C::DsRed trans-

fected hippocampal neuron. (Top) Diagram of AMPARs labeling D GIUR1/GIuR2

with a QD through GIuR1 antibody. (Bottom left) Imaged dendritic
segment. Postsynaptic sites accumulate DsRed (arrows). Extra-
synaptic {yellow) and synaptic (red) trajectories of QD-labeled
GluR1 receptors recarded for 66 s are plotted. (Right) Trajectories.
on Homer1C::DsRed labeled postsynaptic sites for the three cat-
egories of observed diffusion behaviors within the synapse. (2]
Histogram distril of the i diffusion ¢

of synaptic trajectories obtained from GluR1-coupled QDs or Cy3
single dye molecule (SM). Dotted line is the threshold below which
receptors are counted as immobile. (F) Frequency distribution of
the displacement {At = 10 ms} of mobile GluR1 receptors within

tors (Fig. 2E). These exchanging AMPARs only
dwell for a few seconds in the synapse (Fig. 2G
and fig. S3); the remaining AMPARs were tran-
siently immobile. Az expected, antibody-induced
AMPARs X-link massively reduced receptor mo-
bility and suppressed the exchange of receptors
between synaptic and extrasynaptic sites (fig. S1,
Aand B).

AMPAR mobility contributes to recovery
from PPD. Because PPD has been mainly en-
visioned as influenced by presynaptic processes
(2, 13), we investigated the effect of receptor
immobilization on isolated postsynaptic AMPAR-
mediated currents. For this, glutamate-evoked
currents were recorded in whole-cell mode using
rapid iontophoretic glutamate application onto
synapses (identified by Homerl C::DsRed) (figs.
S4 and §5). In control, application of plulamate
for 1 ms with iontophoretic currents of ~100
to 200 nA evoked inward currents of 1304 =
11 pA (n = 37) with fast rise and decay times
(Fig. 3A and fig. S5). When paired glutamate
applications were applied, the second response
was depressed (Fig. 3 and fig. $5). The extent
of depression decreased as the time interval be-
tween paired glutamate applications increased,
as expected from AMPARS’ recovery from de
sensitization (/6-19). Indeed, PPD was ahol-
ished by cyclothiazide (50 uM) (Fig. 3, A and B,
and fig. 86A), an antagonist of AMPAR de-
sensitization (20, 21).

However, AMPAR immobilization through
X-link reduced the response amplitude to the
second contiguous glutamate application (Fig. 3,
A and B). The X-link-induced reduction in paired-
pulse ratio was dependent on the interstimulus
interval, with a maximal effect (factor 2) for short
intervals (1010 20 ms) and no effect over 200 ms,
Receptor X-link thus modified the characteristic
time and the extent of recovery from depression.
Shice  Culture
QR

il
2]

QluR2  GIUR2

8

Exch. Frac. (%)
]

a
0 100 200 300 400
Distance/10ms (nm)

&

the synapse (median = 0.14 nm + interquartile range (IQR) 0.08/0.19 nm). (G} Histogram of the mean  SEM dwell time of GIUR] receptors in synapses, sorted by
their diffusion properties (n = 10). For immabile receptors, only those transiently stabilized in the synapse are counted. P < 0.05.
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PPD was ahsent at extrasynaptic sites (PPR =
1.12 £ 0.15; n = 4), where AMPARs are more
mobile and not confined (fig. 83) (4, 7, &). Activa-
tion of successive AMPAR currents by two-photon
4-methoxy-7-nitroindolinyl-caged L-gl
(MNI-glutamate) uncaging (2P-EPSCs) (22) pro-
vided comparable sensitivity to X-link, although a
smnﬁcam PPD was already present in control
sy ic sites (Fig. 3,
Cand D, and fig. 87). In camml, PPR was sig-
nificantly higher after uncaging onto shaft regions
compared with uncaging at the ip of closely located
spines, where receptors are less mobile (Fig. 2).
After GluR1 X-link, PPR onto shafis was de-
creased compared with controls and was no longer
different than that onto spines (Fig. 3, C and D).
Several controls were performed to mﬁlte the
possibility that antibody X-Enk modified

ic and.

The recovery from depression did not depend
on receptor mobility during glutamate applica-
tion to large membrane areas [iontophoretic
current > 300 nA/1 ms (Fig. 3E); activated area
~2.5 pm (fig. S5C)]. At low lontophoretic cur-
rents (7< 100 nA/] ms), receptors were activated
over a small area (0.5 pum) (Fig. 3E and fig. $5C),
and PPD was only present after receptor im-
mobilization. The parallel decrease in PPR and
increase in fontophoretic current likely reflect pro-
longed presence of glutamate to desensitize recep-
tors (I8, 23, 24). That receptor immaobilization
only modifics PPR at low iontophoretic current

RESEARCH ARTICLES I

Interplay between AMPAR diffusion and re-
covery from PPD. To study the respective coniri-
butions of AMPAR recovery from desensitization
and AMPAR mobility to the recovery from PPD,
we tock advantage of the fact that pHG iR 1
can be either clustered or diffuse at synaptic sites,
with slower mobility when clustered (Fig. 2C and
fig. 82). Overexpression of the GluR1 subunit in-
creases the formation of GIuR1 homoimeric recep-
‘tors (26), which desensitize faster than heteromeric
receptors but recover from desensitization one-
third as fast (27). Thus, the rate of recovery from
PPD should n:f.nu the prolonged exit of recep-
tors from a d d ‘mainly when lateral

amplitudes suggests that recovery from d
due to receptor movements in a large glutamate
application zone iz slower than the rate of recov-
ery from desensn zation of individual receptors.

of recovery from depression through changes of
receptor desensitization, First, primary antibody
binding to the receptors did not modify the basic
properties of mEPSCs (fig. S8, A and B). Sec-
ond, X-link of the recmors did not modify indi-

To this, we used the rapidly disso-
clating glutamate receplor antagonist kynurenic
acid (Kyn) to modify the apparent spatiotemporal
glutamate waveform. Kyn generates a block that is
inversely related to glitamate concentration (25).
Kyn (1 mM) reduced the current amplitude and

the decay of ically elicited

vidual gh horetic respanses
(fig. S8, C to G). Thmi, the application of cyclo-
thiazide totally abolished the decrease in recov-
ery rate between glutamate applications induced
by receptor X-link (Fig. 3, A and B, and fig. 87).
Fourth, the kinetic properties of AMPARs were
identical with and without antibodies, as mea-
sured in excised outside-out recordings (fig. S9).

AMPAR currents (Fig 3G) (25). The presence of
Kyn reduced PPD in control but not in X-linked
conditions (Fig. 3F). In the presence of Kyn, the
area where AMPARs are activated and/or de-
sensitized is smaller, allowing for their faster ex-
change with naive AMPARs during the interpulse
interval.

diffusion rate is low.

PPD was similar at synaptic sites of nontrans-
fected neurons and at synapses expressing diffuse
pHGFP:GIuR1 in transfected neurons. In con-
trast, synapses with clustered pHGFP::GIUR] dis-
played a much swonger PPD (Fig. 4, A 10 C)
Thus, recovery from PPD is dominated by receptor
diffusion when pHGFP:GIURI1 is highly mo-
bile, whereas it is dominated by the intrinsic ki-
netic properties of GluR1 when pHGFP=GuR 1
has a low mobility. We therefore specifically im-
mobilized pHGFP::GluR1 containing receptors
by X-link with an antibody to GFP (Fig 4, A
to C). PPD was strong in areas of clustered re-
ceptors, approaching the value obtained for not
X-linked but clustered pHGFP::GIuR1 receptors.
PPD was mare pronounced for immobilized GluR 1

Fig. 3. AMPAR immobilization impedes recovery from depression during
paired-pulse application of glutamate. (A) Whole-cell recordings of currents
elicited by paired iontophoretic applications of glutamate to synaptic sites in
control neurons (left), after X-link surface GluR2-containing AMPARs without
(middle) or with {right) 50 M cyclothiazide. Pulse interval is 50 ms; traces are
averaged from 10 recordings. (B) Plot of the recovery rate as a function of
interpulse interval; control (n = 11), X-link GluRZ {n = 15), with 50 uM
cyclothiazide (n = 10). (O (Left) Confocal images of individual spines and
ing shaft area used to induce successive (50 ms apart) 2P-EPSCs in
control {top) or after X-link of GluR1 {bottom). Uncaging spots were positioned
(crosses) either at the spine tip {(red} or on shaft {green). (Right) Current traces,

< Contiol (n=11}
= Xdiok (1=10)
= Cytlo » Xilink (n7)

Paired Pulse Ratio (0

o0 It
Interval (ms)

C  control Spine Shatt D Control  X-link uncaging at arrows. (D) Scattered plots of PPRs of 2P-EPSCs induced at spines
AL 5 or shaft regions in control conditions {1 = 33 spines and shafts) and after X-link
o Ji of GWR1 (n = 28 spines; shaft n = 22). Mean + SEM is indicated by the black
E ~ dots, and pairs of closely positioned spines and shafts are indicated by the
3 o connected lines (***P < 0.01). {E) Plot of the PPR versus applied iontopharetic
H current amplitude; control {n = 13), Xink (7 = 8). {Insets) Sample traces
o 050 for paired iontophoretic glutamate application (left, 90 nA/L ms; right,
£ 400 niv1 ms). Scale bar, 50 pA (left), 100 pA (right). (F) Mean - SEM of PPR
£ H for paired fontophoretic glutamate application (200 nA/1 ms) in control or after
e X-link of GlURZ, without (Con} or with 1 mM kynurenic acid (Kyn) under the
g gn® e indicated conditions. n = 5 for each condition. (G} Mean + SEM decay time
constant of EPSCs, of currents evoked by iontophoretic glutamate application
E F s G (200 nA/L ms) in control (lonto), with 1 mM kynurenic acid (Kyn) before or after
ok o B) —+ Xelink of GWR2 (kyn + X-link).
= = 7
B g g E
: sl T
£os & os L
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W 20 W0 AW s £ e
lontophoretic Current (nA) 2’; 5t Q?gg\"& * ﬁ‘

+

www.sciencemag.org SCIENCE  VOL 320 11 APRIL 2008 203



I RESEARCH ARTICLES

204

containing clusters than immobilized wild-type
AMPARs that recover faster from desensitization
(27). The rectification index showed that the rel-
ative proportion of homomeric GluR1 receptors
at synapses did not comelate with the clustered
state of GIUR1 and was unchanged by X-link
(Fig. 4. D and E).

Calcium-induced AMPAR immobilization in-
creases PPD. Because spontaneous clustering of
AMPARs modified the extemt of PPD, physio-
logical processes that regulate AMPARSs® mobility
might also regulate PPD. AMPAR mohility is
strongly decreased by local rises in intrace!lular
calcium (5). We explored whether an increase in
calcium triggered by physiological synaptic
stimulations also modifies PPD. Stimulation of
a large population of synapses at 50 Hz, bui not
5 Hz, induced a profound decrease in AMPARs”
mobility (Fig. 5A). This immobilization was
stronger for GuR 1 than GluR?2 (explored surface,
percentage of control, GIUR2 83.1 + 4%, GluR |
50+ 5%, 5 min afer stimulation). Stimulations of
50 Hz induced a stwonger immobilization at
synaptic than at extrasynaptic sites, accompanied
by a reduction in the percentage of receptors that
exchange hetween synaptic and extrasynaptic
sites (Fig. 5, B to D). This immohilization was
due 1o rises in intracellular calcium through acti-
vation of calcium-permeable N-methyl-p-aspartic
acid receptors (NMDARs) (Fig. 5D and fig. S10)
and did not alter the proportion of endacytosed
GluRI-containing AMPARs (conirol 15 min,
12.5 = 3%; 15 min after 50 Hz, 11.6 = 4%).
Diffusion of another membrane receptor N-Cam
did not change after stimulation (Fig. 5, B and C).
Immobilization of AMPARs was accompanied
by an increase in PPD at a subpopulation of
synapses after 50-Hz stimulation (Fig. 5, E and
F), indicating that physiological immobilization
of AMPARSs also has an impact on recovery from
synaptic depression,

Discussion. We report that AMPAR lateral dif
fusion influences synaptic transmission at differ-
ent time scales. On the second to minutes time
scale, the CV of synaptic currents depends in part
on the surface trafficking of AMPARSs that diffuse
within the PSD and exchange between synaptic
and extrasynaptic sites, In the tens of millisecond
time scale, AMPAR lateral diffusion regulates the
fast recovery from postsynaptic depression induced
at high-frequency transmitter release. Conse-
quently, we now propose that the rate of recupera-
tion from synaptic depression results from the
combination of the recovery of AMPAR from de-
sensitization, the recuperation of transmitier release
(2), and the fast lateral exchanges of desensitized
receptors with naive functional ones. In addition,
the rate of AMPAR fluxes can be modulated in
various physiological ways, such as clustering
states or variations in intrace!lular calcium, and
these regulations affect the synaptic signaling.

The role of AMPARS" desensitization dur-
ing PPD at hippocampal synapses is debated
(18, 28-31), in part due to the absence of ade-
quate tools (e.g., cyclothiazide having both pre-

Fig. 4. Endogenous A
clustering of AMPARs in-
creases PPD. (A and B)
Sample whole-cell record-
ings of currents elicited
by paired iontophoretic
applications of glutamate
to synaptic sites display-
ing diffuse (A) or dustered
(B GluR1 distribution
in control neurons (left)
or after X-ink surface
pHGFP=GIuR1 by anti-
body to GFP (right). ()
Histograms of mean PPR &
SEM in the conditions ex-

B

GluR1 Clustered
K-link =

Control

emplified in () and (8)
oM D g
ments from recordings at

Homer:DsRed synaptic 20004
sites in neurons express-

ing (GluRl+) or not GluRi

(GIuR1-} pHGFP-GLIRL,
with or without antibody
to GFP-mediated X-link.
Synaptic sites were sorted
as bearing either a diffuse
(D) or clustered {C) pHGFP:GluR1 di

-

20ms

GluR1 Diffuse
Control

Kelink

(2]

B

Palred Pulse Ratio (121)

+ GIuR1
C Dificluster
+ 4+ Xlink

+ Ct

QOne series of

is in the presence of

cyclothiazide (Ct2). (D) (Left) Whole-cell currents elicited by iontophoretic applications of glutamate to
synaptic sites recorded at various holding potentials in nontransfected (control) and pHGFPzGIuR1
(GluR1)~expressing neurons. (Right) Plots of mean i-l/ curves for currents in the left. The curve is linear for

control cells {empty circles), whereas it rectifies in

PpHGFP:GluR1-expressing neurons, at similar levels

whether clustered (filled black circles) or diffuse (filled gray circles), indicating the higher proportion of
GluR1 homomeric AMPARs. X-link either endogenous receptors with an antibody to GLUR2 (empty triangles)
or pHGFP::GIuR1 with an antibody to GFP (filled triangles) does not modify the rectification index as
compared to its matched control. (E} Mean + SEM of the rectification index in the indicated conditions.

and postsynaptic effects) (32, 33). The desensi-
tization properties of AMPARs will depend on
the glutamate clearance, particularly at synapses
whose morphologies favor spillover from neigh-
boring release sites (19, 34-39). Measurements
of AMPAR-mediated current amplitude and ki-
netics, as well as theoretical calculations, have
suggested that the size of the field where receptors
are occupied by glutamate only represents a sub-
area of the PSD that spans about 100 nm from
the site of vesicle release and s only about 25%
of the area of an average CAl synapse for a
single quantal release (13, 36, 40, 41). At least
50% of the AMPARs are mobile at synaptic
sites and can explore the whole PSD (4, 7, &)
Our single-molecule measurements, which like.
ly underestimate receptor mobility (42), indi-
cate that AMPARs can diffuse at rates above
0.25 um/s and can thus move >100 nm in 10 ms.
This is sufficient to escape the area reached by
glutamate within a short time (/3). Within a re-
gion of 200-nm diameter, calculations indicate

from desensitization (50% in 40 to 60 ms).
Along this line, PPR was more pronounced with
uncaging than with iontophoresis, even at low
amplitudes of AMPAR-mediated currents, likely
due to the larger size of the uncaging spot versus
the iontophoretic one.

The extent of frequency-induced synaptic
depression depends on desensitization, glutamate
release, and postsynaptic receptor redistribution
rate. This notion is supported by a theoretical
model that combines previously established
parameters of glutamate release in the synaptic
cleft, AMPAR activation, and desensitization ki-
netics schemes (/3, 39, 43) with receptor mobility
(fig. S11). The theoretical recovery of AMPAR
currents from depression strongly depends on
lateral diffusion, on the area over which recep-
tors are activated, and on receptor confinement
(fig. 812).

Posisynaptic receptors” mobility is acutely
regulated by physiological processes such as

that ~30% of receptors are replaced within 10 ms
by diffusion at 0.1 pm/s (figs. S11 and $12C).
Thus, the replacement of desensitized receptors
«occurs at a characteristic time (50% in 30 ms if
all receptors are mobile at 0.1 um’fs and escape
from a 200-nm zone) similar to, or even faster
than, that of the recovery of individual AMPAR

8, (7), glutamnate
(&), and tetanic stimulations leading 1o calcium-
induced immobilization of receptors (this study).
These changes in the fraction of mobile recep-
tors will affect frequency-dependent depression
in parallel to presynaptic processes (/3). This
could be imvolved in providing a postsynaptic
‘mechanism to modify the frequency dependence

11 APRIL 2008 VOL 320 SCIENCE www.sciencemag.org
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Fig. 5. Activity-dependent increase in intracellular calcium immobilize

AMPARs and increase PPD. (A} (Left) Images of the cumulative surface
explored (red) on dendrites by QDs bound to GluR 1-containing AMPARs within
1 min of observation before, during, and 5 min after 50-Hz field stimulation
(synapses in green). (Right) Summary plot of the evolution of the explored
surface between the control recording period and 5 min after stimulation (1 =
16). (B and © Plots of the median of instantaneous diffusion coefficient versus
time (B) or at 800 s {median -+ IQR) of recording (C) for extrasynaptic (left) and
synaptic {right} receptors. Both outside and inside synapses, stimulation at
5 Hz (blue squares} slightly increased receptor diffusion in comparison to the
independent control (black circles), whereas 50-Hz stimulation (red circles}
strongly decreased receptor mobility. Diffusion coefficient of N-cam (open red
circles) was not changed after 50 Hz stimulation. (D) Plots of the mean fraction
of GluR1 receptors that exchange between synaptic and extrasynaptic sites,
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cell currents elicited by paired iontophoretic applications of glutamate to
synaptic sites before {top) and 5 min after (bottom) 50-Hz stimulation in
different cells from the same culture. (Right) Cumulative frequency plot of the
paired-pulse ratio recorded before (black line, 13 cells) and after (red line, 13
cells} 50-Hz sti ion. P < 0.01, Kol Smirnov test. (F) Schematic
diagram of the involvement of mobile AMPARs in requlating PPD. When
AMPARs are largely mobile (left), AMPARs activated (red) and then
desensitized (black) by a first glutamate release are rapidly exchanged by
functional ones {green), which are then available for activation by a sequential
glutamate release. In contrast, when AMPARs are immobilized (right),
desensitized receptors remain in place, decreasing the amount of functional
receptors available for activation by a sequential pulse.
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of synaptic transmission after activity-dependent
processes that trigger both short- and long-term
synaptic plasticity.
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Gate-Variable Optical
Transitions in Graphene

Feng Wang,™* Yuanbo Zhang, Chuanshan Tian,! Caglar Girit,"? Alex Zettl,'?
Michael Crommie,™? Y. Ron Shen

i graphene and bilayers exhibit fascinating electrical transport
behawars Using infrared spectroscopy, we find that they also have stronq interband transitions
and that their optical transitions can be substantially modified through electrical qitlrlg, much like
electrical transport in field-effect i This gate d d of interband adds
a valuable dimension for optically probing graphene band structure. For a graphene monolayer,
it yields directly the linear band dispersion of Dirac fermions, whereas in a bilayer, it reveals a
dominating van Hove singularity arising from interlayer coupling. The strong and layer-dependent
optical transitions of graphene and the tunability by simple electrical gating hold pramise for
new applications in infrared optics and optoelectronics.

croscopic setup at room temperature (15), Two
types of measurements were performed. To probe
optical transitions of graphene monolayers and
bilayers, we measured the nornmalized change of
IR reflectivity 8R/R from the sample with refer-
ence 10 the bare substrate, achieved by modulat-
ing the sample position such that the graphene
film on the substrate was shified in and out of
the beam spot. To examine the gate dependence
of the optical transitions, we fixed the sample
position and applied a dc gate on the graphene
sample. A small ac modulation was added to the
dc gate voltage, and the modulated reflectivity
change at the ac modulation frequency was de-
tnmﬁd by a lockin amplifier. The result yielded

S/ The derivative of SR/R with respect to
the gate voltage ¥

206

raphene, a single layer of honeycomb

carbon lattice, exhibits many exotic be-

haviors, ranging from the anomalous
quantum Hall effect (/-3) and Klein paradox
(4) to coherent transport (5). In contrast to the
extensive effort on electrical transport, optical
study ofgraphcnc has been limited (5-9). 'Such
optical i ion is important for
ing the electronic structures and excited-state
properties of low-dimensional materials, as re-
cently demonstrated in the case of carbon nano-
tubes, for example (10, I7)

We have used infrared (IR) speciroscopy to
probe interband optical trmsitions in manolayers
and bilayers of graphene, which show dnstumliy
different optical response. Unlike c

We plot in Fig. 1A the measured -8R/R ver-
sus photon energy for a representaiive graphene
‘monolayer (blue circle) and graphene bilayer (red
square), whose optical microscopy images are
displayed in Fig. 1, B and C, respectively. Note
that 8R/R is related to the complex optical con-
ductivity o(es) of graphene through the relation:

dicate that many-body effects may play a role in
the excited-state properties of graphene. Aside
from such fundamental interests, the very unusual
optical properties of graphene make it a promis-
J\gmatma] for IR optoelectronics Thm is partic-
ularly attracti that

superior carrier mobility, current cacrrymg capa-

bility, and thermal conductivity, and can readily SR 1
incorporate electrical coupling as in field-effect e ERC"’ -9
devices (12) and pn junctions (13, I4).

We prepared mechanically exfoliated graphene
‘monalayer and bilayer samples on heavily doped
S¥/8i0, substrates by following the peeling pro-
cedure described in (12). Monolayers and bi-
ayusofgraphm:wucmuﬁnd with an optical

[0

where 7 is a dimensionless complex factor that
includes an interfering contribution from sub-
strate reflection and can be calculated exactly
(16). The observed spectra of graphene mono-
layers and bilayers differ dramatically. The dif

materials, the optical transitions in graphene can
be dramatically modified through electrical gating:
The normalized gate-induced changes in tran-
siion strengths approach the order of unity.
Although ficld-effect-modulated electrical con-
ductivity has long been the basis of modern
electronics, such large modification of optical
transitions by electrical gating is unusual. (For com-
parison, relative refractive index change in yp-
ical electro-optical materials rarely reaches 107°.)
The special behavior of graphene is due bath to
its two-dimensional (2D) structure that confines
electrons in one atomic layer and to its low den-
sity of states (DOS) near the Dirac point, which
causes the Fermi energy (£5) to shift significantly
with variation of carrier density.

The strong gate dependence of optical tran-
sitions allows detailed examination of graphene
band structure, We observed the linear Dirac band
in graphene monolayer and were able to deter-
mine through direct optical means the band dis-
pmmu }'nr a g}aphene ‘mlayer, we observed a

an Ho that results from

interlayer band hybridization, and our results in-

*Department of Physm:_ ulw\?ﬁl‘y of California at Berkeley,

Iy confirmed by Raman
spectrosoop} {6) On some of the samples, we at-
tached a gold electrode (hickness ~30 nm) by de-
position in a vacuum through a mask. The heavily
doped Si undemeath the 290-nm-thick Si0, served
asa back gate, which allowad us o tune the charge
carrier denzity in the graphene samples.

We investipated the graphene interband tran-
sitions using IR reflection spectroscopy in a mi-

ference can be qualitatively understood from their
different electronic band structures.

The graphene monolayer spectrum is basi-
cally featureless, which is consistent with the
linear electronic bands (Fig. 1D) In fact, the
absorption coefficient of an undoped graphene
layer in the IR region is expected to be sirictly a
constant ({7, 18). The observed -SR/R, related
but not proportional to graphene absorption, ac-

350
Energy (meV)
Fig. 1. (A} Normalized change of IR reflectivity —3R/R referenced to the bare substrate for a graphene
manolayer (blue circles) and bilayer (red squares). (B and €) Optical microscopy image of a graphene

Berkeley, CA 94720, USA Divisian, Larence
Berkeley National Laboratory, Berkeley, CA 94720, USR

*To whom comrespondence should be addressed. E-mail:
fengwang 76 @berkeley.edu

yer and bilayer, resp ly, on a 5i0,/Si substrate. The scale bars are 20 um. (D and E) Band
structures of monalayer and AB stacking bilayer of graphene, respectively. The graphene samples are
hole-doped. The linear bands of graphene monolayer produce a relatively flat —5R/R spectrum, and the
parallel bands of graphene bilayer lead to a peak in the —3R/R spectrum.
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quires slow wavelength dependence in the re-
glon we investigated, partly from dispersion in 1
of Eq. 1 and panly from free carrier response
due to p-doping of the as-prepared exfoliated
graphenes.

The bilayer electronic structure is affected
by orbital hybridization between the adjacent
layers. For a bilayer with AB stacking, tight-
binding calculations predict two parallel con-
duction bands and ™wo parallel valence bands.
The band gap is zero, and the parallel band
separation corresponds to the interlayer nearest-
neighbor hopping rate v, (Fig. 1E) (19-22).
Both features are unique characteristics of the
bilayer. The optical transitions between the par-
allel valence bands (indicated by the aowed

Gate Voltage (V)

(1]

lines in Fig. 1E) lead to a strong van Hove sin-
gularity. They are allowed in bilayers that are
p-doped. Indeed, our —-3R/R spectrum for the
bilayer exhibits a clear peak around 350 meV,

REPORTS I

wvoltage for the maximum signal decreases with
the photon energy (red line in Fig, 2A).

The 2D spectra of graphene monolayers
allow us o determine directly the electronic band

near the parallel band of 400 meV
determined by photoemission (21, 23).

The gate dependence of these optical transi-
tions provides an exwra dimension of informa-
tion. A 2D plot (Fig. 2A) of the experimentally
measured HSR/RYEV as a function of probing
photon energy and dc gate voltage for a graphene
monolayer shows two main features. First, for
a given photon energy, the absolute value of
G(GR/RYAV has a maximum al a ceriain pate
wvoltage, as can be scen from a vertical cut of the
2D plot (symbols in Fig. 2C). Second, the gate

®

S

-
(w2 501) Aysusg sioH

BRIRYV (2. u)
[
)

R

0
Gate Voltage (V)

Fig. 2. Gate-induced change of IR reflectivity
in a graphene monolayer. (A and B} Two-
dimensional plots of (A) observed and (B)
calculated HSRRVEV versus gate voltage and
probing photon energy. The calculation is
based on the tight-binding approximation. In
both plots, the absolute value of SRRV at
a fixed photon energy has a maximum at 1 =
Vi Which varies with the photon energy, as
indicated by the red lines in the plots. The right
axis in B describes the hole density corre-
sponding to the gate voltage on the left
axis. {Q) A vertical line cut of the 2D plots at

<

@RR)

We consider the interband transi-
tions illustrated in the inset of Fig. 2C. The ap-
plied gate voltage changes the charge-cartier
density in graphene, # = a(V + Vy), and accord-
ingly shifis Ep, where Ep = sgn(mdhive/7tln).
Here, positive (negative) # means electron (hole)
doping, v is the Femni velocity, & = 7 x 10"
cm V! (estimated from a simple capacitor
maodel), and F; is the offset voltage caused by
natural doping (which could vary from sample
to sample) (1, 3). The shift in Ep affects the IR
spectrum through the Drude response of the
altered electron density and through the change
of band filling (for example, a down shift of
Eg climinates transitions originating from ini-
tially occupied states right above the down-
shifted Eg).

The band-filling effect dominates at photon
energy comesponding to transitions that originate
from states near the Fermi surface, that is, 21f7| =
fiar. Thus, the trace for maximum_S(5R/RY3V
signal is defined by e = 2vey/ar|V + Vol,
and the slope of (fiw)” versus ¥ yields directly
the dispersion velocity of the Dirac band, vp =
0.8 % 10° m/s (Fig. 2D). Our value is compa-
rable to that obtained by transport (I, 3) and by
photoemission (23-25), and the small difference
could be due to the uncertainty in our detenmi-
nation of gate-coupling efficiency.

To describe the gate-dependent tra quan-
titatively, we use the tight-binding model (17, 18)
o calculate the optical transitions and the: frequency-
dependent complex conductivity for different
Ep. In this model, the Fermi velocity ve is the
only parameter needed to describe the band
structure and optical transition matrix elements,
and V' + ¥ sets the Fermi energy level. We
introduce an uncerlainty AVy in Fj to account
for inhomogeneous doping of the sample. We
can then calculate the spectrum of G(GR/RYGV
for different ¥y using Eq. 1. The results with vy~
0.8 % 10°mis, ¥y =70 V, and AV, = +16 Vare
presented in Fig. 2B. They agree nicely with the

010 A
10 20 30
Gate Voltage (V)
E
02
.
g
o 8 et
000
002
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20 340 380 380 400
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350 meV, where the maximum modulation (in absolute value) is clearly observed. The inset illustrates
interband transitions in graphene monolayers. E: shifts upon gating, which affects the transitions. Gate-
induced modification is strongest when the initial states for transitions are near the Fermi surface, ie,, 21£] =

Fren. A small shift of £ can block such transitions by

changing the initial state from filled to empty, whereas

transitions at significantly lower or higher energies are not affected. (D) The trace of maximum modulation
plotted as squared photan energy versus gate woltage. Its slope yields directly the velocity dispersion of the
Dirac band, v = 8.1 x 10°mis. {E) Experimental data (symbols) and model prediction (lines) of (upper panel}
—GR/R spectrum for an ungated graphene monolayer and (lower panel) the total gate-induced reflectivity
spectrum change, AIGRR), with gate voltage varied from —50 to 60 V. The magnitude of gate-induced
reflectance change is larger than the initial monolayer reflectance.

wwwsciencemag.org  SCIENCE  VOL 320

1 data in Fig. 2A (26).

The sane model can be used to describe
the ungated —3R/R spectrum of the monolayer
in Fig. 1A, The fitting is shown in the upper
panel of Fig. 2E. We can compare it with the
total gate-induced reflectivity change over the
gate-voliage range of =50 to 60 V, A(SR/R) =
{(ER/RYig-sov — (OR/R)f s~ sos: displayed in the
lower pane! of Fig; 2. The magnitude of AGR/R)
is obviously greater than reflection response,
_SR/R, from the ungated monolayer. Tt follows
from switch-off of IR transitions by electrical
gating through a downshift of Ep.

The spectrum of gate-induced reflectance
change, G(8R/RYV, for a graphene bilayer is
shown in Fig. 3A, It exhibits features distinctly
different from that of the monolayer (Fig. 2A).
A clear peak exists in the modulation spectra,
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208

which can be casily seen from a horizontal line
cut in the 2D plot (symbols in Fig. 3C). Also,
the signal at the peak has an opposite sign com-
pared with that in the monolayer, indicating a
fundamentally different mechanism.
Qualitatively, we can attribute this observa-
tion to the van Hove singularity associated with
the optical wransitions between parallel valence
bands of a p-doped graphene bilayer, illustrated
by the blue arrowed lines in the Fig. 3C inset. It
leads to a peak in bilayer absorption at the band
separation energy, and the peak hecomes stronger
with increasing hole concentration as Ey shifis
down and more trangitions become allowed. This
situation is in contrast to the reduction of tran-
sition strength with down-shifting of the Fermi
level in a graphene monolayer, which gives an
opposite sign to HFR/RYOV. Transitions be-
tween other bands (black arrowed lines in the
illustration in Fig. 3C) are also affected by gat-
ing, and a small band gap is expected to appear
because of asymmetry of the gating effect on
the upper and the lower layers of the bilayer

A

B
mzs 50

(21, 27). However, there is no sirong van Hove
singularity involved, and therefore these tran-
sitions contribute only to an overall slowly vary-
ing background.

To be more quantitative, we model the bi-
layer using the tight-binding approximation, fal-
lowing (19), o calculate the complex conductivity.
We use the same set of parameter values as in
the monolayer case but include the interlayer
hopping rate ¥; as an additional parameter to
take imto account the interlayer coupling. The
best fit of the spectral variation with gate voltage
from our calculation is shown m Fig. 3B; a hori-
zontal line cut of the 2D plot is given in Fig. 3C
to compare with the experimental data. The fit
yields y; = 350 meV and V5 = 50 V from
natural doping, assuming that all the dopants
appear at the upper surface of the bilayer.

gate dependences at spectral range from 370
to 400 meV. Also, our observed peak energy,
~350 meV, is close to, but smaller than, the en-
ergy separation of the parallel bands of 400 meV
4 et by fasi
(21, 23). These discrepancies could arise from
strong many-body effects in the bilayer excited
state. For instance, excitonic effects can modify
the optical spectrum appreciably, whereas photo-
emission probes quasipanicle transitons in the
absence of excitons. Such excitonic behavior in a
graphene bilayer could be quite unusual, consid-
ering the existence of parallel bands and the as-
sociated van Hove singularity.

Next, we compare the ungated ~8R/R spec-
trum in a graphene bilayer (Fig. 3D) and the spec-
trum of the total gate-induced change, A(GR/R) =

Comparisons between theory md expert
in Fig. 3, A and B, show that the main ex-
perimental features are reproduced by the mod-
el. However, significant deviations exist, such
as the slight difference in peak energies and in
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Fig. 3. Gate-induced change of IR reflec-
tivity in a graphene bilayer. (A and B} Two-
dimensional plot of {A) observed and (B)
calculated GSRARNEV versus gate voltage
and probing photon energy. The calculation
is based on the tight-binding i

tion. (€) A horizontal line cut of the 20 plot
explicitly shows the peak in the modulation
spectra. Symbols are experimental data, and

the line is from the model prediction. The inset illustrates the interband

380
Energy (meV)

R/ R)lsg-eor — (GR/R)lyg~ sow (Fig. 3E). Again,
ABRR) is ble in itude 10 SR/R.

Our study reveals rich IR optical behaviors
in graphene monelayers and bilavers. The ab-
served interband transitions are quite strong: Al-
though only one or two atomns thick, the graphene
monolayer and bilayer can absorb, respec-
tively, more than 2% and 6% (peak valuc) of
normally incident IR radiation. In comparison,
a 10-nm-thick GaAs layer absorbs about 1% of
the light near the band gap. Using multiply
stacked graphene sheets or optical multipasses
or waveguiding, the IR response of graphene
can be considerable: for example, IR light prop-
agating along a 100-pun-long waveguide on un-
doped graphene would be completely absorbed.
‘With the mnability provided by electrical gat-
ing and charge injection, one might envision
novel graphene-based optoelectronics devices
such as tunable IR detectors, modulators, and
emitters,

References and Notes

K. 5. Movoselov ef al., ature 438, 197 (2005).

K 5. Novaselow ef al., Nat. Phys. 2, 177 (2006}

. Y. 8. Zhang, Y. W. Tan, H. L. Stormer, P. Kim, Mature
438, 201 2005},

4. M . Katsnelsom, K. S, Novoselov, A K. Geim, Nei, Phys.

2. 620 (2006}

F. Miga ei al., Science 317, 1530 (2007).

A C Fernari ef al., Phys. Rew. lefl. 97, 187401 (20061,

3. Yan, Y. B. Zhang, P. Kim, A, Pincuk, Phys. Rev, Lett

98, 166802 (2007).

2. Jiang et al., Phys. Rev. teti. 98, 197403 (2007).

C. Caswaghi ei of., Nana left 7. 2711 2007}

5. M. Bachilo et al,, Science 298, 2361 (2002).

F. Wang, G. Dukovic. L E. Brus, T. F. Helnz, Sclence 308,

£38 (20051,

K 5. Novoselov et af., Science 306, 666 (2004).

B. Huard ef al., Phys. Rev. leil 98, 236803 2007).

1. R Williams, L DiCarlo, C. M. Warcus, Science 317, 638

12007).

. Tunable R radiation vas generated by an optical
parametric amplifier pumped by 3 femtasecond
Tusapphire amplifier system, The |k pulses were
attenuated to ~1 n) and spectrally namowed through a

10.
1L

12
13
14

in bilayers.

between the parallel valence bands of the hole-doped bilayer, denoted by the red arrowed lines, give rise
toa van Hove singularity and the observed spectral peak. Other interband transitions (black arrowed lines)
contribute to a relatively flat response over the spectral range. (D and E} Experimental data (symbols) and
model prediction (lines) of (D} —SR/R spectrum for an ungated graphene bilayer and (E) the total gate-

induced reflectivity spectrum change, AGRR), with

gate voltage varied from =50 to 60 V. The gate-

induced change of reflectance is of the same order of magnitude as the initial graphene reflectance.

to =10 ani™® before they were focused
onta the graphene ssmples. The back-reflected light was
collected and detected by 3 mercuy cadium telluride
detector. The samples had 2 typical lateral dimension
around 20 . The micrascope we used had a 36x
reflective objective that confined the infrared beam to a
diameter <10 wm on the sample.

16. See supporting material on Science Online,

11 APRIL 2008 VOL 320 SCIENCE www.sciencemag.org



17. W 7. Gusynin, S. G Sharapov, ). P. Carbatte, Phys. Rev.
Lett. 96, 256202 (2006).
18, L Falkasky, A Varlamov, hitp:/fancv,org/abskond-mat/
60£B00 2006},
15. £ V. Castro et al., hitpalfandv.ory/abs/cond-mati0611342
(2006)
20. D.5. L Abergel, V. L. Fal'ko, hiip:iianciv.orglabsiond
mat610673 (2007}
T, Ohta, A, Bastwick, T, Seyller, K. Hon, . Rotenberg,
Science 313, 951 2006).
A small bend gap an open in 2 doped graphene bilayer
(201, At our doping kevel, the Bandgap s relatvely small
and will nat affect the qualitative behaviors, In the tight
binding calculafion described in e fext. this gap-ogening
wifect is induded in a self-consistent way follawing (261

o

&

23. 5. Y. Zhou el ol., Nat. Mater. 6, 770 (2007).

24, A Bastwick, T. Chia, T, Seyller, & Hom, £ Rotenberg,
Hat. Phys. 3, 36 (2007).

25. 5. ¥. Zhou ef al., Nat. Phys. 2, 595 (2006).

26. The electron density of the i back gate will also be
madulated by elecirical gating. It will alsa contribute to
ihe IR reflectivity change and s doscribed by Drude
free-carrier respanse. However, its contribution is mare
than an order of magnitude smalles than that of
graphene and remains a constant at different d gate

oltages.
. McCann, http:iianciv.org/zbsicond-mati0608221
12006),

. We thank . Louie and Y. Li for helpful discussions.
This work was supported by the Office of Basic

=

REPORTS I

Energy Sciences, LLS. Department of Energy, under
<ontract DE-ACO3-76570098. F.W, ond Y.Z.
acknowledge the support from the Killer Instture for
Willer vesearch fellowships, and CT. acknowledges
support from an NSF grant thiough Water CAMPWS
50120978,

Supporting Online Material
wawsciencemag orglegifontentrull'1152793/0C 1
SOM Text

& November 2007; acepted 3 March 2008
Published online 13 March 2008;
10.1126/science. 1152793

Inchude his informarion when citing this paper.

Current-Controlled Magnetic
Domain-Wall Nanowire

Shift Register

Masamitsu Hayashi, Luc Thomas, Rai Moriya, Charles Rettner, Stuart S. P. Parkin®

The controlled motion of a series of domain walls along magnetic nanowires using spin-polarized
current pulses is the essential ingredient of the propesed magnetic racetrack memory, a new class of
potential non-volatile storage-class memories. Using permalloy nanowires, we achieved the successive

creation, motion, and detection of domain walls by using sequences of properly timed,

current into line A as well as into the nanowire.
The cwreni that passes through line A gener-
ates a highly localized magnetic field that, when
sufficiently large and when the magnetization of
the nanowire is properly aligned, creates a DW in
section A-B. The cument that flows into the
nanowire dives the DW along the nanowire
between A and B in a direction determined by the
current flow direction. The nanowire was first
magnetized along the ~(+) X direction with an
extemnal magnetic field /= —(+) 300 Oe, which
was then set as close as possible to zero (|H] <
~0.3 Oe, unless otherwise noted). A HH (or

long, spin-polarized current pulses. The cycle time for the writing and shifting of the domain walls was a
few tens of nanoseconds. Qur results illustrate the basic concept of a magnetic shift register that relies
on the phenomenon of spin-momentum transfer to move series of closely spaced domain walls.

ore than three decades ago, the concept
of storing information in movable
domain walls (DWs) was introduced,
and the following years saw intense interest in
“magnetic bubble memories™ (J). The magnetic
bubbles were often arranged in the form of shift
registers and manipulated with fixed and alter-
nating magnetic fields (2). However, this required
on-chip field generators at the same size scale as
the individual magnetic bits, adding considerable
complexity and cost to the device and making
scaling 1o smaller dimensions very difficult (3).
These abstacles can be overcame by taking
advantage of the interaction of spin-polarized
current with magnetization in the DWs, which
results in a spin-transfer torque on the DW, caus-
ing it to move (#—¥). This effect has been observed
in a number of magnetic materials (J0-13), but
predominantly in permalloy (Nig Feys) nano
wires (/4—17). The use of spin-momentum trans-
fer considerably simplifies the memory device
because the current is passed directly across the
DW without the need for any additional field
generators.
In a permalloy nanowire in which the mag-
netization lies along the nanowire, adjacent DWs
alternate between head-to-head (HH) and tail-to-
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tail (TT) configurations (Fig. 1, B and C). Under
the application of a uniform magnetic field, these
DWs will move in opposite directions, leading to
their potential annihilation. In contrast, spin-
polarized current can, in principle, move a series
of neighboring DWs in the same direction
Morcover, spin-momentum transfer becomes
more efficient the smaller the size of the magnetic
element is (/8). We describe here the basic
working principle of a current-controlled mag-
netic DW shifi register, the fundamental building
block of magnetic racetrack memory (19).

In a scanning electron microscopy (SEM)
image of a typical permalloy nanowire (Fig. 1A),
three pulse generators (PG-1, PG-2, and PG-3)
are connected 1o electrical contact lines A and B,
spaced 6 pm apart (20) (SOM text A). The resist-
ance of the nanowire was measured to determine
whether a DW was present in the region between
line A and B (section A-B). The nanowire resist-
ance also provides information about the struc-
ture of the DW (21}; that is, whether it is a
transverse or a voriex DW (22). In these DWs,
the magnetization largely lies in the plane of the
nanowire. In the transverse case the magnetiza-
tion rotates about an axis perpendicular to the
length of the nanowire, whereas in the vortex
case, the magnetization rotates about a tiny core
in which a small net moment points into or out of
the plane of the nanowire (Fig. 2 D),

A voltage pulse from one of the pulse
generators (PG-1 or PG-2) was used to inject a

TT) DW was subx 1y created in section A-B
when a negative voltage pulse was injected from
PG-2 (PG-1). Throughout this study, the ampli-
tude of the voltage pulse from PG-1 and PG-2
was fixed at -3.2 V.

Previous experiments showed that the DW
created in section A-B moves along the nanowire
and exits from line B only when the pulse length
exceeds a threshold value tp, This pulse length is
determined by the DW velocity, which depended
on the current density flowing along the nano-
wire, and # (I7). Only vortex and not transverse
DWs could be moved with current under the
experimental conditions used (8, 16, I7). For
example, the probability of finding a vortex wall
in section A-B iz plotted as a function of the
pulse length (Fig. 1, B and C) for TT and HH
walls, respectively, for a current density of ~~2.0 %
10® Afem®. For both walls, tp = ~35 ns.

‘When the injection pulse length is shorter
‘than tp, we hypothesized that the DW would move
along the nanowire a distance in propertion 1o the
pulse length. This was verified by using an ejec-
tion voltage pulse to determine the time needed to
move the DW either backward to A or forward to
B asa function of the injection pulse length. The
ejection pulse was applied from PG-3 to line B
with an amplitude of ~+1.6 V, which corre-
sponds 1o a cumrent of ~ 72 % 10° Alem” in the
nanowire; that is, nearly equal to that of the in-
Jjection pulse current density (fig. S1). Pasitive
valtage applied to line B provides spin-trmsfer
torque, which pushes the DW along the +X
direction, whereas negative voltage pushes it in
the X direction,

The pulse length required o cject the DW
from the nanowire is plotted as a function of the
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injection pulse length for TT and HH walls,
respeciively (Fig. 1, D and E). The length of the
ejection pulse, for positive pulses, decreases as
the injection pulse length is increased, which
shows that when a longer injection pulse is used,
the DW travels further from line A, therefare
requiring a shorter ¢jection pulse to complete its
motion toward line B. In contrast, when the
ejection pulse is of negative polanty, its length
increases in proportion to the injection pulse
length, indicating that the time needed to move
the DW back to line A scales with the injection
pulse length, Therefore, the position of the DW
along the nanowire can be controlled by varying
the injection pulse length.

Up to this point, a large magnetic field (300
Oc) had been applied to reset the magnetic state
of the nanowire before each injection of a DW.
We developed a method by which we can reset
ihe magnetic state of the nanowire by moving
DWs with current, from one end of the nanowire
10 the other, withow using any magnetic field.
This requires the successive injection and motion
of HH and TT walls. After sefting the initial state
of the nanowire by magnetizing it along ¥ with
an extemal field, a TT wall is created in section
A-B, using a 10-ns-long pulse applicd from PG-1,
followed by a 70-ns-long pulse from the same
pulse generator to move the TT wall out of this

1.0B EC=mm C peaEnn
5

Ejection time (ns) Probability

dpnﬁf‘ %c:{:\"-

00 20 40
Injection pulse length (ns)

Fig. 1. (A) SEM image of the permalloy nanowire
and the electrical contact lines A and B. PG, pulse
generator. (B and C} Probability of TT (B) and HH
(C) DWs remaining in section A-B of the nanowire
as a function of the injection pulse length. Illus-
trations of the magnetization configurations of TT
(white square) and HH (black square) walls are
showin. Black arrows represent the magnetization
direction within each domain. (D and E) The ejec-
‘tion time needed to move the injected DW [(D), TT;
(E), HH] out of section A-B toward A or B using a
second positive or negative voltage pulse, respec-
tively, from PG-3, as a function of the injection
pulse length.

section (Fig. 2F). Afier this operation, the mag-
netic state of the nanowire has been reversed.
The same operation using PG-2 (Fig. 2E) subse-
quently penerates and moves an HH wall through
section A-B, again reversing the magnetization,
therefore refuning it o its original configuration.
Each of these DW operations results in stepwise
changes in the nanowire resistance (Fig. 2C)(23).
Figure 2B shows the evolution of the nanowire
resistance as the pulse sequence was repeated
many times. In succession, TT and then HH walls
are repeatedly created and moved, which shows
that the magnetic state of the nanowire can be
resel using current pulses alone,

However, when a transverse wall, which can
readily be identified from its resistance value
(20}, was created in secton A-B, the reset
operation was disrupted (Fig. 2B, 16th itcration,
and Fig. 2, D, G, and H). The injected TT wall
remains in section A-B, even afer the long
puise is applied so that the injection of the
following HH wall annihilates it. These results
indicate that transverse walls do not move at the
current densities used here.

We next show that two adjacent vortex
DWs can be moved together using the same cur-
rent pulse. Because our measurement technique
is limited to probing only the number of DWs
stored in the nanowire, the following procedure
was used 1o show that a pair of TT and HH walls
move together {see fig. 52 for the detailed pulse
sequence), First, a voltage pulse was injected
from PG-1 to create a TT wall in section A-B. A
voltage pulse from PG-2 was then njected 0
create a HH wall. The pulse length was made
short enough so that the existing TT wall was not
ejected from section A-B. After the injection of
the two DWs, a voltage pulse from PG-2 was

Fig. 2. (R) SEM image
of the shift register de-
vice and electrical mea-
surement setup used here
and subsequently. (B)
Variation of the nanowire

applied to eject only the TT wall by using a
proper length. A sufficiently long voltage pulse
from PG-2 was then applied to ensure ejection
of the HH wall. The expected motion and the
comesponding number of DWs in section A-B
(Fig. 3B) is consistent with the measured varia
tion in the nanowire resistance (Fig. 3A). The
nuimber of DWs changed from the initial state,
zero, 10 1, 2, 1, and 0, successively, which in-
dicates that the two DWs were indeed moved
together (see fig. 83 for the case of the cument-
induced motion of three neighboring DWs). The
same variation in the nanowire resistance is ob-
served when the pulse sequence is repeated many
times (Fig. 3C).

There are occasional errors due, for example,
to the injection of a transverse rather than a vortex
DW or to the annihilation of the first DW when
the second DW was injected (see fig. 52 for
details of these probabilities). The laner becomes
more probable as the separation distance between
the D'Ws is reduced. This distance can be esti-
mmated by measuring the dependence of the prob-
ability of annihilation on the first pulse length
{SOM text E). However, this measurcment turned
out to be very sensitive to small deviations of
the magnetic field from zero, because the DW
wvelocity, estimated from (section A-B length =
6 pm)/tp, strongly depends on the field (Fig. 3D).
The dependence of the minitmum separation dis-
tance on the magnetic field is plotted in Fig. 3E
MNear zero field, the distance is ~ 2.5 pm. We
attribute this large distance to the localized mag-
netic field ereated around line A when the pulse is
applied as well as o the magnetostatic fields from
the magnetic charge on the DWs themselves. The
solid line shows the estimated threshold distance
when both of these fields are taken into account
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and it is assumed that a DW will move when
subjected to a field that exceeds its

Using the concepts demonstrated above, we
realized the ion of a DW shift register

field along the nanowire. The dependence of the
threshold distance on A can be explained using
this model (fig. S4). If the localized magnetic
field from the contact line could be eliminated,
then the mininium separation distance at zero field
was estimated to be ~0.8 pum in the nanowire
used here. Local pinning centers can be used o
provide stable positions for the DWs, thereby
allowing them to be spaced more closely, as
well as improving the reliability of their motion
(19, 24).

memery, namely a three-bit unidirectional serial-
in, serial-out memory in which the dam are wded
as the direction of ind

domains (Fig. 4A and fig. 87). A left-pointing
domain represents a 0 and a right-pointing
domain represents a 1. The data was written into
the lefimost domain in section A-B, was shifted
by 2 domains, and then read from the state of the
rightmost domain. The magnetization config-
uration was inferred from the resistance. For
example, when a data sequence of 010111 was

REPORTS I

written J.mo the r:glsl:r, the resistance and the
ion evolved
as shown in Fig. 4, B and C, respectively (see fig.
85 for the detailed pulse sequence). In Fig. 4B,
the shaded regions correspond to a shift operation
and the light regions to a wrile operation. The
mput sequence is accurately transferred 1o the
output after two write/shifi operations. In this ex-
ample, the cycle time to write and shift one bit is
~30 ns, which was determined by the write time
(here, ~3 to4 ns) and the time required to shift the
series of DWs by one domain length. The latter
time was determined by the velocity of the DWs,
which here was fast, ~150 m/s (Fig. 3D).

The motion of a series of DWs at high speed

Fig. 3. (A} Variation of
the nanowire dc resist-
ance and (B} illustration
of the corresponding in-
jection and motion of TT
and HH DWs (see fig. 52
for the pulse sequence
used). Black squares and
white squares in (B) rep-  #pws B
resent HH and TT DWs, 1

respectively. Black arrows
represent the magnetiza-
tion direction within each
domain. Blue and red
arrows represent the elec-
tran flow directions. (€)
Variation of the nanowire
resistance when the pulse
sequence is repeated. (D)
DW velodity and (E) the
minimum separation dis-
tance between a first in-

28 ns.
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jected TT DW and a second injected HH DW required to avoid their annihilation as a function of the
external magnetic field. The solid line shows the estimated separation distance (fig. S4).

%]
=
3

[
=
£

1
Iteration Number

w= @
= =
2B

HESE

Fig. 4. Demonstration of a three-bit unidirectional magnetic DW shift register. (A) Data are en-
coded by the magnetization direction of three domains in the nanowire. (B) Nanowire resistance
variation when a pulse sequence is used to write and shift along the register the sequence 010111
two times in succession. The light and dark regions indicate writing and shifting operations,
respectively. The table shows the corresponding evolution of the states of the three bits during
these operations. The highlighted digits show how the input bit sequence is transferred to the
output after two write/shift operations. (€} Schematic illustration of the shift-register operation.

Black squares and white squares represent HH and TT DWs, respectively. Black arrows represent the
magnetization direction within each domain. Blue and red arrows represent the electron flow

direction.
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using d current pulses not only proves
the viability of a shift-register memory but also
presages the possibility of current-controlled DW-—
based logic devices.
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Impact of Artificial Reservoir Water
Impoundment on Global Sea Level

212

B. F. Chao,* Y. H. Wu, Y. 5. Li

By reconstructing the history of water impoundment in the world’s artificial reservoirs, we show
that a total of ~10,800 cubic kilometers of water has been impounded on land to date, reducing
the magnitude of global sea level (GSL) rise by =30.0 millimeters, at an average rate of —0.55
millimeters per year during the past half century. This demands a considerably larger contribution
to GSL rise from other (natural and anthropogenic) causes than otherwise required. The
reconstructed GSL history, accounting for the impact of reservoirs by adding back the impounded
water volume, shows an essentially constant rate of rise at +2.46 millimeters per year over at least
the past 80 years. This value is contrary to the conventional view of apparently variable GSL rise,

which is based on face values of observation.

he various causes of the observed global

sea level (GSL) rise have been under

study, and debate, for years. The Inter-
govemnmental Pane! on Climate Change (1) con-
cluded in 2007 that “the budget (of GSL rise) has
nat yet been closed satisfactorily,” primarily
because the anthropogenic contribution from land
water alterations is too poorly known. Among
them, the negative contribution due to water im-
poundment in artificial reservoirs behind dams
has long been recognized to be a major term
(1-7), although one poorly quantified in the ab-
sence of compiled information. Such incomplete
data have led to a wide range of estimates of the
total water impoundment: from ~15,000 km®
{extrapolated 10 year 2000) (2) to ~10,000 km®
(3) [which includes the volume of only the “top
100" (named) reservoirs, ~4000 km” (4)] to 5000
10 6000 k' (5-7) and even less (5).

To reconstruct the water impoundment his-
tory and study its impact on GSL rise, we as-
sembled a comprehensive tally of the world’s
reservoirs constructed since ~1900. Our main
source of data was the International Commis-
sion on Large Dams (ICOLD) World Register
of Dams (9), augmented and corrected for ap-
parently emoneous or incomsistent entries by
consulting with various ancillary data sources
(10-16) 10 yield a list of 29,484 named reser-
voirs with nominal capacity and year of com-
pletion (17).

Let F{r) be the (cumulative) total volume of
water impoundment in the world’s reservoirs at
any given calendar year ¢, and let 7 he the
capacity of a given individual reservoir modeled
as an addition to ¥ in year & of its completion,
causing an instantaneous GSL drop (recogmizing
the ocean as the uliimate source of the water).
That is, M) = E; V.H{r - 1) and the comrespond-
ing GSL drop d{f) = ~ (¥4 (a negative value),
where H is the Heaviside function and A4 =
3.61 % 10° kan® is the total ocean area. This

Callege of Earth Sciences, National Central Universty, Chung-
U, Talvan, ROC.

*To whom comespendence should be addressed. E-mall:
bichao@ne.edu.tw

“nominal” time history for ¥{f) is shown in
Fig. 1 (dashed blue curve); the total nominal ¥ to
date is 8300 km®, corresponding 1o d = -23 mm.
The inset shows the number of reservoirs com-
pleted per year, which has soared since ~1950 but
distinctly decreased in the past three decades, es-

pecially in North America and Europe, because
of environmental concems. The slowdown during
the Second World War is also noted (see below).
In addition, the continenta! breakdown in Fig, 1

reflects the contrasting and changing societal be-
havior and economic activity of populations on
different continents,

Next, the following potentially important mod-
ifications to the nominal history above should be
considered,

First, although our tally of reservoirs is es-
sentially complete for the major and relatively
large ones, the tally inevitably becomes less com-
plete with decreasing reservoir size as those
reservoirs become more numerous, We assess
the untallied amount of water as follows. We
plot in Fig. 2 the histogram of the mumber of
tallied reservoirs n (in logarithm) versus a con-
venient reservoir “magnitude” M = log(C),
where C is the reservoir capacity in cubic
meters. The drop-off of the tally of # is found
o occur around M ~ 6.5 (corresponding to a
moderate reservoir of, say, | km long, 150 m
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Fig. 1. Cumulative water impoundment [V{t), red solid curve] as a function of calendar year, based
on the nominal water impoundment (dashed blue curve} according to our compiled tally of 29,484
reservoirs' capacity (17) but also including realistic modifications to account for phenomena such
as subsurface seepage. The lower thin lines are the breakdowns for individual continents, showing
continental contrasts. The inset shows the number of reservoirs completed per year.
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wide, and 20 m deep). Over the main body of
the histogram for M > 6.5 (numbering 16,600
reservoirs), up to Af = 10.5 with bin width of
0.1, the (log-log) relation conforms to a straight
line chcipondm%w an empirical power law:
wC)= 1054 52 (18). Extrapolating to zero
capacity, this relation yields the integrated water
amount for all reservoirs smaller than 3 = 6.5,
which amounts to anly 0.73%, 1o be d

seepage rate of 5% of the capacity volume for the
first year of existence (6). For the out-vears fol-
lowing (21), we use a dynamic fluid diffusion
mode! that dictates the water seepage to decrease
as 1/y/%, so that the total waler seepage grows
slowly as /. We then inlegrate this seepage into
the total volume accordingly.

Third, reservoirs are not always filled to
100% of V. Depending on the usage and the

1o the total (19, 28). This reassures us that our
tally’s incompleteness in small reservoirs is in-
consequential with respect 1o total water volume.

Second, accounting only for the “visible”
part of the impounded water, the nominal ¥
ignores the water that inevitably seeps under-
ground to manifest as waler table elevation.
Typically comparable to the capacity, the volume
of this invisible subsurface water varies greatly
from case 1o case, depending on the local geology
and climate. Short of detailed infonmation, here
we make an average, conservative estimate: For
all reservoirs we assume an annual subsurface

Fiig. 2. Histogram of the number of tallied
reservoirs (in logarithm) versus the reser- 10
voir magnitude 1 = log(C), where C is the
reservoir capadity in units of m’ of volume.
Qver the main body of the histogram for
M = 65 to 10.5, the (log-log) relation
conforms to a straight line with slope —0.52.

Number of Reservoirs.

Fig. 3. History of annual G5L drop due to
water impoundment in artificial reservoirs.

Par-year Equivalent

regional chmamlogy and hydrology, actual res-
ervoir storage can fluctuate considerably, espe-
cially seasonally and often interannually. Here,
following (6), we adopt a long-term average
percentage of 85% and thus an overall scale
factor of 0.85. Incidentally, to fist order, the
inevitable silting of reservoirs need not be of
concem here [contrary to (5-7)] because, just
like water, the silt represents that much volume
withheld on land that would otherwise flow to
the ocean, raising GSL. Whether the volume
withheld by the dam is water or silt has the
same impact on GSL.

669 08
N=10 xCapacity

] L] ]
log10(Capacity in m3)

b
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Combining the above, a modified water
impoundment curve for ¥{¢) and &) (solid red
curve in Fig. 1) emerges from the nominal curve,
The total actual water impoundment to date is =
10,800 kan®, corresponding 1o d = -30.0 mm
(22). Figure 3 shows the anmual GSL drop
[essentially the tine derivative of F{1)]; in peak
years, ~1960 to 1990, it reached as highas -04 10
~0.9 mm/year. The average GSL drop rate during
the past half century is about —0.55 mm/year.

Sea level varies on all temporal and spatial
scales for a host of reasons. Tide gauge data in-
dicate that GSL has risen at +1.7 1o 1.8 mm/year
during the 20th century [(/) and references
therein], whereas satellite altimetry during 1993
2007 shows an accelerated rate of +3.36 =
04 mm/year (23), although it is uncertain
whether this is a long-term trend or decadal
variability (/). One-quarter to one-half of the rise
in the past half century is believed to have come
from the thermal expansion of the top layers of
global oceans (the steric effect). The rest, barring
a relatively small but uncerain portion from the
mantle glacial isostatic adjustment, is attributed
to water mass addition occurring in two forms: (1)
melting of mountain glaciers (estimated contri-
bution to GSL rise: +0.50 £+ 0.18 mm/year during
1961-2003 and +0.77 + 022 mm/year during
1993-2003) plus that of the ice sheets on
Antarctica (+0.14 + 0.4] mm/year and +0.21 =
0.35 mm/year, respectively) and Greenland (+0.05+
0.12 sun/year and +0.21 + 0.07 mm/year, respec-
tively), and (i) clmate-driven variations in soil
watter, inland seas, and lange lakes (+0.12 mun/year
during the past two decades, although with large
interannual and decadal fluctuations), plus vari-
ous anthropogenic contributions including the
impoundment under study here.

Thus, our estimate of a difference of ~0.55
mm/year due to artificial reservoirs represents a
considerable (negative) impact to the GSL rise
budget for the past several decades, which has
more than compensated for nearly all of the
individual namral or anthropogenic (positive)
contributions described above (24). This creates
an even larger gap in the GSL rise budget, de-
manding a larger contribution from the natual
(and parhaps anthropogenic) causes than other-
wise required.

Fig. 4. The blue curve with
error bar is the observed GSL
history [{Z, 25); zero level &
arbitrary], with a purple segment
fram altimetry data (23) spliced
on for the past few years after
adjusting a vertical offset. The
red line is the GSL corrected for
the impact of artifidial reservairs,
reconstructed by adding back
the reservoir impoundment con-
tribution (in Fig. 1} to the blue
curve. It exhibits an essentially
constant slope of +2.46 mm#year
for the past 80 years.
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Equally important, our study has intriguing
implications for the history of GSL rise, a key
indicator of glabal climatic change. In Fig. 4 we
plot the observed GSL history (4, 25) as the
blue line, with a splice-on segment for the most
recent decade derived from the altimetry result
(23) (the purple sepment) afier adjusting a ver-
tical offset to match the former. That curve im-
plies that the observed GSL rise during the past
century has been variable in a piecewise man-
ner: A slower section before ~1930 is followed
by a faster section until ~1960, with a slower
section again extending umtil ~1990 before

T T T
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Year

T T T
1880 1600 1620
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7 becoming faster again. We suggest that this
seeming variability in rate is “artificial” If we
add back the actual F(f) in Fig. | to reconstruct
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a GSL curve, piving the GSL variation that
would have been free from the impact of arti-
ficial reservoirs, it becomes evident that, in
contrast 1o the observations, the post-1930 GSL
rose essentially at a constant rate all the way to
the recent years (barring any interspersed inter-
annual fluctuations such as El Nifio-Southem
Oscillation events or volcanic activities) at a
rate of +2.46 mm/year, versus an average of
+1.7to 1.8 mm/year during the 20th century with
recent acceleration. Whether this means that the
global changes causing the GSL rise have been in
operation in a rather stcady fashion, or instead
fortuitously compensated one another over at least
the past 80 years, remains to be examined.

Our findings differ from the conventional
wisdom, which holds an apparent variable GSL
rise according o the face values of observation
as stated above. This, of course, by no means
precludes the most recent or possible future
acceleration of GSL rse (23) due to natural
causes, ded by the further slowds
of reservoir-building in the near future (26).
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Determining Chondritic Impactor
Size from the Marine Osmium

Isotope Record

Frangois 5. P:quay," Gregory E. Ravizza," Tarun K. DaLai,‘T Bernhard Peucker-Ehrenbrink?

Decreases in the seawater 70s/1%%0s ratio caused by the impact of a chondritic meteorite are indicative
of projectile size, if the soluble fraction of osmium carried by the impacting body is known. Resulting
diameter estimates of the Late Focene and CretaceousiPaleogene projectiles are within 50% of
independent estimates derived from iridium data, assuming total vaporization and dissolution of osmium
in seawater. The variations of *’0s/'*0s and Os/Ir across the Late Eocene impact-event horizon support
the main assumptions required to estimate the projectile diameter. Chondritic impacts as small as 2

kilometers in diameter should produce observable excursions in the marine osi

jum isotope record,

that previously ized impact events can be identified by this method.

jerrestrial and lunar impact craters, as well

as impact debris in the sediment record,

reveal that Earth has been struck by as
teroids many times throughout its history. How-
ever, it is difficult to estimate the size of the
impacting bodies, and it is likely that many im-
pacts remain unrecognized because of the con-
tinuous reshaping of Earth’s surface. Rough
estimates of projectile size result from inventories
of excess Ir (1), called I fluences (nanograms per

square centimeter), and from models of impact-
crater formation (2), The former approach involves
avemging many individual fluence estimates to
obtain a meaningful globa! signal (3-5), whereas
the latter approach requires that an impact crater
be preserved

Since the first application of the Os isotopic
system to the study of impact events (6), this
system has been extensively applied to estimat-
ing the contribution of the projectile to impact

breccias and impact melts (7). These studies
repart high Os cancentrations and low '¥'0"%0s
ratios of the projectile compared with the target
rock, demonstrating that Os izotopes are very sen-
sitive tracers of the presence of residual projectile
‘material. Most previous Os isotope studies of
impact events have focused narrowly on the im-
par:thmzcn (6-11). However, Oz isolope studies
of the marine sediment record that span longer
time intervals show that the dissolution of tmpact-
derived Os in seawater lowers the '¥'0s/"®0s
wvalues of the global ocean ({2, 13).

‘We show here that impact-induced excursions
in the marine Os isotope record can be used to
estimate chondritic impactor size (/). These ex-
cursions can be understood as the result of mixing
ambient seawater Os (characterized by relatively

¥h #1058 0s) with meteoritic Os [with low
'0s/'®0s (15)] that is vaporized on impact and
subsequently dissolved in seawater. This interpre-
tive framework allows for the estimation of
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projectile size by isotope dilution, provided that
the fraction of impact-derived Os that dissolves in
seawater is known. The Og isotope composition of
seawater is nearly homogeneous, so data from
only a s.uglc section that accurately records
seawater ‘*'0s"**0s can be used to make
meaningful estimates of projectile size. No
analogous variations in Ir isotope composition

352

353 354
1 1

Age (My)
3.'|x5 :!E}ﬁ

oceur in nature, making the Os isotope system
unique among the highly siderophile elements.

As an example, we applied this approach to
the known Laie Eocene impacts (LEIs) (/6) and
the Cretaceous-Tertiary (K-T) impact (/) events.
The three key parameters that we used 1o es-
timate the fractional increase in the seawater
Os reservoir that results from an impact are the
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Fig. 1. Profiles of **70s/™**0s ratios, Ir concentrations, and Os/lr ratios from ODP 1219 (7°48.01'N,
142°00.94'W) and ODP 1090 (42°54.8°S, 8°54.0°E}. Age control is based on magnetic stratigraphy
(44, 45). Most samples are from within magnetochron C16n.1n. Sediments from Site 1219 deposited
immediately after the LEls were unavailable for analysis because of a gap between cores and limited
drilling disturbance. Black symbols represent ODP Site 1090; red symbols represent ODP 1219. My,
million years. (A) Minimum values in '¥’0s*%0s coincide with the Ir maximum, defining an asym-
metric excursion with an abrupt onset and gradual recovery. The yellow line indicates the impact
horizon. (B) Elevated Ir concentrations mark the impact horizon. In ODP Site 1090, clino-pyroxene
spherules and microtektites were recognized and coindide with maximum Ir concentrations (20). (€) At

both sites, local maxima in Os

than those in Ir. Osfr ratios

are much less p

therefore display a clear minimum at the impact horizon.
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1¥70¢/' %503 of seawater immediately before and
after the impact event (1 7) and the **70s/"*0s of
the impacting body, which varies over a narow
range (0. 173 to 0.129) (15). During the LEls,
seawater “'0s/*0s shified from 0.3 10 0.28
(Fig. | and table S1), cormespending 1o a roughly
2.5-fold increase in the size of the seawater Os
reservoir because of the impact-derived Os (48).
Agreement between data from the equatorial
Pacific [Ocean Drilling Program (ODP) 1219]
and the Southemn Ocean (ODP 1090) indicates
that these data reflect the respanse of seawater
1¥70¢/'%%0s 10 the impacts, rather than mixing of
particulate Os from different sources. We suspect
that the time required for the impact-induced Os
isolope excursion to mix throughout the global
ocean is brief, on the order of several thousand

ears. However, the decline in the sediment
1¥10g/'%%0s from preimpact levels 1o minimum
values is ~30 to 40 thousand years (ky). The
length scale of this decline is 110 to 130 cm,
consistent with limited redistribution by diagen-
esis andor bioturbation, The Os isotope shift
derived from a low-resolution record of the K-T
event ranges from 0.4 10 0157 (Fig. 2), indicating
anearly 10-fold increase in seawater Os inventory.

A quantitative comparison of the Os isotope
method to independent Ir fluence estimates can
be made by assuming that the Os concentration
of Late Eocene and Late Cretaceous seawater &
the same as that of the modem ocean (19). This
fixes the preimpact size of the scawater Os
reservoir at 1.4  10'® ng Os (18) and allows
the mass of impact-derived Os dissolved in the
ocean after the LEI (2 = 10" ng Os) and K-T
events (8 * 10 ng Os) to be calculated. These
‘Os mventories are between 30 and 40% of the Ir
imventories for the LEI (4.6 » 10 ng Iy and K-T
events (28 % 10" ng Ir), calculated as the product
of the average globa! Ir fluence [LEI = 9 ng/em”
(20yand K-T= 55 + 3 ng/em” (3)] and the surface
area of Earth. Os and Ir inventories can be
compared directly because the OsfIr ratio in
chondrites (15, 21) iz close to 1. We suspect that
the deficit of Os relative to Ir probably results
from nonquantitative dissolution of Os in sea-
water, but the uncenainties in the estimated Oz
and Ir fluences are too large to argue this point
strongly (22). Nevertheless, observations that
some terrestrial K-T sections are enriched in Os
(7yare consistent with the idea that Os dissolution
is incomplete and Os isatope-based estimates of
projectile size that assume quantitative vaporiza-
tion are biased to low values.

The Os and Ir nventories estimated above
can be recast as projectile-size estimates (23).
The Popigai impactor associated with the LEls is
thought to be an L-type ordinary chondsite (24).
Using appropriate average bulk density (25) and
Os and Ir concentrations (21) yields an Os-based
diameter estimate of 2.8 1o 3.0 km for the Popigai
impactor (26), compared with an Ir-based diam-
eter estimate of 4 km (27). For the K-T event, a
carhonaceous chondrite (/f, 28) is the likely
culprit, and analogous calculations yield diameter
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estimates of 4.1 10 4.4 and 6 km, based on Os
isotopes (23) and Ir fluence (27), respectively.
The smaller size of the Os-based estimates (as
compared with Ir is a direct consequence of the
relative magnitude of the Os and Ir inventories
given above. The most recent simulations of
impact-crater formation yielded projectile-size
estimates of 15 to 19 km for the K-T Chixulub
crater (2), 8 ku for the Late Eocene Popigal crater
(2), and 3 km for the Late Eocene Chesapeake
Bay crater (29, 347). If these larger projectile-size
estimates are correct, this implies that enly 2 to
9% of the Os carried by the K-T and LEI pro-
jectiles dissolved in seawater. The box-model
results below suggest that substantially more than
a few percent of the total amount of O carried by
the projectile becomes dissolved in seawater. An
important implication of this interpretation is that
impact simulations overestimate the projectile
diameter. The relatively good agreement between
diameter estimates based an Os isotopes and Ir
fluence is consistent with this inference. Whereas
the choice of projectile velocity and angle of in-
cidence might contribute to the difference in es-
timated projectile sizes, we do not believe that this
is the sole source of the discrepancy. A projectile
with substantially lower siderophile-element con
centration than any known chondrite—perhaps a
comet {20)—could account for this difference.
However, no independent data are available to
support this claim for either the KT impact events
or the LEIs,

Our interprelation requires that dissolved Os
and Ir concentrations in the open ocean greatly
exceed steady-state values immediately after an
impact event. A box mode! that simulates the
postimpact removal of excess dissalved Os and Ir
from seawater by first-order kinetics captures the
major features preserved in Late Focene sedi-
ments from ODP Site 1090 (Fig. 3). We used
initial conditions that comrespond to dissolved Os
concentrations that are elevated 2.5 times above
steady-state levels with an initial postimpact
10805 of 0.28 (Fig. 1). These conditions
were chosen to match the estimates of seawater
and projectile derived Os inventories made ahove.
To simulate Ir removal from seawater, we as-
sumed equal masses of impact-derived Os and Ir
(2%10" ng). This assumption, together with the
very low Ir concentration of modem seawater
(31) as compared with that of Os (/9), resulted in
mode! initial conditions where dissolved Ir was
elevated S0 times above steady-state levels. The
postimpact steady state '*'0s/"*0s was set at
042 to match the postimpact sediment data (Fig,
3A). The Os/Tr ratio of modemn seawater is ~100
{207), whereas the Os/Ir ratio of modem pelagic
carbonates falls between 2 and 3 (27). This
difference indicates mare rapid scavenging of Ir
relative 10 Os in the open ocean. Therefore, 10
compare measured sediment Os/lr ratios to
model seawater ratios, we used (O8/If) et =
0.02(08/Tr),eqwatee (52€ note 81 in the supporting
online material for detailed information about the
model). The change in the sediment "*70s/*0s

and Og/Ir with time was visually fit by adjusting
the marine residence times of Os and Ir to maich
the sediment data (Fig. 3).

The comparison of mode! calculations with
measured data yields estimated Late Eocene ma-

rine residence times of 25,000 years for Oz and
5000 vears for Ir. These values are similar to the
modern marine residence-time estimates for Os
and [r—40,000 and 2000 years, respectively
{31, 32). The Os/Ir ratio calculated for Eocene

Age (My)
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Fig. 2. (A} Low-resolution record of sediment 1¥7051%05 across the K-T boundary in Deep Sea Drilling
Project 577 (13). (B) Associated record of Ir and Os concentration variations from the same site. There is a
distinct minimum in Os/Ir at the K-T boundary, similar to the pattern observed in the LE| event record (Fig. 1).
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Fig. 3. Comparison of results from a one—box model simulation of recovery of seawater Os and Ir
chemistry after the LEl impact event to data from ODP 1090 (Fig. 1). Initial conditions were chosen to
mimic mixing the Os and Ir (2 x 10" ng) with a seawater Os and Ir reservoir equivalent to that of the
modern ocean. (A} We used a range of residence times (R.T.) for Os to fit the " 0s/"**0s recovery with a
visual best-fit at 25 ky (dashed line). The lower bound was setwith an R.T. of 60 ky and the upper bound at
10 ky. (B) Os and Ir residence times were set at 25 and 5 ky, respectively [fractional increase in seawater
reservoir (18) Os = 2.5 and Ir = 147]. The model Os/Ir curve (dashed line) was multiplied by 0.02 to allow

a direct comparison of the range in Os/Ir measured

in sediments to that of seawater.

11 APRIL 2008 VOL 320 SCIENCE www.sciencemag.org



seawater immediately afier the impact (1.6) is
initially close to the chondritic ratio of 1 and prad-
ually recovers to higher values (Fig. 3B). The
same trend is apparent in the ODP 1090 record,
but the absolute Os/Ir ratios are shifted to distinctly
subchondritic ratios as a result of preferential Ir
scavenging as described above. The same pattem
is also apparent in our low-resolution Os/Ir record
spamning the K-T impact (Fig. 2). This simple
model based on the behavior of Os and Ir in
modem seawater vields reasonable residence-time
estimates and can account for the observed
sedimentary Os/Ir ratios. Thus, the major features
of the ODP 1090 record can be understeod as a
result of the scavenging of dissolved clements
from seawater without contributions from a large
inventory of particulate Os or Ir from refractory
phases that may have condensed in the atmo-
sphere (33) and subsequently settled through the
water column. Together with reported Os burial
fluxes in pelagic sediments, Os residence time
estimates obtained from the model provide evi-
dence that our assumption that the Os concentra-
tion of Late Eocene seawater is similar 1o that of
the modemn ocean is reasonable (34-38).

Paired Os/Ir and Os isotope records can also
serve as an effective tool for distinguishing im-
pact events, which vaporize Og and Ir and modify

particles with chondritic Os/Tr ratios would accu-
mulate intact. For example, some particulate extra-
terrestrial entichment seems to characterize the Late
Eocene sections of the ODP 1090 record before the
impact events (Fig. 1). This may be causally linked
1o the episodes of increased flux of interplanctary
dust particles inferred from *He data (39).

There are two distinctly different sources of
uncertainty associated with the projectile-size
estimates made here. The first is associated with
the Os isotope-dilution calculation and the related

it about the di of Os in sea-
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produce an Os isotope excursion larger than that
produced by a chondritic projectile of the same size
(Fig. 4) because of higher densities (25) and larger
concentrations (47). However, Cr isotopes (/1)
and **%0s/"*0s (9) differentiate chondsites from
frons and could be used to eliminate this potential
source of uncertainty in projectile-size estimates.
The marine Os isotope record should also be
sensitive to impact events smaller than the TEIs,
For 30% dissolution of impact-derived Os in sea-
walez a 2-kam chondritic body would produce a

water. The effects of these parameters on the
projectile-diameter estimates are illustrated by
sigmoidal curves (Fig. 4) showing that as the
“‘5;‘;"5303 of postimpact seawater approaches
that of the projectile (~0.13), emor amplification
ecomes extremely large. This is important for K-T
projectile-size estimates because small variations in
boundary horizon **0s/*“0s can give rise to
targe changes in the projectile-size estimate (40).
At the opposite end of the size spectium, there is
also substantial error amplification, co dir

~0.05 F0g*0s (Fig. 4).
If only 5% of the total Os supplied by the projectile
dissolves in seawater, as implied by impact-crater
sirmulations (2, 41), then a 4-km body would he
reuired to produce the same magnitude of excur-
sion (~0.05). The model results presented above
suggest that it is probable that the fraction of the
impact-derived Os dissolved in seawater is much
larger than 5%, because the major features of the
bulk sediment 70305 and Os/lr records can
mmwoducodmmamode.mwmduh:mm

to decreases in the seawater ''0s"*0s that are
difficult to resolve from other sources of natural
variability. The offset between the LEI and K-T
fields in Fig. 4 illustrates the second source of
uncertainty, which resulis from the need to con-

global seawater chemistry, from local
of particulate extraterrestrial material. The latter
could result from cither a variable sediment-
accumulation rate or fluctuation in the back-
ground flux of particulate exiralerrestrial matter.
Elevated Ir concentrations and lower *70s/%0s
could result from either an impact or particulate
extraterrestrial matter. However, particule enrich-
ment would not shift sediment Osfr to the
distinctly subchondritic values observed in hoth
Late Hocene records, because smal! unvaporized

strain projectile Os and bulk density
by choosing a particular type of projectile. This
offset provides a reasanable representation of the
range of uncertainty introduced when the type of
chondrite is unknown, because the Os concentra-
tion difference between the K-T and LEI projectile
type spans nearly the maximum range in average
Os concentrations among the major chondrite
classes (21). Estimates of projectile size based on
Ir fluence require equivalent assumptions about
projectile type. An iron meteorite impact would

w 3 K 3

diameter (km)
>

»100% vaporization
7 vepotizaticn

010 015 020 025 030 035 040 045 050
1 postimpact seawater “0s/™0s T 1
"0s™0s KT saswater  LEI seawater
Impacior (pre-impoct) Apre-mpoact)

Fig. 4. Variation of estimated projectile diameter as a function of postimpact seawater *’0s/%%0s,
projectile type, and fraction of Os vaporized. Projectile-diameter estimates are sensitive to the ¥70s/'%%0s
ratio of seawater before the impact and projectile Os concentration, requiring that the K-T boundary
(white field bounded by dashed lines} and the LEI (gray field) be represented by different curves. The curve
labeled “Irons,” calculated with an average Os concentration of 30,000 ng/g (40) and a density of 8 gfcm
(25), predicts the strong influence of a relatively small iron meteorite on the '*’0s/'*%0s of seawater.
Projectiles as small as 2 km are expected to produce a detectable shift in **70s/*0s (~0.05), assuming
‘that 100% dissolution of impact-derived Os is soluble in seawater.
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Os and Ir & are scavenged
from seawater. Based on observations of near-
Earth asteroids, the estimated recurrence mterval
for bodies 4 km and larger is ~12 million years; for
bodies 2 km and larger, it is ~2.5 million years
(42). If correct, these recurrence infervals suggest
that there should be between 5 and 27 impact-
refated excursions in the Cenozoic marine Os isotope
record. Whereas we are confident that sediments
recovered from the modem sea floor (like those
studied here) will preserve the record of such events,
‘we are not certain that older marine sequences now
preserved on land will have the same fidelity.

Testing the lower limit of projectile detection
warrants further investigation. The efficiency of
Os and Ir vaporization may decrease with de-
creasing projectile size and may vary with target
material. In addition, small regional heterogene-
ities in seawater 08/ 0 [like those implied by
the small offset between the ODP 1090 and 1219
records before LEIs (Fig. 1)] make it difficult to
precisely estimate the "70s/"*®0s of preimpact
seawalter. Both factors could make detection and
size estimation of smaller impacts more difficult
than is implied by Os isotope results from the
larger K-Tand LEI events. Other known Cenozoic
impact craters provide an opportunity 1o mvesti-
gate these issues, For example, the Ir-rich Eltanin
asteroid [estimated at 1 to 4 km in size (43)] that
hit the Pacific Ocean west of the southem end of
South America in the Bellinghausen Sea iz of
particular interest because, in contrast to the LEI
and K-Tevents, it is a deep-ocean impact.
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Linked Reactivity at Mineral-Water
Interfaces Through Bulk

Crystal Conduction

Svetlana V. Yanina and Kevin M. Rosso®

The semiconducting properties of a wide range of minerals are often ignored in the study of their
interfacial geochemical behavior. We show that surface-specific charge density accumulation
reactions combined with bulk charge carrier diffusivity create conditions under which interfacial
electron transfer reactions at one surface couple with those at another via current flow through the
crystal bulk. Specifically, we observed that a chemically induced surface potential gradient
across hematite (a-Fe,03) crystals is sufficiently high and the bulk electrical resistivity sufficiently
low that dissolution of edge surfaces is linked to simultaneous growth of the crystallographically
distinct (001) basal plane. The apparent importance of bulk crystal conduction is likely to be
generalizable to a host of naturally abundant semiconducting minerals playing varied key roles in

soils, sediments, and the atmosphere.

r he chemical behavior of mineral-water in-
terfaces is central to aqueous reactivity in
natural waters, soil evolution, and atmo-

spheric chemistry and is of direct relevance for

maimaining the integrity of waste repositories
and remediating environmental pollutants. Tra-
ditionally, explorations of fiundamental reactions

at these interfaces have probed the interaction of
water and relevant dissolved {ons with crystallo-
graphically welldefined mineral surfaces. The
pursuit so far has been dominated by the assump-
tion that distinct surfaces of any given crystal
behave independently of each other. Except by
diffusion through the solution phase or across sur-

face planes, exchange of mass or electron equiv-
alents hetween sites of differing potential energy
at different locations on any given crystal is typ-
‘nal ly amumed to be negligible. This assumption

ionable for the widespread
gmup of minerals that are electrical semiconduc-
tors. For example, iron oxides often have moder-
aie 1o low electrical resistivity (/) and have been
studied as electrode materials for decades (2-4).
Iron oxide crystal surfaces are chemically reactive
with water and ions, leading to solution-dependent
charging behavior that differs from one surface
type to the next; differing points of zero charge
for proton adsorption is but one example (5, 6).
This difference should give rise to a surface elec-
tric potential gradient (Awy) across any crystal
that has two or mare structurally distinet faces
exposed to solution. In principle, this gradient
can bias the diffusion of charge camiers (7, §).
Hence, conditions could exist when the gradient
across a single crystal is sufficiently large and the
electrical resistivity of the material sufficiently

Chemical and Waterials Sciences Divisian, Pacific Northwest
National Laberatery, Post Office Bex 999, MSIN K8-96, Richtand,
Vi 99357, USA.
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low that interfacial electron transfer reactions at
one surface couple with those at ancther by a
current flowing spontaneously through the crys-

(10, 11y; reported bulk resistivities range from
107 to 107 ohmem (1), When hematite is sub-
jﬂ:lnd. to oxygen- limited aquatic environments,

in acidic conditions, it can be reduc-

1al bulk. The situation is anal to galvanic
metal corrosion, but instcad of spatially dis-
ordered anodic and cathodic electron transfer
sites, the anode and cathode are spatially con-
fined 1w crystallographically distinct surface planes
and are therefore physically sepamable for mea-
surement. We demonstrate operability of these
conditions for iron oxide, uncover their effects on
the surface chemical behavior, and make the case
that, in nature, different surfaces of certain abun-
dant crystals are inextricably linked.

Wi examined hematite (o-Fe,O4) because it is
a wide band gap semiconductor (hand gap 1.9 10
2.3 V) (J, 3) and the most stable form of iron
oxide under dry oxidizing conditions; it is
extremely commmon in natuwre (9). It has the
comundum structure type based on hexagonal close
packed oxygen planes in which 243 of the available
octahedral cavities are occupied by Fe™'. This
structure gives fise to anisotropic electrical resis-
tivity that is higher in the basal plane than along the
trigonal axis by up 1o four orders of magnitude

Fig. 1. AFM images of representative
hematite surfaces of the natural samples
before (A to D) and after (E to H)
reaction at 75°C for 12 hours in the pH
range of 2 to 3 in 1 mM Fe and 10 mM.
oxalate solution free of oxygen. Initial
surface morphologies [(8) to (D) 10 um
by 10 um deflection images| for (4) a
(002) surface, (B) a (hk0) surface, (C} a
(012) surface, and (0} a (113) surface
are extremely flat and in all cases except
{hka) crystallographically well ordered
into terace-and-step structures at the
micrometer scale. At higher resolution
[(8) inset, 2 um by 2 pm deflection im-
agel, the (K0} surface is microfaceted
with edge terminations. Reacted surfaces
ﬂﬂw (H), 20 um by 20 pm deflection

images with corresponding topographic
helght images in the insets] show a sharp
distinction between (E) the (001) surface
behavior and (F) the (K0} surface, (G} the:
(012) surface, and (H) the {113) surface.
large hematite pyramids of uniform
orientation nucleate as islands on the
initially flat (001} surface (E), achieving
average heights of 200 nm and average
lateral diameters on the order of a mi-
crometer. In contrast, all other surfaces
dissolve. Dissclution of the (Ak0} surface
yields large irregular pits and coarsens the
faceted appearance of the surface {F).
Dissolution of (012) and (113) surfaces
yields large crystallographically controlled
etch pits combined with smaller scale
roughening [{G) and {H), respectivelyl.

www.sciencemag.org

twe!y dissolved according to Eq. 1:

Fey0 + 6H' + 26" — 2Fedly +3H:0 (1)
‘which has a standard reduction potential £ ~0.7V
(8, 12). The fundamental reaction central to the
«overall process is

Fely+e — Fely @)

Snrbnch"‘ftmﬂma:pmnsphasc' ble of
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Fe*' in solution, a mnge of potential-determining
ioms, electron transfer across hematiie-solution
interfaces, and the possibility of moving electron
equivalents through the crystal bulk,
Developmenti of a potential gradient Ay of
significant magnitude across the mys:al mqum:s
selective ion between potential-de
fons and specific hematite sm'ﬁy:ﬁ We focus here
on roles of protons (low pH) and oxalate as a
representative dicarboxylic acid. The hematite
(001) basal surface is strucrurally distinct from
any edge surfaces. In water, the (001) surface is
ly by doubly coordi
hydmxyh (17-19) that are relatively inert to the
and ion reactions needed

reducing hematite Fe™ in this system (/3-15),
vielding an iron redox cyele in which no net e
ducfion occurs, Introduction of dicarboxyli acids

such as oxalate causes net dissolution by chelating

for charge accumulation, Smaller populations of
more reactive singly coordinated and triply co-
ordingled hydmxy]s, capable of positive charpe
with tenminal Fe

surface Fe'* (ligand assisted dissolution); it also
enliances reduction, possibly through the forma-
tion of temary surface complexes with FeZ, , for
example (/6). This collective chemistry is a good

groups (19). T:muml Fe groups with low coor-
dination 1o the underlying surface can be easily
chelated by oxalate anions to form negatively
charged mononuclear bidentate inner-sphere sur-

test case for owr main because it
invoives a source of electron equivalents from

SCIENCE  VOL 320

fa (20, 21). In contrast, many remain-
ing low-index surfaces of hematite crystals such as
(012) are dominated by higher-coordinated Fe
(17, 22). This higher-coordinated Fe is more dif-
ficult to chelate yet bears singly and/or triply co-
ordinated hydroxyls for charge accumulation. In
general therefore, we expect that, relative to other
‘hematite surfaces, the (001) surface should show
weaker pH-dependent charge accumulation, an ob-
servation increasingly confinmed by recent data
and theory (23, 24), and stronger interaction with
oxalate anions that increases with decreasing pH.

‘We performed several experiments to poten-
fiometrically measure Ay, for specific hematite
surfaces and to determine its effect on their
behaviorin Fe? and oxalate solutions. We chose
a larpe natural specular hematite crystal with
well-defined surfaces that could be isolated for
study. The crystal was low in impurity content
(25), a natura! n-type semniconductor (1), and had
a room temperature electrical resistivity of 10
ohmrm as measured by the four-point probe
method. Generating replicate samples required
cunting specific erystallographic surfaces from
the crystal as rectangular prism-shaped specimens,
which also vielded a vicinal surface type along
cut edges. For example, we prepared millimeter-
sized oriented prisms exposing two (001) sur-
faces on the top and bottom of the prism and
four orthogonal (hk0) vicinal sides (25). Anneal-
ing in air under conditions where hematite is
the only stable iron oxide effectively cleans and
organizes the surfaces without modifying the bulk
electrical conductivity. This procedure yields
‘highly organized (001) surfaces, with accompany-
ing (Wk0) vicinal surfaces that are microfaceted
with stable edge tenminations (Fig. 1, A and B).
Similarly, prism specimens bearing (012) and
(113) surfaces (Fig. 1, C and D) with accompany-
ing vicinal surfaces were prepared.

To determine the magnitude of Ay, and the
roles of Fe™* and oxalate solution components,
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we measured the open-circuit potential (Eqep) in
four solution types. The Eg,cp is the electrode rest
potential relative 1o a standard reference elec-
trode. Changes in the Eqp are directly related to
changes in y (26, 27), which in tum is sensitive
to surface complexation reactions with our
potential determining fons H', CI°, Fe*', and
oxalate species (28). The measurements were per-
formed al room temperature at cﬂ"ecuv:ly con-
stant ionic strength under bi

pseudo-pyramidal morphology of uniform orien-
tation. Images at early stages show the island
growth of these features on the initially flat (001)
surface (Fig. 1E). After 12 hours, the reaction
yielded merged pyramid-covered (001) surfaces
with peak-to-valley heights averaging 200 nm
and pyramid bases approaching a micrometer in
width, imparting a distinct matte appearance o
Lh: reacted (001) surface visible to the naked eye.

(25). We focused these measurements on the
(001 and the accompanying (/#0) vicinal surface
type. The observed approximately lincar pH de-
pendence, with predominantly negative slopes, is
consistent with the accumulation of positive sur-
face charge with decreasing pH (Fig. 2). As ex-
pected, in pure electrolyte solution the (001}
surface showed a lessnegative slope relative to
that of the (k0) surface, consistent with a lower
density of charge accurmulation sites an the (001)
surface (Fig. 2A). In contrast, oxalate anions hind
preferentially to the(001) surface with decreasing
PH, even to the point of sign reversal in the slope
(Fig. 2B). Addition of Fe™" to either solution
shows that its primary effect is to lower the over-
all potential for both the (001) and (#40) surfaces
without substantially modifying the pH depen
dence (Fig. 2, A and B). Taking Eja) — Fyoor) 88
an estimate of Ay, in the presence of oxalate and
imespective of the presence of Fefiy we found
that the potential gradient is large and positive, on
the order of tenths of volis below pH = 3 (Fig.
2C). Under these conditions, we expect that mo-
bile electrons acting as majority carrers in hem-
atite would be directed by Ay from the (001)
surface to the (ik0) surface. Fpep measurements
directly between identical surface types [eg,
Eipory — Epon] (25) showed no significant voltage.

To examine the effects of Ay of this sign and
magnitude on the surface chemical behavior, we
examined surfaces of the oriented prisms from the
same sample by using atomic force microscopy
(AFM) before and after anaerobic reaction with
Fe*-oxalate solutions. Thermostated batch ves-
sels were used with temperatures ranging from
room temperature to 75°C and pH ranging from 2
1o 3 (25). Fe*“oxalate concentrations consistent
with previously published experiments that estab-
lish net dissolution in terms of Felly, release on
fine-grained powders were used (16, 29, 30). Col-
lectively, these conditions were selected in keeping
with Eq. | while also accelerating surface trans
formations into a mere easily observable time
frame, Light was excluded in all cases to avoid
oxalate acting as a reductant. Equilibrium thermo-
dynamic calculations along with Eh measure-
ments at run conditions confirm that all our
reaction conditions lie within the ch} stabil.
nyf'eld (25). Hematite was the [imiting reactant;

fution would retain und

xcsp:ct 1o any possible iron oxide phases.

AFM examination of (001) surfaces after re-
action runs showed remarkable fearures. In every
case, for both natumal and synthefic samples,
{001) surfaces were overgrown with a hexagonal

wil

lected area diffraction measurements along [001]
transects of this sample type (fig. S1), along with
x-ray photoelectron spectrascopy, x-ray diffrac-
tion, and energy dispersive x-ray spectroscopy,
confinned that the grown material is structurally
and compositionally a-Fe, Oy of identical oricn-
tation as the underlying material without detect-
able impurities. The line of intersection of
apparent pyramid “facets” with the (001) plane
is consistent with lines of {012}/4001} intersec-
o (kD) H,0,0,

= (001) H,C,0,

o (hkdl) H,C,0, + Fe (Il)
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g i
z —
S 9
g ey
< i A
5 %27 o (hkoy KGI :
uf «{DD1) KCI L %
004 thko) KCI + Fa(ll}
={001) KCI + Fe{ll)
3 B e A& B
pH
¢ =KCI
L « KCL + Fe (I
B H,G,0,
w #H,G,0, + Fa {Il)
g 0624
w;
g
g
w

B
i) - i

- -

B sealed surface
exposed surface
B sealsd conduciing paste

IDUH

o os « (001) H,C,0, + Fe (1)
= °
z s —
;04
g 3
> = L4
To 02
<)
w
o
o 1 2 :; ; ;
pH

Fig. 2. The pH dependence of apen-circuit paten-
tials with respect to the normal hydrogen elec-
trode (NHE) for {001) and (Ak0) surfaces in (A}
pure electrolyte solution (10 mM KCD with and
without Fe? .y (1 mM FeCl,) and in (B) electrolyte
solution (10 mM KCU with oxalate (10 mM} with
and without Fe ",y (1 mM FeCly). The pH depen-
dence of the potential difference between (001}
and (Ak0) surfaces in the four solution types is
showin in (C). Error bars indicate & two standard
deviations from a linear trend.

Fig. 3. Schematic diagram summariz-
ing the observed reaction behavior for
hematite crystals showing (A) (001) py-
ramidal growth coupled to (hk0) disso-
lution, (B) (001} and (hk0) dissolution
for selectively sealed two-crystal cases
where the same surface area and type
as in (A} are exposed to solution, and
(€} (001) pyramidal growth coupled to
(hka) dissolution facilitated by a con-
ducting paste connection between two
arystals.
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tion, but the interplanar angle varies with run
duration and does not correspond to low-index
planes in hematite. The large size, hologi

growiths on the (001) surface (fig. S3B). Therefore,
the (001) pyramidal overprowths do not form by
precipitation of ferric iron. Furtk we deduce

symmetry, and mutual orientation of these pyra-
mids require homoepitaxy, that is, growth of
additional hematite on hematite,

In contrast, all other surfaces examined show
features characteristic of dissolution. For exam-
ple, the four (k40) vicinal sides of prism samples
bearing (001) surfaces on top and botom ex-
hibited fine-scale pitting and roughening (Fig.
1F). The ((12) and (113) surfaces of prism sam
ples show development of ctch pits at various
length scales and with symmetry corresponding
to crystallographic orientation (Fig. 1, G and H).
We observed identical behavior under the same
conditions with use of synthetic tabular hematiie
crystals bearing primarily (001) and (012) sur-
faces, in which case no surface preparation by
annealing was required (fig. S2). The conclusion
s that the hematite (001) surface grows under our
conditions whereas all other surfaces sampled
dissolve, as represented schematically in Fig. 3A.

We designed experiments using the prism
samples o test whether or not pyramid islands
are deposited on the (001) surface by precipita-
tion of trace Fe'* from solution (/6). In these
experiments, two prism samples were used in the
reaction vessel insiead of one. Four (A40) vicinal
sides of one crystal were sealed with an inert
epoxy (25), leaving two (001) surfaces exposed,
whereas on the other crystal the two (001) sur-
faces were sealed, leaving four vicinal surfaces
exposed. Collectively, the two crystals expose the
same six kinds of surfaces to solution as in the
runs above with one crystal, in the same relative
propartion and surface area, but they involve (001)
surfaces that are physically separated from the
(k01 surfaces (Fig. 3B). In this case, the results
of reaction runs show only dissolution features
onall exposed surfaces, including (001) (fig. S3A).
The {001) pyramidal morphology does not de-
velop in this sepanated two-crystal configuration.
The same experiment performed on samples in
which the pyramidal morphology had already
been grown on (001) before sealing its (hk0)
sides showed dissolution of the pyramidal over-

Fig. 4. Schematic diagram depict-
ing the inferred coupled interfacial
electron transfer process operative
under our conditions for the hema-
tite single crystals. The chemically
self-induced surface potential gra-
dient across the crystal directs
current flow through the bulk. The
current is facilitated by sufficientty
low elactrical resistivity in a process
that is fed by netinjection of electron
equivalents at (001) surfaces and net
release of electron equivalents at (hkQ)
surfaces.
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that chemical processes at the (001)-solution in-
terface causing pyramidal growth during reaction
are facilitated by solid contact between the (001)
and (hk0) surfaces; that is, these surfaces must be
on the same crystal.

The behavior strongly suggests that bulk charge
transport provides the link between the two types
of surfaces, As a further test, we again prepared
two crystals with partial exposure of (001} on one
and (Ak) surfaces on the other, except this time
with an electrical connection between them (Fig.
3C). A crystal exposing only (001) surfaces was
connected to a crystal bmea!.h Expmng onl:

REPORTS I

with coupling mediated by charge transport from
(001) to (fkO) surfaces through the crystal bulk.
The process involves preferential net oxidative
adsorption DfFE(,q) at the (001)-soluiion & mlm’-
face and valence inferchange with structural Fe'*

at that surface (Fig. 4). At temperatures of inter-
est (roam temperature and higher), bulk charge
transport is sufficiently facile to support a small
current through the bulk. Net electron equiv-
alents injected into the (001) surface follow an
electrically biased random walk through the
crystal to (AkD) surfaces. At (kD) exit points,
internal reduction of Fe** 1o Fe™' solubilizes
and releases iron into solution. This circuit is
driven by the Ay, gradient generated across the
crystal from divergent charge accumulation at

(k0 surfaces b ically cond idal
Ag paste, which was cured, sealed

distinct surface types. The sign and
of Ayp, the conductivity of the natu-

off from contact with solution using additional
epoxy, and tested for ohmic behavior by resis-
tivity measurements. In this design, the crystals
are effectively wired together by the (001)-Ag-
(001) junction between them. Reaction in this
wired two-crystal configuration proceeds as if the
crystals were one; pyramidal hematite grows on
the exposed (001) surface of the upper crystal
(fig. S3C), whereas the four (0} sides of the
lower crystal dissolve (Fig. 3C). Therefore, the
nature of the interaction between the {(001) and
wvicinal surfaces that gives rise to the pyramidal
growth of hematite (001) during reaction derives
from bulk charge transport. Surface diffusion
along the hematite-solution interface was ruled
out by painting a rng of sealant on a (001)
surface so that only bulk transport could access
the circumscribed region, and within that region
hematite island growth also occurred (fig. S4).
The collective behavior of the system is
fherefore suggestive of two distinct but coupled
interfacial processes: growth at (001} by
Fedhy — Fefpy — Fegn + € 3)
and dissolution of edge surfaces, for example,
(hik0) surfaces, by

Fedigy+ € — Fedigy— Feity @)

(Agquecus solution)

aivie
-~ Felype

(Hematite bulk) +

Fedi oo = Fell, =Fe2 & o

ral erystal, and the growth rates of the pyramida!
islands are all mutually consistent. For example,
taking Awg = 0.2 Vat pH = 2, a temperature-
adjusted electrical resistivity = 10* ohmem for
75°C (31, 32), and an electron transport path
length of 1 mm, the maximum amount of addi-
tional hematite expected on the (001) surface in
12 hours is a layer ~100 nm thick, the same order
of magnitude as that observed Surface potential-
driven charge carrier diffusivity has been mvoked
qualitatively to explain microscopic oxide trans-
formation processes before (13, 33, 34) but not
on the length scale examined here nor with sur-
face specificity. Given the observation that the
(001) surface continues 1o grow beyand the co-
alescence of the pyramidal islands, at the atemic
scale the pyramidal (001) morphology must
retain the essential structural and therefore
chemical characteristics that give rise to the
potential of the initial (001) surface. Further-
more, the observed process does nat preciude
imaditionally held spatially localized dissolution
in the hematite system. Rather, the evidence
suggests that the processes operate in parallel
and that the behavior based on the electrical
cireuit through the crysial dominates when
chemical requirements that esiablish a large
cnough surface electric potential gradient are
met.

The finding provides insight into the reduc-
tive transformation of iron oxides, which is im-
portant in the biogeochemical cycling of iron in
nature and the removal of iron oxide films in
industry. Because this finding can he casily gen-
eralized to a host of naturally abundant semni-
conducting transition metal oxide and sulfide
minerals capable of dominating the interfacial
surface area in soils, sediments, and among
atmospheric particles, its implications are fairly
widespread. Of immediate impact is the concept
that the reactivity of any given surface on such
materials can be coupled 1o that of another sur-
face, with a dependence on crystal morphology
as a whole. This phenomenon should apply 1o
natural crystals in the environment as well as
those selectively cut, broken, or otherwise pre-
pared for lahoratory study.
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Aligning Conservation Priorities
Across Taxa in Madagascar with
High-Resolution Planning Tools

€. Kremen,»**1 A. Cameron,™*{ A. Mailanen,? S. ). Phillips,” €. D. Thomas,® H. Beentje,*
]. Dransfield,® B. L. Fisher,” F. Glaw,®T. C. Good,? G. ]. Harper,™ R. ]. Hijmans,™ D. C. Lees,™?

E. Louis Jr.,**
M. Vences,

R. A. Nussbaum,** C. J. Raxworthy,
Y D. R. Vieites,*® P. C. Wright," M. L. Zjhra®

5 A. Razafimpahanana,® G. E. Schatz,®

Globally, priority areas for biodiversity are relatively well known, yet few detailed plans exist to
direct conservation action within them, despite urgent need. Madagascar, like other globally
recognized biodiversity hot spots, has complex spatial patterns of endemism that differ among
taxonomic groups, creating challenges for the selection of within-country priorities. We show, in an
analysis of wide taxonomic and geographic breadth and high spatial resolution, that
multitaxonomic rather than single-taxen approaches are critical for identifying areas likely to
promote the persistence of most species. Qur conservation prioritization, facilitated by newLy
available techniques, identifies optimal expansion sites for the Madagascar government's curr!nl

goal of tripling the land area under protection. Our findings further suggest that high:

other regions (3-6), Madagascar has cample.x
ofien dant patterns of mi
among taxa (2-17), rendering the design of ef-
ficient protected-arca networks particularly diffi-
cult (4, 6). We collated data for endemic species in
six major taxoncmic groups [ants, butterflies,
frogs, geckos, lemurs, and plants (table S1], using
recent robust techniques in species distibution
modeling (18, 19) and conservation planning
(20, 21) to produce the first quantitative canserva
tion prioritization for a biodiversity hot spot with
this combination of taxonomic breadth (2315
species), geographic extent (587,040 km®), and
spatial resolution (30-arc sec prid = ~0.86 k).
Currently, an important oppertunity exists to
nfluence reserve network design in Madagascar,
given the government’s commitment, announced
at the World Parks Congress in 2003, to triple ils
existing protected-area network o 10% coverage
(22). Toward this goal, our high-resolution anal-
ysis prioritizes areas by their estimated contribu-

multitaxonomic approaches to prioritization may be necessary to ensure protection fnr biodiversity

in other global hot spots.

pproximately 50% of plant and 71 to
ASZ% of vertebrate species are concen-

trated in biodiversity hot spots covering
only 2.3% of Farths land surface (/). These
irreplaceable regions are thus among the highest
global priorities for terrestrial conservation; rea
sonable consensus exists on thelr importance
among various global priritization schemes that
identify arcas of both high threat and unique
biodiversity (2). The spatial pattems of species rich-
ness, endemism, and rarity of different taxonomic
groups within priority areas, however, rarcly align
and are less well understood (3-6). Detailed

analysis of these pattems is required to allocate
conservation resources mest effectively (7, 8).
To date, only a few quantitative, high-
resolution, systematic assessments of conserva-
tion priorities have been developed within these
highly threatened and biodiverse regions (9, 10).
This deficiency results from multiple obstacles,
including limited dataor access o data on s‘pccu:s
distributions and

tion 1o the p of these 2315 species and
identifies regions that optimally complement the
existing reserve network in Madagascar.

We input expert-validated distribution models
for 829 species and point occurrence data for the
remaining species [those with too few occur
rences to model, called rare target species (RTS)]
into a prioritization algorithm, Zonation (20, 21},
‘which generaies a nested ranking of conservation
priarities (23). Species that experienced a large
proportional loss of suitable habitat {range reduc-
tion) between the years 1950 and 2000 were given
‘higher weightings [equation 2 of (23), (24)]. We

achieving high-resolution analyses over ‘arge
geographic areas. We have been able to over-
come each of these obstacles for Madagascar, a
global conservation priority (1, 2, /7). Like many

evaluated all solutions [defined here as the
highest-ranked 10% of the landscape to match
the target that Madagascar has set for conservation
(22)] in two ways: (i) percent of species entirely
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absent from the solution [“complete gaps™ (/1))
and (i) ional i i

making it comparatively difficult to protect large
i of each species even in the plani-

P P of species.

Avoiding complete gaps for all species con-
sidered, or “minimal representation,” is a basic
goal of conservation prioritization (§) and can be
accomplished in only 1020 grid squares (0.1% of
the area of Madagascar) in a multitaxon analysis.
The single-taxon solutions (fig. S1), however, did
a poor job of minimally representing other
species (Table 1) because of their low overlap
(fig. $2). In single-taxon solutions, 25 to $0% of
RTS species from other taxa were entirely
omitted (Tahle 1A). Zero to 18% of modeled
species were omitted, depending on whether
evaluation was based on actual occurrence points
(Table 1B) or disiribution models (Table 1D).
Overall, the use of any single-taxon solution
would result in 16 to 39% of all species ending
up as complete gaps (Table 1C, based on actual
occurrence recards).

In addition to ensuring minimal representa-
tion, our goal is 1o maximize proportional rep-
resentation (the proportion of distribution or
occurrence points) of species, especially those
most vulnerable to extinction, in order to increase
the probability of their persistence (/7). In single-
taxon solutions, we found that species from other
taxa would ofien be represented at lower levels
than the target taxon, Mean proportional repre-
sentation for modeled species outside of the
taxon was lower by a factor of 1.2 to 1.5 relative
1o the target taxon for all groups except planis
(Fig. 1A}, which include the most species and the
smallestranged species within this data set,
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specific solution. Similarly, single-taxon solu-
tions contained only 69 to 83%, on average, of
the occurrence points for included (species that
are represented by at least one record) RTS out-
side the target taxon, as compared w0 100% of
RTS records for species within the target taxon
(Table 1E). Thus, any conservation pricritization
based on a single surrogate taxon would be of
limited utility for identifying conservation prior-
ities across taxa in Madagascar.

The ideal solution to the surrogacy problem is
to include all species in a single analysis (Fig.
2A), thus avoiding complete gaps (Table 1, last
column) while optimizing proportional represen-
tation across all taxa. Until now, because of com-
putational constraints, such analyses have not
been feasible for this spatial resolution, geo-
graphic exient, and number of taxa, Figure S3A
shows what can be achieved with the core-arca
Zonation method when used with weightings that
account for historical range reductions. Without
this weighting scheme, two species with the same
current range size could be included at identical
proportional representation, even though one had
experienced a precipitous decline in range where-
as the other had not. This approach thus prior-
i T vulnerability. N nged
species, which are vulnerable to habitat loss co-
incident with their small ranges, are inherently
prioritized by the Zonation algorithm [equation
S1 of (23)]. Species that have suffered extensive
recent range reductions (red dots in fig. S3) are
additionally prioritized by their weightings, and
the proportion of their historical (haseline) range
included is thus increased.

Covering all six taxonomic groups sinmiita-
neously necessarily invokes tradeoffs, decreas-
ing, for example, the proportions of species
distributions represented in each taxon signifi-
cantly relative to its own single-taxon solution
(Fig 1B, -0.04 + 0.002 SE, paired Wilcoxon
signed-ranks test, P < 0.0001). To assess this
tradeoft, we calculated a polential extinction risk
for modeled species based on future di i

tizes tworcl
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paired test, NS), as is expected because of rade-
offs among species (that is, given the fixed area
of6.3%, peci i
when the optimized solution was compared to the
actual solution, whereas others necessarly de-
creased, resulting in no mean change). The mul-
titaxon solution, however, included all species,
whereas the acrual selections entirely omitted
28% of species (based on actual occumence
points, fig. 85). In addition, proportions included
for the species with narrowest ranges or largest
scores for the propartional range-reduction index
were significantly larger in the multitaxon solu-
tion (at 6.3% of area) as compared to the actual
selection [Kolmogorov-Smimov two-sample test,
first {smallest) quartile of range size, D= 028, n=
207 species, P < 0.001; fourth (largest) quartile of
proportional mnge-reduction index, D = 0.149,
7= 207 species, P=0.001].

Finally, because we are operating in a real-
warld conservation context and many protected
areas have already been established in Madagas-
car, we developed a realistic Zonation solution,

increased in rep

A

08

0.

@

ution included
o
a
——

1

B F G L
Single taxon solution

P

Proportion of baseline distril

al loss under the single- and multitaxon solutions,
assuming loss of all habitat outside of prioritized
areas and an aggrepate species-area Tresponse
(24). The increase in potential extinction risk for
each taxonomic group incurred under the multi-
taxon solution relative to its own (fig. $4) con
stitutes the cost of including hundreds of species
in the protected-area network that would other-
wise be omitted (Table 1C),

We compared our multitaxon solution (Fig.
2A) against the aciual parks selected during the
recent prolected-area expansion phase of 2002
2006 that has increased the 10tal reserve coverage
from 2.9 to 6.3% of Madagascar (Fig. 2B). The
mean ion of modeled species distributi
included in the multitaxon solution (using the top
6.3% prioritized to compare with the area pro-
tected by 2006) was not significantly higher than
in the actual selections (+0.004 + 0.002 SE,

A B { ] G L P
Taxon evaluated

Fig. 1. Evaluating the top 10% of Zonation
solutions for single- and multitaxon solutions. (A
The minimum, mean, and maximum propertion of
the baseline (1950) distribution included for each
taxenomic group [red, ants (A); blue, butterflies
(B); cyan, frogs (F); pink, geckos (@); brown, lemurs
(L); green, plants (P)] in its taxon-spedific solution
at 10% {fig. 51, A to F), compared to the corre-
sponding mean and range for all other taxa (not
including the solution taxon) if this particular
single-taxon solution were to be adopted (black).
(B} The minimum, mean, and maximum propor-
tion of the baseline distribution for each taxonomic
group [colors and labels as in {A)] under its own
individual solution (maps in fig. 51, A to F), com-
pared to the values obtained for its taxonomic
group only under the multitaxon solution (black,
map in Fig. 2A).
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optimized to expand on existing protected areas
(6.3%) by adding an additional 3.7% ufareaﬂ'-‘ g
ined solution). Like the

strained cplimiz:d solution (Fig. 3, C and F), For
RTS spacm, expansion from cument parks to the

2B,

solution (Fig. 2A and Table 1), this solution (Fig.
2B) omils no specics. The proposed expansion
achieves relatively large increases in mean
proportional representation (+0.05 + 0001 SE
of modeled species’ diswibutions and +58.8 +
1.1% SE of RTS” occurrences). Most important,
it realizes gains among the most vulnerable
species, because of both the algorithm (28, 21)
and the weighting system used. Among modeled
species, those that have already lost much of their
range (Fig. 3, A to C; red indicates the highest
quartile of proportional range-reduction index) or
are currently narrow-ranged (Fig. 3, D to F; red
indicates the smallest quartile of range) increase
mostin proportional representation when moving
from current parks (Fig. 3, B and E) to the con-

P d solution would increase mean propor-
tional representation to 99.9 = 0.1% SE of occur-
rences from 0% for gap species (39% of all RTS,
fig. S5) ar 67.8 = 1.9% SE for included species
(fig. S6). Thus, although the protected areas
selected to date have captured a relatively high
propartion of Madagascar’s species (~70% of
species considered here, fig. S5), careful selec-
tion of the remaining 3. 7% of area (as in the plan
proposed in Fig. 2B) can produce firther sub
stantial conservation gains, both by ncluding
many more species and by increasing the propor-

(Fig. 2): arcas with relatively low forest cover but
considerable endemism that have been histori-
cally neglected in favor of protecting large forest
blocks. Although cur national-scale analysis
identifies important biodiversity priorities at high
resolution, precise delineation of protected arcas
requires taking socioeconomic factars into ac-
count {25). Within these priority areas, those that
are most vulnerable to habitat destruction or are
most highly ranked (fig. S7) should receive im-
mediate aftention (26). Although conservation
areas must be identified by the end of 2008, final
refincment and legal designation will not be
cempleled until 2012, Thus, time is available for

tional of the most vulnerable anes.

Our analysis provides fresh insights into
conservation needs for Madagascar, identifying,
for example, several regions within the central
platean massifs and litoral forests as priorities

of an iterative process () re-
running this analysis to select optimal replace-
ment sites each time areas within the solution are
definitively rejected or destroyed, or altemate
arcas are definitively selected. Such updates could

Table 1. Surrogacy of higher taxa, comparing single- and multitaxon
solutions. Section A, percentaganfmmplemgipspeﬁes far RTSspe:lesl.nx
1486).B, egap pecies for model ies (n = 829).
C, percentage of mmplategap species for all species (modeled and RIS, n=
2315). Sections A, B, and € are based on occurrence data, and complete gaps
are species with no points included in the solution. The diagonals and the

multitaxon columns have no species, d as
expected that Zonation includes all species considered within its solution. For
D, the gap analysis was performed with models rather than occurrence
points. E, mean percent of accurrence points included for nongap RTS species
(species represented by at least one point in the solution). n.a., not appli-
cable because all species are included in the solution by definition.

Taxon targeted by zonation solution

Taxon assessed Ants Butterflies Frogs Geckos Lemurs Plants All taxa
A. Percent of unmodeled (RTS) Ants 0 213 28.9 336 324 26.9 o
species unrepresented, based an Butterflies 145 o 221 25.2 389 24.4 o
point occurrence records Frogs 341 25.7 o 307 25.7 212 o
Geckos 289 23.1 23.1 o 26.9 19.2 o
Lemurs 42.9 50.0 50.0 714 (] 35.7 0
Plants 45.2 52.3 428 622 54.8 [] o
All species except 40.0 42.4 377 50.2 45.5 24.5 na.
target taxon
B. Percent of modeled species Ants [ o 5.5 27 1] [ o
unrepresented, based on point Butterflies 1] ] 4.7 0.6 4] 0.6 L]
occurrence records Frogs 5.0 5.0 o 5.0 o 0 o
Geckos [} 0 [ 0 ] 0 0
Lemurs 32 6.5 32 9.7 [ o o
Plants 133 141 234 262 16.4 0 0
All species except 93 1.4 16.4 175 10.5 03 n.a.
target taxon
C. Percent of modeled and RTS All species except 283 323 29.6 385 332 16.2 o
unrepresented, based on point target taxon
occurrence records
D. Percent of modeled species Ants 0 0 0 0 (] 0 0
with no part of their model Butterflies o o 12 o 4] L] o
protected by the Zonation Frogs [ [} [] [} 1] [1] 0
solution Geckos 0 0 0 0 0 0 0
Lemurs [ 0 32 [ 0 0 0
Plants 16 0.4 8.0 2.0 16 o o
All species except 11 0.3 5.4 12 10 0.0 na.
target taxon
E. Mean percent point Ants 100.0 84.9 87.6 80.5 75.7 77.1 100.0
occurrence records included for Butterflies 774 100.0 8.3 8L0 £8.9 70.1 100.0
{nongap) RTS species only Frogs 718 75.7 100.0 75.4 76.2 75.5 100.0
Geckas 75.7 737 74.8 100.0 64.3 69.9 100.0
Lemurs 68.1 49.9 45.6 39.0 100.0 56.3 100.0
Plants 65.7 66.5 716 65.9 611 99.9 99.86
All species except 68.7 728 76.6 72.7 £7.5 744 n.a.

target taxon
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Fig. 2. Col tion pri-

ority 2ones in Madagas-
car. (A} Unconstrained
multitaxon solution, show-
ing what would have
been selected based on
these 2315 species if no
areas were already pro-
tected. Colors indicate
priority level The top-
ranked 2.9% priority
areas are shaded yellow
{equivalent to the area
actually protected by

, the nextranked
priorities to 6.3% are
blue (equivalent to the
area actually protected
by 2006), and the next-
ranked priorities to 10%
(equivalent to the conser-
vation target) are red. (B}
Constrained multitaxen
solution, expanding (red}
from existing parks in
2006 (yellow + blue =
6.3% of area) to 10%
protection. The red areas
are thus those that our

A U ined pricrity B Actual and proposed
conservation areas protected areas
Oo-20% 4 [ October 2002
W29-63 % B December 2006
We3-10% a. f M Proposed
g
wE— " d 4
: R
4
¥ F
9
b
] A
w4

wa="

analysis selects as the most important areas to conskder for expansion of the current reserve network.

Fig. 3. Proportions of
baseline (1950 species
ranges (modeled) included
at different phases of park
expansion, as frequency
histograms. (A to €} With-
in each histogram, species
are coded by their propar-
tional range-reduction
index (weights used in
Zonation), binned by quar-
‘tiles, with the fourth quar-
tile (red) representing the
largest reductions. (D to F}
Within each histogram, spe-
des are coded by their
curtent range size, binned
by quartiles, with the first
quartile (red) representing
the smallest-ranged spe-
ces. [(A} and (D)] Pro-
tected areas designated
by the year 2002, equal-
ing 2.3% of the land-
scape (shaded yellow in
Fig. 2B). [(B} and (B}
Protected areas desig-
nated by the year 2006,
6.3% of the landscape
fshaded yellow and blue
in Fig. 2B). [© and (A1
Constrained optimized ex-
pansion to 10% of the
landscape (shacled yellow,
blue, and red in Fig. 2B).

A D
80 |
I = 4th Quartile I w151 Quartile
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incorporate other taxonomic groups, new species
records, and changing species designations (27).
Our results suggest that conducting comparable
analyses for other globally biodiverse areas is not
only feasible but necessary, because of the in-
adequacy of single-taxon analyses 1o identify
cross-taxon priorities and the need 1o develop
high-resolution priorities within hot spots. As
conservation targels are approached, optimization
techniques become particularly critical 10 guide
the final, toughest choices, so as to increase both
the future representation of species in reserves and
the probability that populations of these species
will persist.
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An Agonist of Toll-Like Receptor 5 Has
Radioprotective Activity in Mouse
and Primate Models

Lyudmila G. Burdekya," Vadim I. I(riv:lersenlm,zk Thomas C. Tal.l.arlt,J Evguenia Strum,z
Anatoly 5. Gleiberman,® Damodar Gupta,” Oleg V. Kurnasov,* Farrel L. Fort,®
Andrei L. Osterman,” Joseph A. DiDanato,” Elena Feinstein,’+ Andrei V. Gudkov™*t

The toxicity of ionizing radiation is associated with massive apoptosis in itive organs.

from HP and GI acute radiation syndromes, re-
spectively (Fig. 1A). Flagellin did not rescue mice
from 17 Gy TBI but prolonged their median sur-
wvival from 7 to 12 days. The dose-modifying fac-
tor (DMF, the fold change in imradiation dose
lethal for 50% of animals) of CBLBS02 in NIH-
Swiss mice was 1.6, exceeding that of other ra-
dioprotective compounds, such as cytokines or
amifostine, used at nonioxic doses (3).

To reduce the immunogenicity and toxicity of
flagellin, we took advantage of studies that mapped
the TLRS-activating domains of flagellin o its

Here, we investigate whether a drug that activates a signaling mechanism used by tumor cells
to suppress apoptosis can protect healthy cells from the harmful effects of radiation. We studied
CBLBS502, a polypeptide drug derived from Salmonella flagellin that binds to Toll-like receptor

5 {TLRS) and activates nuclear factor—«B signaling. A single injection of CBLB502 before lethal
total-body irradiation protected mice from both gastrointestinal and hematopoietic acute radiation
syndromes and resulted in improved survival. CBLB50Z injected after irradiation also enhanced

survival, but at lower radiation doses. It is noteworthy that the drug

not decrease tumor

radiosensitivity in mouse models. CBLB502 also showed radioprotective activity in lethally
irradiated rhesus monkeys. Thus, TLRS agonists could potentially improve the therapeutic
index of cancer radiotherapy and serve as biological protectants in radiation emergencies.

he toxicity of high-dose ionizing radiation
(TR) is associated with induction of acute
radiation syndromes (1) involving the hem-
atopoietic system (HP) and gastroimestinal tract
(GI). The extreme sensitivity of HP and GI cells
10 genotoxic stress largely d the adverse

IR has heen established by previous work show-
ing that Gl radiosensitivity is enhanced in mice
a genetic defect in NFxB signaling (9).
Activation of NF-«xB induces multiple factors
that contribute 1o cell protection and promote

side effects of anticancer radiation therapy and

py (2). Development of -
ants for medical and biodefense applications has
primarily focused on antioxidants that protect tis-

including apoptosis inhibitors,

reactive oxygen species scavengers, and cyto-

kines. Finally, NF-«B activation is among the

mechanisms by which tumors inhibit function of

the p53 tumor suppressor pathway (10), one of
i of radi itivi

sues (3) and cytokines that stimulate t; B
eration (4).

Here, we have explored whether radiopro-
tection can be achieved through suppression
of apoptasis, the major mechanism underlying
massive cell loss in radiosensitive tissues (5-7).
Specifically, we have ipted to ph
logically mimic an antiapoptotic mechanism fre-
quently acquired by tumor cells, i.e., constitutive
activation of the nuclear factor-xB (NF-xB)
pathway (8). NF-xB is a transcription factor that
plays a key role in cellular and organismal re-
sponse fo infectious agents as a mediator of
innate and adaptive immune reactions. The link
between NF-xB and the mammalian response to

“Depariment of Cell Stress Emlog}'. Reswell Park Cancer
Institute, Buffalo, NY 14263, USA. “Cleveland BioLabs, Inc.
(CBUY, Buffalo, NY 14203, USA. *Department of Cell Biology,
Lemer Research Institute, Cleveland Clinic, Cleveland, OH
44195, USA“Bumbam nstiute for Medical Research, La Jolla,
€A 52037, USA,
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andred. org; efeinstel

the major (0.

In order to activate NF-xB in GI cells with-
out inducing acute inflammatory responses, we
studied factors produced by benipn microorga-
nisms in the human gut that activate NF-<B by
binding to Toll-like receptors (TLRs) expressed
by host cells (/2). Stimulation of TLR signaling
by commensal microflora plays a protective role
in the GI wract (/3). In particular, we focused on
TLRS, which is expressed on enterocytes, den-
dritic cells (14), and endothelial cells of the small
intestine lamina propria (/5). Endothelial cell
apoplosis has been identified as an important
contributor to the pathogenesis of GI acute ra-
diation syndrome (/6). The only known ligand
and agonist of TLRS is the bacterial protein fla-
gellin (I7).

To investigate whether flagellin has in vivo
radioprotective activity, we injected flagellin pu-
rified from Salmonella enterica seravar Dublin
(18) imo NIH-Swiss mice 30 min before total-
body ¥ irradiation (TBI). Treatment with 0.2 mg/kg
of body weight of flagellin protected mice from
lethal dases of 10 and 13 Gy that induce mortality

ily conserved N and C termini (Fig, 1B)
(19). We tested a series of engineered flagellin
derivatives for NF-xB activation in vitro (Fig,
1B and fig. $1). The most potent NF-xB acti-
vator, designated CBLBS02, included the
complete N- and C-terminal domains of flagellin
separated by a flexible linker (fig. $1). CBLB502
produced n Escherichia coli as a recombinant
protein retaing entirely the NF-xB-inducing acti-
vity and exceptional stability of flagellin (18), yet
is substantially less immunogenic (fig. S2). It is
also less toxic than flagellin, with a maximum
tolerated dose (MTD) in mice of 25 mgkg as
compared with the 12 mg/kg MTD of flagellin
(20). Flagellin derivatives that failed to activate
NF-xB in vitro did not provide radioprotection in
vivo (one example is shown in Fig. 1C), which
suggested that activation of TLRS signaling is
necessary for radioprotection,

To test whether CBLBS02 retained the radio-
protective cfficacy of flagellin, we administered a
single injection of the compound (0.2 mgkg) to
NIH-Swiss mice 30 min before 13 Gy TBI. The
treatment (18) rescued more than 87% of mice
from radiation-induced death (Fig. 1C). At this
radiation dose, the most powerful previously de-
seribed radioprotectants provided about 54% pro-
tection [amifostine (20)] or had no protective effect
atall [S-androstenediol (5-AED) or Newnune (22)]
(Fig. 1C). Notably, the moderate protective effect
observed with amifostine against 13 Gy TBI re-
quired injection of a dose (150 mg/kg) close to its
MTD (200 mg/kg in NIH-Swiss mice). CBLBS02
showed a significantly stronger protective effect
(P < 0.05) when it was injected at less than 1% of
its MTD.

To address the practicality of CBLBS02 as an
antiradiation drug, we investigated the time frame
for effective administration of the compound at
different mdiation doses. CBLB502 protected mice
against the very high doses of radiation that in-
duce lethal HP or combined HP and G1 syndromes
(10 Gy and 13 Gy, respectively) only when in-
Jjected 15 to 60 min before TBI (Fig. 1D). The
compound provided no survival benefit if in-
Jected before this time interval or affer irradiation.
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However, at a radiation dose of 9 Gy, which
killed >90% of control [phosphate-buffered saline
(PBS}-injected] mice, CBLBS02 provided radio-
protective benefits when adminizstered as early as
24 hours before, ar up to 1 hour afier, imdiation.
With injection of CBLBS502 | hour ol

Swiss mice with 0.2 mg/kg CBLB502 30 min
before 15 Gy TBI dramatically reduced the pro-
portion of apoptotic cells in the lamina propria of
the small intestine of irradiated mice, including
vascular endothelial cells (Fig. 2A and fig. S3A)

40% of the CBLBS02-treated mice survived as
compared with 7% of the control mice (Fig. 1D).
Thus, CBLB502 is effective as both protects
against and mitigates radiation-induced mjury.
We next evaluated the effect of CBLBS02 on
radiation damage to the GI tract and HP system at
the tissue and cellular levels. Treatment of NIH-

(18). This is consistent with the
postulated role of endothelial apoptosis in the
Gl toxicity of radiation (/). In addition, we found
that the radiation-induced reduction in small in-
testine crypt size and cell density that was ob-
served in contro] NIH-Swiss mice was ameliorated
by CBLBS50?2 pretreatment (0.2 mg/kg given 1 hour
before 15 Gy TBI) (Fig. 7B and fig. S3B) CBLBS02

REPORTS I

treatment did not preserve the morphology of
the small intestine in irradiated MOLF/Ei mice
(Fig. 2B), a sirain with defective TLRS response
because of a germline mutation (23), which sug-
gesis that radioprotection by CBLB302 is indeed
TLRS-dependent CBLBS02-mediated protection
of the GI tract was also flustrated by preservation
of crypt stem cels in the small intestine. 5-Bromo-
2"-deoxyuridine (BrdU) was used 1o label prolif-
erating crypt cells in iradiated (13 Gy) NIH-Swiss
mice pretreated with PBS or CBLBS502 (/8), PBS-
injected mice showed a near-complete loss of
crypt stem cells, whereas CBLB502-treated mice
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Fig. 1. F\agelun-medlated radioprotection of mice (18). (A) Groups of 20
NIH-S Swus mice were injected with flagellin or PBS 30, min before TBI. Rep-

results fi f three indep are shown. The
difference in survival between control and experimental groups was sta-
tistically significant (P < 0.05 by two-tailed Fisher’s test) on days 15t0 30, 9 to
30, and 8 to 13 after 10, 13 and 17 Gy TBI, r i { ion of an

PR e s
sEFFIFSIEEFF T n ac

NF-xB #
Non-
specific

induced NF-xB, whereas other combinations of N and C termini (BB', A", and
CBY; isolated N termini (A, B, and CJ; glutathione-S-transferase (GST)-fusions
of C termini {GST-A’, GST-B"); and mixtures of isolated N and C termini (A+A,
A+B) were not active. Positive control: TNFo; negative controls: untreated
cells (Un} and cells incubated with GST alone (GST). Flagellin variant AR’ (red

optimized flagellin derivative. (Bottom) Schematic of the domain composition
of flagellin. Flagellin derivatives were composed from sequences in the
conserved N-and C-terminal domains required for TLRS activation (A, B, and C
and A’ and B', respectively). Amino acid numbering is from flagellin of
Salmonella enterica serovar Dublin (GenBank accession no. AAA27081). (Top}
Assessment of NF-xB activation by flagellin (FliC) derivatives using elec-
trophoretic mobility shift assay. Flagellin itself and variants AA", AB', and BA"
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renamed CBLBS02. (C) NIH-Swiss mice were treated with CBLBS02
(0.2 mgtkg), flagellin derivative CB' (0.2 mg/kg), amifostine (150 ma/kg),
5-AED (30 mg/kg), or PBS before raceiving 13 Gy TBI. *P < 0.03 by two-tailed
Fisher's test for comparison of survival in CBLBS02- and amifostine-treated
groups. (D} ICR mice (15 per group) were injected with CBLB50Z at the in-
dicated times relative to 9, 10, or 13 Gy TBI (red arrow). Control mice received
PBS 30 min before TBI. The percentage of mice surviving at day 30 post-
irradiation is plotted.
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retained normal levels of proliferative cells (Fig.
2C and fig, $4).

The antiapoptotic effect of CBLBS02 was alsa
evident in the HP sysiem. CBLB302 injection
1 hour before lethal TBI (10 or 13 Gy) of NIH-
Swiss mice did not alleviate radiation-induced
decreases in bone marrow and peripheral blood
cellularity (table S1); however, it did protect HP
stem cells and early progenitors as judged by
preservation of granulocyte/macrophage colomy-
forming cells (Fig. 2D) and flow cytometric anal-
ysis of stem cell populations in the bone marrow
{table S1) (18).

To explare potential molecular mechanism(s)
that might underlic CBLB502-mediated radio-

Fiig. 2. (BLB502-mediated protec-
tion of radiosensitive tissues (18). (A}
Representative terminal deaxynucleo-
tidyl transferase—mediated deoxyuri-
dine triphosphate nick end labeling
(TUMEL) staining of apoptotic cells
(5 hours postirradiation) in the small
intestine of NIH-Swiss mice injected
with CBLBS02 or PBS 30 min befare
15 Gy TBI. Apoptotic endothelial cells
displayed yellow fluorescence result-
ing from overlap of green TUNEL stain-
ing and red CD31-specific antibody
(endothelial marker} staining. Nuclei
were stained with 4',6'-diamidino-2-
phenylindole (DAPI, blue). (B) Mor-
phology of the small intestine in
NIH-Swiss and MOLF/Ei mice either
untreated or 5 days after 15 Gy TBI
with or without prior injection of
(BLB502. Representative hematoxy-
lin and eosin (H&E) stained sections
are shown. (€) Immunohistochemical
detection of in vivo BrdU incorpora-
‘tion in the crypts of the small intes-
tine. Mice (three per group} were left
untreated (UAt), given CBLB502 with-
out TBI (CBLBS02), or exposed to 13

A

c

BraU-positive cells per crypt

Gy TBI 30 min after injection of PBS oL

(13 Gy) or CBLB502 (13Gy + CBLB502).
BrdU-positive cells were counted in
12 complete, well-oriented cross sec-
tions for each animal. Dashed line:
number of BrdU-positive cells con-
sidered critical for crypt survival (36).
P < 0.05 for the differences be-
tween “13 Gy" and other groups.
(D) Granulocyte-macrophage colany-
forming units were quantified in bone
marrow cells obtained from NIH-Swiss
mice {n = 3) 3 hours after 0, 10, or
13 Gy TBI {with or without CBLB502
injection 30 min befare TBI. £ <
0.05 for the differences between ir-
radiated CBLBS02- and vehicle-treated
groups. (E} Immunohistochemical de-
tection of SOD2 expression {green

staining) in sections of small intestine collected 5 hours post-irradiation from NIH-Swiss mice injected with either
PBS {13 Gy) or (BLB502 (13Gy + CBLB502) 30 min before 13 Gy TBI. Red staining, smooth muscle actin. (F)

Control

protection, we assessed the drug’s effect on the
levels of several known NF-xB-responsive factors.
Superoxide dismutase 2 (SOD2) is an NF-xB-
induced antioxidant known to have radi i

properties (24). We found that pretreatment of
NIH.-Swiss mice with CBLBS02 (0.2 mg/kg given
30 min before 15 Gy TBI) resulted in enhanced
expression of SOD2 in the lamina propria of the
small intestine of iradiated mice (Fig. 2E). We
also investigated the possible involvement of pros-
taglandins and cytokines that are regulated by
NF-xB and known to act as radioprotectants
(4, 25). Inhibition of cyclooxygenase-2 (COX2),
a key enzyme in prosiaglandin biosynthesis, by a
smallmolecule inhibitor (NS-398) did not affect

CBLB502

larvina propiia

__—

celBsez 136y 136
CcBLA%2

13Gy+CBLB602

Colony number

o
RGy|o |0
cawesoz [ - |+ |

CBLB502-mediated radioprotection (fig. S5).
However, CBLB302 injection (in the absence of
irradiation) led to induction of multiple cytokines in
mouse plasma (Fig, 2F), including radioprotective
cytokines such as granulocyte colony-stimulating
factor (G-CSF) (26), interleukin 6 (IL-6) {27) and
nunor necrosis factar-a (TNFa) (28). Consistent
with its low toxicity, CBLB502 activated only
sub-inflammatory levels of TNFo. These results
suggest that CBLB502-mediated radioprotection
is likely to involve multiple mechanisms.
CBLBS02 was also effective as a radiopro
tectant in a pilot study of nonhuman primates (1)
Nineteen thesus monkeys (Macaca muduita) were
subjected to 6.5 Gy (a dose lethal for 70% of

8

g
g

Serum concentralion (pg/mi)

2 2 8

10
Time afer injection {hours)

Cytokine induction by CBLBSO2 treatment in the absence of irradiation. Plasma was prepared at the indicated
times (0.5 to 24 hours) after intramuscular injection of CBLBS02 into ICR mice (n = 3). KC, keratinocyte-derived chemakine; IP-10, interferon-inducible protein 10.
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monkeys, [ D) TBL Monkeys received a single
intramuscular injection of CBLBS02 (0.04 mg/kg,
1= 11) ar PBS {n = &) 45 min before TBL. This
dose provided a blood concentration of CBLB502
equivalent to 0.2 mg/kg in mice and did not cause
any overt signs of toxicity. Injection of CBLBS02
before TBI delayed the onset of radiation-induced
mortality by 10 davs and increased the 40-day sur-
vival rate from 25 10 64% (Fig. 3A). Notably, no
supportive therapy was provided in this study.
Gross and histopathological evaluation of CBLBS02-
treated monkeys surviving 40 days postiradiation
{n=T)revealed only minor damage to major HP
and lymphoid organs (bone marrow, spleen, and
thymus) (fig. $6). In contrast, the two surviving
PBS- mrd.mmh:ys displayed moderate-to- h1gh
levels of d: these tissues, Radiation-ind
thuoriboeylopenin,a lory predictos o Eprivite death
after lethal iradiation (29), was less protracted and
less severe in CBLBS502-treated monkeys than in
controls (Fig, 3B).

To assess the potential of CBLB502 as an
adjuvant for anticancer radiotherapy, we used
two models of experimental radiotherapy in which
tumor-bearing mice were subjected to three daily

treatments of 4 Gy TBI (a cumulative TBI dose
of 12 Gy) (18). To evaluate whether CBLB302
affected the radiosensitivity of the tumors, groups
of the mice were injected with either PBS or
CBLB502 (0.2 mgkg) 1 hour before each radia-
tion treatment. The two models used were TLRS-
positive mouse sarcoma of NIH-Swiss fibroblast
origin implanted in NIH-Swiss mice and growing
subcutanecusly (Fig. 4A) and TLRS-negative
B16 melanoma of CS7BL/6 origin implanted in
C57BL/6 mice (fig. S7). In both models, me an-
titumor effect of iradiation was

REPORTS I

of fractioned imradiation (three doses of 4 Gy).
This is important because radiotherapy of cancer
patients is commonly applied as fractioned imra-
diation. Furthermore, there was no evidence of
desensitization with multiple injections of CBLBS02.
The radioprotective efficacy of CBLBS02 injected
into ICR mice 30 min before 11 Gy TBI was not
affected by previous exposure to the drug with as
many as five sequential daily injections (fig. S8).
In both mouse munor models, a slight reduction in
‘umor growth was observed in CBLB502-treated

death of all PBS-treated animals from radiation
toxicity by day 18. In contrast, CBLB502 treat-
ment | radiation-induced
mortality [NIH- Swiss mice (Fig. 4A)] or sig-
mﬁ::am.y protected ﬂgmnsl radiation-induced
mortality [C57BL6 mice (fig. S7)], but had no
radioprotective effect on the tumors. These data
illustrate the potential for use of CBLBS02 to
protect healthy tissues from the adverse side ef-
fects of radiotherapy, which are frequently dose-
limiting, while not interfering with killing the numor.
These experiments also showed that CBLB502
can protect mice from lethal cumulative damage

animals (nonirradiated and irradiated) as com-
pared with corresponding controls. Although
these results did not reach statistical significance,
they might reflect the known immmostimulatory
activity of flagellin (30) and other TLR ago-
nists (31). The differential radioprotective effect
of CBLBS02 in tumor versus normal tissues is
likely due to the constinutive activation of NF-xB
observed in most tumor cells (32) and/or inhibi-
tion of downstream TLRS signaling by the ac-
tivated phosphatidylinositol-3 kinase present in
many tumors (33).

A thearetical risk of using CBLBS502 in can-
cer treatment is that suppression of apoptasis in-

Fig. 3. Asingle injection of CBLBSO0Z improves
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survival of lathally irradiated rhesus macaques.
(A) In a single pilot experiment, rhesus ma-
caques viere injected with 0.04 mg/kg CBLB502
{n = 11) or PBS {n = 8} 45 min before 6.5 Gy
TBI (LDyqug), a dose lethal for 70% of mon-
keys within 40 days after irradiation. *P <
0.03 by two-tailed Fisher's test. (B) Platelet
counts in the peripheral blood of irradiated
monkeys. Days with statistically significant (P <
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Fig. 4. (BLB502 does not affect the radiosensitivity of mouse tumors {18). (A}
The effect of CBLBS0Z on radiation treatment of NIH 3T3—derived sarcomas
grown in NIH-Swiss mice. Tumor bearing mice (7 = 5) were left untreated (Uit}
or treated three times daily (red amows) with 4 Gy TBI (IR) alone, CBLBS02 alone,
or IR + CBLB502. Tumor volumes were measured every second day until the
number of live animals dropped significantly. (B} Thirty-day survival curves for
the tumor-bearing mice treated with IR alone or with IR + CBLBS02. *P < 0.03
by two-way repeated measures analysis of variance (ANOVA). (C) CBLB50Z does

not enhance the carci

ity of irradiation. Tumor in two groups

of p53° C57BL6 mice that received a single dose of 4 Gy TBI, with or without

injection of CBLB502 30 min before irradiation, was followed for 49 weeks.
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duced by systemic genotoxic stress might promote
cancer. To address this concem, we tested the ef-
fect of CBLB502 on radiation-induced carcino-
genicity in cancer-prone p53*'” mice, 100% of
which develop tumors (lymphomas and sarcomas}
within 1 year after sublethal (4 Gy) TBI (34). We
found that the timing and frequency of tumor
appearance in this model were not affected by a
single CBLBS502 injection given 30 min before
4 Gy TBI (Fig. 4C). Funhemmore, there was no
difference in median survival times for TBI-only
and CBLBS02 + TBI groups: 195 [95% confi

dence interval {CI): 170 to 220] days versus 195
(95% CI: 144 to 246) days, respectively (log-
rank test for equality of distributions: P= 0.96).
We also evaluated wild-type NIH-Swiss mice that
were rescued from lethal irradiation (13 Gy) by
CBLB302 treatment 6 months postirradiation.
Although the analyzed animals showed signs of
radiation-induced tissue damage (cataracts, re-
duced body weight, and involution of repro-
ductive organs) as compared with age-matched
controls that were neither irradiated nor treated,
there was no evidence of cancer or massive fi-
brosis (table §2).

In summary, CBLB502 reduces radiation tox-
icity without diminishing the therapeutic anti
tumor effect of radiation and without promoting
radiation-induced carcinogenicity. These proper-
ties of a TLRS agonist acting as an NF-xB-
inducing agent provide further support for our
concept of phammacological imitation of tumor-
specific antiapaptatic mechanisms as an approach
1o radioprotection. This approach was first vali-
dated by our demonstration that a chemical inhib-
itor of the proapoptatic p53 pathway safeguarded
mice from lethal acute radiation syndrome (17).

However, we subsequently found that wild-type
p33 plays an unexpecied role as a survival factor
in G cells exposed 1o high doses of y-imadiation
(35), limiting the usefulness of p53 inhibitors 1o
protection against HP, but not GI, acute radiation
syndrome. This problem has been resolved by
our identification of CBLB3502 as a TLRS agonist
that can protect against both major acute radia-
tion syndromes. Our results suggest that TLRS
agonists may be valuable as both adjuvalm for
cancer rad:

for radiation cmcrgcm:u:s
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Evidence for Editing of Human
Papillomavirus DNA by APOBEC3 in
Benign and Precancerous Lesions

Jean-Pierre Vartanian, Denise Guétard, Michel Henry, Simon Wain-Hobson*

Cytidine deaminases of the APOBEC3 family all have specificity for single-stranded DNA, which
may become exposed during replication or transcription of double-stranded DNA. Three human
APOBEC3A (h434), hA3B, and hA3H genes are expressed in keratinocytes and skin, leading us to
determine whether genetic editing of human papillomavirus (HPV) DNA occurred. In a study of
HPV1a plantar warts and HPV16 precancerous cervical biopsies, hyperedited HPV1a and HPV16
genomes were found. Strictly analogous results were obtained from transfection experiments with
HPV plasmid DNA and the three nuclear localized enzymes: hA3A, hA3C, and hA3H. Thus,
stachastic or transient overexpression of APOBEC3 genes may expose the genome to a broad
spectrum of mutations that could influence the development of tumors.

uman APOBEC3 molecules deaminate
cytidine residues in single stranded DNA
(sSDNA) and have been demonstrated 1o
have antiviral effects (/-5). Human immuno-
deficiency virus-1 (HIV-1) cDNA in particular is
vulnerable to the action of the cytoplasmic

APOBEC3F and APOBEC3G cytidine deami-
nases (hA3F and hA3G) (6, 7). Of the seven-
gene cluster on chromosome 22, hA3A, hA3C,
and hA3H are mainly nuclear, whereas hA3B is
both nuclear and cytoplasmic (8, %). Human 434
and hA3B arc cxpressed in psoriatic keratino-

cytes, and /434 is up-regulated in acne lesions
and can be induced by phorbol 12-myristate 13-
acetate (10, 1I). Incidentally, A43H is also ex-
pressed in normal skin (/2, 13). We hypothesized
that the DNA of human papillomaviruses, which
replicate in cutaneous and mucosal keratinocytes,
might be vulnerable to by some of the
nuclear A3 deaminases.

In light of the predominant APOBEC3 ex-
pression data in cutaneous keratinocytes, total
DNAwas extracted from six HPY la-positive plantar
warts, For mutational analysis, a region come-
sponding to the origin of replication/promoter
region was selected, because it scemed likely that
this region might exist in a single-stranded state
more frequently than any other region of the HPV
genome. Differential DNA denaturation polymerase
chain reaction (3D-PCR) was used to selectively
amplify AT-rich edited genomes (74, 75). This
technique relies on the fact that AT-rich DNA
denatures at a lower temperature than GC-rich

Holecular Retravirology Unit, Institut Pastewr, 28 Rue de
Docteur Roux, 75724 Parls cedex 15, France.

“Ta whom comespandence should be addressed. E-mail:
simang@pasteur.fr
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DNA and has proven successfill at selectively
amplifving APOBEC3-edited retroviral cDNA
{16). For one out of the six plantar warts, mono-
tonously G—A or C—T substituted HPV1a se-
quences were identified (Fig. 1, A and B),
meantug that both steannds had wndergne editing,
Averaging actoss both strands, we determined
that the mean cytidine editing frequency was
~11% (range: 4 10 61% per clone). Within the nu-
cleus, G:U mismatch repair, which predominantly
yields the original G:C, will mitigate against the
effects of APOBEC3 editing. Hence, it is possible
that a vestigial C—T trmsition reflects the oppas-
ing forces of APOBEC3 editing and G:U mis-
match repair. Analysis of the dinucleotide context
of edited sites showed that there was no pronounced
3 nucleotide context (Fig. 1C), such as CpG, thus
ruling outa eytidine hypermethy'ation/deamination
related phenomenon. By contrast, there was a
strong 5" effect favoring TpC and CpC, typical of
some APOBEC3 deaminases (/7) (Fig. 1D},
Based on this evidence for in vivo editing of
HPV sequences, we next tested the potential for

Sample HPV1a-1

ETCTTATTETT TATGE T TACCRCACTOCRAMAOGETTTGOCCAARGACETTTGE
evivenen . A e

APOBEC3 editing of HPV DNA in vitro. l[u(nan
ic kidney-293T cells were
by HPV1a plasmid DNA along with each of six
APOBEC3 penes: hA34, hA3B, hA3C, hA3F,
hA3G, and hA3H. At 72 hours, total DNA was
recovered and 3D-PCR was performed. When
compared with the HPV1a plasmid plus vector
alone transfection [denaturation temperature (7,) =
84.6°C), 3D-PCR products were recovered al a
lower 7 (82.0°C) from the kd3d, JiA3C, and

REPO

a clear 5 preference for TpC and CpC and a
strong aversion for ApC that correlates well with
the observed editing contexts in vivo (Fig. 1D).
Because the preferred dinucleotide context for
human activation-induced deaminase (AID) is
ApC and GpC (I8, 19), it seems probable that
this enzyme can be excluded from the list of po-
tential mutators,

Analysis of site-specific editing frequencies,
which factors in cold spots, revealed significant

hA3H of cloned 3D-

lations (P < 107*) between the in vivo data

PCR products showed extensive and monotonous
cytidine deamination of hoth DNA strands (Fig. 1,
A and B). The mean cytidine editing frequencies
in vitro, 25 to 29% (range: 13 to 60% per clone),
were about twofold higher than those in vivo,
which may reflect stronger APOBEC3 gene ex-
pression driven by the powerful cytomegalavirus
immediate-early promater. The ssDNA cytidine
editing activity reported here for human A3H
appears to be just as strong as that seen for hA3A
and hA3C. Furthermore, the dinuelectide context
of edited sites for all three hA3 deaminases showed

set and all three in vitro data sets. Indeed, as
hA34 and hA3H are expressed in keratinocyles,
whereas fiA3C is probably the most widely ex-
pressed of all the human A3 deaminases (20),
there is no reason 1o exclude one from the others.
Cotransfection experiments with plasmids encod-
ing human APOBEC! and APOBEC? (hAl and
hA2), or the arthologous murine genes mA 1, mAZ,
and mA43, failed to yicld hyperedited HPVla
genomes. Given the negative result for 438 and
the fact that hAl and mAl waffic between the
cytoplasm and nucleus, a nuclear localization per

A
B
1
G | 0 0 C |286 1] 2| C 191 0 0 c|79 0 0
G| 0|0 138 G|1]0 M3 G| 1 0 929 G| 0 |1 529
AlO|O]| S AlO | 2 5 AlO 0 (10 AlO |0 |4
HPV1a invivo 9765 bp HPV1a+hA3A 12205 bp HPV1a+hA3C 21058 bp HPV1a+hA3H 9765 bp
c 40 D 40
30 30 _—
O invive
% 20 L % 20 _
O] invivo O hasc
10 10 O s

CpT CpC CpG CpA
Fig. 1. APOBEC3 editing of HPV1a genomes in vivo and in vitro. (A) A
selection of G+A and C-+T edited HPV1a sequences derived from a plantar
wart {sample HPV1a-1). Only sequence differences are noted with respect to
the viral plus strand. For clarity, only the most 5’ 120 bases of the 315-base
pair (bp) segment are shown. The numbers to the right indicate the total
number of edited bases per sequence. (B) Mutation matrices for the edited
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TeC

RSN

GpC

ApC.

HPV1a genomes in vivo and in vitro. The number of bases sequenced is shown
below each matrix. (€) 3' Dinucleotide context analysis of in vivo edited HPV
sequences. The cytidine target i underlined. The expected values were
calculated for both strands and weighted by the number of G-A and C—T
edited genomes. (D} 5’ Dinucleotide context analysis of G-+A hypermutated
HPV genomes in vive and in vitro.
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Fig. 2. APOBEC3 edit-

ing of HPV16 genomes
in vivo. (A) A selection
of G—+A and C-T edited
HPV16 sequences de-
rived from precancerous
cervical biopsies from
sample HPV16-29. Only
sequence differences

A Sample HPV16-29
cnac 2% r

are noted with respect
to the viral plus strand.
For clarity, only the most
5' 225 bases of the 325-
bp segment are shown.
The numbers to the right
indicate the total num-
ber of edited bases per
sequence. (B) C-T hy- B

permutated sequence

derived from precan-
cerous cervical biopsy

HPV16-33, the complete
region being shown. The
unedited reference se-
quence for samples 29
and 33 s identicll o C

hA3I

hA3A

AlD hAC

that of AF067024. (©) AT € 6 4
Mutation matrices for

the edited HPV1G ge- 7 |l [
nomes in vivo. The num-

ber of bases sequenced is c|29 0|0
shown below the matrix.

(D) 5 Dinucleotide con- G| 0|0 77
text analysis of hyper-

edited HPV16 genomes Al 1

in vive. (E} Neighbor-

HPV16 invivo 6520 6p TpC CpC GpC ApC

joining tree based on
the protein sequences of

five human single-domain cytidine deaminases including hAZ.

se is apparently insufficient for deamination of
HPVI1aDNA. These findings extend the rnge of
viral targets for APOBEC3 enzymes to include
double-stranded DNA. viruses,

Human papillomaviruses can be generally
divided into those that infect cutaneous or muco-
sal keratinocytes, a feature strongly reflected in
their phylogenic clustering (27). Amang the latter
group are found the HPVs that are strongly
associated with cervical cancer. In an extensive
European study, ~65 and ~6% of cervical cancers
were associated with HPV16 and HPVIS, re-
spectively (22), with at least 11 other strains also
showing a strong association (23).

Although it is unclear whether APOBECS
genes are expressed in mucosal keratinocytes, the
evidence for APOBEC3 editing of HPV1a ge-
nomes led us to examine total DNA from nine
HPV16-posiiive precancerous cervical biopsies.
3D-PCR was again used to amplify a comparable
region spanning the origin of replication/promoter
region. Cloning and sequencing of the last posi-
tive points of sample HPV16-29 yiclded 19 se-
quences with monotonously G—A or C—=T
transitions, which is indicative of editing of both
DNA strands (Fig, 2A). A single C—T edited se-
quence was also recovered from a second HPV16

sample (HPV16-33, Fig. 2B). A cutoff of three or
more C—T transitions was imposed to reduce
the impact of natural variation and PCR error in
designating APOBEC3 editing. Nonetheless, an
analysis of all the remaining HPV16 genomes
recovered by 3D-PCR showed a net excess of
G—A and C—T transitions (Fig. 2, A to C). The
‘mean editing frequency was ~9% (range: 5 1024%
per clone). Just as for HPV1a in vivo, the preferred
dinucleotide context for editing was TpC and CpC,
suggesting that hA3A, hA3C, and hA3H were
involved (Fig. 2D).

Transcriptionally active HPV genomes are in
the form of minichromosomes, complete with
nucleosomes (24). If they are as the data suggest
(ie., vulnerable to cytidine deamination, say in a
subset of cells with overexpressed h434, hd3C,
and h43H), then it mises the question as 1o how
chromosomal DNA is nomally protected from
these three powerful deaminases (Figs. | and 7).
AID is a cytidine deaminase that mediates class
switch recombination and somatic hypenmutation
of immunoglobulin genes (25, 26).
Not only does this gene have an exon-intron
structure similar to that of kd3d, h43C, and
hA3H, but human AID also falls into a cluster
with hA3A and hA3C, showing ~43 to 46%

amino acid identity (Fig. 2F) By contrast, hA3H
shows only 34 to 37% amino acid identity with
members of this AIDhA3AMASC cluster. Fe-
topic expression of 4D may be found in a va-
riety of cell types including nonlymphoid tumors,
again suggesting a link between cytidine deam-
ination and mmorigenesis (27). As the pre-
dominant mutation in cancer genomes is the
C—T transition (28, 29), irrespective of CpG, the
present findings are consistent with the possi-
bility that stochastic of transient overexpression of
efther of four human cytidine deaminase genes—
AID, hA3A, kA3C, and hASH—might be suf-
ficient to create an initial broad mutant spec-
trum from which the cancer genome eventually
emerges.
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Segregation of Axial Motor and
Sensory Pathways via Heterotypic
Trans-Axonal Signaling

Benjamin W. Gallarda,'* Dario Bonanomi,* Daniel Miller,”* Arthur Brown,!
William A. Alaynick,* Shane E. Andrews,* Greg Lemke,” Samuel L. Pfaff,’t Till Marquardt®*+

Execution of motor behaviors relies on circuitries effectively i

palactosidase) fascicles (Fig. 1, A to C and F),
This patiem emerges afier sensory axons join
motor projections at the dorsal root-ventral root
(DR-VR) junction (Fig. 1, A to C, and fig. §1) and
precedes the stages of Schwann cell precursor
invasion (Fig. 1, A to C; Fig. 2, A to C; and fig.
S1) (15). In most cases, sensory projections trail
earlier-extending motor axons (Fig. 1D and fig.
81, Ato Cand J to K) (/) However, median medial
mator column (MMCm) axons extend toward axial
targets w:ﬂla dels lay that results in a much closer

sensory

feedback to efferent pathways controlling muscle activity. It remains unclear how, during
neuromuscular circuit assembly, sensory and motor projections become incorporated into tightly
coordinated, yet functionally separate pathways. We report that, within axial nerves, establlshment

of discrete afferent and efferent pathways depends on coordinate signaling between

with ing sensary axons in the
dorsal ramus pathway 1Eand fig. S1,Dto 1
and L to M) {/6). The initial inleractions between
MMCrm and DRG neurites eventually reslve into

sensory and motor projections. These heterotypic axon-axon interactions require motor axonal
EphA3/EphA4 receptor tyrosine kinases activated by cognate sensory axonal ephrin-A ligands.
Genetic elimination of trans-axonal ephrin-A — EphA signaling in mice triggers drastic
motor-sensory miswiring, culminating in functional efferents within proximal afferent pathways.
Effective assembly of a key circuit underlying motor behaviors thus critically depends on
trans-axonal signaling interactions resolving motor and sensory projections into discrete pathways.

uring neuromuscular circuit assembly,

spinal motor neurons and dorsal root

ganglion (DRG) sensory neurons coex-
tend axons en route to peripheral targets, such
as muscle and dermis (/, 2). Their close prox-
imity and eventual pooling into common nerves
prompis the question of how sensory and motor
projections become organized into tightly coor-
dinated, yet functionally separate afferent and
efferent pathways. In chick embryos, peripheral
sensory-motor trajectories become rapidly orga-
nized into defined mutually exclusive intranerve
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fascicles (3). This carly appearance of discrete
infranerve trajectorics suggests that trans-axonal
interactions might drive the segregation (3, 4).
Axon-axen interactions have been implicated in
olfactory and retinal axon targeting in Drosoph-
ila and mouse {5-7) and also in chick lateral
molor column (LMC) and sensory axon sorting,
respectively (8, 9). Morcaver, embryological
studies suggest that wans-axonal interactions im-
part vital cues for proper navigation of propri-
oceptive sensory axons (4, /). The nature of

sharply proximal mot ory path-
ways (Fig. 1, Ato C and F, and fig. 511() These
observations suggest that, particularly within axial
nerves, axon type-segregated patterns may emerge
through interactions among coextending motor
and sensory projections.

To address this possibility, we established an
assay to study the interactions between axial
motor and sensory projections in vitra (Fig. 1G
and fig. S2) [sce supporting online material
(SOM)). After extended co-culture periods, axial
‘motor and sensory axons became organized into
almest completely exclusive but parallel sen-
sory and motor trajectories (Fig, 1, H to J, and fig.
83, A and M to N)}—a patiem remarkably rem-
imiscent of the aligned but discrete efferent and
afferent pathways observed in sim (Fig. L, A C
and F). Using nerve growth factor (NGF) and
neurotrophin-3 to select for nocioceptive and

such i and their ib 10 neuro-
muscular circuit assembly, however, remain
unclear (11).

To study the mechanisms underlying the es-
tablishment of discrete peripheral nerve path-
ways, we first analyzed the relative behavior of
identified motor and sensory projections during
newromuscular development (12). We generated
mice camying veniral mator newron-specific
Hb9::¢GFP (13) and previously generated
sensory neuron-targeted Braida. tau:lacZ trans-
genes (/4). In proxima! peripheral nerves of
HB9..eGFP.Bra3a.tawlacZ embryos, sensory
and motor projections segregate into discrete
eGFP" (where eGFP is enhanced green fluores-
cent protein) and tauwfiGal” (where fGal is -

11 APRIL 2008

I classes of sensory neurons, respec-
tively, we found that effective segregation of sen-
sory and motor prajections accurred imespective
of sensory subtype. Nevertheless, MMCm axons
more frequently crossed into proprioceptive ex-
plants compared with nocioceptive cultures (fig
82, F to K). Homotypic (e.g., motor-motar) co-
cultures failed to display axon segregation,
stressing the heterotypic nature of the underlying
interactions (Fig. 1, K to L).

To address the cellular basis for these inter-
actions, we monitored live co-cultured axial mo-
tor and sensory axons (fig. 83, C w L, and
movies S1 and $2). Acute encoumters of motor
axons with sensory processes triggered repulsive
growth-conc behaviors, including wholesale

233
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collapse followed by partial axon retraction
(11.7%, n = 51 growth-cone encounters) (fig.
83, B and C 10 G, and movie S2). Heterotypic
encounters, however, more frequently elicited
intermittent retraction of filopodial and lamelli-

podial processes, followed by motor prowth-
cone reorientation parallel fo sensory axon
trafectories (70.5%, n = 51) (fig. $3. H 0 L;
movie $1; and table S1). Homotypic encounters
between either intersecting motor or sensory

[ ore + ore

| R |
TrkA Tujl P Tujl
[ v vt _[oeecr ]

Fig. 1. Spontaneous delineation of axial motor and sensory projections during neuromuscular circuit
assembly. (A) 120-um lumbar (L5 to L6) transversal E12.5 section at the DR-VR junction. eGFP, motor
axons; anti-pGal, sensory axons {red); MN, motor neurons. (B and €) 120-1m nerve cross sections.
Levels, dashed lines in (A). (O MMCm projections through sensory fascicles. (D and E) 120-um lumbar
E10.0. Sequential advance: nonaxial motor axons, bottom arrowheads; sensory axons, top amowheads.
Asterisks denote emerging MMCm axons. (E} E10.0 dorsal ramus, emergmg sensory; MMCm growth
cone, top and bottom arrowheads. (F) E12.5 dorsal ramus, seg| tor pattern; TrkA,

axons, in contrast, failed to evoke repulsive
‘behaviors, allowing largely unhindered crossings
of axans (2.3% total motor growth-cone repul-
sion, nn = 43, versus §2.3% heterotypic repulsion,
n=351) (Fig. 1, K toL; movie 83; and table S1)
These observations raise the possibility that the
sorting of axial motor and sensory projections
into separate intranerve pathways is achieved
through heterotypic contact-dependent repulsive
interactions.

‘What are the mechanisms underiying hetero-
typic motor-sensory segregation”? Among several
candidate molecules, we facused on the EphA. fam-
ily utmtxpmnymsnek:nmmdlhetrcugtmecel

ly linositol-

anchored ephrm -A l1gsnds whose distribution
is consistent with a role in trans-signaling be-
tween motor and sensory axons (17, 8). When
cengaged by ephrin-As, EphAs typically trigger
contact-dependent repulsion, which has been
shown to drive diverse aspects of central nervous
system development and plasticity (5, 19). DRG
sensory neurons and their peripheral processes
express high levels of ephrin- A pratein (Fig. 2, D
to F, and fig. 84, B, F 10 G, K, and N), consistent
with the reported eplwin-A2 and ephrin-AS
MRNA expression in DRGs (17, 267). Converse
ly, high levels of both EphA3 and EphAd4 are
detected on MMCm axons (Fig. 2, Gto [; fig. 84,
C,H 1,1, and O; and fig. S6, A to D). Like-
wise, EphAd (but not EphA3) is also expressed
on IMC axons (17, 18, 20, 21) The complementary
of EphAs and ephrin-As on MMCm

tropomyosin-related kinase A. (A to F) Scale bars, 20 um. (G} Sensory motor |meradmr| assay (see
SOM). MN and DRG explants. (H to J) Motor (green) and sensory (red) axons segregate in vitro. The
dashed-line box indicates the enlarged area in () and (]); Tujl, plil-tubulin. (| and ]} Axen interface of
{H). (K and L) Absence of hamotypic axon segreqgation. (H} Scale bar, 100 pm. {l to L) Scale bar, 100 im.

and sensory axons thus mirrors the segregation of
axonal processes within proximal nerves.

To address the potential role of signaling
between sensory ephrin-As and motor axonal

E10.5 I E11.5 E12.5
.

ephrinA
Hb3::eGFP

EphAd Tujl

|Ephas™ ;gpnad®™|| EphaT iEpnas’
J L

Fig. 2. Loss of proximal motor-sensory segregation upon eliminat-
ing MMCm-expressed EphA receptors. (A to 1) 60-to-120—um L3 to
LS5 nerve cross sections: complementary distribution of EphAd (anti-
EphAd), ephrin-As (EphA3-Fc) in motor (eGFP), and sensory axons
(TrkA). Scale bar, 25 um. (] to M) 60-um thoracic transversal. Scale
bars, 100 um. (K and L} No motor projections in DRG (lsl1/2:
sensory nuclei). (L and M) MMCm axons misproject into DRG
[armowhead in (L)). Dashed line indicates the spinal cord. (N and 0}
180-um transversal. (N) Control motor-sensory trajectories. (O}
MMCm axons invade proximal sensory pathways and DRG (arrow-
heads). Solid lines indicate the DR-VR junction; asterisks denote the
dorsal ramus; and dashed lines indicate motor and sensory somas.
Scale bar, 50 ym. (P and Q) 120-4im T10 nerve cross. Dotted lines
indicate line measurements in (R) and (). (P} Control motar-sensory
(Q) Ectopic MMCm axons associate with sensory fascicles

Hb8::eGFP Bma: tau:lacZ

EPMJ”* e mar‘,

E12.5 transversal lumbar

11 APRIL 2008 VOL 320 SCIENCE

Hbd::aGFP TrkA | h Scale bar, 20 pm. (R and S) Intensity profiles of line
ZIR measurements indicated in (P) and Q).
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EphAs, we first examined the impact of elim-
inating EphA receptors from motor neurons
on interaxonal segregation in vivo. To tackle
potential redundant functions shared by dif-

ferent EphAs, we generated mice carrying tar-
geted null mutations for both Ephd3 (/8) and
EphA4 (21 to obtain EphA3/EphAd-deficient
(EphA3™" Eph44™"") animals. Subsequent in-

REPO

tercrossing with fb9::eGFP facilitated selective
analysis of motor axon behavior upon EphA
removal in Ephd 3™ EphaAd™ HB9::eGFP em-
bryos. The loss of either Ephd3 or Ephd4 alone
did not trigger overt defects in motor-sensary or-

although Epkd4™ mutants displayed

[ Wiid type ] [[ene dosage: motor & sensory misrouting |
A D motormeons/ E  maan pixal
z W drg 1) Intensity
& )
|
al 3
R et ] s
i o
)
[ EphA3*" EphAs™ ] = il
o o

[

e e it S P

AT ATS AT A3 AT: AT
A R pals AN pat At

mirked peroneal-nerve thinning, consistent with
the well-established role of EphA4 in dorsal-ventral
LMC axon routing in the limb (27, 22). However,
the successive loss of wild-type (WT) EphiA3 and
EphA4 alleles in either Ephdd or Ephd3 null
backgrounds, respectively, resulted in the cu-
mulative misrouting of motor axons into DRGs
(Fig. 2, L to M; Fig. 3, D to E; and fig. 85, A to
¥). EphA3/EphA4 double-null mutants displayed
marked eclopic invasion of motor axons into
DRGs at all rostro-caudal levels (Fig, 2, L io M,
and fig. 54, A to F). Retrograde neuronal racing
experiments revealed that the motor axons
entering the DRG originated from axial motor neu-
rons normally coexpressing EphA3 and EphAd,
but not from other motar neuron subtypes (fig.
86, A 10 D), Despite drastic changes in axial motor
Pprojections, sensory axons retain normal segrega-
tion from motor trajectorics in EphA3/EphAd
mutants (fig. 86, I to T)—indicating the cell-
autenomaus action of motor axonal EphAs in

discrete proximal motor and sensory

Fiig. 3. Axial motor axons within sensory pathways retain functional coupling with spinal locomotor
circuits. (A to €) E18.5 DR recordings (top). Genotype-matched VR traces (bottom). Locomotor activity
evoked by 10 uM N-methyl o,c-aspartate (NMA) and 20 puM serotonin [5-hydroxytryptamine (5-HT)]. (&)~ *
No rhythmic activity in WT DR, rhythmic activity in VR. (B} Some DR activity. (C) Strong rhythmic DR
activity. (D and E) Quantitative summary: motor-sensory misrouting (see SOM and fig. 55, A to C).
~(n = 8), EphA3 ™ EphA4™" (n = 6). Error bars

EphA3*™'~:EphA4™~ (n = 6 spinal cords), EphA3™EphAd™"

indicate SD. (F) Autocorrelation analysis. Significance: WT, Ephd3/Ephad-deficient VRs (P < 0.001, each);
WT DR (P > 0.05), EphA3/EphA4-deficient DR (P < 0.001). WT (p = 6), EphA3/EphAd-deficient (o = 6).

Asterisks denate significance; error bars indicate SD.

Fig. 4. Motor axonal EphAs impose sensitivity toward sensory-
exprassed ephrin-As. (A} EphA3/Epha4 deficiency abolishes ephrin-A—
induced MMCm growth-cone collapse in vitro. 1gG, immunoglobulin
G. (B to E) Example of control-Fc (B and €) and ephrin-A1-Fc (D and
E) stimulation. Typical Hb9:eGFP* MMCm growth cones (B and C);
ephrin-Al-Fc triggers collapse to filopodialike thread, F-actin*Tujl™
swelling. Scale bar, 10 pm. (F to K} Autonomaus Ephd3£Ephd4 re-
quirement in MMCm axons for repulsion by sensory axons. Scale bars,
100 pm. (F and G} EphA3/EphA4-deficient MMCm axans extensively
cross WT sensory axons and (H) invade WT DRGs (dashed outline).
{1 and )} .EphMpM& null sensory axons repel WT MMCm axons. (I()

[ EphATT EphAT ] o1 T
c o
& | mammmrtmaa, XA o
= 04
0
AT AT AT AR
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T ventralroot  dorsal root trajectaries.

We next generated Ephd3™ Ephad ",
Hb9:.eGFP.Brn3a::tan:lacZ mice, allowing the
ulianeous visualization of motor and sensory
axons at high resolution in EphA-deficient back-
grounds. The examination of the ntranerve seg-
regation patiem Ephd3 Ephad ™ Hb9::eGFP;
Bruda:tawlacZ embryos revealed that misrouted
axial motor axons entered proximal sensory path
ways affer initially following proper VR trajecto-

[ ephrin-A dosa response | mn[_epnasiepnas wT |
=
A P DRG: EphAT Ephid
® o ol 1 A
i A 3
z
%-n a
e |- 2
1) 2
£
B

No WT motor axon invasion of,,. EphA4 null DRG. (L} Q

summary. Mean number of invasion events per DRG (left); stacked
column diagram represents percent invaded DRGS per genotype
(right). Explant combinations are indicated. Relative distance is between
motor-sensary explants.
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ries (Fig. 2, O 1o P, and fig. 85, G to ). Upon
reaching the DR-VR junction, however, these
motor axons fanned oul into proximal sensory

pathways before entering the DRG proper (‘P;g 2,

these effects were due 1o a loss of trans-axonal
ephrin-A — EphA signaling, To test this, we an-
alyzed the impact of EphA3/(EphAd elimina-
tion on the sensitivity of axial motor neurons

growth order favoring direct motor-sensory
growth-cone encounter for late-extending axial
over earlier nonaxial projections and (i) second,
'hmugh d.:ﬁ":f:nnzl rehance on ephrm -A/EphA-

O 1o P, and fig. S5, G to N). The of
Ephd3 and Ephd from axial moter neurans thus
resulted in the extensive intermingling of motor
and sensory projections within proximal peripheral
nerves (Fig. 2, Q 0 T), yet this did not lead 10
defasciculation outside peripheral nerve path-
ways (Fig. 2P and fig. S5, E to I). In contrast,
distal nerve segments supplied by nonaxial motar
columns innervating thorax and limb muscles
maintained largely normal motor-sensory intra-
nerve patiemns (fig. 86, I to Z). Thus, with de-
creasing EphA receptor activity, axial motor
axons become progressively capable of invading
proximal sensory pathways.

Spinal motor neurons are embedded within
local neural circuitries that determine stereo-
typic patterns of activity (23, 24), raising the
question of whether ectopic motor projections
sustained within sensory pathways would dis-
play normal activity pattems (fig. S7, D and E).
To address this, we performed electraphys-
iological recordings from DRs and VRs in
perinatal Epiid3/EphAd-deficient and control
animals. In these preparations, central patiem
generator {CPG)-driven thythmic motor activity
was pharmacologically evoked and reconded
with extracellular suction electrodes from lum
bar VRs (Fig. 3, A to C, and fig. 87, A and B)
(25). We reasoned that ectopic activity coupled
1o CPG-driven locomatar pattems, such as de-
rived from MMCm neurons (26), would be de-
tectable through recordings from DR central
afferents (fig. S6, A and B).

EphA3/EphAd-deficient lumbar (L2) VRs
displayed typical periodic activity bursts, reflect-
ing CPG-coupled locomator activity (Fig. 3, A
to C) (23-25). In contrast, the activity recorded
from DRs of WT and EphA3/Ephd4 single or
double heterozygous animals was imregular, small
in amplitude, and did not display significant
rhythmicity (Fig. 3, A and F). This suggesis that
the normal segregation of praximal metor sensory
pathways effectively isolates the DR from exhib-
iting detectable locomotor activity. Even so, DRs
of EphA3/EphA4 double-null mutants showed
strong amplitude activity bursts mirroring the
rhythmicity of VR-derived motor activity (Fig. 3,
C and F, and fig. $6C). Recordings performed
on EphA3™" :EphA4™ DRs frequently revealed
similar, albeit weaker and less regular, locomotor-
like activity bursts (Fig. 4, B and F), consistent
with the EphA3/Ephdd-d d of

doses of exogt recombi-
nant ephrin-A prolein in vitro (Fig. 4, A 0 E; fig.
52, A © E; and movie 54) (20). In this assay,
EphA3/EphAd-deficiemt MMCim axons displayed
a complete loss of sensitivity toward ephrin-A—
induced growth-cone collapse (Fig. 4A). We next
tested whether elimination of sensitivity toward
ephrin-As would translate into a loss of motor
growth-cone responsivencss toward repulsion by
sensory axons. To this end, MMCm explants de-
rived from EphAS™ Ephdd™ :Hb9::eGFP o
control embryos were co-cultured with stage-
matched WT DRGs (Fig. 4, F to K). In this
assay, Ephd 3/EphAd-deficient axial motor axons
crossed over and intermingled with sensory
tmjectories thal, in the control, were marked by
two discrete sheets of paraliel motor and sensory
projections (Fig. 4, F to G, 1, and J). Moreover,
EphA3/EphAd-deficient motor axons frequently
invaded co-cultured DRGs, mimroring motor-
‘sensory misrouting defects in EphAS ™ Ephdd ™
mutants in sit (Fig. 4, H and L), We firther ad-
dressed whether cell-antonomous EphA-mediated
activity is required in motar axons, or if some of the
observed effects were due to non-cell-autonomous
and/or pleiotrophic requirements, such as proper
sensory neuron maturation. To investigate this,
we co-cultured MMCm explants derived from
WT embryos with DRGs derived from stage-
matched EphA3/Ephdd-deficient embryos. In
these experiments, co-cultured motor and sensory
proju:uons omuzad o mumally exclusive par-
ing that Epid3/Eofid
el\m.nauan does not affect the ability of DRG
sensory axons to repel WT motor axons (Fig 4, T
to K and L) The loss of motor axonal EphA
receptors thus leads o severely reduced sensitiv-
ity toward repulsion by sensory axons (Fig. 4L1),
consistent with an ephrin-A — EphA-mediated
repulsive signaling event that nommally operates
between adfacent axial motor axons and sensory
projections.

Assembly of complex circuitries generating
meaningful homeostatic, behavioral, or cogni-
tive outputs necessarily entails the formation of
concisely delineated neural pathways (27). This
is highlighted by conditions abolishing segrega-
tion of normally discrete axonal pathways, in-
cluding nerve injury-induced neuropathic pain
(28). The present study provides evidence that,
during neuromuscular circuit assembly, repulsive

molor-sensory miswiring (Fig. 3, D to E, and fig.
85, A to F). Loss of Ephd 3/EphAd thus erodes the
nonnal segregation pattern between axial motor
neurons and DRG sensory newrons and results in
MMCm projections within afferent pathways that
maintain their functional coupling with spinal
locomotor circuits.

The drastic proximal motorsensory mis-
wiring in EphA3/EphA4 mutanis suggests that

t | ephrin-A — EphA signaling con-
tributes to the establishment of discrete pe-
ripheral afferent and cfferent pathways. These

The
mu:hamsm: basis for the erderly segregation of
nonaxial motor-sensory components remains to
be identified. Apart from mechanisms driving axon
targeting and synaptogensis, the finely tuned
coordination between coextending, yet function-
alty distinet projection types may thus emerge as
akey feature in the assembly of neura! circuits in

general,

References and Notes

L LT Londmesser, int. [ Dev. Newrasci. 19, 175

2001).

H. H. Chen, S. Hippenmeyer, S. frber, E. Frank, Curr.

Gpin. Newrabial. 13, 96 (2003).

MG Honig, P. A Frase, 5. |. Camilli, Devefopment 125,

55 (15981

L Landmesser, M. G. Honig, Dev. Biok 118, 511

1988}

L Lo, J. G. Flanagan, Neuron 56, 284 (2007).

P, Feinstein, P. Mombaerts, Cedl 117, 817 (2004).

A Brown et ol, Cefl 102, 77 (2000).

. Tang, U, Rutishauser, L. Landmesser, Wewron 13, 405

{1994}

M. 6. Honig, . 5. Rufishavser, Dew. Biol, 175, 325

{1996},

10. K W. Tosney, #. S. Hageman, 1. Exp. Zoal 251, 232

1929).

1L G Wang, S, A Scott, Dev. ol 208, 324 (1959).

12. Materials and methods are available a5 supporting

material on Science Online.

S K Lee, L W. Jurata, ). Funahashi, £. C. Ruiz 5. L. Phaff,

Development 131, 3295 (2004

14, L A Quina ef ol, . Newrosch, 25, 11595 (2005).

15. 2. Dong e al, . Neuroscl. Res, 56, 334 (19991,

16. R Shirasaki, ). W. Lewcock, K. Lettien, 5. L Pfaff,

HNeuran 50, 841 (2006},
17, H. lwamasa ef of., Dev, Growth Differ. 41, 685 (19990,
18. A Vaidya, A, Pniak. G. Lemke, A Brown, Mol Cell. Bial
23, 8092 (2003)

19. R Kiein, Cure. Oin, Cell Biol. 16, 580 (2004),

20, T. Marquardt et at, Cell 121, 127 (2005).

21 F. Helmbacher, S. Schneider-aunoury, 2. Topilko.

L Tiret, P. Chamay, Develgpment 127, 3313 (20001,

22. £ R Kramer et af, Meuron 50, 35 (2006).

23. W Gaulding, 5. L Platf, Curr. Opin. Nevrabiol 15, 14

{2005).

24, 0. Kiehn, Anau. Rev. Newrosci. 29, 279 (2006).

25, C. B, Myers ot al., Newsn 46, 37 (2005),

26. A Gramsbergen, H. C. Geisler, H. Taekerna, L. A van Eykern,

Brain Res. Dev. Broin Res. 112, 217 (1999).

27. ). C Fecles, Apl Neuraphysiol a8, 5 (1981},

28. £ M. Meclachlan, W. Janig, #. Devor, M. Michaelis,
Hoture 363, 543 (1993).

. We thank K. Lettieri and A Klusswski for autstanding
technical assistance, E. Tumer for sharing Brndoztarioc
mice, and M. Goulding and A Bayd for £pkAt mice.
7M. was supported by the Deutsche Forschungsgemenschatt
Emmy Moether Program and Foncer Foundation
Avards. GL and S.LP. were supported by Nafional
Institute of Meurological Disorders and Stroke grants
NSD31249-14A1 and NSG54172-01A2.

Supporting Online Material

interactions act at the level of newly
axial motor growth cones and sensory neurites,
effectively blocking efferent access to proximal
afferent pathways. Our findings suggest that the
heterotypic motor-sensory segregation diverges
between axial and nonaxial motor neuron classes
at two levels: (1) first, by means of relative out-
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Convergence of Campylobacter Species:
Implications for Bacterial Evolution

Samuel K. Sheppard, Noel D. McCarthy, Daniel Falush,*t Martin C. ). Maidenf

The nature of species boundaries in bacteria remains controversial In particular, the mechanisms
of bacterial speciation and maintenance in the face of frequent genetic exchange are poorly
understood. Here, we report patterns of genetic exchange that show two closely related

zoonotic pathogenic species, C

ter coli, are

er jefuni and

asa

consequence of recent changes in gene flow. Population expansion into a novel ecological
niche generated by human activity is the most probable explanation for the increase in genetic
exchange between these species. Bacterial speciation can therefore occur by mechanisms
analogous to those seen in metazoans, where genetic diversification and incipient speciation
caused by ecological factors have been reported in several genera.

fhe dynamic nature of bacterial gene pools,

especially the mability of bacterial genes

among unrelated groups (J), has compli-
cated the development of a coherent species
concept for these organisms (7). Biological
speciation requires barriers to gene flow (3), and
in the bacteria, this can occur as a of

been characterized by the same seven-locus ulti-
locus sequence typing (MLST) scheme (19, 20).
There is an extensive archive of these data avail-
able from the C. jgjuni and C. coli PubMLST data-
base (hrp:/pubmlstorg/campylobacter), which
contains allelic profiles based on the nucleotide

of seven gene fragments

a single clone expanding into a niche and be-
coming isolated from its parent population, for
example, in the evolution of pathogens, such as
Yersinia pestis (4) and Salmonella sphi (5), from
ancestral hosts into human beings, In the absence
of ecological isolation, we might expect that ob-
served levels of penetic exchange slmu.ld prevent
the divergence of bacterial subpopul (6-9).

(MLSTalleles) (20). These profiles are assigned to
sequence types (STs). Here, we analyze 2953 dis-
tinct STs either directly or as haplotypes of 3309
base pairs in length, generated by combining
the seven allele sequences corresponding to each
ST (2D).

The distinct nature of C. jejuni and C. coli was
d by the clustering of the haplotypes

Although there are several ways in which gene
flow can be limited (£6), there is little evidence as
to which of these have resulted in the evolution of
particular bacterial species. Here, we demonstrate
convergence of the zoonotic pathogens Campylo-
bacter jejuni and C. cofi, driven by changes in
their ecology:

Campylobacter jejuni and C. coli, the most
common bacterial causes of human gastroenieritis
worldwide (/M 12), are recognized as distinct
microbiological species. Their housckeeping
genes share 86.5% nuclectide sequence identity
(13),a level similar to that observed between the
well-studied enteric bacteria Salmonella enterica
and Escherichia cofi, which are thought to have
diverged 120 million years ago (/4). Campylo-
bacter species have a broad host range and are
present in the gastrointestinal tracts and feces of
many birds (/5) and mammals (/6). Both C.
jejuni and C. ol can also be isolated from a wide
variety of environmental sources, presumably as
a consequence of fecal contamination (/7), and
there is evidence of genetic exchange within and
between these two species (18, 19). As part of
ongoing efforts to elucidate the epidemiology of
human campylebacteriosis, isalates from diverse
sources and multiple geographic locations have

Departments of Zoclogy and Stafistics, University of Oxford,
Peter Medawar Building, South Parks Read, Oxford OX1 38V, UK.
*Present address: Erwironmental Research Instifute, University
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1T whom camespondence should be addressed. £-mail:
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into two main groups corresponding to the micro
biological species designations. Although some
haplotypes did occupy i fate positions ina

REPORTS I

€. coli haplotypes could be assigned to one of the
three clades (clades 1 1o 3) in the genealogy, of
which clade 1 was the largest and most diverse in
this data set (Fig, 1B). Combining these data
enabled the assignment of each ST to a given
clade and the assignment of individual allcles toa
clade of origin, independent of the clade assign-
ment of the comesponding ST (Fig. 1, B and C).

Asymmetric gene flow was apparent among
C. jejuni and C. coff clades 1, 2, and 3 (Table
1 and table S1); most gene flow
clade 1, which had imported € jejun alleles at
every locus on multiple occasions. A high
proportion {18.6%, 54 out of 290) of the alleles
in hybrids assigned to C. coli clade 1 originated
in C jejuri. Clade 1 also had the highest fre-
quency of alleles originating in the other two
€. coli clades, although the numbers were small,
There was also evidence that clade 1 was a more
frequent donor, at least to C. jejuni, with 25 of the
27 imported C. coli alleles arising from clade 1,
‘which indicated a substantially elevated, although
still low, rate of impon compared with that ob-
served from the other C. coli clades (Table 1 and
tahle S1.

The rate of import of C. jejuni alleles by C.
coli must have changed, subsequent to the
divergence of the three clades from their shared
‘common ancestor, with several lines of evidence
indicating that the low rates seen for C. coli
clades 2 and 3 were closer to historical levels than
the high rates estimated for clade 1. First, because
clade | and clade 2 are sister taxa (Fig, 1B), a
(.hmgc in rales uf impont for clade 1 is a more

fon than changes for both

neighbor-joining wee (Fig 1A), these had alleles
at the seven loci that could each be clearly as-
signed 10 one species or other, which indicated
that the haplotypes were hybrids generated by
inferspecies gene exchange (19). A more formal
species assignment was performed with the link-
age model of the Bayesian clustering algorithm
STRUCTURE (22, 23), with a threshold probability
of 0.75 used as the cut-off for membership of a
particular ST in each species. According 1o this
criterion, 2221 (75.2%) of the STs were assigned
10 C. jejuni and 715 (24.2%) 1o C. colf; only 17
8Ts (0.6%, wiangles in Fig. 1A) could not be
assigned 1o a species in this way. A total of 79
(11%) of the C. coli STs exhibited C. jefuni
ancestry, >1%, whereas only 15 (0.6%) of the
€. jejuni STs exhibited any € coli ancestry;
these findings provide evidence for asymmetric
gene flow between these populations.
Structuring within the . coli population, not
apparent from the cluster analysis (Fig. 1A), was
evident from a genealogical analysis of the de-
rived C coii haplotypes with CLONALFRAME (24)
(Fig. 1B), a model-based approach that estimates
clonal relations while accounting for the fact that
a single import can change multiple nucleotides
at once. This indicated the division of C. coli into
three subclades, which was supported by cluster
analysis of the seven housekeeping genes indi-
vidually (Fig. 1C). All but 26 (3.6%) of the 715

cla:lcs 2 and 3. Second, there were short but
similar branch lengths observed for each of the
seven MLST loci between the predominant
sequence clusters of the three clades (Fig. 1C)
This pattern was consistent, with divergence
oceurring progressively by point mutation rather
than abruptly by genetic import from a foreign
source. Third, mast (49 out of 50) of the alleles
assigned a C. jejurd origin, but found in C. coli,
were identical to alleles present in C. jejuni,
which showed that they have not mutated since
being acquited by C. coli. Finally, an ongoing
process of recombination would be expected to
fragment imported DNA progressively and to
lead to the creation of hybrid alleles. Hybrid
alleles were much less common than C. jejuni
alleles in C. cofi clade 1; they were observed at
only three of the seven loci, namely, t, aspA,
and giv4 (Fig. 1C). In conclusion, the high rates
of import into C. cali clade 1 represent a recent
change from historical patierns of gene flow.
Quantitative analysis of these recent events
showed that the genetic changes leading to the
convergence of C. coli clade 1 with C. jejuni
occurred at least four times more frequently than
those leading 1o their divergence (21). If main-
tained over time, these relative rates would lead
10 progressive genetic convergence unless coun-
tered by strong genome-wide natral selection
against €. jejrani nucleotide sequence in € coli
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C.fetus

ghA

Fig. 1. Relations among haplotypes and alleles derived from STs from the C. jejuni and C coli
pubMLST database. (A} Neighbor-joining tree of the 2953 C jejuni and C coli haplotypes
{concatenated MLST alleles) rooted with a C. fetus sequence. Isolates belonging to C. jefuni are
shown in gray and those belonging to C. coff in black. Haplotypes that could not be assigned to a
species are shown as open triangles. (B) ClonaLFrame genealogy generated from the C. cofi
haplotypes. Clade 1 haplotypes are indicated in blue, clade 2 in yellow, and clade 3 in red. (€}
Neighbor-joining trees of individual gene sequences. The species and clade to which the haplotype
containing each allele is assigned are indicated by color: gray, C. jejuni; blue, C. coli clade 1;
yellow, C. coff clade 2; and red, C. coli clade 3. Open circles represent alleles that are found in C coli
and C jejuni. Alleles found in more than one C. coli clade are indicated by the following colors: clades
1 and 2, black; clades 2 and 3, orange; and clades 1 and 3, purple. The colored circles show the
boundaries used to assign alleles to a likely origin. For each tree, the scale bar represents a genetic
distance of 0.02.

Table 1. The predicted origin of alleles is given for haplotypes assigned to C. fefuni and C. cofi
clades 1 to 3. Assignment of haplotypes to C. jejuni or C. coli was on the basis of the Sructure
analysis, and the three clades of C coli were defined by the CionalFrame genealogy. Individual
alleles were assigned to a predicted source on the basis of the neighbor-joining trees for each allele

(Fig. 1).

Percentage of distinct alleles (total number of alleles)

Likely origin C. jejuni C. coii clade 1 €. coli clade 2 C. coli clade 3
(1218) (290} (82) {131)

€. jejuni 97.7 18.6 12 0.8

€. coli clade 1 2.1 75.9 122 0.8

C. coli clade 2 0.1 17 84.4 08

C. coli dade 3 0.1 3.8 2.4 97.7

There are several ways in which barriers to ge-
netic exchange among bacterial populations, suf-
ficient 1o cause speciation, could arise. These can
be divided into three categories: mechanistic, eco-
logical, and adaptive. Mechanistic barriers could
‘be impased by dependence an hamalogous recom-
‘bination (18) or by other factars promoting DNA
specificity (25), such as restriction and/or mod-
ification systems. Ecological barrers are a con-
sequence of physical separation of hacterial
populations, resulting from the occupation of dis-
tinct niches, whereas adaptive mechanisms imply
selection against hybrid genotypes (26). We have
shown that there has been a recent, bidirectional
increase in the rate of recombination between
€. jejuni and C. coli and a concomitant reversal
«of the speciation process. One of the three clades of
C. coli is more affected by this increase in recom-
‘bination than the others. This asymmetry cannot
be easily explained by a mechanistic barrier but
could be the result of the proliferation of this
clade in an environment where C. jejuni dominates
numerically. C. jejuni and C. coli display some
Tost specificity and dominate in, for example, wild
birds (15) and pigs (16), respectively; however,
there is appreciable niche overlap. Both species
are frequently isolated from chickens and cattle,
in which they are provided opportunitics for ge-
netic exchange (/7). Taken together, these observa-
tions suggest that ecalogical, and possibly adaptive,
factors historically prevented gene flow between
the two species and that an ecological change has
disrupted this barrier and has led to a process
whereby the two species are merging or “despe-
clating” (Fig. 2).

. jejuni isolated from the intestinal tracts of
different animal species have differentiated gene
pools of MLST alleles that allow probabilistic as-
signment of alleles to host (27). We found that
alleles imported from €. jejuni by C. coli were
indistinguishable from €. jejie alleles taken from
agricultural sources (ruminants and poultry), but
distinet from these found either in the environment
ar wild birds (27). Apriculture represents a highly
plausible nove! environment within which the two
species could have been brought together. How-
ever, wider sampling, paricularly of C. coli from
natural environments, will be needed to confirm
this hypothesis.

The imteraction of two distinet bacterial species,
€ coli and €. jejuni, has provided an opporunity to
observe evalution by hybridization as it is occurring.
The despeciation process that we have identified
appears to be a consequence of ecalogical factors.
This mechanism i analogous to that observed in
sexual eukaryotic populations, such as Darwin’s
Finches, where incipient species are associated
with distinet niches (28), and this process can be
reversed through hybrdization when selection
pressures change (29). Humans continue to cause
rapid and extensive environmental change. Preex-
Isting environments have been degraded. and nove!
«ones, such as intensive farms or acid mine drainage
areas, have been created that provide a new adaptive
landscape and opportunitics for hybrid forms to
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Fig. 2. An illustration of the
genetic divergence and a scenar-
io for despeciation of C jejuni
(gray) and €. coff clades 1 (blue),
2 (yellow), and 3 (red). Between
time ¢ ; and f_y, campylobacter
split into two separate species,
C. jejuni and C coli. Between ¢t 4
and the present (t,), C. coli fur-
ther separated into three distinct
lineages representing incipient
species. At £ C. colf clade 1 starts
to accumulate genetic material
imported from C. jejuni, owing
to expansion into a novel agri-
cultural niche. By #;, recombi-
nation has been sufficient to
make strains with a clade 1 clo-
nal origin indistinguishable from
C jejuni. A more speculative
pru]e(tmn wuuld be that the

change in L condi-
tions could also have a substan-
tial effect on clade 2 and clade 3

strains, with an elevated rate of exchange with the cosmopolitan and numerous €. jejuni clade 1 bacteria,
which could lead to complete despeciation at the nucleotide level by time f5.

evolve (29-31). By understanding the mechanisms
of microbial evolution, we can hope to mitigate
some of the hammfil consequences of both envi-
ronmental change and the biotic response fo it,
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Leiomodin Is an Actin Filament
Nucleator in Muscle Cells

David Chereau,’*t Malgorzata Bnaknwska,‘f Aneta 5l(warek-Mar'nszew'slm,3
lkuko Fujiwara,‘ David B. Hayes,‘ Grzegorz Rebowski,” Pekka I.appalainerl,3

Thomas D. Pollard," Roberto Dominguez®t

Initiation of actin polymerization in cells requires nucleation factors. Here we describe an actin-binding
protein, leiomodin, that acted as a strong filament nucleator in muscle cells. Leiomadin shared two
actin-binding sites with the filament pointed end—capping protein tropomodulin: a flexible N-terminal
region and a leudine-rich repeat domain. Leiomodin also contained a C-terminal extension of 150 residues.
The smallest fragment with strong nucleation activity included the leucine-rich repeat and C-terminal
extension. The N-terminal region enhanced the nucleation activity threefold and recruited tropommyosin,
which weakly stimulated nucleation and mediated localization of leiomodin to the middle of musde
sarcomeres. Knocking down leiomodin severely compromised sarcomere assembly in cultured muscle cells,
which suggests a role for leiomodin in the nucleation of tropomyosin-decorated filaments in muscles.

ctin-binding proteins suppress the sponta-
neous nucleation of actin monomers into
filaments, so cells use nucleation factors to
initiate actin polymerization. In non-muscle ndl:,
the best-characterized filament nucleators are actin-

wwwsciencemag.org  SCIENCE  VOL 320

related protein 2 and 3 (Amp2/3) complex and
fommins (£). Less is known about the initiation of
actin filaments in striated and smooth muscle cells,
where specialized proteins may be used to assemble
and remodel the ropamycsin-decorated filaments.

We identified the protein leiomodin (Lmod)
as a polential filament nucleator in muscle
cells because sequence analysis suggested that
it contained at least three actin-binding sites
and could possibly recruit three actin mono-
mers 1o form a polymerization nucleus. Thus,
the first ~340 residues of Lmod are ~407% iden-
tical to tropomodulin (Tmod) (fig. S1), a pro-
tein that caps actin filament pointed ends (2, 3).
The N-terminal portion of Tmod is unstructured,
except for three helical segments involved in
binding tropomyosin (residues 24 to 35 and
126 to 135) and actin (residues 65 to 75) (4).
This region of Tmod caps the pointed end of
actin filaments in a tropomyosin-dependent
‘manner (5). Tmod has a second, tropomyosin-
independent, actin-binding and -capping site
within the C-terminal region (residues 160 10
359) (5), consisting almost entirely of a Leu-rich
repeat (LRR) domain (5). Lmod shares this do-
main organization but has only one of the two
tropomyosin-binding sites (Fig. 1A and fig. S1).
More importantly, Lmod extends ~150-amino
acids beyond the € terminus of Tmod. This
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extension containg a short poly-proline {polyP) re-

gion, two segments with a predicted helical siructure,

and an actin-binding Wiskott-Aldrich syndrome
protein (WASP)—hmnoLugy 2 (WH2) domain,

To localize Tmed in cultwed neonatal rat

. we used antibody

We sudied the effect of Lmod on actin as-
sembly by menitoring the fluorescence increase
of 6% pyrene-labeled actin upon polymerization
Nanomolar concentrations of Lmeod,,, dramati-
cally stimulated polymerization compared with
actin assembly (Fig. 3A). Lmod; 14

staining and expression of enhanced green flu-
orescent protein (EGFP)-Lmod fusion proteins
(7). Our rabbit polyclonal antibody against wild-
type Lmod (Lmod,) reacted specifically with
Lmod in extracts of skeletal muscle and did not
cross-react with Tmod (fig. $2). In cardiomyo
cytes, this antihody concentrated close to the
M-line protein myomesin, near the center of the
sarcomere (Fig. 1B). EGFP-Lmod,,, and BGFP-
Lmod; 142, comprising the Tmod-like portion
of Linod, also concentrated in the middle of
sarcomeres, well separated from g-actinin in
Z-discs (Fig. 1C), Thus, Lmod is located near the
pointed ends of the actin flaments, which were
not resolved from M lines. On the other hand,
EGFP-Linod, 5y 495, 8 fragment with strong nu-
cleation activity (see below) that included the
LRR and C-tenminal extension, concentrated in
the nucleus. Thus, the N-terminal domain is
required for Lmod localization in the center of
sarcomeres.

Strong overexpression of all three EGFP-
Lmod constructs disrupted sarcomeric organiza-
tion and induced the formation of aberrant actin
structures (fig. 83). Lnod,gs 405 had the most
dramatic phenotype. Even moderate expression
of Lmod, ¢, 495 induced the formation of abner
mal actin bundles in the nucleus, similar to those
observed in intranuclear rod myopathy (8).

We investigated the role of Lmod in sarco-
mere assembly using RNA interference (RNAi)
1o knockdown Lmod expression in cardiomyo-
cytes. Cells transfected with Lmod-small inter-
fering RNA (Lmod-siRNA) had drastically
lower levels of Lmod protein than control cells
(fig. S4). Fluorescent antibody staining for
Lmed was strongly reduced in Lmod-siRNA
cells (Fig. 2), which also lacked the striated pat-
tem of Lmod ebserved in control cells trans-
fected with a scrambled oligonucleotide. Lmod
knockdown cells lacked organized sarcomeres
(Fig. 2 and 85). In Lmod-siRNA cells, the Z-
disc protein o-actinin concentrated in small
spots, in contrast with the rypical striated pattem
observed in control cells (fig. $5). Lmod knock-
down cells were also less adherent and spread
than wild-type cells. Thus, Lmod plays a role in
sarcomere assembly and organization.

*Basten Biemedical Research Institute, Watertown, MA 02472,
USA. *Department of Physidlogy, Univ of mmlm‘a
Schaal of Medicine, Philadelphia, PA 19104, USA. “Institute of
Siotechnalegy, University o Helsrk, 50014 Helsink, Fintand,
‘Depariment of Molecular, Cellular, and Developmental
Bialagy, Yale University, New Haven, CT 06570, USA.
*Present acdress: Elan Pharmaceuticals, San Francisca, CA
94080, USA
{These authers contributed equally to this work.
1Ta wham comrespondence should be addressed. E-mail:
droberio@mailmed.upenn ey

was significantly less effective, although more
active than Tmod, which has weak nucleation ac-
tivity (5). Linodygy 242, comprising the LRR and
an additional 14 residues necessary for poimed-
end capping in Tmod (5), and Lmodags 495, cor-
responding to the C-terminal extension, both
had low polymerization-inducing activity. How-
ever, the combination of these two constructs in
Lmodygy o5 retained one-thind of the activity of
Lmod. (Fig. 3D). Deletions and substitutions in
Lmod..; 495 suggested that each of the modules of
‘C-tenminal extension 1o this activity;

some seemed to bind actin direcily, whereas others
seemed to help properly position the actin-binding
sites for assembly (fig. S6).

To determine whether Lmod promoted as-
sembly by stimulating nucleation or elongation,
we ohserved Tmod-induced actin polymerization
directly by total intermnal reflection fluorescence
(TIRF) microscopy. The number of filaments in-
creased exponentially with Linod,, concentra-
tion (Fig. 3, B and C, and movies S1 1o S4),
whereas Lmod,,, had no effect on the elongation
rate of either filament end (fig. $7) We obtained
similar results with Lmod g 455 In agreement
with the bulk polymerization assay (fig. S6),
constructs with deletions or substitutions of the
modules of the C-terminal exiension formed
fewer filaments than Lmudm 95 (F1g aB).
Thus, Lmod stimul by nucleat-

Fig. 1. Domain organi-
zation and localization of

Lmod in cultured rat car-

diomyocytes. (A} Modular
organization of Lmod and
construds used in this study
(TM-h1, TM-h2, and A-h,
tropomyosin- and actin-
binding helices; h1 and
h2, predicted helices; B,
basic segment). (B) Fluo-
rescent antibody staining
shows colocalization of en-
dogenous Lmad (green)
and myomesin (red) in the
middle of sarcomeres. Ar-
rowheads indicate Lmod
and myomesin localiza-
tion to M lines. Scale bars
indicate 10 pm. () EGFP-
Lmotl,e and EGFP-Lmod) 5.
constructs {green) also con-
centrate in the middle of
‘sarcomeres, separated from
Z-discs visualized with
antibodies to o-actinin,
wihereas EGFP-Lmody g 195
concentrates in the nucleus
(scale bars, 10 pm).

EGFP-Lmodw O

EGFP-Lmod1-312

B
E
=
d
i
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ing filaments rather than increasing their elonga-
tion rates,

From the time course of polymerization (Fig.
3A and fig. S6) and the elongation rates es-
tablished by TIRF (fig. S7), we deiermined that

than 1 uM. This biphasic effect of tropomyosin
can be explained by two opposite mechanisms:
Tropomyosin weakly promotes nucleation by
Lmod,,; but reduces the formation of ends via

2 uM actin formed 3.4 nM barbed ends per
minute in the presence of 25 oM Lmod,., (Fig.
3D). This high nucleation rate is comparable 10
that of Arp2/3 complex (9). Lmod;e se5 Te-
tained one-third of this act v (Fig. 3D).

We tested fhe effect of troporyosin on polym-
erization induced by Lmod,, and Lmodg; 4o,
which lacks the tropomyosin-binding site (fig.
S1). All concentrations of tropomyosin inhib-
ited polymerization by Lmod, g 45 (Fig. 4A)
In contrast, polymerization by Lmod.,; was stim-
ulated at low tropomyosin concentrations but
inhibited at tropomyosin concentrations higher

Fig. 2. Lmod knockdown disrupts sarcomere
assembly in rat cardiomyocytes. Lmod antibody
staining is reduced and the striated Lmod pattern is

(10). AL 1 pM con-
centration, tropomyosin promoted polymeriza
tion of 2 M actin with a range of concentrations
of Limod,; and Linod; 14,, but not Tmod, all of
which were expected to bind ropomyost
4B). This stimulatory effect of tropomyosin on
Lmod-induced nucleation occurred within a
physiologically relevant range, because the ratio
of tropomyosin 1o actin in muscle thin fila-
ments s 1:7,

The C-terminal extension of Lmod contains
a short polyP sequence, a potential binding site
for profilin (fig. S1). However, profilin inhibited
to the same extent polymerization induced by

Lmod

REPORTS I

Lmodygs 435 and a construct in which the polyP
sequence was replaced by a glycine-serine re-
peat, Lmodygr 495 (polyP-GS) (fig. S8). Thus,
profilin does not seem 1o play a role in filament
nucleation by Lmod

‘We used sedimentation velocity to determine
the stoichiometry of the Lmnod-actin polymer-
zation nucleus (fig. 59). We included latrunculin
B (LaB) in the buffer 1o prevent polymeriza-
tion. Separately, actin-latB and Lmod con-
structs Lmod,,, Lmod;g g5, and Lmod; e
were each monomeric and soluble (fig. $9). Com:
plexes of Lmod,,, with actin formed a reaction
boundary (multiple species) around 125, whose
stoichiometry could not be determined by fitting
Mixtures of Lmod; 14 with actin formed reaction
‘boundaries around 3.38 (comesponding fo actin-
LaB) and 6.55 (Fig. 4C). The predominant

F-actin

o
lost in cardiomyocytes transfected with Lmod- Z
specific SiRNA as compared with control cells (|
(transfected with scrambled-siRNA). The micro- &
graphs of Alexa 568-phalloidin show that sarco-
meric actin structures are severely disorganized in g
knockdown cells (scale bars, 10 ym). i
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Fig. 3. Lmod nucleates A Pyrene assay B TIRF ] Nucleation rates  (nMimin)
actin filaments. (A) Time E3000, __ imod, 34
course of fluorescence in- S 80 Sasee] = Lmodigaes Lmodiaz4es 12
crease upon ati S é - (nGS) g;‘
of 2-uM Mg—adenosine ‘(E DM o (h2-GS) 013
5triphosphate (ATP- £ £ sime. (AWH2) 0.07
actin (6% pyrene-labeled) B 'i (an1) 0008
dlone (back orvkn 25 & 2o i (ponP.G3) ot 000
Lmeod constructs {colored > _ o0 Tmod " 00007
according 1o Fig. 18) in § / £ et i
polymerization buffer [10 = °F v = T = "7 I %
mM Tris pH 7.5, 1 mM c Time (min)

MqCl, 50 mM KCl, 1 mM
EGTA, 0.1 mM NaN, 0.02
mg/ml bovine serum al-
bumin, 0.2 mM ATPI. (B) £
Number of barbed ends
formed after 4 min of po- j
lymerization with varying

Lmed concentration mea-
sured by TIRF. For each
construdt, the average num-

{opm Control
ber of actin seeds was mea- o

sured from 20 images (150 um by 120 um). Data reported are mean  SD. (C) TIRF
micrographs of fields of actin filaments prepared 4 min after initiating of polymeri-
zation of 1 M Mg-ATP-actin with a range of Lmed,,, concentrations. (D) Time course
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1nM Lmodwt

2nM Lmodwt

5nM Lmodw
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7nM Lmodw

of barbed-end formation in the presence of Lmod constructs calculated from the
polymerization rate, concentration of adin monomess remaining, and rate constant for
barbec-end elongation (10 W™ s~) {fig. S7A). The table gives the nucleation rates.
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species in the second peak was a 2:1 complex of

actin:Lmod, 5. Mixtures of Lmod, g 405 with
actin-LatB precipitated. However, by quantitating
the proteins in the supematant using the interfer-
ence optics of the ultracentrifuge, we determined
the composition of the complexes in the pellets
(Fig. 4D). When actin was present in twofold
molar excess over Linod, gy 495 all of both pro-
teins precipitated, indicating that Lmod, 4es
binds two actins. Actin may bind cooperatively
to the two sites, because actin:Lmod gz 405 pel-
leted as a 2:1 complex even when Lmod,g; 495
Was Present in excess.

Lmod, g5 495 and Lmod, 1, share one actin-
binding site (LRR domain) and cach binds two
actin subunits, which suggests that full-length
Lmod stabilizes a nucleus of three actin sub-
units, bound to the flexible N-terminal, LRR,

Fig. 4. Mechanism of
actin nucleation by Lmod.
{R) Effect of tropomyosin
on the polymerization of
2 pM actin induced by
0.5 uM F-actin seeds, 25
nM Lmod,, or 25 nM
Lmodsgo ses. Rates were
determined from the slope
of the curves at 50% po-
Iymerization and expressed
as percentage of the rates
without tropomyosin. Da@

At

g8 3

Actin polymarization (%)
8

a5 1

2 pM actin with increasing
concentrations of Lmod,,
Lmady 325, or Tmod in the
absence (dashed lines) or
the presence {solid lines)
of 1 uM tropomyosin.
Rates are expressed as
percentages of the po-
lymerization rate of actin
alone. Data reported are
mean + SO of three or
‘more experi Q) Sed-
imentation velocity dilu-
‘thon series of complexes of
actin:lmody s at two dif-
ferent molar rabios. The sam-
pes contained 50 M Late
o prevent polymerization.
The first peak corresponds
to actin-LatB. The main
species in the second peak
is a 2:1 actinlmod; e

Actin polymerization (%)

g

(2]

e

Adtin.Lmaodi.aa

o o
B ®

o

<g(s';:> (mg/mi/svedberg)
o

15 2 25 3
T™ (M)

) % a1k 2w
Lmeod or Tmod (nM)

and WH2 domains. Information about the af-
finities of actin for the three binding sites and
potential cooperative binding effects will be
required to trace the actual nucleation pathway
[supporting online maierial (SOM) text]. Be-
cause Lmodyg, 495 is a strong nucleator, we
propose that assembly of the nucleus begins
with actin monomers binding to the LRR and
‘WH2 domains, followed by actin binding to
the flexible N terminus, The N terminus is also
necessary for Lmod localization near the center
of sarcomeres, which suggests that Lmod (like
Tmod) binds to filament pointed ends, because
actin and tropomyosin are the only known
binding partners of this region of Lmod. Be-
cause of steric hindrance, the WH2 domain
may dissociate as the nucleus grows from the
barbed end. After nucleation, the outcome of

— Lmodut
= Lmod 12425
— F-actin seeds.

AT (1)

s
™

<p(s")> (mgimlsvedverg)

A\

complex. (D}
tion velodty analysis of
actin:Lmodsgs g5 mixed

0D 20

at different ratios (right). In the presence of LatB, actin:Lmod;go sss com-
plexes precipitated. The stoichiometries of the complexes in the precipitate
were determined by difference from the amount of actin or Lmodygz—ags
remaining in solution, using the interference optics of the ultracentrifuge.
(E) Comparison of models for actin filament nucleation. We propose that
Lmod stabilizes a trimeric actin nucleus and that tropomyosin enhances
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40 60
835, (svedbergs)

40

20 30

&0 1
83, (svedbergs)

Arp2/3-WASP

the other interactions of Lmod with actin and
tropomyosin are unknown, but these interac-
tions may serve 1o localize Lmod to actin fila-
ment pointed ends near the center of sarcomeres.
It is unknown whether Lmod can coexist with
Tmod at these sites.

The nucleation mechanism that we propose
for Lmod has features in common with nuclea-
tion by Amp2/3 complex together with WH2-
containing proteins, such as WASP (Fig. 4E).
In both cases, a WH2 domain delivers an actin
monomer to complete a trimeric seed consist-
ing of three actin subunits {(Lmod) or one actin
subunit and the Arp2 and Arp3 subunits of Arp2/3
complex. However, Arp2/3 complex depends
on an extrinsic WH2 domain, whereas Lmod
Tas an intrinsic WH2 and is active on its own,
Arp2/3 complex anchors the pointed end of the

Gactin T
"l

Processive nucleator

e o e o e

O

Formin

Spire

Actin Lmodi62458 Soluble Fraction Actin‘Lmod1e7-415
initial ratios. (M) iy rabos in precpitals
— 01 (D284) 284 (Lmad) ]

10 (2.340) 234 (Actin) ]

51 (1322.64)  5.02 (Actin) 3411

21 (528284) 000 2011

11 (264284) 080 (Lmac) 181

15 (053264) 239 (Lmad) 24

nucleation and mediates the localization of Lmed to filament pointed ends.
Arp2 and Arp3 of Arp2/3 complex form a trimeric seed with an actin
monomer bound to the WH2 of a nucleation-promoting factor. Formin
dimers form nuclei and remain associated with the barbed end of the
growing filament. Spire stabilizes a nucleus consisting of four actin sub-
units along a long-pitch filament strand.
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new filament to the side of another filament,
whereas Lmod does not form branches. Lmod
is also distinet from formins and spire. Formins
remain bound to elongating barbed ends after
initiating a filament (). Spire is thought to
stabilize nuclei by bridging actin subunits along
a filament strand (/). A unique feature of Lmod
is its ability to work in conjunction with tropo-
myosin, which potentiates its nucleation activ-
ity and mediates its localization to the middle
of sarcomeres. The strong nucleation activity
and severe knockdown phenotype make Lmod
a strong candidate to nucleate tropomyosin-
decoraied actin filaments in muscle sarcomeres.
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Deconstruction of Iterative Multidomain
Polyketide Synthase Function

Jason M. Crawford,’* Paul M. Thomas,? Jonathan R. Scheerer, Anna L. Vagstad,*

Neil L. Kelleher,?t Craig A. Townsend"{

PksA, which initiates biosynthesis of the environmental carcinogen aflatoxin B1, is one of the
multidomain iterative polyketide synthases (IPKSs), a large, poorly understood family of

biosynthetic enzymes. We found that dissection of PksA and its reconstitution from selected sets
of domains allows the accumulation and characterization ol advanced octaketide intermediates
bound to the enzyme, itting the reactions i catalytic domains to be
identified. A product template (PT) domain unites with the kelesymhase and thioesterase in this
IPKS system to assemble precisely seven malonyl-derived building blocks to a hexanoyl starter

unit and mediate a specific cyclization cascade. Because the PT domain is common among
nonreducing IPKSs, these mechanistic features should prove to be general for IPKS-catalyzed

production of aromatic polyketides.

ens of thousands of natural products are

known from microorganisms, plants, and

animals that provide hormones, toxins,
flavors and fragrances, pigments, drugs, and
other materials of commercial value. A handful
of biosynthetic pathways give rise to this rich
diversity of useful stuctures. Among these,
polyketides are synthesized from simple acyl-
coenzyme A (acyl-CoA) substrates by polyketide
synthases (PKSs) (1). We understand a great deal
about the function of giant modular PKSs that
synthesize complex products, for example, the
antibiotic erythromycin and the immunosup-
pressant rapamycin (2). Fach catalytic domain
in these multidomain (type T) megaproteins is
used once in an overall “assembly-line” process
as a growing intermediate is advanced along the
enzyme 1o yield a product. In contrast to these
bacterial systems, in eukaryotes iterative PKSs
(IPKSs) are generally the rule where a markedly

*Departent of Chervistry, Jehns Hopkins Univershy, Balti-
more, #D 21218, USA. “Department of Chenvsiry, University
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smaller number of catalytic domains are similarly
fused but individually reused in rmultiple catalytic
cycles (iteration) that are “programmed” to vield

Fig. 1. Aflatoxin B, biosynthesis.
(A} Biosynthetic pathway. PksA
acecepts a Cg fatty acid from the
associated fatty add synthase
subunits (HexAHexB) and homol-
ogates acetyl units while attached
to either the acyl carrier protein
(ACP) or ketosynthase (K5) to a
fined chain length (octaketide), as
shown in the hypothetical in-
termediate 1 {shown as the keto
form), R = ACP or K5. PksA
controls specific cyclization chem-
istry to release the norsolorinic
acid anthrone (2), which is auto-
oxidized in vitro to norsolorinic
acid (3). 3 is processed through a
series of oxidative rearrange-
ments to aflatoxin By (4). (B)
Fungal nonreducing PKS domair
architecture (PksA). Domains

specific products. How programming is achieved
is a central unanswered question of iterative
catalysis,

‘We undertook a “deconstruction” approach
by domain dissection and reassembly of PksA,
the nonreducing IPKS of aflatoxin biosyn-
thesis, to reveal the global division of labor
among the domains in these macromolecular
machines to control polyketide chain length,
cyclization of an extended poly-p-keto inter-
mediate, and product release. A domain hy-
pothesized to be a “product template” (PT) has
been discovered to play a central role in product
formation. These studies are combined with
‘high-resolution mass spectrometry (MS) to mon-
itor the highly processive construction of a natu-
ral product scaffold from multiple acyl-CoA units
directly on a polyketide synthase.

‘We previously used the UMA bi;
algarithm, which identifies linkers in a family of
homologous proteins, to characterize the domain
architecture of PksA (3). Two unrecognized do-
mains were identified in addition to four from

clude SAT, KS, malonyl-CoA:ACP transacylase (MAT), PT, ACP, and thicesterase/Claisen cyclase (TEICLC). Many
known and apparently homologous enzymes that share similar domain organization synthesize an assortment
of products with alternative chain lengths and cyclization scaffolds (5).

11 APRIL 2008
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sequence homology. The first was an unusually
long N-terminal domain that was found to be a
starter unit-acyl carrier protein (ACP) transacylase
(SAT), which selectively transfers a hexanoyl unit
onto PksA to initiate polyketide synthesis (4, 5).
The second domain is intemal, comprising about
350 amino acids, and lies just N-terminal to the
acy! carrier protein (ACP, Fig. 1B). Like the
SAT, this domain bore minimal primary se-
quence similarity to any known protein except
similarly placed domains in other known and
presumed nonreducing [PKSs. The proximity
of this domain to the ACP and our hypothe-
sized need for a stabilizing/cyclizing PT do-
main to control the reactivity of poly-f-keto
intermediates such as 1 led us to mvestigate its
possible role in the synthesis of norsolorinic acid
(3), the first isolable intennediate in the bio-
synthesis of the environmental carcinogen afla-
toxin B, (4) (Fig. 1A).

To begin dissection of nonreducing TPKS
function, we used the cDNA for pksd 10 clone
various mono-, di-, and tridomains for combi-
natorial reconstitution experiments. The protein
fragments were expressed in Escherichia coli
and purified by affinity chromatography as
either N- or C-terminal Hisstag fusions. UMA
was used to guide the choice of termini between
domainz and to accommodate Hisgtag fusions
in formerly flexible linker regions to minimize
domain-domain interference. To deconstruct the
assembly steps of product formation, we inde-
pendently expressed and purified the ACP, PT,
and TE/CLC monodomains; the PT-ACP and
ACP-TE/CLC didomains; and the SAT-KS-MAT
and PT-ACP-TE/CLC tridomains. The cloned
fragments containing the ACP (ACP, PT-ACP,
ACP-TE/CLC, or PT-ACP-TE/CLC) were post-
translationally modified with a CoA-derived arm
in vitro to their active holo-forms by means of the

Fig. 2. Metabolite production from
two-, three-, and four-part multi- A
domain combinations. (A) HPLC
analysis. The enzymatic products
were extracted into ethyl acetate,
dried, and redissolved in dimethyl
sulfoxide. The solution was diluted
with mobile phase (80/20 acetoni-
trile, 0.1% aqueous trifluoroacetic
adid), and products were separated
over a Prodigy octadecyl sulfate 3
column (100 A, 5 pm, 4.6 x 250
mm; Phenomenex, Torrance, CA).
The naphthopyrone 5 and norsolor-
inic acid anthrone (2) were observed
at 280 nm, and norsolorinic acid (3)
was observed at 310 nm. The boxed
area at lower right shows the absorp-
tion at 280 nm of anthrone 2
amplified (50x). (B) Spontaneous
versus enzymatic formation of ring
C. The putative enzyme-bound il

1. SATES-MAT + PT + ACP = TEALC -
18, SATHS-MAT + PT + ACPTRCLC
9. SAT-KS-MAT + PT-ACP + TEAL
. SATAKS-MAT « PT:ACP-TEALE
7 SATRSMAT  PT+ ACP

& SATKS MAT + PTACP -+ <«
5. SATKSMAT + ACP + TECLC -

4 SATHS-MAT + ACP-TECLC -

3 SATRSMAT + ACP -
2 SATKS-MAT +

1 SATKSMAT -

i 4"-phospl heinyltransferase
(PPT) Svp {6) (fig. S1).

The individual catalytic roles of the domains
in PksA were probed by mixing the acyl-CoA
substrates (hexanoyl- and malonyl-CoA) with
the loading and condensation tridomain (SAT-
KS-MAT) and all possible combinations, fused
or independent, of the activated folo-carrier
{ACP) and tailoring domains (PT and TE/CLC).
The small-molecule products of the reactions
‘were analyzed by high-performance liquid chro-
matography (HPLC). Controls lacking the holo-
ACP (SAT-KS-MAT and SAT-KS-MAT + PT +
TEACLC), which carries the growing polyketide
through the catalytic process, exhibited no detect-
able product output (Fig. 2, experiments 1 and 2).
Incubation in the presence of the jwlo-ACP
(SATKS-MAT + ACP), but lacking the tailoring
domains, yielded a minute quantity of the
octaketides, norsolorinic acid (3) and the shunt
product, naphthopyrane 5. The identity of 5,
oxidized 10 its corresponding naphthoquinone,
was assumed on the basis of its mass identity
to its isomer norsolorinic acid (3, electrospray
ionization MS}) and the precedent that inacti-
wvation of analogous fungal TE/CLC domains
led to the accumulation of pyrone products (7)
The structure of 5 was proved by comparison
1o an authentic standard (fig. S2),

The machinery encoding the correct chain
length was present in the SATKS-MAT + ACP
combination alone, although product outpui was
very inefficient. Addition of the TE/CLC domain
10 this combination of domains reduced the quan-
tity of the naphthopyrone (5) and enhanced the
ratio of the correctly cyclized norsolorinic acid
(3), identifying its catalytic rle directly in praduct
release through an intramolecular Claisen reac-
fion. Again, product output was law (Fig. 2, ex-
periments 3 1o 5). In contrast, addition of the PT

domain sirongly drove cyclization and dehydra-
tion chemistry to form the first two rings, leaving
the third and final ring cyelization step unaffected.
In the absence of the TE/CLC domain, product
release was sponianeous; that is, both the oxygen-
carbon (5) and carbon-carban (2 and 3) cycliza-
tion products were formed (Fig. 2, experiments 6
and 7). Finally, the addition of both tailoring
domains, PT and TE/CLC, resulted primarily in
the correct cyclization chemistry and release of
the norsolorinic acid anthrone (2) (Fig,. 2, experi-
ments 8 to 1), The anthrane is readily oxidized to
the anthraquinone 3 during workup, although this
oxidation might be driven enzymatically in vivo,
as i known in other fungal pathways (§). Al-
though the free-standing domains are able to
interact properly and process faithfully wild-type
polyketide formation, it is evident that domain
fusion enhances catalytic efficiency (Fig. 2, ex-
periments 4 to 11), which likely contributed to the
evolutionary pressure 0 form iterative type I sys-
tems in

The funga! aromatic products resemble bac-
terial aromatic PKS (type IT) products, such as
tetracyclines and actinorhodins, which require
biosynthetic tailoring steps. Combinations of the
type 1l PKS components revealed that a chain-
length factor (CLF) assists the KS in chain-
length control (9-11), but fungal aromatic PKSs
lack such domains. Whereas the PksA SAT and
MAT (12) domains load the ACP with their
respective starter and extender units, we demon-
strate here that the fungal nonreducing KS do-
main carries out catalytic responsibilities similar
o that of the KS/CLF complex. The initial aldol
cyclization product(s), if set by the KS, are in-
trinsically reversible, but the PT acts to drive the
dehydration/aromatization chemistry to irre-
versibly form rings A and B and to markedly
increase the flux to product{s). Altematively. the

& undergoes sp
chemistry in the absence of the TE/CLC domain to form the O-C cyclization
product 5 or the C-C cyclization products 2 and 3. Addition of the TE/CLC,

h 2
JULT N\, .
LI\ r
M #
i
B
H
3
IR
(TEELE N SeACR  _TERIC ) . 3
~gmac Sun, _imae -
o LA D e— )\1/1
6

hawever, leads to the correct C-C cyclization products, confirming its role in
catalyzing final cyclization and product release. The enzymatic anthrone product
2 auto-oxidizes to the anthraquinone 3.
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KS simply elongates the polyketide chain to a
fixed length and the PT disciplines the possible

zyfnes can intercept these fungal polyketide

chemical fates of this reactive species to template
cyclization and aromatization chemistry to a
specific product. Recent results from a related
fingal IPKS suppert this picture and show that
heterologous bacterial type 11 (dissociated) en-

Fig. 3. Chromophore g
formation. Enzymatic re- 1%
actions were monitored
over 15-min intervals for
240 min by W-visible E
spectrophotometry. (A) &
SATHS-MAT control. All 2
constructs by themselves
similarly showed no s

SAT-KS-MAT

|1

and carry out regioselective reac-
tions (13)

To examine more closely the polyketide as-
sembly process, we repeated all experiments as
time-cowse studies monitoring the change in
ultraviolet (UV)-visible absorption behavior

B SAT-KS-MAT + PT-ACP-TEICLC

change in absorbance. Mo I 0 w1 Mmoo M % s M e o @
(B) Reconstitution of Wavehngth Woveiength
PksA. A 330-nm shoulder

appears before reaching c

SAT-KS-MAT + ACP

SAT-KS-MAT + PT-ACP

steady state in the pres- »
ence of both tailoring do- a
mains (PT and TEXQLO. 3
(O PhsA lacking the tai- 2
loring domains. Buildup En-
of less highly conjugated =
chromophorels) (~330 nm

shoulder) occurs. (D)
Chromophore formation
in the presence of the PT

0 2 oW W

@ s
Wovelength

domain. A 388-nm long

maximum from the fc

of mare highly

appears. Fiqure 53 shows spectra for all of the domain combinations, and the chromophore formation is highly
similar for the same domain combinations whether they are tethered or not.

Fig. 4. Iterative intermediates. A
Relative intensities of acylated pep- 0%
tides from the ACP domain for
reactions with the SAT-KS-MAT and

SAT-KS-MAT + ACP

either the ACP (A} or the PT-ACP
(B). Mass spectrometric confirma-
‘tion forthe structure of each species
is provided in figs. S5 to S9. Note

[m30min
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(Fig. 3 and fig. S3). The fully reconstituted
PksA (SAT-KS-MAT + PT-ACP-TE/CLC) pave
little change in visible absorption over 4 hours
In marked contrast, the same two-part combina-
tion, but lacking the TE/CLC domain, rapidly
became yellow and displayed a long Jy, at 358
nm. By varying the PT-ACP concentration with
respect to the SAT-KS-MAT widomain, the in-
tensity of the chramophere absarption was found
o correlate linearly with the PT-ACP concentra-
tion (fig. S4). After dialysis to remove small
molecules, the absorbing species remained either
covalently bound to or tightly associated with the
polydomain complex, The lation of strong-
ly absorbing species suggested that the TE/CLC
operates efficiently to sweep a common intermedi-
ate gsnmled by the PT domain v.hmugh Claisen

o inic acid (3), ing the
accumulation of the 388-num absorbing species.
The synthetic naphthopyrone 5 showed a virtu-
ally identical spectral signature under the assay
conditions. However, addition of the TE/CLC
domain to the SAT-KS-MAT + PT-ACP mixture,
after the long-wavelength absorption had reached
steady state, only partially reduced this intensity;
this finding suggests that the bicyclic acyl inter-
mediate 6 destned for the TE/CLC is con-
tributing to the overall absorbance.

Combining the SAT-KS-MAT tridomnain with
only the holo-ACP again gave an intense ab-
sorption, but at a cansiderably shorter wavelength
(Fig. 3C), suggesting the formation of less highly
conjugated chromephoref(s). The intensity of
UV-visible absorption was again d:pmdml on
ACP ¢ jon. In sum, these exp
support the view that accumulation of ACP-
bound intermediate{s) of PksA is modulated by
the presence or ahsence of the PT domain,

To determine the function of the PT domain
in the context of a reconstituted system, we com-
bined the SAT-KS-MAT tridomain with the ACP

domain alone or with the PT-ACP dido-

that these 4-kD peptides bear dif-
ferent acyl intermediates, creating 0%
possible intensity biases stemming

from differertial fonization effidien- o
dies during electrospray.

Relative Percent

wﬂ&ﬂm

Malond  Hexanel  Hexanoyl  Hexanoyl  Hexanayl
47 Makonyl +7 Malon +7 Malenyh
2

SAT-KS-MAT + PT-ACP

Relative Percent

o%-
Holo
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Varon  Hexanod Hesaroyl Pesanoyl  Fexanogt
17 Malonyl +7Malanyl +7 Maloryl
Ho )

Actyl

main to measure intermediates attached to the
ACP by MS. The TE/CLC domain shows broad
hydrolytic substrate tolerance for N-acetyl cyste-
amine thioesters, and (in the absence of the
comect Claisen substrate) likely serves an editing
function. For this reason the TE/CLC domain
was not included. Reaction mixtures flash-frozen
at 30, 120, and 840 min were thawed and trypsin-
digested before analysis by HPLC-MS to deter-
mine the nature of the covalent intermediates with
part-per-million (ppm) mass accuracy. Figure 4
shows the relative intensities of all observed forms
of the acylated tryptic peptides containing the
pantetheinylated active-site serine of the ACP
domain (all <1.5 ppm and eluting as discrete
HPLC peaks) for the incubation of 20 yM PT-
ACP or ACP with 5 yM SATKS-MAT in the
presence of hexanoyl- and malonyl-CoA. For both
reactions, the only iteratively extended products
detected as phosphopantetheine-tethered inter-
mediates were from the condensation of one
hexanoyl starter unit with seven malonyl units
(1). This product was also seen either singly or
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doubly dehydrated (6) while stll tethered 10
the protein. The complex intermediates were
confirmed by the observation of each specific
phosphopantetheiny! ejection ion within 1.5
ppm (14). These phosphopantetheiny! ejection
ions were further subjected to ion trap frag
mentation to provide data corroborating their
proposed structures (figs. S5 10 S9).

Apant from the relative populations of the
fully extended polyketide intermediates, both
two-part bination reactions gave wkably
similar outcomes (Fig. 4). Elaboration of only the
hexanoyl-primed ACP, and not the acetyl-primed
(from KS-mediated loss of CO, from malony!) or
malonyl-primed ACP, supports the notion that the
KS domain exeris control over the selection and
extension of only specific starier units tethered to
the ACP domain (in this case hexanoy!-S-ACP).
These data support the assertion that the PT
domain maintains the correct intramolecular aldol
addition intermediate and promotes its delydra-
tion, facilitating nonenzyimatic release of either the
naphthopyrone 5 or the anthrone 2. Note that
the ACP active-site tryptic peptide with the
doubly dehydrated hexanoate + 7 acetate spe-
cies (6, PT product) showed an absorbance

under single-wavelength analysis (310 nm), in
further support that this species is indeed the
TE/CLC substrate. Combined with the drastic
reduction in the flux to product(s) in the absence
of the tailoring domains (Fig. 2), the mass spec-
trometric data support assignment of the PT
domain as an aromatase/cyclase domain.

The deconstruction approach taken here has
demonstrated the synthetic roles of all recog-
nized domains in an [PKS catalytic cycle, nota-
bly the product template (PT) domain, which
should prove to be general for the broad class of
multidomain [PKSs. The insights afforded by
the catalytic autonomy of these dissected, free-
standing domains enable a rational strategy for
engineering these enzymes to synthesize alter-
native products.
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Video-Rate Far-Field Optical Nanoscopy
Dissects Synaptic Vesicle Movement

Volker Westphal,* Silvio 0, Rizzoli,*** Marcel A. Lauterbach," Dirk Kamin,’

Reinhard Jahn,? Stefan W. Hellt

We present video-rate (28 frames per second) far-field optical imaging with a focal spot size of
62 nanometers in living cells. Fluorescently labeled synaptic vesicles inside the axons of cultured
neurons were recorded with stimulated emission depletion (STED) microscopy in a 2.5-micrometer
by 1.8-micrometer field of view. By reducing the cross-sectional area of the focal spot by about a
factor of 18 below the diffraction limit (260 nanometers), STED allowed us to map and describe the
vesicle mobility within the highly confined space of synaptic boutons. Although restricted within

boutons, the vesicle was

faster in

areas, consistent with the

observation that a sizable vesicle pool continuously transits through the axons. Our study
demonstrates the emerging ability of optical microscopy to investigate intracellular
physiological processes on the nanoscale in real time.

any questions in the life sciences could
be answered if lens-based optical mi-
croscopy featured the resolution of elec-
tron microscopy, or if the electran microscope
operated under physiological conditions. How-
ever, for reasons deeply rooted in the working
principles of these systems, nanoscale resolution
and noninvasive cellular imaging seemed mutu-
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ally incompatible. Although widely accepted for
decades, this notion is rapidly changing. Partic-
ularly in fluorescence imaging, far-field optical
concepts have emerged that are no longer limited
by diffraction (/-9). For example, stimulated emis-
sion depletion (STED) microscopy (1, 2) over-
comes the diffraction barrier by producing
fluorescent focal spots smaller than D = 200 10
300 nm in diameter. In a typical STED micro-
scope, the focal spot of excitation light is over

lapped with a doughnut-shaped spot of light of
lower photon energy, quenching excited molecules
in the excitation spot periphery by stimulated emis-
sion, The net result is a subdiffraction sized fluo-
rescent spot of diameter d=D/\/1+I/I, <D,
which, if scanned through the specimen, renders
images of subdiffraction resolution d. [ and I,

denote the intensity of the STED beam and the
characteristic intensity for the quenching of the
fluorescent dye used, respectively. Adjusting > I,
allows one ta une the resolution d, in principle to
the molecular scale.

Until now, the 20- to 70-nm resolution re-
alized with STED has been used to map the
nanoscale distribution of proteins inside cells (3)
and on the plasma membrane (2). However, in all
of these applications, the cells were fixed or
basically static, leaving open the question of
whether nancscale imaging of fast physiological
phenomena would be possible. Besides, the fast
recording of high-resolution image frames is ques-
tionable given the limited number of photons emitied
during the frame time. To meet these challenges,
we balanced the resolution d, tuning the spot
down 1o a size al which we were able 1o collect
Jjust enough photons from the features of interest
1o safely discem themn from background. This strat-
egy, a special feanure of STED microscopy and
related techniques (7), allowed reliable repeated
imaging of rapidly moving small arganelles inside
living cells with nanoscale resolution. Specif-
ically, we investigated the movement of synaptic
vesicles in cultured neurons.

Although several steps in synaptic vesicle re-
cycling are well understoad (10), vesicle movement
has been difficult to study, because the ~40-nm-
diameter vesicles are housed in presynaptic nerve
terminals of ~1 yum in diameter, referred o as syn-
aptic boutons. Most current insights have therefore
been gained by sparse vesicle labeling (1/-13),
or by indirect methods, such as fluorescence re-
covery after photobleaching (/4-16) and corre-
lation spectroscopy (17-19).
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Fig. 1. Real-time STED mi-
croscopy resolves single syn-
aptic vesicles in living neurons.
(A} Typical wide-field over-
view of cultured hippocam-
pal neurons whose surface
vesicle pool was labeled with
mouse anti-synaptotagmin
and Atto647N-labeled anti-
mouse Fab fragments. (B) The
labeled pool of vesicles is rap-
idly endacytosed, as observed
by the reduced number of
surface-exposed synaptotag-
min molecules with increasing
time between primary and
secondary antibody labeling
(20). Data are shown as the
mean + SEM, with each data
point representing three to
seven independent neuranal
cultures. The dashed line in-
dicates the background flu-
orescence determined from
unstained preparations. (C)
Images of a short fragment
of a stained axon, in confacal
mode (frame #1) and in
STED mode (frames #2 and
#3). The increased resolu-

of vesicles in
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Time {miny

E single vesicle

Confocal

tion in the STED image and the

STED

t frames can be seen (three

arrowheads indicate relatively stable vesicles; also, many other spots can be recognized in both
frames). The insers in #1 and #2 indicate the color maps used. (D) Smoothing in confocal mode
does not improve the differentiation of single objects, although this filtering method helps to
identify superresolved vesicles in the STED images. (E} Images of a single stationary vesicle in
confocal and STED mode (summed over 10 and 50 frames, respectively) reveal the cross-section of
the focal spot in each mode. The line profiles through their center demonstrate the reduction in

focal spot area by a factor of 18.

Fiig. 2. Characteristics of synaptic vesicle move-
ment. (A) Successive STED frames, filtered {movie
51). The arrowheads indicate three vesicles, which
were tracked in all frames, localized in a sub-
diffraction space. The inset in frame #26 shows
an intensity profile along the dotted white line.
(B) Example vesicle traces in one movie. Occasional-
ly, vesicles may seem trapped in a small area,
whereas other traces are reminiscent of active
transport (examples in inset). (C to E) Histograms
of vesicle speeds: (C) based on displacement be-
tween two consecutive frames, (D) mean speed
per trace, and (E) effective speed determined by
dividing the distance between the end and the
origin of the trace by the trace duration. See (20)
for details of the analysis. The results are shown
as the mean + SEM, with movies analyzed from
four independent experiments. Black bars show
results with normal buffer (53 movies); depolarized
preparations (Tyrode solution containing 70 mM
KCl) are shown in gray (75 movies). (F) Number
of vesicles (traces) entering the imaged area per
second, as a function of the number of vesicles
detected in the first frames of the movie. Results
from four independent experiments, each consist-

ing of a number of movies, are shown. The drcle area is proportional to the number of movies analyzed. PDF: p

normalized to unity).
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Higher spatial resolution enables the imaging
of a sizable fraction of the vesicles simultaneous-
ly. We labeled cultured hippocampal neurons with
monoclonal mouse antibodies directed against the
intravesicular (lumenal) domain of the synaptic
vesicle protein synaplotagmin (2), The antibodies
were briefly applied 1o the neurons (on ice), fol-
lowed by an exposure to Fab fragments from
antibodies 1o mouse (anti-mouse) labeled with the
organic l'um‘oehore:‘-\uo&dTN featuring /; = 10
0 20 MW/cm” at a de-excitation wavelength of
750 nm. This procedure ensured that only vesi
cles fused to the plasma membrane were labeled
{2), because only these vesicles were exposed to
the outside space [Fig. 1A and (20)]. The labeled
wvesicle pool encompassed as much az 10 10 20%
of all vesicles (21); moreaver, this pool fully par-
ficipated in active vesicle recycling, as confimed
by the rapid endocytosis of the label (Fig. 1B).
Two minutes afler labeling, only ~18% of the
label still resided on the surface; after 10 min, the
value had dropped 1o ~8%.

Figure 1C shows that, unlike standard con-
focal imaging, STED microscopy enables the
detection of single synaptic vesicles. Videa-rate
imaging was accomplished by scanning the exci-
tation and depletion beam pair in the focal plane
by means of a 16-kHz resonant mirror in one
direction; the perpendicular axis was scanned by
moving the sample with a piezo actuator (22),
This configuration allowed us to image an 1.8 um
by 2.5 um area within 35 ms, ie., at 28 frames
per second [movie 81 and (20)]. By imaging the
fluorescence onto a pinhole and acquiring images
rapidly, noise levels were only ~0.1 and 0.02 counts
per pixel inside and outside the axons, respec-
tively (Fig. 1C). Although a single detected pho
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ton in a pixel could still be due to noise, the
probability of simultaneously detecting three or
more photons is several standard deviations above
the noise level, allowing us to conclude that the
detected signal originates from labeled features.
This reasoning was confirmed by comparing con
secutive frames, where the labeled objects moved
only slightly (Fig. 1C, middle and right panels);
random noise, by contrast, would manifest it-
self as flickering. We also measured the frequen-

Fig. 3. Synaptic vesicle
movement in different axo-
nal areas. (A) Summing all
frames of the individual
movies indicates vesicle
traces. In many movies, the
vesicles seemed to concen-
trate in “hot spots” (left),
which typically assemble in
what resembles confocal im-
ages of presynaptic bou-
tons. However, other movies
showed few spots and were
instead dominated by the
presence of linear “tracks”
of vesicle movement {right).
The center panel shows an
example of intermediate
behavior. The inserted graph

A Hot_spots“

cy of false-positive id
where no specific signal was :xpected (’0}. we
found it to be on average around 0.1 events per
frame. Applying /= 400 MW/ renders a full
width at half maximum (FWHM) of our vesicle
images of 62 nm (Fig. 1E), which means that the
effective focal detection area is reduced by a fac-
tor of 18 compared to confocal imaging.

To further improve the confidence of vesicle
recognition in our data, we applied a mathemat-

"Tracks"

»

Z1-1000

]

displays the intensity pro-
file (with its FWHM) through
the hot spot indicated by
the thin white arrow. (B)
The areas preferred by the
vesicles are relatively con-
stant. The sums of the first
50 frames (left), and of the

Indivicual speeds (nmims;

Maan frace speads (nmvms)

frames 201 to 250 (right), are surprisingly similar for the same movie. (C) A correlation coefficient analysis
between these images performed for all of our movies shows that the areas of vesicle movement tend to
corre\ate (bars show mean £ SD n =100 1mages, from four tndependenr experiments). Controls with

ed correlation. (D and E)Histograms of individual

speeds (D) il‘\d mean trace speeds (E) for 8 to 10 different movies dominated by hot spots or tracks.

Fig. 4. Hot spots of vesicle lo- A
calization. Comparison between
synaptic vesicle traces (A) and
hot spot traces (B). Hot spots
were defined as pointlike ab-
jects appearing in a 50-frame
moving average; they indicate
small areas where fluorescence
occurs over longer times (20).
The average image of the com-
plete movie is placed at the
bottom. (C) Vesicles can move
in and remain trapped in hot
spots, as shown here by the
strong signal fluctuation in a
single hot spot. (D) Probability
histogram of the occupancy time
of the hot spots (the fraction of
time they were filled by vesi-
cles). (E) Histogram of the per-
centage of time each vesicle
spent in a hot spot.

Time (s)
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ical filter (Fig. 1D), which was essentially a smooth-
ing algorithm. The resolution enhancement, coupled
with the filter, allowed us both to observe individ-
ual vesicle movements (Fig. 2A) and to track in-
dividual vesicles automatically [Fig. 2B and (20)].
Although bleaching did accur during data acqui
sition (fig. SI}, we were able 10 trace large num-
bers of vesicles, in ~130 movies of 1000 frames
cach, fram four independent experiments. Although
the vesicles resided mainly in a low-mobility state
(Fig. 2C) (14, 15), most traces also included rapid
movements, with the average speed for cach indi
vidual vesicle peaking around ~2 m/ms (Fig, 210)

Because the movement was larpely nondirec-
tional, overall vesicle displacement appeared to
be restricted (Fig. 2E). In agreement with pre-
wvious observations, in which mobility was low
also during synaptic activity (13), none of the
mobility parmmeters ncreased substantially dur-
ing stimulation with increased concentrations of
KCL To determine whether vesicle movement
was diffusive or motor-driven, we perturbed cyto-
skeletal elements by using the actin-disrupting
agent latrunculin A, or via the microtubule-
disrupting nacodazele. The results (fig. $2) show
that both drugs reduce vesicle mobility, indicat-
ing that active transpart plays a role in vesicle
traffic in axons. Nevertheless, vesicle motion per-
sisted, suggesting that a substantial fraction of the
wesicle movement is diffusive.

Even after bleaching the vesicles that were
dally present (fig. S1), fluorescence persisted
s new vesicles continuously entered the imaged
area, at a rate of 0.5 10 3 vesi per second in
different experiments (Fig. 2F). This result, even
taken at its lowest value, indicates that a fairly
large mumber of vesicles passes constantly through
the boutons [see also (23)].

As a control, we also imaged and analyzed
the vesicles in chemically fixed neurons, in which
case the vesicle movement was substantially re-
duced (fig. 83). We occasiconally observed vesi-
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cles instantly losing their fluorescence and then
reappearing after up to a few seconds (“blinking”),
a phenomenon known from single-molecule

dings but also from fev ib
(24) (fig. 84).

To better understand the pattemns of overall
vesicle movements, we investigated the sum of
all frames for each of the individual movies.
Areas where vesicles moved randomly appeared
blurred, whereas stationary vesicles induced “hot
spots” (Fig. 3A, left panel). A number of movies
also showed linear patterns, indicative of vesicle
routes or “tracks” (Fig. 3A, right panel). Typical-
Iy, the hot spots assembled in areas reminiscent of
confiocal images of the synaptic boutons (Fig. 3B);
the tracks, however, seemed to form between such
boutons, The pattern of summed staining was not
due to random vesicle accumulations, because
it was relatively stable throughout each movie
(Fig. 3, B and C). We analyzed 8 1o 10 movies
clearly dominated by hot spots or tracks, -
tively, and we observed, as expected, that the
vesicles within spot-dominated areas (boutons)
tended to be much less mobile (Fig. 3, D and E),
exhibiting a behavior much closer to that in fixed
neurons (fig. $3).

To investigate the nature of the hot spots, we
performed a running average analysis of the
movies, Unlike the vesicles, the hot spois ap-
peared to be immobile and persistent (Fig. 4, A
and B). We frequently observed vesicles moving
inio hot spots and remaining temporarily trapped
(Fig. 4C). However, we also observed vesicles
disappearing instantly from hot spots, a behavior
that we artribute to either blinking or to moving
out of the focal plane. The hot spots were oc-
cupied for about 22% of the time (Fig. 4D); 31%
of the vesicles passed through a hot spot and
individual vesicles remained for 16% of the time
m hot spots on average (Fig. 4E). The large
number and wide distribution of hot spots argues
against their being release sites where the vesicles
would dock, because in this preparation typically
only one, and rarely two, small active zones
(~200 nm diameter) are found per bouton (25).
The hot spots are likely to be “pockets” in the
synaptic vesicle clusters where the labeled ves-
icles are occasionally constrained, although the
molecules involved in the synaptic vesicle cross-
linking have yet to be clearly defined (26).

In general, synaptic vesicles are quite mobile,
although their tendency to move nondirectedly

wwwsciencemag.org  SCIENCE  VOL 320

generally impedes their effective translation. Our
data support the recently proposed stick-and-diffuse
model (18, 19), in which the vesicles repeatedly
bind and diffuse away from the cellular elements.
MNevertheless, a strang flwx of synaptic vesicles is
present through the axons (Fig. 2F). To place
wvesicle movement in perspective, if only one
vesicle passes through a bouton each second, in
about 3 min the number of vesicles passed through
equals the total number of vesicles in the bouton
(25). This suggests that the boutons from the

may be strongly interlinked, with their
(recently endocytosed) vesicles participating in a
common “superpool.”

We conclude that STED microscopy can be
used to investigate fast biological processes in
vivo. The relatively low count rates in our images
were less problematic than one might have thought,
‘because the small spot size (62 nmn), similar to the
size of the vesicles (40 nm), allowed vesicles to
be trcated as distinet bright abjects, which were
easily ished from the low back
‘We used low-pass filtering to increase the confi-
dence of detecting photon clusters representing ves-
icles. However, with a better knowledge of the
‘background statistics and more sophisticated math-
ematical methods such as maximum-likelihood
estimation, it should be possible to identify ves-
icles without such filtering. Mareover, brighter
samples, or more sensitive imaging, would allow
for higher resolution, a larger field of view, and/or
faster recordings. Besides using higher densities
of fluorescent markers, two relatively obvious
improvements would allow us to reach this goal:
STED with continuous-wave beams (27) would
increase the instant photon flux and detection
with two opposing high-aperture lenses would
double the detection efficiency (28). This would
pemmit further improvement of the data, because
faster ings would facili track-
ing at even hlgh:r densities, evenually allowing
the rapid imaging of a multitude of intracellular
‘processes in living cells.
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High Throughput DNA/RNA Purification

The Clarity QSP system for synthetic RNA and DNA purification delivers nearly impurity-
free, concentrated, full-length oligonucleotide sequences. Clarity QSP is offered in three
cartridge formats and in 96-well plates. The cartridge formats are suitable for applications
that require increased loading capacities, and can purify oligonucleotide samples in less
than eight minutes using vacuum or positive pressure systems. The 96-well plate format
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or RNA The methad wash steps and does not require
toxic ion-pairing reagents. It delivers DNA at 90 percent to 95 percent purity, with recovery
rates of more than 80 percent and RNA at 89 percent to 93 percent purity, with recovery
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reverse transcription kits, provides reliable and sensitive first-strand
complementary DNA (cDNA). The kit features RNase-H-reduced
SuperScript Il Reverse Transcriplase, which generates increased
yields of cDNA and improves quantitative polymerase chain reaction
(gPCR) sensitivity up to fourfold over similar systems, according to
the manufacturer. In addition, the new kit allows linear detectionin a
downstream qPCRreaction fromas little as 1 picogram of starting RNA
up to 2.5 micrograms in a 20-microliter reaction. The kit makes use
of an enhanced reaction mix that includes a helper protein designed
for minimizing gPCR inhibition, leading to improved detection.
Invitrogen

Forinformation 800-955-6288

www.invitrogen.com/vilo

Single Nucleotide Polymorphism Chips

The new Infinium HD BeadChip product line for DNA analysis
features up to 2.3 million single nucleotide polymorphisms (SNPs)
per BeadChip. The Human 1M-Duo BeadChip offers two samples per
chip, and the Humané10-Quad BeadChip offers four samples per
chip. Both feature enhanced signal discrimination and a new SNP
calling algorithm. The new BeadChips offer significant advances
over previous products, including increased sample throughput,
lower input sample volume, and improvements to the Infinium
assay that enhance system performance. Both arrays on the Human
1M-Duo BeadChip contain markers for more than 1 million diverse
genetic variants, all of which can be used for both whole-genome
genotyping and copy number variation analysis. It includes recently
identified disease-associated SNPs and intelligently selected
high-density SNPs in coding regions of the genome. Built on the
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Human&10-Quad BeadChip has 550,000 SNPs plus an additional
60,000 genetic markers per sample.
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Proteasome Inhibitors
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The proteasomal degradation pathway is involved in many cellular
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to oxidative stress. A variety of proteasome inhibitors are available
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consists of a control unit and moisture sensing mat made from a
material specially developed for detecting spills. It is connected to
the control unit by a simple connection cable. When liquid is detected
on the sensing mat, the controller sounds an audible alarm, flashes
an LED, and turns off the power of any device plugged into the single
outlet, solid-state power controller. The spill sensor is supplied with
the controller and four reusable 30 cm by 30 cm mats that can be cut.
to any size.

KD Scientific

For information 508-429-6809

wwwkdscientific.com

Electronically submit your new product description or product literature
information! Go to www.sciencemag.org/products/newproducts.dtl for
more information.

Hewly offered instr. ian, and y materials of
interest to researchers in all disciplines in academic, industrial, and gow-
ernmental organizations are featured in this space. Emphasis is given ta
purpose, chief characteristics, and availabilty of products and materials,
Endorsement by Science or AAAS of any products or materials mentioned
is not imglied. Additional infarmation may be obtained from the manufac-
turer or supplier.
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