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Dislocation-Driven Nanowire Growth and Eshelby Twist

M. . Bierman, Y. KA. Lay, A. V. Kiit, A L. Schmiff, 5. Jin

Ascrew dislocation drives the growth of a nanowire pine tree, in which branches

reqularty extend from the frunk in a spiral, confirming Eshelby's theory of disiacations.
10.1126/science. 1157131
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A Polymorphism Within the G6PC2 Gene Is Associated with Fasting

Plasma Glucose Levels

N. Bouatia-Naji et al.

Variation in a gene for a protein in the pancreas may help explain why people have

different levels of fasting blood glucose, a factor that affects disease risk.
10.1126/science.1156849
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Fire-Derived Charcoal Causes Loss of Forest Humus

D. A. Wardle, M.-C. Nifsson, 0. Zackrisson

Charcoal enhances the microbial activity in soils, which in turn
decreases the amount of carbon and humus in forests over time.
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A Specialized Forebrain Circuit for Vocal Babbling
in the Juvenile Songbird

D. Aronov, A S. Andalman, M. S. Fee

The babbling of young zetra finches learning to sing is produced
by a brain region distinct from the adult song center, 3 pattern
that may alse apgly to ather motor systems.
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B. Poudel etal.

Rilling a thermoelectric alloy, which produces electricity from

a thermal gradient, into a nanopowder, then pressing it into a

bulk form, greatly improves its performance.
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of rotational jostling.

638

PHYSICS

Strong Interactions in Multimode Random Lasers
H. E. Tiiredi, L Ge, 5. Rotter, A. D. Stone
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Silica-on-Silicon Waveguide Quantum Circuits 645
A. Polit, M. . Cryan, J. G. Rarity, 5. Yu, ). L. O"Brien

Quantum circuits—in wnich individual photans interfere, entangle,
and form logic gates—have been realized on silicon chigs.
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Practical Synthesis of Prostratin, DPP, and Their 649
Analogs, Adjuvant Leads Against Latent HIV

P.A. Wender, j.-M. Kee, ]. M. Warrington

Afour-step synthesis starting from an abundant natural material
yields large quantities of prestatin, a searce natural product that
may be useful in combating HIV,
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Marine Polyphesphate: A Key Player in Geologic 652
Phesphorus Sequestration

J. Digz etal.

Polyphosphates derived from diatoms may helg crystallize calcium
shosghate (apatite) in marine sediments glogally, explaining how
this large sink for phosgharus forms.
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Expanding Oxygen-Minimum Zones in the 655
Tropical Oceans

L. Stramma, 6. C. Johnson, ). Sprintail, V. Mohcholz

Since the 1950, dissolved axygen concentrations have decreased

in low-oxygen rones of the tropical Atlantic and equaterial Pacific,
and the zones have expanded toward the surface.
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A General Model for Food Web Structure 658
S. Allesing, D. Alonso, M. Pascual

Amodel based on likelihood analysis is able to replicate the actual
structure of food veb networks derived from experimental data.
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ROS-Generating Mitochondrial DNA Mutations Can 667
Regulate Tumor Cell Metastasis

K. Ishikawa et al.

Mutations in mitochondrial DNA that cause enhanced production of

reactive oxygen species can increase the propensity of tumor cells to
metastasize.
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Developing Zebrafish

S.T. Laughin, ]. M. Baskin, 5. L. Amacher, C. R. Bertozzi
Imaging of cell-surface sugars in developing zebrafish reveals
dramatic bursts of sugar production in the jaw, olfactery argan,

and pecioral fin 60 to 72 hours alter fertilization.
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Phospharylation by p38 MAPK as an Alternative
Pathway for GSK3[ Inactivation

.M. Thorntan et al.

Awell-studied kinase is shown to be unexpectedly phosphorylated and
inhibited by mitogen-activated protein kinase, and this modification
activates cell-survival pathways.
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G. Drin, V. Morello, }.-F Casella, P. Gounen, B. Antonny
Along protein may tether vesicles to the Golgi apparatus by binding
the positively curved vesicle membrane to its N terminus and flat
memibranes to its C terminus.
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Gene Therapy Improves Sight of Four Patients

Treatment could potentially be applied to hast of blindness disorders.
The Qceans Finally Show Their Stripes
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attack and death.
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PERSPECTIVE: VGF, a New Player in Antidepressant Action?
. £ Matberg and L. M. Monteggia

The neurapeptide VGF appears 1a play a role in the antidepressant
effects of exercise, the neuratrophic factor BONF, and the
neurolransmitter serotonin.

PERSPECTIVE: Synaptic Patterning by Morphogen Signaling
WL R. Williamsaon and P. R. Hiesinger

The morphagen Adtivin acts as a permissive and local matility
restriction signal around individual photoreceptor terminals.

%4 PODCAST

E. M. Adler and A. M. VanHook
Some glial cells can generate action potentials and are.
hypersensitive ta ischemic injury.
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Structuring Academic Careers in Europe

C. Wald

Several European universities have begun defining
tenure-like career structures.

Taken for Granted: Lost in Space

B. L Benderly

A savere disconnect separates some palicy-makers
from scientists” real lives.

Mastering Your Ph.D.: Exploring Nonprofit
Organizations

P Gasling
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J. Ferndnder
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Improving Thermaoelectrics
by Powdering and Pressing

Thermoelectric materials are semiconductors that
combine high electrical and low thermal conduc-
tivity to allow the recovery of electrical power
from waste heat ar direct coaling with applied
current. One route to improving the figure of
merit that describes these materials, Z7, is to form
them as nanocrystalline materials, because the
added grain boundaries should help to scatter
phonons and lower their thermal conductivity.
Paudel et al. (p. 634, published online 20
fAarch) take one of the most widely used thermo-
electric materials, p-type Bi Sb,Te,, which has ZT
of 1 at room temperature, and convertitto a
nanocrystalline form. They ball-milled the mate-
rialinto les under an inert h
and then hat-pressed the powder back into bulk
ingots, This material has a peak Z7 of 1.4 near
100°C, and could produce temperature differen-
tials of 100°C in a caaling mode.

Shake Unrattled by Roll

When malecules are excited by absarptian of
light, there is a brief period during which quan-
tum mechanical oscillations retain a specific
phase relationship and sa can be mani|
productively. However, perturbations due to the
onset of various vibrations and rotations, as well
as the influence of neighbaring molecules, soon
randomize this coherent state and inhibit further
active control. Branderharst ef al. (p. 638)
explored the tendency of a vibrational mode in
an ensemble of potassium dimers to lose coher-
ence due to mixing with molecular rotation. As a
marker of coherence, they detected the persist-
ence of quantum beats, a result of wave interfer-
ence in the fluorescence signal. By iteratively
shaping their laser excitation pulse using this
marker as feedback, they succeeded in prolong-

www.SCiencemag.org

dynamics overall.

ing coherence by a factor of 2 and accounting
for the efficacy of the pulse shape with a model.

From the Mouths of
Baby Birds

The youthful noises of young zebra finches sound
different from adult zebra finches, somewhat like
babbling in human infants. Using surgical and
pharmacological
lesions, Aronov
et al (p. 630)
eliminate some of
the brain regions
and neural con-
nections that sup-
port adult song.
The lesians cause
the adults to
sound again like juveniles, but leave juvenile
vacalizations intact. Thus, the brain connections
upon which bird song depends differ between
adults and juveniles, and the process of song mat-
uratian is not simply a refinement of an existing
neural network, but involves switching from a
youthful network to one required for adult song.

Quantum Optical Chips

While the quantum mechanical aspects of aptics
have been illustrated in a number of applications
in communication, metrology, and lithography,
these have generally been carried out on a room-
sized optical bench. Quantum technologies-based
phatanics will require scaling down and operat-
ing an a platform that is rabust and easy to
implement. Patterning optical waveguides and
circuits using silica-on-silican, Paliti et al. (p. 646,
published anline 27 March; cover} demonstrate
that arbitrary photonic quantum circuits can be
realized on silicon chips. Single photans launched

EDITED BY STELLA HURTLEY

A at

<< Journey to the
Center of the Earth

Our view of Earth's lowermost mantle has changed

recently because of the likely presence of a newly
identified mineral phase, post-perovskite. Further-
more, recent advances have improved seismic imaging
of the structure and compositien ef this region. Garnero
and McNamara (p. 626) review these developments, and,
in combination with recent modeling efforts, provide an
integrated view of the region and how it may influence mantle

into the devices showed high visibility interfer-
ence and basic quantum logic operations with
high fidelity.

Prostratin Preparation

Despite progress in drug development ta target
HIV, the virus remains very hard to root out of an
infected system entirely, because of latent reser-
voirs beyand the reach of current treatments,
Certain compounds, chief amaong them pros-
tratin, have recently shown promise for acceler-
ating emergence fram these reservoirs, which
may enhance the long-term effectiveness of
ather drugs. However, the scarcity of botanical
sources far prastratin has hampered progress.
Wender et al. (p. 649) present an efficient
faur-step chemical synthesis to produce pros-
tratin from a much more abundant natural pre-
cursor. Moreover, the route can easily be modi-
fied to affard structural analogs that may
enhance therapeutic efficacy.

Mitochondria as Drivers
of Metastasis

Most cancer deaths occur when cells in a primary
tumor metastasize, yet the mechanisms by which
tumor cells acquire metastatic properties remain
poorly understood. Ishikawa ef al. (p. 661, pub-
lished online 3 April} explored the role of mito-
chondria in this process by taking mouse tumor
cell lines with either a high or low prapensity to
metastasize and swapping their mitochondrial
DNA (mtDNA). Interestingly, the recipient cells
acquired the metastatic potential of the cells
donating the mtDNA. In one tumor cell line
examined in detail, the mtDMA conferring high
metastatic potential was found ta harbar muta-
tions that led to overproduction of reactive oxygen
Continued on page 583

SCIENCE VOL320 2MAY 2008




This Week in Science

Continued fram page 581

species (ROS), and up-regulation of nuclear genes involved in metastasis, Pretreatment of tumor cells
with ROS scavengers reduced their ability to metastasize in mouse models, suggesting a possible avenue
for the develapment of therapies to suppress metastasis.

Sugars in Living Color

The glycan structures that adarn the cell surface are a rich source of information about biochemical
activities occurring inside the cell. Levels, distribution patterns, and structural changes of sugars making
up the glycans reflect madifications in flux through metabalic pathways, alterations in gene expression,
and changes in secretory pathway dynamics. The direct and noninvasive visualization of glycans in vivo
has proved difficult. Now Laughlin et aL (p. 664) report the in vivo multicalor, time-resolved imaging
of cell surface glycans in live, developing zebrafish. Dramatic bursts in glycan production were observed
in the jaw, olfactory organ, and pectoral fin during the period of 60 to 72 hours post-fertilization, with
major tissue-specific differences in the levels and trafficking patterns of glycans during embryogenesis.

Expanding Low O, Zones

One of the cansequences of a warming climate, warmer
oceans, s expected to cause a decrease in the axygen
cancentration of the oceans. This prediction is based on
the fact that the salubility of oxygen decreases as water tem-

perature increases, as well as the modeled result of a slower rate of advection of water to the deep ocean
while sinking organic mmerconrﬁnnesm decaym a process that consumes axygen. Stramma et al.

{p. 655) report inthe tropical Atlantic and equatorial
Pacific oceans that show a clearvem:alexpanswon ol the axygen minimum zones over the past 50 years.
Areduction of the concentration of dissolved axygen could have serious effects on marine life, especially in
regions that are already at the limits of axygen concentration required to support many arganisms.

Testing Tethers

The Golgi complex is composed of a set of flattened membrane cisternae interconnected by trafficking
membrane vesicles. Inside the cell, during transport through the Golgi complex, membrane vesicles
seem to rely an membrane tethers to avaid their escape from the Golgi region. Such membrane tether-
ing has seldom been reconstituted using pure proteins and artificial membranes. Drin et al. (p. 670)
present and test a simple madel for how a long coiled-cail pratein of the Golgin family, GMAP-210,
forms a bridge between a highly curved membrane (a vesicle) and a flat one (a cisterna). This asymmet-
ric tethering relies on motifs that sense membrane curvature. The tethering mechanism presented is
asymmetric and reversible, which may explain how the Golgi keeps a canstant marphalogy despite being
canstantly remadeled by membrane transport.

A Sense of Danger in the Air

Particulate airborne pollutants, such as asbestos and silica, are notorious for their negative effects on
health, including lung infl ion and cancer, yet il ion an how such substances exert their
effects is lacking. Dostert ef al. (p. 674, published online 10 April; see the Perspective by O'Neill}
reveal that a multiprotein complex known as the Nalp3 inflammasome can signal expasure of cells to
internalized particles of asbestas and silica, which leads to the activation of a potent inflammatary
response. In the absence of Nalp3, mice ded less vigy ly to asbestas, the idea
that this inflammatory sensing complex plays a key role in the response to respiratory pollutants.

Unintentional Uptake

In many respects, our understanding of innate immune respanses to pratazoan parasites still lags

behind that for other infectious organisms, However, recent work has shown that an important part of
< the armory against African trypanosomes is serum apalipoprotein L (apoL1), which can kill the parasite
E by causing lysis—why then would the parasites take it in? Vanhollebeke et al. (p. 677) show that apoL1
% istaken up by the parasite via a specific glycoprotein receptor, which the parasite normally uses to sup-
é ply heme for its growth and resistance to axidative stress within the hast. In human serum, however, the
5 receptor also inadvertently recognizes a component of certain high-density lipopratein complexes, of
& which apol1is a part, explaining how the uptake of this detrimental host protein is triggered.

www.SCiencemag.org
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Misbegotten Preemptions

The notion of preemption has a long history in relation to the U.S. Food and Drug Adminis-
tration (FDA). Its primary significance had to do with the Commerce clause in the Constitu-
tion, which {along with the Supremacy clause) gives the federal government power to regu-
late commerce between the states. When [ was commissioner of the FDA in the late 1970s,
my colleagues and [ rather liked preemption. Suppose, for example, a state decided to set
its own net weight requirements for packaged foods so as to favor its own manufacturers.
Well, just because it wanted to disfavor out-of-state competition, it wouldn’t be allowed to.
Similarly, if it wanted to establish its own drug approval agency, that would also be pre-
empted by the FDA’s authority.

Of course, there are contemporary reasons for being less enthusiastic about this kind of
regulatory preemption. Today it is being used to prevent states from undertaking actions to
protect their environments when they are especially vulnerable to certain insults. Regulatory
preemption, for example, has killed carbon-sparing gas mileage provisions under- ol
taken by the state of California because it has particular problems with the Los Angeles }L
airshed. And California can’t even regulate soot produced by vessels off'its own shore §]
because the federal Clean Air Act preempis that, too 0,

But the very notion of preemption has taken on an entirely new guise,
also involving the FDA, but in a far more troubling way than the older use ™
of preemption in the regulatory sense. This radical change comes from the X
Bush Administration’s chief counsel at the FDA, Daniel Troy. His private =
career, before his government appeintment in 2001, included membership on the 4
Legal Policy Advisory Board of the conservative Washington Legal Foundation. T , l“-
During his first year, Troy developed a reputation for having his
door open to industry for private discussions, the notes on which 5 =
could not be made public. After returning to private practice, he =
published a piece in Legal Times entitled “When the FDA Acts, State .
Torts Must Defer.” The title gives a clear message: If the FDA has
approved a drug or device, the manufacturer is immune from prod-
uct liability lawsuits.

This odd concept, gaining favor in some state courts, is not only bad policy; it could be
dangerous to your health, Why? First, the FDA is badly inderfunded. Recent flat budgets
have hurt the agency, and despite efforts by FDA advocates, the outlook is grim. Congress
has relied too much on the Preseription Drugs User Fee Act, first passed in 1992. Unfortu-
nately, most of that user fee money can only be used in the process for approving new drugs;
only a trivial fraction can be used to strengthen safety monitoring of already-approved drugs.

Second, the nature of the FDA’s standard process makes it unable to make a secure
guarantee of safety. Approval of a drug for a given indication follows a series of controlled
clinical trials. But even for a drug expected to have millions of potential users, the experi-
mental limb of the trial (in which participants receive the drug rather than a placebo) will
have only a few hundred to a thousand patients. Once the drug is in wide distribution, it
may have a thousand times as many users. It’s no surprise that widely marketed drugs
produce scary media accounts involving a threatening adverse reaction that appears
suddenly, resulting in deaths or serious illness, and ending in withdrawal from the market
or strengthened label warnings.

The FDA cannot claim infallibility in its premarketing precedures. Nor is the postmarket-
ing safety monitoring system adequate. It depends on voluntary reporting of adverse reac-
tions by doctors, and because there is no way of knowing how many patients are taking a
particular drug, the rate of an adverse reaction cannot be determined. In view of these defi-
clencies, how can one seriously defend a no-liability clause to protect the manufacturer? In
short, ifyou can’t sue the maker ofa product, you deserve some guarantee that it’s safe. [f the
FDA can’t provide that, why should you and I find the courtroom deor closed?

— Donald Kennedy

Donald Kennedy is Editor
Emeritus of Science.

10.1126/science. 1159568
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CHEMISTRY

Chloramine is a comparatively recent weapon in
the ongoing battle ta eliminate harmful
microorganisms from drinking water supplies.
Thaugh its disinfecting properties are straight-
forward, the concomitant generation of ammao=
nia as a byproduct can give rise to a complex
web of downstream chemistry that remains an
active area of study. One important reaction is
microbial nitrification, or oxidation of the
ammonia to nitrite and nitrate, which alsa low-
ers the water's pH by acid production. Zhang ef
al. have systematically explored the efficiency
of nitrification in plumbing pipes of differing
compasitions—palyvinyl chlaride (PVC), cop-
per, lead, and brass—at various pH and phos-
phate levels. They found that relative to PYC,
copper inhibited nitrifier growth, whereas lead
enhanced it (probably through reductive

activity, but then shifted its behavior after
~120 days, as the efficiency of copper leaching
from the alloy diminished. A perhaps counterin-
tuitive consequence of this reaction web is that
PVC pipes may ultimately cause more metal ion
leaching into the water stream than copper
pipes, as the acid byproducts of nitrification
degrade brass valves and faucets. — JSY
Environ. Sc. Technol. 42, 10.1021/es702483d
{2008).

MATERIALS SCIENCE

Radiation striking crystalline materials can dam-
age their structure and related properties by
generating vacancies (missing atoms) or intersti-

tials {extra atoms stuffed
between lattice sites).
Demkowicz ef al. use simula-
tions to probe the effects of
adding or remaving atoms in
iobium multilayer

Two
flaw-free interfaces can form between the Cu and
Nb. The first occurs from the joining of the face-

copp:

586

The causes of recently documented declines in frogs since the 1980s have been hotly
debated. One vigorously promulgated hypothesis is that the decline has been triggered by
climate change, which has promoted virulence in a previously saprophytic fungus. An
orthogonal view is that the decline reflects the spatiotemporal spread of an invasive fungal
disease. In either scenario, the fungus is Batrachochytrium dendrobatidis, which colonizes
frog skin and suffocates the amphibians. The declines have been particularly noticeable
among the charismatic harlequin frogs of Central and South America. Lips et ol. have devel-
oped a technique to analyze the unavoidably incomplete frog census data (due to infrequent
sampling, remote habitats, and sociopolitical challenges) and see wavelike progressions of
population falloffs that look very much like the spread of an invasive pathogen originating
from three source locales. They categorically found no relation with climate change; indeed,
the funqus does best at altitudes where conditions are cool and moist. — CA

Plos Biol. 6, €12 (2008).

centered cubic Cu [111] plane and body-cen-
tered cubic Nb [110] plane. The second requires
a straining and rotating of the Cu [111] ta make

MOLECULAR BIOLOGY

it about 0.5% less dense in its interfacial area
(Cu®). Under strain, screw and edge dislocations
can form in the various layers, but of particular
note, the screw dislocations can sit either
at the Cu-Nb interface, or can shift inta
a Cu-Cu® interface. Thus, there are
pathways for defects to move from the
Nb inta the Cu, for example. When an
atam was removed from or added to
the Cu layer, the authars found that
instead of generating a localized defect,
the atoms wauld reconstruct to form an
extended jog (shown at left) that inter-
acted and annihilated with existing
screw dislocations. The efficient defect
recombination suggests that materials
designed ta have similar interfaces to the
Cu-Nb system could be useful for limiting dam-
age from radiation exposure. — MSL
Phys. Rev. Leit. 100, 136102 (2008).

Eukaryotic cells have evolved a complex machin-
ery to ensure a precise and equal segregation of
their chramasomes during cell division, At the
center of this machine is the kinetochore, a large
multipratein complex found in the centromeric
region of each chromasome. Kinetachares bind
to the microtubules that pull replicated chroma-
somes apart badily, giving ane each to the
daughter cells. Centromeres, and kinetochores
too, are specified epigenetically—that is, not
directly from signals in the underlying DNA. In
arder to manipulate the epigenetic state of kine-
tochores, Makano ef al. have constructed a
human artificial chromosome (HAC) bearing a
kinetachore with a permissive pratein-binding
site atits heart. These artificial kinetochores
mimic the behavior of their natural counterparts,
but they are completely disrupted—and the arti-
ficial chromosame is lost from the cell—when a
protein that silences transcription binds to them,
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The silencing protein nucleates the farmation of
repressive (or closed) heterochromatin, and it is
this epigenetic change that inactivates the kine-
tochore. Surprisingly, the binding of an activat-
ing protein at the same site also interfered with
HAC segregation, suggesting that kinetochore
function is highly sensitive to the architecture of
the chromatin in which it is embedded. — GR

Dev. Celf 14, 507 {2008).

ECOLOGY
North

Paleoecological data sets contain historical
records of biotic respanses to changes in climate,
Currently, high-latitude regions are suffering a
particularly aggressive regimen of climate
change; hence, an understanding of past vege-
tation dynamics in these regions is especially
pertinent. Higuera ef ol have analyzed pollen
records fram narth-central Alaska and find that
a combination of drier climates and shrubbier
tundra during the late glacial period 14,000 to
10,000 years ago led to regular fires. Given
present-day
increases in
shrub biomass.
and temperature,
tundra fire activ-
ity might
increase again,
with conse-
quences for veg-
etation dynamics
and carbon
cycling. Tinner
et al. have ana-
lyzed pollen and
ather recards
from the past

Fire in the Far

Science Signaling

RVAAAS

EDITORS'CHOICE

700 years (a period that includes the Little lce
Age of 1500 to 1800 CE} in southern Alaska,
and find that temperature fluctuations of 1°to
2°C, together with changes in moisture balance,
led ta conversians between boreal forest and
tundra with concomitant alterations in fire
regimes. Taken together, these findings are con-
sistent with madels predicting a conversion of
tundra to boreal farest as temperatures
increase. — AMS

P1oS GNE 3, e0001744 (2008); Ecalogy B9, 129

{2008).

PHYSICS
Heralded Photon Purification

Quantum information processing requires tech-
niques far the generation and transpartation of
quantum data. The use of photons as the carriers
of that quantum information, with the data
encoded as different polarization states of the
light, is particularly appealing because phatans
are robust against decoherence effects and can
be transported over long distances. The phatons,
however, need to be indistinguishable; i.e., iden-
tical and in a pure quantum state. Although
techniques exist far the generation for single
phatans, determining whether they are in fact
indistinguishable and pure has generally
required a postselection or spectral filtering
process that compromises their quantum utility.
By careful design of the parametric downconver-
sion process, in which a single photon is divided
into two entangled photons, Mosley ef al. show
that restricting the optical modes into which the
photon pairs emerge can provide a method for
the generation of heralded (by measurement of
one member of the pair} indistinguishable single
photons of high purity. — 150

Phys. Rev. Leit. 100, 133601 (2008).

<< Just When You Thought It
Was Pseudo...

10% of the known protein kinases are

thought to be catalytically inactive, and thefefale dubbed pseudokinases, because they lack one or
mare canserved motifs in their active sites. The pseudakinase Ca®*icalmodulin (CaM)-activated ser-
ine-threanine kinase (CASK) has an altered DFG motif, which would normally bind a Mg”* ion that
coordinates the phosphoryl group to be transferred from ATP onto the substrate. CASK is known to
bind to synaptic adhesion malecules, including neurexin, and CASK-deficient mice exhibit synaptic
defects and perinatal death. Mukherjee et al. d ined th of the CaM-kinase domain of
CASK and found that it resembles a constitutively active kinase. They also show that a fluorescent ATP
analog bound to recombinant CASK in the absence of Mg?* and that adding Mg inhibited this inter-
action. In vitro assays revealed that the CASK CaMi-kinase domain exhibited autophespharylation
activity and that Mg?* and other divalent cations inhibited this activity. Finally, overexpressian of wild-
type CASK in rat hippacampal neurans resulted in increased phosphorylation of neurexin, challeng-
ing the idea that pseudakinases act merely as inactive scaffold proteins. — JFF

Celf 133, 328 {2008).
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Chicken Raised in a Dish

Research prizes are all the rage, but a new one
is sure to raise eyebrows if not gorges: 51 mil-
lion for getting “in vitro” (IV} meat onta super-
market shelves. People for the Ethical Treatment
of Animals (PETA} announced the money pot last
week, acknowledging on its Web site that
although it would prefer that consumers stick to
vegetables, “many people continue ta refuse to
kick their meat addictions.” IV meat, the think-
ing goes, would at least save a lat of animals.

So far, a few scientists have been trying to
get cells from pigs and ather animals to grow in
the lab. But big challenges remain, such as find-
ing the aptimal culture canditions, Last manth,
the first international IV meat symposium was
held in Norway.

PETA is asking contestants to submit IV
chicken samples by June 2012 to its panel of
10 judges; entrants must also be able ta mass-
produce the meat. Although $1 million is a
nice banus, “the real prize would be the glabal
meat market, which is warth hundreds of bil-
lions of dollars annually, " assuming consumers.
are willing to eat the stuff, says Jason Matheny,
founder of New Harvest, a nonprofit that pro-
motes substitute meat.

Bird and Mammal
Make a Couple

Researchers have witnessed a wild Antarctic fur
seal attempting sex with a king penguin—the
first documented case of a pinniped trying ta
mate with an animal that is not only a different
species but also a different class of vertebrates.
P.]. Nico de Bruyn and colleagues at the
University of Pretaria in South Africa saw the
45-minute attack at a beach on Marion Island in
the southern Indian Ocean. “The seal alternated
between resting on the penguin and bouts of
pelvic thrusting copulatory behavior,” the team
writes in the May Journal of Ethology. Burney le
Boeut, a behavioral ecologist at the University
of California, Santa Cruz, says he's not sur-
prised, given the male propensity to father as

Buddhist artists in Bamiyan, Afghanistan, may have
painted with ails centuries before European
Renaissance painters developed the technique.
Ateam led by Marine Cotte at the European
Synchrotron Radiation Facility in Grenoble,
France, has analyzed tiny samples of paintings
sent by a UNESCO conservation team from a site

EDITED BY CONSTANCE HOLDEN

where the Taliban destroyed two giant Buddha statues in 2001. Initial scans with ultraviolet
light led researchers ta suspect the presence of oil, and "we have canfirmed it,” says Cotte.
Twelve of 50 murals depicting colorful Buddhas and mythical creatures, painted in caves behind
the statue niches, included pigments bound in plant oils. Gil offers “more freedom” to artists, says
Cotte, as it doesn't set instantly like the gypsum or calcium salt pigments also used in the caves.
Helen Howard of the National Gallery in London says European oil paintings date back to
the 12th century, but whether ail was used earlier isn't known because “analysis hasn't often
been carried out on very early paintings.” UNESCO team leader Yoko Taniguchi of the National
Research Institute for Cultural Properties in Tokyo said in a statement that ancient Romans and
Egyptians were known to use drying oils, but only as medicines and cosmetics. Thus, the team
writes in April's Joumal of Analytical Atomic Spectrometry, the Afghan samples could be the

“oldest example of oil paintings on Earth.”

many offspring as possible: “Sperm are cheap.”
Le Boeuf says he's reminded of male wild
turkeys, which will attempt to mate with a stick
iFit's placed at an angle that mimics the neck of
a receptive female,

Glyphs for Docs

Physicians may be losing their attention spans
along with the rest of us, but French researchers
have come up with a remedy:
pictographs ta give dactors
shartcuts to information that
will help them write better
prescriptions.

Jean-Baptiste Lamy, a bicinfor-
matics expert at the University of Paris, and col-
leagues call their new language VCM for visuati-
sation des connaissances médicaies. Use of the
system will avaid a lot of camman prescribing

_’®;

errors, they argue, as doctors often don't have
time to read drug monographs when making
medical decisions. ‘A VCM-based software can
help [a physician] verify that a drug can be pre-
scribed ta the patient withaut cantraindication,”
says Lamy. “It has been shown that this step is
sometimes skipped due to the lack of time.”

In the current issue of the journal BMC
Medical Informatics and Decision Making, the
authors report that they successfully trained
11 general practi-
tioners in their sys-
tem of icons that
represent symptoms,
diseases, drugs, and
tests, and can be combined for mare complex
meanings. The symbals above, for example, sub-
stitute for “The hypokalemia caused by this drug
increases the cardiac toxicity of digitalis glyco-
sides and the risk of heart rhythm disorders.”
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MONEY MATTERS

BIG BUCKS. A biotech company formed by
Harvard University antiaging researcher David
Sinclair is being acquired by pharmaceutical
giant GlaxeSmithKline for about $720 million.
Glaxo is paying nearly double the share price,
or $22.50 a share.

Sinclair started Sirtris Pharmaceuticals to
develop resveratrol, a
molecule in red wine,
into a drug for various
age-related diseases
(Science, 27 February
2004, p. 1276). The
4-year-old company,
based in Cambridge,
Massachusetts, is test-
ing a more stable ver-
sion of resveratrol,
dubbed SRT501, in people with diabetes and a
rare mitochondrial disorder and studying small
molecules that activate the same gene, SIRTI,
but at a much lewer concentration,

According te SEC filings, Sinclair owns
153,000 shares in Sirtris, worth more than

THEY SAID IT

“Religious belief is not science. Science
and religious belief are surely reconcil-
able, but they are not the same thing.”

—Raymund Paredes, Texas Higher Education
Commissianer, explaining last week why he had
turned down a certification request from the
Institute for Creation Research for a Master of
Science degree in science education.

wewsciencemag.org  SCIENCE  VOL 220
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Celebrities

KARL MARX PLANCK? Did Max Planck, the founder of quantum
physics, share a name with the intellectual father of communism?
In preparation for the celebrations surrounding the physicist’s
150th birthday on 23 April, a German television reporter search-
ing old church records for the names of Planck’s godparents
found more than he was looking for. The entry in the baptismal
registry reads “Kar] Frnst Ludwig Marx Planck, goes by Marx
It’s not clear whether the pastor improperly recorded the name
or whether Planck later changed it to avoid confusion with the polit-
ical philosopher, who was 39 and widely known when Planck was
born. Lerenz Beck of the Max Planck Society’s Archive in Berlin
votes for the former, based on a letter from 10-year-old Planck, which
he clearly signed Max. But any conclusive proof may have gone up in
flames when a 1944 bombing raid destroyed Planck’s house in Berlin.
Bernd Wirsing, spokesperson for Germany’s Max Planck Society, harbors
no doubts. “It’s worth a footnote for historians,” he says. “But we don’t know
of any decument where he called himself Marx. He was always Max”

53.4 million. He says he's bet "my whole
reputation” on the company. “Neither my
wife nor | are that focused on the money,” he
says. Sirtris will be an autonomous unit
within Glaxo.

IN BRIEF

Steven Kurtz, an art professor at the
University at Buffalo, New York, who in 2004
was indicted for receiving bacterial cultures
by mail, was cleared by a federal judge last
week. Kurtz was planning to use the microbes
in an art exhibit (Science, 9 July 2004, p.
159). University of Pittshurgh geneticist

Robert Ferrell, who bought the microbes and
shipped them to Kurtz, was fined $500 and
sentenced te a year of unsupervised proba-
tion in a ruling on the case earlier this year.

Economist W. Brian Arthur of the Santa Fe
Institute in New Mexico and mathematician
Yakov Sinai of Princeton University are the
inaugural winners of the Lagrange Prize for
research on the science of complexity. They
will receive $118,000 each from Ilaly's
CRT Foundation.

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

Awards >>

BARREN TO LUSH. Martin Fisher has won a $100,000
Award for Sustainability from the Lemelson-IT program for
inventing manual pumps to help small farmers in Africa.

Fisher, a mechanical engineer, began work on tech-
nologies for the rural poor alter a trip to Peru in 1984.
His Super MoneyMaker pump draws water from as deep
as 7 meters and pushes it uphill with pistons powered by
stair-climber—like treadles. It can irrigate 0.8 hectares with
less than a day’s labor and minimal environmental impact.
The sturdy metal pump, which costs about $100, typically
pays for itsell within 6 months, Fisher says, and can increase
a farmer's profits 10-fold. More than 95,000 pumps have
been sold since 1996, mainly in Kenya, Tanzania, and Mali.

Fisher emphasizes that the key to the pump’s success is
that local companies produce and sell it. He runs a social
entrepreneurship nonprofit, Kickstart, founded in Kenya
and headquartered in San Francisco, California. He'll share
part of the prize with his business partner, Nick Moon, and
plow the restinto cheaper, more powerful pumps.
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GINAs
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Spotted Owl Recovery Plan
Flawed, Review Panel Finds

A blue-ribbon panel of scientists
has confirmed major flaws in the
proposed recovery plan for the
northern spotted owl, a threat-
ened species that has driven for-
est policy in the northwestern
United States for nearly 2 decades.
As did earlier reviews, the final
one, by the Sustainable Ecosys-
tems Institute (SEI) in Portland,
Oregon, concludes that the Fish
and Wildlife Service’s (FWS’s)
plan does not put enough empha-
sis on protecting the owl’s habi-
tat. Tt also says that massive thin-
ning of dry forests is needed to
prevent habitat from geing up in
smoke—a recommendation that
makes some environmentalists
nervous. All eyes are now on
FWS, which intends to release a
final version of the plan by the
end of the month. The plan
“could have a very profound
effect,” says forest ecologist Jerry
Franklin of the University of
Washington, Seattle, who partici-
pated in the SEI review.

The northern spotted owl
{Strix occidentalis caurina) lives
mainly in old-growth forests,
which range from British Columbia to north-
ern California. After decades of logging and
population decline, the species was put on the
federal list of threatened species in 1990.
FWS began to create a recovery plan to use in
determining habitat critical for the species’
survival. Although recovery plans lack the
legal clout of regulations, they are a major
influence on FWS decisions to permit log-
ging and other activities that might harm a
particular species. The recovery plan for the
spotted owl was never finished, however,
because it was superseded by the overarching
Northwest Forest Plan, which guides forest
policy across the region.

Many environmentalists think the
Northwest Forest Plan wasn’t protective

In trouble. The 45-cm-tall northern spetted owl is threatened by
lagging of cld-growth forests, fires, and invasion of its habitat by
barred awls.

enough—the spotted owl population contin-
ues to decline by 3.7% a year—whereas the
timber industry has complained that it’s too
restrictive (Science, 29 July 2005, p. 688).
In 2002, the American Forest Resources
Council (AFRC), an industry group, sued
FWS for failing to complete a review of the
owl's status, which it is required to do every
5 years. Aspartofa settlement, FWS agreed
toreexamine its designation of critical habi-
tat by 1 June 2008. A separate lawsuit also
led the agency to finalize its recovery plan
for the species.

In spring 2006, FWS formed a team to
draft the recovery plan that included a broad
range of expertise, including environmental-
ists and timber industry representatives, but

(1Tt

Fossil
food webs

lacked top scientists; some declined to partic-
ipate in part because they feared the process
would be politically charged, they teld
Science. The team’s draft focused on the need
to protect habitat and also dealt with the threat
from barred owls, an invasive species that is
competing with the spotted owl.

Politics did trump science, say observers
and participants. After the First drafi was sent
to Washington, D.C_, in September 2006,
officials at the Department of the Interior
(DOD) ordered the recovery team to add
another management strategy, called Option
2, says recovery team member Dominick
DellaSala, an ecologist who directs the
National Center for Conservation Science &
Policy in Ashland, Oregon. This option would
reduce the amount of land set aside for owl
conservation and give the Bureau of Land
Management {BLM) and the Forest Service
more flexibility to allow logging. The imme-
diate goal was to make the recovery plan con-
sistent with a BLM proposal to facilitate log-
ging in Oregon, according to internal agency
e-mails provided to Seience by DellaSala. He
says that officials also wanted the plan to list
the barred ow] threat as more dire than loss of
habitat—over the objections of some of the
recovery team members, as well as James
Tate, DOI's own science adviser.

FWS released the draft plan, including
Option 2, for public comment and requested
scientific review in April 2007. Anonymous
peer reviews, organized by the Society for
Conservation Biology and two other science
groups, raised many concerns. In August, for
example, reviewers recruited by the Wildlife
Society, a nonprofit association of wildlife
conservation and management experts, called
the draft plan “seriously flawed” The review-
ers deemed the draft’s overall focus on barred
owls rather than habitat conservation “incred-
ibly risky.” And Option 2, they concluded,
“drastically reduces protection for owl habitat
and maximizes flexibility given to land man-
agers by allowing them to operate under a
series of nebulous rules.” The Wildlife Soci-
ety urged the agency to start over.

In December 2007, the agency contracted
with SEI to analyze all the reviews and sug-
gest scientifically valid recovery options. Ina
157-page report released on 21 April 2008,
nine leading owl and forestry experts echoed
many of the previous criticisms of the draft
plan. They confirmed that barred owls are a
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threat, recommended experiments to deter-
mine how they can be controlled. and reiter-
ated that the draft plan underestimated the
importance of protecting habitat.

In a major departure from both previous
reviews and the draft plan, the SEI panel
called for much more aggressive thinning to
reduce the risk of massive forest fires, espe-
cially in the dry, eastern part of the spotted
owl’s range. “We think the threat of wildfire
is so great that we need to do thinning,” says

GLOBAL WARMING

Smoker
screens

lead author Steven Courtney of SEL Ecolog-
ical restoration is also necessary, Franklin
adds. In contrast, DellaSala and reviewers for
the Wildlife Society say that more needs to
be learned about possible detrimental effects
of thinning on spotted owls,

The recovery plan is now being finalized
to meet the June deadline for revising critical
habitat, says FWS spokesperson Joan Jewett.
She expects that thinning will be addressed.
The timber industry agrees that thinning, and

Mother Nature Cools the Greenhouse,
But Hotter Times Still Lie Ahead

As climate-change skeptics like to point
out, worldwide temperatures haven't risen
much in the past decade. If global warming
is such hot stuff, they ask, why hasn’t it
soared beyond the El Nifo-driven global
warmth of 19987 Mainstream climate
researchers reply that greenhouse warming
isn’t the only factor at work. And in a new
paper, they put some numbers on that rebut-
tal. They show that regional and even global
temperatures are being held down by a natu-
ral jostling of the climate system, driven in
large part by vacillating ocean currents. The
study “shows how natural climate variabil-
ity can mask the global warming effect of
greenhouse gases,” says climate researcher
Adam Scaife of the Hadley Centre for Cli-
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Not 50 hot. In a model's simulation of dimate out to 2015, much of the world is cooler {blues) than it would
have been without natural climate variations driven by vacillating ocean flows.

110°W

mate Prediction and Research in Exeter,
K., *but only for a few years.”

The latest reminder of climate’s con-
founding subtleties comes in climate fore-
casts that Noel Keenlyside of the Leibniz
Institute of Marine Sciences in Kiel, Ger-
many, and colleagues published this week in
Nature. Rather than simply predicting tem-
peratures at the end of the century, as most
modelers do, they ran their simulations only
10 and 20 years into the future. At such a
time range, short-term effects can override
the contributions of rising greenhouse gases
(Science, 10 August 2007, p. 746). For
example, great, heat-carrying currents like
the Gulf Stream can slow down and speed
up, cooling and warming swrounding conti-
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Promising
gene therapy

barred owls, are a serious threat, says AFRC
President Thomas Partin. But he dismisses
the impact of logging large trees, because he
says that has been relatively minimal in
recent years. DellaSala counters that the sci-
ence says every hectare of owl habitat mat-
ters. Given the pressure from BLM and the
Forest Service, he’s pessimistic about how
much protection the final plan will afford
old-growth forests. “It might get decided in
the courts,” he notes. —ERIK STOKSTAD

nents. As a result, temperatures rise and fall
from decade to decade even in the absence
of human interference.

To take account of such ocean-driven
natural variability, Keenlyside and his col-
leagues began their model’s forecasting
Tuns by giving the model’s oceans the actual
sea surface temperatures measured in the
starting year of a simulation. Providing the
initial state of the ocean doesn’t make much
difference when forecasting out a century,
so long-range forecasters don’t usually
bother. But an initial state gives the model a
starting point from which to caleulate what
the oceans will be doing a decade hence and
therefore what future natural variability
might be like.

The added observations did in fact
improve simulations of past climate varia-
tions. Looking into the future, the model
forecasts a slowing of heat-carrying
Atlantic currents and thus a cooling over the
North Atlantic, North America, and western
Europe in the next decade. [t even predicts a
slight cooling of the globe. But by 2030,
forecast global temperatures bounce back
up to the warming predicted with green-
house gases alone.

The forecastis not the first to herald a slow-
ing or even a temporary cessation of global
warming. A study involving even more ocean
observations inserted at the beginning of
model runs reached similar conclusions Jast
year. “The different approaches give slightly
different results,” says climate modeler
Douglas Smith of the Hadley Centre, who
headed the earlier study, but “we do agree
there’s a temporary offset of global warming
due to natural variability™ So if you're a cli-
mate-change activist pointing to year after year
of mounting climate crises, you might want to
rethink your approach. ~RICHARD A. KERR
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How to Get a Genetic Protection Law
Through Congress? Keep Trying

Persistence pays. After 13 years of rejection,
a bill to protect individuals from employ-
ment and insurance discrimination based
on their DNA, the Genetic Information
Nondiscrimination Act {GINA), is poised to
become law. Last week, the U.S. Senate
voted unanimously to approve the bill; the
House of Representatives was scheduled to
vote on it as Science went to press. And
President George W. Bush has vowed to sign
it if it reaches his desk.

GINA has had many champions, but
one of its most stalwart backers and the
only co-author who trained in microbiol-
ogy and public health is Representative
Louise Slaughter (D-NY). Slaughter, 78,
has introduced the bill in every Congress
since 1995, She was first driven by con-
cerns that individuals would be reluctant to
participate in genetic research without the
protections that GINA offers. But the
changing genetic landscape has led her to
expand her thinking, and she now hopes
that GINA will put families more at ease
about taking one of the growing number of
genetic tests hitting the market.

Navigating the politics that held GINA
up has been tricky. The bill didn’t make it
to a vote in the House until after the
Democrats took control of Congress in
2006 and overcame the concerns of health
insurers and other businesses that feared it

would raise costs. GINA passed twice in
the Senate, in 2003 and 2003, but was later
blocked single-handedly by Senator Tom
Coburn (R-OK). Coburn, who said the bill
might expose businesses to legal liabilities,
recently withdrew his objections. Slaughter
was upbeat in a conversation with Science
earlier this week.

~JENNIFER COUZIN

Q: Why did you first introduce the bill back
in 19957

L.S.: I'm a scientist, and [ believed in the
Human Genome Project. We didn’t know
much about it at the time, but [ really felt
that since [ was in Congress ... that the
social policy should keep up with the sci-
ence. [ wanted them to move in tandem.

Q: Why has it been such a long road?

L.5.: I think it’s been a total misunderstand-
ing. ... In the Senate, a single man held up
83 bills including this one—he didn’t
understand it.

Q: You're talking about Senator Tom
Coburn?

L.5.: Yes. [For many years,] this bill was held
up in the House; there was never a hearing.
‘We always had far more cosponsors than we
needed to pass it but were not able to get it
on the calendar.

Long haul. Representative Louise Slaughter
(D-NY) has pushed a ban on DNA-based discrim-
inatian thraugh 13 years of congressional debate.

Q: Why was that?
L.5.: The drug companies and the insurance
companies didn’t want it.

Q: Why not?

L.S.: They were mistaken. Everyone has
bad genes. Dr. Francis Collins [head of the
U.S. National Human Genome Research
Institute in Bethesda, Maryland, and a
longtime champion of GINA] had said to
us early on, the president of the drug com-
pany and the president of the insurance
company have bad genes. It’s to their bene-
fit and the benefit of their families that we
know all we can.

Q: And you were thinking about this partic-
ularly in terms of research?

L.S.: It started in research, but we knew
the promise of this science was so great,
being able to provide health care in an
entirely new way. Not only to save billions
of dollars in health care money, but we
could save in human suffering. It never
made any sense to me that we would have
all these roadblocks.

Q: How will GINA help?

L.5.: People will not be afraid to allow them-
selves to be part of a research program
because they will know it will not affect
their employment or insurance. ...

But the most important thing is the number
of people [who worried about this]. ... We had
one constituent who had a lotof Alzheimer's in
‘his family. He very much wanted to know ifhe
had that gene in his family but was afraid to get
tested. Many went to clinics [for genetic test-
ing] under assumed names.

Q: Are more people going to buy genetic
tests now? Is that problematic, given that
there are concerns about the quality of
these tests?

L.5.: We may get higher quality now. Once
we got the bill passed, obviously protecting
your information means getting a good test
as well, in my book.

Q: What's next for you in this area?

L.S.: 'm in a wonderful spot for a microbi-
ologist—given food that’s unsanitary, out-
breaks of E. coli. There's a number of things %
that we are very much aware of and worry
about. We want the FDA [U.S. Food and S
Drug Administration] to be much stronger, §
‘much, much, much stronger. ]

(ARAPAKIAR
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Yosemite: Protected but Not Preserved

The spectacular landscape of California’s
Yosemite Valley looks natural and has been
protected for more than a century. Yet ecol-
ogists know that today’s valley is not the
one that enchanted naturalist John Muir
when he promoted the formation of
Yosemite National Park. One of the park’s
emblematic species, the California black
oak (Quercus kelloggii), is in decline, a
problem usually attributed to a Jack of fire
and an invasion of conifers. Now, two
researchers have traced the trees’ suffering
through a complex chain of effects that
starts with human influence and extends
from cougars through mule deer to oaks and
primroses. The result of that “trophic cas-
cade” is that there are very few young oak
trees to replace their elders, hurting other
species from shrubs to birds and inverte-
brates and apparently reducing overall bio-
diversity, according to a report in the May
issue of Biological Conservation.

“Is not just Yosemite,” says ecologist
Thomas Rooney of Wright State University
in Dayton, Ohio, who was not involved in
the study. He notes that other oak species are
in decline across the United States. “Tt
shows that habitat protection alone is not
enough. You need the predators.™

In Yosemite, the paper says, the direct
cause of oak mortality is the high density
of mule deer, which have been munching
the oaks’ basal sprouts and seedlings for
nearly a century. [ntriguingly, the mule
deer’s abundance stems not from a lack of
predators—as with elk in Yellowstone
National Park (Science, 27 Iuly
2007, p. 438)—but from shy ones:
elusive cougars (Puma concolor).
The mountain lions keep the deer in
check elsewhere in the park butaveid
areas like the valley, where people
congregate.

“There are higher deer densities
now than in the 1850s.” when Ameri-
can settlers first entered Yosemite
Valley, says ecologist William Ripple
of Oregon State University, Corvallis, who
co-authored the study with OSU colleague
Robert Beschta, a forest hydrologist.

After Yosemite became a national park
in 1890, visitors swarmed into the valley,
eager to see its parklike landscape of black
oaks and famed wildflower-filled mead-
ows. Officials began eliminating cougars,
bobeats, and coyotes and protecting mule
deer from hunting. By 1925, deer were

CREDITS: Wt L RIPPLE/GREGON STATE UNWERSITY

numerous, and park observers noted a
marked decline in the most popular wild-
flower, the evening primrose {(Qenothera
hookeri). Although not apparent at the
time, that’s also when the black oak
seedlings began to disappear, say Ripple
and Beschta, who in 2006 measured the
diameters of more than 3000 black oaks.
They also took tree ring cores from 40 sites
close to the valley’s visitor center and sites
4 to 8 kilometers away. Black oaks can live
as long as 500 years, but a “healthy stand
includes a mix of young and old trees,”
says Beschta. Oaks close to the visitor cen-
ter have almost no young trees or basal
sprouts. The deer are using people as “pro-
tective shields,” says Ripple. Deer had also
nipped off the flower buds of nearly every
evening primrose the scientists saw.

Free lunch. Mule deer
near Yosemite's visitor
center feast on oak seed-
lings and evening prim-
rose flowers {inset),

Today, Yosemite managers burn pre-
scribed areas to keep out conifers and clear
the way for oaks. But fires can’t do what
most needs to be done, says Ripple: “Get
the baby oaks to grow.” That’s not likely to
happen until there are fewer deer. “It
wouldn’t be popular to have culling in a
national park,” Rooney says, “but it may be
necessary” if the valley’s biodiversity is to
be preserved. ~VIRGINIA MORELL

Cancer Genome Goes Global

There's an ambitious new sequencing project
on the black: the International Cancer
Genome Consortium (www.icgc.org). Leaders
aim to raise $1 billion to sequence 50 human
cancers aver the next 10 years and share the
data. This week, it joined a crowded field; sim-
ilar efforts are under way at the U.K. Sanger
Institute and the U.S. Mational Institutes of
Health (Science, 8 September 2006, p. 1370).
But a global organization makes sense
because the prevalence and environmental
causes of cancer differ around the world, says
consortium leader Thomas Hudson of the
Ontario Institute for Cancer Research in
Toranto: "We're trying fo prepare ourselves
for the next wave.” Qrganiz in ni
countries, including in China, Singapore, and
India, have signed an. ~]OCELYN KAISER

Stresses Grow in U.K. Science

U.K. parliamentarians attacked the Labaur
gavernment this week for slighting science
and mismanaging the current allacation of
£2.8 billion. The science committee in the
House of Commans also leveled harsh words
at the agency that supports astranomy, parti-
cle physics, and government labs, saying it
had axed fields and facilities without consult-
ing the community and citing “particular
weakness” in its peer-review systems and
management. Neglect has “caused immense
damage to fundamental science in this coun-
try,” says particle physicist Brian Cox of the
University of Manchester. However, U.K. inno-
vation secretary John Denham argued in a
speech that "as a government, we have fought
for, and won, record resources” for science.
—~DANIEL CLERY

Wage Understanding, Not War
The sacial and behavioral sciences may get as
much as 20% of a proposed $250 million
baast ta the U.S. Department of Defense’s
basic research budget to counter terrorist
threats without force. “We have given our
troops many technologies to win conflicts, but
we haven't done enough to help them avoid
canflict,” William Rees, the Pentagon’s chief
of basic research, told Science last week. Rees
was amplifying a message from other offi-
cials, including Defense Secretary Robert
Gates, who credits a small team of anthropol-
ogists embedded with military units in
Afghanistan for helping to reduce violence
in the region.
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TROPICAL DISEASES

Dispute Clouds the Future of
U.S. Naval Lab in Indonesia

A United States naval laboratory in Jakarta
that studies tropical diseases may fall victim
to Indonesia’s determination to develop its
own research capabilities and take control
of its HSN1 viral samples. Negotiations
over the lab’s status have dragged on for
more than 2 years, and now some Indone-
sian politicians are calling for it to be closed
or taken over by Indonesia. Recently, the
Indonesia Ministry of Health ordered insti-
tutions to stop sharing all medical samples
with the facility, which has severely limited
what it can do.

Opened in 1970, the U.S. Naval Medical
Research Unit No. 2 (NAMRU-2) is one of
five U.8. tropical disease research labs
scattered around the world. NAMRU-2s
main function is to study infectious dis-
eases that might affect U.S. troops,
although it has taken on a wider public
health role in working with Indonesia’s
Ministry of Health, for instance, in sup-
porting efforts to help curb malaria and
dengue. In addition, NAMRU-2s staff of

PALEOECOLOGY

about 20 Americans and
150 Indonesians has trained
hundreds of Indonesian
health workers, researchers,
and students in lab tech-
niques. [t also monitors
emerging diseases through-
out Southeast Asia in collab-
oration with local institutes.

Responding to e-mailed
questions, Trevor Jones,
NAMRU-2%s commanding
officer, wrote, “The U.S.
benefits because American
scientists have the opportu-
nity to study tropical dis-
ease transmission where it is actually
oceurring.” He added that the restrictions
have slowed the labs work, but he hopes
this is temporary.

One of the most worrisome diseases
circulating in the world is the H3N1 strain
of avian nfluenza, and Indonesia is by far
the hardest-hit country, with 132 con-

Fossils Help Figure Out Food Webs Old and New

The watery world 540 million years ago
abounded with exotic life forms rivaling those
created by Dr. Seuss. Ecologists have long
wondered how these worms, seaweeds,
sponges, trilobites, snails, and meter-long
beasts with rings of teeth interacted. Now, a
daring analysis of fossils from China and
Canada shows that these marine plants and ani-
mals from the Cambrian Period formed food
webs on par with those existing today. These
ancient networks follow the same rules seen
among inhabitants of current reefs, deserts,
and bays, report Jennifer Dunne, an ecologist
at the Santa Fe Institute in New Mexico, and
colleagues online 28 April in PLoS Biology.

“T was surprised that something like this
[study] is really possible,” says Volkmar
Wolters, an ecologist at Justus Liebig Univer-
sity in Giessen, Germany. “The result isa
thought-provoking, highly informative, and
breathtaking paper on the potential structure of
Cambrian communities™

Food webs are the complex networks of
feeding interactions among the plants, ani-
mals, and microbes in a particular ecosys-

tem. Over the past 30 years, researchers have
Jearned that food webs share certain patterns,
irrespective of the habitat or the particular
species involved. The number of species
making up the web and their degree of con-
nectedness dictate certain elements—for
example, the number of top predators, the
percentage of omnivores, and so on. Dunne
wondered how early these patterns emerged,
but the fossil record had seemed too sketchy
to provide detailed enough information about
who eats whom.

Douglas Erwin, a paleontologist at the
Smithsonian National Museum of Natural His-
tory in Washington, D.C., knew of two excep-
tions. After a lunchtime conversation with
Dunne, he offered to help compile the neces-
sary data from two Cambrian fossil beds, the
Burgess Shale in Canada and the Chengjiang
Shale in China. At both sites, soft as well as
hard body parts were preserved. He and Rachel
‘Woad of the University of Edinburgh, UK.,
combed the literature for descriptions of gut
contents, bite marks, teeth, and other structures
indicative of particular eating habits. They

In the spotlight. Officials opened the U.S. Naval Medical Research
Unit No. 2 to the public in Jakarta to show thal mast employees
are Indonesians.

firmed human cases and 107 deaths.
NAMRU-2 performed the lab diagnosis of
all human cases of H5N1 in Indonesia
from June 2005 to January 2007, when
Indonesia’s Ministry of Health labs took
over the duties. Since then, Indonesia has
only sporadically shared samples of the
HS5NI virus with the World Health Organi-

established links among herbivores, predators,
and prey for 142 plants and animals in the
Burgess Shale and 85 in the Chengjiang
formation and rated how confident they were
of each link.

Dunne and her colleagues Richard
‘Williams of Microsoft Research Limited in
Cambridge, UK., and Neo Martinez of the
Pacific Ecoinformatics and Computational
Ecology Lab in Berkeley, California, used
these data to compare the two Cambrian
ecosystems to eight modern ones, including a
reef, an island and a pond. They caleulated the
total number of Iinks for each species in each
ecosystermn and the nature of those connections, E
for instance, how many were predator-prey, or %
‘herbivore-plant. They plugged the number of §
species and links into a mathematical model ¥
that describes modern feeding systems to see if’
it could accurately predict what the Cambrian
food webs would lock like.

It showed that the food-web structure—
the numbers of organisms at each level, for
example—was quite similar in all ecosystems &
studied. And it also showed that in some ways, ]

EFIK KURNIAWAN/LS,
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zation (WHO), demanding more equitable
access to any vaccines or other benefits
derived from those samples, which are
used to monitor virus evolution, drug
resistance, and pandemic risk (Science,
23 February 2007, p. 1065).

Now that dispute has extended to
NAMRU-2 and is hampering its research on
all tropical diseases. When the lab’s Memo-
randum of Understanding expired in
December 2005, US. officials assumed
negotiating a new agreement would be rou-
tine. NAMRU-2 continued its work until the
Ministry of Health halted all sample sharing
on 31 March. Tensions escalated further
after an early April visit by U.S. Health and
Human Services Secretary Michael Leavitt,
who wrote on his blog on 14 April that
Indonesia’s Minister of Health, Siti Fadilah
Supari, “has used the sample-sharing
debate and the negotiations over the status
of NAMRU-2 in Indonesia to set herself up
as an antagonist of the United States.” Last
week, several Indonesian politicians joined
the fray, calling for NAMRU-2 to be closed
or taken over by Indonesia.

The U.S. Embassy and NAMRU-2 are
now trying to reassure Indonesians of the
lab’s good intentions and negotiate a
new agreement. John Heffern, deputy

the Chengjiang food
web—15 million years
older than Burgess—
was more primitive.
The researchers found
more “loops” in
the Chengjiang web,
wherein the same
species appears twice
ina particular food
chain. By contrast, the
Burgess Shale and
modern food webs
tend to be more hierar-
chical, a trait consid- L
o ered important for stability, Dunne notes.
Another analysis revealed that the Chengjiang
£ food web was more loosely connected than the
2 rest. Today. any species ina web is so closely
2 connected to others that a change in one tends
to affect most of the web members. In China,
that may have not been the case.

But 15 million years made a difference.
“The younger Burgess Shale web looks
incredibly like the modern food webs,”
Dunne points out.

The work is “an excellent contribution to
both paleoecology and food-web theory, show-
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U.S. ambassador, held a press conference
on 24 April to defend the lab’s activities, and
NAMRU-2 held a media open house on
25 April. One remaining point of con-
tention, Heffern told the press, is providing
diplomatic immunity for the Americans
working at the lab, which the U.S. believes
to be standard practice but many in Indone-
sia are now questioning. Local newspapers
have reported that other issues pertain to
technology transfers. (Calls seeking com-
ment from [ndonesia’s Ministry of Foreign
Affairs were not returned.)

The outcome of the negotiations will
also affect NAMRU-2% status as a WHO
collaborating center for emerging diseases.
That designation, in effect since 1997, is on
hold pending the resolution of its status.
David Heymann, who heads WHO's pan-
demic influenza efforts, says the lab has
been “very important” but adds that
Indonesia’s own lab capabilities are
advancing rapidly. “We are encouraging
developing country labs to become collab-
orating centers,” he says.

Jones declined to comment on the
negotiations. But he emphasized that “we
do not have plans to move to another Asian
country. We are dedicated to a future here
in [ndonesia.” ~DENNIS NORMILE

ing the relevance of
the fossil record to
understanding cur-
rent ecosystem states,”
says Peter Roopnarine,
a paleontologist at
the California Acad-
emy of Sciences in
San Francisco.
However, he and
Wolters wonder wheth-
er Dunne and colleag-
ues were overly bold
in assuming fossils at
L a particular locale
really coexisted, as the beds cover millions of
years, and whether the sampling was compre-
hensive enough for this sort of analysis. Just
because the structure of the food webs seems
similar doesn’t mean they functioned the
same way, cautions Roopnarine, who says
that the paper “falls short on some of its claims
Nonetheless, he thinks the work will have
an impact: “The questions emerging fromthis
paper should encourage paleontologists to
think more seriously about the need to
develop theoretical and modeling approaches
to fossil ecologies” ~ELIZABETH PENNISI

this 500-million-year-
old food wab.

Business Boost Thwarted

A congressional Demacrat with clout and a
Republican with conviction have teamed up to
block a plan ta give small businesses a bigger
slice of the federal research pie. Last week's
vote by the House of Representatives came on
a bill to reautharize twa research programs
that fund peer-reviewed proposals from start-
up companies through a tax on 11 science
agencies. Of greatest concern to science lab-
byists was language raising the share going to
the SBIR (Small Business Inngvation Research}
and STIR (technology transfer research) pro-
grams from a combined 2.8% to 3.6%, an
increase that would have siphoned off an
additional $650 million a year, But represen-
tatives David Gbey (D-W1), chair of the pow-
erful appropriations committee, and Vernon
Ehlers (R-i}, a former physics professor who
had failed to derail the increase during an
earlier committee vote, argued successfully on
the House floor that this was the wrang time
to tap already stressed science budgets
Alarger SBIR pragram “does no harm for
a large agency whose budget has been rising,
such as the Department of Defense,” Obey
said shortly before last week's vote, “but it
can do immeasurable harm to the crown jewel
of our research agencies in this country, the
National Institutes of Health.” The White
House also opposed the increase. A proposal
for an even larger boost has stalled in the
Senate. Both programs are set ta expire this
fall unless Congress reauthorizes them.
=JEFFREY MERVIS

Campaign Bailout for Arecibo?

Senator Hillary Clintan (D-NY) has introduced
legislation (5. 2862} to keep federal funds.
flowing to the Arecibo Cbservatary in Puerto
Rica. Her support for the warld’s largest single-
dish radio telescope, which is slated to lose
National Science Foundation support by 2011
(Science, 21 September 2007, p. 1663),
would benefit both her home state of New
York—the abservatory is operated by Cornell
University—and the economy of Puerta Rico,
which holds a presidential primary on 7 June.
Clinton, who trails Barack Cbama in the race
for the Democratic nomination, hailed
Arecibo’s “remarkable toals” for understand-
ing the universe and “the path-blazing
accomplishments of these New Yorkers.”
Puerta Rico's delegate introduced a similar
bill last fall in the House of Representatives.
A Carnell spokesperson said the university was
“absolutely pleased” by Clinton’s move
~ANDREW LAWLER
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A Bruising Battle Over Lung Scans

Doctors and researchers are sharply divided over the merits of
screening smokers and others at high risk of lung cancer with costly
CT scans; a $200 million clinical trial has become a lightning rod

Sheila Ross is known as a “two-time sur-
vivor” at the advocacy group where she
works. Doctors found cancer in her lung,
treated it, and declared the treatment a suc-
cess—twice. “T am very lucky™ to be alive,
Ross acknowledges, because the odds of sur-
viving 5 years after one such diagnosis are
only about 15%. She lost a lung in the second
treatment, and at that point, after 20 years asa
congressional aide, she says, “I knew exactly
what [ had to do.” She joined a Washington,
D.C., activist group, the Lung Cancer
Alliance. Its style, like Ross’s, is impatient.
The alliance kicked a hornets’ nest last
year, criticizing the cancer-research establish-
ment for passivity and demanding that the
U.S. government investigate two clinical lead-
ers for alleged financial conflicts (see sidebar,
p. 602). That was merely a side skirmish ina
battle over early detection of lung cancer, a
fight that has split the cancer-research and
treatment communities. At issue is whether an
advanced x-ray imaging technique known as

low-dose spiral computed tomography (CT)
scanning should be widely used to catch
tumors when theyre small, in hope of remov-
ing them before they spread. The alliance,
along with an assertive group of scientists,
argues that CTs effectiveness is already estab-
lished and that it should be widely used to
screen those who have a high risk of lung can-
cer, primarily smokers and former smokers.
An equally impassioned group of scien-
tists argues that without better information,
such a step would be folly. They say the bene-
fits of CT screening for lung cancer aren’t
proven and that its widespread use could do
more harm than good. It would be expensive,
too, adding billions of dollars to the annual
cost of Medicare and private insurance. Some
argue that the government would get more
reliable results by investing in tough meas-
ures to curb smoking, which is the biggest
cause of lung cancer. “Essentially no one
believes the current data support the hypothe-
sis that screening is beneficial,” says out-

spoken skeptic Peter Bach, a lung-cancer spe-
cialist at the Memorial Sloan-Kettering Can-
cer Center in New York City.

Caught in the middle of this dispute is the
National Cancer Institute (NCI). [t is invest-
ing in a huge clinical trial, the largest cancer
screening test it has ever run, in the hope of
gelting some guidance. The first data are due
by 2010, although it may take longer to sift
out key results. The trial itself has come under
fire from the alliance, which wants to cut
short what it considers an agonizing wait for
action. The advocacy group has appealed to
the U.S. Congress and government agencies
to bypass the academic debate and move
straight to screening. On the other side, the
skeptics say that although the trial may not be
perfect, it must be completed before a deci-
sion on screening is made.

A lotrides on the cutcome. Lung cancer
kills more than 160,000 people a year in the
United States, and if more tumors can be
caught early, many lives could be saved. But
expanding CT screening would subject a
large swath of the public each year to joniz-
ing radiation, biopsies, and surgery; it
would cause an unknown number of deaths
itself. Every smoker in the United States is a
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High definition. Computerized reconstruction of
x-ray images makes il possible lo deted very small
nodules in the lung.

prime candidate for lung imaging, and there
are an estimated 45 million of them.

Catching small tumors

Even people who disagree on screening agree
that CT images are a vast improvement over the
chest x-ray. Engineers and computational wiz-
ards came together in the mid-1990s to create
machines that could probe large areas in the
bedy neninvasively and with precision. Ina CT
scanner, the x-ray source and detectors spin ina
ring around the patient, who slides past the
moving beam to yield a spiral “slice” through
the body. A CT scan can be quick—35 sec-
onds—and uses less radiation than traditional
methods. Speed also makes it possible to getan
image in a single breath, reducing blur from
motion. And unlike an old chest x-ray. the data
can be tweaked by computer to tune certain
densities in or out and reconstruct three-dimen-
sional views of tissue and bone.

Starting in 1998, the race to upgrade imag-
ing machines “really took off” says Peter
Kingma, U.S. vice president for CT imaging
at Siemens, the German manufacturer. During
a period known as the “slice wars,” companies
increased the number of detectors rapidly; the
capability to produce two simultaneous heli-
cal slices rose to 16 per scan when the big NCI
screening trial began in 2002 and has contin-
ued climbing to 256 slices per scanand higher.
Resolution also jumped from 10 millimeters
in the early days to 0.625 mm; Kingma says

. Claudia Henschke's '

ill Cornell Medical 7
has reported that vi
Lung tumars

‘CREDITS (TOP TO BOTTONY: MSKOC: MICHAEL CHRISTOPHER BROWN

low-dose images now resolve an area about
0.3 mm square.

Perhaps the most controversial pioneers in
€T scanning for diagnosis of lung cancer are
Claudia Henschke and David Yankelevitz,
both of the Weill Cornell Medical College in
New York City. In a landmark
paper in the 26 October 2006
issue of The New England
Journal of Medicine (NEJM),

Henschke, Yankelevitz, and

a group of international
partners—known as the Inter-

national Early Lung Cancer

Action Project (I-ELCAP)—

reported a stunning success:

88% of the early stage lung- /
cancer patients they detected

lived at least a decade

after diagnosis.

More than 40 participating
centers in [-ELCAP adopted a method first
developed on a small scale by Henschke and
Yankelevitz in New York. They recruited sub-
jects at somewhat elevated risk of lung cancer
and gave them all CT scans. In [.ELCAP,
those without tumors were asked to return for
ascan ina year. The rest went on to a series of
branching paths: If imaging found a specific
solid nodule type with a diameter of at least
5 mm, or a nonsolid one of 8 mm diameter,
they went under intensive study. Some got a
biopsy and then possibly surgery or other
treatment. Others, if their tumor Jooked less
threatening based on texture or growth rate,
were asked to come back in 3 months. The
aim in the [-ELCAP studies is to continu-
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ously sift the population, identify fast-grow-
ing cancers, and remove them.

The group led by Henschke claims that
with experience it has grown better and better
at distinguishing slow-growing from fast-
growing tumors, This minimizes unnecessary

biopsies, the clinicians say,

“Essentially no one
believes the current
data support the
hypothesis that
screening is

| beneficial.”

J —PETER BACH, MEMORIAL
; SLOAN-KETTERING

CANCER CENTER
but enables them to intervene early when a
tumor changes. In the NEJM article, [-
ELCAP reported that of the 31,567 people age
40 or older who initially enrolled in the study,
4186 (13%) were flagged by baseline CT
scans as positive and required follow-up. But
only 484 eventually received a diagnosis of
lung cancer; 412 of these had the earliest
form, stage [. [twas in this latter group that the
estimated 10-year survival rate was 8%%. The
authors say that only by providing good fol-
low-up care and tracking people for more than
5 years can you see the full benefits of screen-
ing. Some studies that report no benefit didn’t
do aggressive follow-up or observe patients
long enough, they argue.

The results had an impact in a field desper-
ate for good news. “For the first time in my pro-
fessional career, here is something that is offer-
ing to mitigate the largest cause of cancer [mor-
tality],” says David Burns, a lang-cancer expert
and professor of family medicine at the Univer-
sity of California, San Diego, who has a long
career battling tobacco and defending federal
antismoking measures. Now he is defending
CT sereening. “The logic is difficult to argue
with,” he says: “You can clearly find [lung can-
cer] smaller, and you can clearly find it at an
earlier stage. If you don’t treat it, people die.”
So why not try to make CT screening work?

Doubts

Hope and enthusiasm are important, but “sci-
ence has to be cold-eyed,” says Bach of Sloan-
Kettering. He thinks the [-ELCAP screening
study is riddled with flaws. He’s also upset by
the publicity it’s received, which he worries
may have increased the number of people
seeking CT scans. The procedure is “incred-
ibly lucrative.” he notes. The charge for an
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A Bumper Crop of Conflicts

A clash between clinical researchers aver whether former smokers and athers
at high risk for lung cancer should be screened using computed tomagraphy
(CT) scans (see main text) has turned bitterly personal. Some of the most can-
tentious questions have been about intellectual and financial conflicts.

The Lung Cancer Alliance (LCA), a patient advocacy group in Washington,
D.C., cast the first allegation. LCA's president, Laurie Fenton Ambrase, is irate
that the U.S. government has refused to endarse CT imaging for lung-cancer
screening while it awaits results from a $200 million trial to evaluate the pro-
cedure, the National Lung Screening Trial (NLST). She has charged that some
leaders of the trial revealed their bias against CT screening when they agreed
in past years to testify far tabacco companies about how screening might do
more harm than good. Ambrose and an ally atanather advocacy group leveled
these charges in a blitz of correspandence to federal agencies, targeting two

istinguished NLST leaders—radioll William Black of Dartmouth Medical
Schoal and Denise Aberle of the University of California, Los Angeles.

The letters prompted several inquiries, including one in the U.S. House
of Representatives last fall led by Michigan Demacrat John Dingell.”
Dingell's probe, which made headlines and then faded from view, is “active
and ongoing,” committee staff claim.

Black and Aberle have acknowledged that they agreed to testify for
tobacco companies but said they did nathing improper. Aberle, who caordi-

* energycommerce. house gov/investigationyNIH.101907.NIHNCL.l.adf

initial CT scan may be modest—about $200
to $300—but that’ just the first installment.
An anomaly “gins up all kinds of business,”
says Bach, as clinicians follow up with
positron emission tomography scans, biop-
sies, and other tests. Imaging is a gateway
into high-cost medicine and has been
flagged as a growing budget concern
by the U.S. Medicare program. f
The glaring weakness of /
[-ELCAP, according to Bach,
whoe with epidemiologist Colin
Begg of Sloan-Kettering and others
published a study on hung screening
last year in The Jowrnal of the Ameri-
can Medical Association, is that it is not
a randomized controlled trial. This makes
it susceptible to bias. The best way to avoid
bias in a screening trial, they argue, is to ran- —
domly assign patients to receive a CT scan or
no CT scan and then keep track of who dies.
Without random selection, trial results can
be dramatically skewed, for example, by
“lead-time bias.” [t produces the illusion that
early diagnosis is responsible for extending
the life of a patient when in fact the patient has

mare false-positive signals,

are not. “Pseudodisease” is the term used by
Alliam Black, a radiologist and lung-cancer

specialist at Dartmouth Medical School, to

Resolving power. Although new
imaging techniques {above) offer
more infermation than the chest
x-ray {right), they also deliver

describe this byproduct of

nates a large network of NLST clinical centers, provided testimony in 2003
in a class-action trial in Louisiana. As Aberle explained in a letter to the
National Cancer Institute, she “vialated na conflict of interest disclosure
requirements,” and the checks she received—reportedly totaling about
$30,000—went to her university. In the letter, she said she wanted to "artic-
ulate the uncertainties of CT screening and the potential risk” to people in
Louisiana who might sign up for it. Black similarly agreed to provide testi-
mony in 2006 for attorneys defending Philip Morris in a New York class-
action suit by smokers who wanted the company to pay for their annual
T scans, As Dartmouth’s general counsel explained in a letter to Ambrose,
Black believes that widespread screening may “cause more harm than ben-
efit” and prepared testimony about why it would be a mistake for the court
to set a precedent for screening. But he changed his mind, withdrew, and
returned a $700 payment because he realized his participation “might be
misconstrued as support for the tobacco industry.” A review by the National
Institutes of Health found that neither grantee had violated rules on disclos-
ing conflicts of interest.

As the dust settled on this cantraversy, The Cancer Letfer, a Washington,
D.C., weekly, published an exposé of patential conflicts on the ather side of the
debate. It revealed that two well-known researchers wha claim unprecedented
success with CT screening far lung cancer—Claudia Henschke and David
Yankelevitz, both of the Weill Cornell Medical College in New York City—have
a financial stake in an invention that could be used in connection with
(T screening. They have applied for 27 patents related to lung screening and
have accepted royalty income fram one license, but, The Cancer Letter

should know that when you go down this road
[of cancer screening],” says Welch, “there is
going to be harm; the question is, what will the
benefit be”
The study by Bach and others—a compar-
ison of a validated model of clinical experi-
ence with data on 3246 patients from
three CT screening trials—found “no
evidence” that screening reduced the
risk of death from lung cancer ina
period of almost 3 years. But
screening dramatically boosted
medical workups. The authors
found that biopsies increased three-
fold above the expected level; lung
surgeries, 10-fold.
Henschke and
Yankelevitz claim
that the extreme vig-
ilance built into their
. approach keeps over-
diagnosis and other
biases to a minimum;
clinicians intervene if
“a malignant rate” of
growth is evident. In

Jjust received a diagnosis earlier.

Other common problems, called “length
bias” and “overdiagnosis.” arise from the
imprecision of cancer biclogy. Too little is
known about early stage tumors to predict
which will become malignant; intensive
screening can flag many that are benign or
slow-growing as dangerous when they really

screening. He and his
Dartmouth colleague,
clinical epidemiologist H. Gilbert Welch,
argue that this is a big medical risk that elini-
cians need to puard against. In addition to
causing harm, overdiagnosis can boost the
number of people who are diagnosed with
cancer and appear to overcome it. “Everyone

addition, she and
Yankelevitz write in the

January 2008 issue of
The Oncolagisi, a panel of pathology experts
has examined all specimens removed by sur-
gery and “confirmed that they are all gen-
uine lung cancers and that 95% of them are
already invasive”
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Tobacco's dividend? CT screening to catch lung
cancer early is being considered for all smokers—
and there are 45 million of them in the United States.

charged, they did not properly disclose these inter-
ests in medical journal articles. In addition, The New
York Times and The Cancer Lefter reported in coordi-
nated articles that mast of the funds supparting the
Weill project came from a tabacco company gift of
$3.6 million.

Henschke and Yankelevitz have since acknawl-
edged that their widely cited 2006 article in The
New England Jeurnal of Medicine, far one, should
have disclosed that they received royalties from
their patented “methads to assess tumor growth
and regression in imaging tests"—inventions that
have been licensed to General Electric (GE), a
maker of CT machines. In addition, they acknowl-
edged that “virtually all” of the maney from a

faundation listed as a spansar of their research actually came from an “unre-
stricted gift by the Vector Group, the parent company of Liggett Tabacca,
which manufactures cigarettes.” In a separate statement, Weill says that
Vector's original pledge was disclosed and reported in the national press
5 years ago and should be viewed in the same light as funding that “peer
institutions and medical schools” received from antitobacco lawsuits.

None of this satisfies the skeptics. Bach’s
doubts have grown so that he now says: “We
worry that the basic principle [of CT screen-
ing] is wrong, ... Most of the lung cancers that
are claiming lives, we think, are coming like a
meteor. They come out of nowhere and are
everywhere.” Screening can't catch them. Yet
others argue that Bach has gone overboard.
Says James Mulshine, a leader of the Lung
Cancer Alliance and associate provost for
research at the Rush University Medical Cen-
ter in Chicago, linois: “T haven’t seen evi-
dence in the literature that supports” Bach’s
view of meteorlike cancers.

Bruce Chabner, editor-in-chief of The
Oneologist and clinical director of the Massa-
chusetts General Hospital Cancer Center in
Boston, says he’s planning to air new concerns
that go beyond study design in an editorial
about the [ELCAP results. For example, he
claims that, unlike all clinical trials sponsered
by drug companies and NCI, this privately
funded project has not submitted its data to an
outside audit. The Weill researchers did not
respond to a request for comment.

A hard endpoint

NCTI's proposed answer to the confusion is to
look for help from a $200 million project it is
now funding, the National Lung Screening
Trial (NLST), a randomized controlled study.
From 2002 to 2004, it enrolled and screened
more than 50,000 individuals through a net-
work of more than 30 study sites in the United

States. The volunteers, all with an elevated
risk for hng cancer, were randomly assigned
to receive a chest x-ray or CT scan. Individual
centers have been following up with standard
monitoring and therapy. From 2008 on,
researchers will be adding up deaths until they
detect a statistically valid result showing that
more people died in the x-ray group or the CT
group—or neither.

By 2010, the first results should be avail-
able from NLST. But CT screening advocates
have already been taking shots at it. For exam-
ple, some sugpest that it was a mistake—per-
haps unethical—to recruit people with the
promise of high-quality diagnosis and then
give chest x-rays, long viewed as a poor diag-
nostic tool. Henschke and Yankelevitz stopped
using chest x-rays early intheir study because,
as they wrote in The Oncologist, it “missed”
76% of the screening-diagnosed cancers
found by CT.

The Lung Cancer Alliance also questioned
whether patient follow-up was aggressive
enough throughout the NLST network,
because a slow response could make the diag-
nostic method look poor. NCI Director John
Niederhuber responded in a letter last year
that treatment “is not standardized in the
NLST.” But he argued that this should not
compromise the trial because “variations in
treatment should occur equally in both arms.”
According to Laurie Fenton Ambrose, presi-
dent of the Lung Cancer Alliance, the empha-
sis on counting deaths rather than aggres-

fram a biotech company involved in lung-cancer research.
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Even the group that first raised these questions may have a conflict of its
own. Ambrase acknowledges that LCA, a tireless advocate for government
action to expand {T imaging, has received funding from GE. Ambrose says
the alliance always made known that it receives 40% of its funding from
“corparate interests,” including the unrestricted GE grant and a larger one

-E.M.

sively screening and treating patients is akin to
“doing nothing” and is “just not acceptable.”

Last year, Ambrose and other leaders of
the pro-screening movement appealed to NCI
for an nterim view of CT screening, before
NLST is done. They proposed combining data
from I-ELCAP with data from NCI-funded tri-
als, including NLST and another known as
PLCO, in an attempt to get an early sense of the
potential value of CT screening. Niederhuber
met with the petitioners but decided it would
not be “appropriate or fiscally respensible” for
NCT to hold a review, he wrote to Ambrose.

Otis Brawley, chief medical officer of the
American Cancer Society (ACS), has agreed to
serve as a broker. He is not an advocate of try-
ing to get an early view of CT screening’s ben-
efits. (The idea was proposed by an epidemiol-
ogist at ACS, Robert Smith.) But Brawley says
that he intends to host a meeting of experts on
the topic; NClLand major international cancer
institutions will be invited to participate.
Brawley aims to bring investigators together in
May or early June from four randomized trials,
including three from Europe, and “perhaps™
someone to represent the FELCAP study. [t
will bea kind of “grand jury,” he says, to review
the trials and see whether it would be possible
10 use existing data to conduct a meta-analysis
of CT screening.

This grand jury may not lead to a new
course of action, but it could help bring
some calm to a hotly contested field of clin-
ical research, ~ELIOT MARSHALL
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PROFILE: NEIL TUROK

Wishing for an
African EinStein

Hoping to nurture Africa’s
talent into becoming elite
scientists, &8smol logist
Neil Turak has plans

to clone the math
institute he founded

CAMBRIDGE, U.K.—In 2001, mathematical
physicist Neil Turok went back for the first
time in 25 years to his childhood home, South
Africa, to visit his parents. Dismayed by the
lack of opportunities for math graduates in
Africa and motivated by his father, a former
antiapartheid activist, the University of Cam-
bridge researcher took action. Over the next
2 years, Turok had a derelict building near
Cape Town renovated into a new institute,
enrolled 29 math graduates from 11 African
nations, and persuaded mathematician col-
leagues to teach there for 3-week shifts. “Itsa
very inspirational venture, ... a real flagship
project,” says Britain’s Astronomer Royal
Martin Rees, who has visited the institute.

The African Institute for Mathematical
Sciences (AIMS) continues to grow (see side-
bar, p. 605), but Turok isn’t stopping there.
He’s leading the effort to replicate itat 15 cen-
ters across the continent, each focusing on a
different area of applied math, such as eco-
nomics. “When people hear about AIMS, they
get very excited” Turok says, “and people see
the spark of something much, much bigger”

Turok’s dream has gotten a massive boost
from TED, a conference held every year in
California, with about 50 invited speakers
originally just from the fields of technology.
entertainment, and design, hence TED. Three
of the annual speakers receive a $100,000
prize, and their talk must contain “one wish to
change the world” Last year, biologist E. O,
‘Wilson wished for an online encyclopedia of
life; it debuted a few months ago. This year,
Turok was one of the chosen.

A prizewmner’s talk at the TED confer-
ence is essentially a sales piteh to philanthro-
pists and companies; Wilson raised $30 mil-
lion after his plea. Turok says he knew
instantly what his wish would be: for the next
Einstein to be African. Worrying that his
Cambridge colleagues would ridicule such a
notion, Turok says he tried it cut on a few par-
ticularly hard-nosed individuals and didn’t
get one negative comment.

Something is needed to jump-start
African science, most agree. There have
been many well-intentioned efforts to boost
the continent’s universities,
but outside South Africa,
world-class research still
struggles to find a home and
few pursue science profes-
sionally (Science, 9 February
2007, p. 748). “Africa has
922 million inhabitants, more
than 40% of whom are under
age 14, There may well be an
Einstein here, but we must find
better ways to tap into that vast
pool of young talent” says Sudanese mathe-
matician Mohamed Hassan, president of the
African Academy of Sciences and executive
director of TWAS, the Academy of Sciences
for the Developing World. Rees agrees: “Its
important for Africa to develop its own mntel-
lectual elite and develop the conditions to keep
them there.”

Turok started off in Africa. He was born in
1958 in Johannesburg, where his parents,
members of the African National Congress,

“When people hear
about AIMS, they
get very excited,
and people see the
spark of something
much bigger.”

fought apartheid. They were imprisoned and
finally expelled from South Africa; Turok
spent much of his childhood in Tanzania and

“fell for theoretical physics.” After complet-
ing his doctorate, he worked at two U.S. uni-
versities and the Fermi National Accelerator
Laboratory, returning to Cambridge in 1997.

During this time, he carved a name for
himself devising observational tests for cur-
rent cosmological theories. [n recent years,
he’s developed, in collaboration with Prince-
ton University theorist Paul Steinhardt, a
model for a cyclic universe in which the big
bang is the result of two multidimensional
membranes, known as brane worlds, collid-
ing. In this model, the big bang is just the start
of the latest phase of a universe that explodes,
expands, contracts, implodes, and then starts
all over again.

Turok s own life split into two parallel uni-
verses during that 2001 visit to South Africa.
He calculated that there must be thousands of
math graduates emerging from A frican uni-
versities every year. “Mostare not able to find
work and are fiustrated because they can’t do
the interesting stufl}” he says. Turok’s father,
who was by then a member of South Africa’s
parfiament, provided “a huge stimulus” for
AIMS. He refused to let his son sit down and
watch an important rugby match until he'd put
his idea for a mathematics institute down on
paper; the father then promptly faxed the doc-
ument to his political friends. “He forced me
into it by pure embarrassment,” recalls Turok.

The project won support from the univer-
sities of Cambridge, Oxford, and Paris-Sud
XI, and the three universities
of the Western Cape. The
South African government and
charitable foundations also
pitched in; educating a gradu-
ate at AIMS costs roughly a
fifth as much as sending them
to Europe or the United States.

Turok’s experience with
AIMS so far has confirmed his
belief that the talent is there in
Africa. It just needs a way to
break out, he says. Most African math or sci-
ence graduates would be overwhelmed, con-
tends Turok, if they went straight to a Euro-
pean or North American research university.
Having a postgrad center in Africa, he says,
lets students “gain confidence. It changes
their whole perspective.”

By 2003, African politicians had taken
notice of the AIMS model, and a plan was
hatched to replicate it in universities across
Africa. Under the auspices of the African

—MNEILTUROK
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An African Showcase for Math Studies

MUIZENBERG, SOUTH AFRICA—An exatic mixture of languages—
Swahili, Amharic, Malagasy—echoes through the lobby of this former beach
hatelthat has been transformed into a hothouse for cultivating bright young
African minds. But it is the universal language of mathematics that unites
the diverse and ambitious group of students making a second home here.

The 53 students at the African Institute for Mathematical Sciences
(AIMSI—whether they come from the deserts of northern Africa, such as Esra
Khaleel of the canflict-torn Darfur region, or fram the lush southern island
of Madagascar, like Mika Sidonie Ranaivomanana—share a passion far
numerical concepts and a determination to make a difference in their home
countries. “While | am at AIMS, my goal is to understand the difficult can-
cepts,” says Proscovia Namayanja of Uganda. " want to return to Uganda to
teach thase concepts.” AIMS's director, thearetical physicist Fritz Hahne, for-
mer dean of science at the University of Stellenbasch in South Africa,
describes his charges as “creative and committed students” who “are here
because they want to give something to Africa and to their home countries.”

AIMS alumni surveys indicate that the vast majarity of graduates go on to
study for advanced degrees, mostly at South African universities but alsa in
Europe and North America. It is unclear exactly how many return to their
native lands, although every one of the dazen current students interviewed
by Science said that they lly would. Walter i of Zim-
babwe, for example, plans to become an expert in a field that might benefit
his hyperinflation-plagued homeland: financial mathematics. On the steps
outside the AIMS building, Lydia Flare Mamoade—the first woman ta attain
a mathematics degree in her country—discusses her plans to earn a higher
degree and then return hame to the isalated Central African Republic.

AIMS accepts only about one in five applicants. Students, who are given
free room and board, take a series of intensive 3-week courses from visiting
lecturers, who live in the building and make themselves available day and
night. Although same courses focus on “pure” math or physics, most are in
the prablem-solving realm of what Hahne calls “relevant” mathematics—for
example, related ta bioinformatics, finance, or astronomy. When physicist
Robert de Mella Kach of the University of the Witwatersrand in Johannesburg
teaches electromagnetism, he avoids textbook tutorials, instead assigning
challenging problems and projects such as building electroscopes out of
soda cans. Understanding “the magic of AIMS" is only possible if you spend
time with students, he says, “to see how hard they engage with the material,
how far they manage to ga, and how much it changes them,”

Students appreciate their constant access to lecturers, a far cry from mast
of their university experiences. “The openness of lecturers, the nature of the
material, the language—AIMS is completely different,” says Khaleel.

NEWSFOCUS I

This April, having completed their classes, the students were all working on
final essays: Audry Ayivor of Ghana tackled topology in the library while
Namayanja sipped tea as she explored a bioinformatics prablem.

Even though AIMS is at a beach resort near Cape Town, this year’s class has
na South African students—and previaus classes had only a handful of them—
in part because the nation's talented math graduates are quickly hired byindus-
tries to fulfill diversity goals. In an effort to attract more South Africans, AIMS
plans to start a separate Honars pragram in biological mathematics next year.

This month, Hahne says, AIMS is addressing another shartcoming by
opening a new Research Center in two renavated buildings across the street.
Visiting scientists, with joint appointments at AIMS and other universities,
will try to create a synergy with the institute by enlisting students to help with
research prajects.

Althaugh the goal of developing an Albert Einstein in Africa may not hap-
pen in their lifetimes (see main text), AIMS students don‘t discount the pas-
sibility. “There is a mountain of talent on this continent, but young peaple
need opportunities to excel,” says David Unuigbe of Nigeria, who wants to
pursue salid-state physics at the University of Cape Town. And Ethiopian stu-
dent Amasalework Ayele Ejigu believes AIMS will help students find such
chances, ultimately benefiting the whale continent: “We are finding an
African unity through mathematics.” —-ROBERT KOENIG

o

AlMing high. Once a rundown
hotel, a new math institute
(above) now attracts top
African students such as Esra
Khalee! (right) of Sudan, who
studies nuclear physics.
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Ministerial Council on Science and Technol-
ogy, a group that included Turok began visit-
ing math departments keen to become part
of an African Mathematical Institutes Net-
work (AMI-Net).

Turok is convineed that rather than adapt-
ing existing structures, it would be better to
create something new i each place: a separate
institute, within the university infrastructure
but autonomous, to insulate it from any politi-
cal pressure. “There’s a better chance of suc-
cess if it’s managed as a franchise,” he says.
Not everyone agrees that starting from scratch
makes financial sense. Although eager to
replicate AIMS, Philippe Mawoko, a mathe-
matician from the Democratic Republic of the

Congo who works for the African Union’s
main development arm on science and tech-
nology initiatives, says it would be sensible
“to use existing institutions as much as possi-
ble. Building completely new institutes would
require more funding and legal work™

Since giving his TED talk in February,
Turok says there has been “an amazing reac-
tion.” He says he’s had discussions with
Google, the Bill and Melinda Gates Founda-
tion, the UK. government, accounting firm
PricewaterhouseCoopers, and Barclays Bank,
as well as endorsements from the likes of
Richard Branson, Bob Geldof, and Forest
‘Whitaker. With $2.3 million worth of dona-
tions committed, he's aiming to raise

$150 million over the next 5 years.

On 11 May, coinciding with the opening
ceremony for a new research arm of AIMS, all
parties involved in AMI-Net will gather in
Cape Town to decide how to move forward. The
first new institute, AIMS-Abuja, will open in
July on the campus of the Afican University of
Science and Technology, a World Bank project
in Nigeria’s capital. Turok says that once
AMI-Net has enough money in place, it should
quickly develop a model plan for how to set up
new institutes and then embark on AIMS-3.
“We have a huge responsibility to get it right.
‘We have to make it work. It's the opportunity of
a generation.” ~DANIEL CLERY
With reporting by Robert Koenig.
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GENE THERAPY

Two Teams Report Progress in
Reversing Loss of Sight

The first safety trials of gene therapy for a degenerative eye disease produced good
results in adults; researchers now intend to treat children

At a vision research meeting this week in
Florida, scientists made a stunning

: In two independent studies,
gene therapy has partially restored the sight
of four young adults born with severe
blindness. After receiving a single injection
of a solution containing a curative gene
months ago, the patients can see more light.
Some of them can now read several lines of
an eye chart. And two who had previously
stumbled through an obstacle course can
now navigate through it.

The patients are still legally blind; they
cannot read even a large-print book. Still,
researchers are calling this first-ever test of
gene therapy to treat a retinal disease a major
advance. {The results were published online
this week by the New England Jowrnal of
Medicine.) The patients’ eyesight wasn't
expected to improve much, if at all, because
the disease was treated at an advanced stage.
However, the two research teams—from the
University of Pennsylvania (Penn) and Chil-
dren’s Hospital of Philadelphia (CHOP), and
University College London—say the bene-
fits may be much greater when they treat
young children with this disorder, called
Leber congenital amaurosis 2 (LCAZ2).

Gene therapy researchers hailed the news
as a boost for their field. “It’s a very promis-
ing development,” says Arthur Nienhuis of
St. Jude Children’s Research Hospital in
Memphis, Tennessee, president of the Amer-
ican Seciety for Gene Therapy. The studies
were only designed to test safety. But if the
hint of efficacy holds up in larger trials, the
results could pave the way for using gene
therapy for other inherited eye diseases as

well as for common ones such as macular
degeneration, eye researchers say. “Ttisa
marvelous thing for the field and for the
future,” says Paul Sieving, director of the
U.S. National Eye Institute {NEI) in
Bethesda, Maryland.

Not everyone who helped develop this
treatment is sharing in the celebration. A third
group that was part of a team that pioneered
the work in dogs 7 years ago has been side-
lined. Although the group’s members at Penn
and the University of Florida have results
from an adult clinical trial, they have been
forbidden by NEI, which funded the work, to
discuss their findings. According to Sieving,
the agency is waiting for an examination of
safety and efficacy data to be completed.

Untreatable
The eye has long been an

“It is a marvelous

Dimmed sight. A retina affected by LCAZ (igft)
compared with a normal retina,

layer of cells that line the back of the eye and
nourish the photoreceptor cells. RPE65
codes for an enzyme that helps convert vita-
min A into a form used to make rhodopsin, a
pigment that absorbs light. Without
rhodopsin, the photoreceptor cells eventually
die. But this can take decades, so giving
younger patients a working copy of RPE6S
should restore photoreceptor function. The
cells “just need to be resupplied [with pig-
ment] and they're back in action again.” says
Michael Redmond of the NEI intramural pro-
gram, whose lab discovered RPE65 and stud-
ied it in mice.

In 1998, gene therapists got a lucky break
‘when researchers found that some Briard dogs
carry the RPE65 mutation. A consortium
formed to study gene therapy in these dogs. It
included Cornell University veterinary
researchers; scientists at the University of
Florida, who developed the adeno-associated
wiral vector; and several Penn scientists. The
Penn group included Samuel Jacobson, a cli-
nician who runs a center for inherited retinal
diseases, and two younger researchers: Albert
Maguire, a retinal surgeon. and his wife, Jean
Bennett, a molecular geneticist, who coordi-
nated the studies. In 2001, the consortium
reported n Nature Medicine that treating
three young dogs with RPE65 mutations
restored enough sight to allow them to avoid
objects and walk through a maze. Their most
famous subject, named Lancelot, became a
poster dog, visiting members of the US. Con-
gress to promote gene therapy.

In June 2005, Jacobson proposed a clini-
cal trial for LCA2 in young adults to the
National Institutes of Health's
Recombinant DNA Advisory
Committee (RAC), which

attractive target for gene ther-  thing for the field reviews gene therapy trials.
apy because the test gene and for the future. #  Bennett was not part of the
is expected to be confined CABLEIEANG proposed trial. According to

within the eye and because
improved sight can be meas-
ured with precision. Interest
grew in the 1990s, as dozens of genes for
inherited retinal diseases were identified.
They include LCA, a catchall term for
severe blindness disorders affecting about
3000 Americans that lead to atrophy of the
light-sensing photoreceptor cells in the retina.
Children with LCA begin losing their sight at
birth or soon thereafter; by age 40, they are
completely blind. There is no treatment.

One form of LCA (LCA2) is caused by
a defect in retinal pigment epithelium 65
(RPE65), a gene that is critical for the single

NATIONAL EYE INSTITUTE

Jacobson, she preferred to
begin the trials in children.
“There was a real difference
in medical-ethical feeling,” comments
Jacobson, who received clearance to go
ahead with the adult trial.

In the meantime, Katherine High, director
of a new gene therapy center at CHOF, made
Bennett and Maguire an offer: CHOP’s cen-
ter would fund a separate trial on children
with Bennett and Maguire as leaders. High
had raised money to start the center afier a
company sponsoring her own work on hemo-
philia dropped out. She decided gene therapy
for LCA2 in children was a good trial to start
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with. “The sooner you can intervene, the
younger the patients, the better.” High says.

In December 2005, Maguire proposed a
pediatric trial to the RAC. He suggested that
beginning with children made sense because
itwasn’t clear that adults would benefit. “Per-
forming a study in older adults with devas-
tated retinas may not provide adequate infor-
mation to proceed with further studies ina
pediatric population,” Maguire said in an
archived Webcast of the meeting. Jacobson,
who was surprised by this pre-
sentation, notes that Maguire’s
appeal included drama: com-
ments from a couple whose blind
1-year-old son with LCA had
been seen by Maguire’s team. The
father wept at the microphone
while his wife stood by with their
baby. RAC approved the proposal.

The two groups—the Bennett-
Maguire team, working through
CHOP with private funding, and
Jacobson’s team with an NEI
grant—moved ahead separately,
although they briefly consid-
ered using a joint data and
safety monitoring board (DSMB).
NEI decided this wouldn't work,
partly because the CHOP trial
was moving faster, says NEI's
Maryann Redford. The CHOP
team and [talian collaborators
began recruiting patients from
the clinic of Francesca Simonelli
at the Second University of
Naples in Italy. Jacobson’s NEI-
funded team had a setback: [t had
to wait a year while the NEI
approved a funding agreement
for their trial.

Then early last year, a late
entrant joined the race. Robin
Ali’s team at University College
London, which had been work-
ing on gene therapy for other
retinal diseases, wanted to
launch an LCAZ trial because
“we knew this would be a very good system
to test efficacy,” Ali says. They decided to
treat adults first, Ali says, even though they
knew results would be more dramatic with
younger patients. It was the first time a
human retina had been injected with a gene
therapy vector, he notes. “If it had been a
catastrophe,” he says, “we would have been
open to the criticism that we rushed into this
with an 8-year-old.”

The UK. team treated its first patient in
February 2007. The two U.S. teams did not
beginuntil October. In the end. CHOP started

‘CREDIT. DANIEL BURKE PHOTOGRAPHY.

with adults, too—a 19-year-old and two
26-year-olds—because recruiting younger
patients proved difficult and because adults
can have more viable retinal tissue than they
had thought, says Maguire. The injection
caused no apparent immune response; one
patient in the CHOP trial developed a
pinhole-size macular hole, possibly from the
injection surgery, but it didn’t affect vision.
A few weeks later, a test based on pupil
constriction showed that the patients could

Early intervenors. Penn’s Jean Bennett and Albert Maguire argued that safety
tests for LCA2 gene therapy should be done in children,

detect three times more light. Performance on
eye charts was compelling, too, although such
tests can be influenced by the placebo effect.
Tiwo patients who had been limited to detect-
ing hand motions were able to read several
lines of aneye chart. And a 26-year-old patient
who initially could not navigate an obstacle
course was able to make his way through.” “T
couldn’t believe it,” Bennett says.

The London team, which used a weaker
promoter sequence to drive gene expression,

NEWSFOCUS I

saw improvement in only one patient, an
18-year-old who had the most mtact retinal
tissue, Al says. He was no better at reading
an eye chart, but his light perception
mmproved 100-fold. In a video before treat-
ment, he stumbles through a dimly lit, simu-
lated night street scene, bumping into walls
several times in 77 seconds. Six months
after the injection, he breezes through in
14 seconds. “It’s more than we could have
hoped for,” Ali says.

Jacobson says the results from
his NEI-funded study’s first
patient, treated in October, were
also “very encouraging.” His
team drafted a case report in
December, but NEI told them to
wait until data for their next two
patients—Tlike the CHOP team’s
patients, treated in December
and January 2008—had been
reviewed in May by the study’s
DSMB. NEI is proceeding with
caution, says Redford. The insti-
tute, however, issued a press
notice last week describing the
Penn trial and noting that NEL has
spent $124 million on basic and
clinical research on RPE6S.

The other two teams say they
sympathize. “It’s very frustrating
for everybody because all of us
want to hear about their data,”
says Bennett. The competition
between three groups has been
healthy despite the disappoint-
ment for some, says eye disease
geneticist Stephen Daiger of the
University of Texas Health Sci-
ence Center in Houston, who
knows both U.S. groups. “It
pushed everyone to work harder
and faster in getting trials going.
In the long run, that is great for
all concerned.”

The UK. and CHOP teams
are moving on to younger pat-
ients; Bennett and Maguire this
maonth will treat an 8-year-cld. They are also
looking ahead to their next gene-therapy
trial. Bennett says she and her Italian col-
laborators are thinking about recessive
Stargardt disease, a disorder that affects
about 27,000 Americans and involves a
defect in a gene in photoreceptor cells.

Now that gene therapy for an eye dis-
ease has shown signs of helping the first set
of patients, Bennett says, “it opens up so
many opportunities”  -JOCELYN KAISER

“content.nejm.arg/cgifcontent/ful INEJMoatB02315/DC1 feontent.nejm org/cgiicontentiiul N EIMaa0802268/DC1
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AMERICAN ASSOCIATION OF PHYSICAL ANTHROPOLOGISTS

Tuberculosis Jumped From

Humans to Cows,

Humans have been cozy with their cows for
almost 10,000 years—milking them, herding
them, and even sleeping with them for
warmth. Many researchers have thought that
cows also gave our ancestors a less welcome
gift: their first exposure to the mycobacteria
that cause tuberculosis {TB). a disease that
kills 2 million people a year.

Atthe meeting, a DNA study of 10 species
of mycobacteria showed that early humans
were infected with strains of Mycobacterium
tuberculosis, which cause TB, long before
they began herding cattle. That sugpests that it
was humans who transmitted the disease to
bovids and other animals. “TB spread from
humans to animals,” perhaps when modern
humans emerged from Africa to spread
around the globe, reported graduate student
Luz-Andrea Pfister of Arizona State Univer-
sity in Tempe in her talk.

Pfister compared the complete sequence
of the same 60 genes in 10 species of
mycobacteria from humans and animals.
She sorted the bacteria into evolutionary
trees and dated the splits among strains by
assuming a constant mutation rate. She cal-
culated that a proto M. fuberctdosis split from
the mycobacterium that causes leprosy about
36 million years ago, perhaps i a primate
ancestor of humans. She also estimates that
M. tuberculosis in humans gave rise to
M. baovis, the strain that infects cattle, about
113,000 years ago, and to the strains in sev-
eral other mammals about $0.000 to 100,000
years ago. Those dates are based on an
Escherichia coli mutation rate, because no
rate has been calculated for mycobacteria. So

Not Vice Versa

the precise dates may change, says Pfister,
who is working to calculate a more precise
mycobacterial clock.

Pfister’s data suggest that humans gave the
disease to cows; they also challenge a long-
held view that M. ruberculosis descended
from a single bug that flourished 20,000 to
35,000 years ago. That view was recently
thrown into doubt by work by Cristina Gutier-
rez, an evolutionary mycobacteriologist at the

| 9-12 APRIL 2008 | COLUMBUS, OHIO

Institut Pasteur in Paris, and others who found
unexpectedly diverse DNA sequences in
Alfrican strains of M. tuberculosis. That raised
the possibility that M. tuberculosis was more
ancient, in order to have accumulated such
diversity (ScienceNOW, 19 August 2005:
sciencenowsciencemag.org/cgi/content/full/
2005/819/2). Pfister’s findings, says
Gutierrez, confirm “the emergence of vari-
ants of the M. tuberculosis complex long
before the domestication of animals”

The genetic work also fits with recent
fossil data showing putative TB lesions of
great antiquity. For example, last year
researchers reported such lesions in a
500,000-year-old archaic human fossil from
Turkey, although without ancient DNA it’s
difficult to be sure TB was the culprit.
Gutierrez thinks the main question now is
“how could the first transmission from
hominid to cow oceur so long before their
domestication?” TB transmission usually
requires prolonged, close contact—but not
always, says evolutionary osteopathologist
Bruce Rothschild of the University of
Kansas, Lawrence. He points out that “pri-
mates in zoos can get TB from humans who
spit on them.” That raises the specter of a
wheezing human ancestor who spat out an
insult—in the form of TB—on some hap-
less bovid long ago.

Australopithecus Not Much of a Nutcracker

In 1959, famous Scuth African paleoanthro-
pologist Phillip Tobias dubbed a newly dis-
covered skull from Olduvai Gorge in Tanzania
“Nutcracker Man,” because of its huge cheek
teeth, thick tooth enamel, and massive jaw.
Ever since, researchers have thought that the
teeth and jaws of these robust australo-
pithecines were specialized to chomp on hard
nuts and seeds, whereas their more fine-boned
cousins, the gracile australopithecines who
eventually gave rise to humans, were general-
ists who ate fibrous fruit and plants.

Now, several researchers reported at the
meeting, different analytical methods suggest
that the diet ofrobust australopithecines wasn’t
s0 hard after all, and that robust and gracile
hominids ate similar fare. Even Nuteracker
Man'sspecies. now called Paranthropus boisei,
wasn't crunching nuts and small hard objects
routinely, according to a new analysis of its
tooth wear. “It looks more like it was eating
Jell-Q.” says palecanthropologist Peter Ungar
of the University of Arkansas, Fayetteville.

These results “show clearly that simplistic
ideas about australopithecine diets need to be
revised,” says paleoanthropologist David Strait
of the University at Albany in New York.

Ungar and his colleagues exposed the soft
side of Nutcracker Man's diet by scanning the
molars of seven individuals of P boisei from
East Africa with a confocal microscope and
analyzing microscopic wear and tear. The teeth
lacked the telltale pits that come from eating
small, hard nuts and seeds, as seen in gray-
cheeked mangabeys and brown capuchin mon-
keys, the team reported in PLoS One this week.
In fact, the robust australopithecines pattern of
wear resembles that of the gracile hominids,
including A. afarensis from East Africa. At the
meeting, Ungar reported in a talk that no aus-
tralopithecines show signs of eating hard
objects routinely, although 4. rebustus from
South Africa may have done so seasonally.

A separate line of evidence from iso-
topic studies is also blurring the distine-
tion between the diets of robust and
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Snapshots From the Meeting >>

Evolution of gliding. In the trapical forests of Sautheast Asia, mare ani-
mals glide from tree to tree than anywhere else in the world: leaping
lizards and geckos, 45 species of frogs, and snakes that can glide
100 meters. Researchers have proposed that mare gliding species
evolved there because Asia’s taller trees give animals enough time to gain
lift after they fall, and there are few vines to use to mave between trees,
At the meetings, a researcher who mapped the canopies of 11 forests
around the world with laser equipment offered anather explanation:
rugosity, or vertical gaps between treetops of different heights.

Biolagical anthropologist Nathaniel Dominy of the University of Califor-
nia (UC), Santa Cruz, reported that Asian forests showed the most extreme
vertical drops from treetop to treetop, especially in high canopies of forests
where trees grow more than 50 meters tall. Falling can be fatal, Dominy says,
so natural selection would strongly favor animals with the anatomy to
recover by gliding. As a result, says UC Berkeley physiologist Robert Dudley,
Asia has many gliders whereas African and American forests have anly a few.
The steep plunges may even have shaped Asian apes: Dominy proposed in
his talk that gibbons have developed their unique made of ricochet brachia-
tion (rapid, arm-over-arm swinging) to navigate the vertical drops. “There's
lats of monkeying around in tall farests,” Dudley says. -A.G.

Side by side. One of the hattest debates in palecanthropology concerns
the petite Homo habilis. Did it give rise to the long-legged human ances-
tor f. erectus about 1.8 million years ago in Africa? Or were the two
species cantemporaries wha arose from an even earlier ancestor? At the
meetings, paleoanthropolagist Christopher Ruff of Johns Hopkins Univer-
sity in Baltimore, Maryland, offered the first analysis of the interior
structure of arm and leg bones from H. habifis—and concluded that it
and H. erectus moved in different circles.

By examining how bone density varies in cross sections of upper arm
and thigh bones, researchers can see how mechanical loads are distrib-
uted on a hominin’s limbs as it walks or climbs trees, for example
Ruff studied images of the cross sections from the arm and leg bones
of M. habilis, H. erectus, chimpanzees, and 100 modern humans. His
analysis is “convincing” that many features of H. habilis limbs are more
primitive than those of H. erectus, says palecanthropologist Henry
McHenry of the University of California, Davis. Ruff suggests that
H. habilis spent more time in the trees, supparting fossil evidence that the
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vertical gaps amang the tall treetops of Southeast Asia.

twa species lived in different habitats. And that, in Ruff's view, makes it
unlikely that 4. habilis gave rise to M. erectus. -AG.

Neandertal voice-over. When Neandertals talked, what did they sound
like? Rabert McCarthy of Florida Atlantic University in Baca Ratan played
a brief synthesized version of a Neandertal voice, based an his recanstruc-
tion of their vocal tracts. The vowel sound of “e” in "see” was less precise
than aurs. It also sounds higher-pitched to our ears, although that’s an
artifact of this particular sound, McCarthy says.

McCarthy and Philip Lieberman of Brown University reconstructed the
shape of the Neandertal vocal tract fram fossils of the face and neck banes and
inferences based on modern humans. The frequencies that emerged most
clearly from their throats were different from ours. As a result, Neandertals
would not have been able to farm the precise, rapid-fire phonemes of human

23 speech, the researchers found.
On | l ne Perhaps the biggest surprise: A 100,000-year-

3 s old early modern human from Israel, known as

PR Skhul 5, had th l traits a tals.
S ;'i;en'u;?;l';"e 19 “Eylblown madern speech came relatively late,”
version of a Neanderial
voice.

says McCarthy, perhaps between 100,000 and
40,000 years ago -ELIZABETH CULOTTA
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gracile australopithecines. Various plants
absorb atmospheric carbon dioxide differ-
ently, and so by measuring the ratio of carbon
isotopes in teeth, researchers can detect
whether ancient hominins ate tropical grasses
and sedges rich in carbon-13, or woody fruits,
shrubs, and herbs with less carbon-13,

The isotopic data from the gracile australo-
pithecines matches that of the robusts and
suggests that both groups ate more diverse
diets than expected. said palecanthropologist
Matt Sponheimer of the University of Col-
orado, Boulder, in his talk. His team analyzed
the carbon isotopes in teeth from 20 robust
and 25 gracile australopithecines from South

False teeth? Nutcracker Man's huge molars may
not have been used 1o regularly crush hard loods.
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Africa. Both groups clustered in between ani-
mals that browse on fruit and leafy plants,
such as fossil giraffes and fruit-eating
antelopes, and animals that graze on fibrous

grasses, such as fossil wildebeest and zebra.
Sponheimer concluded that the robust aus-
tralopithecines’ cuisine included fruits from
trees, bushes, and shrubs when they could get
them but also less desirable grasses and
sedges, similar to the diets of some baboons.
So why did robustaustralopithecines evolve
such massive jaws and molars? The best guess
at the meetings was that the extreme jaw-
breaker anatomy may have been an adaptation
o eat less desirable “fallback” foods in times of
drought or seasonal stress. Gorillas, for exam-
ple, have evolved sharp teeth to eat fibrous
leaves when needed for survival, although they
prefer and consume far more fruit and soft
leaves. “The anatomy shows not what an ani-
mal eats but what it has the potential to eat,”
says Ungar. -ANN GIBBONS
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Ensuring Food Security

IN A RECENT PERSPECTIVE, “FOOD SECURITY UNDER CLIMATE CHANGE™
(1 February, p. 580), M. E. Brown and C. C. Funk conclude that
improved seed, fertilizer, land use, and governance lead to food secu-
rity. I find these claims highly questionable. The green revolution
model {monocultures of improved crops supported through high levels
of agrochemical and other mputs) has done much to increase agricul-
tural productivity. It does little, if anything, to increase food security.

Farmers in developed countries raise and sell crops but buy their
food in supermarkets. Despite improved seeds and fertilizers, crops
sometimes fail. When this happens, Western farmers receive govern-
ment or other insurance payments. This scenario does not always apply
in less developed regions or to subsistence farmers.

Across the wide scope of agriculture, there are plenty of ecologically
sound, food-ensuring mechanisms. At the farm level, land modifica-
tions, climatically stable agroecosystems, plot landscape positioning,
alternative crops or varieties, in-soil vegetative material, and well-placed
biodiversity can all play a role in countering unfavorable climatic events.

Organized traditional societies avoid recurrent periods of starva-
tion through multiple and overlapping mechanisms. For example, the
Incas used crop varieties, communal irrigation, stone terraces, and
plot scattering, along with community food storehouses, to lessen or
mitigate famines.

Less organized farmers often
rely upon a single mechanism. In
wetter regions of West Africa,
farmers plant rainfall-demanding
rice along with drought-resistant
cassava. Early European and tra-
ditional African societies placed a
greater reliance upon climatically
resilient tree crops. In early Eur-
ope, the acorn was the bailout
crop (J). In Africa, there are a
number of fruiting tree species
that yield even when staple crops
are lost (2).

Another advantage of alterna-
tive agricultural models—always
in place, always functioning—is
that they do not require monitor-
ing or prediction.

PAUL WOJTKOWSKI
65 Dexter Avenue, Pitisfield, MA 01261, USA
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Incan terraces. Societies through-
oul hislary have used a variety of
methods 1o ensure food security.
Stone terraces built by the Incas are
one example.
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Response
WOJTKOWSKI SEEMS TO ASSERT THAT MONI-
toring and prediction of variations in agricul-

While there is a role for conventional seed,
fertilizer, and other technology, many natural
resource management techniques mentioned

tural productivity are not only ¥,
but actually a waste of resources for ensuring
food security. He also seems to assert that we
propose a one-size-fits-all, Western, agribusi-
ness solution. We disagree with both of these
assertions, Our suggestions regarding how to
ensure adequate food availability in regions
chronically food-insecure certainly include
many of the food-ensuring approaches men-
tioned by Wojtkowski, such as land modifica-
tions and plot Jandscape positioning. Our
piece also focused on other issues that affect
the ability of the poorest and most vulnerable
to access food, such as governance and tech-
nological transformation. The sources of food
insecurity are complex and will require com-
plex solutions { 1)

wwwsciencemag.org  SCIENCE  VOL 320

by Wojtkowski have been successfully imple-
mented in the Sahel and can lead to incremen-
tal gains that help close the food security gap.
Farmers in Africa have always had diverse
agroecosystems, and examples abound of
those who have increased their agricultural
diversity and productivity. An excellent
example is Niger, where tree planting and
conservation have transformed highly de-
graded landscapes into productive agroe-
cosystems. Farmers are able to produce
more food on less land more reliably (2
Nevertheless, Niger faces chronic ane
mounting food-production challenges that
will be difficult to meet through improved
landscape ecology alone. [n Niger, 20 years
ago, fertility rates were seven children per

woman. Today, fertility rates are 7.2 per
woman, and Niger has cultivated 91% of its
potentially cultivatable Jand. Under current
population and agricultural expansion rates,
Niger will run out of new land to cultivate by
2015 (4).

Issues of food security are compounded
by the impacts of poor governance on food
access and utilization. Governance includes
the education of women and children, provi-
sion of clean water and health care, and a
stable functioning market system. Again,
Niger is a good example of the complexity of
the food security problem (4). There are still
incredibly high levels of malnutrition in the
country, particularly among children. In
the 2004-2005 crisis, chronic malnutrition
caused by poor child-feeding habits and an
insufficiently diverse diet was exacerbated by
declines in food production outside of the

2 MAY 2008



LETTERS

country and high food prices. These changes
in food availability and access caused mas-
sive increases in enrollments in child-feeding
programs and a large increase in the need for
humanitarian assistance.

Ensuring food security for all in the face
of climate-caused reductions will require
adequate food production through improved
seed and fertilizer; better land use policies
and good povernance; as well as appropriate
interventions, safety nets, and investments
during crises. Africa’s culture, landscape, and
challenges are complex, and complex solu-
tions integrating responses from the social,
political, economic, and biophysical domains
will be required.

MOLLY E. BROWN, CHRISTOPHER C. FUNK,
JAMES VERDIN,® GARY EILERTS*
1SSAIMNASA Geddard Space Flight Center, Greenbel:, MO
20771, USA. “Department of Geagraphy, University of
California, Santa Barbara, (A 93106, USA. *U.S. Geolugical
Survey, Sioux Falls, SD 57198, USA. *U.S. Agency for
Intemational Development, Washington, DC 20523, USA.
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the potential for the MJO to be forecast with
lead times of 15 to 30 days (3). Using a differ-
ent set of models, for which more complete
madel diagnostics were available, important
aspects of the MJO were realistically repre-
sented, including the relationships between
convection and low-level moisture conver-
gence, surface fluxes, the vertical structure of
winds and divergence, and air-sea interactions
{4). None of these relationships, inchuding the
spontaneous generation of MJOs, have been
adequately demonstrated in Miura ef al. to
Justify their claim of a realistic MJO or their
inference that high-resolution models may be
necessary to represent the MJO.

Other coarse-resclution simulations cap-
ture the northward propagating component
of boreal summer intraseasonal variability
{5-7). During both summer and winter, a
realistic representation of the time-mean cli-
mate state is required to produce a realistic
MIO (4, 8, 9). These works provide evidence
that coarse-resolution climate models have
been successful in understanding mecha-
nisms involved in the propagation of the

MIO, and for exploring important applica-
tions of MJO variability and predictability.
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Hox 808, L-103, Livermore, CA 94551, USA. *National
Center for Atmespheric Science and Walker Institute,
University of Reading, Earley Gate, Reading RG6 638, UK.
Jjet Propulsion Laboratory, MS 183-505, California
Institute of Technology, Pasagena, CA 91109, USA

*To whom correspondence shoule be addressed. E-mail:
sperber] @linLgov

References

K. R. Sperber, ), W, Stingo, P. M. Inness, K., Lau, clim,
Dym. 13, 769 (19973,

D. E. Waliser, KM, Lau, ).-H. Kim, . Atmas. 5ci. 56,333
11999}

D £ Waliser, K-M. Lau, W. Stern, €. Jones, Bull Am,
Reteoral, Soc. 84, 33 (2003),

K R. Sperber, §, Gualdi, . Legutke, V. Gayler, Ctim, Dyn,
25,117 2005),

X, Fu, B, Wang, . Ciim, 17, 1263 (2004},

K Rajendran, A Kitah, J. Clim, 19, 366 (2006},

K R. Sperber, K. Annamala, Clim. Oy,
10,1007/500332-008-0367-9 (2008).

B W lnness, . W, Stinga, . Ciim. 16, 345 (20031,

F M Inness, ). M. Stingo, E. Guilyard), ). Cale, /. Clim.
16, 365 2003},

CORRECTIONS AND CLARIFICATIONS

storyld=11608960,

The World Bank, "Agriculture for development” (World
Development Report, 2008);

hitp:figa.worldbank.org Z)ADSUFUD,

W G. Wentting, “Niger—Annua! Food Security Repart:
Current Sitvation and Future Prospects” (USAIDANA
Country Program Wanager for Miger American Ermbassy,
Miamey, Niger, 20083,

-

Coarse-Resolution Models
Only Partly Cloudy

IN THEIR REPORT, “A MADDEN-JULIAN
Oscillation event realistically simulated by a
global cloud-resolving model” (14 December
2007, p. 1763), H. Miura ef al. promote the
impression that coarse-resolution climate
maodels cannot simulate the Madden-Julian
Oscillation (MJO). We would like to point out
that some coarse-resolution climate models,
using conventional parameterizations of con-
vection and clouds, can represent the boreal
winter and summer MJO with fidelity (1-9).
In several studies, one coarse-resolution
atmospheric model validated the MJO in
terms of convection, eddy stream function,
and surface evaporation, and it was hypothe-
sized that lack of air-sea interaction con-
tributed to shortcomings in the MJO simula-
tion {7). This hypothesis was later borne out,
resulting in a more realistic MJO simulation
{2). Subsequently, the model was used for ide-
alized predictability studies that d d

T Kings” {4 Apri
earring thermometer from a 1650 whaling ship.

p. 29). Richard Porter’s thermometer collection did ot include an

News of the Week: “China's modern medical minister” by R. Stone {28 March, p. 1748). Chinese minister Wan

Gang's name vias misspelled.

Random Samples: “Hemeward buzz” (March 14, p. 1465). The article referree to.a “colony of 750,600” bees. The collec-
tion is actually 56 colonfes f 14,000 bees each. Each colony has its ovn queen

Reports: Jsphericity in supemova explosions from late-time spectroscepy” by K. Maeda et af_ (29 February, p. 1226} In
auther affiliation 18, the name of the institution should have been Institute of Space and Astranautical Science (not
Astrenomical Science). In ref. 8, the order of author names was incerrect. The reference should read as fallows: 8. R. Buras,
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Reports: “Nonadiabatic interactions in the Cl+ H, reaction probed by (4" and C10,” photeelectren imaging” by £. Garand
et ol {4 January, p. 72). This research was supported by Ar Force Office of Scientific Research grant 749620 03 1 0085
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TECHNICAL COMMENT ABSTRACTS

CommenT on “Long-Lived Giant Number Fl ionsina$

Nematic™

g Granular

I.S. Aranson, A. Snezhko, ). 5. Olafsen, ]. 5. Urbach

Marayan ef af. (Reports, & July 2007, p. 105) reporied giant number lluctuations attrisuted (o curvature-triven active cur-
rents spedific for nenequilitrium nematic systems. We present data demonsirating that similar results can be found i
tems of spherical particies due either to inelastic clustering or persistent density inhomogeneiy, suggesting two altemative:
explanations for their results.

Full tex at wwwsciencemag.ong/cgifcontentTulli320/5876/612¢

RESPONSE To COMMENT ON “Long-Lived Giant Number Fluctuations in a
Swarming Granular Nematic™

V. Narayan, 5. Ramaswamy, N. Menon

0n the basis of sherical grains, Aranson ef ol suggest that the giant number fluctuations
we abserved in active granular rods may be explained by static inhomogeneity or inelastic clustering. We refue these alter-
ative exalanations and underine the aidence 1t he fluctuations orgiate n nemaic odering

Full text at wwcscis B76/612d

612
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Respanse

WE DEMONSTRATED THAT A GLOBAL CLOUD-
resolving model (GCRM) can simulate the
realistic evolution of a single Madden-Julian
Oscillation (MJO) event, including its internal
structures. We did not claim that GCRMs
provide a full solution to the MJO problem or
that conventional general circulation models
{GCMs) cannot simulate the MJIO.

The essential mechanisms of the MJO
are not yet comprehensively understood,
and consequently, whether GCMs and
GCRMs can fully simulate the MJO re-
‘mains undetermined. The MJO simulations
in our Report demonstrate thata GCRM can

marginally reproduce the internal cloud sys-
tems and overall structure of a single MJO
event over a period of one month (J). Finer
internal structures and topographic effects
were also better simulated because of the
finer horizontal resolution. Contrary to the
assertion of Sperber et al., however, we did
not claim that either GCRMs or GCMs
embedding two-dimensional clond-resolving
models were the only way to produce realistic
MIO simulations.

Most of the papers cited by Sperber ef al.
stated that air-sea interaction is necessary to

simulate the MJO by GCMs. However, wi

LETTERS I

port the hypothesis that the MIO is inher-
ently an atmospheric mode, even if it can be
modified and perhaps amplified by air-sea
interactions (5, 6).
HIROAKI MIURA,'Z* MASAK] SATOH,"* TOMOE
NASUNO,' AKIRAT. NODA,' KAZUYOSHI OOUCHI®
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believe that this point is still ¢ ial
{2, 3). We have studied this issue and per-
formed a sensitivity test with a 14-km hori-
zontal grid. The time evolution of an MJO
event did not differ very much between the
simulations with the observational time
varying sea surface temperature (SST) and
the fixed SST, though the convective activity
of the MJO was weaker in the fixed SST run.
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National Cancer Institute

Notice of Request For Information (RFI) on a new NCI Initiative: The Chemical
Biology Consortium (No. S08-181)

The NCI, through its Operations and Technical Support Prime Contractor, SAIC-
Frederick, Inc, is seeking input and ideas from the scientific community and the
biotechnology and pharmaceutical sector about an innovative initiative that will bridge the
gap between basic scientific findings and NCl-supported clinical research and in the
process establish the NCI as a leader in the area of innovative cancer therapeutics

The RFI addresses the feasibility of establishing an integrated network of chemical
biologists, molecular oncologists, and screening centers from government, industry, and
academia with specific drug development skills and expertise to address unmet needs in
therapeutic oncology. NCl is calling this network the Chemical Biology Consortium
(CBC). Responses fo this RFI will be used to assess the feasibility of assembling a
consortium of experts to participate in the NCI's new Drug Discovery and Development
Platform, whose mission is to advance first-in-class, targeted molecular therapeutic
agents to the clinic. CBC-related activities will span the entire spectrum from target

identification and validation through proof-of-concept (POC) Phase I/ll clinical trials.

Project Teams will be formed with Project Team Leaders tasked with coordinating the
discovery and development of novel cancer therapeutics in an environment that fosters
open cooperation and communication.

U.S. DEPARTMENT
OF HEALTH AND
MAN SER!

For additional information regarding the CBC or SAIC-Frederick, Inc. please visit
hitp://dctd.cancer.gov or http://www.ncifcrf.gov.
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NEUROSCIENCE

On Deciding How to Do unto Others

Prashanth Ak

aturalized ethics, the idea that princi-
Np]es of natural science bear on

normative ethics, faces two long-
standing objections. The natu-
ralistic fallacy cautions that
pood, in the moral sense, can-
not be defined from natural pro-
perties. Hume warned against
deriving an ought (as in how
people ought to act) from an is
{how people actually act, for Dana Pras:
instance). Most of those who 2007.
seek to maturalize ethics are
Familiar with these arguments
but maintain that scientific
findings can have a profound impact on our
understanding of morality and ethics.

The question of whether ethical concepts
have innate bases or are acquired has echoes
of the nature-versus-nurture question and car-
ries much the same ideological baggage.
Whether it is our natures or our cultures that
make us who we are has been central to all
sorts of intense debates, on topics including
the ideal political system, effective means
of teaching, and crime and punishment.
Discussions of the nature of morality exhibit
similar polarity. with some boasting of their
indifference to neuroscience and others
embracing it wholeheartedly.

Such issues are not the explicit focus of
Donald Pfaf’s The Newroscience of Fair Play
but nevertheless surround the book. Pfaff, a
neurobiologist at the Rockefeller University,
reasons that because the golden rule—treating
others as one would like to be treated, stated
variously—is universal, it could have neuro-
biological bases.

Pfaffis careful to clarify that he does not
think there is a “signaling circuitry devoted
to ethics.” What he aims to do is present pos-
sible neural and genetic mechanisms under-
Iying the golden rule. He also clarifies that he
is not hoping to settle disputes among evolu-
tionary biologists, psychologists, and philo-
sophers or address issues in real-life, com-
plex social processes.

The book starts off with anarresting exam-
ple, the heroism of one Wesley Autrey, who
threw himself on top of a stranger in the New

is at the Institute for Einstein
Drive, Princeton, N] 08540, USA. E-mail: prashanthe
fas.edu

The Neuroscience of
Fair Play
Why We (Usually)

Follow the Golden Ruls

by Donald W. Plaff

15BN 9761832594270,

York City subway to save the person from
being crushed by an oncoming train. Pfaff’
hypothesizes that such altruism is due to brain
mechanisms that override self-
preference and blur the bound-
aries between the self and the
ather through a “loss of social
information.” He conjectures
that it depends in part on neu-
robiological mechanisms for
fear, supplemented by neuro-
hormonal bases of sexual and
parental behaviors, and that
departures from altruistic be-
havior are due to similar neuro-
genetic bases of antisocial behaviors. Pfaff
suggests that the capacity of a person to
behave according to the golden rule depends
on a balance—properly, an imbalance—
among social behavioral mechanisms in
which those producing prosocial actions out-
weigh those producing antisocial actions.

The author presents the science clearly
and in sufficient detail to enable readers of

New York,
$20.95.

George Bernard Shaw's advice: “Do not do unto thers
as you would that they shauld da unta you. Their tastes

may not be the same.”

Seience to make up their own minds about the
plausibility of this proposal. The book doesn’t
offer a comparable level of technical detail
‘when it comes to the relationship of biology
to behavior—and there is even less on the
connections between behavior and ethics.
Nevertheless, readers won't have any diffi-
culty evaluating the validity of the hypothesis
presented, because Pfafl spells his ideas out
clearly enough.

The presentation contains a few factual
errors that might bother the aficionados. For
example, the Buddhist concept of anatman
does not mean “universal spirit” but “no-
soul” (Buddhism explicitly negates ideas of
universal spirit ) The differential expression of
the vasopression receptor gene is not due to
sequence changes in the promoter, rather the
changes lie in the microsatellite region about
500 base pairs upstream of the gene. But such
errors are minor in the context of the main
points of Pfaff’s speculations and do not
contradict then.

Pfaffs broad-brush treatment of altruism,
however, is bound to bother quite a few read-
ers. He states that the golden rule is, “in bio-
logical terms, ‘reciprocal altruism™” {costly
acts that benefit others, performed with the
expectation of reciprocation). Neither type of
altruism mentioned in the book, kin or recip-
rocal altruism, explains human generosity
to non-kin when reciprocation and re-
peated interaction are unlikely and costs
are high—such as in the example of
Wesley Autrey.

In repeated situations involving recip-
rocal altruism (such as the iterated pris-
oner’s dilemma game), a common opti-
mal strategy is tit for tat: begin by playing
nice and then do what the other player
does, nice or not. This is not quite the
golden rule but rather “a tooth for a
tooth” ethic. Other strategies that are less
susceptible to errors exist, such as “win-
stay, lose-shift”: repeat previous move
whenever doing well; if not, change.
These too are not easy to formulate as the
golden rule.

Further, in such scenarios, especially
with multiple players, the presence of a
single selfish player is enough to unravel
cooperation. Because the golden rule (in
its various formulations) has persisted
over two millennia, chances are that
something more stable than reciprocal
altruism, with its easily frayed coopera-
tion, underlies it. Reciprocal altruism
can be made more stable by adding fea-
tures such as cooperation contingent on
the recipient’s reputation for cooperation
(indirect reciprocity) or penalties for not
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cooperating (strong reciprocity). If reciprocal
altruism as Pfaff uses it is meant to include
these forms as well, considerably more
sophisticated cognitive mechanisms than
those posited in the book are required.

The beoks concluding pages, which pres-
ent possibilities of neuroscientific interven-
tions to favor prosocial behaviors and reduce
violence, will raise a few eyebrows if not hack-
les. However, that’s a likely consequence of
books that bring topics forward for debate and,
hopefully, further our understanding. The
Neuroscience of Fair Play successfully high-
lights important issues in a young field of
inguiry. Although readers may find much to
disagree with in Pfaff s account, clear formu-
lations of their objections will help advance the
study of possible biological bases of morals.

COGNITIVE SCIENCE

Rethinking Folk
Psychology

Erik Myin

he field of research on how we mutu-
I ally understand each other has been
one of the most active in the cognitive
sciences. Eventhe general pub-
lic has become aware of some
of its findings, such as the
problems people with autism
have in interpreting actions and
the existence of “mirror neu-
rons”—neurons that fire both
when you perform an action
and when you see someone
else performing that action.
The research domain has been
organized around the central
idea that people’s capacity for
mutual understanding is structurally similar o
scientific understanding. We see the move-
ments that our fellow human beings make not
as mere motions but as actions driven by
desires and informed by beliefs. We explain
and predict each other’s behavior, so common
wisdom goes, in terms of a folk psychology of
beliefs and desires—just like physicists
explainand predict visible phenomena suchas
droplets in a cloud chamber by reference to
invisible electrons.
Traditional explanations of our folk psy-

Narratives

Reasons
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Department af Philosaphy, University of Antwerp,
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Folk Psycholagical

The Sociocultural Basis
of Understanding

by Daniel D. Hutto

chological capacities split on
whether the crucial mechanism for
understanding others is a result of
genuinely theorizing about their
beliefs and desires (a theory of
mind) or of simulating these.
Nevertheless, nearly all researchers
in the tradition invoke complex
“mindreading” machinery, operat-
ing behind the scenes. Moreover, it
is generally assumed that this cog-
nitive machinery has a strong
innate component. The machinery
must have been present in our evo-
lutionary precussors, so a common
argument goes, or else some of
their well-established capacities—
e.g., deception, social learning of
tool use, social cooperation, the emergence of
symbolic language—cannot be accounted for.

In Folk Psychological Narratives, Dan
Hutto presents an alternative conception of
folk psychology as well as a thorough critique
of its traditiona] weatment in the cognitive sci-
ences. Hutto, a philosopher of psychology
and professor at the University of Hert-
fordshire, rejects the idea that our stance
toward each other is penuinely “theoretical”
Mutual understanding, he contends, typically
is obtained throngh “second-person encoun-
ters,” face-to-face situations in which people
ask about and provide reasons
for why they acted as they did.
Most often, we have a situa-
tional understanding of peo-
ple’s behavior: we understand
their actions as being in ac-
cordance with the contextual
demands of a more-or-less
standard situation. Only when
someone’s behavior deviates
from owr expectations about
what would befit the context
does the need for an explana-
tion in terms of special reasons ever arise.

According to Hutto, mastering folk psy-
chology (which he considers as the art of pro-
viding and asking for reasons) is a late achieve-
ment. Its final acquisition is realized through
encounters, in conversations or in the context
of stories, with narratives aboutpeople who act
for reasons, “folk psychological narratives.”
The book describes the various steps along the
gradual development (through a series of
transformations of simpler capacities) of both
the capacity to act for areason and the capacity
to understand acting for a reason.

In sketching this cognitive trajectory,
Hutto insists on the importance of a public
language as the means of providing both the
necessary content and form for the kind of

BOOKS e7AL. I

Mutual miming. This is ane ol aur capacities that Hutto uses
ta account for the emergence of human technical, social, and
linguistic sxills,

complex thinking that having and understand-
ing reasons require. Language-less cognitive
abilities exist, fostered by abilities of re-
creative imagination (reenacting previous
perceptual experiences), but they fall far short
of the complexity required to read minds in
terms of beliefs and desires. As Hutto says ina
characteristic formulation, *“This i
ingly bad news for those inclined to
the existence of nativist mindreading mecha-
nisms of any sophistication”

Hutto esti that the di practices
that were themselves only preconditions for
folk psychology arrived on the scene “long
after the last possible date for universal
anatomical change in early humans” This tim-
ing offers an empirical reason for rejecting
innate mindreading in explanations of decep-
tion in hominids, social learning of tool produc-
tien, social coordination, and the emergence of
symbolic language. Hutto provides sketches of
alternative explanations for these phenomena
in terms of simpler cognitive abilities.

Although Folk Psychological Nurratives is
engagingly written, Hutto’s account will prob-
ably be easier for those readers who are to
some degree already familiar with the funda-
mental debates that have raged in cognitive
science through recent decades.

Through the presentation of his alternative
conception of folk psychology, tracing out its
developmient, and the detailed elaboration of
its explanatory virtues, the author succeeds at
striking a balance between the constructive
and the critical. His challenge to the theory of
mind tradition is formidable. At the same
time, Hutto’s “narrative practice hypothe-
s15”—that the normal route by which children
acquire folk psychological abilities is through
their encounters with stories about people
who act for reasons—ofFers the field a prom-
ising basis from which to reorient itself.

10.1126/science. 1157120
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Linking Natural Resources to Slow
Growth and More Conflict

C. N. Brunnschweiler'” and E. H. Bulte?

he appreciation for natural resources

I as a driver of economic development
has undergone a dramatic change in

the past decades. Although an abundance of
resources was generally per-
ceived as advantageous un
the 1980s, an influential lit-
erature emerged inthe 1990s
that reached seemingly oppo-
site conclusions. The phrase
“natural resource curse” was
coined and, perhaps because
of its paradoxical connota-
tion, caught on in both aca-
demic and policy circles.
Two prominent “dimensions™

Per capita income grawth 1970-2000

and economic outcomes in developing
countries, as they are of interest to powerful
nations and corporations. The stories associ-
ated with the curse are compelling, and

Natural resources do not necessarily spell
doom for development.

one suggesting to first distribute resource
profits to the people and then to tax them
back (6). Increasingly, there are calls to regu-
late international trade to face certain mani-
festations of the curse head-
on (e.g., the Kimberlite ini-
tative dealing with “blood
diamonds”).

But how robust is the
evidence for the curse? We
believe it is actually weaker
than generally perceived. A
key problem of most exist-
ing analyses is that the com-
mon resource variable used
o  incross-country regression

of the resource curse include
the association of resources
with slow economic growth
[a literature inspired by
Sachs and Warner (/)] and
with armed civil conflict [a
literature mainly inspired by
Collier and Hoeffler (2)].
The causal mechanisms
linking resources to slow
growth and more conflict
are ill understood. It is often
argued that resource-rich
economies suffer from weak
leadership, rent seeking,

0 0.2
Natural resource dependence

models 1s endogenously
determined, and itself not
invariant with respect to
changes in institutional qual-
ity or conflict (the variables
it is supposed to adversely
affect). If so, existing empir-
ical results would be biased.

The standard resource
variable used by Sachs and
‘Warner, as well as by Col-
lier and Hoeffler, is pri-
mary exports divided by
a measure of national in-
— come. It thus captures the

Per capita income growth 1970-2000
0

and failing institutions (3).
This may be either because
resource profits (rents) trig-
ger “rentier state” dynamics
and the associated discon-
nect between the rulers and
the people, or because re-
sowrce rents enable autocratic and unac-
countable rulers to oppress opposition (4).
Resources may also invite conflict if greedy
rebels seek profitable looting opportunities.
Finally. dependency theories of develop-
ment predict that the strategic and commer-
cial value of resources may affect politics

capitain 1994,

ICER-ETH (Center of Economic Research at the Swiss Feteral
Institute of Technology), Zurich, Switzertand. “Development
Economics Group, Wageningen University, Netherlands,
ane research Tellow of the Oxford Center for the Stuty of
Resource-Rich Ecanomies (Oxcarre), Oxford, UK.

*Author for correspondence. £-mail: chrunnschweiler@
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Natural resource abundance

ample anecdotal evidence exists to lend
credibility to the key ideas.

The curse is now an immensely popular
research topic and receives serious attention
from multilateral agencies and nongovern-
mental organizations (NGOs) (). Its in-
creasing status within the development com-
munity is reflected by the fact that interna-
tional erganizations are providing advice to
resource-rich developing countries on how
to manage their resource base (reducing
reliance on the primary products sector) and
revenue streams to exorcise the curse. Some
of the proposals are quite radical, such as the

ra o

Natural resource dependence, abundance, and economic growth. Regression fits of nat-
ural resources and economic growth 197G-2000. (Top) Natural resource dependence in
1970; {bottom) World Bank total natural wealth data {log values) measured in USD per

3 resource dependence of eco-
nomies, rather than abun-
dance. A negative correla-
tion between this variable
and growth could mean that
resources lead to slower
economic growth, as sug-
gested by the curse proponents. Alter-
natively, it could mean that poor economic
development policies—Ileading an econonty
to become dependent on its primary ex-
ports—dampen growth. Similarly, although a
negative correlation between the resource
variable and institutional quality may imply
that resources undermine institutions, it
might also capture that the resource sector is
the *“default sector” in the absence of decent
institutions when nobody is willing to invest
in alternative forms of capital. Finally, a
positive correlation between the resource
wariable and conflict may indeed mean that

ZMAY 2008 VOL320 SCIENCE www.sciencemag.arg



resources trigger conflict. But it may also be
the case that conflict makes countries de-
pendent on resource extraction—the default
activity that still takes place after other eco-
nomic sectors {more mobile or, perhaps, bet-
ter linked to the rest of the econormy) have
come to a stop. If so, resources are not a curse
to development, but rather a safety net to
support people and economies even under
adverse circumstances. The nature of the
causality is, therefore, a concern.

The importance of finding an appropri-
ate proxy for resource endowments, as well
as the consequences of this proxy for econo-
metrie results, is illustrated by the simple
example in the figure on page 616. At the
top, a regression fit of the conventional
resource variable—primary exports divided
by GDP at the start of the period—on eco-
nomic growth between 1970 and 2000
results in the usual negative “curse” rela-
tion. At the bottom, however, a new
resource wealth variable is used, and the
result is reversed, showing a positive corre-
lation between resource abundance and
growth—the curse disappears!

The resource variable used in the bottom
figure is one of several made available by the
World Bank (7). They capture the discounted
value of expected resource rents for a future
period of 20 to 25 years, calculated in U.S.
dollars (USD) per capita for 1994. Contrary
to the standard resource variable (which cap-
tures flows), these wealth variables estimate
resource stocks—both aggregate and divided
by type, such as mineral or cropland assets.
They therefore offer more intuitive variables
to measure abundance

In more extensive tests, we used stan-
dard econometric techniques to shed light
an the causation issue. We used a so-called
instrumental variable approach to isolate
effects of income and resource dependence
on conflict, rather than the reverse effect
{8). We do the same to isolate the effect of
dependence and institutions on economic
growth. We also consider the effect of
resource abundance on growth and conflict,
using the World Bank resource variables. A
summary of representative results, includ-
ing technical details about the estimation
approach, is available on Science online (9).
Our main results are as follows. If we adopt
the conventional methodology—that is,

tion between resources and the probability
of conflict. However, inspection of these
results suggests that the conventional
methodology is flawed and can produce
biased results. Specifically, as discussed
above, resource dependence is endogenous
in the regressions (9).

After addressing the endogeneity prob-
lem, the correlation between resource de-
pendence on the one hand, and conflict and
slow growth on the other, vanishes. The cor-
relation between resource dependence and
slow growth and conflict, therefore, does not
imply causation from the former to the latter.
Instead, causality appears to be running from
weak institutions and conflict to resource
extraction as the default sector, which pro-
duces resource dependence as the final out-
come. Resource dependence appears as a
symptom, rather than a cause of underdevel-
opment. These results are robust to alterna-
tive model specifications (9).

However, as already suggested by the
simple results at the bottom of the figure, our
findings present the possibility of even better
news on natural resources. When using the
new World Bank variable to proxy for
resource abundance, we find that the direct
effect of resource wealth (particularly the
subset of mineral resource wealth) on
income growth is positive and significant.
All things considered, an increase in sub-
soil wealth by one standard deviation—
roughly the difference between Senegal and
Sweden—would have brought Senegal’s
growth performance on a par with that of
Mozambique or Kenya; not a huge improve-
ment, but certainly not a growth curse.

Similarly, resource wealth also attenuated
the risk of conflict. This is due to a positive
indirect effect: Resource wealth raises
income, and higher incomes, in turn, reduce
the risk of conflict. Apain, although the
aggregate impact of resource abundance is
slight—amounting to less than a 5% reduc-
tion in the risk of war in case of a standard-
deviation increase in resources—it is still
statistically significant. These findings are
robust to using alternative measures of
resource abundance, such as fuel and nonfuel
mineral reserves per capita (9).

Three important caveats are relevant
here. First, the number of countries in
our regressions is modest (limited by the

simply assume that resource d ok is
an exogenous explanatory variable in
growth and conflict regressions—then our
data reproduce the conventional curse
results. In other words, there appears tobe a
significant negative relation between
resources and growth, and a positive rela-

wvariables). Second, con-
sistent with most of the existing literature,
our resource data do not include diamond
deposits and trade flows. A focus on highly
disaggregated resource measures { diamonds,
but also oil) in subsequent work seems
worthwhile. Third, although we believe our

POLICYFORUM I

resource variables represent improvements
over the conventional proxy, they are not
perfect. Even though differences in resource
stock values are driven by differences in
stocks, and not by differences in local insti-
tutions (7), they are functions of historic
exploration and exploitation. Therefore,
they are probably not fully exogenous. The
hunt for the perfect resource variable is on,
but unlikely to be settled anytime soon.

Nevertheless, our cross-country estima-
tions cast serious doubt on the paradigm of
a peneral resource curse. [t appears as if,
across the board, resource riches may be
associated with higher incomes and a lower
risk of civil war. Although there are undoubt-
edly specific countries where specific re-
sources have eroded institutions or torn
countries apart in civil strife, we find this is
not the general pattern. This is consistent
with several case studies that fail to show a
robust link between the onset of war and
resource extraction (/0), and with evidence
that the sector involved in turning natural
resources into primary products has many
more positive spillovers to the rest of the
economy than often are argued (/7). Finally,
it is consistent with the main message sent
by the World Bank in its most recent Worid
Development Report, which, after years of
intellectual neglect, finally looks favorably
at the primary sector.

The last word in the resource curse debate
is far from having been spoken; but eco-
nomic advisors should be aware that natural
resources do not necessarily spell doom for
development. Instead, their exploitation can
be a valuable part of a sustainable develop-
ment strategy.
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ENGINEERING

High-Performance Transistors

by Design

Xiaojun Guo and S. R. P. Silva

onsumers continue to demand more
' from their electronics. To fulfill needs

ranging from entertainment to person-
alized health information in one device,
the basic building block of ntegrated elec-
tronies, the transistor, will have to be better
and cheaper.

There is growing interest in building elec-
tronics on flexible, lightweight, and cheap
substrates like glass and plastics (1). However,
in general, the deposition of semiconductor
films used to make transistors en such materi-
als has to be carried out at low temperatures to
preserve substrate integrity. As a result, the
quality of the organic or inorganic semicon-
ductor films used for large-area electronics is
severely constrained (2, 3). Disorder and
impurities in the films have a dramatic influ-
ence on analog and digital performance when
formed into transistors. Althongh approaches
such as dry transfer printing (4) and solution
casting {5} have been explored as ways of get-
ting around the temperature problem, they
have had little impact on mass production of
high-performance devices. An alternative
approach is to perform the integration at the
device or circuit levels through substrate
transfer techniques (6, 7). However, there are
associated issues with this approach of higher
cost and lower assembly efficiency.

In a first example of looking at transistor
design, Ishii and colleagues at Hitachi (§) have
shown that, for transistors of disordered silicon
films, superior switching performance can be
achieved by making the conduction channel in
the transistor very thin (see the figure, left
panel). A layer of nanocrystalline silicon film
forms the channel and ranges from 8.0 to 2.0
nni in thickness; the precise film thickness is
controlled during the deposition process. The
devices have very good intrachip uniformity of
electrical characteristics, even when the chan-
nel thickness is as small as 2.0 nm. For disor-
dered silicon transistors, the performance is
compromised by an anomalously high leakage
current due to defect states that are present in
the bandgap, which is exponentially dependent
on the bandgap of the material (£ &) (9. When

Advanced Technology Institute, University of Surrey,
Guildlord, Surrey, GUZ 7XH, UK. E-mail: ssilvag@
surrey.ac.uk

For large-area electronics, a redesign of
the transistor structure can provide improved
performance.

i i 4 g s
Drain Source barrier
Semiconductor l l l * i
| r
Insulator |

the transistor channel becomes
short, the influence of the drain ™5
on the channe] grows, resulting inan
increased subthreshold leakage current when
the gate voltage is below the threshold voltage.
This subthreshold leakage is also exponentially
dependent on £, (/0). When the silicon film
thickness is reduced to a few nanometers, quan-
tum confinement results in the modulation of
the band structure, which gives rise to band-
edge shifts in both the conduction and valence
bands relative to bulk silicon, thereby effec-
tively increasing £, (11).

Directly attributable to this widened
bandgap, the OFF-state leakage current (/)
decreases significantly in the ultrathin chan-
nel transistors, whereas bandgap widening
has a much less pronounced effect on the ON-
state current (/). The gate voltage required
to switch the transistor between ON and OFF
states also decreases because of a stronger
gate control of the channel surface potential in
thinner channel transistors (12). These result
in a higher [, /I ratio, which exceeds 104
for devices with a 2.0-nm-thick channel. The
high £/l e ratio is the holy grail for design-
ers in integrated electronics as it allows for
arbitrary flexible substrates for applications
where low power and fast access times are
demanded and crucial.

Another example is the source-gated tran-
sistor (SGT) concept, which was first pro-
posed for amorphous silicon in 2003 (13)
(see figure, right panel). There is a potential
barrier formed at the source contact, which
governs current transport in an SGT, whereas
in a regular field-effect transistor (FET), an
ohmic contact is made. The gate lies under
the source barrier and extends across to the
drain contact. When the transistor is
switched on, the current in the SGT is deter-
mined by the carrier emission over the

Carrier transport  Carvier injection through

in the channel  the source barrier

Structures for high-performance transistors
n disordered semiconductors. (Left) Cross-
sectional scanning electron microscopy and trans-
mission electran microscopy micragraphs of the fab-
ricated nanocrystalline silicon thin-film transistors
(the minimum channel thickness is 2.0 nm). (Right)
Schematic of a source-gated transistor {SGT). The
arrows inthe channel indicate the carrier conduction
in the device.

source-barrier contact, and the channel
forms a parasitic resistance. A major differ-
ence between the SGT and a conventional
FET is that a reverse-biased source barrier
controls the current in the ON-state and cur-
rent saturation is determined by the electro-
statics at the source barrier rather than by
pinch-off of the conduction channel at the
drain. In addition, the geometry of the SGT
leads to much less susceptibility to short-
channe] effects and a higher output imped-
ance due to the source barrier being screened
from the drain field by the gate. Compared
withthe FET, the SGT is operated with much
less excess carrier concentration, combined
with much higher internal fields over small
dimensions. The low carrier concentration
improves stability, whereas high internal
fields increase the carrier velocity, provided
the carrier velocity is proportional to the
electric field (14). In many organic semicon-
ductors, the mobility is field dependent. In
material systems with disorder, to improve
transistor speed very short channels are
required to produce high internal electric
fields (15). However, in the case for the tradi-
tional FET, achieving thin gate insulator lay-
ers of high quality to suppress the short-
channel effects will be difficult, whereas the
SGT can operate with very short source-
drain separations even with a thick gate insu-
lator layer, thus providing a big advantage in
terms of the fabrication process. Simulation
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studies suggest increased carrier velocity in
organic materials for high drive current and
frequency respense that can be orders of
magnitude higher than an FET (16). The
current through an SGT is insensitive to
source-drain separation, thus enabling cur-
rent uniformity with simple and imprecise
pattern techniques.

Engineering of the transistor structure
itself rather than the channel material can lead
to improved device performance. [t will
enable the design of high-performance large-
area circuits and systems based on low-cost

reliable material processes, thus keeping the
cost down and standard mass-production
routes available to industry.
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IMMUNOLOGY

How Frustration Leads to

Inflammation

Luke A. J. 0'Neill

ur bodies are constantly assaulted by
O infectious agents, noxious chemicals,
or physical trauma. Fortunately, we
have evolved a complex process—the inflam-
matory response—to help fight and clear the
infection, remove damaging chemicals, and

proteins (7). Dostert ef al.
report that one of these NOD-
like receptors, Nalp3, is re-
quired to sense the particu-
lates asbestos and silica, and
induce production of the im-

repair damaged tissue. The i
underlying inflammation are of major interest
because, as noted by British surgeon John
Hunter in 1794, “when inflammation cannot
accomplish that salutary purpose, it does mis-
chief™ (J). The harmful effects of inflamma-
tion can be seen in many infectious diseases,
inautoinfl ydi hasrheuma-
toid arthritis, or during chronic exposure to
chemicals. At worst, inflammation can pro-
voke cancer. The mechanism by which the
body senses the diverse molecular factors that
cause inflammation has, until recently, been
poorly understood. On page 674 in this
issue, Dostert ef al. {2) provide key molecular
insights into how airborne pollutants, includ-
ing asbestos and silica, and probably other
noxious inhaled particles, lead to inflamma-
tion, pulmonary diseases, and potentially lung
cancerand fibrosis.

We now know the identities of multiple
cellular receptors for proinflammatory fac-
tors, notably the Toll-like receptors and NOD-
like receptors, which recognize microbial
products or products of damaged tissue.
These receptors launch signaling cascades
that induce the synthesis of proinflammatory

Schaal of Biechemistry and Immunclagy, Trinty College,
Dublin, Ireland. E-mall: laonelll@tce.ie

portant proi ¥ cylo-
kine interleukin-1[. Both sil-
ica and asbestos induce the
production of interleukin-1[,
which likely mediates their
proinflammatoryeffects (4, 5).

Important insights into

Amolecular basis for ashestos-induced
inflammation may lie in a particular
component of the inflammasome
protein complex.

Phagocytasis lails ta occur

NADPH oxidase

Reactive oxygen species

7

|

the regulation of interleukin- LRRs NACHT PYRIN | Nalp3 |
1B production have come —
i i s FYRIN
-om the recent description ] ASC
of “inflammasomes,” multi- CARD Sloaxi gy
protein complexes contain- CASPASE-1  CARD
i - 7 Caspase-1
ing caspase-1, the enzyme 0 ETEETTERiD

that processes prointerleukin-
1B into its mature form (6)
(see the figure). Nalp3 (also
called cryopyrin) is a compo-
nent of an inflammasome
that also contains the protein
ASC (7). Nalp3 senses the
bacterial product muramyl-
dipeptide and, of greater
relevance to the study by
Dostert ef al., monosodium
urate, which causes the pain-
ful inflammatory disorder
gout {§). Because both menosodiumurate and
asbestos are crystalline structures, the authors
examined whether exposure of macrophages
to physiologically relevant amounts of asbestos

T
Prointerieukin-13 — Inter euki

Crystal-clear inflammation. Asbestos crystals are too large to be
phagocytased by macrophages and so are subject lo “frustrated”
phagoaytosis. This leads to activation of NADPH oxidase and the gener-
alion of reactive oxygen species. This event activates the Nalp3 inflam-
masome, a multiprotein camplex. The protein constituents are con-
structed fram multiple domains, as indicated. Activation of caspase-1
promates the processing and release of the potent prainflammatary
molecule interleukin-1p.

would induce interleukin-1j production in
cells lacking Nalp3. Reducing the expression
of Nalp3 attenuated caspase 1 activation and,
consequently, the secretion of the cytokine.
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As with monosodium urate, asbestos trig-
gers an efflux of potassium from the cell.
This event is required to activate Nalp3 (9),
although the underlying mechanism is not
known. Large crystals such as monosodium
urate, or crystalline fibers such as asbestos,
are subject to so-called frustrated phagocyto-
sis and remain trapped at the cell surface,
where cytoskeletal (actin) filaments form.
Disruption of actin filaments with a pharma-
cological agent (cytochalasin [3) inhibited the
effect of monosodium wurate and asbestos on
interleukin-1[ seeretion. Asbestos also trig-
gers the generation of reactive oxygen species
incells. Dostert ef al. confirm this and further
show that inhibitors of reactive oxygen
species (such as N-acetylcysteine) block
interleukin-1B production in macrophages.
The source of reactive oxygen species in frus-
trated phagocytosis might be NADPH oxi-
dase, an enzyme that is activated by the
phagocytosis of microbes. The authors inves-
tigated a role for NADPH oxidase by using
the inhibitor diphenylene iodonium, and by
reducing the expression of the NADPH oxi-
dase subunit p22°"** by RNA interference.
Both approaches diminished interlenkin- 1§
secretion in response to asbestos. Reducing
the expression of thioredoxin, a protein
that detoxifies reactive oxygen species, in-
creased interleukin-1p secretion, further
implicating reactive oxygen species in the

inflammatory response to this particulate.

When normal mice were placed in air con-
taining chrysotile asbestos (which is found in
building materials), an increase in total cell
number was observed in bronchoalveolar
lavage fluid, indicative of an inflammatory
reaction. By contrast, fewer cells were
recruited to the lungs of Nalp3-deficient mice
exposed to asbestes, and production of multi-
ple cytokines was impaired.

Nalp3 has already been implicated in the
pathological increases in interleukin-1j that
oceur in gout and in autoinflammatory dis-
eases such as Muckle-Wells syndrome (/0).
However, precisely how Nalp3 is activated is
still not clear. The current model involves the
binding and hydrolysis of adenosine 5'-
triphosphate to a nucleotide-binding domain
of Nalp3, which is thought to lead to a con-
formational change in the protein, allowing
activation of caspase-1 within the inflam-
masome (/). How reactive oxygen species
affect this process is unknown. Reactive oxy-
genspecies may be particularly important for
crystalline activators of the inflammasome
that are subject to frustrated phagocytosis,
possibly pointing to multiple mechanisms to
engage with Nalp3.

A crucial finding of Dostert ef a/. is
that Nalp3-deficient mice are resistant to
asbestos-induced lung injury. An important
role for interleukin-1B in this process was

already known, as was a role for this
cytokine in the pathogenesis of asbestos-
induced mesothelioma and in models of
lung fibrosis (72, 13). The present study
therefore further highlights the importance
of testing the interleukin-1 receptor antago-
nist anakinra, which has shown efficacy in
patients with other Nalp3-mediated diseases
such as gout and Muckle-Wells syndrome,
as a therapeutic agent to slow the progres-
sion of asbestosis and silicosis. Nalp3 itself
might prove to be an interesting drug target
for these diseases as well.
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CHEMISTRY

Synchronized Self-Assembly

Jeffrey S. Moore and Mary L. Kraft

elf-assembly has long been rec-
S ognized as a powerful synthetic

approach to obtain dynamic
structures exhibiting complex func-
tions, such as those found in nature
(1. By carefully regulating non-equi-
librium  self-assembly, two recent
studies (2, 3) demonstrate important
progress, resulting in new porous
membranes whose structure is con-
trolled on several length scales.

There are two main types of self-assembly
{4). Static self-assembly deals with equilib-
rium structures; the shapes and interaction
energies of the participating components are
altered to achieve various organizations. For
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Kinetic control of structure.
Ladet et al. successively interrupt
palymer densification by remaving
a molded hydrogel from neutral-
ization bath to produce multi-
membrane hydrogels.

malecular components, nonco-
valent interactions—Ilike hydro-
gen bonds, electrostatics, and
van der Waals forces—are mani-
pulated to encode building blocks with mstruc-
tions that lead to the spontaneous generation of
a desired target (5).

Dynamic self-assembly, on the other
hand. is a non-equilibrium process in which
energy is supplied to the system to maintain
a steady-state population of ordered struc-
tures. Because dynamic self-assembly in-
volves the added complexity of a sustainable

Building macroscopic containers from porous
membranes may be easier because of advances
in controlling the kinetics of self-assembly.

driving force, only limited progress has been
made in this area (6). Recognizing that non-
equilibrium  self-assembly may organize
matter differently from that which occurs at
thermody ic equilibrium, chemists are
challenged to bring kinetic control into their
repertoire of methods. This is what the two
recent studies achieved.

In the first study, Ladet ef al. (2) formed
chitosan gels by slowly removing the water
from aqueous alcohol solutions of a chitosan
polyelectrolyte. This alcohol gel can be
molded into shapes such as tubes and spheres
of various sizes. When the gel object was
bathed in a solution of an aqueous base,
hydrophobic interactions within the network
dominated, causing the polymer molecules to
contract and form a membrane-like skin
around the original object. The rate of mem-
brane formation via densification typically
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occurred on the time scale of
minutes. Simply removing
the object from the neutral-
ization bath interrupts mem-
brane thickening. Insertion
of the object back into the
bath initiates formation of
a second membrane layer
between the gel-core and
first membrane. Interest-
ingly, this process results in
an intermembrane space that
can accommodate payloads
such as chondrocyte cells.
Repetition of this sequence
produced concentric shells
of hydrogel membranes ex-
tending inward toward the
core (see the first figure).

The process used to cre-
ate these layered hydrogels
exploits a simple type of
kinetic control. Another way
to drive new modes of non-
equilibrium structure would
be to time the release of the
potential energy stored in
the self-assembling compo-
nents. A recent report by
Capitoefal. elegantly demon-
strates such a regulated process, in which
ordered structures rapidly self-assemble at
the interface of two chemically distinet elec-
trolyte solutions. This process produced
functional porous membranes with complex
hierarchical structures ().

The authors assemble membranes instantly
when two liquids come in contact, establishing
a physical barrier that hinders dissipation of
the ion imbalance between the small molecule
electrolyte and the polyelectrolyte solutions
High osmotic pressure within the polyelec-
trolyte solution and the requirement for elec-
troneutrality impels the megamolecules to
extrude through pores in the structured barrier
and enter the electrolyte solution. This leads to
the growth of perpendicular nanofibrils in a
dynamic process that is sustained by osmotic
pressure (see the second figure).

The study shows that membrane-enclosed
sacs of macroscopic sizes can be rapidly
formed upon contact between the two liquids;
moreover, the presence of polymeric elec-
trolyte in the sac interior imparts unique self-
healing function to these compartments. The
resulting membranes are permeable to pro-
teins and could be used to entrap cells by sim-
ple liquid-liquid contact to create mini-cell
biology laboratories. These could then be used
as controlled environments for cell expansion,
stem cell differentiation, or studies of bio-sig-

naling from neighboring
sacs entrapping colonies of
other cells. By tailoring the
small molecule electrol-
ytes, the structures might
be customized for a diverse
array of applications in
biomedicine, catalysis, and
energy generation.

These recent findings
point to new synthetic con-
cepts whereby the final
supramolecular struct
depends on the mechanis-
tic pathway of the assem-
bly, rather than the thermo-
dynamic endpoint. Ladet
et al, show that even a rela-
tively simplekinetic scheme
can produce intriguing
structures from simple com-
ponents. Capito ef al. iden-

PERSPECTIVES I

Synchronized self-assembly. In the study by Capit ef al., macrescopic sacs and
membranes are prepared when a solution of macromolecules contacts a solution of
self-assembling molecules (bottom). Upon contact (A), the components are attracted
by electrostatics (B) and instantly form a diffusion barrier (C). Sustained membrane
grawth proceeds by release of counterians (D), enhancing the osmastic pressure
imbalance between the two liquids (E) that drives the palymeric electralyte 1o uncoil
and extruce through the barrier (F). New palyelectrolyte is then exposed (G) onta
which new nanafibers assemble (H) causing further release of counterions (D).

tify the possibility of a selfsustaining path-
way in which static self-assembly and a kinet-
ically regulated mechanism combine to
generate diverse architecture and functions.
This finding opens the way to exciting oppor-
tunities for novel materials that may stem
from incorporating pathway-directing infor-
mation into the constituents and processes of
self-assembly.
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ECOLOGY

How Reefs Respond to Mass

Coral Spawning

James Guest

A mass coral-spawning event at the Great Barrier Reef provided a natural experiment for studying

energy and nutrient dynamics of the coral reef.

oral spawning followed by successful
‘ larval recruitment is a crucial link in

the persistence and recovery of reefs.
Recent studies (1-3) have investigated the
effects of a mass spawning event on coral
reef biogeochemical processes. The research
reveals how the fertilization pulse caused by
spawning initiated a cascade of biogeochemi-
cal processes.

Hermaphroditic broadcast spawning is the
most commeon reproductive strategy for reef-
building corals. Broadcast spawning mvolves
the release of buoyant, lipid-rich gametes
(known as egg-sperm bundles) into the water

School of Biology, Newcastle University, Newcastle upon
Tyne, NE1 7RU, UK. E-mail: james.guest@nel.ac.uk

colurnn for external fertilization (see the fig-
ure). For sessile broadcast spawners such as
corals, synchronous spawning within species
is crucial to ensure cross-fertilization. Not
only do populations exhibit synchrony, but it
is common for different species to have over-
lapping spawning times. The first such “moul-
tispecies mass spawning event” was docu-
mented on the Great Barrier Reef (4), and
similar events have since been witnessed in
many locations (5). The most plausible expla-
nation is that different coral species respond
similarly but independently to timing cues and
selective pressures to achieve maximum fer-
tilization success within species (4, 6, 7).
Alternatively, spawning at the same time
may saturate predators. Embryos and larvae
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drifting across the reef are met by a “wall of
mouths” (§-/0); spawning together may
increase the chance that at least some progeny
will avoid being eaten. Consumption con-
verts gametes to fecal matter, which sinks to
the sea floor. Spawn-derived organic matter
may also reach the sea floor via microbial
breakdown and direct sedimentation of unfer-
tilized eggs or by introduction of diluted
sperm. Spawn slicks {see the figure) may be
transported away from natal reefs, with impli-
cations for reef connectivity and spatial vari-
ation in reef productivity. In lagoons, slicks
can become trapped on the sediment surface,
resulting in a large input of carbon, nitrogen,

and phosphorus. On rare occasions, this has
led to mass mortalities of reef fauna due to
extremely large reductions in oxygen con-
centrations (/7).

A small spawning event at Heron [sland
{Great Barrier Reef) in 2001 was shown to
stimulate sedimentary oxygen consumption
rates for up to 9 days after spawning (/2).
Clearly, degradable organic matter from the
spawning was enhancing metabolism on the
reef. These links between coral spawning
and the energy and nutrient dynamics of the
coral reef system prompted Eyre ef al., Glud
et al., and Wild ef af to examine a major
mass spawning event at Heron Island in
November 2005. The event had an immedi-
ate but short-term effect on the concentra-
tion of particulate organic matter detected in
the water column and the sediments. For

Coral spawning and spawn slick. (Left) A caral releasing buayant egg-sperm
bundles at night. (Right} Spawn slicks—aggregations of buoyant eggs,

example, particulate nitrogen concentra-
tions in the water column peaked after
spawning and stayed high for 17 days, and
the concentration of particulate organic mat-
ter reaching the sediment was elevated for
2 weeks. [sotopic signatures of the suspended
matter reflected that of coral gametes,
revealing that organic matter from coral
spawn was immediately transferred to the
food web. These findings show how the reef
ecosystem responds to a sudden increase in
nutrient load and rapidly processes the large
organic matter pulse from coral spawning.
The spawning event stimulated biological
activity both at the sea floor and in the water

% 5 9

column. For example, biological oxygen
demand—a measure of how fast organisms
use up oxygen—and chlorophyll a concentra-
tions in the water column increased substan-
tially after the spawning. Mass-balance caleu-
lations indicated an efficient mineralization of
spawn-derived nitrogen by microbial commu-
nities within the reef sands. Biological activity
was consistently higher near the sea floor than
in the open ocean, highlighting the central role
of reef sedimentary metabolism n processing
organic matter on the reef.

The postspawning phytoplankton bloom
removed almost all the dissolved inorganic
nitrogen, whereas only a small proportion of
the dissolved inorganic phosphorus was
removed. This suggests that pelagic primary
production is nitrogen limited. Benthic pri-
mary production is also likely to be nitrogen

limited due to the large reservoir of bioavail-
able phosphorus stored in the top few cen-
timeters of the reef sediment.

Further research is needed to examine and
compare the response of reefs to mass spawn-
ing among and within regions. For example,
many ecological differences exist between
Indo-Pacific and Atlantic reefs. Compared
to most Indo-Pacific reefs, in the western
Atlantic there are a higher proportion of corals
that internally “brood” larvae versus corals
that broadeast spawn; nonetheless, multi-
species spawning events involving fewer
species are well documented on some western
Atlantic reefs (13).

amb .

embryos, and larvae—like this one at Scott Reef, Western Australia, are often
seen the day after spawning,

The latest research on mass spawning
{1-3) highlights the importance of examining
the response to a large nutrient addition at an
ecosystem scale. The results reveal a strong
link between the organic materials contained
in coral spawn and reef primary production.
Central to the nurient recycling process were
the highly permeable reef sands and associ-
ated assemblages of heterotrophic prokary-
otes. This biocatalytical filter system (14)
allows reefs with naturally low background
nutrient concentrations to buffer extreme
nutrient peaks. The reef sands thus have an
important finction for reef resilience. Benthic
algal overgrowth—reported from many reef
locations worldwide—may compromise sedi-
ment function and reduce resilience.

Coral reefs are increasingly exposed to
high nutrient levels as a result of human activ-
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ities. The nutrient pulse from spawning is effi-
ciently trapped. but this efficiency may
become a threat on reefs exposed to continu-
ous coastal eutrophication. Reefs within the
Great Barrier Reef occur along gradients of
water quality depending on their distances
from point sources of pollution. Comparisons
of ecosystem responses to spawning among
these reefs may help to elucidate how these
systems function under different levels of
stress, as well as providing greater insights

into coral reef functioning and resilience.
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PHYSICS

A Unified Picture of Laser Physics

Jorge Bravo-Abad and Marin Soljagic

aser technology is present in our daily
I lives through literally thousands of
applications, including surgical mstru-
ments, CD and DVD players, optical fiber
communications, and even supermarket bar-
code readers. Despite the fast pace of laser
research, the design of most laser devices
relies on assumptions in the underlying theory
that have barely changed since the early days
of laser theory (). However, this situation is
problematic for two reasons. First, the rapid
advance of nanofabrication techniques has led
to the development of completely new lasing
systems whose description falls outside the
scope of conventional laser theory. Of these,
random lasers (2) are perhaps the most chal-
lenging example. Second more general mod-
els could enable the design of substantially
different classes of lasers. With their contribu-
tion on page 643 of this issue, Tiireci ef al. {3)
have substantially changed this picture. By
developing a new theory in which the main
properties of a laser can be physically under-
stood as the result of strong nonlinear interac-
tions between lasing modes, they have pro-
vided a substantially broader perspective of
laser physics that unifies the physical descrip-
tion of many possible laser structures.

The most common description of a laser is
that of an active lasing material, or gain
medium (which could be an atomic vapor, a

g solid, or a dye), inside a resonant cavity
¢ formed by two mirrors. If the lasing material
& is properly pumped by an external excitation
{which can be optical, electrical, etc.), most of
the basic constituents of the lasing media
{such as atoms, molecules, or ions) will be in
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excited states—it is said that the population
inversion condition has been reached (1).
Then, light of a certain frequency propagating
through this medium will stimulate emission
of radiation of the same frequency (and same
direction) from the excited states. This process
creates an amplifying medium: Light will be
coherently amplified as it bounces back and
forth inside the cavity, producing an output
beam that is both highly directicnal and
monochromatic (see the figure, left panel).

Standard laser theory explains the physics
behind these devices, which resemble Fabry-
Perot etalons and interferometers, provided
that light is tightly trapped inside the cavity—
that is, when most of the energy of the ampli-
fied light remains inside the cavity for a long
time (/). [t also assumes that both the corre-
sponding lasing frequencies and lasing modes
are essentially determined by the modes and
frequencies of the resonant cavity when the
lasing material is not present.

The universality of this description has
recently been challenged with the appearance
of the so-called diffusive random lasers (4). A
random laser consists essentially of a set of

Diffusive random lasers, whose mechanism has
been elusive, are now explained by a general
theory that encompasses conventional lasers

particles that scatter light and are embedded in
a gain medium (see the figure, right panel).
Most random lasers operate in the so-called
diffusive regime, in which there are no light-
confinement mechanisms in the absence of
the amplifying medium. Thus, diffusive ran-
dom lasers apparently lack the strong light-
trapping mechanism that conventional laser
theory regards as an essential ingredient for
efficient light amplification.

At first glance, one might think that the
physical mechanisms responsible for the las-
ing action in conventional and diffusive ran-
dom lasers are very different. However, it has
been shown experimentally that these two sys-
tems have the same basic features (4-7),
‘which seems to suggest that a unified descrip-
tion should be possible. Until now, the theoret-
ical analysis of random lasers has been
restricted to fully numerical approaches (8),
which, although interesting, donot offera fun-
damental physical insight into mechanisms.

The theory developed by Tiireci ef al. to
describe lasers provides the missing physical
insight in an intrinsically elegant manner. By
substituting the role of linear cavity reso-

Laser emission
1 ¥
== bl
Laser
l : | Laser emission
- Active material i
Mirror
| .
0 Miror Active materal

Two different lasers, just one theory. (Left) Sketch of a conventional laser: Light is tightly confined
between twe mirrers that define the resonant cavity medes and laser frequency. (Right) A random laser:
Light is scattered by a set of particles embedded in an active material. Tdreci et al.'s theory provides a uni-
fied description of the physics behind both this system and the conventional laser shown in the left panel.
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nances with a new set of modes—the con-
stant-flux states—the authors find a simple
analytical expression from which all of the
properties of any laser structure can be
obtained, given a knowledge of the dielectric
constant profile of the system together with
the main parameters characterizing the ampli-
fying material (such as the amplification pro-
file or the atomic frequency).

The versatility of their approach is demon-
strated by applying it to the debate about the
physical basis of lasing in diffusive random
lasers. They show that for these kinds of struc-
tures, the lasing frequency predicted by stan-
dard laser theory is substantially modified by a
new contribution that has no analog in conven-
tional lasers. In addition, the theoretical frame-
work developed by Tiireci ef al. allows us to
track the competition between lasing modes
within these systems as a result of a strong non-
linear interaction through the gain medium.

More specifically, the authors show how
pairs of modes of nearly identical frequencies
compete with each other in a complex manner
that ultimately determines both the emitted
frequencies of the diffusive random lasers and
their corresponding intensities; these predic-
tions are in very good agreement with the
recent experimental results (7). Finally, this
new perspective on lasers reveals how the
electric field profile in a diffusive random
laser is more intense at the edge of the system
than anywhere else in the sample—an inter-
esting property that has also been observed
in conventional lasers in which light is
weakly confined.

In addition to its importance for under-
standing most of the physical properties dis-
covered recently in diffusive random lasers,
the theory of lasing provided by Tiireci ef al.
may inspire the design of substantially differ-
entclasses of structures that could be the basis

of improved laser-based devices. From a more
fundamental standpomt, this work could
spark a new branch of nonlinear dynamics, in
which phenomena such as optical bistability
or multistability could be explored in novel
types of lasing structures.
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MOLECULAR BIOLOGY

The Paradox of Silent

Heterochromatin

Ingela Djupedal and Karl Ekwall

partitioned into euchromatin and hete-

rochromatin. The former is associated
with actively expressed genes, whereas the
latter has been considered to be inaccessible to
RNA polymerase [I, the enzyme that trans-
cribes DNA to RNA. Heterochromatin is
therefore transeriptionally silent. Paradoxi-
cally, to remain silent, heterochromatin that
is located at a chromosome’s centromere—
a region that is essential for chromosome sep-
aration during cell division—depends on both
its transeription by RNA polymerase Il and
inhibition of its ipticn by a mechani

Eukaryelio chromosomes are generally

of heterochromatin and gene silencing.

The cell cycleof a eukaryotic cell is divided
into four distinct phases: DNA replication at S
phase; growth and preparation for division in
523 nuclear division at M phase; and GT. dur-
ing which the cell may exit the cell cycle or
continue dividing. Previcusly, heterochro-
matin has only been studied in asynchronous
growing cell cultures, and cell cycle—depend-
ent effects have not been appreciated. Kloc et
al. and Chen ef al. used synchronized cells to
investigate the cell cycle dynamics of tran-
scription and heterochromatin assembly at

called RNA interference (/-3). Two recent
studies, by Kloc et al. () and by Chen et al.
{5). demonstrate that transcription of this
heterochromatin depends on the stage of the
cell division cycle and thereby provides a
possible solution to the paradox. According
to the proposed model, the heterochromatic
structure breaks up at the M phase (mitosis)
of the cycle, enabling its transcription by RN,

poly IL, with subsequ T )}
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s in the fission yeast Schizo-
saccharomyces pombe, the model organism in
which the involvement of RNA interference in
heterochromatin formation was first described
{2). Both groups found that transcripts corre-
sponding to centromeres (where there are large
numbers of repeated DNA sequences) accu-
mulate at S phase. This coincides with
increased amounts of small interfering RNAs
{siRNAs), which are derived from these tran-
scripts. These sIRNASs in tarn silence the tran-
scription of RNA from the centromeres by
RNA interference. The assembly of hete-
rochromatin at centromeres is also cell eycle

pendent. Typical | hromatic marks,
such as the methylation of a lysine residue on

Cell cycle control of heterochramatin
disassembly may explain the paradox of
heterachromatin gene expression.

histone 3 (H3K9me; histones are the major
protein constituents of chromatin) and binding
of the heterochromatin protein Swi6, de-
creased at S phase, causing the heterochro-
matin structure to become more loosely
packed. Simultaneously, other marks that are
associated with actively transcribed genes
were detected. At the onset of M phase and
remaining throughout the following S phase,
there was a peak of phosphorylation of serine
10 on histone H3 (H3S10ph}—a mark antago-
nistic to Swi6 binding (6, 7y—together with
methylation of lysine 4 on histone H3
(H3K4me). These changes further indicate
that heterchromatin structure is changing and
becoming more permissive to transcription.
These results support a stepwise model of
cell cycle-regulated reassembly of hete-
rochromatin at each cell division (see the fig-
ure). The densely packed structure of hete-
rochromatin is dissolved at mitosis, followed
by the binding of RNA polymerase Il at S
phase (5) and transcription. The transcripts are
processed into sSIRNA that together with the
RNA interference machinery directs the for-
mation of heterochromatin to loci that are
complementary to the siRNA. In addition,
RNA polymerase II both directly and indi-
rectly interacts (the latter, via nascent RNA)
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ing winter would enhance gene silencing, thus
providing means for organisms to respond to

<iRNA production and RNA i

5 Histone deacetylase (HDAC) T
@ Nudteosame C
0 Swi6

—a H3KIme

—e H3510ph

— H3Ksme

Densely packed heterochromatin
No transeription?

Cell cycle regulation of heterochromatin assembly. A G, cell (5. pamie) has a single nucleus and elon-

gates until it reaches M phase (milcsis). Heter

located at 7] becomes dif-

ferentially methylated and phosphorylated an histones throughout the cell cycle as indicated. These modili-
cations control the binding of the heterochromatin protein Swis. During DNA replication {5 phase), a more
accessiole chromatin structure permits RNA palymerase I1 1o transcribe centromeric DNA, which in turn
recruits the RNA interference machinery to silence the expression of the same lod.

with proteins that form heterochromatin.
These proteins include histone deacetylases
and lysine methyltransferases responsible for
the heterochromatin silencing marks that are
detected after the onset of S-phase transcrip-
tion (5). Further supporting the model, phos-
pherylation of H3510 was shown by Kloe
et al. to be required for maintaining methyla-
tion of H3K9 in successive cell divisions (4).
There may be one important question that
remains to be answered to solve the paradox
that transcription is necessary to establish
transeriptionally silent heterochromatin. Both
Kloc ef al. and Chen ef al. show a relative
increase of heterochromatin transcription in
S phase, but is there any low-level constitutive
transcription thronghout the rest of the cell
cycle? In certain mutants of S. pembe, both
strands of double-stranded DNA at cen-
tromeres are transeribed (2). In wild-type cells,
the *“forward” transcript (RNA that is synthe-
sized from one ofthe DNA strands) is silenced
by heterochromatin, whereas transcripts from
the “reverse” strand (RNA synthesized from
the complementary DNA strand but in the
opposite direction) are easily detected in

unsynchronized cells, of which most (=70%)
are in the G, phase. Kloc ef al. propose that
transcription of both strands preferentially
oceurs in 8 phase, after DNA replication, when
the heterochromatic structure is more permis-
sive, presenting a solution to the paradox of
transcription of silent heterochromatin. Only a
relative representation of transcripts in G, is
shown, however, making it difficult to assess
absolute transcript levels (4). Chenetal. report
constitutive transcription of the reverse strand
at each time point investigated (). However,
these results must be considered uncertain
because the cells were synchronized by a shift
to restrictive temperatures, and Kloc ef al.
nicely demonstrate that RNA interference is
inhibited at such elevated temperatures (4).
The reported temperature dependency of RNA
interference is in itself interesting and may
explain observations from several organisms
where gene silencing is suppressed at high
temperatures but enhanced at low tempera-
tures (§-10). Vernalization in plants—the
induction of growth and flowering by exposure
to low temperature—is one example in which
the increased activity of RNA interference dur-

envi d cues.

The work by Kloc ef al. and Chen ef al.
presents an elegant mechanism for the
inheritance of epigenetic mechanisms of
gene regulation from mother to daughter
cells—that is, the inheritance of histone
meodifications that control gene expression
through the reassembly of heterochromatin
at the beginning of each cell cycle. A simi-
lar mechanism has recently been deseribed,
in which cell cycle—dependent readthrough
transcription (when RNA synthesis contin-
ues pasta termination signal encoded in the
DNA) is coupled to formation of transient

I inatactive, genes
{which are transcribed in opposite direc-
tions toward each other) (/7). Cell cycle
dynamics of heterochromatin and transcrip-
tion may therefore represent a general regu-
latory mechanism. If the reverse DNA
strand of centromeres is constitutively tran-
seribed at low levels in 5. pombe, the regu-
lation may be akin to that of several known
examples of genes residing within hete-
rochromatin (12), many of which depend on
this structure for their expression. In the fly
Drosophila melanogaster, the actively tran-
seribed genes fight and chitinase have
the heterochromatic mark H3K9me (J3).
‘Whether this type of transcription is mecha-
nistically different from the transeription of
euchromatic genes remains to be deter-
mined. The study by Kloc ef al., in combi-
nation with other recent studies, aseribes a
more dynamic function of heterochromatin
than previously anticipated (4, 5, 11, 13),
and it is clear that the simplified view of
heteroct in as a structure i ible
to RNA polymerase II should be revised.
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Structure and Dynamics
of Earth’s Lower Mantle

Edward ). Garnero® and Allen K. McNamara

Processes within the lowest several hundred kilometers of Earth's rocky mantle play a critical role
in the evolution of the planet. Understanding Earth's lower mantle requires putting recent seismic and
mineral physics discoveries into a self-consistent, geodynamically feasible context. Two nearly
antipodal large low-shear-velocity provinces in the deep mantle likely represent chemically distinct
and denser material. High-resolution seismological studies have revealed laterally varying seismic
velocity discontinuities in the deepest few hundred kilometers, consistent with a phase transition from
perovskite to post-perovskite. In the deepest tens of kilometers of the mantle, isolated pockets of
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ultralow seismic velocities may denote Earth's deepest magma chamber.

arth’s mest profound internal boundary
lies roughly halfway 1o its center, at a depth
‘'of nearly 2900 kim, where the solid mantle
meets the fluid outer core. Emerging research
characters d processes on
side of this boundary that influence chemistry
and convection throughout the mantle, heat loss
from the core, and Farth’s thermal structure and
evolution. The fields of seismology, mineral phys-
ics, peadynamics, and peochemistry have been key
in providing new i tion, To betier
Earth’s lowermost mantle, and hence whole-mantle
processes, we summarize several recent observa-
tions and ine them ina g ical context.
Historically, the lowennost few hundred
kilometers of the mantle was noted as having
areduced seismic velocity gradient with depth,
interpreted as being caused by a lowermost-
mantle thermal boundary layer ahove the hot
core. This view was modified in the early 1980s,
when seismologists observed a first-order dis-
continuous increase in velocity between 250 and
330 km above the core-mantle boundary (CMB)
(I). This discontinuous jump is typically referred
1o as the D" discontinuity. In the past few years,
observations, modeling, and predictions have
shown that the decpest mantle is complex (Fig. 1)
and much more anomalous than the rest of the
lower mantle. The tenn [¥" is used to refer to the
general depth shell of the lowennost several
hundred kilometers of the mantle, and does not
denote any specific structural characteristic.

Long-Wavelength Heterogeneity

and Implications

Eanth’s mtemal structure is predominantly imaged
by seismic methods. Tomographic inversions of
seismic data yield maps of seismic-wave speed
heterogeneity throughout the mantle, with a res-
olution typically greater than 1000 ki (Fig. 1 and
Fig. 2A). It has long been known that convergent

Scheel of Earth and Space Explaratian, Arizana State University,
Box 871404, Tempe, A7 83287, USA.
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plate boundaries overlic regions of D with higher
than average velocities, and that hot-spot volcanoes
overlie regions with lower than average velocities.
Such spatial comrelations, combined with evidence
for high P- and S'wave velocities mimicking slab
shapes extending from beneath some subduction
zones well imo the lower mantle, constitute one
argument in favor of whole- mantle convection (2, 3)

Seismic data suggest that two broad regions
with lowered shear-wave speeds and higher than
average density lic beneath the Pacific and Africa
(4, 5). The African anomaly appears to extend
upward from the CMB about 1000 kin (6), where-
asthe height of the Pacific anomaly is less certain
but probably at least 400 to 500 k. Each anom-
aly is about 15,000 kin across, and together they
cover nearly 50% of the CMB. The boundaries
between fhese large low-shear-velocity provinces
(LLSVPs) and nomnal mantle are sharp, as implied
by seismic waves that graze LLSVP edges (6-8)

Geodynamic calculations show that chemically
distinet deep-mantle regions can be formed and
maintained, whereby mantle convection sweeps
intrinsically denser material toward upwelling
regions (9, 10) resembling LLSVP geometry (Fig.
2, A and B). This material must have intrinsic
density elevated by a few percent relative to the
surrounding mantle; if higher, structures would
flanten out along the CMB, and iflower, they would
be easily entrained in upwellings. If the resultant
density is less than that of the surrounding mantle,
the material is buoyant and forms large, doming
structures that actively rise through the mantle (Fig.
2C). Alteatively, these thermochemical super-
plumes may heat up and rise because of excess
thermal buoyancy, then cool and sink because of
decreased thermal buoyancy (Z7). Smaller plumes
that entrainsame of the densermaterial can form on
the tops of these structures. Assuming this be-
‘havior for Earth implies that LLSVPs are super-
plumes in various stages of ascent or fall (/7).

I LLSVP thermal and compositional buoyan-
cy are roughly balanced, then near-neutral or
negative buoyancy can yield long-lived stable
structures (9, i41, 12, 13). Piles are passively swept
and shaped by mantle convection, preferentially
accurnulating into ridge-like structures beneath
dominant upwelling centers (the Pacific and
Afiica). Plumes may originate from pile tops,
particularly at peaks or ridges (Fig. 2B), and entrain
nominal amounts of pile material. If the bulk
‘modulus of pile material is anormalously high (e.g.,
consistent with subducted basaltic crust), structures
intermediate 1o piles and superplumes can form,
which have steeper sides than the other cases (/3)

Lower-mantle chemical heterogeneity might
alsohave existed since Earth’s early differentiati
Seismic images of presentday structure would

2 MAY 2008 VOL 320 SCIENCE

Fig. 1. Tomographically derived (43} high and low seismic shear velocity variations in Earth’s mantle
(blue and red, respectively) are shown in an equatorial cross section (right) viewed from the south, along
with an enlarged panel (left) depicting several seismic findings in the D" region. A large low-shear-velocity
province (LLSVP) is found beneath the Pacific Ocean and Africa, and has high density (p) and temperature
(N, with sharp sides between LLSVP low velocities (—dl%) and surrounding mantle. A pair of seismic
reflectors seen beneath subduction as well as within the LLSVP is consistent with a double crossing of the
perovskite (Pv} to post-perovskite (pPv) phase transition (yellow dashed lines), which locally elevates shear
velocity (+dVs). Ultralow-velocity zone (ULVZ, yellow) material sits atop the CMB and can be swept around
in lateral currents, passibly relating to chemical reactions between the mantle and core. The spin
transition zone (STZ) centered near 1500 km depth represents a change i the spin state of Fe’~ to Fe™*
and may also affect lower-mantle densities and velacities (44, 45).
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thus depict rermants of this material, which may
be slowly entraining away through time. Alterna-
tively, denser material might have accumulated
throughout Earth’s history and might consist of
chemical reaction products from the CMB (/4) or
subducted oceanic crust (13, 15, I6). Piles com-
posed of a long-lived primordial layer will lkely
h.a\'e s]);arp contacts at lhenr top surface (Fig. 2B),

d

1 <utbl

mlsxmm ha'-’eamugh ar d:ifuswemp (Fxg 2D).

present beneath subduction in high-velocity re-
gions as well as within the low-velocity LLSVPs,
with geographical variation of the depth and ve-
locily change across the discontinuity. However,
deep-mantle discontinuities have been studied in
detail in anly a few isolated regions, and much
of the CMB is still unmapped. Only a handful
of earthquake-to-receiver geometries produce
seismic data that allow this feature 1o be probed
and mapped. Two regions have attracted

hers: (i) beneath the Cocos Plate, Central

haw: dorming, concave- dnwnwa(d tﬂps‘ piles, on

America, and the Caribbean, a region undertying

the other hand, have ipward tops sur-
rounded by ridges. A velocity reduction some
300 to 400 km above the CMB is imaged in the
central Pacific (/7) and may represent the top of
the Pacific pile. Improving the resolution of the

A Deep-mantle shear velocites

long-lived subducti and(n)b:nra:hmn:
central Pacific, a region beneath

REVI

of P waves have been less common than for
8 and typically lack clear waveform evidence for
D" reflections, although there are some excep-
tions (24). More commenly, stacking of hundreds
or thousands of seismograms is necessary to detect
reflected P-wave energy (25, thus, the discon-
tinuity is a much weaker reflector for P waves.
Lateral variations in deep-mantle temper-
ature are expected but should be smooth, and
hence they do not explain a step velocity in-
crease iated with the D"
nor differing §- and P-wave msmnunmty
strengths. Furthermore, numerical models

upwelling and within the Pacific LLSVP These
locations take advantage of the two most prolific
deep-focus earthquake zones: Fiji-Tonga and

B Thermochemlca\ plles
= NI !
s @f""“n

Fig. 2. (A} Shear velocity perturbations between 660 km depth and the CMB, isocontoured at +0.6% (blue/
red) for model SZDRTS (43). Sharp LLWP edges (yellow dashed lines) have been noted for both LLSVPs (8).

(B to D) Geody

different

ical modeling

| models to explain LLSVPs observed

beneath Africa and the Pacific (see supporting online text for details of calculations). All calculations extend
from the CMB to the surface, and the 3D calculations are performed in spherical geometry, unwrapped into a

box for easier visualization. (B} 3D thermochemical piles (gold), shown with a whole-mantle

predict that | tle thermal bound-
ary layers should be thin, much less than the
observed discontinuity height. Thus, D" has
been variously interpreted as chemical dregs
from subduction, as a region of chemical reaction
between the core and mantle, as a boundary
‘between isotropic and anisotropic fabrics, or as a
solid-state phase change (26). Recently, the
lanter hypothesis has gained favor, owing 1o the
recent discovery of an exothermic phase
transition in deep-mantle perovskite (Pv) to a
post-perovskite (pPv) structure (27-29)

If this phase transition is responsihle for the
D discontinuity in cold, high-velocity regions,
then the experimentally determined positive
Clapeyron slope of the transition predicts that the
discontinuity should deepen or even vanish in
‘ot areas. However, clear evidence is present for
an S-wave discontinuity within the Pacific
LLSVP (17), with height above the CMB and
topographical varability both similar to the
region beneath the Cocos Plate. This supports
the idea that LLSVPs may have a different
mantle composition (perhaps increased iron
abundance) that perturbs the phase boundary
depth. However, some form of chemical stratifica-
tion could also generate reflections in the LLSVP.

Because temp is expected 1o strongly

cross section (red and blue denate hot and cold, respectively). {C) 3D thermochemical superplumes (gold).
(0) 20 calculations of transient thermachemical piles created by accumulated subducted crust, with

and

sharpness and variability of this reduction will as-
sist in constraining LLSVP origin and evolution.

The trace chemistry of ocean-island basalts
(OIBs), if from a deep-mantle ogin, may shed
light on LLSVP chemistry, Volcanic hot spots
tend to overlie LLSVP edges rather than their
interions (18), which is consistent with edges and
ridges of thermochemical piles forming in re-
gions of return fow and initiating plumes (9, 1),
Efforts to directly image plumes are encouraging
{19) but controversial (20}. Numerical models of
mantle convection show that plume morpholo-
gies are often more complicated fhan simple
vertically continuous whole-mantle conduits (e.g..
bentand curved central conduits, complicated plume
head shapes, thin or diminishing plume tals, etc.).

p P (red/blue = hoticold; denser material is darker).

South America, and dense seismic networks in
North America.
Typically, antributes of seismic-wave reflec-

tance are extracted throughout some volume of

interest by stacking or summing selsmic records.
These data permit mapping of lateral variations in
D" discontinuity height above the CMB. For
example, a 100-km vertical offset in D" discon-
tinuity depth is observed beneath the Cocos plate
(21, 22). A second, deeper reflector is evident in
some studies beneath the velocity increase, mapped
as a velocity reduction (2/-23), Beneath the central
Pacific, up to four discontinuities in the shear
wvelocity have been detected (17). A major un-
certainty in imerpreting the seismic data is the
ion of a reference velocity structure. For

Regional D" Studies
Evidence for a shear-wave velocity disconti-
nuity at the top of D" is unequivocal. It is

exarmple, lateral variations in the height of the D
discontinuity, underlain by constant velocity, can

increase with depth near the hotter outer core,
post-perovskite may revert back to perovskite
closer to the CMB, depending on Clapeyron
slope and temperature. Thus, a lens of post-
perovskite is possible from a double crossing of
the phase boundary (30). Andbuting a pair of
seismically detected D" discontinuities (ie., a
velocity increase overlying a decrease) 10 post-
perovskite permits detemmination of temperanire
at the two discontinuity depths, if thermal con-
ductivity and Clapeyron slope are known. In
turm, this permits estimation of core heat flux of
50 1o 100 mW/m® (7, 23), a range of values
much higher than estimates based on plume
buoyancy flux. Although the phase transition is
not expected o greatly alter firsi-order dynamics,
an exothermic phase change at these depths could
enhance the generation of plumes, affecting CMB
heat flow (31). A lower CMB temperature would
preclude the double crossing.

Accurate characterization of the deeper dis-
continuity is challenging because P-and S-wave

trade off with a model a fixed height
but underlain with vanations in velocity. Studies

ions from a velocity reduc-
tion at the magnitude predicted by mineral physics
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studies (32) shau.ld be weak (33). Also, small-

plumes in an isochemical mantle, which would

scale h may licate the detection
of the lower boundary by scattering energy (22).
Another challenge is that the P-wave jump asso-
ciated with the entrance into the pPv phase is
predicted to be small and negligible—fractions of
a percent, and possibly even negative (32).
Horizontal and vertical components of shear
waves with appreciable path lengths in the deepest
mantle have slightly different amival times for
some regions, indicating seismic anisotropy in ",
Anisotropy is detected beneath implied down-
welling flow (c.g., bencath the Caribbean, Alaska,
and Eurasia) and upwelling (e.g., beneath the
central Pacific) and has been suggested to be
weak outside these regions (34, 35). Most data
imply that the orientation of anisotropy is three-
dimensional, with shear-wave splitting depend-
ing on azimuth. If the link between observations
and dynamical predictions can be properly estab-
lished, it may be possible o provide constraints
on mantle flow pattemns and theology of the lower-
most mantle (36). The main minerals in the lower
mantle—Pv, pPv, and magnesiowiistite—are each
strongly anisofropic but may respand differently to
deformation, which makes inference of mantle flow
patterns from observed anisatropy more difficult.
As Pv transforms to pPv, preexisting fabric
undergoing transition is expected 1o be severely
altered, and perhaps erased, by the major change
in crystal structure; however, preexisting fabrics
in magnesiowiistite should remain and combine
with developing fabri in the new pP grains at

d to the center of LLSVPs (fig. S4A).
However, if LLSVPs are thermochemical struc-
tures, the hotiest regions should be at their edges
(8, 9, 13). Several studies show evidence for
ULVZ structure near the edge of the Pacific
LLSVP (17, 40), consistent with it being a ther-
mochemical structure (fig. S4B). Assessing the
and extent of ULVZs is challenging
because their thickness may drop below the lim-
its of seismic detection, Thin ULVZs having only
mild velocity drops are even harder to detect.
Other mechanisms that produce ULVZ ma-
terial are chemical heterogeneity from the mantle
chemically reacting with the core (/4) and CMB
underside sedimentation (47). However, the 3-to-1
ratio of S-to-P velocity reduction likely requires
some degree of partial melting. An inferesting
possibility involves pPv: If the deepest mantle is
cool enough to avoid a double crossing of the
pPv phase houndary, iron-rich pPv can explain an
ULVZ layer (42). However, recent work imaged
both a double crossing of the pPv phase bound-
ary and a deeper ULVZ layer in the Pacific (/4).
For a chemical and/or partial-melt origin, episod-
icentrainment of ULVZ material may be possible
(8), leading to heterogeneities throughout the 1"
layer in certain regions. Viscous convective forces
may be strong enough that even high-density
{>10%) material can be swept either o the base of
plumes or to the edges of chemically distinct piles.

Next Steps
i studies reveal a lowermost mantle

greater depths. An additi is that
magnesiowiistite and pPv likely have different
rheologies, such that the weaker of the two min-
erals may accommodate much more deformation
[hence, more lattice-preferred orientation (LPO)]
than the stronger mineral. If pPv is the cause of
the D" discontinuity and is also the dominant
mineral associated with [ anisotropy, then there
may be an offset between the depths of the dis-

rich in complexity on a variety of spatial scales:
the large LLVSPs beneath Africa and the Pacific,
the regionally variable D" discontinuiies ob-
served ~200 to 300 km above the CMB, and
isolated ULV Zs in the lowermost tens of kilome-
ters of the mantle. Mineral physics experiments
imply that heterogencities in temperature, com-
pm.ncm, and phase are required to :xplam sﬂsnuc
. Several geody

continuity and the onset of ‘because
some finite amount of deformation is required to
develop LPO in pPy (fig. §3). This may explain
seismic observations under the central Atlantic,
thought 1o be away from current downwellings, in
which there is evidence for a D" discontinuity (37)
but cnly weak (or absent) selsmic anisotropy (35).

Ultralow-Velocity Zones

Thin patches (5 to 40 km thick) in which P- and
S-wave velocities are reduced by up to 10% and
30%, respectively, have been imaged directly
above the CMB in several places (38). These
characteristics are consisient with the presence of
some melt in the lowenmost mantle (39). An
ultralow-velocity zone (ULVZ) density increase
of up 10 10% has also been noted (40). If the
origin of the ULVZs is pantial melt, they should
be present wherever rock of appropriate com-
position exists, because the CMB is isothenmal.
However, ULVZs should be thickest in the
hottest regions above the CMB. Modeling
implics that these regions arc at the base of

2 MAY 2008 VOL 320 SCIENCE

have arisen to explain ﬂ!ese ubs:rvmons in the
context of largerscale mantle convection. In-
creased collaboration among disciplines invalved
in deep Earth interior research will be helpful in
resolving the fundamental questions that remain,
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Fire-Derived Charcoal Causes Loss of

Forest Humus

David A. Wardle,* Marie-Charlotte Nilsson, Olle Zackrisson

areal forests serve as important global

sources or sinks of carbon (C), and wild-

fire is a major driver of C storage in these
forests. Although fire releases CO; to the atmo-
sphere, it also converts plant biomass into forms
of black carbon, such as charcoal, that are resist-
ant to microbial atack and persist in the soil for
thousands of years (/). It has frequently been
suggested that, because of its resistance, black C
can serve as an important long-term € sink that

versus Mix (exp)]. Further, nitrogen immobi-
lization was less than expected in the mixture
bags (Fig. 1). For these measurements, substrate
mixing effects [Le., values for (observed — expected)’
expected] never differed significantly across the
three sites [P value always greater than 020
according to analysis of variance (ANOVA)]. This
result is despite the sites differing in both stand
‘history and soil fertility (6) and points to similar
effects of charcoal across contrasting sites. Given
that charcoal on rates in soil are ex-

may help offset the release of h duced
CO; to the atmosphere (2, 3). However, charcoal
is not biologically inert and can have important
effects on soil biological processes (4, 5). The
influence of charcoal on the decomposition of na-
tive soil onganic matter remans poorly understood.

We conducted a simple experiment in each
of three contrasting bareal forest sites in northem
Sweden (6). Mesh bags were filled with pure
humus collected from the forest, pure charcoal
created in the laboratory, or a 50:50 mixture of
humus plus charcoal (6). These bags were left in
the field and harvested over 10 years. This ap-
proach is conceptually identical to that used for
the litter-mix studies that have greatly advanced
our understanding of the consequences of mix-
ing different litter twm (7). This approach al-

inth
with what would be expected on the basis uf:ach
of the of the mixture

separately.

We found that, over the 10-year peried, loss
of mass and C from the hags containing mixtures
of charcoal and hwmus was substantially greater
than what was expected on the basis of the com-
ponents considered separately [Fig. 1, Mix (obs)

A 3

30 Humus
g M fobs)
t
gE s T Mx(em)
g2 10
?3- 5

o T Choroal

ot 2 3 a 10

time tyaars)

Fiig. 1. Changes in litterbag properties over a 10-year period. Humus, Charcoal,
and Mix (obs) correspond to litterbags containing pure humus, pure charcoal, and
a 50:50 mixture of charcoal and humus, respectively. Mix {exp) corresponds to
expected values for litterbags containing 50:50 mixtures of charcoal and humus if
no interactive effects between the components occur (6). Each data point is the

tremely slow (2, 8) and that in our study system
charcoal persists for thousands of years in the
humus layer without evidence of mass loss (),
most of the enhanced loss of mass and C caused
by mixing charcoal and humus must have resulted
from charcoal promoting humus loss rather than
‘humus promoting charcoal lass.

Substrate (ie., glucose)-induced respiration
(SIR), a relative measure of active microbial bio-
‘mass (6), was always significantly greater in the
mixture bags than the value predicted on the ba-
sis of the charcoal and humus components con-
sidered separately [Fig. 1, Mix (obs) versus Mix
(exp)]. These resulls are consistent with charcoal
particles serving as foci for adsorption of organ-
ic compounds and microbial growth and activity
(4, 5), leading to enhanced decomposition rates
and mass loss of associated humus The en-
‘hanced micrabial activity in the mixture bags may
have led to greater mass and C loss through either
greater respiration or greater leaching of soluble
compounds (¥).

Previous short-term laboratory studies have
shown that charred plant material causes accel-

R A

Our results extend these findings by indicating
that charcoal can promote rapid loss of forest
humus and belowground C during the first dec-
ade after its fonmation. Fire often causes sub-
stantial losses of ecosystem C, and our results
provide evidence for a previously unreported mech-
anism that could contribute to these losses. Our
results are specific 1o boreal forests and 1o the type
«of charcoal that we used, and further work is
needed to determine the importance of this mech-
anism in other biomes and for other types of
charcoal (f). Although several studics have
recognized the potential of black C for enhancing
ccosystem C sequestration (2, ), our results
show that these effects can be partially offset by
its capacity o stimulate loss of native soil C, at
least for bareal forests. The effect of charcoal on
native soil C needs to be explicitly considered 1o
better understand the potential of black C as an
ecosystem C sink and agent of C sequestration.
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A Specialized Forebrain
Circuit for Vocal Babbling in the

Juvenile Songbird

Dmitriy Aronov, Aaran S. Andalman, Michale S. Fee®

Young animals engage in variable exploratory behaviors essential for the development of neural
circuitry and adult motor centrol, yet the neural basis of these behaviors is largely unknown.
Juvenile songbirds produce subsong—a succession of primitive vocalizations akin to human
babbling. We found that subsong production in zebra finches does not require HVC (high vocal
center), a key premotor area for singing in adult birds, but does require LMAN (lateral
magnocellular nucleus of the nidopallium), a forebrain nucleus involved in learning but not in
adult singing. During babbling, neurons in LMAN exhibited premotor correlations to vocal output
on a fast time scale. Thus, juvenile singing is driven by a circuit distinct from that which produces
the adult behavior—a separation possibly general to other developing motor systems.

ow does a young brain leam to use the
Hmusclm it controls and the sensory or-

gans by which it perceives the world?
To a surprising extent, this knowledge is not
built in by deterministic developmental rules
but must be obtained through exploration. For
instance, the relationship between feedback from
the somatosensory periphery and movement is
revealed to the developing brain by spontane-
ous muscle twitches, which facilitate the self-
organization of spinal reflex cirouits (1) and comtical
somatosensory maps (2, 3). At a higher level,
juvenile animals learn the causal relation between
actions and the effects of these actions by producing
highly variable behaviors such as infant stepping,
grasp-like “hand babbling,” early vocalizations,
and play (4-8).

How are these exploratory juvenile behaviors
generated? Are they produced by the same brain
areas responsible for the corresponding adult be-
haviors later in life, or are specialized brain re-
gions involved? Forebrain areas, including the
motor cortex and the basal ganglia, have been im-
plicated in the production of normal infant move-

of syllables that constitute adult song, The
premotor circuit for adult song production consists
of HVC (high vocal center), RA (robust nucleus
of the arcopallium), and brainstem motor nuclei
(Fig. 1A). This “motor pathway” is crucial for gen-
erating stereatyped, leamed vocalizations (16, 17)
and exhibits firing that is precisely time-locked to
the song output (/§-21),

Another circuit, the anterior forebrain path-
way (AFP), is homologous to basal ganglia
thalamocortical loops in mammals and projects
1o RA through a forebrain nucleus, LMAN Ua\—
eral Ilular nucleus of the nit
(22, 23). Although IMAN is not required for
singing in adult birds, it is necessary for normal
song learning in juveniles (24, 25) and plays a
role in producing song variability in adult and
Jjuvenile birds (26, 27). These and other studies
have suggested a view that the motor pathway
drives singing, whereas the output of the AFP
modulates or instructs the motor pathway during
leaming (28, 29).

Subsong persists in the absence of HVC.
We investigated whether primitive subsong vo-
fons result from an immature form of the

ments, as well as their ab lities (5, 9-11). Yet
the specific forebrain circuits for infant motar
control remain to be identified.

Babbling is an early motor behavior pro-
duced by juveniles of vocal mammals and birds
(6, 12-15). In zcbra finches, babbling, called
subsong, occurs raughly from ages 30 to 45 days
post-hatch (dph). Plastic song follows, with the

adult motor pathway, or whether they are driven
by other premotor circuits. Given the impor-
tance of HVC for mature singing ({6, 24, 30),
we sought to characterize its involvement early
in development. In nine subsong-producing ju-
wvenile birds (ages 33 to 44 dph), we eliminated
HvVC hllamﬂy cuhn by dc:ctm'yhc lesions or

pradual apy fiistinct and identifiable, but by ph ion (31). In three
variable, vocal elements (syliables). By 80 0 90 additional birds, we left HVC intact but specif-
dph, plastic song is gradually imo  ically el d its 1o RA by bilat-
highly complex, ped motifs enal of the HVC10RA fiber tract.

McGovern Institute for Brain Research, Department of Brain
and Cagnitive Sciences, Massachusetts Instfute of Technology,
Cambridge, WA 02139, USA.

*Te whom correspendence should be addressed. E-mail:
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After these manipulations, all birds cominued
producing largely unaffected subsong (Fig. 1A
and fig. S3).

Surprisingly, older birds—those in the plastic-
song stage (4510 73 dph, n= 12) and adults (n=5,
undirected singing)—also sang afier bilateral

HVC elimination [but see (37)]. These birds lost
structure and stereotypy in their songs, reverting
1o the production of subsong-like vocalizations,
After phanmacological inactivation of HVC, this
reversion to subsong-like vocalizations was fast
(within 20 min) and reversible (fig. 54); this
finding suggested that the effect is not due to
long-term changes in neural circuitry, but rather
occurs immediately as a result of the loss of spik-
ing activity in HVC, At all ages, singing in the
absence of HVC was produced at normal rates
and followed an ordinary circadian thythm, with
‘more songs produced in the morming than in later
parts of the day (37)

Singing without HVC is highly similar to
normal subsang. We asked whether the sounds
produced in the absence of HVC were indeed
similar to subsong. We characterized acoustic
properiies of songs by measuring spectral fea-
tures shown 1o be effective for quantifying de-
velopmental trends in zebra finches (32, 33).
Distributions of these features before and after
HVC elimination were highly similar for subsong-
producing birds (3/). An additional feature of
normal subsong is the absence of repeatable
acoustic elements of a stereotyped length. This
was evident in a wide, unimodal distribution of
syllable durations for subsong-producing birds
{n = 9 birds younger than 45 dph; Fig. 2, A and
B). Afier HVC climination, these distributions
were unchanged (37). In contrast, plastic and
adult songs contain distinct syllables that form
multiple narrow peaks in the distibutions of
durations. After HVC elimination in older birds,
all distinct syllables were lost, resulting in uni-
maodal distributions similar to those of subsong
{n= 25 bu'ds) (1)

., subsong is bya
lack nfs:xlumhal stereatypy, which appears later
in plastic and adult songs. We quantified stereo-
typy by measuring the peak of the spectral cross-
comelation between different song renditions
(Fig. 2C) (3/). In control conditions, stereotypy
was higher for older birds (Fig. 2I3; P < 0.0001
for nonzero slope of the linear regression of
stereotypy and age). However, independently of
age, stereotypy was reduced to the level of sub-
song afier HVC elimination (Wilcoxon 7 > 0.1
for the difference from normal subsong). In
summary, analyses of acoustic structure indicate
that, by a wide range of measurements, singing
in the absence of HVC i highly similar to
normal subsong,

Subsong requires activity in RA and LMAN.
If subsong persists in the absence of HVC, what
neural circuits are engaged in its production?
One possibility is that subsong does not require
the forebrain song system and is entirely pro-
duced by midbrain or brainstem circuitry, even
in the absence of RA. A second possibility is
that subsong is driven by circuitry intrinsic to
RA, even in the absence of HVC and LMAN.
The third possibility is that subsong is driven by,
or requires, inputs from LMAN to RA. We tested

www.sciencemag.org



these hypotheses by lesions and mactivations of
RA and LMAN,
RA lesions entirely blocked singing in juve-
nile birds {n = 5, 39 to 73 dph), indicating that
75 s Fli: i pe

subsong prod ie., that it generates pat-
tems of spiking activity that control the acoustic
structure of subsong on a short (10 ms) time
scale. To test this prediction directly, we recorded

Tequire
inputs from the forcbrain (Fig. 3). Similarly, song
production was abolished by lesions of HVC and
subsequent inactivation of IMAN (n = 12 ex-
periments in 5 birds, 51 10 75 dph), indicating that
RA circuitry, without its afferent inputs, is not
sufficient to penerate singing. We firther tested the
necessity of LMAN inputs to RA by inactivating
LMAN in juvenile birds TMAN inactivation
entirely abolished subsong production in all birds
younger than 45 dph (n = 6 experiments in 4
birds). However, in agreement with previous
studies, LMAN inactivation did not block singing
in most alder birds (6 of 7 experiments in 5 birds,
45 10 67 dph), alhough it produced a marked
reduction in song variability (26, 27). Together,
these results indicate that RA and its inputs from
LMAN are necessary for subsong production.
LMAN neurons exhibit premotor activity
during subsong. An intriguing possibility sug-
gested by the above results is that LMAN drives

A

from single RA-projecting TMAN neurons dur-
ing subsong production in intact birds [n = 15
neurons in 3 birds, 38 to 45 dph (37)] and in
birds with bilateral HVC lesions ( = 16 neurons
in 2 birds, lesioned at 38 and 50 dph). To quan-
tify premotor activity, we examined firing in a
short window preceding each syllable boundary
(onset or offset). To begin with, we only con
sidered syllable boundaries separated from other
onsets or offsets by relatively long (~150 ms)
periods to climinate the possible confounding
effects of neighboring syllables on the firing pat-
tern. There was a significant increase in firing be-
fore syllable onsets in 12 of 31 neurons [16.1 +
1.6 Hz in a 50-ms window preceding syllable
onset versus 8.6 + 0.6 Hz in a 100-ms baseline
period preceding this windaw: P < 0.05; e.g,
neuron 3, Fig. 4, A and B (31)]. Similarly,
syllable offsets were preceded by a significant
increase in firing in 5 of 31 neurons (212 =34
Hz before syllable offset versus baseline, 15.5 +

Fig. 1. Subsong production does not require HVC. (A)

Results of bilateral HVC elimination (by lesion or B
pharmacological inactivation). Top: major connections
of the song system with and without HVC. Red, motor
pathway; blue, anterior forebrain pathway (AFP); X,
area X, a basal-ganglia homolog; DM, dorsolateral
nucleus of the anterior thalamus; nXIits, tracheosy-
ringeal portion of the hypoglossal nucleus, Lower left:
Sonograms of three birds at different ages. Lower right:
Sonograms of the same birds in the absence of HVC.
Frequency ranges from 500 Hz to 7.5 kHz; color scale
(from black to red} spans a power range of 8 dB. For audio clips of these
songs, see (31). (B) Histological verification of HVC lesions. Left: Inverted
dark-field image of a parasagittal section of a normal zebra finch brain
(50 dph). Red indicates retrograde fluorescence labeling of neurans in HVC

Control

500 pm.

Left hemisphere
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1.3 Hz; P < 0.05: e.g., neuron 14, Fig. 4, C and
D). Similar neuronal firing patterns related to
onsets and offsets of behavioral sequences have
been ohserved in other basal ganglia—related
circuits (34).

In the above analysis, we only cansidered
syllable boundaries separated by long (=150 ms)
periods of time to isolate syllable onset- and
offsetrelated changes in finng. However, the
firing of some LMAN neurons also correlated
with more rapid changes in song structure. For
instance, neuron 12 (Fig. 4, E o G) exhibited
increased firing before syllables that followed
short {10 to 150 ms) rather than long intervals,
as well as a reduction in firing during silent pe-
riods between syllables. Overall, seven neurons
showed a premotor increase in activity before
syllables separated by shert intervals (P < 0.05
for the comparison of a 30-ms window preced-
ing a syllable with 30 ms of baseline). This find-
ing suggests that some LMAN neurans may
have a premotor relation 1o subsong structure at
the level of individual syllables.

In neurons that exhibited a significant in-
crease in firing before syllable onscts (n = 18),

250 ms

HVC
Right hemisphers

after tracer (Alexa-conjugated cholera toxin subunit B} injection into RA.
Inset: retrograde labeling of neurons in LMAN from the same injection.
Right: Brain sections of the plastic-song bird shown in (A). Scale bars,
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Fig. 2. Singing in the absence of HVC is highly
similar to normal subsong. (A} Distributions of Do, canival
syllable durations for three birds of various ages o A HVC ™
(blue) and distributions for the same birds in the &
absence of HVC (red). (B} Average syllable duration - gl
ions for normal subsong: ing birds £ s
(blue) and birds of different ages in the absence of &,
HVC. (O Sample spectral correlation matrices fora £
pair of songs produced by an adult bird (left) and 8
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- .

the matrix along its diagonals reveals strong
correlation peaks in control (pre-lesion) condition,
but not after HVC lesion. {D) Maximum values of
the spectral correlation, averaged across all pair-

wise comparisons of 10 song bouts (31), for birds in control conditions and for the same birds in the
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absence of HVC. Dashed lines, linear regression; error bars, SEs across all 45 pairwise comparisons.

Fig. 3. Subsong production re- 0,

quires LMAN and RA. Average rates

757

287

of song and call production in all =%?§
lesion and inactivation experiments 2000

are shown. For rate measurement, a

full day of recording was partitioned 1500)

into 1-s segments, and the numbers
of segments containing calls or
songs were estimated (31). In cases
where age is unspecified, data from
all birds are pooled together. Note
that for subsong-producing birds
(<45 dph), the average rate of
singing was not affected by HVC
elimination (Wilcoxon P > 0.5).
LMAN lesions in older juveniles
(rightmest group) resulted in highly
stereotyped song (27). Values at top

1600}
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of call vocalizations that are known not to require the song system (17).

TOHVC

TRA 384 upn 4587 dph

o LMAN

high-frequency bursts of spikes (>100 Hz) pre-
ceded 13.2 + 1.4% of syllables. The most likely
timing of a burst onset was 17.2 + 3.1 ms before
syllable onset. Such latency is, in fact, antici-
pated for premotor activity in LMAN, given the
10- 1o 15-ms latency reported for vocal pertur-
bation after electrical stimulation in RA (35) and
the 2- to 5-ms antidromic latency from RA we
found in LMAN neurons (31). Nete that
although the exact relationship of firing 10 song
varied acrass cells, 20 of 31 neurons we recorded
(65%) showed some type of premotor correlation
to the vocal output. Premotor firing in LMAN did
not require activity within HVC; 8 of 16 neurons
exhibited sigmificant correlations to song struc-
ture in HVC-lesioned birds (fig. S5).

Discussion. Our data indicate that LMAN,
and possibly other components of the AFP, con-
stitute an essential premotor circuit for the
production of early babbling. At the same time,
we have shown that the classical premotor mucleus
HVC (16) is not necessary for the generation of
subsong. We therefore propose that two premotor
pathways in the songbird function to produce
vocalizations at different stages of development.
In young juveniles, the AFP generates poorly
structured subsong, whereas in adult birds, the
classical HVC-motor pathway generates highly
stereotyped motor sequences, These pathways in-
teract in the intermediate plastic-song stage (27)to
generate the partially structured but variable
vocalizations upen which vocal leaming operates

The mmsfer of finctiona! dominance from
ane pathway 1o another during vocal leaming el-
egantly parallels their anatomical development.
HVC does not reach its adult size until the late
plastic-song stage (36) and establishes functional
synapses in RA later than LMAN does (37, 38).
Song maturation and the decrease in vocal varia-
bility have thus been atributed to the strengthen-
ing of inpus from HVC and the concurent
weakening of inputs from LMAN (39—2). Cu-
riously, although HVC neurons form synapses in
RA around the onset of singing [30 to 35 dph
(37)], eur results show that they do not signif-
icantly contribute to song production in is carliest
stage. It is therefore possible that the HVC-to-
RA pathway is active during early subsong but is
not yet functionally strong enough to drive sing-
ing by itself or to influence vocalizations i a
detectable way.

Identifying forebrain circuits involved in the
production of juvenile behaviors is a requisite
step toward understanding the mechanisms by
which sensorimotor learning takes place. Sev-
eral models of developmental learning suggest
that early motor behaviors criginate in the same
circuits that later produc: adult behavior. In this
view, known as neuronal group selection theory,
lly large number of motor patterns un-
d.ngu a selection process through competition,
gradually eliminating circuits that produce un-
desirable behaviors {9, 4346). Our findings, how-
ever, suggest a rather different mode! in which
distinct specialized circuits are dedicated to the

2MAY 2008 VOL320 SCIENCE www.sciencemag.org



Fig. 4. LMAN exhibits
premotor activity during
subsong. (A) Activity of an
Ré-projecting LMAN nev-
ron during subsong pro-
duction. Blue segments o

indicate individual sylla- F
bles. Instantaneous firing 3048
rate exhibits peaks be-  Soundamplude
fore syllable onsets. (B)
Examples of spiking ac-
tivity (red) before onset of
sound amplitude {black)
for neuron 3. Asterisk in-
dicates a matching exam-
ple with (A Histograms
show average firing rate
across all syllable onsets
for neuron 3; blue trace, av-
erage sound amplitude. Av-
erage includes only thase
syllables that were pre-
ceded by long (>150 ms)
periods of silence. (€ and
D} Activity of a neuron
that exhibited peaks in
firing before syllable off-
sets, plotted as in (&) and
(B). Averages in (D} in-
clude only long (>150 ms)
syllables that were fol-
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Averages of firing rate
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neuron 12, separately for
syllables that followed
short (10 to 150 ms) and
long (=150 ms) intervals,
plotted as in (B). (G) Syl-
lable onset—entered spike
raster for neuron 12. Ras-
ter is sorted according to
the length of the interval
that preceded the sylla-
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intervals
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generation of highly variable juvenile behavior.
‘We speculate that similar circuits for the produc-
tion of infant behavior may be a peneral feature
of developinental leaming in the venebrate brain.
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High-Thermoelectric Performance
of Nanostructured Bismuth
Antimony Telluride Bulk Alloys

Bed Puudel,“' Qing Hao, 2= i Ma,>* Yucheng Lan, Austin Minnich,? Bo Yu,? Xiao Yan,®
Dezhi Wany, Andrew Mntn, Darynosh Vashaee,? Xiaoyuan Chen,? Junming Liu,*
Mildred S. Dresselhaus,® Gang Chen,’t Zhifeng Rent

The dimensionless thermoelectric figure of merit (ZT) in bismuth antimony telluride (BiSbTe) bulk
alloys has remained around 1 for more than 50 years. We show that a peak ZT of 1.4 at 100°C can
be achieved in a p-type nanocrystalline BiSbTe bulk alloy. These nanocrystalline bulk materials
were made by hot pressing nanopowders that were ball-milled from crystalline ingots under inert
conditions. Electrical transport measurements, coupled with microstructure studies and modeling,
show that the ZT improvement is the result of low thermal conductivity caused by the increased
phenon scattering by grain boundaries and defects. More importantly, ZT is about 1.2 at room
temperature and 0.8 at 250°C, which makes these materials useful for cooling and power
generation. Cooling devices that use these materials have produced high-temperature differences

of 86°, 106°, and 119°C with hot-side temperatures set at 50°, 100°, and 150°C, respectively. This

discovery sets the stage for use of a new
low-cost bulk thermoelectric materials.

olid-state cooling and power generation

based on thermoelectric effects have paten-

tial applications in waste-heat recovery,
air conditioning, and refrigeration. The efficien-
cy of thermoelectric devices is determined by
the materials’ dimensionless figure of merit, de-
fined as ZT = (S a/K)T, where S, 6, &, and T are
the Seebeck coefficient, electrical conductivity,
thermal conductivity, and absolute iempera-
ture, respectively (/-3). An average ZT in the
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approach in high-performance

application temperature range must be higher
than 1 to make a thenmoelectric device com-
petitive (I-3).

There have been persistent efforts to improve
ZT values since the 1950, but the peak ZT of
dominant commercial materials based on Bi>Tey
and its alloys, such as Bi,Sh; ,Tey (p-type), has
remained at 1. During the past decade, sev-
eral groups have reported enhanced ZT in (i)
superlattices such as Bi;Tes/Sh:Tes (4) and
PbSeygsTepp2PhTe (5), because of reductions
in the lattice thermal conductivity, and (i) new
bulk materials, such as lead antimony silver tel-
luride (LAST) and its alloys (6), including skutte
rudites (7). Although high ZT values were reported
in superlanice structures, it has proven difficult o
use them in large-scale energy-conversion ap-
plications because of limitations in both heat
transfer and cost. Bulk materials with improved
ZT, such as LAST and skutterudites, are ideal for
high-temperature operations. However, at rela-

tively near room temperature (0° to 250°C),
Bi;Te, based materials still dominate.

We have pursued an approach in which the pri-
mmary cause of ZT' enhancement in superiattices—
reduced thermal conductivity—also exists in ran-
dom nanostructures (8, 9). We report a substantial
ZT increase in bulk materials made from nano-
crystalline (NC) powders of p-type Bi,Sb; ,Tes,
reaching a peak ZT of 1.4 at 100°C. The
enhanced ZT is the result of a significant re-
duction in thermal conductivity caused by strong
phonan scattering by interfices in the nanostruc-
ires. There have also been repons of ZT im-
‘provements at room temperature in Bi; Tey-based
materials caused by the addition of Bi;Te, nano-
tubes (0} and by melt spinning (15},

‘Our method, on the other hand, is based on
the ball milling and hot pressing of nanopar-
ticles into bulk ingots. This approach is simple,
is cost effective, and can be used on other mate-
rials. Our materials have a ZT of about 1.2 at
room temperature and 0.8 at 250°C with a peak
of 14 at 100°C. In comparison, conventional
Bi,Tey-based materials have a peak ZT of about
1 at room temperature and about 0.25 at 250°C.
The high ZT in the 25° to 250°C temperature
range makes the NC bulk materials attractive for
cooling and low-grade waste-heat recovery ap-
plications. The materials can also be integrated
into segmented thermoelectric devices for thermo-
electric power generation that operate at high
temperatures, In addition to the high ZT values,
the NC bulk materials are also isotropic. They
do not suffer from the cleavage problem that is
common in traditional zone melting-made ingots,
which leads to easier device fabrication and sys-
tem integration and o a potentially longer de-
wvice lifetime,

Sample preparation. Nanopowders were
made by ball milling bulk p-type BiSbTe alloy
ingots (12). Bulk disk samples (1.25 10 2.5 cm
in diameter and 2 to 15 mm in thickness) were
made by hot pressing the nanopowders loaded
in 1.25- t0 2.5-cm (inner diameter) graphite dies
(12). Disks (125 cm in diameter and 2 mm in
thickness) and bars (about 2 mm by 2 mm by

2 MAY 2008 VOL 320 SCIENCE www.sciencemag.org



12 mm) were cut from both the axial and disk
plane directions. The disks and bars were also
polished for o, k, and S measurements.

To achieve high ZT, mmhnsm.lslomuul

important to prevent oxidation. Figure 1 shows
the x-ray diffraction (XRD) pattem (Fig. 1A),
the scanning electron microscope (SEM) image
(Fig. lB), and the luw- and high-magnification

the size and quality of the stariing
Foar good clectrical conductivity, it is especially

electron (TEM) images
(Fig. 1, C and D) of the namepowders after ball

RESEARCH ARTIC

milling. The XRD pattems verify that the pow-
deris in a single phase and is well matched with
BigsSby sTes. The broadened diffraction peaks
indicate that the particles are small, which is also
crmﬁlmndulﬂrSEV[mg:(Elg 1B) and the

Fig. 1. XRD (A), SEM (B), low-magnification TEM (C), and high-magnification TEM (D} images of an

as—ball-milled nanopowder. a.u., arbitrary units.

I TEM image (Fig. 1C). The
TEM image (Fig. 1C) also shows that the nano-
particles have sizes ranging up to 50 nm, with
an average size of about 20 mn. The high-
resolution TEM image (Fig. 1D) confirms the
excellent crystallinity of the nanoparticles and
the clean surfaces The inset in Fig. 1D also
shows that some of the nanoparticles are even
smaller than 5 nm.

Transport properties. The temperature de-
pendences of several key properties of a typical
NC bulk sample are compared in Fig. 2 with those
of the state-of-the-art (SOA) p-type BiSbTe alloy
ingat. All of the properties were measured in the
same direction and reproduced on about 100 sam-
ples. The electrical canducvity of the NC bulk
sample is slighty higher than that of the SOA
ingot (Fig. 2A), but the Seebeck coefficient of the
bulk sample is either slightly lower or higher than
that of the ingot, depending on its temperature
(Fig. 2B). Ultimately, the power factor (5%a) val-
ues of the bulk sample are similar 1o or higher
than those of an ingot at temperatures below 50°C
and above 75°C, respectively (Fig. 2C).

‘We also found that the thermal conductivity
of the NC bulk samples is significantly lower
than that of the ingot and, more importantly, that
the difference increases with increasing temper-
ature (Fig. 2D), which leads 1o significantly en-
hanced ZT values (Fig. 2E) in the 20° to 250°C

range. It also shows that the peak
ZT value shifts to a higher temperature (100°C).
The peak ZT of the NC bulk samples is about
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1.4 at 100°C, which iz significantly greater than
that of the SOA Bi,Tey-based alloys. The ZT
value of the SOA ingot starts 1o drop above 75°C
and is below 025 at 250°C, whereas the ZT
walues for the NC bulk samples are still above
0.8 at 250°C. Such ZT characteristics are suit-
able for power generation applications because
of a lack of available materials with high ZT in
this temperature range.

All of these were

same home-built system. The @ values from the
bar and the disk agree within a range of 5%.

suggesting potential power generation applica-
tions for waste-heat recovery in the reported

Th:lh:rmal“,wus"via

the equation & = ape,, where p is the density
and ¢, is the specific heat of the material that
was measured with a differential scanning cal-
ormeter (Netzsch Instruments, Inc). To fur-
ther check the property isotropy of the NC
bulk samples, we cut disks and bars along and

dicular 1o the press direction and then

by two independent techniques on more than
100 samples. The lectrical conductivity was mea-
sured by a four-point current-switching tech-
nique. We measured the Seebeck coefficient
by a static de method based on the slope of a
voltage versus temperature-difference curve,
using commercial equipment (ZEM-3, Ulvac,
Inc., Methuen, Massachusetts, USA) on l.hr.sam:
bar-type sample with a cross-sectional di

performzd the measurements. Although indi-
vidual properties may differ by 5% within the
two directions, the final ZT values are isotropic.
Such nearly isotropic characteristics are the
result of the random orientation of the nano-
graing, showing that our NC bulk materials are
superior to zone melting-made SOA BizTes-
based alloys, which have layered structures and

of 2 rum by 2 mm and a length of 12 mm. The
properties in the same sample were also mea-
sured by a home-built system, and the two sets
of measurements are within 5% of each other.

We first measured the thermal diffusivity o by
a laser-flash method on a disk using a commercial
system (Netzsch Instruments, Inc, Burlington,
Massachusetts, USA). After the measurcment,
bars were diced from the disks and o values
were measured via the Angstrom method in the

ties. The highest ZT of the zone mclung—mad:
materials is along the basal plane of the crystal,
but unfortunately this direction is vulnerable o
cleavage, resulting in a difficult and low-yield
module fabrication process.

For cooling applications, the stahility of the
nanostructures should not be a serious concem.
High-temperature stability testing on the current
NC bulk materials by repeated measurements up
10 250°C did not show any sign of degradation,

range,
Microstructure of NC bulk ingots. Detailed
micrastructure studies by TEM were carried out
on NC bulk samples. The TEM specimens were
prepared by dicing, polishing, and ion milling
the bulk samples (13). Figure 3 shows the main
structural features that we observed. In general,
most of the grains are nanosized (Fig. 3, A and
B). Furthermore, these nanograins are highly
crystalline, are completely random (large angles
between adjacent lattice planes), and have very
clean boundaries between grains. They are also
closely packed (Fig. 3B), which is consistent
with our full density measurements. We also ob-
served some larger prains (Fig. 3C). However,
under high-resolution TEM observation, these
grains consist of 2- 1o 10-nm-siz=d nanodots with
fuzzy boundaries (Fig. 3D). Usually, these nanodots
are Shrich with a typical clase to that
of Bi:Sh:Te = 8:44:48, with Sb substinuted for Te.
Although some of the nanodots are without
boundaries (Fig. 3D), we found other nanodots
that make small-angle boundaries with the matrix
(Fig. 3E). In addition, we also observed pure Te
‘precipitates ranging from S to 30 nm in size (Fig.
3F). The selected-area electron difffaction (SAED)
pattern (Fig. 3F, inset) confirms the presence of

Fig. 3. TEM images showing the microstructures of a hot-pressed NC bulk

sample. (A) Low-magnification image showing the nanograins. (B) High-

magnification image showing the nanosize, high crystallinity, random
@t

larger grains. tl) and E) High-magnification images Mng me nanodots in the

matrix without

and clean grain

image showing

(D) and with small-angle grain boundaries (E). (F}

High-magnification image showing Te precipitate in the matrix. SAED pattem
(inset) shows the Te phase of the precipitated nanodot in the matrix.
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this Te phase. Generally speaking, nanodots can
be found within a 50-nm-diameter area.

We speculate that thess nanodots could be
formed during the hot-press heating and cooling
processes. Similar types of nanodots have been
observed in LAST alloys and were allegedly re-
sponsible for the ZT enhancement in those
alloys (6). However, because there are so many
interfaces from nanograins in our material, nano-
dots may not be the only reason for the swong
phonon scattering. The larger-sized grains con-
taining nanodats (Fig. 3C) are likely to be the
result of the nonuniform ball milling of the ngot
and may have experienced some grain growth
during the hot-press compaction via Oswald
ripening. More uniform nanograins produced
during ball milling may retain their nanosize
during the hot-press processing.

In comparing the transport properties of the
NC bulk samples with those of the SOA ingat,
it is important 1o note the relatively slow increase
in & as a finction of temperature for the NC bulk
samples (Fig. 2D). This increase indicates a
smaller bipolar contribution (2) to the conductiv-
ity by thermally gencrated clectrons and holes in
the NC bulk materials. We explain this reduced
bipolar effect by assuming the existence of an
interfacial potential that scatters more clectrons
than holes. Past studies in Bi;Tey-related materials
suggesied that structural defects, such as antisites
{ic, Bi atoms go to Te sites), serve as an impor-
tant doping mechanism (14, 15). We anticipate
that such antisites are more likely to occur at in-
terfaces. Uncompensated recombination centers
at interfaces associated with defect states and anti-
sites are responsible for charge butldup at grain
boundaries and thus increase the hole density in
the grains. This explanation is consistent with the
ohserved increase in the electrical conductivity as
well as the reduction in the Secheck coefficient of
the NC bulk samples, as compared with those prop-
erties of the SOA ingot parent material (Fig. 2, A
and B). We modeled the transport properties based

™

© SO ngol
" N

13

Total

Thermal Gonductivity (W/m-K)

150

Temperature ()
Fig. 4. Thermal conductivity of Bi,Sb,_,Tes NC
bulk alloy. White and black squares represent
the experimental results for an SOA ingot and our
NC bulk alloys, respectively. Solid lines represent the
corresponding calculations of the total {top curves)
and lattice (bottom curves) contribution to the
thermal conductivity, respectively.

200

on the Boltzmann equation within the relaxation
time approximation, including the interfacial po-
tential, and we thus obtained the latiice contribu-
tions to the thermal conductivity shown in Fig. 4.
The modeled results show that phonon contribu-
fions to fhe lattice thermal conductivity are re-
duced by a factor of two.

Cooling devices. To further confirm the ZT
values, we constructed two umcuupl: cooling

RESEARCH ARTIC

flow of liquid nitrogen. Figure 5B shows the tem-
perature  difference created at different current
injection levels when the hot side is maintained
at 100°C. The inset displays the temperature dif-
ferences created by the two devices al different
hotside The

created with the unicouple made of commercially
available p-type material are consistent with values
given in the vendor catalog, whereas the perfonn-

devices to measure their

ance of the le made of nanostructured

di One unicouple uses a d
p-type material as one leg and a commercially
available n-type material as the other leg (Fig. SA).
The performance of this unicouple was compared
with that of a second unicouple made of commer-
cially available n- and p-type materials from the
same vendor. Testing was performed in a cryostat
chamber with a typical pressure of 10 tom, so
that the hot-side temperature could be controlled
by a combination of a heater and a continuous

p-type material is significantly better. Device mod-
cling via the measured properties is consistent with
our experimental results.

Conclusion. We have developed a nanostruc-
turing approach, and we have demonstrated sig-
nificant improvement in ZT in p-type BiShTe NC
bulk alloys. The value of ZT starts at 1.2 at room
temperature, peaks to 14 at 100°C, and decreases
to 0.8 at 250°C. Such ZT characteristics are at-
tractive for both cooling and low-temperature

120 T T T
B
o Experimental data
: T T
"o Theoretical prediction '/E’T—d’
o B
s
g &
£
£ o
% 80 L g = Commercial p and n legs
2 go g
4 E3 ~
-3 tE 1
5 5¢ i
= EGE" .
H
20 A
- - £ E -
Hot side Temperatura (°C)
o " . L
(1] 2 & 10

4 ]
Current (A)

Fig. 5. (A) Experimental setup of the device cooling test. Two thermoelectric legs were mounted onto 6.5-mm-
thick copper blocks and then bridged by a top copper plate. Two cold-side thermocouples were soldered into
small holes drilled on bath ends of the top copper plate. Hot-side thermacouples were soldered on the edge
of each copper block. (B} Cooling test results with the hot side fixed at 100°C. The inset compares the
maximum temperature difference of two unicouples with hot-side temperatures set at 50°, 100°, and 150°C.
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waste-heal recovery applications. These materials
are synthesized via ball milling, followed by de
hot pressing, The ZT enhancement comes mainly
from a large reduction in the phonon thermal
conductivity but also benefits from a reduction of
bipolar contributions to the clectronic thermal
conduction at high temperanures. In the past, ZT
enhancements have been reported in superlattice
structires because of phonon thermal conductiv-
ity reduction. Our smdy suggests that a similar
mechanism can be reproduced in random nano-
structured bulk materials. Unlike superlattices
and bulk erystals, a nanostructured BiSbTe alloy
displays nearly isotropic ZT values, We further
confimmed ZT enhancements by measuring the
temperature difference created by unicouple de-
vices constructed out of the materials for hot-
side temperature maintained between 50° to
150°C. The nanostructure synthesis method that
we developed is a low-cost technique and can be
readily scaled for mass production. These results
provide a costeffective means 1o improve the
performance of themoelectric materials.
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Coherent Control of Decoherence
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of quantum

requires that the system under control remains caherent,

avoiding (or at least postponing) the phase randomization that can ensue from coupling to an
uncontrolled environment. We show that closed-loop coherent control can be used to mitigate the
rate of quantum dephasing in a gas-phase ensemble of potassium dimers (K), which acts as a
model system for testing the general concepts of controlling decoherence. Specifically, we
adaptively shaped the light pulse used to prepare a vibrational wave packet in electronically
excited K, with the amplitude of quantum beats in the fluorescence signal used as an easily

measured surrogate for the purpose of opti

izing coherence. The optimal pulse increased the beat

amplitude from below the noise level to well above it, and thereby increased the coherence life
time as compared with the beats produced by a transform-limited pulse. Closed-loop methods can
thus effectively identify states that are robust against dephasing without any previous information

about the system-environment interaction.

nterference is one of the hallmarks of quan-

tum physics, and its presence is generally

taken to demarcate the boundary between
quantum and classical behavi or. Controlling a
quantum ists of | ing the rel-
ative amplitudes and phases of different distinct
quantum states of the system, in order to achieve
some objective, such as a particular functional
operation or an increased yield of a particular out-
come. The map from the optimal set of controls to
the interference pattem of quantum probability

is typically very complex. Therefore, iterative
adaptive control (£}, in which the system is in-
corporated into a feedback loop, is one of the
‘most powerful tools for optimizing quantum con-
trol results in the laboratory. This method has wide
currency and is applicable 1o a variety of very dif-
ferent physical and chemnical systems and pro-
cesses. For example, the closed-loop approach
enabled the experimenters to coherently control
the shape of an atomic electron’s wave function
(2), energy ﬂow ina photosynthetic cwmpl:x @,

chy ),

amplitudes, which generates the d d outcone,

*(larendon Laboratary, University of Oxford, Parks Road,
Oxford 0X1 37U, UK. “Department of Chemistry, Princeton
University, Princeton, N] 08544, USA. SCSolutions, 1261
Oakmead Parkway, Sunnyvale, CA 94085, USA.

*To whom comespondence should be addressed. E-mail:
walmsley @physics.ox. ac vk
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The effectiveness of coherent control is com-
promised by the coupling of the system to an
uncontrolled environment, which disturbs in a
random fashion the delicate quantum phases that
define the state of the system. The time scales for
deccherence vary widely. For example, the de-
phasing times for elecronic dipole excitations
range from the femtosecond to nanosecond re-
gime, as a result of coupling o local phonon
modes and spontanecus emission; those for spin
(magnetic-dipole) excitations vary from micro-
seconds to milliseconds, resulting from coupling
to other spins in the sample or from collisions,

Typically, the quantum system is prepared in
an initial state by the controller. The system then
undergoes some free evolution, during which
affected by the environment: Both loss of quan-
tum coherence and dissipation of energy may
oceur. The inability 1o sustain the phase and am-
plitude relationships between the eigenstates of
the system renders the controls neffective. Any
realistic goal for quantum control therefore re-
quires sustaining the coherence in the system,
and it is an open question whether and how this is
possible in the face of dephasing perturbations. In
particular, is there an optimal strategy to counter
the effects of the environment? Protecting the
quantum ccherence is an imporiant goal in var-
ious systems and processes. For example, it was
recently discovered (J0) that the coherence of
excil l.ci c]mmc states plays an important role

tsol.ope selecuve of il
(3), photoisomerization of the retinal molecule in

bacteriorhodopsin (6), high-harmonic
of coherent soft x-rays (7), selective photodis-
sociation and rearrangement of molecular bonds
(8), and large-amplitude oscillations in Cy (9)

in 1 processes, such as energy har-
vesling in p]ml.asynu\ms Sumlmy the coher-
ence of multi s crucial
for the imple of quantum i

processing (11, 12). It is in this context that the
control of decoherence has been studied most com-
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prehensively, leading to the concepis of quantum
error comreciion (QEC) (13, !4), dynamical
decoupling (DD} (J5, 16), and decoherence-
free subspaces (DFSs) (/7). These approaches
either actively correct deviations of the system
evalution from the one expected (QEC) or de

confidence that the approach will be widely ap-
plicable. For example, recent theoretical siudies
suggest that optimal coherent control can help
increase the purity of quantum states in dissipa-
tive atomic and molecular systems (/8, 19), sup-
pn:s dephasing du to clectron-phonon scaticring

couple the system from the either
actively (DD) or passively (DFS).

We wondered whether the tools of coherent
control could themselves be used to inhibit de-
phasing. Because decoh is ubiqui this

il quantuin dots (20, 21}, reduce
tlle rate of dissipation in a spin-boson mode! in the
strong coupling regime (27), suppress various
channels of electronic and vibrational dissipation
and deph in molecules (23), and protect co-

is a farreaching question, and the (perhaps) un
expected answer is that they can. We de

herence in spin-based quantum gates (21, 24) An
mportant lusion of these | studics,

experimentally some general principles that have
broad application across many ficlds where main-
taining quantum coherence is important. We chose
a simple initial problem: maintaining the coher-
ence of a prepared quantum state, without di-
recting that coherence toward achievement of any
partcular funciion. This approach allowed us
explore some of the

issues and o leam from the controls the mech-
anism by which they succeeded. The results give

A

which iz confirmed by our experimental results,
is that the coherent preparation of quantum states
can substantially alter the outcome of the sub-
sequent nonunitary dynamics induced by ihe un-
controlled enviromment. Mareover, the method of
closed-! luup upumu.au:m successfully imple-

REPORTS I

for management of coherence in a variety of prob-
lems (e.g., in those mentioned above), provided
that easily measurable markers for coherence are
available. These future applications depend on the
progress in developing laboratory techniques for
coherent manipulation and measurement of the
corresponding quantun systems.

First, we wish to consider a system that can be
analyzed completely and is experimentally tac-
table, yet is of sufficient complexity that its de-
coherence dynamics are essentially generic, so
that the methods we use and results we obtain for
this system are in principle applicable to a wide
range of more complex situations. The criteria for
identifying such a system are that there exists a
sel of feasible laboratory measurements that maps
a pariicular degree of freedom of the sysiem to
experimental outcomes and that the unobserved
part of the system has the known propertics of a

mented in th has been proven
1o be a very :fncu:m tool for finding optimal
coherent controls in the laboratory. The generality
of the closed-loop approach should make it useful

excitation pulse shape

=0

Phasafad]

g
L) B &
Vrvnghio]

non-unitary evolution

\0/_

detected fluorescence

oounts

delay T

Fig. 1. (A) Apparatus for control and measurement of the vibratn)nal wave packet states of potassium
dimers and (B) excitation of a shaped vibrational wave packet and its detection at the outer turning point. A
pulse from a chirped-pulse-amplified mode-locked Ti:sapphire laser system (CPA) is shaped via a Fourier-
plane pulse shaper (S} and incident on a cell {C) containing a gas of K, molecules at 400°C. Absorption
generates a wave packet in the lowest excited electronic state A'E, of the molecules. Fluorescence from this
state is collected in the near-forward direction by two off-axis parabolic mirrors (P1 and P2) and focused on
a nonlinear crystal (X} where it is mixed with a portion of the unshaped laser pulse [the gate pulse, derived
from the laser pulse by a beamsplitter (BS)] that has been sent through an adjustable delay line (DL). The
resulting frequency-upconverted radiation is imaged (depicted as "A"} through a broadband fitter (F) onto
the slits of a monochromator (M) after which it is detected by a photomultiplier tube (PMT). Quantum beats
are observed in the time- and frequency-resolved fluorescence as the vibrational wave packet oscillates in
the excited electronic state potential, as illustrated in the middle panel of (B). The resulting detected signal is
shown in the right panel of (B). The time- and frequency-resolved signal shows quantum beats as a function
of the time delay © between the gate pulse and excitation pulse, which have a periodicity 2mie come-
sponding to the wave packet osdillation frequency w. The signal is processed in a computer with a genetic
algorithm (GA) and used to reshape the pulse that excites the wave packet in the dimers. This closed-loop
control system searches for a wave packet shape that is most immune to the dephasing caused by the
rotational-vibrational coupling. The optimal pulse profile (red line) is shown in (B) on the left.

We take the space of the
comesponding sét of obeervables © define the
systemn itself. This essentially pragimatic approach
is required because the system and environment
are necessarily coupled; hence, there is no clear
separation of the overall Hilbert space. A key
criterion for the unobserved part of the entity (that
is, the environment) is that it is of sufficient size
that the entropy flow is essentially one way, with
1o environmentally induced revivals of the system
coherence on the time scale of the experiment
(25). Mareover, the spectrum of the enviromnent
must be broad and unstructured, thereby provid-
ing a short correlation time,
Second, a critical factor in the operation of a
control loop is identifying au experimentally
ible, faithful n by char-
acteristic, around which a control loop can be
implemented. Standard measures of coherence—
such as the purity of the state of fhe system,
P =Tr{p’). or the von Neumann entropy,
§ = ~Tr{plnp}—are nonlinear functions of
the state operator p and can therefore be
estimated only via joint measurements on pairs
of identically prepared systems (23, 26) or
calculated from state estimates determined by
means of quantum state tomography (27). These
approaches are technically challenging or may
require too much data to be of use in a reasonable
bandwidth feedback loop. Therefore, simple
‘measures must be found that may act as a marker
for coherence or a coherence surrogate (CS). That
is, fora range of values of the CS around a certain
threshold, coherence of the system is guaranteed
and otherwise ruled out. One CS is the depree to
which the system is localized or confined t0 a
small region of configuration or phase space,
because this property necessarily implies that the
quantum stale is a coherent superposition of the
energy eigenstates of the system (28). A possible
strategy to control decoherence is therefore 1o
‘measure the localization of a wave packet at some
time after its excitation and then to use this
information in a feedback loop that changes the
shape of the packet in such a manner as to
maximize the longevity of its coherence. This
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approach is comparable to searching fora DFS for
the system, without knowing a pricri that such a
subspace exists, even in principle. This capability
is important for the common situation in which the
system-environment coupling is not known in
sufficient detail to formally address the question.
Among the simplest physical systems that
satisfy these requirements is a diatomic molecule
(29, 30). Here, the system is the vibrational mode
of intemuclear motion in the excited electronic
state, The wave packet localization is detected by
means of time- and frequency-resolved fluores
cence that exhibits (for localized states) quantum
beats, the visibility of which forms the control
signal. The visibility is caleulated from the exper-
imental data as the normalized difference of the
fluorescence intensity at the peak and at the
valley of a specific quantum beat. This CS re-
quires only two data points as input to the cantrol
loop, and the value of the visibility ranges be-
tween zero (no quantum beats) and unity or
100% (full modulation of the fluorescence inten-
sity). Measurement of the fluorescence projects
out only the vibrtional motion in the excited
electronic state of the molecule. The reservoir is
the rotational degree of freedom of the molecule,
which is coupled to the vibrational motion through
the moment of inertia. Changes in the moment of
inertia as the molecule vibrates cause dephasmg of

istics such as the coherence, indeed describe an
ensemble of identical systems. Correspondingly,
in the present case, although deph of the

from the rotational bath, which has an estimated
decay time of 3 ps for this molecule and
(30). Del ion of the wave

vibrational wave packet is caused by a purely
intramolecular process of the vibration-rotation in-
teraction, the coherence of the vibrational quantum
system refers 1o the ensemble of molecules. This
reference to the ensemble is true as well for all
quantitative measures of the coherence, which are
functions of the quantum state operator, and for
the C8, which is deduced from the ensemble
average of an observable.

‘The apparatus used to control the initial shape
of the wave packet, and thus to manage the rate at
which it dephases, is shown in Fig. 1A. Optical
pulses of ~90-fs duration, whose mean wave-
lengih is tuned to the lowest electronic transition
of the potassium dimer, are shaped by means of
an acousto-optic modulator in a Fourier-plane
shapr: before exciting a vibrational wave pm:kzt
in the 'E electronic state of the mol

packet due to the anharmonic character of the
wvibrational potential also causes a reduction in
the beat visibility. This purely Hamiltonian
evolution cannot be distinguished from dephas-
ing by the CS, though the purity of the state
remains constant for this kind of dynamics,
Hence, the CS provides a sufficiemt but not
necessary condition for the existence of
coherence: The absence of localization docs not
necessanly imply that the state of the vibrational
mode is completely mixed (corresponding to a
vibrational density matrix with zero off-diagonal
elements), whereas the presence of localization
certainly indicaies that the staie is not completely
mixed. The time scale for anharmenic delocaliza-
tion is ~12 ps, based on the known molecular
pm.mnu (31), which is much longer than the
hasing time due 1o rotational-vibratonal cou-

which were kept in the gas phase at ~400°C.
The vibrational wave packet produced by the
optical pulse in the excited electronic state has a
‘higher purity than the initial thermal vibrational
state in the ground electronic state because of the
selectivity of the Franck-Condon transition. The
cloctmmm.ly excited molecules vibrate wnjl a

pling. Collisional dephasing of the vibrations is
negligible in a low-density gas at this temperanre
and pressure. Finally, the spin-orbit coupling of
the 'E, and *I1,, states causes a loss of population
to an electronic state that is not detected by our
fluorescence measurements (32). The time scale
l'cnrlluspm(mm mmﬂmpmtsymcm

period af~500 fz, and the 1

the vibrational state. Th of| from
in the reservoir degree of freedom, which at high

forms a q is unaf-
fected by this coupling to th Note that the

near the outer uming point of the
wave packet’s motion exhibits quantum beats
with this period (Fig. 1B). The beais decay in

quantum stale ufa syslun, and all state character-

A 1=0ps

j%» do%v

Fig. 2. (A) Illustration of the dephasing of a vibrational wave packet by
coupling to rotations. The moment of inertia changes as the localized
nuclei move. The resulting modulation of the interaction energy be-
tween these degrees of freedom causes the wave packet to dephase and
to delocalize. The fluorescence quantum beats then disappear. (B} Ex- L
perimentaL measurement of the time-resolved fluorescence from K; at a

plitude (Fig. 2), as @ sl of severe physical

rotocol consists of a measure-
lity of the quantum beats near a
delay of 7.5 ps after exciting the wave packet.
This delay occurs at period 15 of the wave packet
oscillations and corresponds 1o about 3.8 times
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length of 1.065 pm, ding to the outer turning point of o i
the mation of the vibrational wavs packet in the A state. The horizontal -2 0
axis is the delay between the excitation pulse and the gate pulse used to
sample the fluorescence by means of upconversion. The vertical arrow
indicates the delay time corresponding to the 15th period of the quan- € 120

tum beats used as the optimization target. The top inset shows the beat
pattern for a transform-limited excitation pulse: In this case, the beats
decay rapidly as a result of dephasing of the vibrational wave packet,
leading to no measurable beat visibility at the target point. The long
scan shows the pattern when the optimized laser pulse shape is used,
characterized by a slower decay rate of the beats, and a beat amplitude
well above the noise at the target point. (C) The collected data {circles
with the error bars indicating + SD) show good correspondence with our

theoretical model {solid line).
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the measured dephasing time 1y for the vibra-
tional siate exciied by the transform-limited pulse.
Before the start of the search (ie., for the
transform-limited excitation pulse), no quantum
beats were visible in the signal at this delay (Fig.
2B, inset). We used an evolutionary algorithm to
search through a variety of wave packet shapes
(by changing the shape of the excitation pulse)
and found an improvement of the quantum-beat
visibility from zero to ~7%, or more than four
times the noise level. Repeating this experiment
for several different time delays (1.9,3.8, and 5.6
ps) afier the excitation pulse produced similar
results (with different optimal pulse shapes),
showing that the control pulse shape was able
to affect the longevity of the localization of the
vibrational wave packet. In arder to quantify this

effect, and to determine whether controlling the
‘beat visibility was correlated with controlling the
decay time of the wave packet’s coherence, we
measured the decay rate by fitting a damped
sinusoid to a full fluorescence beat pattem for
cach control pulse shape (Fig. 3A). The decay
time measured for the optimal control pulse
found by the genetic algorithim was about 3.2 ps
(ie., about 1.6 times 1), This shows that the
details of the wave packet shape affect the sub-
sequent dephasing dynamics. Given that the en-
vironment is at 400°C, it is perhaps unexpected
to find that any major changes in the coherence
decay time can be attributed to subtle changes in
the initial state of the vibrational mode,

To und dihe fithe cl
search, we characterized the electric field of L'he

d-l

A 1200
1000

800

|
l

Praion counts [(2.59)']

e

§

Doy [ps]

dacay constant ]

iy (in iy (v)

Fig. 3. (A) An exponentially damped sine wave (red line} is fitted through the quantum beats outside
‘the control window (cross-hatched box} during which the light field is present. (B} The decay time of the
quantum beats for several pulse shapes: (i} transform-limited excitation pulses, (i) pulses found with the
genetic algorithm constrained to have flat phase, (i) pulses found by the genetic algorithm with no
constraints, {iv) pulses with —3.1 x 107 fs* negative chirp, and (v} pulses with 3.1 x 107 fs” positive chirp.

The error bars indicate + SD of the fit.

cound probabity 3>

4 O
delay [ps]

[ 2 4 [ 8
delay [ps]

Fig. 4. lllustration of the coherence-preserving mechanism for two states labeled "1” and “2,” calculated
via the system-bath model (A) The quantum beats decay at different rates for the two states. (B) The
dephasing spreads the phase-space distribution along the classical trajectory (gray dircle). The coherence
lifetime is extended if the orientation in phase space of the initial state is along the classical trajectory. (C)
The total uncertainty ||| phase spa(e remains smaller for phase-space distribution 1 (representing state 1)

ib ing state 2), and

than for phase-space di:

the purity decays less rapidly.
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optimal control pulse (33) (Fig. 1B, left). We then
performed a series of experiments in which the
prominent features of the control pulse fields
were examined in tum. For each pulse shape, the
decay of the quantum beais was measured and a
decay time extracted by fitting the beat pattern to
an exponentially damped sinusoid (Fig. 3A). The
decay times of the quantum beats for several dif-
ferent pulse shapes are shown in Fig. 3B. Fist,
we examined 10 control pulse shapes with no
amplitude modulation but with different values
of negative quadratic chirp. The longevity of
the quantum beats increased with increasing
chirp, the longest decay time [about 4.0 ps (i.e.,
twice 14)] corresponding to the largest negative
chirp (3.1 % 10” fs”) (Fig. 3B). In contrast, for
pulses with positive chirp, the beat decay time
decreased as compared with that of the transform-
limited pulse (we examined 10 pulse shapes
with different values of positive quadratic chirp).
The largest negative chirp leads 10 a decay time
longer than that found via the closed-loop con-
trol optimization, although the visibility of the
quantum beats around 7.5 ps is smaller. The
difference between these outcomes arises be-
cause the signal guiding the control loop is the
amplitude of the quantum beats at a specified
time delay, rather than the decay time extracted
from the entire beat pattern, Again, this result iz a
consequence of our strategy to run the control
loop with the minimal amount of data necessary,
Measuring the entire decay patiern of quantum
beats and fitting the obtained result 1o a damped
sinusoid are good methods for analysis, but this
requires a very large number of measureinents,
across 200 different time delays that take about
30 min to complete per control pulse shape.
Therefore, it would be impractical to use such a
long sequence of measurements as part of the
control loop. On the other hand, the beat visibility
at just one time delay vields less information
about the system behavior than the entire decay
curve, but the visibility measurement can be
completed in just 20 s and is therefore well suited
for use in a high-bandwidth contrel loop. We ob-
served that although the strategy to run the con-
ol loop using the minimal data necessary did
not maximize the decay time, it was still very
effective in mereasing the longevity of coher-
ence. Next, a control pulse shape consisting of a
sequence of subpulses—each shorter than the
vibrational period, and each without chirp—was
applied to the molecules. A small increase in the
decay time was observed when the temporal sep-
aration between the subpulses was equal to the
wvibrational period. We concluded from this anal-
ysis that negative chirp was the most important
characteristic of the closed-loop search outcome.
The mechanism by which the optimally
shaped pulse mitigated the dephasing of the
vibrational wave packet was identified by
analyzing a model of the system based on a
rotational-vibrational coupling Hamiltonian
for the excited electronic state of the molecule.
‘Within the Bom-Oppenheimer approximation,
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the Hamiltonian i of a diatomic molecule in a
particular electronic state | has the form
H= ﬁi* U + (8]
where 5 and § are the mh:mw:l:nr momentum
and position operators, p is the reduced mass,
U () is the adiabatic vibrational potential of
the state |#), and J is the angular momentum
openator of the molecule. This system can be
analyzed completely in terms of the known
eigenstates or in terms of a system-bath model
(30). Both models reveal that in the position-
momentum phase space of the vibrational mode,
the effect of the rotational dephasing is to smear
the vibrational wave packet along the closed
classical trajectory of the oscillations, The area of
phase space occupied by a quantum siate is
simply related 10 its purity. Therefore, vibrational
states whose phase-space distibutions are pre-
dominantly oriented along the classical trajectory
will experience a less rapid growth in the un-
certainty product AgAp, and thus a less rapid
decay of purity, than states of similar initial phase
space area whose distributions are oriented or-
thogonal to the classical trajectory (Fig. 4).
Experimentally, we find that pulses with negative
chirp produce wave packets that are radially
squeezed in phase space (34) and thus preserve
the purity. Thus, control of the relative phases
of the basis states in a coherent quantum super-
position provides a natural means 1o counteract
the dephasing process. This simple picture also
suggests the limit of possible improvement: If the
chimped excitation pulse is as long as one vi-
brational period (about 500 fs), the initial phase-
space distribution is smeared out over 2, and the
purity cannot decay further. However, this com-
pletely delocalized state daes not show fluores-
cence quantum beats and so is not controllable
via our strategy. The full-mode! caleulation also
shows that if the chirp becomes larger, the initial
purity is lower than that for the transform-Emited
pulse, s0 the optimal solution is a trade-off be-
tween a state with very long-lived coh and

unceriainties, negatively chirped optical control
pulses penerate squeezed-state wave packets
whose position variance is decreased at the cost
of increased momentum variance.

The second most important ofthe

analysis will not be pms:bl: A;so itwill be im-
possible ive of an a prior desi

especially if the environmental couplings are not
km\\m In contrast, closed-loop control is almost

closed-loop search outcome was a sequence of
subpulses. When consecutive subpulses are sep-
arated by one vibrational period, such a sequence
creates constructive interference of imultiple wave
packets at the target time. These interferences in-
crease the dephasing rate only by a small amount
and are an epiphenomenon of our choice of CS.
The time-evolution of the purity of vibrational
quantum states excited by optical control pulses
may be calculated numerically via Eq. 1 by
making use of the known rotational-vibrational
spectra and the measured electric field of the
excitation pulse. This calculation confirms that
the fluorescence quantum-beat visibility is a
reasonable surrogate for purity, and thus for quan-
tum coherence, because the purity lasts longer for
negatively chirped excitation pulses than for the
transform-limited pulse. The calculation of the
complete ro-vibrational density matrix is mumer-
ically expensive and takes typically several hours
because of the dimensionality of the combined
system-reservoir Hilhert space. Purther, maximiz-
ing the purity  of the system state iz not a convex
problem, 50 it is not possible to guaranice that
solutions are globally optimal. As a separate cal-
culation, we replaced the anharmenic vibrational
polentials with harmonic ones. The compuied
quantum-beat visibility and purity show the same
qualitative behavior in both cases, and we con-
clude that the anhanmonicity of the adiabatic
Bom-Oppenheimer potentials does not play an es-
sential role in this experiment. Cur measurements
donotdistinguish between Hamiltonian del

ly applicable and often the only practi-
cal way of controlling the coherence of the quan-
tum system. The key to achieving the coherence
preservation is 1o identify a CS that is simple to
measure in the laboratory. A direct determination
of the purity of the quantum state requires too
rmuch data to make it an effective feedback signal
for the control loop. With an easily measurable
surrogate, the closed-loop method enables the
protection of coherence in a system by success-
fully identifying states that are most immune to
dephasing. We expect that this strategy will also
be effective at finding true decoherence-free states,
‘where such states exist. In situations where ane or
mare decoherence-free states are available, the
search algorithin will be able to locate them, again
without the use of previous knowledge of the
symnmvimmnm couplings. The outcome of
wave packet

in the
senscofa larger mumber of djagmml clements
of the density matrix in the bare system basis—
preserve their coherence langer in the presence of

noise than packets with fewer
populated basis states, Of course, a correct phasing
of the states in the quantum superposition is cru-
cial for rendering the wave packet less susceptible
to dephasing. Thus, it appears that coherence may
be used to fight decoherence: a rther unexpected
result, but ane that may have implications for other
quantum systems and for applications demanding
«control of quantum interferences.

tion and decoherence, and therefore our control
strategy would be problematic if anharmonic cal-
lapse and rotational dephasing took place on the
same time scale; a different CS should be chosen
in that case. In other cases where the anharmonic-
ity is large and the anl'lanmlm:cu]la};sem rapid as

d with th one could optimize

one that shows clear localization. Qur C§ ef-
fectively mediates between these limits,

The physical mechanism by which these tai-
lored pulse shapes mitigate dephasing entails con-
trol of the fluctuations in the molecules’ moment
of inertia, which determine the strength of cou-
pling between the rotational and the vibrational
degrees of freedom. Negatively chirped pulses
generate wave packets that directly reduce the
effect of the centrifugal coupling term in Eq. 1. A
system-bath model derived from Eq. 1 confirms
that the control loop correctly identifies the wave
packet shapes that are most resistant to dephasing
(29). The model shows that position-squeezed vi-
brational states are approximate eigenstates of the
interaction Hamiltonian. The smaller the position
variance immediately after excitation, the less the
state is affected by the bath coupling. Although
the transform limited pulse produces the vibration-
alwave packet with cqual position and momentum
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the quantum-beat visibility at the first anharmonic
full revival Given the effectiveness of the CS used
here, we speculate that any experimentally acces-
stble measure of coherence would form a potential
surrogate for use as a control signal. For example,
standard time-domain nonlinear optical measure-
ments depend on off-diagonal density matrix ele
ments of the quantum state and thus could also be
used as a CS.

We have shown experimentally that control
of dephasing by closed-loop methods is a viable
approach io reducing the susceptibility of coher-
cni superpositions of quantum staies to the effect
of an environment. We chose a systemn sufficiently
complex to exhibit generic dephasing dynamics
and yet appropriately simple to lend itselfto the-
oretical analysis. Therefore, we were able 10 nu-
merically sirmlate the experiment and understand
a posteriori the decoherence-preserving mech-
anism. In more complex systems, this degree of
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Strong Interactions in Multimode

Random Lasers

Hakan E. Tiiredi,* Li Ge,” Stefan Rotter,’t A. Douglas Stone®

Unlike conventional lasers, diffusive random lasers (DRLs) have no resonator to trap light and

no high-Q resonances to support lasing. Because of this lack of sharp resonances, the DRL has
presented a challenge to conventional laser theory. We present a theory able to treat the DRL
rigorously and provide results on the lasing spectra, internal fields, and output intensities of DRLs.
Typically DRLs are highly multimode lasers, emitting light at a number of wavelengths. We show
that the medal interactions through the gain medium in such lasers are extremely strong and lead
to a uniformly spaced frequency spectrum, in agreement with recent experimental observations.

ovel laser systems have emerged recently
Nhﬂm:cfmod:mnanofalm‘caﬁm capa-

lities {1-3). The diffusive random laser
(DRL), perhaps the most challenging of the new
syslems, consists of a random agpregate of par-
ticles that scatter light and have gain or are
embedded in a background medium with gain
(2, 4-8). Whereas light scattering in such a
random medium can give rise to Anderson-
localized, high-Q resonances (9, (), in almost all
experiments the localized regime is not reached,
and the laser “cavity” has no isolated resonances
in the absence of gain. Despite the lack of shap
resonances, the laser emission from the more re-
cent DRLs (2, 5, 6) was observed to have the
essential properties of conventional lasers: the ap-

position of passive cavity resonances. Furthermore,
recent experiments on porous GaP DRLs have
shown that the frequencies are rather uniformly
spaced and stable from pulse to pulse, although
the intensities vary substantially (8). We show
that this is a result of strong nonlinear inferactions
between lasing modes combined with extreme
leakiness, a regime particularly difficult tw treat.
In any multimode laser, the different modes com-
pete with one another through the gain medium
in a complex manner that depends on the spatial
distribution of the electric field of each mode.
This is particularly severe in the DRL, in which
there are many spatially overlapping modes with
similar (very short) lifetimes.

The finesse, £, of a resonator is defined as the

mined by the me-independent self-consistent
cquation (13)

R =
DY) GlX k)
()1 + T LI X))

where the electric field is given by efx,() —
T, ()¢ In Eq. 1, the lasing frequencies
£, = ¢k, and the lasing mode functions ¥.(x)
are assumed to be unknown (henceforth we set
the speed of light ¢ = 1 and use the wave vector
o denote frequency as well). In Eq. 1, &, is the
atomic frequency, y, is the transverse relaxation
mate, T, = [(k,) is the gain profile evaluated at
k, Dofx) = Dy [1 + do(x)] is the pump, which
can vary in space, and ex) = w(x) is the
dielectric function of the “resonator.” Electric
field and pump strenpth are dimensionless, being
measured in uniis &, = ?xvﬁﬁg and Do =
Ark2g? [y, whexe 7, is the longitudinal relax-
ation rate and g is the dipole matrix element of
the gain medium. Each lasing mode W, depends
nonlinearly on all of the other lasing modes
through the denominator in Eq. 1, which repre-
sents the “spatial hole-buming™ (/5) interaction
with the other modes. Through this mechanism,
modes that lase first tend to suppress lasing in
other modes, particularly those with which they
are correlated in space.

iy

pearance of coherent emission with i
above a series of thresholds and uncorrelated
photon statistics far from threshold (/7). Earlier
work on rmdom lasers (4, 7) did not find isolated
narrow lines and was interpreted as incoherent
lasing, in which there was intensity feedback but
not amplitude feedback. Later experiments (2)
and recent numerical studies (/2) indicated that
the lasing involves coherent phase-sensitive
feedback in at least some cases. Our work shows
that standard coherent multimode lasing is pos-
sible even when the linear resonances are much
broader than their spacing, raising the question of
what determines the emission frequencies of
DRLs because they are not determined by the
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ratio of the spacing 1o the

width; standard laser theory only addresses lasers
with high finesse (weakly open) resonators and
cannot be applied to the DRL, which has finesse
much less than unity. Hence, no analytic results
have been derived relating to two-dimensional
{2D) or 3D DRLs, and realistic numerical sim-
ulations have been limited because of the com-
putational demands. We introduced a formulation
of semiclassical laser theory in terms of bior-
thogonal modes, called constant flux (CF) states,
which treats lasing media with any degree of
outcoupling and includes the effects of nonlinear
modal interactions to all orders (13, 14). We
present analytic and numerical resulis using this
approach applied to a DRL.

The simplest mode] for a laser that caplures
all of the relevant spatial complexity uses the
Maxwell- Bloch equations (15, 16), which are
three coupled nonlinear equations for the electric
field, the polarization, and the inversion of the
gain medium. For stationary multimode lasing,
the modes predicted by these equations are deter-

For simplicity we study a 2D DRL and take
the gain medium to be auniform disk of radius R,
which contains randomly placed nanoparticles
with constant index greater than unity. The light
field in the cavity can be either transverse
magnetic or transverse electric polarized perpen-
dicular to the plane of the disk, leading 1o a scalar
equation for its normal component. The integral
in Eq. | is over the gain region, and the kerne!
Glxx"k) is the Green function of the cavity
wave equation with purely outgoing boundary
conditions (13). This represents the steady-state
response of the passive cavity to a mono-
chromatic dipole oscillating with frequency k at
x'. The nonhermitian boundary conditions on
the Green function lead to a spectral repre-
sentation G(xx"k) in terms of dual sets of
biorthogonal functions @,(x, &) ad @,.(x, &),
termed constant flux (CF) states, with complex
elgenvalues, k, (13).

The CF states play the role of the linear cavity
resonances within our theory and reduce to the
quasi-hound (B} states within the cavity to a
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Fig. 1. Lasing frequencies of a DRL. Black circles and crosses represent the complex frequencies of
the CF and QB states, respectively; they are distinct but statistically similar. Because their spacing
on the real axis is much less than their distance from the axis, the system has no isolated linear
resonances, and the cavity has average finesse less than unity (f = 0.05). Solid colored lines represent
the actual frequencies k, of the lasing modes at pump Dp/Dg, = 123.5035; dashed lines denote the
values k¥ arising from the single largest CF state contributing to each mode (the CF frequency is
denated by the corresponding colored circle). The thick black line represents the atomic gain curve
k), peaked at the atomic frequency, kR = 30. Because the cavity is very leaky, the lasing fre-
quencies are strongly pulled to the line center in general; however, the collective contribution to the
frequency is random in sign. (Inset) Schematic of the configuration of nanoparticle scatterers in the
disk-shaped gain region of the DRL.

2. Lasing intensi-
ties of a DRL. Modal in-

linear dependence and
modal interactions. For
example, the black and
orange modes approach
each other in frequency
and interact so strangly
that the black mode is
driven to zero, at which
point the orange mode
has a kink in its intensity
curve. (Inset) The fre-
quendies of each of the
eight lasing modes both
above (solid) and below
(dashed) threshold ver-
sus Dg. Note that frequencies can cross if one mode is not lasing but not if both are lasing, and modes
with nearby frequencies interact strongly so that their intensity curves are highly anticorrelated. The
interactions increase the lasing thresholds substantially. For example, the green and purple modes
with k, = 29.95 have noninteracting thresholds 73.4460 and 75.6919, respectively, but the hale-
burning interaction pushes that of the purple mode up to Dy/Dy, = 105. In addition there would be 16
modes lasing by Dy/Dg, = 93 in the absence of interactions, compared to the 6 we find.

tensities of a DRL versus E
pump D, for the disorder &
confiquration of Fig. 1, ‘g
illustrating complex non- 3

|3

10 120

90 100 1
Pump strength DOI'D&

good approximation for a high-Q resonator (/7).
Importantly, the CF staies are complete within
the cavity and generate a conserved photon flux
outside the cavity, unlike the QB states (J3); for
the extremely leaky cavity of aDRL, the CF and
QB states are significantly different but statisti-
cally similar (Fig. 1),

Because the CF basis is complete and con-
serves flux outside the gain region, it is an ap-
propriate basis for representing arbitrary lasing
modes ¥, (x) of a DRL. To solve Eq. 1, we ex-
pand each mode in terms of CF states: ‘¥, (x) =
I¥er o ¢, {x}. Substituting this expansion into
Fq. | gives an equation for the complex vector
of coefficients a* = (a%,ab,....ak, ) that com-
pletely determines W,

ay = DY Ta) @
n

The nonlinear operator 77, is writlen out explic-
itly and discussed in (18).

This formalism allows us to obtain analytic
insight into the question of what determines the
frequencies of the DRL. In single-mode lasers,
cach lasing frequency is a weihted mean of the
real part of the cavity resonance frequency and
the atomic frequency (16), which for a typical high-
finesse system is very close to the cavity frequency
with a small shift (“pull”) toward the atomic line, If
we denote the “conventional” lasing frequency
by & we find from Eq. 2 that for the DRL

b=k + K 3
where £ is a collective contibution due to all
the other CF states, which has no analog in con-
wentional lasers. In our parameter regime (kR =
30), both the conventional and collective terms
are important (although the conventional term is
larger), and the lasing frequencies have no simple
relationship to the cavity frequencies. The collec-
tive term is random in sign and does not always
generate a pull toward line center (Fig. 1). We
believe that at larger kR the collective term will
dominate.

In Fig. 2, we plot the intensities associated
with the lasing modes of Fig. 1 as a function of
pump strength, Dy, measured by the length of the
vector of CF coefficients, /= 37 |l [*. The
behavior is very different from conventional la-
sers, showing complex nonmonotonic and re-
entrant hehavior in contrast to the linear increase
found for uniform edge-emitting lasers (14).
Analysis reveals that the complex behavior is due
to the strong spatial hole-bumning interactions in
these systems, The Fig. 2 inset shows the lasing
frequencies associated with the modes as a func-
tion of pump; of the eight lasing modes in the
interval, there are six that form three pairs nearby
in frequency, and their behavior is highly cor-
related. Evaluation of the overlap of the a* vector
associated with each pair of modes confirms
that not only their frequencies but also their
decomposition into CF states are similar,

Equations 1 and 2 imply that modes with
similar a* vectors and similar frequencies will
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same disorder configuration in the case of uniform pumping (solid lines} and partially nonuniform

REPO

compete strongly because this leads o a hole-
burning d s that is spatially lated
with the numerator. However, it is not obvious
that frequency quasi-degeneracy should be
associated with spatial correlation for the DRL.
For random lasers with Anderson localization
(9, 16), the CF stares would typically be spatially
disjoint, the T,,,,(%) operator (compare with Eq.
53) would be approximately diagonal, and there
would be no such spatial correlation. In additional
calculations not shown, we do find that for
larger index nanoparticles, which hegin to
localize the CF states, the modal interactions are
reduced. But for the DRL, T,,(k) iz not
diagonal, and frequency degencracy would
require an eigenvalue degeneracy in this complex
pseudo-random matrix [see discussion in (J8)].
Instead, there is cigenvalue repulsion in the
camplex plane and strong mixing of eigenvectors,
resulting in large spatial overlap of quasi-
degenerate lasing modes and strong hole buming
interaction. This interaction, in the absence of
some special symmey, tends to suppress one of
rlm two modes, leading to well-spaced lasing
as found by (8). Hence, the rigid

pumping (dashed lines). The main source of the large intensity is the shiftin This
has the largest effect for nearly degenerate mode pairs such as the green and purple modes (k, = 29.95).
(Inset) Lasing spectra at Do/Dp, = 123.5035 (lines broadened for visibility). Note that the black mode
does not appear at this pump because it has already been suppressed by the orange mode, and the purple
mode only appears for uniform pumping because it never reaches threshold in the nonuniform case. The
intensities at this pump can fluctuate by more than a factor of two between the two cases, whereas the
frequencies fluctuate by just a few percent of their average spacing.
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Fig. 4. Field distribution of a DRL. Radial intensity of CF states contributing to the lasing modes
averaged over 400 disorder configurations. There is a large nonrandom increase of intensity with
radius r. (Inset) False color plot of electric field intensity of the seven lasing modes of the DRL of
Fig. 1 at pump Dy/Dg, = 123.5035 {white circle is boundary of gain medium). Note brightest
regions appear at the edge of the gain medium; this is characteristic of low finesse lasers but is a
particularly large effect in the DRL.

0.8 1

lasing-frequency spectrum could distinguish the
DRL from an Anderson-localized laser

This strong interaction of nearly degenerate
modes is reflected in a very large increase in the
lasing threshold of the second mode of each pair
(Fig. 2 caption) (/). These interaction effects are
strongly nonlinear and hence highly sensitive to
statistical fluctuations. To illustrate this, in Fig. 3
we contrast the intensity behavior of Fig. 2, for
which the pump was unifom in space [do{x) =
0], with a case for which we have added to the
uniform pump a random white noise term dyfx)
of standard deviation +30% (normalized to the
same total power). For this nonuniform pump, the
third uniform mode (green) now tums on first. It
is thus able to suppress the seventh uniform mode
(purple) over the entire range of pump powers
and acquires an intensity almost a factor of 3
greater al The same average pump pawer. The

how similar
high scnsmvx[y to pump profile, whereas their
frequencies remain relatively stable (Fig. 3 inset).
Exactly such behavior was observed in shot-to-
shot spectra of DRLs in experiments (&).

Lastly, we consider the spatial variation of the
electric field in DRLs (Fig. 4). The false-color
representation of the multimode electric field in
the laser has a striking property: It is consistently
brighter at the edge of the disk than at its center,
even though the gain is uniform and there are no
special high-Q modes localized near the edge. To
demonstrate that this effect is not a statistical
fluctuation associated with this particular dis-
order configuration, we have averaged the be-
havior of the entire basis set of CF states over
disorder ions. The resultis a d
average growth of intensiry toward the boundary.
The origin of this effect is known from earlier
work on distributed feedback lasers with weak
reflectivity (19); if the single-pass loss is large,
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then the single-pass pain must also be 1atg= in

presented here is ab initio in the sense that it

order to lase, leading to a visible
of the lasing mode, with growth in the direction
of the loss boundary (on average the radial
direction for the DRL). Because the DRL has
fractional finesse (which is not achievable in a
1D geametry), this effect is much larger in these
systems and should be observable. This effect
means that the electric field fluctuations in
DRLs will differ substantially from the random
matrix/quantum chaos fluctuations of linear
cavity modes (20), first because each mode is a
superposition of pseudo-random CF states and
second because these CF states themselves are
not uniform on average.

The coexistence of gain, nonlinear inter-
actions, and overlapping resonances (fractional
finesse) makes the DRL a more complex and
richer system than the widely studied linear wave-
chaotic systems. It remains to be seen whether
concepts from random matrix theory and semi-
classical quantum mechanics (quantum chaocs)
will prove fruitful in this context. The theory

generates all ofthe lasing states from
knowledge of the dielectric function of the host
medium and basic parameters of the gain me-
dium; it should be applicable to any novel laser-
cavity system.
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Silica-on-Silicon Waveguide

Quantum Circuits

Alberto Politi, Martin ]. Cryan, John G. Rarity, Siyuan Yu, Jeremy L. O'Brien*

Quantum technologies based on photons will likely require an integrated optics architecture

for improved performance, miniaturi;
silica-on-silicon integrated optical re.

tion, and scalability. We demonstrate high
tions of key quantum photonic circuits, including

elity

two-photon quantum interference with a visibility of 94.8 + 0.5%; a controlled-NOT gate with
an average logical basis fidelity of 94.3 + 0.2%; and a path-entangled state of two photons
with fidelity of >92%. These results show that it is possible to directly “write” sophisticated
photonic quantum circuits onto a silicon chip, which will be of benefit to future quantum
technologies based on photons, including information processing, communication, metrology,
and lithography, as well as the fundamental science of quantum optics.

uantum information science (/) has

shown that quantum mechanical effects

can dramatically improve performance for
certain tasks in communication, computation, and
measurement. Of the various physical systems
being pursued, single particles of light (photons)
have been widely used in quantum communica-
tion (2}, quantum metrology (3-5), and quantum
lithography (6) settings. Low noise (or decoher
ence) also makes photons attractive quantum bits
{or qubits), and they have emerged as a leading
approach to quantun information processing (7).
In addition to single-photon sources (§) and

Although a number of photenic quantum cir-
cuits have been realized for quantum metrology
(3, 4, 10-13), lithography (6), quantum logic
gates (f4-20), and other entangling circuits
(21-23), these demonstrations have relied on
large-scale (bulk) optical elements bolted 1o large
optical tables, thereby making them inherently
unscalable,

We demonstrate photonic quantum circuits
using silica waveguides on a silicon chip. The
monclithic nature of these devices means that
the correct phase can be stably realized i what
would otherwise be an unstable interferometer,

detectors (9), photonic quantum technol
require sophisticated optical circuits invalving
high-visibility classical and quantum interference.

Centre for Quantum Photonics, H. H. Wills Physics Laboratory
and Department af Elecrical and Eledronic Engineering,
University of Bristol, Merchant Venturers 3ulding, Weoeland
Road, Bristol BS8 1U8, UK.
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greaily simplifying the task of i s0-
phisticated photenic quantum circuits. We fabri-
cated hundreds of devices on a single wafer and
find that performance across the devices is robust,
repeatable, and well understood.

A typical photonic quantum circuit takes
several optical paths or modes (some with pho-
tons, some without) and mixes them together in
a linear optical network, which in general con-

sists of nested classical and quantum interfer-
ometers (eg, Fig 1C) In a standard optical
implementation, the photons propagate in air,
and the circuit is constructed from mirrors and
beam splitters (BSs), or half-reflective mirrors,
which split and recambine optical modes, giving
rise to both classical and quantum interference.
‘High-visibility quantum interference (24) demands
excellent optical mode overlap at a BS, which
requires exact alignment of the modes, whereas
high visihility classical interference also requires
subwavelength stability of optical path lengths,
which oﬁm m:essuaws the design and imple-
of 1 stable inter
Combined with photon loss, interference visibil-
ity is the major contributor 1o optical quantum
circuit performance.

In conventional (or classical) integrated
optics devices, light is guided in waveguides—
consisting of a core and slightly lawer refractive
index cladding (analogous to an aptical fiber)—
which are usually fabricated on a semiconductor
chip. By careful choice of core and cladding di-
mensions and refractive index difference, i
possible to design such waveguides to support
only a single transverse mode for a given wave-
length range. Coupling between waveguides, to
realize BS-like operation, can be achieved when
two waveguides are brought sufficiently close
together that the evanescent fields overlap; this is
known as a directional coupler. By lithographical-
ly tuning the separation between the waveguides
and the length of the coupler, the amount of light
coupling from one waveguide into the other (the
coupling ratio 1 — 1, where 1 is equivalent to BS
reflectivity) can be tuned

The most promising approach 1o photonic
quantum circuits for practical technologies ap-
pears to be realizing integrated optics devices that
operate at the single-photon level. Key require-

2MAY 2008 VOL320 SCIENCE www.sciencemag.org



Fig. 1. Silica-on-silicon integrated
quantum photonic circuits. (A) A A
directional coupler, which can be used
as the building block for integrated
photonic quantum dircuits by replac-
ing the bulk BS. (B) The modeled
transverse intensity profile of the
guided made superimposed on the

waveguide structure. (C) Design of -
the integrated two-photon CNOT quan-
tum logic gate.
B
Lol
1o

ments are single-mode guiding of single photons,
high-visibility classical interference, high-visibility
quantum interference, and the ability to combine
these effects in a waveguide optical network.
We required a material system that (i) is low
loss at a wavelength of & ~ 800 mm, where com
mercial silicon avalanche photodiode single-
photon counting modules (SPCMs) are near their
peak efficiency of ~70%; (ii) enables a refractive
index contrast A = (e — nlmz)"bim,z that

-
[+
Va n
1 g
e ]| | & 1/3
- T2 R
o
prrees Ve 3
ud

(II1). The wafer was diced into several dozen in-
dividual chips, each comtaining typically several
devices. Some chips were polished to enhance
coupling in and out of the waveguides (25).

‘We used a beta-harium borate type-I spomta-
neous parametric down-conversion (SPDC)
crystal, pumped with a 60-mW, 402-nm contin-
uous wave diode laser to produce 804-nm degen-
erate photon pairs at a detected rate of 4000 57
when collected into single-mode polarization

resulls in sing] de operation for T
dimensions comparable to the core size of con-
ventional single-mode optical fibers at ~ 800 mn
(410 5 pm), to allow good coupling of photons 1o
fiber-coupled single-photon sources and detec-
tors; and (i) is amenable to standard optical
lithography fabrication techniques. The most
promising material system to meet these require-
ments was silica (silicon dioxide Si0,), with a low
level of doping 1o control the refractive index,
grown on asilicon substrate (Fig. 1B).

A refractive index contrast of A = 0.5% was
chosen to give single-mode operation at 804 nm
for 3.5 by 3.5 pum waveguides (25). This value
of A provides moderate mode confinement (the
transverse intensity profile is shown in Fig. 1B),
thereby minimizing the effects of fabrication or
modeling imperfections. We designed a number
of devices, including directional couplers with
various 0's, Mach-Zender interferometers (con-
sisting of two directional couplers), and meare
sophisticated devices built up from several di-
rectional couplers with different n’s.

Starting with a 4" silicon wafer, a 16-um
layer of thermally grown undoped silica was
deposited as a buffer (material I in Fig, 1B),
followed by flame hydrolysis deposition of a
3.5-um waveguide core of silica doped with ger-
manium and boron oxides (II). The core material
was patierned into 3.5-jm-wide waveguides with
standard optical lithography techniques and
finally overgrown with a further 16-pum cladding
layer of phasphorus and boron-doped silica with
a refractive index matched to that of the buffer

fibers (PMFs). We used 2-nm inter-
ference filters to ensure good spectral indistin-
guishability (27). Single photons were launched
inte the waveguides on the imegrated optical
chips and then collected at the outputs using two
arrays of 8 PMFs, with 250 i spacing, to maich
that of the waveguides, and detected with fiber-
coupled SPCMs. The PMF arrays and chip were
directly buti-coupled, with index matching fluid
Overall coupling efficiencies of ~60% through
the device (insertion loss = 40%) were routinely
achieved (28).

Figure 2 shows the classic signature of quan-
tum interference: a dip in the rate of detecting
two photons at each output of a directional
coupler near zero delay in relative photon arrival
time (24). The raw visibility (29) V=948 £0.5%
is a measure of the quality of the interference and
demonstrates very good quantum behavior of
photons in an integrated optics architecture,

Figure 3A shows the measured nonclassical
visibility for 10 couplers on a single chip with a
range of design n’s. The observed behavior is
well explamed by the theoretical curves, which
include a small amount of mode mismatch & and
an offsetof 1 = 3.4 +0.7% from the design ratio.
It is inherently difficult to identify in which
degree of freedom this small mode mismatch
occurs (30). Misalignment of PMF fibers in the
army (specified 1o be <3°) would cause polariza-
tion mode mismatch, Small spatial mode mis-
‘match could arise if weakly guided higher-order
modes propagate across the relatively short
devices (31). These results demonstrate the

REPORTS I
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Fig. 2. Quantum interference in an integrated
waveguide coupler. The plot shows the rate of
detecting a photon at each output of the coupler as
a function of the relative delay in arrival time of
the photons. The error bars are smaller than the
data paints.
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Fig. 3. Two-photon quantum interference on-
chip. (A} Quantum interference visibility at 1/2 and
173 couplers that compose a CNOT gate (where the
112 couplers range from n (1/2) = 0.4 to 0.6 and
the 1/3 couplers are 2/3 this value: n (1/3} = 0.27
0 0.4). The fit to the 1/2 data includes an offset in
the coupling ratio &n and mode mismatch e as free
parameters. The same values are used for the 13
theoretical curve. (B) The average of the logical
basis fidelities F for each of the CNOT gates. The
solid curve corresponds to a model including enly
the above values of £ and &n. The model does not
include the effect of classical interference, which
explains the offset.

high yield and excellent reproducibility of the
devices.

General photonic quantum circuits require
both quantum and classical interference and their
combination for conditional phase shifis (32). An
ideal device for testing all of these requiremenis
is the entangling controlled-NOT (CNOT) logic
gate shown in Fig. 1C (33, 34), which has pre-
viously been experimentally demonstrated using
bulk optics (15-79). The control C and target T
qubits are each encoded by a photon in two
waveguides, and the success of the gate is her-
alded by detection of a photon in both the control
and target outputs, which happens with proba-
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bility 1/9. The waveguide impl of this
pate is essentially a direct writing onto the chip of
the theoretical scheme presented in (33): it is
composed of two 1/2 couplers and three 13
couplers,

To allow for possible design and fabrication
imperfections, we designed and fabricated on
the same chip several CNOT devices with 172
couplers ranging from n (1/2) = 04 10 0.6 and,
comespondingly, 1/3 couplers ranging from 1
(1/3)=0.27 10 04 (i.e,, 23 of the 1/2 couplers).
The quantum interference ts de-
scribed above (Fig. 3B) show that the devices
are in fact very close to the design 1: dn = 3.4 +
0.7%. To measure the 12 couplers, we sent
single photons info the 7y and 7; inputs and
collected photons from the C; and Vg outputs
{and the reverse for the other 1/2 coupler}; the
1/3 data are for the couplers between the Cy and
¥, waveguides (see Fig. 1C).

For the CNOT device with nominally 3 (1/2) =
0.5 and n (1/3) = 0.33 couplers, we nput the
four computational basis states [(Bcl0}y, (N1} s
[3e®g and [1Al}r and measured the pmba—
bility of detecting cach of the comp

a ngth scale—a key advantage arising
from the monolithic natwre of an integrated
optics architecture, The average of the logical
basis fidelities (/4-20) is F = 94.3 = 0.2%, The
fidelities for the other four devices (with different
's) are lower (Fig. 3B}, as expected.

To directly confinn coherent quantun oper-
ation and entanglement in our devices, we
launched pairs of photons into the Ty and T}
waveguides. This state should ideally be trans-
formed at the first 50:50 coupler as follows:

11055 ={120)5,7, 710255 )/V2 (1)

thatis,a ly path-entangled superposition
of two photons in the top waveguide and two
photons in the botom waveguide. A very low
rate of detecting a pair of photons at the €; and
Vi outputs, combined with a high rate of de-
tecting two photons in either of these cutputs
(with a pair of cascaded SPCMs) confinned that
the state was predominantly composed of |20}
and [02) components but did not indicate a
coherent it At the second 50:50

basis states at the output (Fig. 4A). The
excellent agreement for the [0} inputs (peak
values of 98.5%) is a measure of the classical
interference in the target interferometer and
demonstrates that the waveguides are stable on

coupler between the T, and T waveguides, the
reverse transformation of Eq. 1 should occur,
provided the minus superposition exists, A high
rate of detecting photon pairs at the T and T3
outputs, combined with a low rate of detecting

two photons in either of these outputs, confirmed
this transformation. From each of these measured
count rates, we were able to estimate the two-
photon density matrix (Fig. 4D). The fidelity with
the maximally path-entangled state 20102} is
>02% (35). This high-fidelity generation of the
lowest-order maximally path-entangled sate,
cormbined with confirmation of the phase stability
of the superposition, demonstrates the applicabil-
ity of integrated devices for quantum metrology
applications.

Finally, we tested the simple quantum cir-
cuits shown in Fig. 4, B and C, consisting of a
CNOT gate and Hadarmard H gates—{0)—|0)+
[13; [13—+]03~1)—each implemented with a 50:50
coupler between the Cy and C; waveguides (25).
In both cases, we observe good agreement with
the ideal operation, as quantified by the average
classical fidelity between probability distribu-
tions (36, 37): 97.9 + 04% and 91.5 = 0.2%,
respectively. The device shown in Fig. 4B should
produce equal superpositions of the four compu-
tation basis states [00XE[01[10)£[11) and that
shown in Fig. 4C should produce the four max-
imally entangled Bell states ¥ = |01)+]10) and
@" = 00|11}, Although this cannot be con-
firmed directly on-chip, the above demonstra-
tions of excellent logical basis operation of the
CNOT and coherent quantum operation give us
great confidence.

Fig. 4. Characterization of integrated quantum photonic circuits. Ideal
and measured truth tables for a CNOT circuit (A); a CNOT with two
additional H gates (B); and a CNOT with one additional H gate (C). The

state (1203-102))+/2.

physical implementation fabricated on the chip is shown in fig. 51. (D)
The ideal and estimated density matrix for the maximally path-entangled
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Previous bulk optical implementations of
similar photonic quantum circuits have required
the design and implementation of sophisticated
interferometers. Constructing such interferome-
ters has been a major obstacle to the realization of
photonic quantum circuits. The results presented
here show that this problem can be drastically
reduced by using waveguide devices: It becomes
possible 1o directly write the thearetical “blackboard
sketch™ onto the chip, without requiring sophis-
ticated imterferometers.

We have demonstrated high-fidelity inte
grated implementations of each of the key com-
ponents of photonic quantum circuits, as well as
several small-scale circuits. This opens the way
for miniaturizing, scaling, and improving the
performance of photonic quantum circuits for
both fiture quantum technologies and the next
generation of fundamental quantum aptics stud-
ies in the laboratory.
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Practical Synthesis of Prostratin,
DPP, and Their Analogs, Adjuvant
Leads Against Latent HIV

Paul A. Wender,* Jung-Min Kee, Jeffrey M. Warrington

Although antiretroviral therapies have been effective in decreasing active viral loads in AIDS
patients, the persistence of latent viral reservoirs prevents eradication of the virus. Prostratin and DPP
(12-deoxyphorbol-13-phenylacetate) activate the latent virus and thus represent promising adjuvants
for antiviral therapy. Their limited supply and the challenges of accessing related structures have,
however, impeded therapeutic development and the search for dlinically superior analogs. Here we
report a practical synthesis of prostratin and DPP starting from phorbol or crotophorbolone, agents
readily available from renewable sources, including a biodiesel candidate. This synthesis reliably
supplies gram quantities of the therapeutically promising natural products, hitherto available only in
low and variable amounts from natural sources, and opens access to a variety of new analogs.

IDS is a pandemic disease caused by HIV.

In a recent report, the Joint United Nations

Progmmme on HIV/AIDS (UNAIDS)
estimated that 33.2 million people were living
with HIV and that 2.1 million people lost their
lives to AIDS in the year 2007 (J).

Highly active antiretroviral therapy (HAART)
has been successful in reducing HIV-1 levels in
the plasma of many treated patients to unde-
tectable levels. However, latent virus reservoirs

remain in patients even afier HAART (2). Such
reservoirs are not targeied by cumrent drug treat-
ments, and as a consequence viral rebound ofien
occurs if therapy is ntermupted.

These latent viral reservoirs decrease only
slowly in patients undergoing HAART. It is es-
timated that decades of treatment would be re-
quired to completely eliminate the latent virus.
Such chronic treatment is undesirable because
of the increased risk of side effects over time;

the emergence of resistance through viral muta-
tion; the increased demand on patients to maintain
a long-term freatment regimen; and the cunmilative
financial burden of prolonged therapy, a particularly
problematic issue in less-developed countries
Therefore, agents that can controllably flush the
latent virus from its reservoirs could, in principle,
provide a means to eradicate the virus when used
as adjuvants in combination with HAART (3).
Although agenis such as interleukin? and
valproic acid have been tested as adjuvants in
HAART, they cause toxicity or efficacy problems
(4). Phorbal-13-myrisitate-12-acetate (PMA), a
phorbol diester, is also reported 1o induce HIV-1
activation, but its potent twmor-promoting activity
raises concerns about its therapeutic use (5, 6).
Prostratin (3, 12-deoxypharbol-13-acetate)
and DPP (4, 12-deoxyphorbol-13-phenylacetate)
are non-tumor-promoting 12-deoxytighiane di-
terpenes that exhibit potent in vitro activity in
inducing HIV expression in latently infected cell
lines and primary cells (7-1/). Prostratin and DPP
also inhibit HIV entry into target cells by down-
regulating CD4 and CXCR4 receptors (J2-14),
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Phorbol (1)

Avallable from croton oil (ref. 29)
or by total synthesis (refs. 31-33)

Scheme 1.

Crotophorbolone (2)

Available from 1 or
Jatropha curcas seed oil
(refs. 34-36)

(&) thioearbonyl diimidazole (3 equiv.), DMAP (3 equiv.), CHCls, 25 °C, 9 h, 87%;
(b) AIBN (1 equiv.), BugSnH (10 equiv.), PhGHg, 90 °C, 15 min, 75% (wf = 1:2)

Scheme 2.

The mechanism of action of prostratin has not yet
been completely elucidated, but the activation of
protein kinase C (PKC) and nuclear factor «B
(NF-xB) by prostratin have been proposed as key
events (15-17). Prostratin has been advanced into
preclinical development (18).

Unfortunaiely, a major obstacle to further de-
velopment of prostratin, DFF, or related analogs as
therapeutic agents has been their fmited avalabil-
ity (19). Prostratin itselfl was first isolated from
Pimelea prostrata and characterized by Hecker
in 1976 (20). It was subsequemntly isolated from
Ewphorbia cormigera by Evans (21). The levels
of prostratin in these source plants have, however,
not been reported. More recenty, impressive
and seminal work by Cox m collaboration with
Samoan healers and scientists at the U.S. National
Institites of Health identified prostratin as the
active constituent in a traditional Samoan medic-
inal regimen (22). However, the Samoan source
plant, Homalanthus mutans, affords prosiratin only
in low and variable isolated yields (0.2 to 52 pglg
by weight from the tree sterm) (23, 24). Tt is note-
warthy for projected clinical use of prostratin that
these plant extracts do not produce acute side ef-
fects in humans, having already been used by the
Samoan healers to treat individuals with certain
(non-AIDS) medical conditions such as hepatitis.

The limited and varied availability of prostratin
has hampered studies on its mode of action and

2 MAY 2008 VOL 320 SCIENCE

the identification of clinically superior analogs.
Only a handful of €12-deoxytiglianes have been
investigated for HIV induction activity (7, i1),
and little is known about the structural basis of
prostratin’s hiological activity. Although efforts to
address this supply problem through microbial
engineering have been initiated (26), the only
known source of prostratin at present is plants.
Here we report practical and step econom-
ical syntheses of prosiratin and DPP that can de-
liver research quantities (undreds of milligrams to
grams) of the targets and can serve as viable routes
for addressing potential clinical needs (Scheme 1).
We also show that this synthesis is sufficiently
flexible to access new analogs, thereby provid-
ing an opportunity to i investi-

R = Ac (prostratin, 3)

R = COCHzPh (DPF, 4)
R=Et(12)

R = CHaCHPh (14)

Overall yield 7-16% from 1

crotophorbolone (2) (30). Croton ol is obtained
from the seeds of Croton tiglivm, a renewable
source, and it is readily available in kilogram quan-
tities in cominercially long-established procedures.
Phorhel itself is also commercially available, and
its total synthesis has been accomplished in our
\aboratory (31-33). Altemnatively, crotophorholone
could be obtained by the hydrolysis of 12-deoxy-
16-hydroxyphorbol esters (34, 35), which are
available from Jatrnpha curcas seed oll, an abun-
dant renewable feedstock being developed as
biodiesel (36, 37).

Although the synthetic canversion of phorbal
to 12-deoxypharbol (desacetylprostrating involves
the seemingly simple removal of the C12 axygen,
the proximity of this group © a strained cyclo-
propane ring and the sensitivity of the molecule
to acid, base, heat, air, and ight makes a selective
deoxygenation difficult. For example, attempts
to deoxygenate the C12 paosition of alcohol S,
derived in two steps from phorbol, by conver-
sion 1o and subsequent reduction of xanthate 6
provided only encl acetate 7, arising from cleav-
age of the cyclopropane ring initiated by a C12
radical intermediate (Scheme 2). This was large-
ly an anticipated result, given the known reactiv-
ity of eyclopropy! methyl radicals to undergo

ing cleavage al near diffusion-controlled rates
(1 s") (38). Thus, intramolecular ring cleav-
age occurs faster than the intermediate C12 rad-
ical can be frapped intermolecularly by an H-atom
donor, despite using 10 equivalents of BuySnH.

H-atom ab. could poten-

gate this therapeutic lead and identify superior
candidates. The step economy and flexibility of
these syntheses allow facile and general access
to a variety of 12-deoxytiglianes. The impact of
this study may reach beyond the realm of anti

fially be used to outcompete the ring opening,
but even if successful, this approach would suf-
fer from the required use of additional synthetic
steps to protect the complex array of oxygens in
these molecules. Like radical-based deoxygenation

HIV therapy, because 11 PKC
modulators such as bryostatin and its analogs
represent candidates for the treatment of cancer
and Alzheimer’s disease (25, 27). Prostratin also
inhibits the tumor-promoting effects of PMA on
mouse skin (28).

Our synthesis begins with the acidic hydrol-
ysis of phorbol (1, Scheme 1}, a tighane di-
terpene isolated from croton oil (29), to produce

Al involving of the
€12 hydroxy! into a good leaving group are also
known to fragment the cyclopropane ring (39).

We therefore adopted a C12 deoxygenation
strategy that involves first cleaving and then re-
establishing the cyclopropane ring. This approach
favorably moves our synthetic starting point to
readily availahle and unprotected phorbol itself
or to pharbol-derived crotophorbolone (2). With

www.sciencemag.org



Grotophorbolone (2)

¢ (for 9)
5. or
&Ha ¢ (for 10}

9 Ac
10 R = PhCH,CO

REPO

Prostratin (3, R = Ac)
DPP (4, R = PhCH,CO)

(@) HaM2 H20 (2 equiv.), AcOH (5 equiv.}), MeOH, 25 °C, 45 min; (b) pyridine/DIPEA (9:1), 150°C, 48h;
() Pb{OAc)4 (1.1 equiv.), CHaClz, 0 °C. 30 min (43% of 8 from 2); (c') Pb{OAc)4 (1.2 equiv.),
PhCHCOCH (50 equiv.) (premixed), CHaCla, 0 °C, 30 min. (36% of 10 from 2); {d) he (300 nm),
ElOAc/benzene (1:1) or MeOH, 25 °C (67-82% for 3, 90% for 4)

Scheme 3.

(a) PRI(OAG)2 (1.2 equiv.), EXOH, 0 °C. 30 min, 24% (3:2 mixture of diasteraomers, 3 steps
from 2); (b) hv (300 nm), EtOAe, 25 °C, 72-90%, () PhI{OAc)z (5 equiv.), PACH2CH20H,
0°Cto 25°C, 4 h, 18% (2:1 mixture of diastereomers, 3 steps from 2); (d) hv (300 nm}, EtOAc,

25°C, 87-91%.
Scheme 4.

the C12 oxygen eliminated in the formation of
crotophorbolone, we reestablished the cyclopro-
pane ring in four steps. (40) First, weatment of
crotophorbolone with hydrazine in the presence
of acetic acid selectively affords the C13 hydra-
zone (not shown in Scheme 3), which without
isolation is cyclized to pyrazoline 8 when heated
in the presence of base (Scheme 3), Oxidation
of pyrazoline 8 with lead (IV) tetraacetate gives
eyclic diazene 9, allowing for concomitant direct
introduction of a Cl3 acetaie group and a
diazene bridge between C13 and C15. Other
CI3 esters can also be directly introduced with
this procedure by using the comresponding lead
{IV) carboxylate or related oxidants. Photolysis
of cyclic diazene 9 results in the extrusion of ni-
trogen and reestablishment of the CI13-C15
cyclopropane bond (41, 42), providing prostratin
(3) in high yicld and in a remarkably concise

four-step sequence from 2 (or five steps in 12 10
16% overall yield from 1, producing over 100 mg
of 3 in a single mun). The synthetic sample of
prostratin so obtained was identical in all standard
analytical tests to a sample of natural prostratin

position. Toward this end, when the acetate lig-
ands of lead tetraacetate are exchanged by pre-
mixing with an excess of phenylacetic acid (44),
the resulting salt induces the oxidative conversion
of pyrazoline 8 to diazene 10 (in 36% yield for
three steps from 2). Subsequent photolysis affords
the natural product and therapeutic lead DPP (4)
in 90% yield, or 13% overall yield from 1.

‘We have also found that this procedure can
be used fo access previously unknown ether
analogs of prostratin (Scheme 4). Ether analogs
12 and 14 were selected as initial targets on
the basis of their structural similarity 1o prostratin
and DPP, They would also be more stable against
hydrolytic decomposition than prostratin itself,
which contains a hydrolytically labile ester group.
The use of a seemingly straightforward, classical
‘Williamson ctherification to make such ethers
from a C13 alcohol would be complicated be-
cause of the well-known facile epimerization of
the C4 center in phorbol derivatives under mild-
ly basic reaction conditions (45). Selective ether-
ification of the C13 aleohol would also require
extensive use of protecting groups (o suppress re-
action of the other alcohol functionalities. Instead,
the eyl ether analog 12 was readily prepared
from pyrazoline 8 by treatment with PhIOAG), in
ethano! to afford diazenes 11, which were
subsequently photolyzed. Intermediate 11 is a
mixture of C13 epimers, but photolysis of
cither isomer gives the desired product 12 in up
to 90% yield, The phenylethy! ether analog 14

i ) ized in a stray ward

This sequence can be readily ona
gram scale and would allow for the production
of larger quantities in a proper scaleup facility
(43). Moreover, this procedure is shorter than the
originally considered direct C12 deoxygenation
strategy (Scheme 2) because it aveids the need to
introduce or remove protecting groups in these
densely functionalized molecules.

An additionally atiractive aspect of this syn-
thetic strategy is that it allows access 10 a wide
varety of analogs as exemplified below. For ex-
ample, the lead (IV}-mediated pyrazoline oxida-
tion can be easily madified to accommodate the
direct introduction of other esters at the C13

s :

fashion from 8 via intermediate 13. This proce-
dure thus provides a facile route to non-natural
analogs of prostratin, based on a simple variation
in our original plan.

This practical synthesis of prosiratin, DPP, and
other 12-deoxyphorbol analogs enzbles the filler
investigation of their mode of action and the
idemification of potentially superior clinical candi-
dates that could be used in the treatment of HIV,
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Marine Polyphosphate: A Key Player
in Geologic Phosphorus Sequestration

Julia Diaz,! Ellely Ingall, 1+ Claudia Benitez-Nelson,” David Paterson,*t Martin D. de ]unge,

lan M(Nulty, Jay A. Brandes®

The in situ or authigenic formation of calcium phosphate minerals in marine sediments is a
major sink for the vital nutrient phosphorus. However, because typical sediment chemistry is not

kinetically conducive to the precipitation of these minerals, the

behind their

on organic forms (1, 13). The lack of commonly
used analytical techniques that cleanly evaluate
polyphosphate within samples has further re-
sulted in a paucity of research on the importance
uf |Jus phase, With the recent development of
xmysp ‘methods,
various particulate organic, mineral, and poly-

meric phosphorus-containing phases like poly-
phosphate can now be identified and mapped at
submicrometer scales, In addition, a new com-
bined elect is/reverse osmosis technique

luiti

has remained a fundamental mystery. Here, we present evidence from high-sensitivity x-ray
and electrodialysis techniques to describe a mechanism by which abundant diatom-derived

polyphosphates play a critical role i
sediments. This mechanism can exp

the formation of calcium phosphate minerals in marine
in the puzzlingly dispersed distribution of calcium

phosphate minerals observed in marine sediments worldwide.

foundly influences global oceanic primary

production on both medern and gealogic
time scales (1, 2). Over the past several decades,
the residence time of phosphorus in the ocean has
been repeatedly revised downwards as previous-
Iy unidentified sedimentary sinks have been dis-
covered (1, 3). Ammg vhese sinks are ubiquitous

P hosphorus is a vital macronutrient that pro-

trient availability and bm gu:al pmducuun, an

d ding of the und. ng 1 that
lead to the formation and burial of apatite in mod-
em and ancient sediments is critically important.
Here, we show that polyphosphate is a key com-
ponent in the formation of apatite in marine
sediments,

Polyphosphate is a relatively understudied

ﬁn&gramed thy inerals (), whose

of the marine phosphorus cycle. A

origin is enigmatic (5). Given the strong influence
of this mineral sink on the global cycling of phos-
phorus and its potential impact on long-term nu-

*schoal of Zarth and Afmospheric Sciences, Georgla Institute
p

linear polymer of orthophosphate units linked by
phosphaanhydride bonds (fig. S1), polyphosphate

is present in cells as dense, calcium-associated

allows for a more comprehensive examination
of phosphorus composition in the dissolved
phase. We have developed insighs into the origin
and 1 ion of marine polypt
through the application of these high-resolution
x-ray (14) and high-recovery electrodialysis (15, 16)
techniques.

We collected organisms, sediments, and dis-
solved and particulate matter during April and
July 2007 from Effingham Inlet, a Pacific fiord
located on Vancouver Island, British Columbia
(fig. 82) (/6). During the spring bloom of April
2007, intraceliular polyphosphate inclusions were
observed in individual diatoms, including the glob-
ally ubiquitous and abundant Skelefonema spp.
(fig. S3). On the basis of bulk *'P- muclear

umy.m‘.. (NMER] ion of
the sprmg bloom plankton mmmumty & 6), inor-
hosph ganic pol | 7%

cytoplasmic inclusions (6). Under
enriched conditions, cultured marine algae syn-
thesize polyphosphate as a lwxury nutrient reserve

n‘md\nnlﬂgv Atlanta, GA 30332-0340, USA.

ram and Depariment of Geological Sciences, University of
South Carolina, Columbia, SC 29708, USA. “Advancec Phioton
Source, Argonne Natienal Labaratary, 9700 South Cass Avenue,

(7-12). The biological synthesis of substantial
amounts of palyphosphate in natural marine sys-
tems, in contrast, has been hypothesized 1o be

Arganne, IL 60439, USA. “Skidaway institute af
10 Ocean Science Circle, Savannah, GA 31411, USA.
*To whom comrespondence should be addressed. E-
ingall@eas.gatech edu

fPresent aicress: Ausiralian Synchroiren, 800 Bladkbum Ruad,
Clayton, Victoria 3168, Australia.

il

h ial (17), as is present at
biologically limiting concentrations in much of
the global ocean (1, 3). Correspondingly, inves-
tigations into the compasition of marine biogenic
phosphorus compounds have typically focused

of total phosphorus in surface water biomass.
Surface water dissolved phosphate concentrations
were 0.5 uM, which reflects a level of phospho-
rus availability typical of coastal marine systems,
Nutrient ratios were also consistent with phospho-
rus limitation in our field site (nitrogen-phosphorus =
~40). By comparison, in laboratory cultures
with enriched, ~yM phosphate concentrations,
Skzlelnuema ap[l and T.hat'assmszm spp n:an
h, o co
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high levels of 30% and 19 to 43% of total
cellular phosphorus, respectively (10, 12). The
population of diatom-dominated plankton in
Effingham Inlet exhibited near-Redfield elemental
stoichiometry, with a molar C:N:P ion of

of these cells, including variably sized polyphos-
phate inclusions. Consistent with these processes,
we observed a substantial amount of polyphos-
phate in the <0.45-um fraction of dissolved mat-
ter (16). Insub seawater samples processed

188:16:1. The presence of substantial poly
phosphate in these organisms thus appears not 1o
alter their elememtal content relative to the classic
composition of marine phytoplankton. This find-
ing suggests that inorganic polyphosphate has
conventionally been quantified as a component
of organic biomass and is not inconsistent with
Redficld stoichiometry.

Polyphosphate can exist within a range of
sizes and molecular weights inside cells, depend-
ing on the length of The pok yphuspham pulwncr
D ion of pol: dia-
toms by zoaplankton grazing, viral mlccuun and

by the high-recovery clectrodialysisfreverse os-
mosis technique (15), polyphosphate accounted
for ~11% of the total dissolved phosphorus pool.
Previous dissolved matter characterizations do not
report polyphosphate (7-19), probably because
of the lower-recovery methods used in these studies.

By adding the critcalstep of deionizng sewater
et

ampl

REPORTS I

Individual diatoms containing intracellular poly-
phosphates were observed throughout the water
colurmn, which suggests that sinking polyphos-
phate reaches the sediment protectively encased
within intact cells. In fact, diatoms have been
shown to play major roles in the mineral
ballasted transport of material to depth (20, 21),
Table | summarizes our results on the poly-
phosphate, 1otal phosphorus, and biogenic silica
composition of major phosphomus pools nves-
tigated in this sudy. Mass balance estimates
based on these data demonstrate that plankton:
dnivnl h shate can account for the entire

the combined ¢! is lech-

nique can isolate up to 90% of marine dissolved
matter, the highest recovery yet possible (15).

In addition to dissolved matter, polyphosphate
was also present in sinking particles, representing

senescence may liberate the & conlents

Table 1. Key chemical

7% of total in sinking material (/8).

of major

content for each poolwas

pool
measured by >'P-NMR. Total phospherus {¥s total P) and welght percent (wt %) biogenic silica content
were determined by standard chemical techniques (16). Where available, error estimates represent mea-
surement reproducibility on the basis of replicate analyses. Analytical errors associated with the poly-
phosphate measurement are +10% of the reported value. For example, a polyphosphate measurement of
7% would have an associated error of +:0.7%. Replicate total phosphorus measurements agreed to within

<5%.
Phosphorus Polyphosphate Total P Biogenic silica
pool (% total P) {umol g™%) {wt %)
Plankton 7 123.0 = L7 40.4 + 1.4
Dissolved matter 11 172" =
Sinking particles 7 59.76 z 0.42 3.7+ 23
Surface sediment a1 44.71 12.08 + 0.65
*Units are yM. fData are from (24)

Apatite

Paolyphasphate

1 e use e 5
£

Apatite

hosphate content of sinking particles. To
mak: this calculation, the concentration of poly
phosphate in plankion and sinking material can
be expressed relative to biogenic silica content,
which is roughly conserved between these two
pools. Using the total phosphorus concentrations
of plankton and sinking particles, the silica-
normalized polyphosphate content of sinking
material is ~45% of that in organisms. This es-
timate, although based on a single particle flux
measurement, shows that plankton are a plausible
and sufficient source far the polyphosphate found
in sinking material,

Bacteria! decomposition of the organic diatom
frustule matrix results in rapid dissolution of the
mineral shell (22) and the consequent release of
polyphosphate and other cellular mmmts to the
sediment enviromment. This scenario is consist
entwith the relatively low biogenic silica content
of Effingham Inlet surface sediments (Table 1)
and with microscopy results showing damaged
and vacant diatom frustules in sediments. In
addition, high-resolution x-ray spectromicrosco-
py methods (74, 23) revealed an abundance of
free 0.5- to 3-um polyphosphate granules in sur-
face sediments (/6). This size range is similar to
that observed within diatoms, again suggesting a
diatom source.

N-ray fluorescence daia indicated that among
the hundreds of phesphorus-rich particles identi-
fied in our sediment saianes ~50% were poly-

hosphate, with the fraction d

Fig. 1. X-ray fl mi-

of apatite, a common calcium phosphate mineral
(Fig. 1). Previous *'P-NMR analysis of Effingham
Inlet surface sediments has shown that polyphos-
phate accounts for 8% of the total phosphorus in
surface sediment samples (24). In other studies,
potyphosphate has eluded detection by bulk tech-
niques such as *'P-NMR hecause such methods
are relatively insensitive to the presence of less
prevalent plms Because synchrotron-based x-ray
spmmmm)a,upy is unique in its LB])Bthy o
i h

crograph and fluorescence spec-
tra of phosphorus-rich regions in
Effingham Inlet sediment. Sedimentary
phosphorus (red) appears as distingt, het-
erogeneously distributed submicrometer-
sized particles against a comparatively

e

uniform background of sedimentary alu-

minum (blue) and magnesium (green). On the basis of high-resolution x-ray spectroscopic characterizatian,
about half of the 147 phosphorus-rich regions examined in our samples were found to be polyphosphate,
whereas the other half were classified as apatite, a common calcium phosphate mineral.

ul ly image and ck
ize minimally prepared particulale samples at
submicrometer resalution, this highly sensitive
method is key to the direct identification of less
prevalent phases in a wide variety of environ-
ments (14).

Our findings demonstrate that marine poly-
phosphate accounts for 7 to 11% of the phospho-
rus in dissolved and particulate pools (Table 1).
This level of abundance is comparable to that of
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more commonly identified organic phosphorus
forms. For example, phosphonates typically rep-
resent ~3% of total phosphorus in fresh organic
matter (25). The relative polyphosphate contents
of plankion, sinking particulates, and sediments
are nearly identical in our samples (Table 1). The
consistency of the polyphosphate signal through-
out the water column and surface sediment sug-
gests that extracellular polyphosphate may not be
readily bioavailable. Rapid enzymatic hydrolysis
of polyphosphate by benthic microbes has been
ohserved to occur, but only intracellularly (26).
Because the phosphoanhydride bonds linking or-
thophosphate units of polyphosphate are relative-
ly stable in the absence of hydrolytic enzymes
(6), free sedimentary polyphosphate may be an
efficient storage form of phosphorus over long
periods. Consistent with his idea, x-ray analysis
revealed the presence of extracellular polyphos-
phate in Effingham Inlet sediments up to 60 years
old, which suggests that a portion of the free
sedimentary polyphosphate pool is not remobi-
lized over decadal time scales.

coastal upwcl!mg Aea; sy be related to the

extensive interaction with the free sedimentary

activity of palyph lating sulfur
bacteria (25) Enzymatic hydrolysis of intracel-
lular polyphosphate by these bacteria releases
considerable amouns of dissolved w0

hosphate pool. We observed the ransition from
polyphosphate to apatite within surficial sediments
<3 years of age, suggesting that apatite formation
from a p template may oceur over

sediment pore waters. As a result, pore waters
achieve the high degree of supersaturation re-
quired 1o overcome the kinetic nucleation barrier
1o apatite precipitation, and substantial apatite
formation consequently occurs (26).

In contrast to the massive apatite-rich phos-
phorite formations characteristic of coastal up-
welling zones, most marine sediments worldwide
possess dispersed, fine-prained authigenic apa-
tites that make up a comparatively small 9 to 13%
of total sedimentary phosphorus (4). The rela-
tively modest accumulation of authigenic apatite
that is typical of sediments in nonupwelling zones

1 & ubstanitial- iiaegh

relatively short time scales.

The transport of polyphosphate from its
planktonic origin in surface waters 1o underlying
sediments, followed by the subsequent diagenetic
wansformation into stable calcium phosphate
minerals, provides a “biological pump"” mecha-
nism for the geologic sequestration of water
column-derived marine phosphorus (fig. S4).
The polyphosphate-accumulating diatoms ob-
served in this study are common in the global
ocean, including vast regions of coastal and polar
seas that exhibit similar phosphaie availability to

tion of mvolv-

sink because of the much larger areal extent of
these environments (4). Authigenic apatite for-

our sampliag site (27). Therefbre, the sequesiza-
through

ing diatom-derived polyphosphate is likely to be
ively substantial on a global scale.

mation in these nonupwelling areas may not in-
volve an episodic mechanism to produce high

Though a portion of the v polyphos-

of dissolved however.

phate pool may be relatively stable, mass balance
calculations reveal that some polyphosphate is
removed from surface sediments over relatively
short time scales. Using the bulk sediment trap
flux from our field site (136 g m? ymr_'), we
estimated h

Rather, our results show that dispersed grains of
sedimentary polyphosphate may nucleate apatite
growth directly and nonepisodically, reducing or
removing the nucleation barrier b} acting as a
m.m:ra.temp late. As noted prevmus y, calcium is

Ancther documented source of polyphosphate
in natural marine systems involves synthesis by
benthic sulfur-oxidizing bacteria (26), yet these

thrive in and
are not as globally prevalent as diatoms. Poly-
phosphate has heen identified in Trichodesmium
spp. and other common marine r:ysnoba::h:r(s
(7-9), suggesting that these organisms may be a

onment

y flux of polyphosph with polyphasphate in cells (6). The  imporiant source of palyphosphate in the tropical
to be 48 ug Pm? day ™ (76). The accumulation  presence of }ughly y and ical oceans where they are abundant.
in recent (<3 Id)sed-  phasphorus regions with this calcium ion  An abiological crigin for polyphosphate is un-

suic of polyplicet
iments from Effingham Inlet is 86% of this flux,
based on the polyphosphate and total phospharus
content of surface sediments (Table 1). This dis-
parity reflects a 14% loss of polyphosphate in
surface sediments, a loss that may increase as
sediments age.

The loss of sedimentary polyphosphate in
sediments does not necessarily indicate that

b = bilized from polypt
particles. Rather, as evidence from x-ray spec-
tromicroscopy reveals, the relative stability of
free sedimentary polyphosphate permits diage-
netic transformations that result in the long-term
sequestration of phosphorus. In addition to dem-
onstrating that polyphosphate and apatite are
prevalent in sediments from Effingham Inlet, re-
sults from X-ray spectromicroscopy also showed
an abundance of fine, dispersed particles that ex-
hibit spectral features transitional between pure
polyphasphate and apatite (Fig. 2). Polyphosphate
thus appears to nucleate authigenic apatite growth,
thereby converting surface water derived poly-
phosphate to stable phosphorus containing min-
eral phases that reside in sediments over geclogic
time scales.

Authigenic apatite formation in marine sedi-
ments has been recognized in numerous studies
as an important phosphorus sink (4). However,
the processes leading to the precipitation and
growth of these authigenic apatites are not well
understood, Massive apatitic phosphorite depos-
its that account for as much as 25% of total
phosphorus in the sediments underlying major

may result in eventual apatite formation without

Fig. 2. Diagenetic trans-
formation of polyphosphate
to apatite. An overlay of
phosphorus x-ray fluores-
cence spectra collected from
micrometer-sized phosphorus-
rich regions in Effingham
Inlet sediment illustrates the
diagenetic transition from
polyphosphate (top) to apa-
tite (bottom). The primary
phosphorus fluorescence peak
occurs at 2150 eV (a). Spec-
tral features above the pri-
mary peak reflect the local

- . fitiod

likely in most marine environments because abi-

polyphosphate

9 P!
phorus. Polyphosphate, a sim-
ple linear polymer assodated
with calcium in cells, is char-
acterized by a single peak
18 eV above the primary
peak (b). In the diagenetic
transition from polyphos-
phate to apatite, the associ-

apatite

ation between phosphorus
and calcium becomes more
crystalline, which may ac-
count for the appearance of

nm
01382
2140

g ¢t & 8 ¢
E F F 8 & &
Energy (eV)

a primary peak “shoulder” (c). As the crystalline mineral matrix develops further, a peak 11 eV above of
the primary peak appears (d), and secondary peaks become more defined (e). The spectra presented in
this figure were collected from a single Effingham Inlet sediment sample <3 years of age. Thus, the
relative ages of the particles that yielded these spectra are not known.
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otic polyphosphate synthesis can only occur at
the elevated temperatures characteristic of such
extreme environmenis as hydrothermal vent sys-
iems (&), There is no evidence that the transfor-
mation of polyphosphate to apatite in marine
sediments is dependent on the specific source of
polyphosphate, however.

Enhanced phosphorus sequestration in ma-
rine sediments resulting from the conversion of
diatom-derived polyphosphates to apatite may be
manifested in the geologic record. The mid-
Mesozoic rise of marine diatoms (26) coincides
with a trend toward lower organic carbon to total
phosphorus ratios in marine sediments (29).
Because oceanic phosphorus influences atmo-
spheric carbon dioxide levels over peologic time
through regulation of marine primary productiv-
ity (2), geclogic fuctuations in phosphorus burial
efficiency brought on by changes in diatom abun-
dance may have also exerted substantial palea-
climatic influences.
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Expanding Oxygen-Minimum
Zones in the Tropical Oceans

Lothar Stramma,** Gregory C. Johnson,? Janet Sprintall,* Volker Mohrholz®

Oxygen-poor waters occupy large volumes of the intermediate-depth eastern tropical

oceans. Oxygen-poor conditions have far-reaching impacts on ecosystems because impartant
mobile macroorganisms avoid or cannot survive in hypoxic zones. Climate models predict
declines in oceanic dissolved oxygen produced by global warming. We constructed 50-year time
series of dissolved-oxygen concentration for select tropical oceanic regians by augmenting a
historical database with recent measurements. These time series reveal vertical expansion

of the intermediate-depth low-oxygen zones in the eastern tropical Atlantic and the equaterial
Pacific during the past 50 years. The oxygen decrease in the 300- to 700-m layer is 0.09 to
0.34 micromoles per kilogram per year. Reduced oxygen levels may have dramatic consequences

for ecosystems and coastal economies.

ceanic dissolved

tant mobile are stressed or die

affect marine bmgeoch:m.cal processes

and have major impacts on the global
carbon and nitrogen cycles (f). These concentra-
tions are very sensifive to changes in air-sea fluxes
and interior ocean advection, hence dissolved
oXygen is an important parameter for under-
standing the ocean’s role in climate (2). Impor-

Hinstitut fir Meereswissenschaften an der Universitit Kiel
{IFM-GEOMAR), Dissternbrocker Weg 20, 24105 Kiel, Germany.
national Oceanic and Atmospherie Administration, Pacific
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*Te whom correspondence should be addressed. E-mail:
Istramma@ifm-geamar.de

under hypoxic conditions; that is, when oxygen
concentrations drop below ~60 to 120 pumol kg"
(3). Hypoxia occurs at different oxygen concen-
trations among various species of macroorga-
nisms, 50 the threshold is not precise. Regions with
oxygen concentrations below about 10 umol kg™
are termed suboxic. In suboxic regions, nitrate

paleoclimate records from the Cretacecus reveal
profoundly dtered biogeochemical eyeles and dra

. The anoxic ocean
at the end of the Permian (251 million years ago)
is perhaps the most siiking example, being
associated with elevated atmospheric CO; and
massive temrestrial and oceanic extinctions (5, 8).

Climate models predict an overall decline in
oceanic dissolved oxygen concentration and a
consequent expansion of the OMZ under global
warming conditions (7), with the largest declines
ocewrring in extratropical regions. In the tropical
regions, the models predict either zonal mean
oxygen increases at depths of about 200 to
1000 m in the Atlantic and Pacific Oceans (7) or
moderate zonal mean oxygen decreases (8). Pre-
dicted oxygen changes in the thermocline waters
result largely from solubility changes in the up-
streamn solrce waters, whereas changes in the
deeper waters result mainly from decreased in-
terior advection and ongoing oxygen consump-
fion by remineralization of sinking particulate
organic matter (7).

The global ocean has warmed substan-
txally avex 1}|: pasz 50 years (9), and strong

(if present) becomes involved in respiration (/).
Amnoxic regions have no dissolved oxygen. At
present, the intermediate-depth low-oxygen layers,
here called the oxygen-minimum zone (OMZ),
are suboxic in the eastem tropical Pacific Ocean
and the northem reaches of the tropical Indian
Ocean and are hypoxic in the tropical Atantic
Ocean (Fig. 1).

Oceanic dissolved oxygen concentrations have
wvaried widely in the geologic past. For instance,

of oxygen
have been obsnved in the upper 100 m {J@).
Long-term oxygen changes have been observed
and reported in the subpolar and subtropical
regions (11, 12). For instance, in the subarctic
Pacific at Ocean Station Papa (S0°N, 145°W),
declining oxXygen concentrations have been re-
ported from depths of 100 1o 400 m between
1956 and 2006 (11). Ocean oxygen data from the
most oxygen-pocr tropical regions of the OMZ
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are limited, but some regions exist for which his-
torical data can be augmented with data from
recent survey programs to construct relatively
long, quasi-continuous oxygen time series.

We constructed and analyzed oxygen time
series in some select areas of the tropical oceans
(Fig. 1), using quality-controlled historical data
from the HydroBase 2 database (/3) and more
recently measured oxygen profiles. Only oxy-
gen data collected since 1960 were used because
older oxygen data are rare and the net effect of
changes in the observation system on our ability
to document real ocean variability is not well
understood, Unfortunately, even afier 1960 oxy-
gen data in most tropical regions are oo sparse
1o construct useful time series, because in the
past mast oxygen profiles were collected almost
exclusively from ships dedicated to oceanograph-
ic research. Recently, a small fraction of the 3000
Argo freely drifting floats that report vertical
profiles of temperature and salinity over the up-
per 2000 m of the ocean via satellite at 10-day
intervals (/4) have been equipped with oxygen
sensors. These floats provide valuable oxygen
profiles (15) that were used to expand our time
series through 2007 in the tropical Atlantic,

Reductions in ohserved minimum oxygen
concentrations and vertical expansion of the OMZ
since 1960 are apparent in three areas of the
tropical Atlantic Ocean (Fig. 2). In the oxygen-
poar region of the trapical North Atlantic (Fig. 1;
10° to 14°N, 20° to 30°W), a time series of his-
torical data was augmented with data from me-
ridional hydrographic sections nominally along
29°W in July 2003 and 23°W in July 2006 (Fig.
2A). No seasonal signal is present in this area

180°E

150°E

150°W

(16). In the OMZ, core oxygen values decline
and the OMZ expands vertically with time. The
wvertical extent of the layer with oxygen con-
centrations of <90 pmol kg™ increased 85%,
from a thickness of 370 m in 1960 to 690 m in
2006. In the near-equatorial Atlantic Ocean,
oxygen values are higher to both the north and
south (Fig. 1) because of the eastward trans-
port of relatively oxygen-rich water within the
complicated tropical current system ({7). The
relatively oxygen-rich water in the Atlantic
Central Water originates from the poleward side
of the subtropical gyre. Historical data, hydro-
casts from three repeat sections along 23°W since
2000, and two recent profiles from an Argo float
allowed construction of a time series (Fig. 2B) in
the central equatorial Atlantic (Fig. 1; 3°S 10 3°N,
187 to 28°W). This time series also shows some
indication of a reduced concentration at the
wvertical oxygen minimum over time and a
vettical expansion of the oxygen-poar OMZ.
Similarly, a topical South Atlantic (Fig. 1; 14°
to 8°8, 4° 1o 12°E) time series (Fig. 2C) also
shows a vertical expansion of the OMZ;
although there are long paps afler the late
1980s, and no data between 2001 and 2007, a
recent preliminary calibrted oxygen profile taken
at9°S, 8°E in March 2008 is consistent with the
trend of an oxygen decline.

The OMZ in the tropical North and South
Pacific Oceans reaches suboxic (and, in the
‘most oxygen-poor regions, nearly anoxic) levels
(Fig. 1), so delecting changes in minimum val-
ues there is difficult. Furthermore, data in the
IMOSt OXygen-poor regions are 100 sparse to al-
low the construction of quasi-continuous time

1200w W

Fig. 1. Climatological mean (18) dissolved oxygen concentrations (umol kg™ shown in color) at 400 m

depth contoured at 20-umol-kg

™ intervals from 10 to 230 pmol kg™

* {black lines) using Ocean Data

View (19) software. Analyzed areas (A to F, Table 1, and Fig. 2) are enclosed by black boxes.

series. However, as in the Atlantic Ocean, Pacific
equatorial currents carry telatively oxygen-rich
water eastward toward the most oxygen-poor
regions of the OMZ in both hemispheres. His-
torical hydrographic data in the easiem equato-
rial Pacific Ocean (Fig. 1: 5°S to °N, 105° to
115°W), augmented with data collected during
some recent Tropical Aunosphere Ocean project
mooring maintenance cruises along 110°W,
constitute a time series (Fig. 2D) that reveals a
vertical expansion of the OMZ However, a
depth-integrated oxygen trend there is not
statistically significantly different from zero
when a stringent 95% confidence criterion is
used (Table 1}, Slightly higher values from 1980
to 1990 may be caused by sample locations
biased toward the equator, where more oxygen-
rich walers are advected eastward from the
wesl. In the central equatorial Pacific (Fig. 1;
5°8 1o 5°N, 165° to 175°W), oxygen concen-
trations within the OMZ are more variable (Fig.
2E). Nevertheless, the OMZ thickness expands
over the duration of the time series. This vertical
expansion with time is not closely related to a
temperature increase; in both arcas of the
equatonal Pacific, the temperature in the 300-
to 700-m layer sliphtly decreases, as does the
oxygen content (Table 1).

In the Indian Ocean, the lowest oxygen val-
ues in the OMZ are not located in the eastem
tropics as they are in the Atlantic and Pacific
Oceans, bui to the norih in the Arabian Sea and
the Bay of Bengal (Fig. 1). In addition, minimum
axygen concentrations within the Indian Ocean
OMZ are generally deeper (near 800 m) than in
the other two oceans. In the northern Indian
Ocean OMZ, sources and sinks of oxygen are
nearly in apparent balance; circulation there
appears relatively stagnant, with detritus falling
from the highly productive waters above and
rapidly depleting oxygen below. As in the east-
em tropical Pacific Ocean, oxygen values in the
northem Indian Ocean OMZ are suboxic, and
the sparse data distributions in the most oxygen-
poor regions preclude the construction of long
quasi-continuous time series there. However, the
fecent oceupation of a meridional section nomi-
nally along 95°E made possible the construction
of an eastern equatorial Indian Ocean time series
(Fig. 13 5°5 10 0°, 90° to 98°E), despite gaps in
data since the mid-1980s (Fig. 2F). Unlike the
other time series presented here, there is neither
an ohvious increase of the vertical extent of the
OMZ nor a visible decrease in oxygen mini-
mum values. Statistics of the layer at a depth of
300 to 700 m reveal a weak oxypen decrease
not different from zero at 95% confidence
(Table 1). Tane series from the carly 1960s to
the late 1990s (not shown) in the weslem equa-
twrial Indian Ocean, the Arabian Sea, and the
Bay of Bengal show similar constancy in the
tropical Indian Ocean OMZ. Collectively, these
results suggest that over the past few decades
there has been no substantial change in the trop-
ical Indian Ocean OMZ.
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As an auxiliary benefit, the constancy of
OMZ characteristics in the Indian Ocean time
series suggesis that the changes observed in the
tropical Atlantic and Pacific Ocean OMZ char-
acteristics are not based on changes in observa-
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tion techniques. This concemn was also tested in
the oxygen-rich deep-water formation region of
the Labrador Sea, for which a very well-sampled
time series can be constructed from 1960 1o the
present. There, no trend toward lower oxygen val-
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Fig. 2. Dissolved oxygen concentration (umol kg™ shown in color) maps (20, 21) versus time (1960~

2008} and pressure (1 dbar ~

Atlantic (10° to 14°N, 20° to 30°W), contoured at 90 pmol kg™

1 m} with sample locations (white dots). (A} The eastern tropical North

{thick white line). (B) The central

equatorial Atlantic (3°5 to 3°N, 28° to 18°W), contoured at 120 umol kg™ (thick white line). (C) The

eastern tropical South Atlantic at (14° to 89S, 4° to
(D) The eastern equatorial Pacific Ocean (5°5 to 5°N,

12°F), contoured at 60 pmol kg™* thick white line).

105° to 115°W), contoured at 60 pmeol kg™ (thick

white line). (E) 1119 central equatorial Pacific Ocean (5°S to 5°N 165° to 175°W), contoured at 90 and

120 pmol kg
contoured at 60 pmol kg™ (thick white line).

{thick white lines). (F) The eastern equatorial Indian Ocean (5°S to 0, 90° to 98°F),

Table 1. Linear trends of temperature and oxygen with 95% confidence intervals (22) since 1960
in a 300- to 700-m layer for select ocean areas, and integrated oxygen loss, assuming a nominal

density of 1027.2 kg m™

Ocean areas (Fig. 1} Temperature trend

Oxygen trend Integrated oxygen loss

°C year™) {umol kg™ year™} {mmol m* year™)
Area A +0.009 £ 0.008 ~0.34 x 0.13 136
Area B +0.005 £ 0.008 —0.19 x 0.12 7
Area C +0.002 £ 0.011 ~0.17 £ 0.11 7
Area D —0.001 = 0.009 —0.13 x 0.32 49
Area E ~0.010 + 0.008 —0.19 £ 0.20 7
Area F +0.005 + 0.007 —0.09 + 0.21 37
N. Pacific, 100 +0.005 to +0.012 =0.39 to =0.70 165

to 400 m depth {11)

REPORTS I

ues is apparent, supporting the claim that oceanic
oxygen measurements taken over the past 50 years
are not subject 1o large observational biases that
may produce spurious temporal trends.

The topical ocean OMZs in the central and
castem tropical Atiantic and equatorial Pacific
Oceans appear 10 have expanded and intensified
during the past 50 years. Despite the sparseness of
abservations, the time series used show that the
dectine in oxygen content has been most intense in
the tropical Atlantic, where at present hypoxic
regions are small as compared with the Pacific and
Indian Oceans. For these reasons, the Atlantic may
also have the most potential for large increases in
the area of hypoxic regions.

The observational aalysis presented here sup-
ports climate model predictions of dissolved
oxygen declines in the tropical ocean (7, §) and
an expmsion of the opical OMZs due to a con-
tribution of thermal, dynamical, and biogeochem-
ical factors (8). The observed oxygen declines
reparted here of 0.09 10 0.34 ymol kg 'year * for
300- to 700-m depths (Table 1) are somewhat
smaller than those reported in the North Pacific
(H)at 100 to 400 ™. Together, these trends affect
carbon and nitrogen cycles, with fundamenta!
implications for marine ccosystems and thereby
fisheries resource management issues. Given
climate model projections, and the geological
record that indicates times of widely distributed
subaxic regions, sustained global acean measure-
ments of dissolved oxygen concentrations are
needed (for by equipping more Argo
floats with well-calibrated dissolved oxygen
sensors) to more closely monitor variations in
the strength and extent of the OMZ.
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A General Model for Food

Web Structure

Stefano Allesina,»** David Alonso,* Mercedes Pascual™"

A central problem in ecology is determining the processes that shape the complex networks
known as food webs formed by species and their feeding relationships. The topology of these
networks is a major determinant of ecosystems' dynamics and is ultimately responsible for their
responses to human impacts. Several simple models have been proposed for the intricate food
webs observed in nature. We show that the three main models proposed so far fail to fully replicate
the empirical data, and we develop a likelihood-based approach for the direct comparison of
alternative models based on the full structure of the network. Results drive a new model that

is able to generate all the empirical data sets and to do so with the highest likelihood.

of complex sysiems in nature (). Despite

the challenge posed by the intricacy of
these trophic networks, simple models have been
proposed for their topology that successfully
capture a munber of structural properties (5-7).
These models have been influential in showing
that the topology of food webs in nature is non-
random and have provided a basis for inves-
tigating the consequences of their structure for
dynamics (8, 6, 9), for an ecosystem's robustmess
to extinctions {0}, and for the quantity and qual-
ity of services they provide (11, 12).

The simplest mathematical framework for
food web structure dates back to the influential
argument on stabili ity and comple)uty, and it re-
lied on the between

F ood webs (/-3) are paradigmatic examples

The biological basis for this ordering remains an
open problem, but possibilities include body mass,
trophic level, and metabalic rates (14, 9). Each
species has a position in this hierarchy that de-
temines its feeding relations, with prey chosen
randomly only from the species whose ranking is
lower than that of the predator. This rule makes
all networks generated by this model acyclic,
limiting its application to empirical food webs
without cannibalism or feeding cycles. The niche
mode] was proposed next (6, /5), in part to over-
come this limitation. It retains the ordering of
species in one dimension but adds the notion of a
niche range, an interval that contains all the prey
of a given predator. Although feeding cycles can
now be genmwd, the resulting networks are, by

species based on random g‘mphs (13). This model
took into account only the species richness § and
connectance C (fraction of realized feeding con-
nections) of the web. The first nonmandom rep-
resentation was given by the cascade model (5),
which ordered species along a single dimension.

*Depariment of Ecology and Evalufionary Biclogy, Uni-
versity of Michigan, Natural Science Building, 830 Narth
University, Ann Arbor, M| 48109, USA. *Nafianal Center far
Ecological Analysis and Synthesis, 735 State Street, Suite
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servation Ecology Graup, Center for Ecolagical and Evolu-
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, also interval, a property that is not

fully compatible with pattemns in empirical food
wehs (7, 16).

Intervality has played an important role in the
literature of food web models, because it s closely
related 1o the number of dimensions needed o
represent niches in a community (17, 7, 16), Tech-
nically, this property means that there exists a
suitable ordering of the species for which all the
prey of each predator are consecutive, with no gaps.
In Fig. 1, matrix N, this property is apparent when
the network is translated into a matrix repmcma
tion; ive prey form an uni d se
quence of entries in each column. Although, for
interval praphs, a single dimension should be suf-
ficient, recent analyses indicate that food webs are
anly close to mterval (16). As we show here, close
to interval does not mean that a model assuming
perfect infervality on a single axis can generate all
the links in empirical food webs. A third and mare
receni model, the “nesied hierarchy™ (7), does not
rely on niches in a one-dimensional space, but
focuses instead on groups of species and considers
implicitly phylogenetic constraints and adaptation
(7). Closely related predators tend to share their
prey with occasional departures from this phylo-
genetic constraint, s the result of adaptation to new
environments and new prey (7). We focus here on
these three static models of food web structure as
the simplest and most used formulations; other
models have been proposed that include more
sophisticated construction rules, ncluding dynam-
ics and diet optimization, speciation, extinction,
evolution (/8-207), and adaptation (21).

"'-IWI oo Y
HEN P
N +

Fig. 1. Decomposition of a food web into two subwebs. For a given food web, we can write an adjacency

matrixA. In this matrix, each coefficient represents the presence (1,

» black) or lack (0, white) of interaction

between predator species (columns) and prey species (rows). We seek an ordering of the spedes that
minimizes the number of ireproducible connections, the links that are incompatible with the assumptions
of a given model, in this case, the niche model. This yields the adjacency matrix A* The compatible
connections of each predator i do fall into a seqment (intervality) such that the segment starts either
before or on the ith species (hierarchy). The matrix A is formed by all the connections compatible with the
niche model, and the matrix K contains all the irreproducible connections.
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The models have been previously compared
with empirical data by sinmlating an ensemble of
networks and by measuring a large set of summary
siatistics, such as the number of basal, intermediate,
and top species; the average path length; the
fraction of cannibalistic species; the degree of
omnivery; and so on (6, 22, 23), for these
networks, The performance of the model is
inversely proportional to the distance between the
simulated values and their empirical counterparts.
The comparison of models based on this approach
has several limitations. First, network propertics
arcnot independent. Second, the notion of distance
requires knowledge of the natural variance of the
different measures. In the absence of this informa-

before for the nested hierarchy. We show that this
model also fails w replicate the empirical data:
Most of the imeproducible links mvnlve either
ibalism [a feeding fonsh

sented by this madel (7)] or lower-level species
preying on higher level species [(24), section 83].

We therefore propose an additional step that
consists of decomposing the original food web
into two parts, the first composed of the links that
are compatible with the specific mode] of interest
and the second of those that the model cannot
reproduce. Because the number of imeproducible
connections depends on the ordering of the spe-
cies in the trophic hierarchy [(24), sections S1 to
S4], we used a genetic algonithm to find the or-

tion, the distribution of the models i ves has
been used (5). Third, some models perform betier
for some indices and worse for others, which
makes definiive comparisons elusive (22, 23),
despite the increase in the number of network
propertics that have been considered. Possibly, the
most striking caveat of the use of summary
statistics is that it cannot tell us whether or not a
model is able to fuully replicate empirical networks.
We propose here a different approach based
on likelihoods and, therefore, on the topology of
the networks as a whole, That is, on the entire set
of links that specify who consumes whom in the
ecosysiem, rather than on a collection of sum-
mary descriptors of structure. The Likelihood that
a model generates the observed data provides a
single quantity that allows direct comparison
between alternative madels. We derive the likeli
hood for th de, niche, and I hierarchy
models [(24), sectons S1to 83] and omnperedmn.
Our starting point is that, strictly speaking, all
the models have a likelihood of zero because they
all fail to reproduce a subset of the links in the
empirical webs. Thus, we arive at a major limi-
tation of current models: they are not general. For
any ordering of the species, there are links that do
not fulfill their assumptions. We refer to those
links as irreproducible cannections. Although this
limitation has been known for the cascade and
niche models (6, 7) it has not been addressed

Table 1. Likelihood of the models for food web structure. For each model, we
report the number of links (L), the number of irreproducible connections (),
‘the log-likelihood of obtaining such connections using randem graphs [C(K)]
and the total log-likelihood for the model (Tot £). £(N) can be obtained by
difference. The Minimum potential niche model has no irreproducible con-

dering that this number. The process is
sketched in Fig. 1 for the niche model. This then
allows us efiectively to formulate and compute a
nontrivial likelihood for empirical webs. Each food
web can be represented using a matrix (Fig. 1):
We split the data into two matrices we call N and
K for the reproducible and irreproducible con-
nections, respectively. We then computed the
probability of obtaining the matrix N using the
mode! of interest and the probability of obtaining
K using a random graph. The product of these
two numbers gives us a total likelihood for the
model. Although one could devise other ways to
approach the problem of computing a likelihood,
different from our decomposition, this would re-
quire specific assumptions aboul measurement
emors [(24), section S1].

The number of irreproducible connections for
each model and data set, 1ogether with the total
likelihood, is shown in Table 1. The niche mode!
has better likelthoods for all the considered food
wehs. However, the number of irreproducible
connections for the niche model is much higher
than that for the cascade and nested-hierarchy
models. Thus, the niche model can reproduce a
smaller subset of connections very well. This
provides support for the central idea of this model
that predators tend to consume prey that share
common characteristics, However, the large num-
ber of imeproducible links indicates that one

REPORTS I

single dimension is not sufficient to deseribe the
similarity between prey animals or planis, a lim-
itation that was raised before (7, 16).

To produce a general mode! that is able to
generate the entire netwaork, we then start from
the niche model, as it provides a better baseline
likelihood, and propose a simple way 10 address
the multidimensionality of niche ranges. Preda-
tors can choose their prey according 0 several
traits, such as prey body mass, movement, time
of the day when foraging, color, presence or ab-
sence of antipredator behavior, and so an. A sim-
ple hypothetical example of the consequences of
using a single trait to recover, from food web
links, the range of predators' preference is il-
lustrated in Fig. 2. When more than one trait
underlies prey choice, the use of a single trait
leads both to discontinuous ranges that contain
gaps and 10 effective ranges that are smaller than
the real ones. We therefore recover from network
data only a minimum range and not its actual
extent [(24), section S5].

A simple way to consider multidimensional
niches [(24), sections S4 to $6] is to extend the
niche model by including gaps into the dicts of
predators. In this minimum potential niche model,
species are still ordered in a one-dimensional
space, but each predator chooses a potential range
(Fig. 2C). The two species at the extremes of the
range are always prey (Fig. 2D, in black), and
therefore, they delimit the extent of the minimum
potential range. The other species contained in
the range will be prey with probability (1 — 1),
where  is the probability of a "forbidden link."
Forbidden links have been introduced in the study
of mutualistic networks to describe plant-animal
interactions that are precluded by biological con
straints, such as the short tongues of certain bees
unable to efficiently pallinate long-corolia flowers
(25-27). In aur mode, forhidden links implicitly
take into account the existence of traits that are
not explicitly considered when species and their
niches are represented using a single dimension.
The value of f specifies the fraction of nonreal-
ized feeding interactions inside a potential range.

nections and results in better likelihoods for all cases. For this model, we show
the probability of forbidden links (f}. Note that the number of parameters is
the same for all models, which allows a direct comparison of the likelihoods. In
other cases, one can use criteria for model selection based on likelihoods, such
as Akaike's information criterion.

Cascade Niche Nested hierarchy Min. potential
Food web 5 L 1 LK) Tot L 1 LKy Tot £ ! LKy Tot L Tot £ f
Benguela 29 203 12 —62.91 —343.62 23 10546 23422 1 —7.73 34939 21352 0170
Bridge 25 107 a —24.19 -217.16 1 7.4 —94.42 1 =744 16232 —9218  0.013
Broom &8 223 4 -33.99 -857.42 36 22677  —737.56 —626514 0336
Chesapeake 31 68 1 —7.87 -199.59 10 —55.60 —166.84 3 —20.30 —200.15 -145.11 0314
Coach 29 262 41 —163.85 —443.67 37 —151.75 —296.76 7 —40.49 —381.57 —296.10 0.240
Grass 61 9 1] 0 -379.31 10 —69.18 -327.08 13 —-86.52 —437.81 —294.94 0.243
Reef 50 556 59 —279.34 —1106.54 196 —687.11 —970.28 22 —126.03 -1053.50 —934.71 0.416
Skip 25 197 12 —59.32 —259.02 22 —95.24 -191.11 5 -29.12 —254.74 -169.47 0.142
St. Marks A8 221 3 —22.93 ~576.69 72 —320.40 —546.48 18 =105.27 —634.04 —=504.49 0.554
St. Martin 42 205 [} 0 —472.58 52 —234.48 —421.53 10 —61.70 =531.55 —388.06 0.443

www.sciencemag.org  SCIENCE  VOL 320 2 MAY 2008



I REPORTS

660

Trait 2

=11

C  Potential Range

1 E  Reaizaticn

Real Trait 1 Range

Observed Range

Fig. 2. Multidimensional niches and the minimum potential niche model. (A}
A predator (in red) preys upon all the species falling in the overlap between
two traits (red and cyan). If one tries to recover information on the range of
trait 1 using the predator's diet, the observed range not only is smaller than
B) but contains gaps. The minimal potential niche model starts

the real one

As a consequence, our mode! considers an effec-
tive niche range that is a subset of a fundamental
(or potential) niche, A potential range, in order to
include a forbidden link, must encompass at least
three potential prey. Because of this, f represents
a measure of nontrivial intervality in the network
€24, section 4],

The minimum potential niche model is a gen-
eral model because it can reproduce all the links
in the empirical food webs [e.g., (Fig. 2E)]. The
derivation of the likelthood for this mode! fol-

In summary, the similarity between prey of a
common predator on a one-dimensional niche
space, which is the basis for the niche model, is
well supported by empirical data. However, this
property alone cannot account for all feeding re-
lations in ecosystems, as previously noted (7, /6).
‘We have proposed a simple way to take into ac-
count the multidimensionality of niches and to
derive parameter values from the data. The pro-
pussd allx!ys\s Imsed on] likelihoods, crpeusup

g other

lows as a straigh d modi of that for

ef food web models, such as the

the niche model [(24), section S4]. The model
requires three parameters: the number of species,
§; the density of potential connections, C,; and
the probability of forbidden links, . All three can
be obtained from the empirical data. For all
empirical data sets, the minirmum potential niche
model has the highest likelihood (Table 1).
Another simple solution to multidis

existence of a hierarchy and the increased gener-
ality of predators along the niche axis. The der-
wvation of a general model and its likelihood are
also a critical first step toward evaluating the
biological basis for the niche axis. It has been
proposed that this axis could be mapped onto
body mass, trophic levels, degree of specialization,
and other ch istics of species (14, 28-30).

niches and the related departure from intervality
‘was previously proposed in a complementary ap-
proach known as the generalized niche model
(GNM) (1 6). Instead of gaps within intervals,
the GNM introduces "satellite prey" outside niche
ranges. Despite the apparent similarity to the min-
imum potential niche model, the implementation
of this approach appears problematic, and the

The likelihood approach can be used for the
quaniiiative testing of these hypotheses, Finally,
this work sets a benchmark that can now be
challenged by other, better models, for food web
structure, The decomposition into compatible and
incompatible links provides a natural starling
point for improving particular models. There will
aIWays be types of models too complex for

model itself is unable to duce all links [(24), based on likelihoods, such as those
section S7]. that i lutionary pi plicitl
2 MAY 2008 VOL 320 SCIENCE

by assigning to each species a potential range, as in the niche model (C). This
is done by considering that the first and the last species falling in the interval
are prey (D) (black), and that the other species falling in the interval are prey
with probability 1 - f [dashed line in (D)] where f provides a measure on nontrivial
intervality [(24), section 54]. This model can reproduce discontinuous diets (E).

(18-21). However, simple models provide an
oppertunity to investigate which of the biological
indices previously used for model comparisons
better reflects the likelihood of a model
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ROS-Generating Mitochondrial
DNA Mutations Can Regulate
Tumor Cell Metastasis

Kaori Ishikawa,"z's‘ Keizo Takenaga,'*Sk Miho .Alcimmu,5 Nobuko Koshikawa,‘ Aya Vamagu(hi,‘
Hirotake lminishi,‘ Kazuto l\lalm‘la,"2 Yoshio Hunma,5 Jun-lchi Hayashi'f

Mutations in mitochondrial DNA (mtDNA) occur at high frequency in human tumors, but whether
these mutations alter tumor cell behavior has been unclear. We used cytoplasmic hybrid (cybrid)
technology to replace the endogenous mtONA in a mouse tumor cell line that was poorly metastatic
with mtDNA from a cell line that was highly metastatic, and vice versa. Using assays of metastasis
in mice, we found that the recipient tumor cells acquired the metastatic potential of the transferred
mtDNA. The mtDNA conferring high metastatic potential contained G13997A and 13885insC
mutations in the gene encoding NADH (reduced form of nicotinamide adenine dinucleatide)
dehydrogenase subunit & (VD6). These mutations produced a deficiency in respiratory complex |
activity and were associated with overproduction of reactive oxygen species (ROS). Pretreatment of

the highly metastatic tumor cells with ROS

their ic potential in

mice. These results indicate that mtDNA mutations can contribute to tumor progression by

enhancing the metastatic potential of tumor cells.

ecause most chemical carcinogens bind
Bpmfmnhaﬂy to mitochondrial DNA

{mIDNA) rather than to nuclear DNA
(i-3), mtDNA is considered to be their major
cellular target. It has been hypothesized that
the resultant somatic mutations in mDNA play
a causal role in oncogenic transformation (3).
Many subsequent studies have supported the
idea of preferential accumulation of somatic
mutations in mumor mDNAs (49 and their
contribution to tumor growth (18, 11). However,
the apparent high frequency of mDNA muta-
tions in tumors could be due either to their
stochastic accurmulation (42, 13) or to laboratory
errors (14). Moreover, if mDNA mutations in
duce oncogenic transformation, all the offspring

develop tumars due to the maternal inheritance of
miDNA (75, 16), but no bias toward maternal
inheritance of tumor development has been re-
ported. Nonetheless, it remains possible that
miDNA mutations are involved at a later stage of
tumorigenesis, for example, in the devel

tivity of complex [ (NADH dehydrogenase) (Fig.
1A). Complex I defects were also observed in high
metastatic fibrosarcoma BS2M cells but not in
‘Thigh metastatic colon adenocarcinema LuM| cells
(Fig. 1A), which suggests that metastatic tumors
are not always associated with complex I defects
Because complex 1 consists of subunits en-
coded by both nuclear DNA and mtDNA (24), it
was necessary 10 determine which genome, nu-
clear or mitochondrial, was responsible for the
complex I defects and whether the complex I
defects were responsible for the high metastatic
potential. We addressed these issues by complete
recipracal exchange of mDNAs between P29
and All cells by means of cell fusion to isolae
transmitochondrial cybrids (fig. S1A and table S2)
and examined whether complex I defects and
ic polentials were with the
miDNA. The results showed that complex [ ac-
tivity decreased in the cybrids with A1l miDNA,
whereas those with P29 miDNA showed nommal
activity, irrespective of whether their nuclear
DNAs were derived from P29 or A1l cells (Fig.
1B). Thus, complex I defects in the cybrids with
All miDNA appear to result from pathogenic
mutations in their mDNA, not in their nuclear
DNA. We then examined the metastatic potential
of the cybrids by inoculating them into a tail vein
(to test “experimental”™ m:mmxs} and under the
skin (to test of C5TBL/6

of metastatic potential. Recent studies d.l:mm
strated that dysfunction of the tricarboxylic acid
cyele (TCA cyele) caused by mutations in nu-
clear DNA controls tumor phenotypes by the
induction of a pseudo-hypoxic pathway under
nomoxic conditions (/7-19). However, there

‘mice and counting the number of nodules formed
in the lung. Cybrids with A1l miDNA acquired
high metastatic potential, whereas cybnids with
P29 miDNA lost metastatic potential (table $2).
These observations suggest that complex [ de-
fects and high metastatic potential are transferred

. Ly with th of mDNA from

has been no evidence of the invol of
miDNA mutations in the development of meta-
static potential or in the regulation of the pseudo
hypoxic pathway because of the difficulty of

of a mother camying such should

luding possible invol of nuclear DNA
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in these processes {20).

We have examined the role of pathogenic
miDNA mutations in the development of tumor
cell metastasis by studying two mouse tumar cell

lines with different metastatic potentials (low meta-
static P29 and high metastaic All cells) that
originated from Lewis lung carcinoma (table 81)
(21-23). We compared mitochondrial respiratory
function by estimating the activities of respiratory
complexes and found that P29 cells had normal
activities, whereas A1l cells showed reduced ac-

the A1l cells, whereas normal complex 1 activity
and low metastatic potential are transferred simul-
tancously with the transfer of miDNA from P29
cells. The miDNA of Al cells is therefore likely
to harbor a mutation(s) responsible for complex T
defects and metastasis.

We next examined whether these findings
could be generalized to additional tumor cell lines.
In these expetments, we transfermed mDNA from
AlL cells into fibrosarcoma B82 cells with low
metastatic potential and normal complex I activity,
resulting in isolation of BS2mtAll cybrids (table
82). Conversely, we transferred mtDNA from
B82M cells, which are derived from B82 cells
but express high metastatic potential and com-
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plex I defects, into low metastatic P29 cells, re-
sulting in isolation of P2OmiBR2M cybrids. Bath
B82mtAll and P29miB82M cybrids acquired
complex [ defects (Fig. 1C) and high metastatic
potential (table 82), which suggests the cotransfer
of these phenotypes and the mDNAs from high
10 low metastatic cells of different wmor types.

Notably, transfer of mDNA from high metastatic
All and BRZM cells into nontransformed
NIH3T3 cells did not induce tumorigenicity and
metastatic potential in the resultant NIHmtA 1l
and NIHmiB82M cybrids (fig. S2A and table
$2). Thus, pathogenic mDNA mutations that
induce complex I defects are present in A11 and

BE2M cells and control development of metas-
tases; however, these muiations do not conirol
the development of tumorigenicity and metasta-
sis, at least in nontransformed NTH3T3 cells.

To identify the pathogenic mtDNA mutations
that induced complex 1 defects and high meta
static potential in All and BS2M cells, we
compared the whole mtDNA sequences between
P29 and A1l cells and between B82 and BS2M
cells. We conclude that a missense G13997A
mutation in the All cells and a frame-shift
13885insC mutation in the B82M cells, both
within the ND& (NADH dehydrogenase sub-
unit 6) gene, are the pathogenic mutations that
induce complex 1 defects, because these are the
only mutations exclusively observed in the
miDNA of the high metastatic All cells and
BS2M cells (Table 1). Restriction enzyme
digestion of the polymerase chain reaction pro-
ducts amplified using mismatched primers sug-
gests complete and reciprocal replacement of
parental mDNAs in our cybrids (fig. 83).

‘We next explored how the mutated mtDNA
and resultant complex | defects regulate metasta-
sis. Because complex [ defects may lead to

A B Cytmd clones
; 3 NS
Lewis | & \?‘
o Fibrosarcoma Galen cancer .-p’-“ Qq,q.@ ,@ég o@?
525 A1l Bez BazN FNTT Lub i vy
- 150 v B FI80q e 150 a
100 1004 gmo 100
50 50 E 50 50
0
. 150
100
ﬂ -
)
Fig. 1. Mitochondrial respiratory
function of parental mouse cells and  C Cybrid clonss "
their transmitochondrial cybrids. (A) B &~ &
Comparison of respiratory complex & & ff&@,ﬁ&? Q@S\\ «@E ﬁ
activities between lowand highmeta- 4% Qif ¢ & & F
static tumor cell ines. P29 and A1l "7 —= 1507 = 1567 =
cells are low- and high-metastatic Z100-{ 1 1004 1004 ;H‘l
Lewis lung carcinoma cells, respec- é
tively; B82 and B82M cells are low- = 507 50 ﬁ 504 |-T-‘ l—T—l
and high- metastatic 3 El
cells, respectively; NM11 and LuMl F1507 1504 1504
cells are low- and high-metastatic = i
colon cancer cells, respectively (see €100 ] 100 == 1004
table 51). Respiratory complex | T . | | |
(NADH dehydrogenase), complex Il ; 2 @ 2
i dehydr and £ o o

complex |1l (cytochrome ¢ reductase)

are components of the electron-transport chain located in the mitochondrial inner membrane.
Mitochondrial respiratory function was examined by estimating their activities. Because the activity of
complexes [1+1/l is normal in the A11 and B82M cells, the reduced activity of complexes I+I1l exclusively
observed in the A11 and B82M cells should represent complex | defects. (B} Comparison of respiratory
complex activities of the cybrids with mtDNA exchanged between low-metastatic P29 and high-metastatic
A1l Lewis lung i cells. {C) G ison of i complex activities of the cybrids with
mtDNA transferred from different types nftunmr(el\sexpfes;mg high metastatic potential. Bars represent
the mean 5D (7 = 3). *P < 0.05; **P < 0.01.

of reactiv (ROS)
(24 25), we estimated the amounts of ROS (fig.
$4), and found that the cybrids with the mutated
miDNA from All cells showed enhanced ROS
production, whereas the cybrids without the mu-
tated mIDNA from P29 cells did not (fig. S4B)
Such cotransfer of ROS-producing properties to
the cybrids along with the transfer of mDNA
with or without the mutation suggests that ROS
overproduction is due to the G13997A mutation.
ROS overproduction was also observed in the
P29mBR2M and B82mtA 11 cybrids (fig. S4C).

How does ROS overproduction regulate me-
tastasis, and which nuclear genes (if any) are
involved in this process? We have reported pre-
wviously (22, 26) that A11 cells, but not P29 cells,
show resistance o hypoxia-induced apoptosis,
accompanied by up-regulation of antiapaptotic
MCL-1 {myeloid cell leukemia-1). Moreover,
Al1 cells showed higher expression levels of two
genes associated with necangiogenesis, HIF-1a
(hypoxia-inducible factor-1a) and VEGF (vas-
cular endothelial growth factor), in comparison

Table 1. Identification of pathogenic mutations by comparison of mtDNA sequences between low- and high-metastatic mouse tumor cells.

i e Cell lines

Position Gene ’:;I:: a: strain

o C57BL/6 P29 A1l L929 B82 BE2M NIH3T3
Te589C coi Vaz1A T T T C C C 3
G9348A ot V248l G G G A A A G
T9461C ND32 Silent T 4 < C C C C
9821-PolyA RNA™ = 8A 9A 9A 104 104 104 104
C11493A ND4 P443T C A A C C C C
A13672T ND6 Silent A T T A A A A
13885insC ND6 Frame-shift - - - - - o -
G13997A ND6 P25L G G A G G G G
Accession No. AY172335  EU312160  EU312161  AJAB9607  EU3LS229  EU3ISZ2B  AY999076

“The G13%97A matation in 06 is 3 missense mutation that changes the amino acid proline to leucine at a site that i highly conserved throughout vertebrates. The 13885insC mutation in ND&
53 frame-shift mutation that has been previously reported 3 3 pathogenic mutstion that induces substantial complex | defects in some sublines of an L929 fibroblast cell line and A9 cells (23],
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with P29 cells (27). Thus, we focused here on the
ion of these three nucl oded genes.
We found that up-regulation of the MCL-1,
HIF-la, and VEGF was cotransferred when mu-
tant miDNA was transferred from All cells to
the P29mtAll and AllmtAll cybrids. Down.
regulation of three genes was cotransterred when
wild-type mtDNA was transferred from P29 cells
1o the P29miP29 and A11miP29 cybrids (Fig. 2).

Therefore, the mutated m{DNA and the resultant
complex [ defects induce up-regulation of the
MCL-1, HIF-1a, and VEGF genes and are asso-
ciated with high metastatic potential (fig. S1B).
Gene expression profiling to compare P29mtP29
with P29mtAll and AllmiP29 with AllmtAll
showed consistent up-regulation of other genes
possibly related to metastasis in the cybrids with
All mDNA (1able 53), which suggests involve-

A & \v\\ ‘g‘& @y\\ B 100
,96\ L A 4
& L ~
NuclearDNA P23 P28 AT ATT Ly
miDNA Pzé: Al P29 AN = 1
w g
n-acm ] 3001 - *
>, 4
—] o| =
fractin | — _—
100
HIF-1a
iy *
Caalh A, 2, +, )
%, V‘ba ’7 '5;)%
HIF-1 — - — 4
= " 0 "‘77 ’?—}, 2
B Fig. 2. ble control of met: lated

nuclear gene expression by mtDNA. (A} Expressions
of nuclear-coded MCL-1 and HIF-1a and (B} VEGF under normoxia (N} and hypoxia (H). As loading
controls in the Western blots, we used B-actin for MCL-1 and E2F-1 for HIF-1a (A). In (B), blue bars
represent cybrids carrying mtDNA from P29 cells (P29mtP29 and A11mtP29), and red bars represent
cybrids carrying mtDNA from A11 cells (A11mtA11 and P29mtA11). Bars represent the mean + 5D

(n=3). *P < 0.01; **P < 0.001.
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ment of additional genes in the mDNA-mediated
effects on metastasis.

To obtain direct evidence that ROS over-
production caused by the mutated miDNA from
Al cells is responsible for high metastatic po-
tential, we treated the P29mtAll cybrids with
ROS scavengers and examined their effects on
the amounts of ROS and on the expression of the
genes and the phenotypes related 1o metastasis,
N-acetylcysteine (NAC), which has been used as
an anticancer agent in preclinical models, was
used as one ROS scavenger. The results showed
that treatment of the cybrids with NAC in cell
culture reduced the amount of ROS (Fig, 3A) and
down-regulated MCL-1 (Fig. 3B). Morcover,
pretreatment of the cybrids with NAC reduced
their metasiatic potential in two mouse models
(Fig. 3C). Similar results were obtained by treat-
ment with another ROS scavenger, Ebselen, which
is a mimic of glutathione peroxidase (Fig. 3).
Thus, ROS overproduction caused by the mutated
miDNA induces a high metastatic potential, at least
in part, by up-regulation of MCL-1. This idea is
supported by the finding that down-regulation of
MCL-1 in P29mtA 11 cybrids by small interfer-
ing RNA also suppressed their metastatic potential
(fig. S5). Moareover, NAC treatment suppressed the
metastatic potential without reducing glyeolytic
activity (fig. $6), which supgests that metastasis
s not caused by up-regulation of glycolysis.

Contribution of mDNA to tumor cell metas-
tasis can be extended to human twmors, because
the transfer of mtDNA from human breast cancer
MDA-MB-231 cells expressing high metastatic
potential into low metastatic HeLa cells induces

* Fig. 3. Suppression of
metastasis by treatment
of the P29mtA11 cybrids
with ROS scavengers.
{A) Effects of NAC and
Ebselen treatments on
the amounts of ROS. The
P29mtAL1 cybrids (1 x
10° cells treated with
5 uM dichlorofluorescein
diacetate were subjected

0 4

20 mM NAC
treatment (days)

20 uM Ebselen 1 flyorescence-activated

P2omtA11

25

20 mM NAG 2 20 M Ebselen &
freatment (days) ini" {reatment (days) &

] 4

4

Spentaneous

MoL-1 [E— |

=

metastatic potential
(No. of lung nodules)

B-Actin '_—_l

- +
[-.g 10 mg/ml NAC

administration
P29mtA11

lreatmant (days) cell sorting (FACS} anal-
P29mtAT1  ysis for quantitative esti-

mation of ROS {H,0,). FACS was carried out before
(green) and after (yellow) 24 hours of treatment of
the cybrids with 20 mM NAC or 20 M Ebselen. (B}
Effects of NAC and Ebselen treatments on MCL-1
expression. Western blot analysis of MCL-1 was
carried out before and after the treatment of
P29mtAll cybrids with 20 mM NAC or 20 pM
Ebselen for 4 days. f-actin served as the loading
control. (C} Effects of NAC and Ebselen treatments
on metastatic potential. The P29mtA1l cybrids
pretreated for 4 days with 20 mM NAC or with
20 pM Ebselen were injected into the tail vein of
C57BU6 mice to test the experimental metastatic
potential. To examine the effect of NAC admin-

istration on spontaneous metastatic potential, P29mtA1l cybrids without NAC pretreatment were injected subcutaneously into C57BLi6 mice, which
subsequently received 10 mg/ml NAC in drinking water ad libitum. Bars represent the mean = SD (n = 6). *P < 0.05; **P < 0.01.
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complex T defects, increased ROS production, and
high metastatic potential in HeLa cells (Fig. 4).
These observations suggest that the mtDNA in
MDA-MB-231 cells can promote metastasis, al-
though we have not done the mDNA sequencing,

Therefore, the metastatic potential of all the mouse
and hurnan tumear cell ines that we examined was
greatly enhanced by exchanging their endogenous
miDNA with mutant miDNA that induces com-
plex I-mediated ROS overproduction, Recent
reports showed that a pathogenic mutation in the
ATP6 gene of human miDNA generated ROS
and enhanced tumor growth (10, 1), However,
in our experiments, the enhanced growth rate of
primary tumors did not necessarily correlate with
expression of the high metastatic potential in
mouse tumors (fig. S2B).

This study partially resolves the debate on the
relevance of mtDNA mutations in tumors {41 4)
by showing that mutations in mDNA can control
the metastatic potential of certain tumor cells but
that they do not confer tumorigenic potential 1o
nontransformed mouse NIH3T3 cells, Moreover,
reversible regulation of metastasis by the exchange
of miDNA. between P29 and Al1 cells and by treat-
ment with ROS scavengers suggests that metastasis
of these cels s regulated by ROS-mediated rever-
sible up-regulation of nuclear genes but not by ROS-
mediated acceleration of genetic instability. The
mDNA-mediated reversible control of metastasis,
therefore, reveals a novel function of miDNA and
suggests that in such cases ROS be

.
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In Vivo Imaging of Membrane-Associated
Glycans in Developing Zebrafish

Scott T. LiughLln,“ Jeremy M. Baskin,™* Sharon L. Amacher,? Carolyn R. Bertozzi**~*4

Glycans are attractive targets for molecular imaging but have been inaccessible because of their
incompatibility with genetically encoded reparters. We demonstrated the noninvasive imaging of glycans in
live developing zebrafish, using a chemical reporter strateqy. Zebrafish embryos were treated with an
unnatural sugar to metabolically label their cell-surface glycans with azides. Subsequently, the embryos were
reacted with fluorophore conjugates by means of copper-free click chemistry, enabling the visualization of
glycans in vivo at subcellular resolution during development. At 60 hours after fertilization, we observed an
increase in de nove glycan biosynthesis in the jaw region, pectoral fins, and olfactory organs. Using a
multicolor detection strategy, we performed a spatiotemporal analysis of glycan expression and trafficking

and identified patterns that would be undetectable with conventional molecular imaging approaches.

of infommation. that reports on the cels

Th: cell-surface glycome is a rich source

| state. For example, changes

therapeutically effective in suppressing meastass.

References and Notes

J. A Alten. W, M. Coombs, Noture 287, 244 (1980).

). W Backer, L 8. Welnstein, Science 209, 297 (19801,
). W, Shay, H. Werbin, Mutol, Res. 186, 149 (1987).
K Polyak et of, Nat Genst. 20, 291 (1998).

M. S, Fliss et al., Science 287, 2017 {2000

).5. Penta, F. M. Johnson, . T. Wachsman, W. C. Copeland.
Mutat Res. 488, 119 (2001).

oA

in glycan structures serve as markers of al-
tered gene expression during development (1)
and discase progression (2). The dynamics of
glycans at the plasma membrane reflect the
activity of the cell’s secretory machinery (3),
and their relative abundances repont on flux in
metabolic pathways inside the cell (#). Gly-
cans are therefore attractive targets for in vivo

their incompatibility with genetically encoded
reporters (5).

To image glycans in vivo, we employed a
strategy in which an azide is introduced into
target bicmolecules, priming them for selective
covalent reaction with fluorescent probes (5)

and selectively reactive with phusph.nn or ac-
tivated alkynes. Previously, the Staudinger liga-
tion (6, 7) or copper-catalyzed click chemistry
(3 9) have been used to detect azide labeled

lecules on cells ex vivo. However, in vivo

imaging but have been i ible because of

2MAY 2008 VOL320 SCIENCE www.sciencemag.org



imaging of dynamic biological processes using
these chemistries could be complicated by slow
reaction kinetics or reagent toxi The copper-
free click reaction of azides with difluorinated
eycloactyne (DIFO) reagents (07) overcomes these
limitations, suggesting ils polential application to
in vivo imaging.

We chose zebrafish as a model organisin be-
cause of their well-defined developmental pro-
gram (£1), emerging disease models (£2), and
amenability to ovhcal \m:\g\ng The metabolic
substrate
{Ac,GalNAz) was s:l::cl::r] on the basis of its
known incorporation into mucin-type O-linked
glycoproteins in mammalian cells and mice via the
N-acetylgalactosamine {GalNAc) salvage pathway
(13, 14) (fig. 81). We envisioned an imaging ex-
periment (Fig. 1A) in which zebrafish embryos
are incubated with Ac,GalNAz and their glycans
are visualized by reaction with DIFO-flucrophare
conjugates (fig. S2)

Before performing imaging experiments, we
confirmed that the zebrafish glycan biosynthetic
enzymes are permissive of the unnatural sugar.
The zehrafish cell line ZF4 (15) was incubated
with various doses of AcyGalNAz, reacted with
a DIFO-Alexa Fluor 488 conjugate (DIFO-488,
fig. 82), and analyzed by flow cytometry (Fig. 1B),
Robust dose-dependent metabolic labeling was ob-
served, similar to that of mammalian cells (13, 14).
We further characterized the azide-labeled cell
Iysates by treatment with a DIFO-Flag peptide
conjugate (/0). The observed high-molecular
weight species were consistent with labeled
glycoproteins (fig. $3). We then purified the Flag-
containing species (/%) and identified several
glycoproteins (fi-hexosaminidase, f-integrin Ib,
lysosome-associated membrane protein, nicastrin,
scavenger receptor B, and Thyl) with known
(17-19) or predicted (20} sites of mucin-type O-
linked glycosylation (fig. S4). We concluded that
Ac,GalNAz was metabolically incorporated into
glycoproteins in zebrafish-derived cells.

We next evaluated AcyGalNAz labeling in
vivo. Zebrafish embryos were incubated
containing either Ac,GalNAz or, as a chImL
peracetylated GalNAc (Ac,GalNAc¢) from 3 10
120 hours post-fertilization (hipf). Whole-animal
lysates were then reacted with a phosphine-Flag
probe (21) (fig. 82) and analyzed (Fig. 1C).
The labeled glycoproteins were refractory to di-
gestion with peptide N-glycosidase F or chon
droitinase ABC (fig. §5), which suggests that
GalNAz iz primarily incorporated into mucin-
type O-linked glycoproteins.
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CA 94720, USA. “Depariment of Malecular and Cell Biology,
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Hughes Medical Institute, University of Califurnia, Berkeley,
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Division, Lawrence Berkeley Mational Laboratory, Berkeley, (A
94720, USA.
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To image azide-labeled glycans in vivo,
we incubated zebrafish embryos with either
AcyGalNAz or AcyGalNAc from 3 to 72 hpf
and then reacted the embryos with a DIFO-
Alexa Fluor 647 conjugate (DIFO-647, fig. 82).
Robust fluorescence was observed with virtually
no background (Fig. 2A). Even after a 1-min re-
action with DIFO-647, the Ac,GalNAz treated
embryos displayed substantial fluorescence that
increased in a time-dependent manner (Fig. 2B).
‘We observed no toxicity or developmental abnor-
‘malities resulting from treatment with AcyGalNAz

Fig. 1. Ac,GalNAz is metabolically
incorporated into zebrafish glycans. o
(A} Schematic depicting the use of

REPORTS I

ar any DIFO reagents {fig. 6 and supporting on-
line material text).

‘We then assessed plobal pattems of glvcosyl-
ation by incubating embryos with Ac,GalNAz
starting at 3 hpf, followed by reaction with
DIFO-647 at 12-hour intervals over a 5-day pe-
tod. We observed azide-labeled glycans as early
as 24 hpf (Fig. 2C and fig. S6). Starting at 60 hpf’
and continuing unti! at least 72 hpf, we observed
aburst in flucrescence intensity in the jaw reglon,
pectoral fins, and olfactory organs (Fig. 2, D and
E). Thus, we focused on 60 to 72 hpf for more

metabolic labeling with AcsGalNAz AO _onc

and copper-free click chemistry using O_onc

DIFO probes for the noninvasive WA,

imaging of glycans during zebrafish — ‘%"Na

development. (B) Flow cytometry anal-  E™!

ysis of ZF4 cells metabolically labeled 6 Al Az

with Ac.GalNAz. ZF4 cells were incu- %e‘ﬁgg)"o‘,’ig'

bated with Ac,GalNAz (0 to 100 uM, labeling

3 days) and subsequently reacted with B

DIFO-488 (10 uM, 1 hour). Error bars Achz
represert the standard deviation from o 200 " -500 kDa
three: replicate samples. (C} Immuno- 2% 450, 240
blot analysis of lysates from zebrafish 35 &
embryos at 120 hpf incubated with g;mo i 118
AcGalNAc (Ad or AcGalNAz (A2, 25 =|-97
probed with horseradish peroxidase— EE 50 -85
conjugated antibody to Flag {top 2 -55
panel) or antibody to M-tubulin [] 25 50 100

(bottom panel). [AcsGalNAZ] (M) [ -tubulin

Fig. 2. In vivo imaging of
glycans during zebrafish
development. {A and B)
Zebrafish embryos were
metabolically labeled with
ReGalNRz (A2} or AcsGalNAC
(Ac) starting at 3 hpf. (&)
Embryos were reacted at
72 hpf with DIFO-647 for
1 hour. The right panel in-
dicates an exposure time
that is 20 times longer than
that in the other two panels.
(B) Embryos were reacted at
72 hpf with DIFO-647 for
1 to 60 min. Asterisks de-
note autofluorescence. (C)
Zebrafish embryos incu-
bated with Ac.GalMAz or
ReGalNAc (fig. S6) starting
at 3 hpf were reacted with
DIFO-647 at 24 hpf and
subsequently at 12-hour
intervals, viewed laterally
and ventrally (alternating
panels). (D and E) Zebrafish
from (C) imaged at higher
‘magnification at 60 hpf (D)

Cc

N N =

30 min rxn|

or 72 hpf {E}, viewed laterally (left panels) and ventrally (right panels). Solid amowhead, olfactory organ; open

amowhead,
(©), 500 pm; in (B), (D), and (E), 200 pm.

pectoral fin. Dotted line indicates the pharyngeal epidermis in the jaw region. Scale bars in (A) and
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Fig. 3. Identification of temporally distinct glycan

lations during zebrafish devels using two-
color labeling. Zebrafish embryos metabolically
labeled with Ac.GalNAz from 3 to 60 hpf were
reacted with DIFO-647 between 60 and 61 hpf and
then reacted with DIFO-488 either between 61 and
62 hpf [(A}to (DY) or, after an additional 1 hour of
metabolic labeling with Ac;GalNAz, between 62 and
63 hipf [(E) to (). Control embryos incubated with
Ac;GalNAc and othewise reacted with the same
DIFO-fluorophore probes are shown in figs. 59 and
$10. (A) Brightfield image of a frontal view. (B} z-
projection (left panel) and x-projection (right panel)
fluorescence images of the mouth region. (C)
Brightfield image of a lateral view. (D) Single z-plane
fluorescence image of the pectoral fin region. (E)
Brightfield image of a ventral view of an embryo at
63 hpf. (F} Single z-plane fluorescence image of (E)
displaying intense DIFO-488 fluorescence but not
DIFO-647 fluorescence. (G} Left panel, single z-plane
fluorescence image of the jaw region; middle and
right panels, z-projection (middle panel and x-
projection (right panel) fluorescence images of the
region highlighted in the left panel (H) z-projection
(left panel) and y-projection (right panel) fluores-
cence images of the mouth. (D z-projection fluores-
cence image of the olfactory organ. Highlighted are
the olfactory epithelium (oe) and olfactory pit (op)
regions. In (B), (D), and (F}to (), red is DIFO-647 (60
to 61 hpf) and green is DIFO-488 [61 to 62 hpf in (B)

and D) and 62 to 63 hpf in (F) to (). Scale bars in (A), (C), (E), and (F}, 100 pm; in (B), (D), (G) (left pane, (H}, and (), 10 yum; in (G) (middle and right panels), 5 pm.

Fig. 4. Spatiotemporal
analysis of de novo glycan
biosynthesis during zebra-
fsh development between
60 and 72 hpf. Zebrafish
embryos metabolically la-
beled with Ac,GalNAz from
3 o 60 hpf were reacted
with DIFO-647 between 60
and 61 hpf, metabolically
labeled with Ac.GalNAz for
1 hour, and reacted with
DIFO-488 between 62 and
63 hpf. The embryos were
metabolically Labeled with
AcGalNAz for an addition-
al9 hours and then reacted
with DIFO-555 between 72
and 73 hpf. (A) z-projection
fluorescence image of a
lateral view. (B) Single
z-plane fluorescence im-
ages of the region high-
lighted in (A). (C) Single
Zz-plane fluorescence image
of a ventral view of the
jaw region. (D) Left panel,
z-projection fluorescence
image of cells in the re-
gion highlighted in (C);
middle and right panels,
z-projection (middle panel) and x-prajection {right panel) images of the cells highl inthe left
panel (white dashed rectangle). (E}z-projection (left panel) and x-projection (right panel} fluorescence images of
kinodilia. (F) z-projection fluorescence image of the olfactory organ. Highlighted are the olfactory epithelium
(oe} and olfactory pit (op) regions. Blue, DIFD-647 (60 to 61 hpf); green, DIFO-488 (62 to 63 hpf); red, DIFO-
555 (72 to 73 hpf). Scale bars in (&), and (O, 100 pm; in (B), 25 um; in (D) and (F), 10 pm; in (€}, 5 um.

detailed studies of glycan expression and dynam-
ics in these structures.

We sought 1o resolve temporally distinet pop-
ulations of glycans using two- and three-color
detection experiments (fig. 7). Embryos labeled
with Ac,GalNAz were reacted with DIFO-647 at
60 hpf to visualize the cell-surface glycans ex-
posed at that time paint. Because the fluorophare
canmot penetrate cells (10), nascent azide-labeled
glycans trafficking through the secretory path-
way remained unreacted. In order io distinguish
these newly synthesized glycans from the previ-
ously reacted population, we treated the embryos
with tris{2-carboxyethyl)phosphine (TCEP) to
quench unreacted cell surface azides and then
reacted the embryos with a second flucrophore,
DIFO488 (fig. S8). After the procedure, the
“old” glycans could be visualized by DIFO-647
fluorescence and the “new” glycans by DIFO-
488 fluorescence (fig. 57).

Throughout the organism, we observed zanes
of de novo glycan biosynthesis (Fig. 3, A to D,
and fig. 89), For example, the invagination of the
‘mouth was labeled minimally by the first reaction
but prominently by the second (Fig. 3, A and B,
and movie 1), suggesting that although this
structure was present at 60 hpf, its cells had only
recently synthesized large amounts of GalNAz-
labeled glycans. Further, we could readily dis-
tinguish plasma membrine-associated glycans
from those that had been internalized by the cells,
‘We noticed differential rates of endocytosis among
cells throughout the embryo. In the eye and
dorsal epithelium regions, prominent cell-surface

2 MAY 2008 VOL 320 SCIENCE www.sciencemag.org



fuorescence was apparent from both DIFO re-
agents, sugpesting a slow rate of glycan internal-
ization {movie S2). However, in the pectoral fin, the
old glycans detected with DIFO-647 (at 60 hpf) had
been almost entirely intemalized by the time the
embryos were imaged, whereas the new glycans
detected with DIFO488 (at 62 hpf) were predo-
minantly cell-surface-bound (Fig. 3, C and D).

To capture a broader spectrum of newly syn-
thesized giycans, we expanded the period between
the two DIFO-fluorophore reactions to 2 hours,
Using this protocol, we observed intense labeling
of the pharyngeal epidermis in the jaw region that
was derived from the second reaction (DIFO-488)
but not from the first (DIFO-647) (Fig. 3, Eand F:
fig. S10; and movie $3) In caudal regions of the
pharyngeal epidermis that were labeled during both
reactions, we noticed a cormugated distribution of
glyeans in which old glycans were restricted to
peaks at the extreme veniral surface and new gly-
cans were produced in troughs projecting dorsally
(Fig. 3G and movie 54). This corrugated panem
was not observed in other regions of the animal
(for example, Fig. 3H and fig. S11). Analysis of
the olfactory organ also revealed a clear spatial
distinction between the old and new glycans. The
more recently produced glycans were predomi
nantly localized in the olfactory pit, whereas older
glycans were present in both the olfactory pit and
epithelium (Fig. 31 and movie 85). The order of
treatment with the two DIFO-flucrophares had no
effect on the observed patierns (fig. S12),

Finally, we expanded our analysis to encom-
pass the period from &0 10 72 hpf using three DIFO-
fluorophore conjugates (DIFO-647, DIFO-488,
and DIFO-555; fig. 82). A population of doubly
reacted embryos was generated as before but then
quenched with TCEP a second time, allowed to
develop for § hours in AcGalNAz, and finally
laheled with DIFO-555 (fig. §7). Glyean produc-
tion between 63 and 72 hpf was evident through-
out the jaw region (Fig. 4, A to C, and movies 86
and 57), which was labeled robustly with DIFO-
555 but minimally with DIFO-647 and 488. In
conirast, cells analyzed from the extreme rostral re-
gion displayed DIFD-555 fluorescence on the cell
membrane as well as intracellular DIFO-647 and
488 fluorescence derived from internalized older
glveans (Fig. 4D). Additonally, the kinocilia of
mechanosensory hair cells surrounding the head of
the embryo displayed fluorescence from DIFO-555
but not from DIFO-647 or -488 (Fig. 4E and movie
S8). In contrast, adjacent epithelial cells displayed
fuorescence from all three DIFO reagents, indicat-
ing their maturation during an earlier period in
development. We also observed newer, DIFO-555—
labeled glycans on cilia in the olfactory pit, whereas
the maiority of the DIFO-647 and 488 fluorescence
was localized in the olfactory epithelium (Fig. 4F,
fig. 813, and movie $9). Thus, olfactory pit glycans
may be rapidly degraded or released from the em-
bryo: allematively, glycans produced in the olfactory
pit may migrate to the olfactory epithelium.

Metabolic labeling with AcyGalNAz followed
by detection via copper-free click chemisiry re-

vealed differences in the cell-surface expression,
infracellular trafficking, and tissue distribution of
glycans throughout zebrafish embryogenesis. This
approach may be generalized to altemative im-
aging modalities and to other biomolecules ()
[for example, sialic acids can be imaged with
N-azidoacetylmannosamine (fig. S14)].
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Phosphorylation by p38 MAPK
as an Alternative Pathway for

GSK3p Inactivation

Tina M. Thornton,” Gustavo Pedraza-Alva,** Bin Deng,** C. David Wood,'
Alexander Aronshtam,’ James L. Clements," Guadalupe Sabio,” Roger ). Davis,”
Dwight E. Matthews,’* Bradley Doble,® Mercedes Rincon™t

Glycogen synthase kinase 3f (GSK3[3) is involved in metabolism, neurodegeneration, and cancer.
Inhibition of GSK3p activity is the primary mechanism that regulates this widely expressed active
kinase. Although the protein kinase Akt inhibits GSK3p by phosphorylation at the N terminus,

ing Akt-mediated phosphorylati

does not affect the cell-survival pathway activated

through the GSK3[ substrate p-catenin. Here, we show that p38 mitogen-activated protein kinase
(MAPK) also inactivates GSK3[ by direct phosphorylation at its C terminus, and this inactivation
«can lead to an accumulation of f-catenin. p38 MAPK-mediated phosphorylation of GSK3p occurs

pri

arily in the brain and thymocytes. Activation of p-catenin—mediated signaling through GSK3p

inhibition provides a potential mechanism for p38 MAPK-mediated survival in specific tissues.

he p38 mitogen-activated protein kinase

(MAPK) is activated through phospho.

rylation primarily by MAPK kinase 3
(MKK3) and MKKS in respanse to cellular stress
and cytokines. The p38 MAPK pathway
functions in the conitrol of differentiation, the
‘blockade of proliferation, and in the induction of
apoptosis (7). It is also activated in response to
DNA double-stranded breaks (DSBs) induced by
ionizing irradiation or chemotherapeutic drugs,
and it participates in the induction of a Go/M cell-
cycle checkpoint (2, 3). p38 MAPK can also pro-
mote survival (4-6) by unknown mechanisms.
During T cell receptor [ (TCRP) rearangement,
V(DN ion-mediated DSBs al: tivat

p38 MAPK in immamre thymocytes at the
double negative 3 (DN3) stage of development
(7, &). The expression of a constitutively active
mutant of MKK6 [MKK6(Gu)] in thymocytes
of trmsgenic mice (MKKS6 transgenic mice)
acuvalm a p53-mediated GeM phzme ce!l cyr:Le
(8). Like ibis

gene (Rag) deficiency, persisient activation nf
P38 MAPK interferes with the differentiation of
thymocytes beyond the DN3 stage. However,
MEKK6 transgenic thymocytes (but not Rag *
thymocytes) survive and accumulate in vivo (§),
suggesting that p38 MAPK may also provide a
survival signal. A gene expression profile anal-

ysis ing Rag "~ and MKK6 DN3 thymo-

www.sciencemag.org  SCIENCE  VOL 320 2 MAY 2008

667



I REPORTS

668

cyles revealed that the MKKS DN3 thymaocytes
expressed more c-mye and lef (fig. S1) [two
transcription factors associated with cell survival
(9-47)] than did the Rag™™ thymocytes. The
increased abundance of ¢-Myc and Lef proteins
in the MKK6 transgenic thymocytes, compared
with Rag™ thymocytes, was confirmed by
Western blot analysis (Fig. 1A) (£2). Thymocytes
fromRag " mice crossed with MKK6 transgenic
(Rag* MKK®6) mice contained higher amounts
of c-Myc and Lef proteins than did Rag*"
thymocytes, indicating that the activation of p38
MAPK, but not the pre-TCR signals, contributes
1o the enhanced expression of these transcription
factors (Fig. 1B). The comyc and lef penes are
targets of the f-catenin signaling pathway in
certain contexts (13, 14). Nuclear accumulation
of p-catenin was detected in MKK6 thymocyies,
but not in Rag™ thymocytes (Fig. 1C). Ex-
pression of constitutively active MKKG in 293T
cells was also sufficient to increase the amount of
[-catenin protein (Fig. 1D), but this had no effect
on f-catenin mRNA (fig. 82).

Phosphorylation of [i-catenin by glycogen
synthase kinase 3f (GSK3[) targets B-catenin
for ubiquitination and subsequent degradation
(15, 16). The best- 5 ism for

Fig. 1. Regulation of the p-catenin A
pathway by p38 MAPIC. (A} Western blot

the inactivation of GSK3p is through phospho-
rylation of its N terminus at Ser’ by Akt (17). No
increase was observed in the amount of phospho-
Ser” GSK3p in MKK6 thymocytes compared
with that in Rag ™ thymocytes (Fig. 2A). Simi-
larly, no increase in phospho-Ser” was observed
in 293T cells wansfected with constitutively ac-
tive MKK6 (Fig. 2B). Phosphorylation of Ser’
was impaired by Wortmanin, an inhibitor of the
PI3K-Akt pathway, but it was not affected by the
pharmacological inhibitor of p38 MAPK SB203580
(fig. $3). Thus, p38 MAPK does not appear to
regulate the Aktmediated phosphorylation of
GSK3f on Ser”. p38 MAPK immuncprecipitated
from MKK6 th or MKKé- d

B,
SEE

- : Rag * MKK8

showing c-Myc and Lef in whole-cell
extracts from Rag™~ thymocytes {Rag™") L] My - cyc
and MKKG thymocytes (MKK6). Actin was
examined as a control. (B} Western blot Lef - Lef
showing c-Myc and Lef in thymocytes fram -— _ .
Rag™-, MKKS, and Rag~"~/MKKS mice. (C) Ak e e Actn
Western blot showing p-catenin in nuclear
extracts from Rag"'arld MKKS thymocytes. \
(D) Western blot showing p-catenin and p3g D F&
MAPK in whole-cell extracts from 293T cells Rag * MKK6 Eo
transfected with GSK3f (=} or GSIGP with Becatenin wm  p-catenin
P38 MAPK and MKK6 (p38/MKK6).

pas

Histone

Actin
Fig. 2. Direct phospho- 4
rylation of GSK3p by A Rag* MKKs B Con MKKs 38
p38 MAPK. (A} Western _e—_———
blot showing phospho- S [ S — GSKIP
Ser’ GSK3p (P-5”) and - G35
total GSK3p in Rag™ S Pp38
and MKK6 thymocytes. —
{8) Western blat shoviing SR i L
pser’ GSK3p, GSK3P, € D . o
phosphop38 MAPK (P-p38), s - sB Tolal dep Tolasl _dep
and p38 MAPK in 293T  =p.GSK3p = - B - &l
cells transfected with an aP-GSKap
empty vector (Con), MKK6. GSK3f GSK35
alone, or MKK6 and p38 TMKKE  z3aT —_————
MAPK [MKK&/p38). (O In Thy MICKE Thy aw
vitro p38 MAPK assay
with inactive recombinant  E - F 1P
GSK3P as the substrate o = GSK3A Gon
and p38 MAPK immuno- PGP - GSKIP e @
precipitated from MKK6- GSK3p
thymocytes (MKKG Thy) o P -
MKKé-transfected 2937 cells (293T). In vitro reactions were incubated in the G &
presence (SB) or absence (-) of the spedific p38 MAPK inhibitor SB203580. GSK3u ¥
Total GSK3P was visualized by PonceauS staining, and phosphorylated e

3p.GSK3a

GSK3[) was detected by autoradiography. (D) In vitro p38 MAPK kinase assay

293T cells phosphorylated recombinant catalyt-
ically inactive GSK3fi in vitro, and this phos-
phorylation was blocked by the p38 MAPK
inhibitor (Fig. 2C). No Akt was detected in p38
MAPK mmunoprecipitates, and no p38 MAPK
was detected in Akt immunoprecipitates (fig.
S4), muling out the presence of residual AKT
associated with p38 MAPK. The depletion of
Akt before immunoprecipitating p38 MAPK did
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ibed in (C), using total or Akt-depleted extracts (Akt-dep) from MKK6
thymocytes (MKK6 Thy) or MKK6-transfected 2937 cells (2937). (E} In vitro
kinase assay as described in (), with recombinant active p38 MAPK kinase.

2p.aTF2 * .
GSK3a .

(F) Western blot showing GSK3f) and p38 MAPK in the GSK3[s and p21 (Con)

immunoprecipitates (IP) and whole-cell extracts from MKK6 thymocytes (Input). (G} In vitro kinase assay
for recombinant active p38 MAPK kinase using catalytically inactive GSK3a as a substrate. Phospho-
rylation of activating transcription factor 2 (ATF2) was examined as a positive control.

not affect the phosphorylation of GSK3 (Fig
2D). A purifiecd recombinant activated p38
MAPK also phosphorylated GSK3f in vitro,
and this phosphorylation was blocked by
SB203580 (Fig. 2E). Coi ipil

The MAPK extracellular signal-regulated
protein kinase (ERK) phosphorylates Thr'® of
GSK3p (20) but does not affect GSK3f activity.
Although SerPro or ThrPro metifs recognized by

analysis showed that p38 MAPK was present in
GSK3f immunoprecipitates from MKK6 thy-
mocytes (Fig. IF) and 2937 cells (fig. $5). Thus,
P38 MAPK physically associates with and phos-
phorylates GSK3f) at a Ser-independent residue.
Although GSK3a and GSK3p are thought to be
similarly regulated and can compensate for each
other for some functions (18, 19), GSK3a was
not phosphorylated by recombinant p38 MAPK
in vitra (Fig. 2G).

ERK are al: d by other MAPK groups,
P38 MAPK was still able to partially phospho-
rylate a GSK3P-T" A mutant (Fig. 3A), suggest-
ing the existence of additional phosphoryiation
sites in GSK3P. Mass spectrometric analysis of
recombinant GSK3[3 phosphorylated in vitro by
P38 MAPK revealed two GSK3f phospho-
peptides comaining phosphorylation within a
consensus SerPro or ThrPro motif, a phospho-
peptide containing Thr, and a C-terminal pep-
tide (384 to 403) containing the ThrPro motif at

2 MAY 2008 VOL 320 SCIENCE www.sciencemag.org
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Fig. 3. Inhibition of GSK3[ by p38 MAPK is mediated by A my G
phosphorylation at The'™®. (&) In vitro kinase assays for WY TeA W TeA A A . v‘g‘\‘v
recombinant p38 MAPK with catalytically inactive GSK3p and s - s8- s -88- S8 sa- Er o b 4
GSK3P-TA mutant as substrates. (B) In vitro kinase assay for  wpgeggy <= = “Poskap PGS
recombinant p38 MAPK with kinase-inactive GSK3p (WT), GsKap asKap GsKap
GSK3R-T™A, GSK3B-T°A, and GSK3P-TEAT ™A mutants as
substrates. (C) In vitro kinase assay for recombinant active ERK D E
with catalytically inactive GSK3f, GSK3[-T A, GSK3p-T°A, GeKap L] GSK3p
and GSK3B-T AT "°A mutants as substrates. (D} In vitro kinase 2z __ - b TR i e gom
assay for active GSK3B, GSK3P-TA, and GSK3F-T°"A mutants 5 "é TE s
before (Con) or after incubation with activated Akt or activated ;3 7S 7S s 5 3
P38 MAPK. GSK3f activity relative to the activity vithout Aktor £ 2 e pil = je=
p38 MAPK (Con} is shown. Emor bars represent SD (0 = 3 =
replicates). (E) In vitro GSK3[j kinase reactions alone () or in the comNTee Oon AKTpas; = 0oaAKT o
presence of unphosphorylated-Thr’*® (Th**®), phospho-Ser® (P-
Ser’), or phospho-Thrm (-Thr*") peptides, as described in (D). E
Error bars represent SD. (F) GSK3[ in vitro kinase assays as in 35, Unphosphorylated-Theoo
(D), using various concentrations of phospho-Thr*, phospho- " : 0 iy
Ser’, and unphosphorylated-Th™*" peptides. Each point is the £ 25 P A
average of two measurements. GSM, modified glycogen synthase ¢ 20 o . ”°”°'§‘“°
peptide. i ® T
ol 0 “2ml
5 s
"o °% =0 sun o0 toan e
GSH ()
Thr**® (corresponding to Ser’™ in mouse
GSK3f) (figs. $6 and S7). To confirm Thr'™® as
a target of p38 MAPK in GSK3f, catalytically oy
inactive GSK3p-T°A and GSK3B-T AT A A B i ! G g D_ -
mutanis were used as substrates for p38 MAPK WT ) T e .
in vitro. Phosphorylation of the GSK3p-T'*A poanm MK Twam - pgern T
mutant by p38 MAPK was partially reduced Aty - B —— " ok
but nat abrogated (Fig. 3B), but phosphory! Gekap o GSKI f-catenin
ation of the GSK3pTVAM ™A mutant was enemesciroh EEETEE w0 T e A
abrogated, indicating that these two residues - Al
are probably the targets for p38 MAPK in
GSK3p. The T*'A mutation (but not the T A E  mer ES calls F _— s —_
mutation) abrogated phosphorylation of GSK'f L een i pggt o pegres B ppca = B ousenin
by ERK (Fig. 3C). Thus, Thr™ of GSK3p ap- o plail =N o A
pears 10 be specifically phosphorylated by p3s o s S Cerap Powt
MAPK. o c -GS g nctin
We examined the activity of wild-type (WT) e
GSK3f and GSK3pP-T™A and GSK3p-T*"A G H |
putents befere or after incubation With p38 & a é‘\ & ™ i F&
MAPK or Akl p38 MAPK inhibited both WT - - _%6  -am g o
GSK3p and the GSK3p-T" A mutant (Fig. 3D), P-Sers
but not the GSK3p-T*°A mutant (Fig. 3D). Al - - P-Sor’ - GsKap B

inhibited WT GSK35 and the two mutants (Fig.
3D). p38 MAPK did not affect the activity of

results demonstrate that p38 MAPK-mediated

——— e W GSIOR

- S, - Actin

GSK3a (fig. $8), in which the Thr™ residue s wra GAPDH  Fig. 4. Phosphorylation of endogenous GSK3[ by p38 MAPK.
5 s 1 2 (A} Western blot showing the presence of endogenous phospho-
SK3p i mserved. Togeth I
oo GRK S B mol o e Jogefu, hese ?1 ser’™ GSK3p (P-ser’™) in WT, GSK3a™, and GSK3p~™~ ES
i
S

phosphorylation of GSK3p at Thr'™ (but not
Thr') is sufficient to inhibit GSK3p activity. A
peptide derived from the N terminus of GSK3f

3

cells. Total GSK3a, GSK3p, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were examined as controls. (B}
Western blot showing P-Ser™”” in GSK3p™ ES cells transfected

containing phospho-Ser’ specifically inhibits
GSK3p in viwo (21, 22). A phospho-The'™
peptide alsa inhibited GSK3P activity, whereas
the unphospharylated The'™ peptide did not
(Fig. 3E). The phospho-Thr™*° peptide inhibited
GSK3f activity as efficiently as the phospho-
Ser’ geplid: (Fig. 3F). Thus, phosphorylation at

hr* ™ by p38 MAPK may cause an inhibition of
GSK3f comparable to the phosphorylation of

by Akt

with WT GSIGp or GSK3E-5""°A mutant alone or with p38 MAPK and MKK6 (p3&/MKKG). (€}
Western blot showing P-Ser’®, Flag-tagged mouse GSK3[, and fi-catenin in nontransfected 2937
cells (=} or cells transfected with mouse GSK3f alone or in combination with p38 MAPK and MKKé
(p38/MKK). (D) P-Ser®™, total GSK3P, and [-catenin in 2937 cells transfected with GSK3p, p38,
and MKK6 in the absence (-) or presence of 58203580. (E} P-Ser”™” and total GSK3P in MEF or
total G5K3a and GSK3f in ES cells nontreated (<) or treated with SB203580. (F) P-Ser*®”, p-Ser’,
total GSK3p, P-p38, total p38, and [-catenin in WT and MKK3™"MKK6™" (3/6™) MEF. (G) The
tissue distribution of P-Ser’®, P-Ser’, and total GSK3p. Quantification of the levels of P-Ser’®”
relative to P- Ser” in each tissue is also shown (lower panel). Thy, thymocytes; Spl, spleen cells. (H)
P-5er’® and total GSKBE in thymocytes and brain from WT mice treated in vivo with vehicle (=) or
5B203580 (SB). (1) P-5**" and total GSK3p in thymocytes from Rag™~ and MKK6 transgenic mice.
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To demonstrate the phosphorylation of this
residue in intact cells and in vivo, we generated a
specific antibody (Ab) to a mouse phospho-
Ser’™ GSK3p peptide. A band corresponding to
GSK3fi was detected with this Ab in WT and
GSK3a ™" embryonic stem (ES) cells, but not in
the GSK3p™ ES cells by Westem blot analysis
(Fig. 4A). This specific band was also present in
GSK3p " ES cells i with a WT

GSK3p in both thymocyles and the brain (Fig.
4H). Analysis of phaspho-Ser®®” in MKK6 and
Rag™™ thymocytes showed that phospho-§™7
GSK3p was present selectively in MKK6 thy-
mocytes (Fig. 41). Together, these results support
our proposal that GSK3p is phosphorylated at
§* i vivo by p38 MAPK and that this al-
ternative regulatory mechanism of GSK3p is
i ifi

GSK3f, but not with a GSK3p-5’A mutant
(Fig. 4B). Phospho-Ser’™ GSK3[ was detected
in mouse GSK3B-transfected 2937 cells, but only
if active MKK6 was present (Fig. 4C). The pres-
ence of the phospho-Ser*® GSK3p in these cells
correlated with an increased amount of p-catenin
(Fig. 4C), which is indicative of an inhibition of
GSK3p activity. Ser’™-phosphorylation was also
detected in WT GSK3f), butnot the GSK3p-§"¥A
mutant after in vitro incubation with activated
p38 MAPK (fig. S9). Phosphatase treatment of
GSK3f previously incubated with activated p38
MAPK abrogated its recognition by the phospho-
Ser’™ Ab (fig. 89). Together, these results show
the specifiity of this Ab for phospho-S** GSK3p
and the phosphorylation of GSK3p at S*” by p3s
MAPK in vitro.

To determine whether activation of p38
MAPK was required for phosphorylation of
GSK3p at Ser’™ in intact cells, we treated mouse
GSK3f-transfected 293T cells with SB203580.
The inhibition of p38 MAPK abrogated the
phosphorylation of Ser'™ (Fig. 4D). Similarly,
treatment with SB203580 inhibited phosphoryl
ation of endogenous GSK3p at Ser™ in WT
mouse embryonic fibroblasts (MEFs) and ES cells
(Fig. 4E). We also examined phospho-Ser'™
abundance in MEFs deficient for the major
upstrean activators of p38 MAPK, MKK3, and
MKK6 (23). Phospho-Ser™ was harely detect-
able in MKK3 " "MKK6™~ MEFs (Fig. 4F). In
contrast, the amounis of phospho-Ser’ were
comparable in WT and MKK3™ MKK§ "~ MEFs
(Fig. 4F). Thus, activation of p38 MAPK. appears
1o be mgﬂimd for the phosphorylation of GSK3f
at Ser'™, Inhibition zr pzs%m by either
SB203580 (Fig. 4D) or the absence of MKK3 and
MKKS (Fig. 4F) also decreased the amount of
[-catenin, consistent with the possibility that p38
MAPK activation is required for repressing
GSK3 activity.

We also examined phospho-Ser’™ in different
mouse tissues. A high amount of phospho-8™®
was detected in the brain, and lesser amounts
were detected in thymacytes and spleen cells (Fig.
4G). Phospho-Ser™ was not detected in the
kidney (Fig. 4G), liver, or heart (fig. $10). Phos-
phorylation of GSK3{ at Ser’ was detected in
practically all of the examined tissues (Fig. 4G).
Analysis of the relative abundance of phospho-
8% and phospho-S° showed a predominance of
the former in the brain and thymecytes (Fig. 4G),
which correlated with the selective high activation
of p38 MAPK in these tissues (fig. S11). In-
hibition of p38 MAPK by treating animals with
SB203580 reduced the levels of phospho-Ser'™

P

‘To date, phosphorylation at Ser” by Akt is the
best-characterized mechanism for the inhibition
of GSK3p activity. However, knockin mice in
which Ser’ was replaced by Ala have only a
subtle defect related to insulin regulation of
glycogen synthase in their skeletal muscle tissue
(24), indicating that altemative mechanisms may
be involved in the negative regulation of GSK3f
for certain functions. We propose that the
phosphorylation of GSK3f at 8% by p3g
MAPK may be one such mechanism. Conditions
that promote the activation of p38 MAPK pro-
mote the accumnulation of [f-calenin in centain
scenarios; thus, the activation of the p38 MAPK
pathway could be an altemative mechanism to
regulate P-catenin/T cell factor signaling (and,
potentially, cell survival) through the inactivation
of GSK3f.
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Asymmetric Tethering of Flat and
Curved Lipid Membranes by a Golgin

Guillaume Drin, Vincent Morello,” Jean-Frangois Casella,
1

Pierre G:lur'u.m.z Bruno Antonny ™

Golgins, long stringlike proteins, tether cisternae and transport vesicles at the Golgi apparatus.
‘We examined the attachment of golgin GMAP-210 to lipid membranes. GMAP-210 connected
highly curved liposomes to flatter ones. This asymmetric tethering relied on motifs that

sensed membrane curvature both in the N terminus of GMAP-210 and in ArfGAP1, which
controlled the interaction of the C terminus of GMAP-210 with the small guanine nucleotide—
binding protein Arf1. Because membrane curvature constantly changes during vesicular trafficking,
this mode of tethering suggests a way to maintain the Golgi architecture without compromising

membrane flow.

he Golgi apparatus has a stable architec-
‘ture despite the intense flux of membrane
that passes through it {7, 2) Golging, which
probably comespond 1o molecular strings ob-

within minutes there must be regulatory mech-
anisms to promote and disrupt these links within
the same time scale. We studied human golgin
GMAP-210. This protein is located at the cis

served by electron mi Py (3), ibute to
this architecture by tethering membranes thanks
1o their coiled-coil structure, up to 200 nm in
length (). Some golgins link specific transport
vesicles to cisternac and may restrict their dif
fusion (5). But because vesicles bud and fuse

Uimstitut de Pharmacologie Moléculaire et Cellulaire, Université
de Nice Sophia Antipelis and CNRS, 660 route des lucides,
06560 Valbonne, France. *Cenfre Commun de Miaroscopie
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Golgi, and its overexpression induces the for-
mation of clusters of small vesicles (radius, R =
30 nm) at the expense of the Golgi (6, 7).

The first 38 residues of GMAP-210 form an
ALPS (amphipathic lipid-packing sensor) motif,
a lipid-binding madule that is remarkably sen-
sitive 1o membrane curvanure (8). Soluble and un-
folded in the presence of weakly curved liposomes
(R > 100 nm), ALPS motifs form an amphi-
pathic @ helix at the surface of small liposomes
(R < 50 nm) (8, 9). Through this motif, GMAP-
210 could trap small transport vesicles. On its C
terminus, GMAP-210 is predicted to contain a
GRAB (GRIP-related Arf binding) domain that
may interact with the small guanine nucleotide~

binding protein Arfl in the guanosine 5%
triphosphate (GTP) state (10). We reasoned that
this putative interaction may be stable only on
flat membranes because ArfGAPI, a puanosine
triphosphatase (GTPase) activating protein for
Arfl at the Golgi, contains two ALPS motifs,
making its activity exquisitely dependent on
membrane curvanre (9, 11, 12). Thus, the pres-
ence of ALPS motifs both in GMAP-210 and
in ArffGAP] suggests an asyminetric mode of
tethering between flat and curved membranes
(Fig. 1A). In vivo, this tethering would be ideal-
ly suited to confine vesicles in the vicinity of flat
cisternae. Morcover tethering should be disupted

as soon as one of the two membranes lost its

>

Tethering resistant to AfGAP1 No tethering or unsiable with AfGAP 1

REPORTS I

identity: that is, when the vesicle becomes flat
by membrane fusion or when the cisiemae be-
comes curved by budding. Thus, GMAP-210
could readily recycle such as to be always prop-
erly orientated.

Interaction between the GRAB domain of
GMAP-210 and a soluble form of ArflGTP has
not been observed (/{). Because Arfl interacts
with its parners at the surface of lipid mem-
branes, we reassessed its interaction with GMAP-
210 in the presence of liposomes. Two truncated
forms of GMAP-210 (GMAP .0 contained
amino acids 1597 to 1830 and GMAP 1, in-
cluded amino acids 1597 to 1843) were used
(Fig. 1B and table S1). Both included part of the
coiled-coil region and the GRAB domain, but
the longer mnslmr:l contained a shori pre-
dicted helix d from the

i

5

ALPS
GMAP-210 &
GMAR, e

= coiled-cail - GMAPG.gnon
£ GMAPG Jang

1597

P40+
e

»
3
401+

GMAP
GMAPC.iong

smcocm
ococm

== 1843

miniGMAP

mImGMAF{ALPE

=]

AMGAPY  fposome
B | radius (nm)
85

8

2
NBDGMAPC ik
+ 1
by iy

AfGAP1

NBD fluorescence (a.u.)
BE 3
”'1’2{5-‘} Fluo. change (%) M

=ArfGAP1 + AfGAP1

0 50
Liposome radius (nm)

100

Fig. 1. Membrane attachment of the two ends of GMAP-210. (A) With its N-terminal ALPS motif and its
C-terminal GRAB domain, GMAP-210 could connect small vesicles to membranes containing Arf1GTP.
The former interaction is stable only on curved membranes (8), whereas the latter should be stable only
on flat membranes because ArfGAP1 contains ALPS motifs and is very active on curved membranes. (B}
Domain organization of GMAP-210 and scheme of the constructs (24). (€) GMAPC.4,r; OF GMAP 100y
(0.5 pM} was incubated with liposomes (0.5 mM lipids, R = 115 = 51 nm), with Arf1 (1 pM), and with
GDP or GTP (66 M) at 1 M free Mg”*. The liposomes were recovered by flotation and bound proteins
were analyzed by SDS—polyacrylamide gel ELeclmphuresls (D) NBD fluorescence assay. The cuvette
contained liposomes (0.2 mM lipids, R = 42 = 8 nm), ™ GM»!FW.,.J (0.125 pM), and ArfLGDP (0.75 ).
When indicated, GTP (10 uM) was adﬁed and nucleotide exchange was promoted by lowering
temporally the concentration of free Mg®". Thereafter AfGAPL or ArfGAP3 (0.1 yh) was added. (E)
Effect of membrane curvature. (Top) Same as in (D} wvth llpD‘SﬂmE'S of different ridlus. (Bottom) Rate of
"‘”GMAP(..,"g dissociation versus liposome radius as de from two i

(F) Opposite effect of membrane curvature on the N and C termini of GMAP -210. GMAP 15 WaS
incubated with the liposomes and with Arf1 and GTP as in (O followed by 3-min incubation with 0.1 uM
ArfGAPL. GMAPy was simply mixed with the liposomes.

‘GRAB domain. These constructs were incu-

b:u.cd with hpuscmr:s in the presence of Arfl,

and | il proteins were

by ﬂmaum AFIGTP but not ArflGDP efficient
ly recruited GMAPC 4, 1o the liposomes (Fig.
1C). No recruitment by ArflGTP was observed
far GMAPC ¢ ar when GMAP( o, cammied the
Leu'™ — Al (L1783A) musation (Fig. 1C
and fig. S1) This mutation eliminates the Golgi
localization of the C-terminal region of GMAP-
210, and the cognate residue in the GRIP do-
main is critical for the interaction with ArllGTP
(I0). Thus, in the same way as the GRIP do-
main (I3, 14), the GRAB domain may interact
simultaneously with the lipid membrane through
its anphipathic helix and with AcflGTP (Fig. 1A).
To test this, we attached a membrane-sensitive
fluorescent probe (NBD) to this helix via a cys-
teine mutation (fig. 82, A to C). Guanasine di-
phosphate (GDP)-to-GTP exchange on Arfl
promoted an increase and a blue shift in the
fluorescence of h'BDGl\iAPc_mb suggesting that
the amphipathic helix of the GRAB domain
contacted the liposome surface (Fig. 1D and fig.
83, A to D). The kinetics of the NBD fluores-
cence change matched the time course of Arfl
activation, and its amplitude vared with Arfl
concentration in a manner suggesting a stoichi-
ometic interaction between the two proteins
(fig S3B).

Two GTPase activating proteins for Arfl,
ArfGAP1, and ArfGAP3 (Geslp and Glo3p in
veast) are localized at the cis Golgi (/5) and
are candidates for promoting GTP hydrolysis
in the AfflGTP-GRAB domain complex. To
test this, we took advantage of the fluores-
cence signal associated with the translocation
of MPGMAPe . AGAP] reversed the NBD
signal within mimutes, whereas ArfGAP3 had al-
most na effect (Fig. 1D}, This observation fits with
the idea that AfGAP1/Geslp can act on several
ArffArl-effector complexes at the Golgl, including
complexes with golgins, whereas AHGAP3/Glodp
is more specific to the Arfl-coatomer complex
{16-18), Because the activity of ArfGAP] is strong-
'y dependent on memibrane curvature owing to its
ALPS motifs (9, 12), we asked whether ArffGAPI
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retained this feature when it promoted GTP hy-
drolysis in the AFIGTP-GMAP ,p, complex.
Reducing liposome size from 100 to 35 nm ac-
celerated 100-fold the dissociation of the complex
triggered by ArfGAPI (Fig. 1E). This response
resembles that observed on liposomes covered
solely by AflGTP or by Adl1GTP in complex
with coatomer (11). Thus, if the ArflGTP-GRAB
domain complex is not sensitive 10 membrane
curvanure per se, the control of its attachment by
ATfGAP] creates sensitivity to membrane cur-
vature opposite to that of the N termims. In lipo-
some binding experiments, the N-terminal region
of GMAP-210 (GMAPy included amino acids
110 375) bound preferentially to small liposomes,
whereas the complex between the C-terminal
r:gmn (GMAP¢ 1) and ArflGTP was stable,
in the presence of ArfGAPI, only on large
liposomes (Fig. 1F).

Having defined simple rules for the mem-
brane attachment of the two ends of GMAP-210,
we wished to reconstitite its tethering activity
on liposomes. Because full-length GMAP-210
was difficult to express in £, coli and poarly sol-
uhle, we used a shorter construct, miniGMAP,
made by fusing GMAPy and GMAPC g, (Fig.
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Fig. 2. Liposome tethering induced by miniGMAP. (A) Small lipasomes (R =
32 + 9 nm, 50 pM accessible lipids) covered or not with Af1GTP (0.25 M)
ps: OF GMAPy (0.125 pM). Liposome
aggregation was followed by DLS. (Left) Msan radius and polydispersity (shaded
area) over time. (Right) Size distribution before (yellow bars) and after (blue
bars) the reaction. (B} Electron micrographs of negatively stained small lipo-
somes (R = 38 + 9 nm) covered with Af1GIP and incubated or not with
miniGMAP as in {&). (O Two populations of liposomes (small, R = 36 + 7 nm;
large, R = 143 & 45 nm; 25 uM accessible lipids each) and either covered or not
with Arf1GTP (0.25 uM) were mixed. Then 0.125 LM miniGMAP was quickly
added, and liposome aggregation was followed by DLS. Thereafter, ArfGAP1 or
the 4K; mutant was added at 0.25 uM. Yellow bars indicate initial size dis-
tribution; blue bars, size distribution after aggregation; and red or green bars,
final size distribution after AfGAP1 or 4K, respectively, addition. (D} Typical
assembly of large (L} liposomes (R = 144 + 55 nm; 25 uM accessible lipids)

were mixed with miniGMAP, miniGMAP .,

1B). MiniGMAP contained the ALPS motif, one-
third of the coiledcoil region, and the GRAB
domain with its amphipathic helix. When over-
expressed in Hela cells, this construct affected
the Golgi morphology in a manner similar to that
of the full fength form (figs. 4 and S5). We as-
sessed the effect of miniGMAP on a homogeneous
populau'an of liposomes. Dynainic light scatter-

copies of miniGMAP per liposome (table S2),
a density similar io what is used to artificially
dock liposomes through complementary DNA
molecules (21).

Next, we conducted experiments in which two
populations of liposomes of defined size were
mixed: one covered with AflGTP and one devoid
of Arfl (Fig. 2C). Both were used at the same

ing (DLS) and electron were

of ible lipids. Shonly after

used 1o detect liposome aggmgmmn MiniGMAP
caused small liposomes (R = 32 + 9 nm) covered
with AFIGTP to assemble in larpe aggregates
(0.5 to 1 pm) within minutes (Fig. 2, A and B,
and fig. $6). In contrast, almost no aggregation
was observed for liposomes devoid of ArflGTP
or when miniGMAP lacked the ALPS motif (Fig.
2A and fig. 57). Liposome aggregation also di-
minished when vesicle size increasel (sce below).
Thus, the tethering activity of GMAP-210 relics
both on its ALPS motif and on the interaction of
its GRAB domain with ArflGTP. Tethering was
very efficient Liposomes aggregated with only
25 nM miniGMAP (fig. 86), a concentration 10-
to 100-fold lower than those in other tethering
reactions reconstituted with proteins and lipo-

liposome mixing, miniGMAP was added, and
aggregation was followed. Lastly, AfGAP] was
added to test the resistance of the liposome ag-
gregates. Strong aggregation was observed for
two mixtures: those containing small naked lipo-
somes and small iposames covered with Af1GTP
and those containing small naked liposomes and
large liposomes covered with ArfIGTP (Fig.
2C). In contrast, the aggregation signal was much
weaker when both liposome populations were of
large size (fig. S8). Thus for membrane aggre-
gation 1o ocewr, the presence of highly curved
membranes and of membrane-bound ArffIGTP is
required (Fig. 2A), but these two determinants
do not need to be on the same liposome.

The asymmetric and the symmetric tethering

somes (19, 24). This ponds to 10 10 15 differed in their sensitivity to ArfGAP1.
[} small lip
moMAR AMGAPT >
L 2
w0 g J\
. = RA R
®
‘small ip(AH1GTP) T —
T smallp AdGAPT Radius (nm) AR
£
1200
2 40 ArGAP1
E oo g 5| |k =
% ® arge Kp(AMIGTP) é 0 -
snall lip = \
mGMAP #a
1200 .
800 0
MGMAP o 10 100 1000 -\r
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covered with 0.125 pM Arf1GTP after incubation with 62.5 nM miniGMAP and
with small (s) naked liposomes (R = 41 £ 16 nm; 50 uM accessible lipids). See
figs. 56 to S9 for supplementary data and gallery of electron micrographs.

larga Ip(AIGTP)
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The majority of the aggregates formed in mixture
ining only small 1 i d
within minutes upon ArffGAP] addition, whereas

ArfIGTP but not other geometrical combina-
tions (Fig. 1A).
Next we established a system suitable for light

those formed by large ki covered with
ArfIGTP and small naked liposomes were re-
sistant (Fig. 2C). In the latter case, we observed
disassembly when we used a mutant of AfGAP]
(4K} that displays more avidity to flat mem-
branes than the wild-type form owing to specific
mutations in its ALPS motif (§). Thus, ArfGAP]L
through its ALPS motif is capable of selectively
disrupting miniGMAP-induced tethering accord
ing to the curvature of the membrane on which
ArfIGTP anchors the GRAB domain. The fact
that ArfGAPI or the 4K; mutant can reverse li-
posome aggregation suggests that no substantial
membrane fusion occurred during tethering. EM
analysis of incubations conducted with small
naked liposomes and large liposomes supple-
mented with ArflGTP revealed the formation
of clusters containing a few large liposomes and
many small liposomes, the latter forming a kind
of cement around the larger ones, suggesting
that large liposomes contact preferentially small
liposames and vice versa (Fig. 2D and fig. S9).
If membrane tethering was random, we should
have observed direct contacts between large li
posomes a8 well as clusters of small liposomes
such as those visualized previously (Fip. 2B).
Thus, in the presence of ArfGAP1, GMAP-210
forms an asymmetric tether that can stably can
nect a curved membrane to a flat one displaying

+ ArfGAP1
+ miniGMAP

+ ArfGAP1
~-miniGMAP

We mixed piant liposomes (lens
of micrometers in size) labeled with a green
fluorophore with small liposomes labeled with
a red fluorophore. The former were visible un-
der the microscope, whereas the latter gave a red
fluorescence background. Upon attachment of
small liposomes, the contour of the giant lipo-
somes became red (fig. S10). Arfl was al-
lowed 1o undergo cycles of GTP binding and
hydrolysis on the two populations of liposomes,
caused by the addition of AfGAP1 and of the
phosphatidylinositol 4,5-bi (PIP;)-
dependent guanine nucleotide exchange factor
Amo (22). Because both large and small Epo-
somes contained PIP;, Amo-catalyzed GDP/GTP
exchange on Al occurred on the two popula-
ions of liposomes, whereas ArfGAP]-catalyzed
GTP hydrolysis in Arfl occurred preferentially
on the small Hposomes owing to their strong
curvarure. Thus, with both Arno and ArfGAP]
present, ArfIGTP should be found at steady
state preferentially on the giant liposomes. Un-
der these conditions, miniGMAP caused the large
liposames 1o be surrounded by red fluorescence
(Fig. 3, A to C, and fig. S11). In contrast, when
ArfGAP1 was absent, we observed numerous
red spois of various size and rarely connected
to the giant liposames (Fig. 3D). Thus, ArfGAP1
helps to organize GMAP-210 tethering by pre-

Intensity (a.u.)

Distance (pm)

+ miniGMAP

Fig. 3. Self-organization of membrane tethering by miniGMAP when the GTPase cycle of Arfl i
controlled by Arno and ArfGAP1. The sample contains giant liposomes (green) and small liposomes (red;
R = 42 + 10 nm), all with the same composition (Golgi mix plus 4% PIP;). Arrows indicate typical
liposome assemblies. {A and B) The liposome mixture was supplemented with Arf1 (380 nM), GTP
(150 uM), Ame (20 nh), AfGAP1 (185 nM), and miniGMAP (62.5 nM). a.u., arbitrary units. (C and D)
MiniGMAP or ArfGAP1 was omitted. The liposomes were visualized by epifluorescence microscopy [(A),
{C), and (D) or by confocal microscopy {B). Other confocal images are shown in fig. S11.
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venting the formation of symmetric assem-
blies between small liposomes, thereby favoring
asymmetric assemblies between large and small
liposomes.

Multiple tethering events involving different
membranes and several long coiled-coil proteins
(e.g., pl15) occur at the interface between the
endoplasmic reticulum and the cis Golgi (4). The
minimal mode] presented here seems adapted
0 the capture of small transport vesicles at this
region, but additional interactions with protein
coats, Rabs, and the cytoskeleton may impose
a more specific rle to GMAP-210 (4, 23). Never-
theless, a reversible tethering mechanism based
on the detection of membrane curvature is straight-
forward because curvature is a good index for
the completion of budding and fusion events,
By permitting transient interactions between
membranes that are continuously remodeled,
GMAP-210 may contribute to the self-organizing
properties of the Golgi
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Innate Immune Activation Through
Nalp3 Inflammasome Sensing of
Asbestos and Silica

674
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The inhalation of airborne pollutants, such as asbestos or silica, is linked to inflammation of the
lung, fibrosis, and lung cancer. How the presence of pathogenic dust is recognized and how chronic
inflammatory diseases are triggered are poorly understood. Here, we show that asbestos and silica
are sensed by the Nalp3 inflammasome, whose subsequent activation leads to interleukin-1p

secretion. Inflammasome activation is triggered by reactive oxygen species, which are generated by
a NADPH oxidase upon particle phagocytosis. (NADPH is the reduced form of mcotlnamlde adenine

dinucleotide phosphate.) In a model of asbestos inhalation, Nalp3~~ mice showed

human monocyte-derived macrophages also
produced mature TL-1p after stimulation with
asbestos or silica (Fig. 1C), whereas DEP expo-
sure did not result in IL-1p secretion.

Mature IL-1 is produced by cleavage of the
inactive pro-IL-1p precursor by caspase-1, which
is activated within a large multiprotein complex,
termed the inflammasoime (&), The Nalp3 inflamma-
some, composed of the Nod-like receptor (NLR)
protein Nalp3 (also called Cryopyrin or NLRP3),
Cardinal, the adaptor ASC (apoptosis-associated
speck-like protein contaming a C-terminal cas
pase recruitment domain), and caspase-1, is im-
plicated in the production of mature IL-1f in
Tesponse 1o a variety of signals. For example, the
presence of bacteria is recognized through bind-
ing of the pathogen-: amx:mgd molecular pattem

recruitment of inflammatory cells to the lungs, paralleled by lower cytokine production. Qur
findings implicate the Nalp3 inflammasome in particulate matter—related pulmonary diseases and
support its role as a major proinflammatory “danger” receptor.

are in d contact with the

exposures can result in pulmonary fibrosis
(asbestosis, silicosis), and lung cancer, espe-
mslly in smokers (/). Asbestos fibers have been
d with devel of mali meso-
theliomas after environmental exposures (2). The
mechanisms of injury 1o cells of the lung and
pleura and disease development by these patho-
genic particulates are unclear (3, 4). Inflamma
tion is a hallmark of exposure 1o asbestos or silica
and is observed both in animal models and in the
lungs of patients with asbestos-related lung dis-
ease (J, 3). Bronchial epithelial cells and alveolar

Inhalalien of asbestos or silica in
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Fig. 1. Asbestos and silica activate IL-1f secretion in human macro-
phages. (A} THP1 cells were stimulated for & hours with the indicated
amounts (mg/ml media} of asbestos, silica, DEPs, CSE (% in solution), or
MSU. (B) THP1 cells were stimulated with 0.2 mg/ml asbestos, 0.5 mg/ml
DEPs, or 0.2 mgiml MSU for the indicated times. Media supernatants (SN)
were analyzed for the presence of mature IL-1f and cell extracts (Cell),

inhaled particulates when clearing them from the
lung and can initiate and sustain inflammatory
responses. Likewise, inflammatory responses are
observed after exposure to other particulates,
such as those found in diese] exhaust (5).

The reported proinflammatory activities of
ashestos and silica prompted us to investigate
the polential of these particulates in activating
the secretion of the proinflammatory cytokine
interleukin-1p (IL-1p) in human macrophages (6).
We indeed observed that the macrophage-like cell
line THP1 secreted mature [L-1p on stimulation
with asbestos or silica (Fig. 1A). In contrast, the
addition of diesel exhaust particles (DEPs) or
cigaretic smoke extract (CSE) did not result in the
production of detectable IL-1f when measured
afier 6 hours of exposure (Fig. 1A). The secretion
of mature IL-1p induced by asbestos was com-
parable to amounts observed with monosodium
urate crystals (MSU), known to be a potent ac
tivator of IL-1P processing (7) (Fig. 1, A and B).
Inert particles, such as polystyrene beads, did not
activate TL-1p maturation (Fig. 1B). Primary

B a@ﬁﬁ
> &
L S o

® 1361361361364

human monocyte-derived

means £ SEM.

(PAMP) ide (MDP) or via the
action of bacterial toxins (9, I0). In addition 10
PAMPs, Nalp3 has the extraordinary capacity of
sensing endogenous stress-associated danger sig-
nals (DAMPs) such as adenosine tiphosphate
{ATP) (9) or MSU (7). Because both MSU and
ashestos are crystalline structures, we wondered
whether production of IL-1f} by asbestos would
also occur through the Nalp3 inflammasome. To
clarify this, we determined whether the partic

ulates activate caspase-1 in THP1 cells and, in-
deed, found processing of caspase-1 into the p10
fragment (fig. S$1). We then measured IL-1p matu-
ration in cells in which the different inflamma.

some camponents were down-regulated. Highly
reduced secretion of mature IL-1B was observed in
cells from which Nalp3, ASC, and caspase-1 had
each been removed (knocked down), similar pat-
tems were observed with MSU or the bacterial tox-
innigericin (Fig. 2A). Theresidual IL-1 secretion
observed in these cells is most likely due to
incomplete shutdown of the corresponding pro-
teins (fig. $2). In contrast, Toll-like receptors
(TLRs}) or IL-1 receptors do not seem to be es-
sential for asbestos signaling, because the knock-
down or knock-out of MyDS8g, an intracellular
adaptor protein mediating TLR and IL-1 receptor
signaling, had little or no effecton TL-1 f secretion
and caspase-1 activation (Fig. 2A and fig. $3). To

é’e“
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IL-16 (pg/mi)

0
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50
[
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for the presence of pro-IL-1f by Wiestern blotting. (C) LPS-primed primary

macrophages (M-CSF) were stimulated for 6 hours

with asbestos (0.2, 0.1, or 0.05 mg/ml); silica (0.5, 0.2, or 0.1 mg/ml); DEP
0.2 mg/ml; and MSU (0.2 mg/mD and were analyzed by enzyme-linked
immunosorbent assay {ELISA) for IL-1[i released into the media. Values are

2 MAY 2008 VOL 320 SCIENCE www.sciencemag.org



further analyze the requirement for the Nalp3 in-
flammasome in particulate-induced IL-1§ process-
mgwelmd pnm.srymmmebanc marrow-derived
primed with lipopolysaccharide (LPS)
1o induce pro-| EL 1P synthesis and then stimulated
them with ashestos, silica, or MSU (Fig. 2B).
Caspase-1 was no longer cleaved and secreted in
the presence of the pan-caspase inhibitor zZVAD
or in macrophages from Nalp3- and ASC-deficient
mice, and as a consequence, mature [L-1f pro-
cessing and secretion were abolished (Fig. 2B).
By contrast, IL-1f production was indepen
dent of the Ipaf inflammazome, which has been
shown to activate caspase-1 and to produce
IL-1f in respansc to flagellin from Salmoneila
typhimurium and Legionella prewmophila (fig.
S, 1.
The of Nalp} i
activation by PAMPs or DAMPs is still poorly
understood. There are at least two possible
hypotheses: the activating molecules could di-
rectly interact with the LRR domain of Nalp3
after entering the cell, or they could modify one
or more membrane-associated proteins, which
then trigger a signaling cascade leading to Nalp3
activation. In favor of the latter assumption is the
recent finding that potassium (K™} efflux, lower-
ing intracellular K™ levels, is a requirement for
Nalp3 inflammasome activation triggered by all
known activators including MSU (/3-15). We
inhibited K* efflux by adding high concentra-
tions (130 mM) of KCl to the culture medium of
THP! cells and found that asbestos-induced TL-
1 production was blocked (Fig. 3A).

In order to delineate the ashestos-induced

REPORTS I

signaling pathway leading to inflammasome
activation in more detail, we started with the
question of whether ashestos fibers needed to be
endocytosed. Phagocytic cells can endocytose
small particles, whereas bigger crystals or fibers
are subject 10 so-called "frustrated” phagocytosis
(16) and remain trapped at the surface (Fig. 3B).
To test the importance of the endocytic process,
we treated THP1 cells with cytochalasin D, which
disrupts actin filaments. Cytochalasin D inhibited
not only secretion of mature IL-1f by ashestos
(Fig. 3C), but also by the particulate MSU,
whereas for noncrystalline Nalp3 activators such
as RR37 and nigericin, [L-1p secretion was not

ide adenine dinucleotide phosphate
(NADPH) oxidase triggered by "frustrated"
phagocytosis, generate ROS, which, in tumn,
contribute to inflammasome activaiion. In order
1o test this hypothesis, we investigated whether
ashestos led to ROS gencration under our
experimental conditions, which was the case
(fig. S6). We then treated THP1 cells with the
ROS inhibitors N-acetyl-L-cysteine (NAC) or
(2R AR)-4-aminopyrrolidine-2,4-dicarboxylate
{APDC) to determine whether the redox status of
the cell affected inflammasome activation. IL-
1 production was indeed impaired in response
to ashestos, MSU, and ATP when using these
imhibitors (Fig. 3D), which suggested that ROS

affected (Fig. 3C). B ' form of IL-
1 did not accumulate inside the cell (Fig, 3C), we
canclude that the actin cytoskeleton is necessary
for the attempt 1o phagocytose but does not drive
mature [L-1f secretion. The same effect was
achieved by treating the cells with the inhibitor
of actin polymerization, latunculin A (fig. 55).
Asbestos fibers have been shown to partici-
pate in redox reactions to generate reactive
oxygen species (ROS) that are widely linked to
signaling pathways and cause inflammation and
carcinogenesis [reviewed in (17)]. The genera-
tion of ROS correlates with toxicity and patho-
genicity of different types of asbestos. Recent
data also suggest a role for ROS in activating
caspase-1 on ATP treatment (18) and in Nalp3
inflammasome activation by MSU and R837
(13). 1t is, therefore, possible that asbestos par-
ticles, through activation of the reduced form of

A _mock  shhalp3  ShASC  shoaspl  shhyDEs
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Fig. 2. Asbestos-induced IL-1P secretion is dependent on Nalp3 inflammasome. (A} THP1 cells stably
expressing shRNA against the indicated target genes were stimulated for 6 hours with 0.2 mg/ml
asbestos, 0.2 mg/ml MSU, and 3.4 M nigericin. Media supernatants (SN) and cell extracts (Cell) were
analyzed by Western blotting as indicated in the text. (B} LPS-primed, murine bone marrow—derived
macrophages from wild-type (WT), Nalp3- or ASC-deficient mice were stimulated for 6 hours with the
indicated amounts (mgimD of asbestos, silica, and M5U, in the presence of 20 uM zVAD where
indicated, and were analyzed for IL-1f secretion and activation of caspase-1 by Western blotting.

: ion was a necessary step in inflamma-
some activation. Crocidolite asbesios fibers ap-
pear 1o be particularly potent ROS producers
because of the presence of iron on the fiber sur-
face. The iron is thought to play an important role
in the generation of free radicals (3). We observed
that iron chelation of asbestos fibers by deferox-
amine swongly reduced IL-1p maturation, al-
though it had no effect in response to MSU
crystals (Fig. 3E). However, uricasc treatment
blocked the activity of MSU but not of asbestos.

Our mode! predicts that inflammasome-
activating ROS are generated by a NADPH
oxidase known 1o be assembled and activated
on phagocytosis of microbes. In support of this,
IL-1p production was inhibited by the NADPH
oxidase inhibitors diphenylene iodonium (DPT)
and apocynin, but not by rotenane (an inhibitor
of mitochondrial complex 1) or TTFA (an inhib-
itor of mitochondrial complex 1) (fig. §7). To
further corroborate NADPH oxidase as a source
of ROS production, we knocked down the com-
mon NADPH oxidase subunit p22”** and found
highty diminished -1 secretion (Fig. 3F). If
ROS play a central role in NALP3 inflam-
masome activation, ROS detoxifying proteins,
such as thioredoxin (TRX), should play a regulat-
ing role in inflammasome activation. Indeed,
when ashestos and MSU were added to macro-
phages in which TRX was down-regulated by
short hairpin RNA (shRNA), increased IL- 1B se-
cretion was observed (Fig. 3G).

Models of ashestos inhalation have revealed
that the airway epithelium and alveolar macro-
phages play important roles in cell proliferation,
inflammation, and fibrogenesis triggered by the
ashestos fibers [reviewed in (7] To investigate
the in vivo significance of the Nalp3 inflamma-
some in ashestos-induced inflammation, Nalp3 /
and Nalp3™ littermate mice were expased for
9 days to chrysotile ashestos and markers of injury,
inflammation, and cyiokine production were ana-
lyzed on day 10. As previously shown (19, 26),
ashestos-exposed mice exhibited ncreased 1otal
cell numbers in bronchoalveolar lavage fluid
(BALF) compared with air-exposed mice. How-
ever, significantly fewer cells were recruited to
the lungs of Nalp3 ' mice after exposure to
ashestos (Fig. 4A). Notably, lymphocyte, eosin-
ophil, and neutrophil infiltration was reduced in
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Fig. 3. Nalp3 inflammaseme activation after asbestos stimulation is
dependent on endocytosis and ROS production. (A) THP1 cells were stimulated
with the indicated amounts of ashestas or MSU, in the presence of 20 UM
caspase inhibitor 2VAD or 130 mM extracellular KCL (B) THP1 cells were
treated for 6 hours with 0.2 mg/ml asbestos, 0.5 mg/ml silica, or 0.2 mg/ml
MSU. Particles andior fibers entering cells are marked with arrows and fibers
or particles on cell surface with arrowheads. (C) THP1 cells were stimulated for
6 hours with 0.2 mg/ml asbestos, 0.2 mg/ml MSU, 10 pg/ml R837, or 3.4 uM
nigericin, in the absence or presence of 0.2 pM cytochalasin D. (D) Murine
peritoneal macrophages were stimulated with asbestos, MSU, or ATP, in the

presence of N-acetyl--cysteine (NAC) (25 m} or APDC (50 uM). (E) THP1 cells
were stimulated with asbestos (0.1 mg/ml or MSU (0.1 mg/mb, in the pres-
ence or absence of deferoxamine mesylate (2 mM) or uricase (0.1 Wml),
respectively. (F) THP1 control cells (WT) or knock-down for the NADPH
oxidase subunit p22°™** cells were stimulated for 6 hours with 0.1 mg/ml
asbestos, 0.1 mg/ml MSU or 0.01 mg/ml R837. (G) THP1 control cells
(mock) or cells knocked down by shRNA against TRX were stimulated for
6 hours with 0.1 mg/ml asbestos, 0.1 mg/ml MSU, or 0.5 mg/ml silica. Media
supernatants (SN) or cell extracts (Cell) were analyzed by Western blotting as
indicated in the text.

Nalp3 ' asbestos-exposed mice (Fig. 4B). Sev-
eral cytokines were induced by ashestos, such as
IL-1, KC, and TL-12(p40) (Fig. 4C). KC, a
potent neutrophil chemoattractant, and [L-1p were
decreased in Nalp3 /" mice, whereas [L- 12{p40)
production was independent of Nalp3. Although
mucin pmdmmm, which parallels inflammatory
changes in lungs and may occur to facilitaie
clearance of asbestos fibers (21), was similarly
increased by asbestos in Nalp3 ' and Nalp3™*
lungs, significant increases in the mumber of mucin-
producing distal bronchioles, sites of impact of
chrysotile asbestos fibers after inhalation, oc-
curred in Nalp3 / mice (table S1).

The Nalp3 inflammasome s implicated in the
pathological increase of IL-1p production in

autoinflammatory syndromes, such as Muckle-
‘Wells syndrome (22), as well as inflammatory

by Nalp3. Rather, our data support a model in
w?uch ROS generated by a NADPH 0xxdase s
i in Nalp3 i

processes, such as gout and pseud (7). Our
I'md.m@ mppun The mplmalmn of the Nalp3
ry dis-
cases that are hnlced 1o pathogenic air pollutants
and can ultimately lead to lung cancer and fibro-
sis. Ashestos, MSU, and probably other pariicles
activate the NALP3 & ome in a similar
way, requiring actin-mediated cellular uptake in
contrast 1o small, nonparticulate molecules such
as R837, ATP, or nigericin. How the phagocy-
tosed fibers, particles, and MSU crystals are
sensed by the Nalp3 inflanimasome is not com-
pletely clear It seems unlikely, however, that
cach of the particles is “specifically” recognized

(Fig. 4D). ROS constitute one of the most ancient
danger signals and are generated in large amounts
by NADPH oxidase afier microbe {and fine
particle) phagocytosis.

An imporiant role for IL-1p has been
proposed in the pathogenesis of asbestos-induced
mesothelioma because it regulates human meso-
thelial cell proliferation (23), and IL-1p-driven
inflammation is well known to promote the
development and invasiveness of several tumor
types in vivo (24). Mareover, in a mouse mode!
of bleomycin- or silica-induced pulmonary fi-
brosis, treatment with IL-1 receptor antagonist
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(IL-1ra) reduces the proportion of damaged lung
(25). Silicosis and asbestosis continue to be a
common cause of chironic lung disease, despite
evidence that they can be prevented by environ-
mental dust control.

Anakinra (IL-lIra) is efficiently used i the
clinical treatment of autoinflammatory syndromes
{26), as well as for gout patients (27). The present
study suggests that Anakinra may be used to slow
down progression of ashestosis, silicosis, and pos-
sibly other inflammatory Jung diseases.
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A Haptoglobin-Hemoglobin Receptor
Conveys Innate Immunity to
Trypanosoma brucei in Humans

Benoit Vanhonebeke,’ Géraldine De Muylcllr,1 Marianne ). Mielserl,2 Annette Pays,1
Patricia Tebabi," Marc Dieu,® Martine Raes,® Saren K. Moestrup,” Etienne Pays™*

The protozoan parasite Trypanosoma brucei is lysed by apolipoprotein L-l, a component of
human high-density lipoprotein (HDL) particles that are also characterized by the presence of
haptoglobin-related protein. We report that this process is mediated by a parasite glycoprotein
receptor, which binds the haptoglobin-hemoglobin complex with high affinity for the uptake and
incorporation of heme into intracellular hemoproteins. In mice, this receptor was required for
optimal parasite growth and the resistance of parasites to the oxidative burst by host macrophages.
In humans, the trypanosome receptor also recognized the complex between hemoglobin and
haptoglobin-related protein, which explains its ability to capture trypanolytic HDLs. Thus, in
humans the presence of haptoglobin-related protein has diverted the function of the trypanosome
haptoglobin-hemoglobin receptor to elicit innate host immunity against the parasite.

arasites need to evade both the innate and  ferent subspecies of the African trypanosome
acquired immunity of their hosts, and this ~ Trypanasoma brucei. Apolipoprotein L-I (apoL1)
process results from contimuous evolution  is a primate-specific serum apolipoprotein that
of mutual self defense mechanisms. Such is the  mainly exists bound to a subset of high-density
case of human resistance and sensitivity 1o dif-  lipoprotein (HDL) particles that also contain
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haptoglobin-related protein (Hpr) (/-3). ApoL1
protects humans against infection by T brucei,
with the exception of subspecies that cause sleep-
ing sickness (7. brucei subsp. rhodesiense and
T. brucei subsp. gambiense) (4, 5). Trypanosome
Iysis results from the routing of apaL] into the
lysosame (4-7), where this protein triggers uncon-
trolled vacuole swelling due to its anion-selective

*Laboratory of Molecular Parasitclagy, Insiitute for Molecular
giology and Medicine, Université Libee de Snxelles, 12 rve
des Profs Jeener et Brachel, 86041 Gosselies, Belgium.
“Depariment of Medical Siochemistry, University of Aarhus,

pore-forming activity in the lysosomnal membrane
(7, 8. ApaLl uptake by the parasite is mainly
mediated by the Hpr of the carrier

Hp has been shown to compete equally as
well as Hpr for the uptake of TLF-1 by T brucei,

HDL particles termed trypanosome lytic factor
1 (TLF-1) (9, 10). In addition, a minor apol.l
fraction present in distinct Hpr-containing com-
plexes termed TLF-2 anters trypanosomes ndepen-
dently of Hpr ({1, 12). Hpr is a primate-specific
protein sharing 91% sequence identity with hap-
toglobin (Hp) (£3). Both proteins bind hemoglobin
(Hb) with high affinity (/4). However, although
Hp-Hb complexes are specifically recognized by

uggesting that the parasite receptor for these
particles is unable to discriminate between Hpr
and Hp (9, 10). Accordingly, in the present study
we abserved that both Hp and Hpr were taken up
by the parasite, although this required Hb. Con-
versely, Hb was internalized only when present
together with Hp or Hpr (Fig. 1A). To identify the
T. brucei receptor for Hp-HWTLF-1, trypano-
some extracts were submitted to affinity chroma-
tography on resins containing immabilized Hp-Hb

DK-8000 Aarhus, Denmark. unit of Cellular Bi
and Biclogy, University of Mamur, 85000 Mamur, Belgium.

*To whom comespendence should be addressed. E-mall:
epays@ulb.ache

A

the monocy pecific scavenger
receptor CD163 for efficient clearance of Hb from
blood, Hpr-Hb complexes do not bind to this

receptor {14, 15).

_ Hpmes

BSA A8 TfAsed

L (16). Analysis by mass spectrometry
of specifically bound proteins reproducibly re-
vealed the product of gene Th927.6 440, a puta-
tive glycosyl-phosphatidy] inositol (GPI}-anchored

c WT, KO and WTand  competition
KOc cells RNAi cells on WT cells
g PF_EF KO RNAi
2 : w - J.. s e TprHbH = E BF PF_WT KO Ko:m
T 8 )' K0 KOc, | > |- ] KD
gez]f| BANAI colm  |me @m
s, f “. f WT d0 d1 d2 d3 d4 d5 .
B4 | ! 45
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Fig. 1. Identification of ToHpHbR. (A) Lysosomal accumulation of Alexa Fluor
488—conjugated Hp, Hpr, Hb, bovine serum albumin (BSA), and Alexa Fluor
594—conjugated Tf, incubated individually or with nonlabeled binding
partners in the presence of the protease inhibitor FMK-024. BSA and Tf are
respectively negatlve and posmve cornmls for specific uptake. The blue dots
represent 4”6 -diamidi tained DNA (k, k L n,
nucleus). (B) Alignment of ammo acid sequences of Th927.6.440 and
homologs in T. vivax and 7. congotense. Arrows indicate predicted cleavages of
N- and C-terminal signal peptides in 7. brucei. Arrowheads point to conserved
cysteines. The underlined peptides were identified by mass spectrometry. (€}
Flow cytometry analysis of trypanosomes incubated or not (Ctrl) with Alexa
Fluor 488—conjugated Hp-Hb or Tf, in the presence or not of a fivefold excess
of recombinant ToHpHbR or ThHpHBR mutants (C49S and C1975). RNAI was

with or without the addition of doxycyclin (Dox) for 3 days. (D) Detection of
ThHpHBR transcripts from procyclic forms (PF), bloodstream forms (BF), and
KO and RNAi cells. dsRNA, double-stranded RNA; d, days after Dox induction;
histone H2B mRNA was the loading control. (E) Immunodetection of ThHpHBR
in Hp-Hb binding extracts from various trypanosome lines. Tubulin (TUB) was
the Hp-Hb column-loading control. Extracts from WT BFs were treated {+) or
not () with peptide-N-glycosidase F {PNGase). ToHpHbR was akso immu-
nodetected in WT BF extracts bound to tomato lectin (TU after chromatog-
raphy with {+) or without () competing chito-oligosaccharides. (Bottom right}

ThHpHBR il tion in deglycosylated extracts and
relemn(e recombinant protein amounts. (F} Localization of TbHpHbR by
immunofluorescence of WT and KO BFs. Arrows highlight the fluorescent
spots. Scale bar, ~10 um.
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surface protein that displays no homology with
sequences of known function (Fig, 1B). In T
Brucei subsp. biuced, the single gene Th927.6.440
was located at the end of a polycistronic tran-
scription unit on chromosome 6 (fig. S1). It was
also present in T brucei subsp. gambiense and
T. brucei subsp. rhodesiense but absent from the
related kinetoplastids 7. cruzi and Leish

that Th927.6.440 represented the T brucei Hp-Hb
receptor (ThHpHBR).

Expression analysis demonsirated that
ThHpHBR is a bloodstream stage-specific pro-
tein present at 200 to 400 copies per cell (Fig. 1,
D and E). The apparent molecular weight (72 kD)
was higher than predicted (43.3 kD) because of

In T vivax and T congolense, putative GPI-
anchored proteins showed sl.gmfccml sumlnmy
[expectation values = 9.7 < 10 "“ and 4.9 % 167,
respectively] (Fig. 1B). Thus, Th927.6.440-like
sequences were present only in kinetoplastids that
exhibited entire devel in the blood

N-glvcosylation (Fig. 1E). The binding of ThHpHbR
1o tomato lectin (Fig. 1E) revealed the presence
of linear chains of poly-N-acetyllactosamine, a
hallmark of proteins from the endocytic pathway
of T brucei (I7). As was observed for ather
T brucei receptors (18), ThHpHBR localized

of their hosts. The involvement of Th927 6.440 in
the binding and uplnk: of the Hp-Hb cmnplex was
n:x! examined using gene knockdown via RNA

(RNA3), gene knockout (KO), and
competition with excess recombinant protein (Fig.
I, C 1o F, and fig. 82). Under each of these con-
ditions, the uptake of HpHh was inhibited,
whereas that of the control proein tansferrin
(Tf) was not affected (Fig. 1C and fig. S3).
Moreover, reintroduction of Th927.6.440 by
transfection into KO cells [KO complemented
(KOc)] restored the uptake of Hp-Hb (Fig. 1C and

close to the ki last, in the flagellar pocket
region (Fig. 1F).

We next examined the binding parameters
of ThHpHbR using surface plasmon resonance
(Fig. 2, A to C, and fig. S4). ThHpHBR dem-
onstrated binding properties similar 1o those of
the human functional analog CD163 because it
recognized the Hp-Hb complex with high affinity
[dissociation canstant (Ky) ~ 13 % 107" M] but
none of the proteins individually. Unlike CD163,
however, ThHpHBR bound Hpr-Hb as well as
Hp-Hb (K ~ 17 % 1077 M) (Fig. 2A), and the two
receptors responded differently to changes in pH

REPORTS I

ligand-binding site of ThHpHbR was dependent
on a disulfide bridge, because the replacement of
cither of two conserved cysteines (residues 49
and 197, Fig. 1B) by serine abolished the binding
(Fig. 1C). The binding properties of CD163 and
TbHpHBR were similar but not identical, because
binding of Hp-Hb 1o CD163 was inhibited by
excess ThHpHbR but not to the same extent as
seen for the extracellular (soluble) domain of
D163 (Fig. 2C). None of the wvo ThHpHbR
mutants significantly competed in these experi-
ments (Fig. 2C). In viva, Hp-Hb appeared to he
the only essential ligand of ThHpHbR because
in Hp™" mice the growth rates of ThHpHbR KO
and wild-type (WT) trypanosomes were similar,
whereas in Hp™* animals, KO parasites grew sig-
nificantly slower than WTs (Fig. 2I),
Recombinant ThHpHbR, but not the C498
(19) mutant, was able 1o bind TLF-1 in affinity
binding assays (16) (Fig. 3A). Furthenmore, loss
of ToHpHbR afier RNAI or gene KO (Fig. 1,D
1o F, and fig. 82) conferred resistance 1o human
HDL-mediated lysis. The lytic activity of normal
Thuman serum (NHS) on these parasites was de-
creased about 200-fold and was comparable to
that ohserved on WT parasites when NHS satu-
rated with competing Hp was used (Fig 3B).
Accordingly, KO parasites were refractory 1o
lysis by TLF-1, but not to lysis by TLF-2, for
which Hpr is not involved in uptake (Fig. 3C). In
contrast, overexpression of ThHpHBR in KOc
cells (Fig. 1, C and E} led to increased sensitivity
to NHS (Fig. 3B). Finally, the role of THpHbR
in TLF-1-mediated lysis was also confinned by
competition experiments in which TLF-1 activity
was blocked equally well by excess recombinant
ThHpHBR or Hb complexes with recombinant
Hp or Hpr but not by Hp or Hpr alone (Fig. 3D)

fig. S3). Thus, experimental evidence suggested  and Ca™ (Fig. 2B). It seemed likely that the
A oA [TBHpHBAS B sforiprion FTbHpHBR
S L P jgml
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Fig. 2. Binding properties of ThHpHbR. (A to €} Surface plasmon resonance analysis. (A} Complexes of
purified human Hb with purified recombinant Hp (rHp, phenotype 1-1) or Hpr were analyzed for binding

1o purified recombinant ToHpHBR immobilized on a Biacore sensor chip. For

seemed 10 require Hp-Hb be-
cause gmw. rates were reduced in Hp "~ mice
(Fig. 2D} or in anhaptoglobinemic [Hp@r)™]
Tuman serum (10, 247), but were restored to nor-
mal by addition of exogenous Hp-Hh (Fig. 4A).
ThHpHBR RNAI or KO cells also grew slower
than WT or KOc cells (Figs. 2D and 4A). The
growth-pramoting effect of HpHb was probably
not linked to Hb-derived iron uptake because in
T bruced iron is intemalized through a specific
iron-dependent Tf receptor (18), and Tf uptake
was not up-regulated in the absence of the Hp-Hb
receptor (Fig. 1C). Although African trypano-
somes are deficient in heme biosynthesis (21),
T bruced bloodstream forms contain hemopro-
tetns, such as cytochromes P450 and b3 (22-26).
Therefore, Hb uptake could satisfy the heme re-
i of the parasite. Uptake studies of Hp-

of Hb

with rHp or rHpr were analyzed for binding to immobilized CD163 purified from human spleen. Similar
results were obtained with purified Hp (either 1-1 or 2-2 phenotype). (B) Binding of Hp-Hb (25 pg/ml) to
immobilized ThHpHbR or CD163, in the presence or absence of 2 mM Ca™ i the flow buffer, or at various
pH values. The association phase was recorded at pH 7.4. The arrows indicate the time points for the
recording of the dissociation phase, and the pH change. (Q) Binding of Hp-Hb (25 pg/ml) to immobilized
human CD163 in the presence of increasing concentrations of soluble CD163, ThHpHDBR, or ToHpHBR
mutants. The effect of soluble receptor on the binding of Hp-Hb to immobilized CD163 is shown relative to
the binding recorded in the absence of soluble receptor. rHp and purified tlrn were from the 1-1 haplotype.

(D) Parasitemia by WT and ThHpHBR KO trypanosomes in Hp*'™ and Hp

www.sciencemag.org  SCIENCE  VOL 320 2 MAY 2008
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Hb, either ***-labeled or containing *'C-labeled
heme, performed in WT, KO, and ThHpHbR
overexpressor KOc trypanosomes in the presence
or absence of the lysosomal protease inhibitor
FMK-024, indicated that ThHpHbR allows the
intracelinlar accumulation of heme, whereas the
protein carrierundergoes fast degradation (Fig, 4B).
Heme accunmilation saurated at around 6.5 ng/mg
of protein and remained durably cell-associated,
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Fig. 3. of ThHpHBR in (A) Evidence that TbHpHbR binds TLF-1. NHS and

anhaptoglobinemic human serum [Hp(n)™"| 5] were eluted through streptavidin-agarose beads
containing, or not, biotin-conjugated recombinant WT TbHpHbR or ThHpHBR mutant. The bound fraction
was analyzed for the presence of apol1 and apoA1 (TLF-1 markers). (B) Trypanolysis assays with human
serum. Trypanosomes (10°%ml) were incubated in HMI-9 medium containing the indicated con:entrauons
of serum. Surviving cells were counted after 24 hours. Dox, 1 pg/mk; Hp, 200 pgimL (€ Trypanoly

with a loss of 16% per generation time (fig. S5A).
The sieady-state heme content of WT cells isolated
from mice was 23 ng/mg of proten, whereas
heme was undetectable in KO cells (16). In
trypanosome lysates, heme appeared to be mostly
incorponated into hemoproteins because it was
recovered in acetone-insoluble material, as occurs
with hemoproteins such as Hb but not with free
heme (fig. S5B). Accordingly, afier uptake at least
wo Clabeled bands could be detected afier
electrophoresis of protein extracts (fig. S5C). Free
*C-labeled heme was not intemalized in blood-
stream forms, even when provided with ThHpHbR,
whereas it accumulated in the insect-specific
procyclic forms that lack ThHpHBR and do not
intemalize Hp-Hb (Figs. 1D and 4C). Altogether,
these data indicate that ThHpHbR directs the
intemnalization of heme carried by the Hp-Hb cam-
plex into hemoproteins in order 10 optimize
growth of bloodstream forms. In mice (Swiss or
CS7BL/G), the growth reduction of KO parasites
was alleviated after pretreatment of the animals
with the general immunosuppressor drug cyclo-
phosphamide (Fig. 4D). However, this inhibition
was conserved in lymphocyte-deprived, severs

assays with isolated TLF-1 and TLF-2 complexes. The fractions were incubated with 10° trypanasomes/ml.
Surviving cells were counted after 6 hours. (D) Same as in (C), but on WT cells in the presence or absence
of the indicated proteins (200 pg/ml each).

Fig. 4. In vivo function of
ThHpHBR (unless indicated, error
bars indicate standard deviation
from four independent experi-
ments). (A) Cell density of various
trypanosome lines after 24 hours
of incubation in vitro of inoculum
(10° cells/ml) in sera depleted or
not of Hp. Etat 1.2R, T brucei
subsp. rhodesiense Edinburgh
Trypanosoma antigen type 1.2R;
d, days; FCS, fetal calf serum. (B)
oot L ibled --
P either " - or A s

Hp—(“cﬁeme)ﬂb]n wgwypanu— ‘,m,‘ﬂw;‘a;?",
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parasites were more affected than WTe (Fig. 4E).
This inhibitory effect was substantially relieved
when inhibilors of the key enzymes of macro-
phage oxidative burst were added, either the NO
synthase (a niiric oxide producer) inhibitor L-N®-
nitroarginine methy! ester (L-NAME) ar the re-
duced form of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase {a superoxide anion
producer) inhibitor apocynin [1-(4-hydroxy-3-
methoxyphenylethanone] (Fig. 4E). None of these
drugs influenced trypanosome growth in vitro
(fig. $6). In support of these data, parasitacmia
by TbHpHbR KO parasites was improved to a
similar extent either afier injection of L-NAME in
WT mice or when inductble nitric oxide synthase
(INOS)™ mice or NAPDH oxidase (gp91phox)™
mice were used (Fig. 4D). Therefore, ThHpHbR
appeared to confer increased resistance to oxida-
tive stress induced by macrophages.

These data suggest that A frican trypanosomes
have evolved a receptor specifically designed to
acquire heme from Hp-Hb for incorporation into
hemoproteins that both increase the trypano-
some’s growth rate and resistance to the oxidative
response of the host. The mechanism of the
resistance to oxidative attack is yet unknown but
could involve hemoprotein-mediated modifica-
tion of membrane lipids (23, 25). In contrast to
human CD163, TbHpHbR recognizes Hp-Hb
and Hpr-Hb complexes equally well. Therefore,

the presence of Hpr on human lytic HDL par-
ticles trigpered intemalization of the Hb-exposed
fraction of these particles, which also contain the
trypanolytic factor apoLl. This finding now
explains the stimulaiing effect of Hb on try-
‘panolysis as an indirect mechanism (27). Thus, in
human serum the presence of the Hp-Hb receptor
became detrimental instead of protective. In tum,
synthesis of the apoLl physical inhibitor serum
resistance-associated protein allowed T7 brucei
subsp. rhodesiense to escape this problem and
cause human sleeping sickness (4, 28).
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The Carousel Work-Up Station

station accepts up to 12 70-ml

Radleys

www.radleys.com

Services to Profile microRNAs
A collection of new services to profile microRMAs (miRNAs) includes

Expression Profiling Service, and expansion of Asuragen’s miRInform
miRNA data packaging system to support the Agilent miRNA array
data, the new ABI Tagman(a) Human v 1.0 miRNA Array, and a new
miRNA-compatible sample prep service for PAXgene blood samples.
The DiscovArray Service makes use of an Affymetrix-based chip
that contains more than 13,000 candidate and Sanger miRNAs and
requires only 50-200 ng total RNA input. It can profile even from
challenging samples such as formalin-fixed paraffin embedded
tissues. miRInform is for the normalization and delivery of miRNA
data in DVD format with interactive figures that link directly to
Sanger mirBase, tables, and publication-ready images. miRInform
is a cost-effective tool for mining data from the Agilent Human
miRNA Microarray without requiring third-party tools or extensive
statistical training, and comes with a personal data review with a
trained analyst.

Asuragen

For information 512-681-5200

www.asuragen.com

Oligonucleotide Database

The Oligome is a comprehensive database of more than 10 million
oligonucleotide probes designed to the latest release of the human
genome. The Oligpme makes it possible to provide custom-designed
oligonucleotide arrays for array-based comparative genomic
hybridization on request in a short time. Oxford Gene Technology’s
6OMER oligonucleatide microarrays are fabricated using inkjet
technology with base-by-base synthesis that allows high-precision
feature placement and denser coverage of regions of interest. The
company offers custom-designed comparative genomic hybridization
arrays for analyzing chromosomal abnormalities within focused
areas of the human genome at high resolution. As part of the free
design service, scientists can simply provide their regions of interest,
and the company then performs the Oligome-based bioinformatics
required to design, fabricate, and deliver the desired focused arrays.
0Oxford Gene Technology

For information +44 1865-856828

www.ogt.co.uk

Large Scale Imaging Confocal Microscope

The Leica TCS LSI (large scale imaging), the first macro-zoom
confocal microscope, offers a unique combination of high-resolution
imaging plus a large field “macro” view for in vivo imaging of model
organisms. The Leica TCS LS| provides researchers with the tool
they need to visualize and precisely image the development of life
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Sample Work-Up Station

facilitates parallel or sequential work-up of up fo 12 samples, using

filtration, phase separation, liquid/liquid extraction, or solid-phase extraction technigues. It is
designed for use with the 12-paosition Carousel Reaction Station or similar parallel synthesizer. The

columns loaded into one of two identical stackable racks. It enables

collection of product inta the lower rack with Carousel Reaction Tubes or standard 1-inch bailing
tubes. The unigue design requires no taps, valves, or drip needles, making assembly and operation
fast and simple. The system can be used under gravity or with the innovative SpeedFlow Booster,
allowing precise individual control of solvent flow within each column.

Forinformation +44 1799-513320

and the complex cellular interactions within whole, living animals.
As organisms grow, these studies require an imaging system that
provides high resolution, a large workspace, and a wide field of
view to reveal the dynamics of cell growth, cell differentiation
processes, and the development of organs in vivo. The system’s
16:1 optical zoom offers both the advantage of high magnification
and high resolution for true spectral confocal imaging and the ability
to seamlessly move to a macra view of the entire specimen without
changing any hardware. Such a system is suitable for revealing the
finest details in Di hil idopsis, mouse, or zebrafish. The
optical zoom system is fully apochromatic, the highest correction
available for image quality and color rendition. The instrument makes
it easier for scientists to identify new pathways from gene to cell or
fram cell to animal, analyze protein interactions, test the influence of
drugs in vivo, and examine the influence of genomic defects of the
whole animal.

Leica

Forinformation 800-248-0123
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Human Natural Killer Cells

The Poietics Human Natural Killer Cells provide research laboratories
with cryopreserved, ready-to-use primary cells for immunology
research in areas such as immune cell activation and regulation,
cancer, autoimmune diseasefhuman immunodeficiency virus, viral
infection, vaccine development, immunotherapy, and transplantation.
The cells are isolated from normal human peripheral blood using
positive or negative immunomagnelic selection for the CD56 antigen.
These cells are tested to be at least 90% pure for CD56+ via flow
cytometry, and at least 95% viable after being thawed. This highly
homogeneous population of natural killer cells yields cleaner, more
consistent results. Matched sets of other immune cells from the same
donor are available as well.

Lonza Group

For information 800-638-8174

www.lonza.com

Electronically submit your new product description or product literature
information! Go to www.sciencemag.org/products/newproducts.dtl for
more information.

Newly offered instrumentation, apparatus, and laboratory materials of
interest to researchers in all disciplines in academic, industrial, and gov-
ernmental organizations are featured in this space. Emphasis is given ta
purpose, chief characteristics, and availabilty of products and materials.
Endorsement by Science or AAAS of any products or materials menfioned
is not implied. Additional information may be obtained fram the manufac-
turer ar supplier.
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